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HIGH PT AND JETS 

M. Jacob 

CERN, Geneva, Switzerland 

ABSTRACT 

Session IV 

Recent developments in the field of high-pt hadronic 
interactions are reviewed. They mainly refer to the 
jet structure of reactions with high-pt secondaries 
and to the properties of hadronic jets. The relevance 
of quantum chromodynamics is assessed and a data-sampling 
illustrates successes and present problems. The question 
of prompt photons at high Pt is discussed. Recent results 
on wide angle np elastic scattering are presented. 

1 . INTRO DUCT ION 

473 

Particle production at high transverse momentum (high Pt) has attracted 

much interest since the discovery of anomalously important yields at the CERN 

ISR in 1972. It is now well known that large-pt secondaries are associated 

with a jet structure. The typical configuration is shown in Fig. l.a). Two 

jets of hadrons are produced at wide angle, while forward and backward jets 

are also present, as is usually the case for hadronic reactions. The asso

ciation of the two wide angle jets with the hard scattering and fragmentation 

of hadron constituents, as long discussed in the framework of the parton model 

(Fig. l.b)), has now gained general currency. All expected features have 

been met with impressive successll, At present, quantum chromodynamics, as 

it can be used in its perturbative approximation, provides an attractive 

theoretical framework for a deeper understanding of the success of the par

ton model 2 • 3 • 4 ). It allows for the computation of rates and predicts devia

tion from the too simple picture usually associated with the parton approach. 

While some semi-quantitative success can already be claimed, and while gene

ral agreement prevails that QCD subprocesses take a dominant r6le at very 

large Pt (Pt> 10 GeV/c), the situation is still unsettled. We are lacking 

data at collider energies (Is = 500 GeV) which alone could provide full con

fidence in the QCD approach. Data should become available by 1981. Where 

plenty of data is already available (at Pt - 5 GeV/c say), QCD predictions 

have to involve too mt1ch parametrization of yet poorly understood effects to 

be amenable to any actual test. One also encounters evidence for some cor

relations which QCD is unable to meet in its simple "leading log" implementa

tion and which may imply the relevance of more complicated effects, referred 

to as higher twist effects in the present vernacular. 

We are at an interesting transition stage and the time which has elapsed 

since the Copenhagen meeting on "Jets in High Energy Collisions 115 ) and the 

Tokyo Conference 6 l, which were the two landmarks in this field in 1978, has 

been a time of consolidation rather than a period during which new views or 

new challenges have emerged. At present there are far more precise and exten

sive data than was available at the time of the Tokyo Conference 7 l. They are 

however basically supporting the jet picture which could already be claimed 
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Fig. La) 

Figure l.b) 
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Jet towards trigger 

target jet 

An idealized picture showing the two wide angle jets associated with the 
fragmentation of the scattered constituents. Also shown are the forward 
and backward jets typical of hadronic interactions. 

(Away) 

The hard scattering approach to high-pt production. Constituents A 
and B scatter into constituents C and D. The trigger particle is a 
fragment of constituent C. 
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as established by then. Insofar as these data provide stronger and wider 

support for the hard-scattering approach, they are a strong encouragement 
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for further studies through which the nature, the relative role and the frag

mentation modes of the relevant constituents should be established with some 

precision. Insofar as they certainly agree, at least at a qualitative level, 

with expectations based on QCD,there are as many challenging pieces of evi

dence for a more refined theoretical approach and as many sources of great 

expectation when considering experimentation at much higher energies. 

The amount of new material is such that this review simply cannot do 

justice to all recent and interesting results. It is organized as follows. 

A data-sampling, aimed at illustrating the still better evidence for the jet 

structure which is now available, is first presented. This can be done 

without any specific reference to the nature of the relevant hadron constitu

ents. We then turn to the study of recent experimental information which is 

more related to the actual nature of the basic mechanisms at work. Hints at 

QCD subprocesses becoming dominant at very high Pt are first reviewed. Evi

dence for this relies primarily upon the highest Pt data available, which 
correspond to inclusive Tio production. We then turn to a data-sampling again, 

choosing among recent results illustrating the complexity of the subprocesses 

or of correction terms rather than the overall simplicity which prevails at 

first sight. This has to do with specific effects expected in the framework 

of perturbative QCD. This has also to do with effects which could be asso

ciated with more complicated terms only, but which can be presently para

metrized in terms of specific subprocesses. One of them is the well-known 

constituent interchange model (CIM) 1 • 8 ). We conclude this review of high Pt 

and jets with the question of prompt photons at high Pt· It is a common 
feature of all models based on hard scattering among hadron constituents that 

the y/TI ratio should be much larger than a, and increase with Pt or more ac

curately with xt = 2ptfls. Collecting evidence for a prompt photon component 

among an overwhelming background of TIO and n decays has however long been a 
challenging experimental question. Evidence for a prompt photon yield with 

a y/TI ratio increasing with Pt' and at the 20% level at Pt = 6 GeV/c, has now 
been reported. 

Our present understanding of high-pt processes is closely related to 

that of the energy behaviour of elastic scattering at fixed wide angle 1). 

It is therefore deemed appropriate to close this report with some recent re

sults on TI-nucleon scattering in the 45 - 90° angular range. Even though the 

maximum beam energy is only 30 GeV, the relevant Pt is rather large by pre

sent standards. 

2. THE JET STRUCTURE 

Seldom are jets as clearly seen as in the actual event shown in Fig. l.c). 

The peculiar (and now well understood) effect that most of the jet momentum 

on the trigger side is actually carried by the high-pt particle used as a 
trigger notwithstanding, one is very close to the idealized picture of 
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Fig. l .c) 
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-2 

~et 

:TRIGGER 
' 

An event observed by the British-French-Scandinavian Collaboration at 
the ISR (R 413). A charged pion (with Pt~ 9 GeV/c) acts as a trigger. 
A jet of hadrons at wide angle is clearly seen on the other side even 
though only charged particles are recorded. 
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Fig. I.a). Evidence of a jet structure more generally results from a now 

very wide array of correlation datal,s,s). Focussing on relatively high-pt 

particles, which are more directly associated with the expected jets, one 

may first test for the angular (or rapidity) correlations which they must 

have among themselves as members of jets. We shall however not come back on 

evidence for jet-like rapidity correlations on the towards and on the away 

sides, which in standard vernacular are defined with respect to the detector 

used at triggering. No doubts remained already at the time of the Tokyo Con

ference9). We choose rather to present new data which better test the co

planari ty structure of high-pt reactions. All large-pt particles should be 

in the plane defined by the hard-scattering subprocess. This simple (stan

dard) jet picture is however not meant to exclude more complicated configura

tions, with for instance a third jet, the presence of which would spoil the 

coplanarity structure. In the framework of perturbative QCD this should also 

occur and we shall come back to it. The data displayed in Fig. 2 indicate 

that, up to a good level of approximation, there is no evidence against the 

coplanarity structure associated with the standard jet picture which one 

should at least contemplate for a while 10 l. Figure 2.a) presents recent data 

from the Athens-Brookhaven-CERN-Syracuse Collaboration on azimuthal correla

tions among two high-pt n° 1 s 11 ). In an attempt to minimize what is expected 

by kinematical consideration alone, data are presented for increasing values 

of Et, the global energy radiated transversally. In practice it is that of 

the two observed n°•s together with whatever is needed to balance the resul

ting transverse momentum. This is to be contrasted to a presentation of the 

data in terms of the observed transverse momenta which would force a copla-

narity structure as favoured 

increasing Pt· Back-to-back 

the only prominent feature. 

Saclay Collaboration at the 

anyway in view of sharply falling rates with 

peaks appear in the azimuthal correlations as 

Figure 2.b) shows recent data from the CERN-

ISR12l. Displayed are the ratios of rates for 

the observation of fixed numbers N of charged particles for events selected 

by the observation of a high-pt 1r 0 (pt > S GeV/c) and for "minimum bias" 

events. This is done toward and away from the trigger direction and also out 

of the plane. One clearly sees the increase expected from the presence of 

jets in the reaction plane, while nothing changes out of the plane. 

Evidence for a jet structure has to go beyond angular correlations. In 

the standard jet picture one expects that particles associated with either 

jet should have but a limited transverse momentum with respect to the recon

structed jet axis. There was already some supporting evidence at the time 

of the Tokyo Conferences,s). More recent data confirm it and provide even 

more precise tests. Figure 3 illustrates progress made with some recent 

results from the CERN-Columbia-Oxford-Rockefeller Collaboration. They refer 

to the structure of the away side jet 1 3l. Figure 3.a) shows the axial sym

metry of the jet. The distributions of jet fragments around the reconstruc

ted jet axis (the away side jet) are shown for different cuts applied to the 

transverse momentum of the associated secondaries, the cutoff value increa

sing as one moves towards the centre. The axial symmetry remains. The angu-
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Azimuthal correlation between two high-pt n°•s for fixed values of Et, 
the energy radiated transversally. It includes that of the two ob
served nO•s together with whatever momentum is needed to balance their 
transverse momenta. Data from the Athens-Brookhaven-CERN-Syracuse 
Collaboration, Ref. 11. 
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Azimuthal Distribution of Charged Particles around 

the Away Jet Axis (Different Bands of PT TRACK) 

Figure 3.a) Angular distribution of jet fragments around the reconstructed 
jet axis for different transverse momentum cutoff and relative 
yields. Data from the CERN-Colwnbia-Oxford-Rockefeller Col
laboration, Ref. 13. 
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lar correlation also becomes sharper as the transverse momentum increases. 

This actually corresponds to a limited mean transverse momentum <kt> with 

respect to the jet axis, as shown in Fig. 3.b). The mean value is practi

cally constant as the trigger momentum is varied over a wide range. 

New results on <kt> have also been obtained by the CERN-Saclay Colla

boration12) though directly accessible to them is the component of the trans

verse momentum with respect to the jet axis which is in the reaction plane 

only. Using axial symmetry, as demonstrated by the CERN-Columbia-Oxford

Rockefeller Collaboration (Fig. 3.a)), they quote <kt>= 0.55 ± 0.05 GeV/c 

in very good agreement with the data displayed in Fig. 3.b). Such a value of 

<kt> can be considered to be in reasonable agreement with values reported in 

e+e- annihilation, provided that the comparison is made at large enough a 

value of xL in order to eliminate the seagull effect which forces the global 

mean value down. At xL - 0.2 say, preliminary data from PETRA seem to indi

cate a slow rise with energy, with <kt> = 0.45 at 13 GeV and <kt> • 0.55 at 

27 GeV 14 ). While jets in hadron interactions may appear to be slightly wi

der than those observed in e+e- annihilation at the same momentum, one should 

at present rather stress the overall agreement between the measured values 

of <kt> in very different processes. Indeed, there is good agreement between 

the ISR values of <kt> and values reported for deep inelastic neutrino scat
tering 15). 

At present jets observed in hadron collisions meet properties associa

ted with standard jetslo). While there is no supporting evidence for the 

widening expected in the framework of QCD where the <kt> distribution should 

eventually develop an unbounded component increasing as Pt at order as(PE), 

it is however easy to convince oneself that the Pt values under study are 

still too low for such an effect to clearly appear over the distribution 

which merelv narametrizes the hadronization of the iet. with a Gaussian shane 
often used 16 , 17 ). 

Having ascertained angular correlations implied by a jet structure and 

a prominent jet property with a limited mean transverse momentum for jet 

fragments (Fig. 3.b)), we now turn to other expected jet properties. The 

fragments of a jet, among which n mesons dominate, should show a scaling dis

tribution, each taking on the average a fixed fraction of the jet momentum. 

Figure 4.a) shows how scaling works for the fragments of the towards jet 

thus accompanying the trigger particle. The data, from the CERN-Saclay Col

laboration, show the distribution in longitudinal momentum for charged secon

daries associated with a high-pt neutral trigger (one or several particles), 

scaled according to the trigger momentum. The distribution does not change 

as the trigger momentum varies from 5 to 8 GeV/c. Each associated particle 

carries on the average a fixed fraction z of the trigger momentuml 2 ). 

In order to better illustrate what is implied by scaling it is useful 

to write the expected distributions as they appear in a simplified model 

where an inverse power behaviour (Pin) is used to approximate the inclusive 
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distribution at high Pt and where scaling distributions Fi(x), Fij(x
1

, x
2

) 

are introduced for each fragmentation mode 18 ). The distribution presented in 

Fig. 4.a) then simply reads: 

1 dN 
N dz 

11 

0 

F(x, zx) dx 

(1) 

n-1 x F(x) dx 

i.e. a function of z only (Fig. 4) with a numerical value depending much on 

the high x behaviour of the fragmentation functions. 

Before claiming that scaling is well established one should however 

mention that the CERN-Columbia-Oxford-Rockefeller Collaboration does not con

cur to such a conclusion 1 3). Observing charged particles associated to a 

neutral trigger they rather find that <z> falls with Pt (the distribution 

does not scale). The variation corresponds to about a factor 2 between S 

and 10 GeV/cl9) (Fig. 4.b)). 

Though some evidence for scaling can be reported combining observations 

from different experiments, more work is certainly needed. 

On the away side, general agreement prevails and all available results 

(many in number) show a scaling distribution provided that the trigger momen

tum is large enough (pt> 3 GeV/c). One usually defines a variable xe which 

is the fraction of the trigger momentum compensated by each observed secon

dary. Taking again the simplified model previously mentioned, and now assu

ming that the two jets balance exactly their transverse momenta 18 ) the dis

tribution presented in Fig. S) reads: 

1 dN 
N dxe 

ilxn F(x) 
0 

[

1

xn-l F(x) dx 
0 

i.e. a function of xe only and, in practice, much different from F(xe). 

(2) 

Figure S.a) shows recent data from the Athens-Brookhaven-CERN-Syracuse

Collaboration, which are those extending over the largest Pt range. They 

clearly demonstrate that, for each xe value, the observed rate on the away 

side is independent of the trigger momentum. There was already good evi

dence for scaling at the time of the Tokyo Conference 4 • 5 ). It is now over

whelming, as extensive data at very high Pt are available 11 • 12 • 1 3). 

Figure S.b) puts together ISR results already presented at the Tokyo 

Conference (CERN-College de France-Heidelberg-Karlsruhe Collaboration at 

lower Pt and British-French-Scandinavian at larger Pt' together with the new 

8 GeV/c points from the CERN-Columbia-Oxford-Rockefeller Collaboration. Sea-
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constant for a scaling distribution! 
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ling imposes itself as the trigger momentum becomes large enough and as the 

ratio between the trigger and away jet transverse momenta tends towards one. 

An important consequence of scaling, and general ideas about jet frag

mentation, is that the jet yield, collecting all particles associated with a 

jet, should be much larger than the single particle yield at the same Pt' 

usually considered when studying high-pt processes. Considering again our 

simplified model in order to illustrate the point, the single-particle cross

section is readily related to the jet cross-section at the same Pt as follows: 

da 
~ 

· 11 
= ~;~ 

0 

xn-l F(x) dx (3) 

Since n is large (n - 10) and F(x) falls as x in~reases, the weighting factor 

p~ovided by the integral is small, hence the large ratio between jet and 

single-particle yields. The detailed comparison between jet cross-sections 

and single-particle cross-sections is far more involved experimentally 2 D) and 
theoretically 2 I). The response of the jet (calorimeter) detector has to be 

analyzed in terms of a Monte Carlo simulation, which cannot avoid some pre
conceived ideas about jets. Figure 6 shows the recent outcome 22 ) of E 260 

at Fermilab (Caltech-UCLA-Fermilab-Illinois Collaboration). It gives the 

inclusive jet cross-section at 90°, together with the charged pion produc
tion cross-section measured at the same energy 2 3): 200 GeV. The jet cross

section is typically two orders of magnitude above the single-particle cross-
2pt ) 

section, the ratio increasing with xt Cxt = -;TS) as expected 2 1 • 

Also shown in Fig. 6 are the results of a QCD calculation, the upper and 

lower curves corresponding to the production of a jet of given energy and 

momentum, respectively 22 ). Which one should be preferred is unclear. This 

is ambiguous in perturbative QCD. For the values of Pt here considered jet 

pionization dissipates about 1 GeV in transverse momenta and masses. This 

corr.esponds to a difference in yield by an order of magnitude. The British
French-Scandinavian Collaboration has recently measured the inclusive jet 

cross-section at 2.6 GeV jet energy from an unbiased data sample 9 ). It is 

found to be 150 times the single particle yield. The cross-section for a 

jet of 2.6 GeV momentum is lower by an order of magnitude. The jet to single 

particle ratio is also found to increase with xt. 

A large enhancement of the cross-section when considering a multi

particle system as opposed to a single-particle system at large Pt has 
also recently been reported from the analysis of K-p interaction in BEBC at 
110 GeV/c 24 ). 

Figure 7.a) comes back on an effect which has been known for some time 

and which is of great relevance to the hard-scattering approach. It shows 

that pions are more efficient than protons at producing high-pt jets (and 

high-pt particles) and this the more so the larger xt is. This is directly 

related to the fact that pion constituents carry a larger fraction of the 

particle momentum than proton constituents do. 
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A new feature, reported by Experiment 395 at Fermilab (Fermilab-Lehigh

Pennsylvania-Wisconsin Collaboration), is that the greater efficiency of 

pions actually refers to the production of jets emitted relatively forward, 
as again expected from pion constituents which take a larger fraction of the 

hadron they belong to 25 ), Also shown (on Fig. 7.b)) are data obtained with 

a double arm calorimeter, setting one arm at 90° (as is the case for the 

inclusive jet yields, the ratio of which appears in Fig. 7.a)) and also at 

other angles and varying the direction of the other arm. As the production 

angle decreases, the relative efficiency of the pion beam increases. 

A new result from the E 260 experiment is that the ratio between kaon 

and pion-induced reactions is compatible with one 2 2), This holds from 1 to 

5 GeV/c, and is shown in Fig. 8. More accurate data, extending over a wider 

Pt range would however be needed before one can conclude at similar distribu
tion for strange constituent quarks. Antiprotons are also found to be 

slightly more efficient than protons at producing high-pt jets (by 10% up to 
Pt~ 4 GeV/c) 22 ). 

The same reasoning which leads to a large ratio between the jet-production 

cross-section and the single-particle cross-section also implies that when 

triggering on a large-pt particle one strongly favours infrequent fragmenta

tion modes (or reaction processes), whereby most of the jet momentum is taken 

by a single particle 18 • 2 6), One therefore expects that the accompanying mo

mentum on the trigger side should increase with Pt in mean value while re

maining relatively small (at the 10% level at most). This is shown to be the 

case by the British-FrencfrScandinavian results presented in Fig. 9 27 ). The 

mean associated momentum for charged secondaries is shown as a function of 

the trigger momentum for different trigger particles. New is the relative 

role of the prominent resonances (p, K*, ~ •... ) in contributing to the asso

ciated momentum. It is rather large, amounting to 25 to 50% of the observed 
value 28 ). 

The complementary results displayed in Figs. 6 and 9 illustrate an im

portant and general property of jet fragmentation. Whenever triggering on a 

high-pt particle one is likely to select a particular and unlikely configu

ration whereby most (or practically all) the jet momentum is with one single 

particle (Fig. l.c)). The production cross-section is thus greatly reduced. 

Conversely, triggering on a whole jet, a much larger production cross-section 

is observed. Such an effect is usually referred to as trigger bias. 

Now that jet fragmentation properties can be considered as well estab

lished, at least within a first and good approximation, it is possible to 

turn to results for which the analysis of the data implies even more precon

ceived ideas about jet properties and relies on comparisons involving the 

pertinent Monte Carlo simulations. A very important question now tackled is 

that of the transverse momentum balance which is achieved among the two wide

angle jets only and, first, that of the actual occurrence of an away-side jet 

in all events triggered upon by the observation of a high-pt particle. The 
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limited solid angle and biased acceptance of detectors have long hampered 
such investigations. Figure 10 shows the result of a recent analysis made 

by the British-French-Scandinavian Collaboration, using data obtained with 

the SFM detector at the ISR9). 

The probability of observing an away-side jet remains low, increasing 

only from 0.1 at 2 GeV/c to 0.4 at S GeV/c. Yet it is compatible with that 

expected if there was an away-side jet in each event, provided that it is 

assumed that the transverse momentum of the away-side jet does not quite 

balance that of the trigger jet. A discrepancy of the order of 0.8 GeV/c 

would do (Fig. 10). This discrepancy is compatible with previous results 

from the same group showing how fast forward and backward particles partly 

balance the transverse momentum of the trigger particle 29 ). 

Such a good but yet partial balancing of transverse momentum between 
two jets also appears in the double arm calorimeter results of E 395 24 ). 

Figure 11.a) shows the momentum distribution observed in the away-side calo

rimeter (within two solid angles defined according to different fiducial 

limits) when triggering on a jet with a transfer momentum of 4 GeV/c. The 

distribution shows a peak which should be associated with a good collection 

of the away-side jet within the calorimeter. It is shifted to a lower Pt 

value. The Pt discrepancy observed in both cases should be in great part 
due to an obvious bias in favour of configurations with constituents moving 

in the direction of the triggering detector. This bias can however be over

come, triggering on both arms, requiring a particular value for the sum of 

the two transverse momenta. Figure 11.b) shows the Pt imbalance distribution 

observed when the sum of the two momenta should be between 4.5 and 5 GeV/c. 

The distribution peaks at zero with a full width at half maximum of 2.4 GeV/c. 

This imbalance distribution is in very good agreement with the value obtained 

by the CERN-Saclay Collaboration 12 ). Their method is less direct since the 

jet momenta have to be reconstructed from a two rr 0 trigger (in two opposite 

arms) and the associated charged particles. Yet it covers a much higher 

Pt range, the sum of the two jet momenta being between 8 and 12 GeV/c. 

We may conclude at this stage that there is now evidence for a typical 

configuration with two jets with approximately opposite transverse momenta. 

While other configurations cannot be excluded at this stage, available 

data are compatible with two wide angle iets balancing their transverse mo

menta to a rather good approximation. 

With confidence in present iet parametrization thus building up, it is 

now possible to attempt to reconstruct the actual jet shape from the detected 

particles, unfolding biases imposed by the detectors, and to estimate with 

some precision (- 1 GeV say) the centre-of-mass energy of the two-jet sys
tem30). One is then in a position to compare jet fragmentation distributions 

and multiplicities (integrating over the inclusive fragmentation distribution) 

to those observed in e+e- annihilations and deep inelastic lepton scattering. 
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Such a comparison is illustrated by Fig. 12.a). The jet fragmentation 

distribution F(x), reconstructed from the observed jet fragments, turns out 

to be amenable to an exponential parametrization in the range 0.2 < x < 0.8. 

As does that observed in e+e- annihilation in the same energy range 31 ). The 

values of the slope parameter are in good agreement for both sets of jets. 

The ISR data are from the British-French-Scandinavian Collaboration 9l. 

Figure 12.b) gives results on the mean charged jet multiplicity, recon

structed for a two-jet system. The lower energy points are obtained by the 

British-French-Scandinavian Collaboration9l, the higher energy ones by the 

CERN-Saclay Collaborationl2), Also shown are results from e+e- annihila

tions31) and from the analysis of deep inelastic neutrino scattering 15 ) at 

lower energies, and the PETRA data at higher energies which were reported at 

this Conference3 2). 

Again general agreement prevails. The British-French-Scandinavian Col

laboration likes to emphasize the somewhat higher value of the multiplicity 

which they find as compared with the SPEAR values at the same energies 9l. 

At present one may perhaps however rather stress the apparent similarity 

which appears, at least at this level of investigation, between jets observed 

in quite different processes. Even though it may not stand up to a more re

fined analysis, this similarity should remain as a first approximation. In 

the future one should be more ambitious and try to differentiate between 

quark and gluon jets. More extensive data, collected with more sophistica

ted detectors, are however needed. 

3. THE HARD SCATTERING PROCESSES 

Having discussed the jet structure and jet properties we now turn to the 

dynamics of high-pt production. In the hard-scattering approach, the inclu

sive distribution at angle e takes the well-known form 1l: 

E 
1 
n 

Pt 
(4) 

where the value of n and the form of the scaling function f depend on the 

nature of the relevant constituents, the type of basic interaction at work 

and the nature of the observed particles. 

For pion inclusive distributions at Pt < 6 GeV/c, for which data have 

become precise and numerous, a very simple form holds with precision, namely 

(at 90°) 

E (5) 

with n = 8.6, m = 10.6 following a fit by the CERN-Columbia-Rockefeller-

Saclay Collaboration 19). This is not the behaviour a priori expected from 

QCD perturbative interactions among quarks and gluons for which (for mere 

scaling reasons) one should find n = 4. At the same time estimates for the 

pion yield turn out to be too small when calculated in a straightforward wayl), 



498 

Figure 12.a) 

Session IV 

b 

8 -

7 9 
6 - 9• • 

9. 

5 
9• 

-

4 - ohigh Pr jet 

• e+e- (Spear) 
3 

2 

I - 10 ,/S={GeV 

0 2 4 6 pTGeV/c 

Exponential fit to the jet fragmentation distribution for 
0.2 < z < 0.8. The slope is compared to that determined 
in e+e- annihilation and deep inelastic neutrino scattering. 
Data from the British-French-Scandinavian Collaboration, 
Ref. 9. 



Session IV 

o pp collisions B.F.S. 
II c.s . • p-p 

14 ... 11-p interactions 

W2?Ll e - e collisions 

12 "' PETRA results 

+ I 
i 

10 

-tr-11 /\ 

..c. 8 

f ~ 
(.) 

c:: 

9 ~ v 9 6 ~ 9 

4 

2-

o~-=-~~-'-~---'~--'~~~-'---~~_,____.____.__.,.,~_._~_._,_,,_.__._.-L-L...__. 
5 10 15 20 

Figure 12.b) 

Js (GeV) 

Mean multiplicities as measured for high-pt jets, e+e
annihilation and deep inelastic neutrino scattering. 
Data from the British-French-Scandinavian Collaboration, 
Ref. 9 and CERN-Saclay Collaboration, Ref. 12. 

25 

499 



500 Session IV 

The observed behaviour has thus supported for a while models where scat

tering involving non-elementary constituents would be dominant. A much

quoted example is the constituent interchange model (CIM) which indeed pre

dicts the observed behaviour (5) with values for n and m (8 and 9 respective

ly) in quite good agreement with the fitted values. With confidence growi11g 

in the ultimate relevance of QCD, and the many difficulties encountered by 

CIM, or any other related model when considered as the dominant process, a 

certain flexibility has to be implemented in all approaches 1 l. 

Before discussing that, we concentrate on recent results in very high 

Pt production (pt > 10 GeV/c) which provide a very strong hint at QCD sub

processes becoming the relevant ones. Figure 13.a) shows how the inclusive 

distribution of TIO departs from above from the extrapolation of the behaviour 

(5), so successful at Pt< 6 GeV/c. The data cannot be reproduced with a 

single term of the form (5). They rather indicate the emergence of a new 

regime. Such a particular behaviour at very high pt is obtained by three 

different collaborations with data on Tio production. While in Fig. 13.a) we 

present the CERN-Columbia-Oxford-Rockefeller results at 3 energies, Fig. 13.b) 

puts the Is = 62 GeV results of the CERN-Columbia-Oxford-Rockefeller, Athens

Brookhaven-CERN-Syracuse, and CERN-Saclay-Zurich Collaborations on the same 

plot. I think that discrepancies are not relevant and will eventually disap

pear with a better understanding of the responses of the different detectors. 

The convergence of conclusions should be rather stressed. Using data at 

52 and 62 GeV to separate the pt and xt dependence, the fitting parameter n 

which results (5) shows a clear change with xt. According to CCOR, n = 8 

for xt < 0.25 and n - 5 for xt > 0.30. According to ABCS, n = 8 for xt < 0.25 

and n - 4 to 5 for xt > 0.25. Finally, CSZ, fitting (first) in the 

0.2 < xt < 0.45 range, obtain n = 6.6 ± 0.8. There is a clear deviation 

between the highest Pt data and the well advertized n = 8 behaviour of the 

lower Pt ones. A new regime sets in. It is compatible with expectation 

based on QCD. Indeed, it was almost common knowledge that, if the QCD sub

process had any relevance, the Pts regime could not continue beyond 10 GeV/c. 

At present there is a general consensus among theorists that QCD sub

processes do eventually become dominant, and that very high pt production 

should be discussed in terms of quark and gluon scattering yielding quark and 

gluon jets. While such conclusions are still only tentative, they lead to 

anticipation of spectacular effects at collider energies (pp interactions at 

Is= 540 GeV). This point is worth being illustrated and Fig. 14 gives rates 

as now predicted3 3). The expected effects are spectacular. Calculated rates 

depend however on the handling of scaling violations and on the choice made 

for quark and gluon distributions and fragmentation functions. Experimen

ting at collider energies one should be dealing with large effects which are 

very sensitive to still poorly controlled parametrizations which are of great 
importance in QCD calculations34). 
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This review should however focus on the present situation, which is 

primarily concerned with data at Pt < 10 GeV/c in the 200 - 2000 GeV range. 

As previously stressed the jet structure is now well established, but the 

nature of the relevant subprocesses is still under investigation. 

Granting the fact that perturbative QCD determines rates at very high 

Pt• it should also be of some relevance at lower Pt• Nevertheless, an actual 

calculation has immediately to face important correction terms. Some of them 

have to do with scaling violation effects expected to be important at medium 

Pt· Constituent motion should further contribute to making the observed 

Pt dependence steeper as the result of an obvious bias which was already 

discussed and the relevance of which becomes relatively weaker as Pt increa

ses. The analysis is also complicated by the relative r6le of quarks and 

gluons which change with Pt in a trigger-dependent way. While one has to 

acknowledge the fact that the overall picture becomes rather complicated and 

that parametrized corrections may dwarf perturbative contributions, a fair 

amount of success prevails. As discussed in detail by R. Field at the Tokyo 

Conference 6 ), calculations do lead to an acceptable agreement with data, the 

effective Pt dependence eventually obtained being much steeper than the in

put behaviour associated with basic QCD subprocesses3S). This does not ex

clude however that specific subprocesses of a more involved nature (higher 

twist effects in QCD) could be also relevant and contribute to producing 

effects which cannot be reached by QCD in its "leading log" implementation 8 ). 

If one wishes to isolate best that contribution which belongs to per

turbative QCD at moderate Pt• symmetric pair triggers offer an interesting 

handle, and this for two reasons. On the one hand, constituent motion effects 

are no longer emphasized by the triggering process as they are with single 

particle-triggers. On the other hand, an a priori competitive contender at 

medium Pt such as CIM is suppressed by the symmetry imposed on the trigger. 

Figure 15.a) shows symmetric pair data of the Chicago-Fermilab-Stony Brook 

Collaboration for n+n- production at 400 GeV 36), together with a QCD calcu

lation performed by the Bielefeld Group3 7 ). The main corrections correspond 

to scaling violations. Agreement prevails. However, in view of all the pa

rametrization which has to be made with constituent distributions and frag

mentation functions, it is important to check such a success over as wide an 

energy range as possible. It is therefore gratifying to see that the pre

dictions made for symmetric no pairs at ISR energies are indeed in very good 

agreement with recent results from the CERN-Columbia-Oxford-Rockefeller Col

laboration13) reported at this Conference. This is shown in Fig. 15.b) 1 and 

builds confidence in using QCD at medium Pt values, even if important sca

ling violations have to be acknowledged. 

Also shown in Fig. 15.a) are the respective contributions of the dif

ferent subprocesses 35 ). This illustrates in particular the overwhelming 

r6le of gluons for xt < 0.2 and the relatively small r6le of pair formation, 

which is a particularly interesting process for the production of new fla

vours. 
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It has often been emphasized that the comparison between pion- and pro

ton-induced reactions should help to sort out the dominant mechanisms. While 

symmetric pair triggers suppress the CIM contribution, using an incident pion 

beam should enhance it. In connection with this, recent results from the 

Chicago-Princeton collaboration reported at the Conference 38 ) (Fig. 16) show 

that the ratio R between the TI- and TI+ yield is practically independent of 

Pt' whereas dominance of CIM, with the incident pion being globally scat

tered, would obviously impose a rising value of R with Pt· The observed 
behaviour is actually in good agreement with predictions based on the domi

nant role of QCD subprocesses, the difference between two calculations illus
trating different parametrization of the pion structure function. These cal-

culations give however too small a rate even though the ratio comes out right. 

With such success, one could feel prompted to conclude that QCD, as 

used in its perturbative implementation, folding in all hadronization effects, 
meets experimental data in a satisfactory way 2 l,39, 4 o). It should however 

now be stressed that there are many results which point at more involved 
processes. As emphasized by J. Owens 4D), the observed inclusive proton 

yield is an order of magnitude above estimates based on QCD calculations, 

while its ptl 2 dependence is in good agreement with CIM dominance. Baryon 

production at medium Pt may thus reveal a particular type of subprocess. 
Quantum correlation data which, while modest, are definitely present also 

indicate the presence of contributions which do not enter perturbative QCD, 

The results of the British-Scandinavian Collaboration of a year ago, which 

indicated a dependence of the positive over negative excess observed on the 

away side, on the nature of the triggering particle 5 • 6 ) are now complemented 

by more recent results from E 260 at Fermilab 41 ). Shown in Fig. 17 is the 

reconstructed away-jet charge for different trigger particles as recently 

determined by the British-French-Scandinavian Collaboration 9 ). The away-

jet charge varies in a way as to partially compensate the charge of the 

trigger particle. 

Such charge correlation effects among high-pt particles are valuable 

clues for the presence of processes for which QCD cannot provide a full 

account in its "leading log" form. 

It should be stressed that the main charge correlations observed are 

found among members of the same jet and tend to a partial charge compensa

tion within the jet. An extensive study of charge correlations has been made 

by the CERN-College de France-Heidelberg-Karlsruhe Collaboration42 ), using 

medium Pt triggers. Recent results involving higher Pt triggers have been 
reported by the CERN-Saclay Collaborationl2). The amount of charge correla

tion among the two largest Pt charged particles is assessed though the value 

of a quantity r, which is defined as the ratio between the number of pairs 

with opposite charges to twice the square root of the number of pairs of 

positives times the number of negatives. Deviations from l thus measures the 

amount of correlations. Values of r = 1.52 ± 0.05, 1.60 ± 0.03 and 1.00 ± 0.03 

are reported for particles within the trigger-side jet, the away-side jet and 

for leading charged fragments in the two opposite jets, respectively. 
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Continuing data-sampling for special effects, it is considered appropri

ate to report a recent result by the Athens-Brookhaven-CERN-Syracuse Colla
boration. This is shown in Fig. 18.a). The x distributions for Tio observed e 
opposite to a high-pt Tio show a systematic wiggle departure from an exponen-

tial fit (with a slope of the order of 7) which is well-determined by the 

data in the 0.3 < xe < 0.6 range which both correspond to large Pt and high 
statistics 43 ). The wiggle could bear witness to a specific process whereby 

the two jets would consist of one high-pt TIO only (the so-called quark-fusion 

process). A probability for such a jet configuration at the 0.2% level would 

be enough to account for the observed effect, a value not incompatible with 

one of the TIO•s being a misidentified y ray. The effect is also observed in 

the nTI configuration and cannot be blamed on a photon-TIO misidentification 

on both sides. The existence of the effect is however challenged by results 

from the CERN-Columbia-Oxford-Rockefeller Collaboration, also presented at 

this Conference, and shown in Fig. 18.b) 13 ). In this case, an exponential 

fit is tailored over a larger x
0 

region and any attempt at a wiggle out of 

the exponential fit does not appear. One should then stress that the slope 

is definitely smaller (B = 5.3) than the value used in Fig. 18.a) (B = 7). 
Such a controversy should be resolved later. At present one may stress the 

common and a priori solid result of both experiments, namely the existence 

of some structure in the xe distribution. If exponential fits are attempted, 

they have to be limited to a certain xe range. A faster drop at lower xe 

could be followed by a more gentle one at larger xe but, as hinted at in 

Fig. 18.a), more structure could be present. 

While we have thus singled out effects which point at something special 

(baryon production, charge correlation, structure in the xe distribution) 
which are worth exploring in much greater detail, it remains that according 

to present knowledge, the QCD contribution, as calculated in a by now stan

dard way with large scaling violations 21 • 3 9), appears as a successful con

tender for typical configurations at medium Pt values, where most of our 

available data are. It is then worth looking beyond the standard jet pic
ture for effects which one should also expect in this framework. We conclu

ded that it is still premature to look for jet widening with reconstructed 
jets. A noticeable effect is however likely to appear rather easily in the 

acoplanarity of the two jets. The incident particle and the direction of 

the trigger particle define a scattering plane (Fig. l.b)) which should con

tain the opposite-side jet. This it does to a good approximation (Fig. 2). 

While the standard parton approach would allow for but a limited transverse 

momentum with respect to that plane, Pout in the usual vernacular, QCD im
poses an unbounded value, increasing with Pt though at the order as only. 

To the extent that the direction of the trigger-side jet is not precisely 
defined by the trigger particle and that one has to allow for some "primer-
dja1" transverse motion of the constituents, there should be some acoplana-
rity, usually parametrized by an exponential distribution in Pout and <pout> 
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should increase with xe. Following perturbative QCD one should however ex

pect <pout> to also increase with pt at fixed xe, as radiated gluons break 

the coplanarity structure. Figure 19.a) shows the values of <p
0 

t> recently 

reported by the CERN-Columbia-Oxford-Rockefeller Collaboration 13 Y, for dif

ferent trigger momentum values. They refer to the component out of the 

scattering plane for high-pt particles of the away-side jet. The increase 

with pt is clear. It should be stressed that <pout> is not sufficient 

information insofar as one needs to search for a p
0
-u\ "tail", departing 

from an overall exponential distribution of da/dp~ut' which is taken as para

metrizing hadronization and primordial motion lumped together. Figure 19.b) 

gives the actual p t distribution, as measured by the Athens-Brookhaven-ou 
CERN-Syracuse Collaboration for different xe and pt ranges. One clearly sees 

the widening of the distribution as xe (and Pt at fixed xe!) increases. 

Nevertheless, one cannot go beyond an overall exponential parametrization 

though with a decreasing slope as Pt increases. It is still impossible to 

point separately at calculable perturbative effects and parametrized non

perturbative ones. Yet a QCD calculation, facing all the intricacies of the 

2 + 3 processes, which has recently been carried out by a DESY Group 44 ), 

reaches a remarkable agreement with the data. One may at least say that 

looking at a particularly sensitive parameter, Pout' the observed behaviour, 

which definitely departs from the standard parton model predictions, is com

patible with that expected in perturbative QCD. 

4. THE PROMPT PHOTON QUESTION 

It is a common feature of all hard-scattering approaches that prompt 

photons should be seen at high Pt with a relative yield much larger than a. 

Photons are natural hard constituents and, while their production may be 

damped down by a as compared with that of hadrons, this comparison should 

refer to the production of a jet and not to that of a single meson. If one 

takes into account the relatively low yield of single particles as compared 

to a jet at high Pt' one readily concludes that there is a sizeable y/n 

ratio. 

In perturbative QCD, where quark-gluon scattering plays an important 

r6le, the subprocess gq + yq is the natural source of prompt photons 45 ). 

The y/n ratio is controlled by the fragmentation of a jet into a leading n; 

it increases with xt. In the CIM approach prompt photons are eventually 

favoured over pions by a weaker Pt dependence 4 6). The y/n ratio should in

crease with Pt as p~ to also become much larger than a even though the trig

ger jet consists of only one meson by construction. 

While the y/n° ratio has been an important theoretical issue for some 

timel), the experimental situation was long uneasy 1 9). This stems from the 

fact that prompt photons have to be singled out among a huge n° background, 

something which the often quantized nature of the detector (lead glass blocks) 

rnakes a formidable problem to tackle. At this Conference, results from the 

Athens-Brookhaven-CERN Collaboration have been presented as evidence for a 
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y/n° ratio at the 20% level at Pt~ 6 GeV/c 47 ). The use of a liquid argon 

lead calorimeter is of great help in differentiating n° 1 s and prompt photons. 

This is discussed in detail in the report by C. Fabjan48 ). The data are 

presented in Fig. 20.a). Also presented, in Fig. 20.b), are data obtained 

earlier by the Rome-Brookhaven-CERN-Adelphi Collaboration using a lead glass 
detector 4 9). They are compatible with the newer and more precis~ data from 

the ABC Collaboration, which extend beyond 6 GeV/c. The observed ratios 

(Fig. 20.a)) can be considered to be in semi-quantitative agreement with 

calculations 4 S, 4 6). It is still premature to claim an xt as opposed to a 

Pt dependence. This beautiful experimental result will certainly prompt 

further effort to extend the Pt range to higher values and, on the theorists 

side, for more involved calculations. 

S. ELASTIC SCATTERING AT WIDE ANGLES 

From a theorist's point of view, the behaviour of elastic scattering at 

wide angle cannot be dissociated from the analysis of inelastic high-pt phe
nomena 1). One expects a new regime to take over the overwhelming Regge con

tribution at small angle. The differential cross-section at fixed angle 

should eventually decrease with increasing energy as an inverse power only, 
namely: 

(6) 

The situation is a priori more complicated than when studying inclusive pro

cesses or jet production. Nevertheless, the same subprocesses should be at 

work. The smallne~s of the rates make such studies very difficult. At this 
Conference recent results on meson-proton scattering up to go 0 , at 20 and 

30 GeV/c incident momentum, have been reported by the CERN-Annecy-Genova

Copenhagen-Oslo-UC London Collaboration 50). The agreement with dimentional 

counting rules is reasonable5 1 ). Figure 21.a) shows the n-p elastic scat

tering cross-section and the solid curves correspond to a CIM fit to the n+p 
data at 20 GeV/c. The fall of the cross-section at goo which is followed 

over 4 orders of magnitude meets expectations. However, as shown in Fig. 

21.b), agreement is only approximate. While these data contribute evidence 

for a new regime, which meets expectations based on hard scattering ideas, 

the question of elastic scattering at wide angle is only barely explored. 

6. CONCLUSION 

Many new and important pieces of data have become available since the 

Tokyo Conference. We are now more knowledgeable about high-pt processes 

and, while perhaps not much wiser than a year ago, certainly far more con
fident in our understanding of the pertinent dynamics, insofar as previous 

assumptions have become fact. Expectations based on the parton model have 

met with great success. Quantum chromodynamics not only provides a promising 

framework but can now claim at least a semi-quantitative success 52 ). High-
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Pt phenomena stand out as a clear and beautiful example of hadron interac
tions at the constituent level. 

At present one can see further investigations as developing along two 

main lines. On the one hand, and as already emphasized, great expectations 

are put on interactions at collider energies 53 ). This is where spectacular 

effects are expected, with large counting rates for high-pt jets (Fig. 14) 
and where predictions based on QCD can be put to a thorough test. While 

many anticipated effects should show up in a clear way, or disprove through 

their absence some of our present ideas, it should be stressed that the 

values of xt which will actually be accessible because of falling rates will 
remain small (at least at the pp collider). Wide angle jets, which are more 

easily identifiable will thus be mainly associated with gluons according to 

present views. Clear valence-quark jets will have to be looked for as high

energy jets at small angles and sorting out jet fragments will be very dif

ficult. 

On the other hand, further studies at present energies (in the 200 -

2000 GeV range) thus offer the opportunity to analyse in some detail the 

relevance and fragmentation properties of different types of constituents. 

Extensive quantum number correlation studies and jet triggering should be 

possible with new detectors 54 l. This should greatly enlarge the type of 

data available. While there is now some evidence that scaling violations and 

expected corrections are large enough to modify the basic QCD perturbative 

input in such a way as to reach reasonable agreement with the data, the ac

tual amount of higher twist effects which may still be necessary is a chal

lenging and topical question. Such processes could well contribute a signi

ficant amount to the single-particle trigger yield. Oddly enough, correla
tioa studies with jet triggering could eventually be the best way to demon

strate their relevance. While QCD is a complete theory, what it predicts is 

not fully known yet and we may use experimentation for clues. The question 

of high-pt baryons and that of prompt photons certainly deserves further ex

perimental investigation. In the latter case, the results reported at this 

Conference should be a great encouragement for further investigation. 
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PARTICLE SYSTEMATICS 
Anthony ,J.G.Hey 
Physics Department, Southampton University, England. 

0. INTRODUCTION 

ABSTRACT 

Several aspects of hadron spectroscopy are reviewed. For the 
baryons, the status of the even parity 70 multiplets is examined in 
some detail. For the mesons, a rapid survey of the state of the qq 
multiplets leads on to a discussion of the identification of the 
o++ mesons as (q 2q2 ) configurations. A brief account of Jaffe and 
Law's approach to this problem via the P-matrix is included. 
Throughout the review the interesting interplay between ideas from 
non-charmed and charmed hadron spectroscopy is underlined. 
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In this talk I shall concentrate on the spectroscopy of the 'light' hadrons - those 
composed of u, d and s quarks - but I will try to convince you that insights gained here 
may be of use for charmed hadron spectroscopy. Instead of attempting a comprehensive re
view, the discussion will be restricted to a few of the recent developments that I believe 
to be important and I will therefore make an attempt to set these in context. The 
selection of topics clearly reflects my personal opinions and omission does not necessarily 
constitute a value judgement. 

A few words of warning. It is now fashionable to attach to everything the label, 
"predicted by QCD". In fact, despite favourable auguries, the confinement problem has not 
yet been solved and there are no rigorous results from QCD for hadron spectroscopy. Never
theless, QCD has given some interesting clues and suggestions: I will attempt to separate 
these possible "QCD successes" from successes not specifically related to QCD. As always, 
good phenomenology must tread a delicate path between "random assumption models" on the one 
hand, and "rigorous theory" on the other. 

l. THE BARYONS 

1.1 The Harmonic Oscillator Shell Model 

To set the scene for our discussion of the low-lying baryon resonances it is helpful 
to review the expectations of the simplest quark model - the non-relativistic harmonic 
oscillator model. In this theory the dynamics of the three quarks in a baryon are 
described by a non-relativistic Hamiltonian with harmonic forces between each pair of 
quarks 

( l. l) 

In the SU(3) (and SU(6)) limit all quark masses are equal 

and the centre of mass motion may be separated off in the usual fashion. The relative 



524 Session IV 

quark motion is then described by two independent harmonic oscillators vihose coordinates 
are conventionally chosen to be 

1 
.e. = ;z (I.1 - I.2l ( 1 . 3) 

and 1 
~ = vi (_i::_l + I.2 - 2I.3) ( 1. 4) 

Notice that the p-oscillator is antisymmetric, and the A-oscillator symmetric, under 
exchange of quark labels 1 and 2. The spatial wavefunctions obtained by exciting these 
oscillators then have the corresponding permutation symmetry. Under the assumptions that 
quarks have spin ~ and are colour triplets, and that the low-lying hadrons are colour 
singlets and are composed of three active flavours of quarks (u, d, s), the allowed wave
functions for baryons may be enumerated:-

3q > = flavour > I spin > I space > I colour > 

~ 
Antisymmetric SU(6) x 0(3) 

Syrrmetric Antisymmetric 

The spectrum of the lowest SU(6) x 0(3) multiplets in the harmonic oscillator shell model 
is shown in Figure 1. Clearly the equal spacing of the levels and the degeneracy structure 
are specific to the choice of harmonic interactions: introduction of a non-harmonic 
perturbation alters these splittings and lifts the degeneracies. 

Mass 

N=2 

N=O 

[_5_~. 2+] [10, 2+] [20, i+] 

[~. o+] [2.Q_, o+] 

Figure 1 Spectrum of allowed SU(6) x 0(3) multiplets in the harmonic oscillator quark 
shell model. The mass is labelled by the principal quantum number N of the harmonic 
oscillator and multiplets are labelled hy their SU(6) representation, and their orbital 
angular momentum and parity, LP. 
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l 
[ZQ, l+! 

2 
[LQ, z+J 

l 2 
[2.fi, z+J 

* 1 r10 0+1 
l-' .; 

5 

Figure 2 Pattern of splitting of N=2 Band Multiplets caused by a non-harmonic perturbation. 

In fact, there is an amusing general result1): in first order perturbation theory, the 
pattern of splitting of the N=2 multiplets is independent of the form of the perturbing 
potential U(r .. ). This pattern is shown in Figure 2; it has the attractive feature of 

-lJ 
lowering the radial excitation of the ground state - the ~. o+] multiplet - and raising 
the enigmatic [20, l+] multiplet, relative to the remaining~ and ?O's. 

1.2 Algebraic SU(6) Models 

Over the past decade or so there have been two main types of attempt to bring order to 
the enormous amount of experimental data available on baryon.resonances. Both are 
algebraic rather than dynamical in character - in that they parametrize the data in terms 
of a small number of unknown SU(6) reduced matrix elements instead of using a specific 
quark model, embodying many assumptions about quark dynamics,to predict matrix elements. 
It is appropriate to briefly review the ingredients and achievements of both these 
approaches in order to set more recent developments in context:-

(1) SU(6) Mass Operator Analysesl-?) 
The mass operator for baryon resonances is parametrized in terms of 2-body SU(6) 

tensor operators. To reduce the large number of possible operators, specific assumptions 
are made as to which operators have an important effect on the spectrum and which may be 
discarded. Detailed fits to the masses of all resonances within the low-lying negative 
and positive parity SU(6) multiplets have been performed, using harmonic oscillator wave
functions for the quarks. The unknown reduced matrix elements are determined by a careful 
choice of "well-known" input states and the model then predicts the masses and SU(6) com
position of all the remaining states. In particular, specific predictions are made for the 
masses of (as yet) unobserved resonances. 
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(2) ~w Decay Operator Analyses8- 13 ) 
These models concentrate on decay systematics and assume that resonance decay takes 

place via meson emission from a single active quark. The single quark transition operator 
is parametrized by the most general allowed SU(6)w structure. No detailed forms for the 
spatial wavefunctions are used but an SU(6) x 0(3) classification of the resonant states is 
assumed. Again, the small number of reduced matrix elements are determined by a fit to 
data thus allowing the decay properties of hitherto unobserved states to be predicted. 

It is clear that these two approaches are complementary to each other: to predict 
where best to look for a missing state one needs both the mass and the decay properties of 
the state. Most of the early mass fits took no account of the decay systematics of 
resonances while the decay fits made no attempt to explain the observed SU(6) mass splitt
ings. It would clearly seem desirable to obtain a consistent picture of both aspects of an 
SU{6) multiplet - although it must be emphasized that the use of SU{6) symmetry for masses 
and of SU(6)w symmetry for decays involves different theoretical assumptions. What then is 
the status of such attempts? 

1.3 Status - Pre-1978 

Negative Parity States: [70, 1-] 

(i) SU(6) mass fits 7• 14 ) were able to obtain a good description of the observed 
negative parity resonances below about 2 GeV. 

(ii) SU(6)w decay analysesll-l 3) enjoyed great success in correlating elastic and in
elastic resonant amplitudes. In particular, the agreement with the inelastic amplitude 
signs for the reactions 

* 1TN -+ N -+ 1TLI 
and 

- * * KN-+ Y -+ 1TL (1385) 

determined by isobar model analyses was spectacular. A recent isobar analysis of the 1T+p 
channel 15 l confirms this good agreement and also confirms the pN amplitude signs predicted 
by such an SU(6) model 12 ). 

(iii) Simultaneous SU(6) mass and decay fits were found to fail~' 7• 14 ) The basic 
reason for the incompatibility of these mass and decay analyses may be illustrated by the 
following example. Physical states are found to be mixtures of pure SU{6) states. In 
particular, the~- N* resonances are mixtures of quark spin~ and j SU(6) 70 states. e.g. 

I Sll(l530) > = - sine !48> +cos e I 2s > . s s (1. 5) 

In order to accomodate the observed AK decay of the higher massSll(l670), decay analyses 
immediately require substantial mixing 

e "' - 30° s 
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(in the conventions of reference 11). On the other hand, the specific assumptions of the 

mass operator fits 14 ) tied the amount of mixing to the mass difference of the Sll(l530) 
and the 013(1520). Thus the Sll states were predicted to be essentially unmixed - in con
tradiction with the decay analysis result. The situation for the more complicated 3-way 

* mixing of the Y 's is similar, but less clear cut. 
Positive Parity States 
The mass fits predicted?) that the S=O and S=-1 states of the four N=2 band multiplets 

- [56, o+Jr ~. 2+], [70, o1 and [70, 2+) - should all lie below about 2.1 GeV in mass. 
The (20, l J states are higher than this. Physical states are now mixtures of different 
SU(6) multiplets. 

In contrast to this SU(6) picture of the positive parity states, decay analyses 11 -l 3) 
obtained good agreement with data by only invoking [56, o+J and [~. 2+] multiplets. In 
fact, the mass analyses themselves found the particular states used in the decay analyses 
were predominantly~ in character with only a small 70 contamination. Nevertheless, the 
existence of even parity !..Q multiplets at low mass, or indeed at all, was brought into 
question. 

To bring out the issues more clearly, Table l lists all two, three and four star, 
positive-parity resonances below 2.1 GeV, according to the 1978 edition of the Particle 
Data Group compilation16 ). 

Table l 

Positive-parity states below 2.1 GeV according to the 
Particle Data Group 1978 compilation. (One star resonances have been 

omitted.) States with controversial SU(6} assignments have been ringed. 

N 6 l: A 

+ + f (1660) 
+ 

-!- (14 70) t (1690) -!- (1600) 

+ + + t (1688) t (1890) -!- (1880) 

+ 
-!- (1910) 

+ t (1915) 
+ t (1815) 

+ f (1950) 
+ f (2030) 

+ t (1860) 

+ t (2080) 
+ t (2110) 

+ i (2000) 

Total 
Number of 6 4 5 
States 
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Four of these states - NP11(1780), NF17(1990), AP01(1800) and AF05(2ll0) - were assigned by 
Jones, Dalitz and Horgan7) to the (70, o+J and (IQ, 2+J multiplets. Litchfield, Cashmore 
and Hey 11 • 12 ) on the other hand suggested that these four states may be more economically 
assigned to higher-lying~ multiplets. The motivation for this suggestion was based on a 
count of missing states. Tables 2 and 3 list the S=O and S=-1 states required for the 56 

* -and 70 multiplets: the existence of even parity ?O's requires twice as many Y 's than for 
56 multiplets. The number of states required by the mass fits and the number of observed 
states is as follows:-

* * * * N and t::, l: and A 

Predicted ]9 33 (Tables 2 and 3) 

Observed 10 10 (Table 1) 

-In' view of the large discrepancy it seemed fair to question the evidence for positive 
parity ?O's. Why have the missing states not been observed in partial wave analyses? - or 
at the very least, the missing states with high spin? 

Table 2 

Predicted S=O and S=-1 states of 
the [56, o+] and [2§_, 2+] multiplets. 

N t::. E A 

[1§, o+] 

28 
1+ 1+ 1+ 

2 2 2 
410 

3+ 3+ 

2 2 

[2.Q, 2+) 

28 
5+ 5+ 5+ 

2 2 2 
3• 3 + 3+ 

2 2 2 
7+ 7+ 

2 2 

410 
5+ 5+ 

2 2 
3+ 3+ 

2 2 
1+ 1+ 

2 2 

Total no. 
3 5 8 3 

of states 
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Table 3 

Predicted S=O and S=-1 states of 
the [70, o4J and [70, 2+] multiplets. 

N "' 
r A 

(ZQ, o•] 

28 
l+ 1 + l+ 

2 2 2 

48 
3• 3• 3• 

2 2 2 

2
10 

l+ l+ 

2 2 

21 
l+ 

2 

[zo. 2•1 

28 s• s• s• 
2 2 2 

/ 3• 3• 

I 2 2 
1• 7• 1• 

I 2 2 

48 s• s• s• 
2 2 2 
3+ 3• 3• 

I 2 2 
l+ 1 + 1 + 

2 2 2 

2
10 

s• s• 
2 2 
3• 3+ 

2 2 

21 s• 
2 
3+ 

2 

Total no. 
8 3 11 11 

of states 

Sul!l11ary of Pre-1978 Status 
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It is clear that the overall situation was far from satisfactory. Mass operator 
analyses - at least with their present choice of operators - failed to fit masses and decays 
simultaneously. They were thus unable to answer the question of why the missing 70 states 
had not been observed. Decay analyses were very successful but were more limited in 
ambition. In particular, no attempt was made to obtain an understanding of either the 
observed mass spectrum or the mixing matrices. Moreover, both approaches lack much 
intuitive appeal. We now turn to more recent developments which go some way toward 
clarifying these questions and answering these objections. 

1.4 Post-1978 Developments 

Although, as stressed in the introduction, there are few, if any, areas of hadron 
spectroscopy which can be said to provide evidence for specific QCD effects, it is 
certainly true that the paper of de Rujula, Georgi and Glashow17 ) sparked off a revival of 
interest in non-relativistic potential models for the baryon spectrum. The new feature of 
this paper was the inclusion of a short-range potential arising from coloured gluon ex
change between quarks, in addition to a long-range confining potential. Isgur and Karl 
18-21) d .... q 22-30) h . d ..... ' f th' ., an o~ner au~nors · ave examine 1n aeta11 the consequences o 1s g uon 
exchange potential for the excited baryon multiplets. 
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I will discuss in some detail the specific non-relativistic oscillator model of 
Isgur and Karl since, in addition to a treatment of the one-gluon corrections, it has an
other very interesting feature - although one which has nothing specific to QCD. This is 
the phenomenon of 'kinematic mixing' - SU(6) configuration mixing arising simply from the 
non-equality of non-strange and strange quark masses. 

(a) Coloured Gluon Exchange 
The non-relativistic reduction of the one-gluon exchange contribution to the 

Hamiltonian leads to the so-called Breit interaction. This contains a magnetic dipole
dipole interaction of the form (for two quarks i and j) 

HHiyjperfl·ne =A{~ S .. s.o 3
(p) + -l,(3S .. f) S .. p - S .. S.)} 

.) -1 -J - p.) -1 - -J - . -1 -J ( 1. 6) 

where p = ~(r. - r.). The first term is the Fermi contact term, which only operates when 
- vi::. -1 -J 

the pair (ij) have zero orbital angular momentum, and the second term is a spin tensor 
force which is operative only when the pair have non-zero orbital angular momentum. 

For the ground state, only the contact term contributes and this term is responsible 
for the ~-N and p-TI splitting. The non-Abelian nature of coloured gluon exchange is 
reflected in the fact that the ~-N and p-TI splitting have the same sign, in agreement with 
experiment. This term is also responsible for the L-A splitting of the ground state 
baryons. l 7) 

For the [70, 1-J both terms should be present and Isgur and Karl have made a 
quantitative study using harmonic oscillator quark wavefunctions. For the non-strange 
baryons, the contact term splits the 28 states from the 48 and 210 states in good 
qualitative agreement with the observed states. The presence of the tensor force does not 
alter this qualitative success but does induce mixing between the pure 28 and 48 states 
since 

3 1 
< s = ?I' I Ht I s = ?I' > # 0 

i::. ens or i::. 
( 1. 7) 

The detailed calculations of Isgur and Karl 18 • 20 l predict little mixing for the 013 states 
but find substantial mixing for the Sll resonances; namely 

in good agreement with decay analyses11 • 13 ) Before euphoria sets in some comments are 

in order: 

(1) The reason for the discrepancy between mass and decay analyses now seems to be 
identified: Tensor forces were explicitly rejected in the early mass operator analyses. 

(2) The mass operator analyses explicitly retained spin-orbit forces: the model of 
Isgur and Karl ignores them en ti rely, despite the fact that the Breit interaction has a 
specific spin-orbit contribution. It certainly seems clear that the data does not require 
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strong spin-orbit forces and several authors 20 • 29 • 3l-33 ) have investigated the 

possibility that there is a substantial cancellation between the!:_.~ force from vector 

gluon exchange and from a(presumed) scalar confining potential. 
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(3) From a theoretical point of view, the relevance of the non-relativistic treatment 
of single gluon exchange is not obvious. Indeed similar success for the ground state 
hadrons was obtained, at about the same time as de Rujula et al., in the framework of the 
MIT Bag 34 ), in which the quarks are highly relativistic. Even in the context of a 'non
relativistic' potential model, a recent re-analysis 30) of the Hamiltonian of de Rujula et 
al. shows that the quarks are in fact moving relativistically and 'relativistic corrections' 

must be treated with caution. 

(b) Kinematic Mixing 
The basic mechanism for this type of configuration mixing was first noticed in the 

context of the MIT Ba9:5) Isgur and Karl, however, chose instead the much more tractable 

non-relativistic harmonic oscillator Hamiltonian. The basis of the effect is merely the 
observation that SU(3) breaking via quark masses 

m > m s u 

requires that the frequency of the A-oscillator is lower than that of the p-oscillator 

The p- and A-modes have been defined by equations 1.3 and 1.4: the two types of 

oscillations may be visualized by the one-dimensional analogy shown in Figure 3. 

A simple illustration of this mechanism of work is given by the r.-A splitting of the 
i- states of the [70, 1-J . 19 ) For the ground stater, and/\ we have 

4-0 
u 

• s 

• s 

u 

0 ..__. 

u 

0 __. 
0 ___.., 

u 

p mode 

'A mode 

Figure 3 One-dimensional representation of p and A oscillator modes 
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+ + 
L ~ (1190) > A~ (1115) 

whereas we find 

in the [Z.Q_, 1- J. This reversal may be understood by considering the syrrmetries of the 
non-strange quarks in these states. Both I and A have the non-strange quarks coupled to 
spin l and a colour 3: the product of the isospin and spatial wavefunctions must therefore 
be symmetric. Thus 

I (I= l) + (12)
5 

A-mode 
and 

A : (I = O) + (12)A p-mode 

so that the I is predicted to be the lighter state. Inclusion of the gluon exchange con
tribution reduces the splitting somewhat, but does not alter the conclusion. 19 ) 

The most important consequence of this kinematic effect concerns the mixing of the 
y*•s. The pure SU(6) states are not diagonal in the p, A - basis: on diagonalisation the 

* highest mass Y 's correspond to pure p-states. Under the standard assumption that 
resonance decays are described by single-quark operators a fascinating selection rule 
emerges. Kaon emission from a y* must necessarily involve the strange quark; since for 
the p-mode it is the non-strange quarks that are orbitally excited we obtain the result: 

* (Y ) + KN p ( l. 8) 

This is illustrated schematically in Figure 4. 
that the higher mass Y*'s of the [70, 1-] tend 
noticed empirically by Rosner and Petersen36 ), 
mixing for Baryons"). 

It is interesting that this phenomenon -
to couple only weakly to KN - had been 
and by Faiman 37 ), (who termed this "Ideal 

For the [70, 1-], the mixing generated by the simple SU(3) mass splitting provides 
qualitative agreement with the observed mixing of SU(6) Decay analyses. 13 ) What of the 
positive-parity baryons? The oscillator states of the N=2 level may be characterized as 
pp, PA and AA: Of these, only the AA modes can couple to KN via a single quark operator. 
Thus there is the irrmediate prediction that many y*•s will essentially decouple from the 
KN formation channel. Isgur and Karl have investigated this in detail including a non
harmonic perturbing potential and gluon corrections. 21 ) The qualitative expectation is 
borne out by their results: their most spectacular example concerns the i+A* states. At 
the N=2 level, including the ?O's and the 20, seven i+A* resonances are expected: the 
kinematic mixing decouples all but one of these states from RN. According to the 
Particle Data Group, only one such resonance has been observed! 
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Figure 4 Quark line diagram illustrating the selection rule (Y*)P ...;+KN. 

Again, some additional comments are in order: 

* * (1) The most spectacular decouplings occur for the A resonances: L 's do not in 
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general decouple from KN. There are still some missing L* states which should couple to 
KN but in the specific model of Isgur and Karl these are either above 2 GeV, or involve 
low-spin states. With the present state of v* phase-shift analyses, it is plausible that 
there may be no conflict with the existence of even parity ZQ.'s. 

(2) It would therefore seem that the most severe constraints on this model arise from 
the well-explored non-strange sector, where no decoupling of N*'s and 6* 1 s is predicted. 
Even here after two new phase-shift analyses 38 • 39 Jthis year, the question is not resolved. 
An example will illustate this point. Isgur and Karl predict two ~+states around 1950-
2000 MeV. The analysis of Cutkosky et al. finds one state, the 6?+(1910) but include the 
comment that "alternate fits containing additional resonances are possible". 

1.5 Conclusions 

(1) A plausible case can be made for the existence of even-parity ?O's. The integrity 
of phase shift analyses in not finding hitherto "theoretically desirable states" is 
impressive. 

(2) Given the extent of configuration mixing in the S= -1 sector of the N=2 Band multi
plets, it is no longer clear to me than an SU(6) classification is useful. Perhaps it is 
preferable to work directly with a quark basis that distinguishes strange and non-strange 
quarks. 

1.6 Implications for Charmed Baryons 

After the beautiful semiquantitative success of the Isgur-Karl model for non-charmed 
baryons, it is of interest to investigate the predictions of an extension of this model to 
the charmed quark sector. For the [70, 1-] the lowest-lying A* is the A i-(1405), 
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corresponding to a A-mode excitation. Using the A ~+(2.25) state to determine the charmed 
quark mass, Copley et al.

4
0) predict that the corr~sponding Ac~- state is probably stable 

against strong decay~ They suggest a search for the electromagnetic decay 

which is certainly of experimental interest. 

2. THE MESONS 

2.1 (qq) Spectroscopy 

Figure 5 shows the spectrum of qq nonets predicted by a harmonic oscillator quark 
model. Again, deviations from this pattern are caused by the inclusion of non-harmonic 
forces, spin-spin and spin-orbit forces and so on. A recent investigation, 41 ) for 
example, claims evidence for spin-tensor forces in the spectrum of observed mesons. 

There is no time to review in detail all the experimental contributions on meson 
resonances that were presented in the parallel sessions of this conference. Instead, 
shall give a very cursory survey of the current status of the N=l and N=2 (qq) multiplets. 

(1) 2++, 3--

These leading trajectory nonets remain in good shape and little essential has changed 
since the Tokyo conference. 42 ) 

( 2) 1 ++. 1 +-

For these multiplets there has been some clarification. I was particularly impressed 
by the enormous statistics of the data on 3n and Knn channels presented at this conference 

Mass 

N=2 

N = 1 

N=O 

(2-+, 3--, 2--, l )L=2 
(0-+, 1--)L=O 

(l +- 2++ 1++ a++) 
• • • L=l 

Figure 5 (qq) multiplets cf the Harmonic Oscillator Model. Nonets are labelled according 
to the principal quantum number N and the orbital angular momentum L, as well as their 
spin, parity and charge conjugation JPC, 
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by members of the ACCMOR collaboration. 43• 44 ) Their analysis confirms the existence of two 
resonant states in the Q region of Knn, and a convincing resonant amplitude is seen in the 
l++ (I=l) rrp channel: They quote an A1 mass of around 1300 MeV. It is now a little 
embarassing that after so many years living without an A1, there are now claims for an A1 
resonance at 110045 • 46), 1300 in this experiment, and even47 l at 1500 MeV! It must be 
said, however, that the statistics of the present (diffractive production) experiment are 
an order of magnitude better than previous ones. We must wait until the dust settles. 

(3) 2-+' 2--

0nly the A3 I=l 2-+ state has been confirmed48), but there should soon be a detailed 
isobar analysis of the L region of Krrn, which should show two I~ states as in the Q region. 
I probably ought not to mention the hint of some 'extra' activity in the 2-+ I=l channel 
that may not be explicable by a single resonance 

(4) o-+, 1-- : Radial excitations 

The isobar analyses 43• 44) of Krrn and 3rr show new indications of possible K'(....,1400) 
and rr'("-1300) states. In view of these masses, and in the absence of any confirmation of 
the p'(l250) from present e+e- experiments49) the p'(l600) looks a safer bet for theorists 
to model as the radial excitation of the p. Definite statements about possible w' and ¢' 
states are still awaited. 

(5) N=4, L=3 Band? 
An I=l 5 state has been deduced from a moments analysis of a K+K-n(by missing mass) 

experiment~O) The favoured mass and width are 2'.30 GeV and 270 MeV, respectively. Figure 
6 shows this state on an almost forgotten Chew-Frautschi plot. 

7 

6 

5 

4 h 

c 
1i 
If) 

3 g 

2 

p 

0 
0 2 3 4 5 6 7 

Mass2 (GeV2) 

Figure 6 Chew-Frautschi plot including the new 5 state. 
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2.2 (q2q2) Spectroscopy and the o++ Mesons 

++ -In 1976 Jaffe challenged the orthodox view of the low mass 0 mesons as (qq)L=l 
states and proposed their assignment as "crypto-exotic" q2q2 states. 51) In general, multi
quark q2q2 states are expected to be rather broad because of the possibility of super
allowed fall-apart decays (Figure 7). However, for the o++ states coloured gluon exchange 
is effective in lowering the zeroth order q2q2 mass sig~ificantly. In Jaffe's original 
calculations in the MIT Bag the following identification was possible 

.!. (uu + dd)ss "" s* (993) 
12" 

udss, etc ,...,,,, 8(976) 

uudd ,...,.,, £(700) 

* The s-state was predicted to be very broad owing to its fall-apart decay to nn, but the S 
and 8 states must couple to KK and are narrow because of the closeness of the KR threshold. 
Despite the encouraging qualitative success of these assignments there was a problem with 
the prediction of the accompanying K state at around 900 MeV: the Kn phase shift is 
certainly not resonant below 1 GeV. Moreover, an exotic I=2 S-wave nTI- state is predicted 
around 1100 MeV: the relevant phase shift is repulsive up to at least 1500 MeV. l~hat are 
we to make of all these predictions? 

2.3 The P-Matrix 

In a recent paper, Jaffe and Low 52) have made some interesting observations concern
ing "mass" predictions for q2q2 states. They argue that "masses". calculated for q2q2 in 
the MIT Bag do not in general correspond to physical resonances. The motivation for their 

-K 
s*, 6 

K 

2-2 Figure 7 Quark line diagram for superallowed "fall-apart" decay of a q q state. 



-

Session IV 

R 
Bag 

Figure 8 Bag approximation to the q-q confinement potential 

analysis is sketched below. 
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For a (qq) system coupled to an overall colour singlet, the Bag may be considered as 
approximating the colour confining potential by an infinite square well (Figure 8). A 
colour singlet (q2q2) system, on the other hand, has projections on to (qq)(qq) systems 
both with colour octets coupled to an overall singlet,and with colour singlets. 

For the colour octet component a colour confining potential such as Figure 8 is 
appropriate: for the colour singlet projection, however, some weak non-confining potential 
is expected ~.g. Figure 9). In Bag calculations this component has been artificially 
confined. 

A tacit premise of all quark model calculations of resonance masses is a narrow 
resonance approximation: this is clearly invalid for q2q2 states with their large fall
apart decay modes. In the absence of realistic calculations of fissioning Bags and so on, 
Jaffe and Low have proposed the "P-matrix" in an attempt to obtain a relation between 
observed phase-shifts and Bag model q2q2 "primitives". The tenn "primitive" is introduced 
to underline the fact that these are not necessarily physical states. 

An idea of their approach may be gained by considering an analogy52) of s-wave 
scattering from a weak square well potential of radius b (Figure 10). For such a 
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Figure 9 An artist's impression of a weak non-confining (qq) 1 (qq) 1 potential. 
_c _c 

potential there are no bound states or resonances and the phase shift is found by solving 
the Schroedinger equation for r <band for r >band equating w'(r)/w(r) at r=b. One 
obtains the condition 

q cot q b k cot(kb + o(k)) ( 2. 1) 

where the three momenta are related by 

Now consider the fo 11 owing question. What is the connection, if any, between the phase 
shift o(k) of this problem, and the eigenvalues of an infinite square well of radius b? 
(Figure 11). The eigenvalues of the infinite square well problem are obtained by imposing 
the boundary condition 

v 

r 

rigure 10 Weak square-well potential. 
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l/l(b) = 0 (2. 2) 

corresponding to a pole in the logarithmic derivative 

i/J_'{r)j -\i![r), - q cot qb 
r=b 

( 2. 3) 

These occur for values of q such that 

These are the infinite set of "primitives" for this problem. Is there a connection 
between these primitives qn and the phase-shift o(k) of our original problem? The answer 
is yes: primitives correspond to values of q such that q cot qb has a pole. By the 
definition of the phase-shift (equation 2.1) this occurs at values of k where the quantity 

P(k) = k cot(kb + o(k)) 

has a pole. Thus the primitives of the infinite square well correspond to values of k 
satisfying 

8 ( k) = nn - kb 

where o(k) is the phase-shift of our weak potential problem. 

v 

r 

r= b 

Figure 11 'Artificial' Infinite Square Well Potential. 
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Figure 12 Position of P-matrix pole for narrow resonance. 

Consider two examples:-
(1) Strong Forces, Narrow Resonance 
This is analogous to the situation we expect for genuinely confined channels. The 

position of the P-matrix pole is most easily exhibited by a plot of o(k) and n-kb versus k 
(Figure 12). The phase-shift rises rapidly through n/2 and the P-matrix pole is rather 
insensitive to the value of b and close to where o(k) passes through n/2. 

(2) Weak Forces, No Resonances 
This is analogous to the situation we expect for unconfined channels. Despite the 

absence of resonant states there will be P-matrix poles. Figure 13 shows three cases: 
(a) No potential: o(k) = 0 
The P-matrix pole is at k=n/b: Jaffe and Low call this the "compensation mass" Mcomp· 

It is clearly very sensitive to the choice of b. 

rr 
rr 
T 

k 

rr - kb 

Mcomp 

FiTure 13 Position of P-matrix poles for (a) No interaction, (b) Weak attraction and 
(c Weak repulsion. Case (a) defines the "compensation mass" Mcomp. 
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(b) Weak attractive potential: o(k) > 0 
The pole in the P-matrix is lower than the compensation mass. 

(c) Weak repulsive potential: o(k) < 0 
In this case the P-matrix pole is at a mass larger than Mcomp 

This I hope illustrates the idea of Jaffe and Low. They have applied their formalism 
to S-wave nK and nn phase-shifts and find P-matrix poles corresponding to all the Bag 
model primitives. For example, they find poles in the Kn channel at 960 MeV and in the 
I=2 nn channel at 1.04 GeV, in good agreement with the original Bag estimates~l) Jaffe and 
Low make a further strong claim: the relative splittings of the S-1•1ave I=2 and I=O nn 
P-matrix poles with respect to the compensation mass correspond to "direct experimental 
evidence for the repulsive color magnetic interactions predicted in exotic channels by 
QCD". 

It is clear that these results need careful examination. For example, one question is 
the sensitivity of the results to the choice of b. On physical grounds one expects 

and Jaffe and Low have detailed arguments and consistency checks for their precise choice. 

2.4 Conclusions· 

(1) Predictions of resonant masses for multiquark states certainly need care: for 
such states the narrow resonance approximation is clearly invalid. 

(2) If we accept the (q2q2) identification for the o++ states below 1 GeV, there are 
presumably some additional (qq)L=l o++ states at higher masses. There are some hopeful 
signs of 'extra' activity in S-wave nn + KK around 1300 MeV. At the moment the 
theoretical situation is confused: Martin and Ozmutlu 53 ) are unable to find any 
satisfactory multi-resonance description of the I=O S-wave. 

2.5 Implications 

An obvious extrapolation of the idea of multi quark states is the inclusion of charmed 
quarks. Several authorsf4- 56 l have looked at such states and naive estimates put several 
ccqq states below the~·. One must re-examine these predictions in the light of Jaffe 
andlo1>ls·analysis of q2q2 mesons. If any narrow states survive they could lead to curious 
decays of the~· and the possibility of charged "x-like" states'. 

There have also been attempts to57 - 59 ) explain the structure in the e+e- total cross 
section around 4 GeV in terms of a high orbital angular momentum approximation for ccqq 
states. 
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3. CONCLUDING REMARKS 

Before concluding I want to try to demonstrate that there are still interesting 
questions to ask of hadron spectroscopy. 

The first question concerns multiquark hadrons. If we have granted acceptance to a 
q2q2 interpretation of the scalar mesons, then we must assume other multiquark hadrons 
exist - in particular q4q states~0- 6 4) Estimates in the MIT Bag of the lowest-lying 
negative parity q4q states include many states in well-explored regions of phase-shift 
analyses. An extreme, and, in my opinion, a not very successful suggestion, 64 ) challenges 
the usual assignment of resonances to the qqq[70, 1-]. However, given our experience in 
the meson sector, Bag predictions must be rPgarded as 'primitives' and some sort of P
matrix analysis performed. A recent paper65 lclaims some success along these lines. 

+- ++ -The second question concerns the I=O l and l states of the usual (qq)L=l multi-
plets. No I=O partners of the B are known and the D and E mesons sit rather uneasily in 
the l++ nonet. Given the success of non-relativistic potential models for charmonium, it 
seems worthwhile to try to extrapolate such models down to strangeonium. One such attempt 
is by Barbieri et a1. 66l These authors determine the strange quark mass scale by fitting 
to the ¢(ss)l-- state and then predict tne P-wave and radially excited s-wave (ss) states. 

- ++ -They obtain reasonable agreement for the f'(ss)2 around 1.6 GeV,and predict a ¢'(ss)l 
++ +- ++ -state at about 1.7 GeV. The situation with regard to the 1 , 1 , and 0 (ss) states is 

not so clear and probably warrants further attention. 

Thirdly, I wish to bring to your attention some other curious states. Given Bjorken's 
beautiful argument67l for the existence of glueballs and constituent gluons, what about 
qqg68) and qqqg states. Although it is difficult to make firm estimates for the properties 
of these states they deserve serious attention. One signal perhaps for mesons might be a 
JPC exotic state: so far there is little encouragement from experiment. 

To conclude: 
-(1) Clear evidence for the existence of non qq or qqq states is needed from 

experiment 

(2) There are still interesting questions for light quark spectroscopy 

(3) There is an interesting interplay between the charmed and non-charmed sectors. 
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Chan Hong-Mo: You divided baryon spectroscopy into a pre-QCD and a post-QCD era, the latter 
being characterized by the work of Isgur and Karl. I wish to point out that the relation 
to QCD of these new fits is almost purely temporal in that they were done after QCD became 
popular, but in rather little else. At the level we are considering, namely one-gluon
exchange, QCD enters at two places: i) colour dependence in terms of the colour charges A· 
of the quarks; ii) the vector nature of the gluon. To test (i), one must have systems 1 

with different colours. In the baryon, however, all subsystrn1s, namely quarks q and diquarks 
qq, have colour 3 so that no colour dependence can be tested. 1he vector nature (ii) of the 
gluon bnplies certain relative strengths between the spin-spin, spin-orbit and tensor terms. 
Isgur and Karl kept the spin-spin and tensor terms but dropped the spin-orbit term, which, 
as you pointed out, is mainly an assumption. One has not therefore tested the vector nature 
of the gluon. It is not excluded that one can get equally good fits with other combinations 
of spin-dependent forces. For example, there is a new preprint by Goldstein and Maharana 
in which they claim to obtain an equally good fit with quadrupole forces based on a quark
diquark model. 

A.J.G. Hey: It is clear that you are not testing much QCD. 1here are many assumptions in 
the Isgur and Karl analysis which you have to worry about before you can claim that it was 
derived from QCD. I agree that the relation of QCD to the spectrum, at the moment, is very 
tenuous, except if you believe the analysis of Jaffe and Low. 1hey claim to see the direct 
effect of the colour magnetism term. 1hat is a possibility. 1he analysis of Goldstein 
which gives evidence for quark-diquark structure of baryons was based upon the assumption 
that 70-plets do not exist at low mass. I am not so clear that this evidence is valid. 
Therefore I am very sceptical about analyses which make as a keystone of their starting 
point the fact that 70-plets are not observed. 

Chan Hong-Mo: Yes, my remark applies only to the baryons. For multiquark states, one has 
subsystems of different colours so that the colour dependence can be tested. This is one 
good reason why they are interesting. Also, I did not mean to blame you for unwisely as
cribing to QCD any success of the recent fits to the baryon spectrum -- I was just unhappy 
that the truth is not more clearly stated in the literature. 

A.J.G. Hey: I agree on the baryons. 
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P. MinkOUJski: For the absence of L•S-force there is a clear case when you state what the 
non-strange % - , % - , 1

/ 2 - baryon states -- what you call 4 8, where the total spin is % -
there is no visible mass splitting. 

A.J.G. Hey: I agree. But one has to understand for whatever reason L•S-forces are suppressed 
in the baryon spectrnm. 

P. Minkowski: Maybe we learn more by a discussion of the equations written down by Leutwyler, 
Stern et al., who have such a model for mesons: your oscillator model, relativistic and no 
L•S-forces whatsoever. 

A.J.G. Hey: I looked into the paper about the model you are talking about. I am afraid the 
greatest of its successes was correctly predicting the position of the nc(2.8). 

H.J. Schnitzer: I should emphasize that the baryon model of Isgur and Karl is the only one 
which agrees with similar models of meson spectroscopy. 

A.J.G. Hey: In my opinion the models for meson spectroscopy are premature. TI1ere are not 
enough data on the q-q excitations of the mesons. I discussed fits similar to those of Isgur 
and Karl in the meson sector. TI1ey predict all these states at masses which we have looked 
for and they have no reason why we do not see them. And before we do not have some more 
experimental evidence I take all the spectroscopists' calculations with a pinch of salt. 

J. Rosner: !tre you able to place any theoretical bounds on the mass of the A1 ? 

A.J.G. Hey: No comment. 

c.s. Kalman: We have calculated the four-quark ground state using the formalism of Isgur 
and Karl in a paper to be considered in the Parallel Session on Hadron Spectroscopy. TI1e 
hyperfine treatment is identical with Jaffe and the parameters are obtained solely from 
baryon data. The lowest mass is roughly 300 MeV higher than Jaffe's E(700) and is in fact 
bang on the p mass. 

A.J.G. Hey: OK. TI1ere are no reliable models for predicting masses. 
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The domain of research which is the subject of the present report is 
often referred to as "old physics" at this conference. It is not clear to 
me what this term means: respect or disdain. On the one hand, hadronic 
reactions with small momentum transfer give only an indirect reflection 
of particle structure which makes them not attractive enough. 

On the other hand, just in this very domain we were convinced of the 
validity of the fundamental principles of quantum field theory and worked 
out some rather general semiphenomenological theories (such as Regge poles) 
which give a satisfactory description of a large variety of soft hadronic 
reactions. Finally the concepts of quark-parton model advanced by "new 
physics" are being checked and developed in the field of hadron interac
tion with small momentum transfer. The important task now is to establish 
links and to develop a common language for "old" and "new" domains. 

Some 50 reports have been submitted to the section "Hadron interac
tions" at this conference. I start my review with two-body reactions. 

I. BINARY REACTIONS 

l~-~1~~!!2_~2~!!~r!ug 
The Arizona-Dubna-Fermilab collaboration / 1/ reports on the results 

of a study of proton-helium elastic scattering in an energy range of 
40~ E~ 400 GeV and a momentum transfer of 0.003~ ltl~ 0,5 (GeV/c) 2 • 

The internal helium gas jet target has been used. The stacks of sili
con detectors have registered recoil nuclei. An example of the measured 
differential cross-section is shown in fig. 1. 

The slope parameter of the diffraction pHe cone (b(s,t) =~(ln~)) 
has been obtained (fig. 2). The striking feature of the functions b p(s), 
b (s). and b H (s) is that they do not tend to one universal slo~e 
w~ih increasin~ :. In the approximation of one effective pole (pomeron) 
all elastic hadronic processes should show the unique rate of shrinkage 
b1 (b

0 
+ b1 ln s). Fig. 2 shows that it is not the case in reality. 

As has been pointed out by Yu.I.Asimov et al. 131, the effect may 
arise from the energy dependence of the Glauber corrections. The rate of 

shrinkage for pd scattering is 

S(t) (Q~'+ C d (AO)) 
#,, = ( s (t )- ...AL) d In, s ~ 0 t ( 

1 
) 

a <f"t 
instead of b1 = 2 o( 1 as it is the one pole approximation. Here S(t) is the 
deuteron formfactor, A 0 = 2 ot N - 0 d the defect of the total cross 

I p p 
section and a( the elo~e of the effective trajectory. The second term 
violates the universal behaviour of b (s). Another feature of (1) is spe

cific t-dependence of b1• Since the denominator decreases with increasing 



548 

+ M-;t- + + ·.t TIT 

t r!. · ·.·. · v:·· . 

Session IV 

It I , the rate of shrinkage is expec
ted to be larger for larger I t I • 

For pHe scattering the predic
tion /3/ has been made: b1 (t::::. 0) = 
= 1.35, b1 (t = 0.07) = 2.8 (GeV/c) 2 • 
The data of / 1/ are accurate enough 
to get b and b1 in different t-inter
vals. The result is presented in 

-t(GeV/c)2. 

fig. 3. The value of b1 {t ~ 0) is 
close to the prediction / 3/ but the 
rate of shrinkage seems to be t-in
dependent. This disagreement with the 
model is not very surprising since 
helium nucleus is much more compact 
than deuteron, and, perhaps, scree
ning corrections require more deli
cate treatment. The importance of 
essential improvement of the Glauber 
model is shown in fig. 4, where the 
comparison is ma.de of the differen-

0 O.f 0.2 0.3 

Fig. 1. pHe-elastic scattering 
differential cross sec
tion 
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Fig. 2. Comparison of the slope 
parameters of the proton
-light nuclei elastic scat~ 
tering. For the references 
to original papers see/2/. 

tial cross-section of the reac
tion pHe --'> pHe with the cal
culation from the Glauber for-
mula. The single-Gaussian ap
proximation is used a.a an input 
for the pN amplitude and helium 
formfactor in version I of the 
Glauber formula. In the second 
version the double-Gaussian pa
rametrization is used in order 
to fit better the data on pp 
and eHe elastic scattering. 
Both versions fail to reproduce 
the data.. 

In the same experiment/1/ 
a (He + H2 ) gas mixture has 
been used as a target. This 
made it possible to perform 
absolute normalization of the 
pHe data and, using the opti
cal theorem, to determine the 
total cross-section of pHe in
tera.c tiona. This is shown in 

fig. 5 together with the total 
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Fig. 3. The b-parameter of elastic pHe 
scattering as a function of s and t. 
The rate of shrinkage b1 does not 
depend on t. 
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cross sections of pp and pd 
interactions. The geometri
cal scaling (GS) relation 

6t "' b "' r 2 ( s) rJ lns ( 2) 

is in good agreement with the 
data on ot and b (shown in 
fig. 5) at an energy of 
E1 ? 150 GeV. The concept 
of GS is usually treated as 
an empirical rule and now is 
often used as a criterion for 
the construction of models of 
binary hadron reactions/4,51. 

It is worth noticing that GS has 
a ground in Regge theory with 
pomeron: 

o{(O) = 1 + ll, 'A= 0.06161. 
It should hold with an accura

cy of a few per cent in an 

energy range up ~~ several 
feV. This version Regge theo-
ry gives a good description 
of rising 
= ReA/ImA 
ta/6,7/. 

0 tot' p "" 
and some other da-

C.Lewin et a1.l8/ have 
presented the data on elastic 
K±p interactions at 32.1GeV/c. 

The analysis made in this pa
per includes also some other 
K± data available at hd.gher 
energies. In particular, the 
GS rule 

del prediction. !!fcs t)= 
- 'f J 2. ubt I 

- ri ($). ( 'l ( s) - t) , 6t l"V 

tested. As is shown 
in fig. 6, the GS in the form (3) holds for K± elastic scattering with an 
absolute accuracy of "'0.5 mb/GeV2 at energies above 70 GeV. 

Since the experiments / 8/ have been done with K+ and 
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Comparison of the behaviour 
of the total cross section 
with the GS relation (2). 
The new data on 6"'t t(pHe);1; 
and b(pHe) are takeH from • 

• (~(32GeV/c)-~(175GeVicl] 

x [* {70 GeV/cl-%T {175 GeV!d] 

-1 

6t_ (PP) 

44 

42 

40 

3& 

K- under the same 
data are relevant 
difference of the 
tion. In terms of 

conditions, the 
to study the 
+ K-p cross sec-

Regge model 
the scattering amplitude reads 

A(K±p) = IP + R+ 
+ 

where R± are the reggeon contri
butions with + - signatures. 

1 d6"'-) __ (oto) T 

'Jffl, Jf(t)} dt K d-·t K 
.I ~I.ti (Pt{)) I (4) 
y(~t ) K .. +ld,t Kt 

The data show that the function 
(4) is peripheral and may be 

parame!ri zed as /3 t 
'Jm,Jl (sJt)=c<e J0 (riR) 

" - o. 58 ! (). 0'1 
ol=C.> 

This function is shown in fig.7 
in impact parameter space. 

R.Henzi and P.Valin have 
submitted to this conference pa
perl9/ devoted to discussion of 
the recent FNAL and ISR data on 
elastic pp scattering at large 
momentum transfer. They have 
developed t)le,, type of optical 
model, where the cross section 
of elastic scattering is expres
sed via the inelastic overlap 
function Gin (s,b) in b-space 

d6'(s,t)= <5> 
~ oit 

-0"1 ---0'2 ~--"i,--~"~.---Q',--to---o:,-----r,'.-- 0.9 ~ ( 
0
S ( 1 - '1-Gin. ) ~ (# R) & di) 

ltl,GeV' 

Fig. 6. Comparison of the differen
tial cross section of elas-
tic K+p scattering at different 
energies. The GS ()) holds at 
an energy higher 70 GeV. 

In this relation unitarity is 
taken into account. The expan-
sion ~ 

1- ./1-6in. %f/"Gtn - l/ftGtJt, ··• 
suggests the interpretation of 
Gin as the "Born term". This 
gives hopes that Gin (s,b) may 

have a simple structure. The real part of the amplitude and spin terms are 
neglected. The Gin (s,b) is chosen as Gaussian with a small '1edgy" cor
rection necessary in order to reproduce the diffraction zero of cl6°"/dt(t) 
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at - t ~ 1, 4. The number of parameters is 8. They are functions of lns. 

Fig. 7. 
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Description of elastic pp 
scattering by formula (5). 

At fixed energy the model retains 
5 parameters. As is seen in fig.8, 
the model is able to describe all 
the published pp differential cross 
sections, and an cxtrapol ation pre
diction is made to higher energy. 

Unfortunately we do not 
know how to relate different reac
tions (say, pp and pp) in this 
purely phenomenological models.The 
parameters are practicaly const
rained by no general principles. 
If a new experiment requires to 
change them, we can hardly learn a 
lesson from it. 

The spin degrees of freedom 
introduce a good deal of complexi
ty into the hadron behaviour. For 
example, pp scattering is controlled 
by five amplitudes. An experimental 
guidance is particularly important 
here. A new measurement of polari
zation in pp elastic scattering at 
150 GeV/c is reported by G.Fidecaro 
et al. / 1o/ The result is based on 

a sample of tv 106 events of elastic 
scattering off the polarized target 
where the left - right asymmetry is 
observed. The result is presented 
in fig. 9. 

The polarization P always comes 
when the interference of spin flip 
and spin nonflip waves take place. 

P·jf rv Jm,(.?tnj Jtj) 
Paper / 4/ treats binary reactions 

in terms of Regge poles with absor
ptions. The latter is regarded as 
a unitary correction to the pole 
contribution and is expressed again 

via Regge-like amplitudes. The matrix element of each pole R in b-space 

reads as mR(b) = R(b) - iR(b) • mef(b) where mef is the effective pomeron 
amplitude.Both IP and R have a spin flip part. The first 
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zero in polarization at - ti:s0,5 occurs because of zero of ReR, and the se

0.30.-------------------, 

0.25 

0.20 150 GeV /c 

~ e 0.15 

CERN- Podovo -Trieste -Viennot 
PP- PP 

~ 
0 
a.. 0.10 
c 

.!2 

~ 
" 0.05 ~ / 

'* _-:~°".'.~ / .. ······· 
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-0.05 ~d'=" / ·. .. 
-0.10 • •••• 

'· .· .... 
0.15~--~--~--~--~--~---' 

0 0.5 1.5 2.0 2.5 3.0 

Fig. 9. Polarization in pp elastic 
scattering. The theoretical 
curves are: t 4/ 

G.L.Kane, 100 GeV' / 5/ 
w.Majerotto, 150 aey11 / 
C.Bourrely, 150 GeV • 

~~·;2-- --L 15 
JO 

-t. (Gewcl' 

Fig. 10. Differential cross section 
of the reaction Z:P-• $ 0 IJ, 

cond zero at - t z 1, 4 is due 
to changing the sign of JmIP. 

The eikonal model for bina
ry reactions has been developed 
in /5/. The eikonal is constructed 
from Regge-like amplitudes in a 
pure pole approximation. The ef
fective pomeron is chosen pheno
menologically similar to /9/ (see 
(5)) and it does not contain a 
spin flip component. 

The very different approach is 
tried in / 11 1. The proton is consi
dered as a rotating extended object. 
The incident particle has diffe
rent velocities relative to the 
left and right edges of the spin
ning target. 

This obviously leads to the 
left - right asymmetry in scatte
ring. The model operates with the 
arbitrary function~(b), where 
W is the frequency of rotation 
and b is the impact parameter. 
Notice that a similar idea has 
been used / 12/ for the analysis 
of spin effects in inelastic had
ron interactions. 

The theoretical predictions 
mentioned here are checked against 
the experimental result / 1o/ in 
fi~. 9. The calculation of /4,5/ 
is in qualitative agreement with 

the data. The effect predicted in 
/ 4/ is larger probably due to the 

spin flip component in the pomeron 
term. 

New data on polarization of 
higher accuracy and at higher 
energy are welcome. 

2. Qh~rs~-~!2h~s~-r~~2~!2~~ 

Four papers by W.D.Apel et al/13/ are devoted to a study reactions 
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I 
·~ n,, 

in an energy interval of 15-40 GeV. The cross sect. with high statistics 
and over a wide range of t reported on. Their general feature is a dip 
at t = 0 which shows evidence for spin structure of the reactions. It has 
been found (for first J reactions) that the spin flip and spin nonflip 
amplitudes can be parametrized, for small / t / , as exponential with the 

same slopes. So d d (,, f 
(It t() - (ii; r ( 0) ( 1 - 1 c t ) e 

where g and c are logarithmic functions of s. 
An example of the differential cross section is shovm in fig. 10. 
The effective p and A2 trajectories are determined (figs. 11, 12). 

The p trajectory is linear. The 
A2 trajectory is also linear at 

0 ~ It I~ 0 .4 and passes through 
the p , A2 , g and h mesons. But 

at I ti> 0.7 it has a complex 

Re ait) 

rep -rr 0 n 

1 

t, (GeV/c)2 

-01 -01 

Fig. 11 • Effective p -trajectory 0 
(from the reaction lifl.""Jl n,,). 

Fig. 12. 

Rea(<) I 1 

Tl p - l)n I 
I' 
I 

I ,¢"0 ,,1 ' 
:ti;/' j" 

! 

I 
1' 

1 

t,(Gt•V!c) 1 

Effective A -trajectory 
(from the r€action 

Ji/i~"'l 0 n ). 

behaviour. This problem requires 
more investigation at higher ener
gies. Based on the ratio of the 
cross sections for the reactions 

:ii-ft-') ·1'/. ~ > /i/1- ~ ·~' i'V at 

t = 0 R(l'i/_J1f, ) = 0.55 ± 0.06,the 
singlet-octet mixing angle for 
pseudoscalar mesons is found to be 

8 =-(1B.2±1,4H 
The data are reported on the 

density matrix for lV meson. In 

particular, the relation~0 =1-2}'1_1 
holds, hence these data require no 
unnatural parity exchange for pro

ducing W 's of helicity 1. 

II. DIFFRACTIVE DISSOCIATION 

lA-~&f 1Di~i2D_ggg_g&D§£gJ_££2£§£]i~§ 

The reactions of diffractive dis
sociation are among favourite ones 

already for a long time. They can be 
distinguished by the following set 
of criteria. 

a) The cross sections 0 (s) 
are nearly s-independent. 

b) The t-·distrilmLlon has a 
forward peak. 

c) The involved particles may 
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change only spin, parity and mass (zero quantum number exchange). 

p + p(d) - x + p(d) 

5.0 
d1<r { s• SOOG~vt ;i dtdMxt 1t1•0.025(Gev/c)t 

j~'\ 
'-----.: . 
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' \,,, 
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> 2.0 ., • U$A~U$iR 260 o.otS 
(!) &Qrtenevttat. 
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0.5 
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""' LI i ' E -2-" 
Mx "-

~\ 
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~V!tlfrr···· O.t 

10 zo so too 

Fig. 13. Example of the double differen
tial cross section of the proton 
diffraction dissosiation. 

It I =0.01 (Gev/c)2 

PLab = 300 Gev/ c 
6 

PP-PX 

2 3 4 5 s Mx Gev2 

Fig. 14. Low mass proton DD in the 
reaction pp -- Xp. 

d) The factorization rule 
holds. 

e) p =ReA/ImA ~ 0. 
f) The Morrison - Gribov rule 
is approximately valid 

Pa= Pc (-1)Ja - Jc 
( P is parity, J is spin). 

A typical behaviour of 
the cross section d2 O/dtdm 2 

x 
of the proton diffractive 
dissociation (DD) pp -~ Xp is 
shown in fig. 13. There is an 
enhancement at a low mass of 
system x. Then the drop fol-

-2 lows by rv mx and subsequent-
ly the leveling takes place. 
The low mass part of proton 
DD has been studied with high 
precision in paper 1 141. 

The result is shown in 
fig. 14. The nature of the 
peak at m~ % 1, 9 GeV2 is not 
quite clear. Partially it may 
be explained by Deck effect 
(creation of system x through 
the scattering of virtual pion 
of incident particle off the 
target with small momentum 
transfer). But an appreciable 
contribution of isobar N (1400) 
is not excluded. 

In accordance with an 
intuitive image of the DD,the 
forward peak at small t al
ways has a perfect exponential 
shape. An example is shown in 
fig. 15. It is borrowed from 
paper / 151, where the DD of li

on some nuclei is studied. The observed slope parameter b is in good cor
respQndence with the radius, r, of nuclei: b = r 2/4,r = cA113. 

2. Parton picture of diffractive dissociation 
i:P~~~;~~h~-;~<l-E:F;i~b;;~-(1956)-JT~-M~aood and w.wa1ker <1960)1111 
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sugi_;ested to consider the hadron as 

c 
8
at 

0.01 

rr-A - (n· rr+ n-JA 

1ss Gev/c 

B (n- C) = 68 (Gev/cf 2 

B (n-cu) = 1ss 
B(n-PB)=3so 

t • 

t 
0.02 (Gev/c) 2 

Fig. 15. Differential cross-sec
tion of pion DD on nuclei. 

R(x,t) 
0,5 

0.4 

0,3 

0.2-

O,t 

0 

-O,t 

O.Of (t-X)N 0.05 

a superposition oi' some elementary 

states 11/JK) 

IA-):CKl'¥JK), (1J'K 1 l1J.tK)= $K'K 
which are eigenstates of the inter-
action operator 

Tl1.jJK)= tKJ~K> 
so t~ is the probability of the state 

11/'K) to interact. The amplitude of 
elastic scattering is written as 

'J-m Jl ,,t = < ~ IT I ~ ) 
= L.lcKf2'tK = (t) 

D
K . . and the D cross section is 

O~i) = L 1<1fK I Tl Ii.) I~ - Det= 
K 

= <t:i> - <t>~ 
what is the dispersion of t over k. 

So tk must be essentially different 
in order to give rise to inelastic 

diffraction. 

O.t 

t=-0.13(GeV/c) 2 

1:1-SN=t24GeV 2 

x-SN=29t Gev 2 

o- SN=100 GeV 2 

Fig. 16. Comparison of the differential cross sections of the reactions 

pp -~Xp and pd --~Xd, which shows the vanishing of the scree
ning correction for (1 - x) ~ 0.1. The smooth curve - fit to 
the data of parton model 1191 
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Mietinnen et al. / 13/ have proposed to interpreL the states 

as hadron states with k wee parLons. The wee partons may have different 

impact parameters and rapidities which leads to Lhe dispersion of tk. 

B.Kopeliovich et a1.l 19/, starting wiLh the same idea, have developed 

the two-component model, where t = 0 (had~on without wee parton does not 
0 

interact; it is passive component;) and tk = L (active component). In 
this approximation the sign of the j.maginary part of the DD amplitude is 

found to be negative.'fhis leads, in partj.cular, to a new interestin~ pheno
menon of antishadowing in DD on nuclei. 

The illustration of antishadowing e1fect in DD proton on deutron 

pd -~ Xd, is done graphicaly below. The involved vertexes have the signs 

as follows (p......,... p, +), (p-" x,-), (x _,..x,+), (x' .....,.. X,-) 

x 

a b c 

I + 

II + + 

I. The sie;n of amplit,ude Ln conventional Glauber model. 
II.The si[:;n of amplitude in Lhe par Lon model / 19/ 

In Lhe version II graph d) gives anLiscreening effect. 

d 

The data on t;he reaction pd --.. Xd confirm Lhe predicted effecc,vthich 

displayed in Lhe change of the o:;..· scatterin,,.; correction when mx 
increases (fig. 16). 

The results are reported on the experiment on pd and dd collisions 

at ISH / 2o/. The reaction nd --- (p Ji -)d is studied at a c .m. energy 

of 37 and 53 GeV. A new interesting interference phenomenon is observed 
in the low mass differential cross secLion d2 0 /dLdm2 (t), where the 

shoulder appears around - t::::: O.J (see fig. 17). 'fhe inLerprelatjon 

of the data is made on the basis of Glauber multiple scattering theory ex

tended to the inelastic case, where the input is given by the elementary 

diffractive amplitude on free nucleons and by the total cross section of 

diffractive states. 'fhree types of input amplitudes are used. 
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at i Lil\ t,tJ 
T AA ( t) = i c /j A. e Jc1 I\ ( R R ) e a, 

(6) 

{ dtr/dt)rvN-. (NJt)N = Ia1' / 'T'1A I 
where Ll~ is the amount of the helici ty flip; the parameters CAA depend on 
the mass of the (NJ'i) - system. The swn includes 5 terms (L!A = 0 - 4). 

N 

> 

10'.--.---.--.--r-~-~~ 

nd-(p1C)d 

VS= 37 GeV 

e; 10' 
...... 
.D 
:i 

"O 

0 100 
"O 

10·1 

10-2 ~-~-'-----'----'-'----'---'---' 
0 0.2 0.4 0.6 0.8 lO 1.2 

-t (GeV') 

Fig. 17. Differential cross section 
of the reaction nd _ _,... 
(p ;z-)d for a mass inter-

val of 1 , 3 ~ m (ft - p) ~ 1 , 44 
GeV. The curves are calcula
ted according to the genera
lized Glauber model. The input 
amplitude is taken in the form 
(6,7,8): -(6), --- ('7), 

(8). 

The second type of amplitu
de is characterized by having a 
nonzero real part,only a helici
ty conserving term and a central 
profile in b-space. The square 
of this amplitude is directly de
termined from nucleon-nucleon ex
periments as well. 

b1 t b2t i t.p T(t) = i (a
1

e + a 2e e ) 

(7) 

The third type of amplitude is 
chosen with properties which are 
intermediate between the first 
and second cases 

.r--7 at 12 t T(t) = iaJ
0

(R v -t)e + beJJ 

The comparison of these three 
models with experiment (fig.17) 
shows that only the first one 
yields a positive result. 

To summarize, the interfe
rence effect observed in coherent 
nucleon DD on deuteron is very 
sensitive to the structure of 
the elementary DD amplitude. In 

the light of this, the deuteron can be considered as an interferometer 
for hadronic states. Although the approach discussed here / 20/ successfully 

describes the data, one has to bear in mind that the Glauber model is far 

from perfection. The simplest critical remark concerns the rescattering 
of the diffracti ve state (p ~). We do not know the value and structure 
of the rescattering vertex. This point is especially important in view of 
the result of paper 1191, where the constructive interference is treated 
as an antishadowing nature of double scattering correction. 

1~_!E~E1~-g~gg~_!::-11~1~~~~-2f_~~f £E~2~~~~-g~~£2~-~2~!!~E~~g 
Triple Regge formalism is widely used to analyse DD reactions in the 
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region s >)m; , m2 >> m; , s/m2 >) 1 (m
0 

is the hadron mass, and m is the 
excited state mass). The inclusive cross section in triple Regge formalism 
is graphically expressed as 

I 
~X Q, ~~ -rT___)fJ'ijK 

"'L. ~ -L-1 .. d«r~L~<9 l 
x, " t. > I i.,i,J< 

This allows the inclusive cross section to be related to the triple Regge 

coupling functions gijk(t) 

d~o """ r.X,ttJ+d.;ftJ-i 
ottut i=LGi·x(t)S x mx .. K I 

"·I· Here Gijk absorbs signatures and 
This formula gives a phenomenological 
systematics. 

reggeon-particle vertex functions. 
foundation for experimental data 

Three papers on this subject have been submitted to this conference. 
The authors of / 7/ analyse the data on O.t t (s) and on the reaction 

0 pp 2 
pp --> Xp at small momentum transfer and 120 ~ s ~ 700 GeV • They pass 
on to the level of reggeon-quark interactions, so, instead of (9), the 
graphs are considered: 

( 11 ) 

In fact, the triple reggeon vertex function is not involved, but it is 
calculated from the reggeon-quark (11a) or reggeon diquark vertex (11b). 
The graph (11b) yields a better data description, The contribution of dif
ferent terms to (10) is shown in fig. 18. Pomeron with an intercept of 
oC. (0) = 1 .06 has been chosen in this analysis. 

Paper 121 1 is devoted to a triple Regge analysis of inclusive proton 
production in K-p interactions at 32 GeV/c. Since the data refer to rather 
low energy and to high mass (0.15 "- m2 /s "- 0.35) of the diffractively 

X r~ 
produced system, the analysis includes only two terms: RRIP and n.JtR. The 
differential cross section of the reaction K-p --> Xp and its description 
by (10) is shown in fig. 19~The pion-proton inclusive cross section of 

c:- r:--x the reaction Jt p --> Jl in the beam fragmentation region at an energy 
of 147 GeV has been described by means of triple Regge formula (10) in pa
per / 221. It is proved that the set of parameters found in the analysis of 

~- r:-
the reaction pp --> Xp provides a good agreement with the .It p ---/t X data. 

The summary of solutions of different triple Regge analyses is given 
in Table I .. 
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Fig. 18. Contributions of different 
triple Regge terms to the 
inclusive cross section of 
the reaction pp--. Xp at 

Fig. 19. Triple Regge analysis 
of the K-Ji-+ Xp . 

-t = 0.05. The calculation 
is done by the reggeon-di quark 
model /7/. 

TABLE I. Parameters Gijk (t = 0) 

o( (0) = 1.06 
JP 

Vertex CD MT 

PPP 

PPR 
RRP 
PRR 
RRR 

R 

1.56 0.81 

0.94 0.96 
D.O 27.2 

83.7 32.2 

/24/ CD - S.Chu, B.Desai • 
MT - S.Mukhin, V.Tsarev /7/. 
KK - Y.Kazarinov, B.Kopeliovich 125~ 
AB - Y.Arestov, V.Babintsev /21/ 

mb/Gev4 of three .. Regge expansion 

0( (0) :: 1 
JP 

CD FF KK AB 

2.93 2.55 3.24±0.3 
6.9 ±1 

2.42 4.42 3.2 +0.6 
18.5 31.6 7.2 +2 20.±3 

-9.3 ±2 
18.1 18.1 51.8 ±8 

49.±12 

To conclude, the triple Regge analysis provides a significant step 
towards a combined description on the total cross section, elastic scat
tering and inclusive distributions for pp, Kp and if p systems, which are 
all related through factorization and unitarity. 

5 
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III. INCLUSIVE REACTIONS 

1. §s_a].~p_.g_vjo_l,g.ti£n_:Ln_ th~ _C.§1l.t_F!11_ ~ey:j.g:q 
New extensive data on inclusive cross sections in the fragmentation 

and central regions are reported at this conference by bubble chambers 
collaborations 122 ' 26 • 27 ' 28 • 29/. Inelastic collisions 'ii :t p, pp, 

K±p have been studied in an energy range of 8 - 147 GeV. One of the typi

10' 

101 l 0 J2 GeV/c 
+ '16 - II -I . 82 II -

t 
101 L._ ... _L_.J ... ---1 ___ ...L__ _ _l __ .J... ... _.J .. --L 
-0.8 - 0 6 -0.4 -0.2 0 0.2 0.4 O.G 0.8 

Fig. 20. Structure functions of )i. -
produced in the reaction 
K+p -- Si,-x. 

f(x,s) 

cal x-distributions is shown 
. f'' 20 1261 in ig. • 

This is inclusive 5l" :.pro
duction in the reaction 

+ r-K p -ill" .It + X at energies of 

8 - 32 GeV. Comparison of struc
ture functions at different 

energies clearly shows that 

early scaling holds in the frag

mentation region at Ix I >0,5 
and scaling is violated in the 

central region. The behaviour 

of the structure function 

is reproduced by the relation 

b + 
-1/4 -1/2 = c

0
s + ds ( 1 2) 

This type s-dependence may 

be understood in terms of double-Regge expansion 

P,R L c 

~ 

pp = b F·10 ' -1 /2 
t ::: us 

RH = c s-1/4 
0 

In this diagram c denotes inclusively observed particle. It is 

(13) 

easy to prove that in this scheme the charged particle multiplicity should 

behave as 

= a + blns + cs - 1/ 2 + ds - 1/ 2 lns ( 14) 

The compilation of data on f (x O,s) is presented in fig. 21. 
We see that data do behave as (12) in an energy interval of up to 2 'rev. 

Experiments support the relation (14) as well. The relation (12) literally 

taken suys that a.t higfi.1. energy we shall approach the scali:ne; invartance. 

But at present it is hard to say where exactly the scaling limit is if 
it exists at all. 
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Fig. 21. Complication of data on the 
behaviour of inclusive cross 
section in the central region. 

lHJ 
llY 

An interesting alternative 

approach to the scaling problem 

has been suggesced by A.Capella 
et al /JO/. 

In the dual topological mo

del the pomeron has a cylindri

cal topology and its s-channel 

contents, obtained by cutting, 

are two uncorrelated chains cor

responding to a multiperipheral 

picture of particle production 

(fig. 22). The rapidity density 

of produced particles is given 

by the superposition of two in

dependent rapidity distributions. 

Each of them is scaling-invariant. 

When energy rises, the interval 

of their overlapping becomes wider. 

This leads to increasing the den

sity in the central region. 

The energy dependence of the central plateau height for pp inelastic 

interactions is shown in fig. 23. The model /JO/ is in agreement with data. 

In order to dietinguieh between the noAAi.bilities (12) and (15), one has 

............ c: 
c:::: c:::: 
c: c:: 

./ -$ 

Fig. 22. Two-chain model for pp 
scattering obtained by 
cutting the cylindrical 
pomeron. 

to get data at energy higher than 

attainable now. 

2. ~~1~~!!2B_Qf_!h~_!2!~±-2E2~~ 

~~2!!2B_Qf _~---!B!~E~2!!2~~ 
The reaction K+p-~ /). ++xo 

has been studied in paper /3 1 ~ At 

small momentum transfer it is do

minated by ~ - exchange. An evi

dence for :i£ dominance is obtained from the t-distribution, where the 

narrow peak with slope b z ra is clearly observed at small t' and in 

the target fragmentation region. This makes it possible to apply the 

Chew-Low extrapolation procedure in order to calculate the total cross 

section of K fi interactions for different effective mass (or c.m. energy) 
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VS GeV 
Fig. 23. Energy dependence of the 

central plateau height for 
pp --• p X. The solid curve 
is the model /JO/ of cylindri
cal pomeron. 

'Q 

0.1 

0 

K• p_ l'l .. • X0 
, 32 GeV/c 

-2 
b =73! 0.2(GeV/c) 

0.2 0.4 
t' , (GeV!cl' 

Fig. 24. Differential cross section 
of the reaction K+p~~++xo• 

of the K 5i, system. The result 
is presented in fig. 25. The 
two known resonances are seen. 
The surprise is that at high mass 

(mK l/ ~ 5 GeV) ~ot (K /i. ) ~ 
22 mb which is twice as large as 
the value estimated by the fac
torization relation Ot t (K Ji)= 

() r:- () 0 r-= ( tot(ltp) tot (Kp)/u tot 
(pp) ~ 11 mb. The high value of 
Otot (K 1j. ) may indicate the 
existence of some unknown reso
nances. But, being more careful, 
one could suspect the validity of 
r-
~t -pole approximation used in 
the Chew-Low extrapolation. 

3. r!2E~!!~_2f_12~-ET
~!!!!!!!n~!!2!!~ 

It is known that a low 
PT part of the secondary hadron 
spectrum may be described by the 
expression known in the statisti
cal model 

dD = c fE" pTexp (-ET/T), (16) 
d p,,,. "( .c.T 

2 2 where ET = pT + m and parameter 
T has the meaning of hadron tem
perature. It has been found that 
T ~ m jZ is universal for a great 
number of reactions and secondary 
hadrons. 

Some new data on this subject 
have appeared at the conference. 

The reactions 
r- ,.... 

.,t/,, p-- m..-t + x; m = 2,3,4 
have been studied at a 40 GeV 

energy of incident ;;-in paper /32/. The pionic systems (m Ji.) are chosen 
in order to investigate their transverse momentum distribution. Figure 
26 shows the mean transverse momentum of the pionic system as a function 
of its mass. It is found that pT has nearly a linear dependence on mass 
and is not sensitive to the charge and number of particles in the system. 
The temperature determined by (16) is also remarkably constant: T ~ 130MeV. 

In paper /33/ a similar consideration has been applied 
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for l: ± produced in the reaction 
- + K p _.,.l: - x. The average trans-

verse momentum for l: ± is mar

ked in fig. 26. It fell on the 
curve of the pionic systems. 

This once more demonstrates a 

statistical nature of the trans
verse momentum spectra, where 

all the particles and systems 

of particles get into equilibri
um, and nature makes no distin
ctions between them. 

In the K-p experiment /34/ 

single and double vertex dif
fractive events are separated • 

K-p (n K-) + p 

K- + (n p) 

(n K-) + (n p) ; 

n = 2,4. (PK- = 32 GeV/c) 

These processes are selected 
by the maximum rapidity gap 

method. The rapidity and angular 

distributions of K*,K,.0 1p are 
analysed in the rest frame of 

the diffractively produced sys
tem. These distributions are 

mainly symmetric. Some leading 

effect of protons for decaying 
the system (p2 a) is explained 

by the Deck model. The pT dist
ributions of the decay products 

of the diffractive system are 

reasonably well described by the 
statistical model (16) with a 

temperature close to m Ji, (see 
fig. 27). 



<J1 
>z 
':';' 
w 

i's 
0:: 
w 
CG 
2: 
:.J z 

564 Session IV 

A)+ 
500 ++ 

B) P2n K2n + EXP. DATA FOR ri'",n~ 

+ - F!T(h113G.V , T=J11G"'1 , x21ND =1.45 

I 

3(10 '+ 
+ \ 200 

\,_ 100 

0 

f 

C) K4n 
T=.137GeV 

1 
X~IND=2.2 

1 
T =.106GeV , X2/ND =.84 

100 
+++++ 

'L 0 

PT , GeV/c 

Fig. 27. Prp distributions of fi -me
sons from decay of the dif
fracti vely produced (n Jl,K), 
(n.1i,p) systems. Solid lines
-statistical model (16). 

!O 

>< 
-0 
'-
b 
-0 LO 

(j) 
c 

b-
'-

0.1 

0.1 0.5 x 

Fig.28. Check of the quark fragmen
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E~~£!~2~~-~~~-!h~-g~~E~:

-.e~E~2~-~2~~1 

A number of articles have 

been published in the last few 

years devoted to the explanation 

of low pT hadron reactions in 

terms of the quark-parton model 
/JS/. There are several approaches 

to the subject. 

In the quark fragmentation 

model the interaction is due 

to wee parton (quark), and almost 

all of the initial momentum is 

carried away by the remaini.ng 

(one or two) valence quarks. 

Then these constituents fragmen

tize into the final state. The 

x-distributions of inclusively 

observed particles are then gi~ 

ven by the incoherent sum of 

contributions from"decaying" 

quarks. 
In the paper /J5/ the mo

del of quark fragmentation is 

implemented to describe the in
clusive cross section of K-p 

interactions at 110 GeV. Assu

ming that the fragmentizing 

quark carries a fraction x
0 

of 

initial momentum (x 0 ~ 1), one 
has the following expression 

for K fragmentation into hadron 

h: 

_1_ dO = .:!. (Dh(...L)+D~(-L ) ) 
~- -ax- 2 c x u x v in 0 0 

( 17) 

The fragmentation function 

D(x) is known experimentally 

from lepton-hadron interactions. 
There is a good agreement 

beLween Lhe prediction of mo,el 

(17) and experimental data. One example of their correspondence is shown 
of proton 

in fig. 28. Similar results have been obtained for the reg1on.rfragmentation. 
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The second approach is usually referred to as the quark recombination 

model. According to this model, fragments are produced via the recombina-
tion of valence quark with sea antiquark (or vice versa). 

For the reactions of K- fragmentation K-p - ... If::!: x this may be 

$-
~-u 
.• ~~df¥.,) + 

/ <>-Ji 
__ ___,/IA,, (X ~) 

illustrated graphically as follows: 

------ s r:; - . ) 

u,(x,) ~Jl {X/X> 
Ci,(x,,_) -

d 

K 

The x-distribution of the fragment reads 

.2L db s F(x1x2) R(x1,x2,x) 
dx1 .5_ 

= (18) 

fi 0in dx x1 x2 

where F is the joint probability of qq momentum distribution. 

( 1 9) 

Here F - are q,q the quark distribution functions, f3 (1-x1-x2 ) the phase-

-space factor and R is the recombination function. 

R = 
x1 x2 s (1 

x1 _ _l 
) - - (20) x x x x 

We see how the inclusive cross section in this model is related to the 

quark momentum distributions. This approach provides an interesting check 

of a quark-parton picture of the hadron behaviour. It can be also used 
to determine the valence quark distribution in mesons for which there is 

no information from lepton- hadron collisions. 

The model (18-20) has been successfully used for the description of 
K- fragmentation at 110 Gev/35/. In particular, the shape of the valence 

quark momentum distribution in the kaon is found to be ,-v (1 - x) 1 •0 :t0 .3. 

This result is compatible with the valence quark distribution in the pion 

derived from low pT hadron data by the same method. 
The inelastic pp interaction at 32 GeV/c has been studied in paper 

/3b/. It is shown that the x-distribution of ~ i - mesons in Lhe frag

mentation region of p and pis compatible with the prediction of a quark

-parton model of the type (18). 

The ratio R = ii,+ I~ - in the proton fragmentation region shows 

interestin' features: it depends on the Lype of incident particle and its 
energy /37 • For example, at E = 16 GeV and x ~ 0.7 R ~ 10, R z 5 

~+p pp 
and R Ji-Ji z. 1 .5. When energy rises, R seems to approach the scaling limit 
H :z R ~ 5. The models outlined above cannot account for these effects. 

An additi;~al mechanism is suggested /37/ which can be described by means 

of triple Hegge and valence quark annihilation. 

We see that parton concepts appear to be useful for understanding gross 
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features of data and promise to give a key for common description of lep
ton-hadron and hadron-hadron interactions. But at the present stage the 
parton model contains some weak points: it is not well-founded on theoreti
cal principles and contains somewhat arbitrary assumptions (phase-space 
factor in (19) and recombination function (20)). It is known experimentally 
that the contribution of resonances to multiparticle production is large 
( l'V 80%). This effect may mask true quark distributions. Scaling violation 
and gluonic effects need a further analysis. 

IV. CONCLUSION 
Let us summarize the main results which have been reviewed in this 

report. 
1. The consequences of quantum field theory which have been tested in 

experiments on binary reactions are found to be valid in an energy range 
of up to 2 TeV. 

2. The rate of shrinkage of the cones of elastic pp, pd and pHe scat
tering is different. The model of inelastic screening gives a qualitative 
explanation of data. 

J. The total cross section of pHe interactions rises in an energy in
terval of 100-400 GeV. 

4. Jj.-p charge exchange reactions show that ol..p (t) ~ o<A (t) at 
0 ~ I t I ~ 0. 7. The meson octet-singlet mixing angle is (}:::.a, - 18°. 

5. Deuteron serves as an analyzer of the pp --'> Xp scattering ampli
tude. Different helicity states in this amplitude are important. 

6. Triple Regge expansion gives a satisfactory common description of 
pp, Kp and lZ p diffractive processes. 

7. The nature of scaling violation at x ~ 0 is not clear. There are 
two alternative explanations: double Regge expansion and dual topological 
pomeron model. 

8. The quark-parton model provides a means for common understanding 
of lepton-hadron and hadron-hadron collisions. 

Here is an obvious suggestion of new experiments which would resolve 
some of the above problems. 

1. It is worthwhile to continue studies of elastic and diffractive 
dissociation reactions of protons with light nuclei. Since pd and dd 
experiments at ISR were successful, it seems reasonable to extend this 
program on a wider sample of nuclei. 

2. The lack of pp and pA data may be made up by a gas jet target ex
periment using an antiproton storage ring. 

J. The study of inelastic pp interactions at a polarized target is 
welcome. This experiment will apply new serious restrictions on the quark
parton model. 

4. The like-particle interference phenomenon should be investigated 
using statistics of one or two orders of magnitude higher than that acce
ssible now by means of a bubble chamber /397. 
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DISCUSSION 

Chairman: Yu.D. Prokoshkin 

Sci. Secretaries: W.M. Geist and J.P. Martin 

R. llenzi (comment): As you have mentioned, at fixed energy there are five parameters in our 
analysis which correspond roughly to the total cross-section, the forward slope, the positions 
of the diffraction zero and of the 2nd diffraction maxirnun and to the height of the latter. 
Outside of these points the differential cross-section shows upward curvatures which might 
require further parameters, however these curvatures are correctly predicted by the model. 
A rescattering analysis of these results can be done which shows that these curvatures are 
rescattering effects and that the diffraction zero at 1.4 (GeV/c) 2 is "accidental" in nature 
and I would like to go on record saying that other such "accidental" diffraction zeros are 
possible but not before !t! "'30 (GeV/c) 2

• 

G. Goggi: In our ISR experiment on pd and dd elastic scattering we observed that the large 
inelastic shadow corrections that contribute at these energies are very sensitive to the form 
of triple-Regge parametrization of pp ->- pX data that is used as input. In the light of this, 
could you comment on the analysis of p4 He elastic scattering? 

V.A. Nikitin: \Ve made an attempt to apply the Glauber formula. The input NN inelastic ampli
tude was similar to what Alberi and Goggi used. \\'e achieved a reasonably good description 
of the proton-helium diffractive cross-section. But it is not clear how to treat the x-x 
vertex (i.e. jet-jet transition): at least two parameters have to be introduced. We feel 
it is a weak point of the inelastic scattering model. In its present form, it has no clear 
correspondence with the parton model. 
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PHOTO- A.ND lli\DROPRODUCTION OF NEW FLAVOURS 

D. Trcillc 

CERN, Geneva, Switzerland 

ABSTRACT 

The hadroproduction and photoproduction of chann are reviewed. A rich 
but still confused set of data is now available. Possible evidence 
for beauty is reported. 
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I will concentrate mostly on the hadroproduction of chann, with a brief mention of 

beauty and various references to strangeness. Such studies give us infonnation about the 

production and dressing of heavy quarks; eventually they can also provide interesting 

results on the spectroscopy of new particles. Many new data are available: but the field 

is yet in its infancy and much confusion has to be sorted out. 

To identify chann production, we can: 

- either look directly at the decay of charm, with emulsions or an equivalent technique; 

- or use as an indicator the few known channels into which it decays. This leads to: 

i) indirect measurements of chann production, by detecting the prompt leptons from its 

semi-leptonic charu1els (e, µ, v, eµ, etc.); 

ii) bump hunting (Kn, Kim, Kpn, etc.): there we can benefit from the zero width of channed 

objects and eventually the exoticity of decay channels, while the difficulties generally 

arise from combinatorial problems. 

1. EMULSIONS 

We look for charged or neutral decays close (SO µ to a few mm) to the primary vertex. 

Early hyperon decays or the interactions of secondaries can simulate chann decay, and if we 

evaluate the probability of such a background, we find that single "accidents" will never be 

a convincing proof. We must either look for double accidents, where the two decays are seen, 

or back the emulsion with a spectrometer providing the identification and the effective mass 

of the decay products. An example of the first kind 1
) is shown in Fig. 1: if it is inter

preted as D0 and fJ 0 decay, the lifetime and cross-section are in good agreement with the 

world values. As far as we know, only two such events do exist 2
). An example of the second 

kind, from WASS at CERN 3), is described by Fig. 2, which shows a very likely candidate for 

fJ 0 decay. The mass and quantum number are correct. The measured lifetime (2.3 x 10- 14 s) 

is short, but it could be shown that the scanning method of this experiment favours early 

decays. The missing companion can have gone into neutrals. 

A past emulsion experiment") gave a quite embarrassing upper limit for chann hadro

production of"" l.S µb at 300 GeV: however, Fig. 3 shows that with the presently admitted 

charm lifetime (~ S x 10- 13 s) this limit can be one order of magnitude higher. The dis

agreement with the other measurements would then disappear. 

Finally, since scanning emulsions is time-consuming and difficult, other techniques 

providing a similar spatial resolution should be invented. Figure 4 shows an interesting 

event obtained in LEBC, the newly built small IR2 bubble chamber at CERN 5
). The v0 and 

secondary vertex contained in this event are not visible on the figure owing to the loss of 
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resolution during the reproduction. But we can look at the scale and at the size of a 

bubble of BEBC shrnm for comparison, and appreciate the quality and resolving power of this 

chamber. 

2. INDIRECT MEASUREMH'lTS 

2.1 Prompt v 

I report here on the results of the CERN neutrino beam dump (second version). Its 

principle is well known6
). The detectors were BEBC, the CDHS 7

), and CllARM8
) spectrometers. 

Gargamelle was no longer there. The target density was varied, and an extrapolation to 
infinite density allowed to get the prompt v signal. Table 1 9

) gives the available nwnbers 

for all prompt signals observed. SunTillarizing it: 

i) all three experiments agree on the value of the prompt signal and find what CDHS found 

in the first run; 

ii) they do not contradict the equality of (v + v ) and (ve + ve) signals' but do not prove 
lJ lJ 

it either; 

iii) the separation of the polarities in the prompt signals is as yet preliminary and will 

always be affected hy large uncertainties. 

iv) the interpretation in terms of charm decay is probably right. Extracting a cross

section requires some knowledge of the longitudinal distribution of the chann parents. 

In principle, infonnation on this does exist in the data (for instance, through the 

observed Ev distribution): the constraint will not be very strong hut a good lower 

limit should be obtained 10
). Generally quoted values for the charm production cross

section are~ 40 pb (for A~3 ) and 10 pb (for A). 

2.2 Prompt p 

An experiment performed at FNAL (Fig. 5) has found a prompt p signa1 11
) at moderate Pr 

and small x (10 < ElJ+ < 60 GeV for 400 GeV protons). In that region the prompt signal is 

about equal to the pair signal. They also see a signal in lJ+lJ- +missing energy. Inter

preting both as a manifestation of charm, they get cross-sections in the 20 pb region. 
+ 

Prompt e- signals have been discussed in the past. 

2 .3 ep, ee 

Experiment No. R702 at the CERN Intersecting Storage Rings (ISR) 12
) gave results on 

charm production in the central region. From their three-arm spectrometer (Fig. 6) they get 
ep, e+e- same-side, e+e- opposite-side pairs. Discarding the mass regions with too much 
background (~, P, Dalitz e±) they fit all data with a production model inspired by Bourquin 

and Gaillard13
) (and therefore relevant only for central production). They get a chann cross

section of 10.1 ± 2.3 pb per unit of rapidity in the central region. 

3. DIRECf SIGNALS 

Three experimcnts 14
) at the ISR have obtained signals of/\~ [and D+ in one case 15

)] 

production (Figs. 7 to 10). All three observe the signal at quite large x. This forward 

production is strongly favoured by their trigger and selection procedure. The cross-sections 

they measure are in rough agreement (Table 2) and lead, with reasonable assumptions 16
) on 

branching ratios, to channed baryon production in the 50-100 pb region. This is not a sur

prise for some theorists 17
) who expect this from a purely diffractive mechanism. 
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They clearly demonstrate that besides central production another mechanism for charm 

production is at work. A quite flat x distribution for Ac is likely, if one refers to 

A production from protons. However, it is a surprise for D+, which seems quite different 
from K's. It is necessary to invoke some type of recombination mechanism 18

) which does not 

seem to apply for strangeness. 

4. SUMMARY OF RESULTS 

A full understanding of how charm is hadroproduced is obviously missing. However, we 

can at least put some order in the data and re-evaluate them with a conunon set of assumptions. 

For instance, a reasonable guess is probably to assume an A0
•

9 dependence, since this value 

is observed for Drell-Yan pairs at the same mass. It has been shown 1 9
) that such a treat-

ment reduces the most outstanding discrepancies and exhibits a crude excitation curve (Fig. ll). 

Comparing these results with the theoretical predictions (or postdictions) 20
), we observe 

that first-order QCD calculations are somewhat low, which is not a surprise since they des

cribe only central production. The best fits come from models which in one way or the other 

go beyond this first-order approximation. 

5. BEAlJIY 

Here we mean bound states (such as bu) of the b quark ("-' 5 GeV, charge = - 1/3) with 

ordinary ones. They cannot lie far from 5.3 GeV. It has been shown21
) that if they are 

produced more abundantly than the T, they are not long-lived (< 10-a sec). In the most 

likely models, for instance the KM mode1 22
) they are predicted23

) 

i) to have a lifetime of 0(10- 14 s); 

ii) to decay mostly by a b + c + s cascade. 

Both properties suggest which experimental methods should be used to search for them. For 

haclroproduction of such objects, predictions differ widely24
). However, we can guess that 

relative to the T they are at least as abundant as charm relative to the t/J. 

Finally, it is certain that their detection will be difficult unless extremely con

strained decay channels do exist. A clever suggestion25) is that the B could have a few 

percent probability to decay into t/J + strangeness. This could look futuristic. However, 

WAll 26
) at CERN was able to check it. They select final states having a t/J + µ+µ-; they 

measure all other particles and identify some of them. A compact arrangement of multiwire 

proportional chambers (Ml\IPC) allows for a good reconstruction of v0 's. Owing to the extreme 

selectivity of their trigger and their high luminosity, their sensitivity is quite impressive 

for such an open spectrometer. One entry in Fig. 13 corresponds to a production cross-section 

of 10 pb. This figure shows the effective mass for t/!K0 n± + t/JK-n+ combinations obtained with

out any sophisticated cut; t/JK+n- has not been used because the K+ signature is more ambiguous. 

The least one can say is that the 4o effect in Fig. 13 should encourage more work along these 

lines. If it is clue to naked beauty, it would correspond to a production cross-section of 

"-' 100 nb, which is by no means unrealistic 24
). 

6. PHOTOPRODUCTION 

The CIF Collaboration at FNAL reported the first observation of the D in photoproduction 

for a mean y energy of"-' 100 GeV 27 ). It is seen in K±n± (Fig. 14). The exploration of other 
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cham1els supports this without adding much significance. A production model assuming diffrac

tive Di5 production leads to a cross-section of 600 ± 240 nb for D0 i5°. There is nothing new 

on Ac production since last year28
). The WA4 experiment at CERN provides upper limits already 

quoted at Tokyo 28
) · more results will be available at the FNAL ey meeting. TI1e present data, 

shown in Fig. 15 together with some predictions, do not allow any definite conclusions. However, 

it is likely that the "excess" observed in otot at FNAL28
) is not entirely due to charm pro

duction. 
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HIGH ENERGY INTERACTIONS ON NUCLEI 

G. Vegni 

Istituto di Fisica dell 'Universita and INFN, Milano, ITALY 

ABSTRACT 

Multihadrons production and coherent or semicoherent reactions on 
nuclei allow information about such intriguing topics as space
-time development of particle production and interactions of reso 
nances with nucleons. Some of the latest results are here summa-
rized, with particular emphasis on the coherent and semicoherent 
channels, in connection with the criticisms and suggestions recently 
developed regarding the so called cr 2 cross-section (for the inte
ractions of resonances with nucleons), as it is obtained from the 
A dependence of diffractive production on nuclei. 

111e two main lines, in which at present the nucleus is used as a tool to better under

stand elementary hadronic properties are: 

a) the study of multiparticle production disregarding the final state of the nucleus, but 

looking at the nwnber of emitted rarticles as a function of the rapidity y (or pseudorapi

dity n), p2 , Feynman's XL, etc. for different nuclear sizes A (or v = crhn·A/crhA, the number 

0£ mean free paths in the nucleus from a "standard" point of view). 

A comparison between the above quantities for different incident hadrons, at different 
energies (i.e. different "time of transit" in the nucleus) and with the equivalent distri

butions obtained on free proton, is an otherwise unavailable source of information about 

the space-time development of the elementary hadron-hadron processes and in regard to the 

way, and the extent to which nuclear matter reacts as a conglomerated target. 

As it is known, different theoretical approaches on these subjects were developed: 

Multiperipheral models l), Energy Flux model 2), Quark-Parton models 3), all of these mainly 

concerning the space-time development; and cwnulative effects 4) or coherent tube models s) 

in which the other point of view is mainly taken into account. 

b) the analysis of coherent and semicoherent interactions, i.e. the study of the production 

of well-defined hadronic systems when the nucleus is left in a well-known state (either 

fundamental or excited). 

Besides the original interest in using the nucleus as a filter to select and study 

particular spin-parity systems, mainly in the diffractive channels,growing attention has 

been paid in recent years to the results of the measurement of the so called "cr2 " parameter. 

In the Glauber-K1Hbig and Margolis (GKM) 5
) formalism this parameter stands for the 

unstable produced system nucleon cross-section (a further quantity not otherwise available). 

Many different criticisms and suggestions were recently expressed about the above interpr~ 

tation 7
); as we are going to see later on, the peculiar trend of the results obtained so 

far has strengthened both criticisms and suggestions. 

According to some of these views, the amount of space-time required by the elementary 

hadronic systems to develop themselves does not allow to obtain cr 2 with the meaning of 

interaction cross-section of a "fully developed" system. 

Surh rriticism is supported by the observation that multiparticles production on nuclei 

display little or no cascading. Instead it is suggested that it should be possible to obtain 
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more elementary information from o2 such as the distribution of cross sections for the 

eigenstates of diffraction, on the asswnption that the eigenstates are parton states and 

the latter interact independently with the nuclear target (H.L. ~1iettinen and J. Pumplin 7d)). 

Other views, though,suggest that o2 can be obtained from refining the GKM fonnalism: 

G. Faldt and P. Osland s) introduce, as corrections, spin flip terms in the production ampll:_ 

tudes to avoid or reduce the diminishing values of o2 with increasing produced masses. 

In a paper presented at this Conference B.C. Kopeliovich et al. 9) argue that, when 

treating the inelastic diffraction on nuclei with a quark-parton eigenstate method, the 

inelastic diffractive amplitude turns out to have the opposite sign to the elastic amplit!:!_ 

de. The authors' conclusion is that the neglecting of this correction is a reason for the 

diminishing values of o2 • 

Because of the space available I will try to discuss the recent findings concerning 

point.!?_ (coherent and semicoherent reactions) a little more extensively whereas, as far 

as noint ~ (multiparticle production) is concerned, I shall confine myself to pointing out 

a few interesting features in three recent e:>q)eriments. Extensive reviews on multi particle 

production were recently made by W. Busza io), A.M. Baldin 4
), T. Ferbel 11 ). 

I mu also going to briefly discuss a recent result in the analysis and interpretation 

of the inelastic total hadronic cross-section on nuclei. 

MULTIPARTICLE PRODUCTION 

Two e:>qJeriments were recently carried out at enereies ranginp: between 20 and 50 GeV. 

For many aspects this is a not much explored region of transition, at higher energies many 

parameters being weakly or not at all depending on the energy. A remarkable example of this 

is given by the ratio R <n>A /<n>11 where <n>A is the mean multiplicity of shower particles 

rn nuclei and <n>H is the equivalent in free proton interactions io). 

In Fig. 1 this ratio R, for incident pions at 40 GeV/c, is given as a fw1ction of the 

nuclear size (using the already defined parameter \>), for different intenrals of pseudora

nidity n = ln[}:gCelab/2)]. 
The data were obtained, using optical spark chambers, from the Bologna, Dubna, Ilelsinki 1 

Milan, Moscow, Warsaw and Wien Collaboration at the Serpukhov accelerator 12). No magnetic 

field was used with the exception of a small percentage of pictures which were used to 

evaluate .the subtraction of the slow protons (in Fig.l the protons with 13:;:. 7 are 

subtracted). 

It is evident that there are limited cascading effects at large angle, while there is 

no cascading effect at all, but absorption, at large n (in forward direction). Another 

interesting result from the same experimmt comes from the analysis of the pseudorapidi ty 

distributions for different charged multiplicity and different nuclear tar~ets. Normalized 

curves, obtained on carbon from propane bubble-chamber data, completely describe the distrl:_ 

butions for all the different nuclei (see Fig.6 in ref.12):it is possible to deduce that 

the shape of the pseudorapidity distributions is independent from the target nucleus 

but is dependent only on the charged multiplicity of the events. 

Furthermore this e:>q1eriment confinns what has already been observed at other energies, 

namely the linear dependence of the multiplicity dispersion D = /<N2 > - <N> 2 on the mean 

multiplicity distribution <N>. 
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As it is shown in Fig.2 the corresponding points for each nucleus lie on the straight 
line obtained as best fit to the n-p world statistics by A. Wroblewski 11), 

This result seems to support the hypothesis that in hadron nucleus interactions the 

multiplicity distribution scales in the same way as in the hadron nucleon ones. In particular 

this provides further indirect evidence for the validity of KNO scaling, also for hadron 

nucleus collisions (see e.g. W. Busza io)), as predicted by the coherent tube model. 

A systematic deviation from KNO scaling was observed instead in another experiment 

within the same range of energies· the one performed at CERN hy /.!.A. Faessler et al. with 
n-,K- and p at 20 and 37 GeV/c 14

). 

The set-up was characterized by a non-magnetic detector (CsI(T.IC) scintillation and 

Lucite Cerenkov detectors),which made it possible to distinguish between fast and slow 

narticles ( Bcut "'0. 7) , as in the emulsion data, but with the advantage of having a well

-<lef ined target nucleus. Interesting features are provided by the correlations between slow 

(Ng) and fast (Ns) narticles angular and multiplicity distributions. 

In particular the authors show that the ratio D/<N> is no longer constant,but is de

creasing when <N> is increased as a function of Ng (and not as a function of the atomic 

weight A, as in the previous analysis), see Fig.3a,b. 

Other interesting considerations allowed by the systematic measure of the gray (g) 

tracks in this experiment, result from the pseudorapidity distribution as a function of 

Ng and of incoming energy. 
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The authors found an upner region in n showing a depletion and a 10\ver region showing 

an increase in the number of fast particles (see Fig.12 in ref.14); the border nc depends 

both on the incoming energy aml. on the nwnber of coll is ions. /\s the authors point out, this 

trend is quite different from the prediction of many or the present models. 

The interest of a separate analysis or the energy dependent and the energy independent 

components of shower partic1es multiplicities has been shown by A. Andersson et al. in a 

paper presented at this Conference and by I. Otterlund in a previous paper 15). 

1\nalysing the results of many 1/i\ experiments they infer that the ratio between energy 

dependent components in hA and ho reactions is independent of energy and close to the \! 

mnnber of collisions J;etween the incident hadron and the target nucleons. 
The two above mentioned experiments were both performed in absence of magnetic fields, 

so pseudorapidity ll,and not rapidity y=i ln(E+p,.)/(j::~p.,) was used as main variable in the 

analysis of the results. 

D. Chancy et al. (Rochester, Fermilab, Northwestern Coll. 15 ) perfonned a study of 

neutron-nuclei multihadron production up to 400 GeV/c (max at 'v300 Ge\l/c) at the Fermilab, 

using a 80" x 24" x 72" magnet with scintillation counters and magnetostrictive-readout wire 

spark chambers. i\ major result of this detailed experiment to which I would like to draw 

attention is the observation that trends in the data differ markedly \vhen examined in terms 

of rapidity y rather than pseudorapidity Tl· 

Fig. 4 and Fig.5 show fits of the form Aa (A atomic weight) to the cross-sections 

presented as functions respectively of y and fJ.(One should keep in mind that a"' 2/3 would 

imply that the multiplicity is independent of nuclear size and that there are neither 

cascading nor absorption effects of the hadronic system produced in the initial collision). 

111e comparison with the model predictions lead to contradictory results depending on 

whether y or Tl distributions are used: in the first case the data show a definite dependence 

on A, in that a falls well below a value of 2/3 at large rapidity (against the simple multi 

peripheral and energy-flux cascade model predictions, but in favour of multi-Regge pole 

exchange models 1)); in the second case the data are consistent with a lack of dependence 

on A for 5 <!l< 7, followed by a large increase in a for !1>7. The authors suggest that this 

increase might be clue, partially at least, to electromagnetic contamination,so the cbta might 
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Fig.4 - Atomic-weight dependence 
of the cross section as a 
function of rapidity. a) all 
negative particles b) all po
sitive' s (pion mass assumed) 
c) positive "pions" cl) protons 
(from ref.16). 

Fig. 5 - 111e same as in Fig. 4 
but as a function of pseudora
pidi ty (from ref.16). 
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agree with the Parton-Cascade model , which predicts a moderate increase at large n. 

In conclusion from the general findings of the above three experiments there ensues 

a confirmation of the particular transparency of the nuclear matter to the forward produced 

particles. 

There is qualitative agreement with the predictions of many of the current models, but, 

at least, at the present level of the analyses ,none of these models seems to yirovide an 

understanding of all the production phenomena. 

Some discrepancies in the experimental results (e.g. in the KNO scaling validity and 

in the n and y distributions which we have already been discussing) claim for further and 

perhaps more systematic and detailed investigations, including use of magnetic fields. 

The decreasing of the inelastic total hadronic cross sections on nuclei, at increasing 

energies (observed in recent years with incident neutrons 17 ) and Kf18)) was a further case 

of 'a priori unexpected" transparency of nuclear matter to hadronic particle crossing. 

Recent measurements of y nucleus hadronic total cross sections up to 140 GeV have shown 

similar behaviour (D .O. Calwell et al. 19)). 

In Fig. 6 Aeff/A = 0yA/(Z0yp + (A-Z)oyn) is shown at increasing y energies. The full 

line comes from L. Bertocchi' sand D. Treleani' s calculations2 o) ; they introduce large mass 

intermediate states into a Vector Dominance Model. This introduction, as in the case of the 

neutron and Kf cross sections, produces screening effects; this fact can be interpreted 

as if the incident hadronic component of the y dissociates into a possible higher mass state 

at one point and recombines at another within the nucleus. (Dotted lines correspond to 

simple VDM plus point-like photon). 

COHERENT AND SEMICOHERENT INTERACTIONS 

In the paper submitted to this Conference by T. Ferbel 11 b' q,e find summarized the 

preliminary results of an experiment (Rochester-Minnesota-Fermi.lab Coll.) on coherent pro

duction with 11-, K-,p at 156 and 260 GeV/c on C, Al, Cu and Pb targets, perfonned at the 

Fermi.lab with digit wire/PWC spectrometer. Fig. 7 shows the 3n invariant mass distribution 

at 156 GeV/c; beyond the usual A1 (p 0n-) low mass enhancement around llOO MeV there is a 

possible structure in the A2 (1310 MeV) region. 

.81 
Alft J 

.7 l -- -1- --- - - - - - -- - - -- -

.6L__--='socc----'---:;1;-:;;;s=-o 
K<GeVl 

Fig.6 - Eeff/A vs y energies (for Cu target). 

The data are from ref.19, the 
curves from ref.20. 
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1.6 ( GeV) 

Fig.7 Coherently produced 311 invariant 

mass (from ref.llb). 
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K*-__,_ K-y 
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TABLE I 

Radiat. Width 

50 ± 10 keV 

-v 50 keV 

-v 450 keV 

-v 600 keV 
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At these energies the Coulomb excitation 

becomes important and the authors can measure 

the radiative decay widths r of unstable elemen 
y -

tary particle b -+ a + y by means of a generali 

zation of the Primakoff fonnula for the produc_! 

ion of a particle b in the Coulomb field of a 

nucleus. The results are summarized in Table I. 

At the Serpukhov accelerator the Bologna, Dubna, Helsinki, Milan, Warsaw, Wien Coll. 

perfonned an experiment of coherent production TI-A-+ TI-TI-TI+A with incident pions at 40 

GeV/c on 9 nuclear targets from Be to Pb:'1}rhe set-up consisted in the M.I.S. optical spectr~ 
meter (1.3 x 1.5 x 5 m3 - Bmax"' 17 Kgauss), scintillation counters to define the forward 

acceptance cone and to anticoincide charged recoils at very large angle, and a large Ml\IPC to 

select the charged multiplicity. About 700.000 pictures were collected; the present analysis 

is based on half the statistics. 

The coherent sample of events is selected in the region of dcr/dt (up to the first mini 

mrnn) in which the ratio of coherent signal to incoherent background is more favourable. 

Fig. Sa, b display the invariant mass distributions (obtained with light nuclei) 
+ -for TI TI systems, when the corresponding 3TI masses are respectively in the A1 and A3 region. 

As it is possible to see,p 0 and respectively, Po and f 0 productions are dominating. 

TI1e corresponding 3TI invariant mass distributions - always for the "coherent sample" - are 

shown in Fig.9a. In addition to the large accrnnulation in the A1 region an accumulation 

in the A3 (1640 MeV) region is evident. 
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samnl e" in l i CT ht nnrl ei) when . "' ~ , -- --
1.0:;:M 3 :;:l. 2 GeV. 
b) idemTiwhen l.4:;:M~ :;:l.8 GeV (from 
ref.21). .TI 

t• GeV 

Fig.9- a) TI+TI-TI- invariant mass distribution for the 
"coherent sample" separately for different light nuclei. 
b) t' differential distribution for the same samples 
of events. Fitted curves are from the GKM model 
- see the text (from ref.11). 
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The equivalent distributions for heavier nuclei 

display the same trend w:i th a light reduction at the 

hizhest masses due to the nuclear fonn factors. Fig.9b 

shows differential t' distributions (t'=t-~in; 

tmin=U!~ -m ) 2 /4p2ind for the events with l.<M~ <1.2 
.)TI TI .fIT 

GeV. 

The fit to the t' distribution is obtained from 

the relation: 

10.· 
..0 
~5. 

-g3. 
u 
0 
E 
.~1.. 
"' 

.5 

.3 
--··--'~.l....--'___..._..__..1_~~~ .. _,,__,{_ __ ' 

f 10 100 A 

+ (1) Fig.10- acoh vs A for l.O:::ll1"''3n:;:l.2 
GeV. ri tted curve from form. (3) 
(from ref. 21) 

The incoherent term d2 0. 1 /clt'<lm"' is proportional to the differential production on 
lnC01 

free proton and includes a factor of correction owing to the bias in the detection of low 

nrotons, introduced by the set-up. 

In this first approach the coherent term is obtained from the old Glauber-Kolbig and 

Margolis formalism 6): 

~~ 
(ff'.dJnT (2) 

cl 2 0 1 where C0 = ( dt~*eon )t'=O and a 2 (the unstable system-nucleon cross-section) are taken 

as free parameters, a1 is the incident pion-nucleon total cross-section, and cq and a2 are 

the corresponding real to inunaginary part ratios of the forward elastic scattering ampli

tude (0 1 and a 1 are taken from the literature). After subtraction of the incoherent back

ground it is possible to obtain: 

* ocoh (illn , Lit') = (3) 

An overall fits of formula (1) or (3) to the data of the different nuclear targets 

yields the parameter o2 for different M;
11 

intervals. Fig.10 shows ocoh vs A with the fitted 

curve from formula (3). 

Preliminary results obtained by the collaboration are: 

l.O:;:M* :$1.2 GeV, oo=l6.2 mb (Llo2stat 1.9 mb, 
+ 2. 3 l) ± Ll 0 2syst 1. 2 Jlj) 

* l.6:;:M :;:1.8 GeV, a2=15.7 mb (Llo2stat ± 1.9 mb, Ll 0 2syst ± 4 mb) (+) 

Fig. lla,b is a compilation of the world present data on o2 measures, respectively 

for incident pions and incident neutrons or protons. The data are displayed in function 

of the masses of the produced system. As it is possible to see the general trend in both 

cases is a decreasing of a 2 with the increasing of M': with some evidence of a small rise at 

(+)The big systematic errors will be reduced in the near future with a more refined extima
tion of the overall efficiencies. Allowing the parameter a2 to. slightly variate around 
zero (-. 5:;:a 2 :::. 5) or using the differential form. (1) instead of the integrated iorm. (.SJ 
in the fit, have no remarkable effects within the errors. 
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• pn+n-(pA 22.5 GeV/c ref. 24) 
o pn-(nA 230 ± 30 GeV/c ref. 25) 

pn-(nA 6 -16 GeV/c ref. 26) 

Fig. lla,b - Compilation of 0 2 measures oht;1 ined, in the frame of the GKM fonnalism, 
from the A dependence of diffractive production on nuclei a) for incident pion beams 
b) for incident protons or neutrons. 
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the upper limit "allowed" for coherent production at each energies(+). Another feature is 

that, as far as the present data are concerned, there is a constant decrease of 0 2 at 

fixed M"', with the increasing of the incident energy. 

This last feature seems to be in evident and intuitive correlation with possible 

effects of the space-time evolution of the produced system. Furthermore it is of remarkable 

interest that, both for incident pions and nucleons, there are situations in which 0 2 is 

less than the incident hadron-nucleon cross-section(++). 

As it was pointed out earlier, many theoretical ideas were developed in order to 

account for these features. When the different collaborations reanalyze their data - as they 
21 Zl) are planning to do • - by introducing at least such corrections as suggested by Faldt and 

Osland 3
), it will be very interesting to see whether and to \vhat extent these corrections 

(which in principle seem to maintain the original meaning of o 2) will change the 0 2 values. 

At the Se11)ukhov accelerator semicoherent elastic scattering on carbon 

TI - + 1 '.'c -+ n-+12c* (JP =Z-t) 

! _,. 1 2C+y ( 4. 44 MeV) 

was investigated by the Dubna-Milan Collaboration 21'
27

): the total elastic cross section was 

measured with ZS and 40 GeV/c incident pions; furthennore, the differential elastic cross 

section was also obtained at 40 Ge\T/c. 

The experimental set-up was the same as the one used for the experiment on coherent 

interactions on nuclei 21
), except for the vertex detector. 

( +) "' M max is related through ~in• as before, defined to the incident momentum; for large 

(++ 

tmin• because of the nuclear form factor, the coherent production becomes negligible. 

)I remember that other peculiarites in the 0 2 behaviour cames from the measures for 
different spin parity states (e.g. in the A1 region 0 2 , always in the GKM frame, is 
ranging between lS and ZS mb for JP=1+ and between SO and 60 mb for JP=o-)Z?,25

) ·Not 
partial wave analysis is performed in the two rPcent PXJ1PrimPntc: ;:ihrnrP disc11c:sed, 

yet 



590 Session IV 

The experimental data were selected with a counter technique, looking at the coinci

dence between the scattered pion and the 4.44 MeV photon from the Jp=2+ carbon excited 

state detected by a NaI counter. A polystyrene Live Target was used in order to reduce 

incoherent background. 

111e value obtained for the integrated cross section at 40 GeV/c in the 0.0032~lt!~0.27 

(GeV/c) 2 four-momentum transfer range is 

a = (1.16 ± 0.11) mb 

According to the theoretical models, this t-range at 40 GeV/c covers more than 99% of 

the angular distribution, so the above value nearly corresponds to the total semicoherent 

elastic cross-section. 

At 25 GeV/c the t-range was 0.0013~ltl~0.10(GeV/c) 2 ; the corresponding integrated 

cross-section is 

a= (0.80 ± 0.25) mb. 

In this case the correction to be applied to obtain the total cross-section is model

-dependent. 

For a detailed analysis of the elastic semicoherent reaction the angular distribution 

of the scattered pions was measured at 40 GeV/c of incident momentum in 15.0JO pictures 

taken with the M. I. S. optical spectrometer. 

Fig. 12 gives the distribution of do/dt for 760 selected "semicoherent" events. 

The experimental data were compared with the recent theoretical calculations of L. 

Bertocchi and C. Troncon~hnese parameter-free calculations were developed, in the frame 

of the Glauber theory, by using the hadron amplitudes obtained from hadron scattering on 

proton targets, and nuclear form factors from nuclear elastic and inelastic (for the 0+-2+ 

transition) electron scattering. 

40 GeV/c ( Dubna -Milan coll. I 

The elastic semicoherent cross-section is 

calculated to be 1.20 mb at 40 GeV/c and 1.18 mb 

at 25 GeV/c (for the same t intervals as the exp~ 

rimental ones). In Fig.l the theoretical curve, 
added to an exponential background(+), is super

imposed to the experimental distribution in abso

lute value (without fit); the comparison yields 

x2/degrees of freedom = 8.2/8, corresponding to a 

confidence level of 40%. 

The conclusion is that there exists a good 

agreement between the experimental data and this 

parameter-free theoretical calculation, not only 

Fig.12 - do/dt distribution for the "semicoherent" 
selected sample (from ref.21). Dotted line 
corresponds to an exponential background· full line 
corresponds to the Bertocchi-Troncon's 28j theoretical 
calculations. 

(+)The remaining incoherent background in the selected sample was estimated from the NaI 
pulse height distributions, and it was found to have an exponential "slope" consistent with 
elastic scattering on nucieon, In this experbnent no use of time of flight measun::mcnt v>as 
made because of the particular set-up geometry. Such measurement would further reduce the 
already low background. 
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as far as the total elastic cross section is concerned but also the shape of the differen

tial distributions, up to 40 GeV energy. 

The previously found discrepancies~~) between experimental data and theoretical previ 

sions no longer subsist. Consequently it is now possible to consider again the semicoherent 

channels, as originally proposed by L. Stodolski 31
) and 0. Piccioni ZlJ, as channels in addition 

to or as an alternative to the coherent ones, useful to a better understanding of particular 

aspects of the elementary hadronic processes at high energy(+). 

More generally it is clear that all the questions recently raised on the hadronic 

interactions on nuclei (absorption cross-sections, space-time development of the produced 

system etc.) should also be present in the studies of the semicoherent channels and that 

the particular clearness of these channels (due to the 4.44 y's signature) would add useful 

information to the general experimental frame. For instance G. Fiildt and P. Osland suggested 

that their modifications to the GKM calculation to obtain the o2 parameter could be more 

easily tested in the semicoherent channels8 ). 

Another interesting experiment in which the nucleus (in this case the deuteron) is 

used as a useful tool ("a hadronic interference", as the authors put it .•. ) has been 

recently performed by G. Goggi et al~) at the CERN Intersecting Storage Rings; they used 

proton and deuteron colliding beams with the Split-Field Magnetic detector. 

and 

TI1e experiment studies the coherent diffraction dissociation 
+ -pd + (prr rr )d at IS=S3 GeV 

nd + (prr-)d at 15=37 GeV. 

(For comparison, an analysis is also made of the corresponding diffractive channels on 

protons). 

The authors analyze the data in the frame of the "Glauber fonnalism" but with two 

different kinds of description of the elementary nucleon-nucleon production amplitude: 
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peripheral description. 

Besides they include the elicity flip amplitude, 

following the suggestions of 1-lilinble, Faldt and Osland. 

Fig.13 is an example of do/dt experimental distrib~ 

tion for p-d reactions (1.6<M + _<1.8 GeV) - the conti-prr 1T 

nuous line corresponding to the peripheral model, the 

dashed curve to the "central" model. The agreement of 

experimental data with the first model is clear. 

Fig. 13 - Comparison between peripheral and central 
model (see the text)(from ref.34). 

(+)The 3rr production on semicoherent channel had already been inve$tigated with a low 
resolution magnetic spectrometer at 6 GeV/c by Ascoli et al. 32 J; for a discussion 
of this channel see also V.V. Balashov et al.'l 3) 
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Fig.14, on the other hand, depicts the contribution of no spin-flip (Ll:>.=O) amplitude 

(dashed line) and of the l\:>.=l amplitude (full line) to the peripheral model (interval 

l.44<M + _<1.6 GeV is shown as an example). The effect of "clip filling" of this last curve 
prr rr 

' 
\ pd -(p iT+,'l'-}d 
I 
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101 
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CONCLUSIONS 

is evident. 

The authors also try to interpret the experimental 

results with the "central model" and to leave the 0 2 

parameter free. They demonstrate that this leads to an 

underestimation of 0 2 with the increasing mass of the 

diffracted system.(This is evident also at a simple 

inspection to Figure 13). 

This observation seems to fit in very well with the 

general frame of the previously discussed analysis. 

Fig.14 - Comparison of contributions of no spin flip 
and spin flip amplitude in the peripheral model-(from 
ref.34). 

Both multiparticle production and coherent interactions seem to be deeply related to 

the space-time development of hadronic systems, even if no clear quantitative description 

of the phenomena is obtainable so far from this point of view. 

In the coherent experiments, more careful analyses of the present data are in 

progress and it will be interesting to see the effects of the introduction of the suggested 

refinements to the previous theoretical frame. 

Particular channels, such as the semicoherent ones, seem to provide the possibility 

of clear discrimination between different hypotheses. 

A few discrepancies between phenomenological analyses in multiparticle production 

claim for further detailed and systematic measurements. 
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HIGH ENERGY nN PHASE SHIFT ANALYSIS 

G. Hohler 

Institut ftir Theoretische Kernphysik, Universitat Karlsruhe, Germany 

ABSTRACT 

We give a summary of recent work on nN phase shift analysis above 
2 GeV/c lab. momentum. In particular we discuss improvements of 
the "1978 Karlsruhe-Helsinki solution" and problems with discre
pancies between experimental data. 

I . INTRODUCTION 

In the mass range up to about 2 GeV the most important nucleon resonances have been 

discovered in the phase shift analyses of the CERN
1 

and Saclay2 groups (1967-73). However 

their method led to increasing difficulties at higher momenta, in particular because of 

the sharp cut-off of the partial wave expansion and the "shortest path method" for the 

continuation in energy. 
3-5 

In more recent phase shift analyses the sharp cut-off has been replaced by a soft 

one, using convergence test function methods. Furthermore the continuation in energy is 

performed by imposing analyticity constraints. 
5 Cutkosky et al. chose analyticity along certain hyperbolas in the Mandelstam plane. 

At present this group has just completed the analysis in the mass range 1.35 - 2.16 GeV 

and it can be expected that they will proceed to higher momenta in the near future. 

Pietarinen preferred fixed-t analyticity3 which has also been used in investigations 

of our group6 • The results of our subsequent collaboration are described in Ref. 4 

The choice of the fixed-t analyticity constraint has the advantage that crossing 

symmetry is taken into account and that data are available in the large momentum interval 
2 from threshold up to 200 GeV/c. The t-range is limited to ltl < 0.5 GeV by the condition 

for the convergence of the Legendre expansion, but it turns out that the uncertainty does 

not increase too much if one extends the range to about I GeV2 . Together with isospin in

variance this analyticity constraint for all invariant amplitudes is strong enough to lead 

to a unique solution.+) 

Originally fixed-t analyticity has been expressed in terms of dispersion relations 9 • 

But for numerical work it is much more convenient to use an expansion method which has 

been developed by Pietarinen in Ref. 3 At first I had doubts whether one can perform 

accurate calculations on a computer with a power series which has about 60 terms, but a 

comparison with the evaluation of dispersion integrals and the study of a case where the 

result can be expressed analytically convinced me that this method is reliable. 

+) 
A special problem occurred with the new Rutherford data for charge-exchange differential 
cross sections and polarizations7. We found that these data cannot be well fitted to
gether with the other data and the analyticity constraints and that the difficulty is 
not due to a violation of isospin bounds. A similar observation was made by Cutkosky 
et al.5 who used a different method. See also the discussion of these data in Ref. 8 • 
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However, there is one case in which dispersion relations are useful in addition to 

the expansion. If data above the resonance region are analysed, an acceptable solution 

should have amplitudes which approach a well-defined asymptotic behaviour. Since reliable 

theoretical predictions are not known, one has to assume different models with adjustable 

parameters. I think that dispersion relations are well suited for this part of the analysis. 

The result can then be used in order to incorporate the high energy behaviour in the ansatz 

for the expansion. 

Several authors have claimed that the analytic properties which are embodied in dis

persion relations can equally well be implemented by writing "derivative analyticity re

lations" which can be handled more easily 10 • However it has been shown that this method is 

reliable only at very high energies, where it is essentially equivalent to the well-known 

"analytic parametrizations" of other authors. It is hard to see how it can be useful in 

the resonance region, and even at 10 GeV/c it could happen that effects which are "non-

1 • 11 • bl 11 loca in energy are apprecia e 

In his first attempt to analyse the data up to 10 GeV/c Pietarinen
12 

omitted the large 

angle and backward data <ltJ > 3 GeV2), showing that one can nevertheless derive fairly 

accurate results for the partial waves as long as the angular momentum is not too large. 

Our more recent calculations include data at all angles 
4 

At present we are performing a new analysis in the high energy region which takes 

into account the large data set of Jenkins et al.
13

• It covers the angular region 

I cos 0 I .:S.. 0.35 at 2 - 9.7 GeV/c (n-p) and 2 - 6.3 GeV/c (n+p) respectively and represents 
cm 

a major improvement of the experimental information. Furthermore we have just received the 

new charge-exchange data of Miyake et al. 14 at 2 - 3 GeV/c which will also be very helpful. 

Before discussing details and results of our work, I would like to mention the work 

of other authors in this field. 

E. Ferrari 15 has investigated the high energy behaviour of the partial waves up to 

10 GeV/c, starting from the invariant amplitudes of Hecht et al. 7 and from the "Karlsruhe-
4 Helsinki 1978" solution (Ref. ) • 

· d 16 f · . 4 I . h 1 f I. Pierrar per ormed an amplitude analysis at 0 GeV c, using t e resu ts o 1is group 

for the polarizations and for the spin-rotation parameters. Furthermore he extended the 

work of Hecht et al. 7 to this energy. It turned out that he was not able to fit the spin-

rotation parameters at It I > 0.2 GeV
2 

with this method. Since we noticed a similar diffi-

culty, we shall pay special attention to this question in our new analysis. 

A. llendry's phase shift analysis 17 in the range 1.6 - 10 GeV/c makes use of a model 

based on the impact parameter representation in a first step. Then the fit is improved by 

varying the phase shifts in the neighborhood of this solution. In general his Argand dia

grams look similar to ours. It will be of interest to check whether his invariant ampli

tudes are compatible with the analyticity constraints. 
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A similar remark applies to the phase shift analysis of D. Chew 18 for all ;/p data in 
19 the range 0.6 - 2.3 GeV/c. She used a method proposed by E. Barrelet . It starts with a 

determination of the zero trajectories of the transversity amplitudes from the experimental 

data. The result is then used in an ansatz for the angular dependence of the phase of the 

transversity amplitude at fixed energy. In some cases her results for the nucleon re

sonances show large deviations from those of other authors 4•5 • For the discussion of this 

discrepancy it will be of interest to compare her zero trajectories with those derived from 
4 5 the phase shifts of Refs. ' and to check, whether the invariant amplitudes reconstructed 

from her phase shifts are compatible with our analyticity constraints. 

We have also studied zero trajectories in detai120 , because their simplicity (in the 

case of invariant amplitudes) is an interesting information for attempts to formulate a 

model for pion-nucleon scattering. Furthermore strong fluctuations in zero trajectories 

in a certain energy range indicate that the phase shift solution is not satisfactory. 

2. STATUS OF NUCLEON RESONANCES ABOVE 2 GeV 

As mentioned above a large number of new experimental data has become available only 
+ 13 very recently. Up to now we have only included the n p data of Jenkins et al. below 

5 GeV/c. Our results are still preliminary and we have not yet made an attempt to redeter

mine the masses and widths. 

A-resonances: A(2416) is a well-established resonance not only because of its Argand dia

gram but also because it gives the main contribution to a pronounced bump in the total cross 

section. There is in addition a much weaker effect A(2468) G39, of which the mass is not 

yet well determined. The best candidates at higher momenta are A(2990) K3,13 and A(2794) 

I3,13, which contribute to the small enhancement of the total cross section at 2850 MeV. 

Finally there are weaker resonance-like effects in 13,17, where the real part becomes zero 

near 3200 MeV, and in M3,19. 

A comparison with Hendry's table 17 shows an approximate agreement with his Ti+ re

sonances. But at the position of his Ti- resonances our solution shows at most some wiggles 

(for instance in K3,13) but no significant resonance structures. 

D. Chew18 found a D33 resonance A(2173). In this region we see no significant 

structure, whereas Cutcosky et al. 5 list a very weak effect at 2010 ± 100 MeV. 

N-resonances: Since our "1978" solution has not yet been updated, I shall only mention that 
17 

there is an approximate agreement with Hendry's table up to a mass of 3 C,eV, except for 

DIS, where we find in addition a two star resonance N(2228). 

Of course the main question is whether the above structures in the Argand diagrams 

are really belonging to resonances poles of the amplitudes. Otherwise it would not make 

sense to compare the "resonance parameters" with the predictions for the excited states of 

the nucleon from quark models, as it is being done for instance in Refs.
21 

First one can see that, starting with the ideal case of A(l233), the Argand dia-
4 22 grams ' show a continuous variety of "resonance circles" which finally leads to the small 
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wiggles of K3,13 etc. This is expected, since the resonances become more and more inelastic 

at higher energies. 

However one should also notice the followinp, effect. The curves for Im TH start to 

rise at a certain energy, which is higher for higher R., and finally they approach an almost 

constant behaviour, sometimes after having a peak. 0ualitatively this pattern follows froll' 

the fact that, above I - 2 GeV/c, the data show a diffraction peak which depends only 

slowly on energy, i.e. it is a geometrical effect. It can be calculated in a simple way, 

if one assumes an exponential shape for the imaginary part of the non-flip amplitude, which 

dominates the diffraction peak23 • 

The projection of the non-flip amplitude pives for each R. only a combination of two 

partial waves and one has to insert information on the spin-flip amplitude, if one wants to 

obtain each partial wave separately. This makes some of the Im TH steeper and others 

flatter and it pushes some of the Re TR.± to the positive side, althoufh the general back

ground at high energies is negative (for isospin 3/2). Since the spin-flip amplitude can 

be determined completely only if one has not only polarization data but also spin-rotation 

data, the accuracy would be improved if a new spin-rotation experiment would be carried out 

in a suitable kinematical region. 

Even if the increase of Im TR.± comes from geometrical reasons, it could produce a 

resonance-like variation of the real part, if it is rapid enough. This follows from the 
24 partial wave dispersion relation (see also Ref. ). 

Fig. I shows some results of our partial wave analysis. 

3. DETERMINATION OF nN AMPLITUDES ABOVE THE RESONANCE REGION 

In Ref. 4 we have presented the results of our earlier work in this field, which are 

based on fits of the data to invariant all'plitudes constrained by fixed-t analyticity. At 

present we are working on an improved version, in which we spend a greater effort in 

d . d. . b d' 25 stu y1ng iscrepanc1es etween ifferent data sets 

26 We noticed that the new CERN Coulomb interference data of Burq et al. do not join 

smoothly with the Fermilab data which start at slightly larger !ti values (Fig. 2). A 

study of the t-dependence of the logarithmic slopes b(t) (Fig. 3) showed that both data 

sets can be connected by a smooth curve, i.e. a possible reason for the discrepancy is a 

renormalization error of the Fermilab data27 • Unfortunately it turns out that one needs a 

renormalization of II % for the 50 GeV/c data of Ayres et al. 27 , although the estimate of 

the authors for the systematic error is 3 %. The 50 GeV/c data of Akerlof et al.
27 

require 

a renormalization of 15 %. 

30 
We have also reanalyzed the Coulomb interference data of Foley et al. , inserting 

the prediction for the real part from our evaluation of the dispersion relation and solving 

for the forward slope b(O) and a possible renormalization factor. We find renormalizations 

of the order of 5 % and appreciably smaller values of b(O) than the authors. 



598 Session IV 

The shape of b(t) at small ltl shows an unexpected increase which is enforced by the 
26 data of Burq et al. It is of great interest in connection with models for diffraction 

scattering, since one expects a contribution from the cut which starts at t = + 0.08 Gev 2 • 

Finally we have written the differential cross section in terms of the invariant 

amplitudes C and A, using the fact that the contribution of A is negligible at hieh 
6 energies in our t-range This allows us to determine the imaginary part of the amplitude 

C =A', taking the real part from an evaluation of the dispersion relation. It turns out 

that Im C(s,t)/Im C(s,O) has a small momentum dependence in the large interval from 3 to 

175 GeV/c (Fig. 4). This is related to the fact that the loearithmic slope b(t) in the 

interval 0.2 < !ti < 0.5 GeV2 is constant within the errors in the range 6 - 140 GeV/c (no 

shrinkage) (Ref. 25 ). 

The analysis of the nN charge exchange data has usually led to the conclusion that 

reggeized p-exchange is strongly dominating. A small difficulty lies in the fact that the 

intercept a (0) = 0.481 ± 0.004 is somewhat different from the same quantity as determined 
p 

from the difference of the total n±p cross sections: a (0) = 0.54 ± 0.03. 
p 

28 29 Following a remark by Bourrely et al. , Borie and Jakob have recently calculated 

the electromagnetic corrections to the invariant amplitude B for elastic scattering. It 

turns out that the corrections are appreciable at 40 GeV/c and that they are increasing 

relative to the hadronic amplitude with energy. If the elastic polarization data are in

cluded together with the charge-exchange data for an analysis of the isospin odd amplitude, 

as it is usually done, the previously neglected electromagnetic corrections lead to diffi

culties with the simple p-exchange model which need further attention. 
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VERY NARROW STATES 

B. Povh 

Max-Planck-Institut fur Kernphysik, Heidelberg, Germany 

ABSTRACT 

In the pp system narrow resonances have been observed at 
1.94, 2.02 and 2.2 GeV. The search for narrow baryonium 
states has begun. Recent experiments trying to verify 
their existence failed to do so. A set of new experiments 
searching for baryonium is in progress. 

1. INTRODUCTION 

Quite some time ago the concept of baryonium was introduced to antipro

ton physics based on formal considerations 1
•

2
). But it was not before the S 

resonance was established rather firmly 3
'

4
'

5
) that one started to speculate 

about the existence of narrow baryonium states. Only with a sufficient num

ber of narrow states in the NN system can one hope to learn about the baryon 

structure by studying baryonium states. 

There is, however, no really good theoretical argument for the existence 

of narrow NN resonances. The central concern is to explain why the annihila

tion which dominates the low energy pp interaction does not smear out the 

narrow states. In the model of baryonium by Rossi and Veneziano 2
) the Zweig

Iizuke-Okuba rule applied to the conservation of the junction of the three 

quarks in a baryon hinders annihilation. In the model of Chan 6
) narrow bary

onium states are states with intrinsic colour excitation and thus cannot de

cay directly into either NN or mesons. But finding narrow baryonium states 

of the first, second or of some other type would rather teach us about the 

baryon structure than being a consequence of some theoretical prediction. 

The question of narrow baryonium states has to be settled experimentally. 

The possibility of having access to a systematic study of the baryon struc

ture via baryonium spectroscopy makes experimentalists so persistent in their 

search for baryonium. 

When accepting this invitation to talk about the present experimental 

status of the search for baryonium I was quite sure that I would be able to 

give a definite answer as to the existence or non-existence of narrow bary

onium states. But some of the hurried experiments trying to confirm their 

existence and possibly to find new ones failed to show any indication of the 

baryonium. The second generation experiments just being started will do, I 

hope, a careful job in scanning the NN system for narrow states. But at pres

ent the situation in baryonium physics is still as confusing as it used to 

be. Nevertheless, I find it quite useful to give a status report and to re

consider the alternative approaches in the search for baryonium. 

ThArP arA two main approaches in the baryonium search. The first one 

is based on the assumption that the baryonium is a rather extended object, 
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extended if compared to the normal mesons. This idea originated from the po

tential model of pp resonances but is also common to the diquark-diantiquark 

model of baryoniGm. Therefore preference is given to using low energy p on 

hydrogen or deuterium targets to populate the baryonium states. The second 

type of experiments aims at investigating pp pairs produced in "high''-energy 

hadron-hadron or photon-hadron collisions. In one exclusive measurement sev

eral kinematical conditions of produced particles can be efficiently used to 

select the best trigger for baryonium production. 

2. FORMATION EXPERIMENTS 

The S resonance has been observed in several experiments, for instance 

in 1974 in an experiment by a group at Brookhaven 3
) in the total cross sec

tion for antiprotons on hydrogen and deuterium. The resonance was found to 

be quite narrow, with a width of only about 10 MeV. Considering the annihi

lation channel, which dissipates an energy of 2 GeV, this width is very small. 

But it is also small if scattering alone is taken into account, since the 

resonance is 60 MeV above the proton-antiproton threshold. Two groups at CERN 

have been searching for such narrow resonances in the pp formation cross sec

tion at p momenta below 700 MeV/c; in this momentum region a good energy res

olution can be achieved with the present experimental techniques. Both groups 

observed 415 ) narrow resonances at a 1.94 GeV mass in both the elastic and the 

annihilation channels, with about equal cross sections. Since the phase space 

available for the annihilation is much larger than that for the elastic scat

tering, it is obvious that the 1.94 GeV resonance is predominantly due to the 

elastic channel. 
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Pigure 1, The excLcct~1011 function for the pp ann1hiLat1on into charged par
ticles and for elastic scattering. The resonance seen at 505 ± 15 MeV/c corre
sponds to a c.m. energy of 1939 ± 3 MeV. 
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Figure 1 displaying the results of a Heidelberg group demonstrates the 

weakness of the signal-to-noise ratio when resonances are to be observed in 

formation experiments. Further evidence for the S resonance was reported at 

the Tokyo conference 7
), but these results also suffer from poor statistics. 

Recently, Tripp et al. 8 ) repeated the Carrol 3 ) experiment and did not find 

any indication of the S resonance. In view of the weak signal of the S res

onance in the total cross section I cannot believe that this resonance can be 

observed at all in a transmission experiment using a wide momentum bite with

out knowing its mean momentum. At KEK in Japan an experiment by Fuj.ii et 

al.
4

) which is comparable in effort to that of the Heidelberg group will soon 

be finished. 

3. PRODUCTION EXPERIMENTS 

3.1 "High" energy 

Some two years ago two narrow resonances in the pp system were observed 

at 2.02 GeV and 2.2 GeV in an experiment with 9 and 12 GeV TI on hydrogen 

performed with the~ spectrometer at CERN 10
). An indication of the S reso

nance was also observed. In the reaction TI + p ~ (pfTI-) (pp) the four-con-
- + - + -straint fit was applied as to select the proper channel (pp against K K , TI TI ) 

and to render possible the introduction of further kinematical cuts to im

prove the signal-to-noise ratio. It should be pointed out that the 2.02 GeV 

resonance shows up in the spectrum without any kinematical cuts. With more 

restrictive cuts, essentially reducing the p produced in the forward direc

tion, the spectrum in Fig. 2 is obtained. 

At the Washington meeting in 1979 Carroll et al. reported on a similar 

experiment at Brookhaven: TI+ + p ~ (pfTI+) (pp) in which no resonance was ob

served. As this study is unpublished it is difficult to judge its credibil-
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Figure 2: The distribution of the pp invariant mass with a cosO < O and a 
1175 < M(pFTI-) < 1300 MeV selection for the sample of the two 9 + 12 GeV/c 
runs. 
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ity. It is believed, however, that in this experiment no four-constraint fit 

could be applied and the quality of the data may not have been sufficiently 

good as to observe narrow resonances. 

Two experiments checking the Q experiments will soon be performed with 

the same precision but higher statistics, namely at Brookhaven by S.V. Chung 

et al. on MPS investigating TI p + (TI-pf) (pp) at 12 GeV/c and 16 GeV/c and at 

CERN (WA 56 Q') investigating TI+P + L\++(pp) and TI+p + pf(pn) at 20 GeV/c pion 

momentum. 

At SLAC a y + p + p(pp) measurement has been analyzed but not yet been 

published. At CERN in the WA4 experiment the same reaction was studied and 

found to be worth repeating as to look for S-meson production. 

Let me mention also another Brookhaven experiment looking for low mass 

in the pp system
11

). The reaction used was np + (pp)X with the (pp) pairs 

produced in the forward direction. While ¢ and A (1520) clearly show up in 

the (K-K+) and (K-p) invariant mass spectra, no narrow (pp) resonance has 

been observed. 

3.2 "Low" energy 

Baryonium states below the pp threshold were preferentially searched for 
. -1 2 . l 3) 

by using stopped p ' and by looking for radiative capture in pp + y + X. 

This reaction was suggested according to the belief that baryon states close 

to the pp threshold have deuteron-like properties 1
) and the radiative capture 

to baryonium states may compete with the annihilation. 

In an experiment at CERN 14
) three gamma lines were discerned. If inter

preted as gammas leading to baryonium states, these states would have masses 

1.68, 1.65 and 1.4 GeV. The statistics in this experiment, however, is too 

poor, which is rather typical for baryonium search, to furnish conclusive 

evidence on narrow states below the pp threshold. 

It was pointed out 15
) that the pp+ TI + X reaction should have all the 

required properties for populating baryonium states at the threshold, just 

like the pp + y + X reaction has, but in addition with a much higher cross 

section. In fact, this reaction is the analog to the pp + Tid reaction which 

is well known for its high cross section (1.4 mb/sr) at 1.3 GeV/c incoming 

protons. Presently, an experiment is under way at CERN
14

) aiming at verify

ing the existence of baryonium states below 2 GeV mass. 

3.3 Knock-out reaction 

Of some limited use for the search for baryonium states at the threshold 

is the reaction p + d + p + (pn) . In this reaction one of the nucleons in 

the deuterium is replaced by the p. This reaction clearly favours a large 

size object. Its limitation is due to the very small mass bite that can be 

reached. Replacing a nucleon has a large probability only if the momentum 

transfer to the baryonium state is nf the nraer of the Fermi momenta of the 

nucleons in the deuteron. This limits the mass region that can be investi-
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gated by this reaction to about 40 MeV below and above the pp threshold. Two 

experiments using this reaction have recently been finished, one at Brook

haven and the other at CERN, but neither has been analysed yet. 

4. CONCLUSIONS 

I would like to emphasize once again that the problem of baryonium is 

not just a problem of the existence of a single resonance in the pp system, 

but rather of the existence of sufficient states as to render baryonium spec

troscopy possible. This explains the search for such states in a rather 

large "mass" bite. 

During the last two years the existence of three narrow resonances in 

the pp system at 1.94, 2.02 and 2.2 GeV has been indicated. Some recent ex

periments trying to verify their existence failed to do so. To my opinion, 

none of these experiments has a higher credibility than the previous ones. 

And I am rather optimistic and hope that the current experiments searching 

for baryonium will soon yield positive results. 

We should not forget, however, that there are some broad structures 

(100-200 MeV) in the pp c~oss section which are attributed to the T, V and U 

resonances and which should be carefully investigated. We should not forget 

the lesson we just learned from experiments at Argonne on the pp interaction. 

It took 20 years to find out that the pp cross section is not flat if one 

looks carefully enough, and there exists strong evidence for diproton reso

nances. This result would have been of great significance for understanding 

the nucleon-nucleon interaction had it been known earlier. It still may be 

of importance when comparing the nucleon-nucleon to the nucleon-antinucleon 

interaction. 

* * 
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DISCUSSION 

Chairman: G. Ekspong 

Sci. Secr>etaries: S. Maury and Il. Plothow 

S.J. Lindenbaum: You stated that the Carrol et al. experiment at the BNL/MPS was similar 
to the CERN st experiment on baryonitun and so far did not have a clear contradiction of it. 
You also stated that the Omng et al. experiment was also pla1med at the MPS at BNL to check 
the CERN baryoniurn e21.1Jeriment. Carroll et al. studied TI+p. 

111e 01tmg et al. experiment at MPS observed TI- + p at 12 GeV/c and at 16 GeV/c some time ago. 
111is is similar even in trigger to the CERN Si experiment. Our BNL/CCNY group collaborated 
in this e21.1Jeriment. 111.e estimated data taken at 12 GeV/c is about twice the CERN data. At 
16 GeV/c we have taken five times more data than that. Owing to various mundane reasons 
the data are still being analysed. This experiment is the only one similar to the CERN 
Si experiment and should be expected to clearly confinn or contradict it. 

B. Povh: I agree with your statement about the Carroll et al. and the Chung et al. experi
ments. I am not aware, however, that the Ornng et al. experiment has already been performed 
and is awaiting analysis. 
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THEORETICAL IMPLICATIONS OF NARROW HADRON STATES 

Chan Hong-Mo, 

CERN, Geneva, Switzerland. 

ABSTRACT 

Various theoretical interpretations of narrow hadron states uncon
nected with new flavours are reviewed, with special emphasis on 
narrow baryoniLDTIS above the NN threshold which are believed to be 
indicative of a new phenomenon, due probably to colour, never 
before realized in hadron spectroscopy. 

In the last two years there have been frequent experimental reports of narrow hadron 

states in the mass region 1.5-3.0 GeV. JI.lost of them are associated with BB channels, either 

through their production or their decay, and are therefore called "baryoniums" by experimen

ters. A partial list of the most interesting examples is given in Table 1. Some narrow 

structures are reported also in meson-baryon channels. For example, in a contribution to 

this conference, evidence is presented for a state at 3 .17 CieV with width ::; 20 MeV and 

decaying mainly into three strange particles, e.g. KRY. Unfortunately, in nearly all cases 

the evidence is as yet inconclusive and is still being hotly debated among experimenters. 

This is, however, a purely experimental question to which I am not competent to add my own 

opinion. Here I am concerned only with their possible interpretation in case they do exist. 

Table 1 

Mass Width Seen in 

(GeV) (MeV) 

pp ->- yX 
1.68 '\, 20 e+e- -+ x 

pp -+ x 
1. 936 (S) 4-8 pp ->-pp 

pp ->-pp 

2.020 ;:, 20 n-p -+ il(pp) 

2.204 ::: 20 n-p -+ 6(pp) 

2.95 ::: 20 n-p -+ (ppn-) X 

Let us consider for the moment only "baryoniLDTIS"; but most of our arguments are imme

diately generalizable to other cases. The first question to ask, of course, is why they are 

so narrow, their masses and quantum numbers being such that there are plenty of open mesonic 

channels into which they can decay. TI1e situation is reminiscent of the familiar case of 

J/~, which is also very narrow yet not forbidden to decay into ordinary particles by any 

k.lH.Ywn selection rule. Although still not fully understood, this so-called OZI suppression 

has some explanation in terms of either the quark-gluon model or the unitarized dual model, 
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a) b) 

Fig. 1 

as illustrated in Fig. 1. In either case, however, the argument relies on the supposition 

that J/ljJ is associated with a new quark (chann), which makes it hard for the resonance to 

decay directly into ordinary particles. 

Can the same argLUnent be applied to baryonilllll? A priori No! True, baryonillllls are asso

ciated with BB channels in much the same way as J/ljJ is associated with chann. Indeed, once 

above the NN threshold they are seen to decay preferentially into final states with a BB pair. 

Yet, as far as we see, these BB channels are not distinguished from meson channels by any new 

quantlllll nLlll!bers. We are accustomed to think of a baryon as being made up of three ordinary 

quarks, which have no difficulty in recombining with the three antiquarks in an antibaryon to 

fonn mesons. Indeed, the large annihilation cross-section for NN collisions testifies to the 

soundness of this assertion. Of course, it is not entirely excluded that a baryon may be 

distinguished from a general three-quark system by some hidden internal structure. For example, 

it has been suggested that the three quarks in a baryon are linked together by a junction, as 

illustrated in Fig. Za, which takes some effort to dissolve. In that case, the model of 

Fig. Zb for baryonilllll will be inhibited from decaying into mesons by much the same mechanism 

as the OZI suppression in Fig. lb -- instead of the chann quark pair in Fig. 1, a junction 

pair has now to be aimihilated, as depicted in Fig. Zc. When put in this way, models like 

this can hardly be regarded as an explanation for baryonilllll but just as a replacement of a 

new phenomenon by a new assumption. They are therefore to be justified by theoretical argu

ments outside the topic under discussion, such as connection to QCD, connection to duality, 

or internal consistency. In my opinion, however, none of the current versions of such models 

is as yet convincingly justified in this manner. 

There is, however, an easier way of suppressing the decay into mesons of a system con

taining both quarks and antiquarks; namely, by separating the quarks from the antiquarks by 

ai1 angular momentum barrier. This is more economical than the junction-type models just 

I 

- - ---· 

a) b) c) 

Fig. 2 
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discussed, since no new asswnption is involved except that quarks carry angular momentwn, 

which preswnably most of us are ready to accept. 'I11e only question is a quantitative one, 

namely whether this kinematical suppression is sufficient to explain the phenomenon experi

mentally observed. For example, the barrier effect cannot apply to zero L states, nor can it 

be e:>q)ected to yield mesonic widths of much less than a few MeV. Experimentally all existing 

baryoni um candidates with identified quantum numbers have spin ;:: 3 and, except for S (1. 936), 

no width has as yet been measured to be less than the usual experimental resolution of around 

20 MeV. At present, therefore, there is no compelling empirical reason for assuming that 

there is any suppression mechanism other than the angular momentum barrier. 

Even accepting the barrier argument, there are still two possibilities for baryonium: 

i) nucleon-antinucleon states held together by ordinary nuclear forces; 

ii) diquark-antidiquark states held together by confinement forces. 

Nuclear forces, being short-ranged, are incapable of forming metastable states with very high 

angular momentrnn or very high mass -- also, tightly bound states are very unstable because of 

annihilation. Hence, for alternative (i), one expects metastable baryoniums only around the 

NN threshold. On the other hand, the confinement potential is not only long-ranged but is 

supposed even to increase with distance. It is capable, therefore, of forming baryonium 

states essentially with any angular momentum and any high mass. Around the threshold region, 

however, the two versions are not readily distinguishable except by detailed calculations of 

the resonance spectrum and decay widths. Unfortunately, models of either category are not 

yet sufficiently developed for doing very accurate calculations. It may be said in general 

that (i) predicts many more baryonium states below the NN threshold than does (ii), but the 

present experimental information can be comfortably accomodated in either without lending 

any strong support. 

Once mesonic decays are suppressed by any mechanism, narrow states below and just above 

the NN threshold can be expected. One has therefore no difficulty in explaining the existence 

of such states as (1.68) and S(l.936) in Table 1 in any of the models discussed above, al

though some may be more specific in their predictions than others. Difficulty arises, how

ever, for those narrow states which are reported some way above the NN threshold, such as 

the (2.020), (2.204), and (2.95) of Table 1. Indeed, it is here that the main interest of 

the whole subject lies. None of the arguments presented above can suppress the decay of a 

resonance into final states containing an NN pair, so that above the NN threshold such states 

will in general be broad. We have already asserted that nuclear resonant states of NN [alter

native (i)] are very unstable above the NN threshold. TI1ere have been some suggestions that 

possibly one can still obtain narrow states by forming bound states of excited nucleons, 

thus, N*N* • However, since excited nucleons themselves decay readily, e.g. N* + Nn, with 

large widths, narrow states obtained in this way cannot be of a general occurrence. On the 

other hand, diquark-antidiquark resonances, in decaying into BB, require the creation of a 

~ pair; thus (QQ)-:::.. (QQ) + (QQQ) + (QQQ) • Such decays are very similar to the decays of 

ordinary excited meson and baryon resonances, e.g. f-+ nn, which also require a quark pair 

creation; thus (Q);"-(Q) + (~) + (~) • The expected widths of such decays are thus of the 

order of 100 MeV as for ordinary hadrons, not the small widths of < 20 MeV experimentally 

observed. Hence if these states really exist, they are indicative ()f ;i new phen()rnen()n never 

before realized in hadron spectroscopy. 
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l'v11at, then, is a possible explanation? In my opinion there is at present only one viable 

suggestion, namely colour. In the current picture of quark confinement, quarks carry a colour 

charge corresponding to the representation 3 of colour SU(3). A diquark can then have colour 

3 x 3 = 3 or 6. Similarly, an antidiquark has colour 3 or 6. There are therefore two ways 

of fanning a colour singlet diquark-antidiquark resonance, namely (~) 3--(QQ) 3 or (~) 6 -- (QQ) 6, 

where superscripts denote colour. 111e former can decay readily into BB pairs as indicated 

above, thus (~) 3 ;..:..(QQ) 3 -+ [C~)3Q 3 ] 1 
+ [CQQ) 3 Q3] 1

; but not the latter, since a colour-6 

diquark cannot combine with a colour-3 quark to fonn a colour-singlet baryon: 6 x 3 = 

= 8 + 10 :f; 1. In order to decay into BB, the resonance (~) 6 --(QQ) 6 must first mix with 

(~) 3 --(QQ) 3 , but there are indications, both theoretical and phenomenological, that such an 

effect will decrease with increasing separation between the diquark and the antidiquark. The 

implication is then that for large L the resonances (~) 6 --(QQ) 6 will have their decays into 

BB channels suppressed and can therefore retain a narrow width e\·en high above the NN thresh

old. Thus if the existence of such narrow states is confirmed by future e>-.11eriment, it may 

be considered a triwnph for the current theory of colour confinement. 

How can we test that these tentative narrow states are indeed colour molecules of the 

type (~) 6 -- (QQ) 6 and not the consequence of some previously unknmv11 effect? first, if our 

interpretation is correct, then they are not isolated cases -- there must be a whole family 

of them corresponding to the various orbital separations L and the various spin configurations 

of the diquarks from which they are formed. Secondly, since other modes are suppressed, they 

prefer to decay by cascade into one another, emitting mesons; thus: 

111irdly, they are predicted to have reasonable production cross-sections but are hard to fonn 

111 the direct channel of NN collisions, this prediction having to do with the strong dependence 

of colour mixing on the mass t of the QQQQ system, somewhat analogous to violations of the 

OZI rule. These are all quite wmsual properties which are useful for distinguishing the 

colour interpretation from other alten1ati ves. 

Finally, making more explicit use of the existing models for colour confinement, such 

as the one-gluon exchange model for hyperfine splittings and the MIT bag model for the Regge 

slope (both already tested in ordinary meson and baryon spectroscopy), one can calculate 

approximately the spectrum of such narrow baryoniums in tenns of just a couple of parameters. 

figure 3 is an example of such a calculation. Knowing the spectrum, one can then proceed to 

predict other properties such as the detailed cascade pattern of each resonance. It would 

seem that if these states really do exist, then their interpretation as colour molecules 

could be tested quite tmambiguously. Unfortuantely, as mentioned in the begirming, the expe

rimental situation is chaotic, hut the scanty information available, taken uncritically, is 

not inconsistent with the predictions, as seen also in rig. 3. 

It is clear that very similar arguments can be extended to other multiquark systems. 

for example, we can have resonances such as (~) 6 ---(QQQ) 6 with baryon number 1, which would 

again have difficulty in decaying into ordinary hadrons, thus acquiring a narrow width even 

at high mass, and would prefer to decay by cascade into each other, emitting mesons. Hence 

if these conjectures are conhnned it would appear that we have just opened up a whole new 

and intriguing area of hadron spectroscopy which is almost equal in complexity to inorganic 

chemistry. 
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It is regrettable that no detailed bibliography is possible with the limited space allot

ted. We quote only a random selection of references. 

For reviews of experiments see: 

B. Povh, invited talk, this conference. 

L. Montanet, 5th Int. Conf. on Experimental Meson Spectroscopy, Boston, 1977; CEJ~ preprint 

EP/PHYS 77-22; and Proc. 13th Rencontre de Moriond, Les Arcs, 1978 (ed. J. Tran Thanh Van) 

(Editions Frontieres, Drew::, France, 1978) "Phenomenology of Quantum Chromodynamics", p. 285. 

For models of baryonium suppressing mesonic decays by other mechanisms than just angular 

momentum, see for example: 

M. Imachi et al., Progr. Theor. Phys. 'i]_ (1977) 517. 

G.C. Rossi and G. Veneziano, Nucl. Phys. B123 (1977) 507. 

G.F. Chew, CERN preprint 111 2671 (1979). 

For models of baryonium as nuclear NN states, see for example: 

R. Vinh Mau, Proc. 13th Rencontre de Moriond, Les Arcs, 1978 (ed. J. Tran Thanh Van) (Editions 

Frontieres, Drew::, France, 1978) "Phenomenology of Quantum Chromodynamics", p. 273. 

For colour models of narrow states, see for example: 

Chan Hong-M:::i and H. H¢gaasen, Phys. Lett. 72B (1977) 121 and Nucl. Phys. B136 (1978) 401. 

R. L. Jaffe, Phys. Rev. D Q (1978) 1444. 

Chan Hong-M:::i et al., Phys. Lett. 76B (1978) 634. 

,., 
* 

DISCUSSION 

Chairman: G. Ekspong 

Sci. Secretaries: S. Maury and H. Plothow 

o. Pene: Do you not believe that a big angular momentum between diquark and antidiquark might 
imply a centrifugal barrier effect which would also prevent a large width into pp even if 
diquark-antidiquark is in a 3-3 state, since phase space is smaller than for ordinary hadron 
decays with analogous angular momentum; and, on the contrary, that 6-6 diquark-antidiquark 
states would decay into mesons because colour forces push apart the two quarks in a diquark? 

Chan Hong-Mo: No, I do not believe either statement. First, high angular momenta do not 
prevent ordinary mesons and baryons from decaying readily into mesons and meson-baryon, 
respectively. I do not see why they should suppress BB decays of diquark-antidiquark systems. 
I am sure one can construct models in which this is so (I understand that some of Dr. Pene's 
collaborators are authors of one such model), but I see no reason why one should accept these 
model assumptions rather than some others. Secondly, I do not believe that 6-6 diquoniums 
will decay readily into mesons, basing my statement on the MIT bag model which to me is a 
more realistic model for confinement than the potential model which Dr. Pene uses. In the 
bag model, high-L 6-6 diquoniums are kinematically forbidden to split into two high-L mesons. 
I refer you to a paper of H¢gaasen and myself on the subject in Phys. Letters (1978). 
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HYPERCHARGE EXCHANGE REACTIONS AND HYPERON RESONANCE PRODUCTION 

A.G. Irving 

Department of Applied Mathematics and Theoretical Physics, Liverpool 
University, Liverpool L69 3BX, U.K. 

ABSTRACT 

A review is presented of recent high statistics results 
on hypercharge exchange processes. Intermediate energy 
data on helicity non-flip dominated processes (E produc
tion) and on helicity-flip processes (E* production) 
reveal complicated and strongly energy-dependent system
atics for exchange degeneracy breaking. Preliminary 
data at 70 GeV/c show evidence of the expected effects 
of high-lying J-plane singularities at Jrl > 0.5. No 
existing model, or simple modification ther~nf, can 
describe the major features of the new data. 

I. INTRODUCTION 

In this short report I shal~ discuss what lessons may be learned from 

the recent experimental results on hypercharge exchange (HYCEX) processes. 

The latter represent one of the final attempts to achieve a simple under-

standing of two-body hadronic exchange mechanisms. 

of these experiments to measure 

- - + 
K p->-1l E 

+ + + 
1T p->-K l: 

and 
- - * + Kp->-1lY(l385) 

+ + * + 
1l p-+K Y (1385) 

Since the instigation 

( 1 a) 

( 1 b) 

( 2 a) 

(2b) 

there has been an increasing suspicion that we may, as it were, be attempting 

to discover QED by measuring uranium-lead scattering. Nonetheless, these 

HYCEX processes, together with their charge-exchange (CEX) analogues have 

already provided valuable information about such global, phenomenological 

features as Regge pole dominance, exchange-degeneracy and absorption effects. 

These laboriously accumulated systematics must be held in store for the day 

when "complete solutions" for the hadronic interaction are being tested. 

Particular attractions of processes (I) and (2) are that they readily 

yield polarisation information, they test line-reversal symmetry (LRS) and 

hence EXD, they exhibit both helicity-flip and non-flip dominated cross

sections (processes (I) and (2) respectively) and they are simply related 

by SU ( 3) to CEX processes. 

2. HYCEX FOLKLORE 

"One may wax eloquent for many a moon on the standard folklore applied 

to the hypercharge exchange reactions. Here rather than a full core dump, 
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we present a restrained soliloquy". 

G.C. Fox (Nucl. Phys. B56, 386 (1973)) 

The exchange amplitude structure of reactions la,b can be expressed as 

V+T :::: AR 

-V+T ::: AC 

** 

(3a) 

(3b) 

In a 2-Regge pole model (V - K*(890), T 

would be 

- K (1420)) these amplitudes 

v 

T 

ilv ie-i11av/2sav 

ST e -i 1laT/ Zs aT 

( 4 a) 

(4b) 

Let us denote the differential cross-sections for processes la,b by aR, aC 

respectively (R =Real, C =Complex in a dual solution). The quantity 
"' I ) cos~VT , defined by 

( 5) 

* gives some measure of the spin-averaged relative phase difference ~VT 

between vector and tensor exchanges. In a 2-pole model (4) 

(6) 

holds. It should also vanish 

Thus c6's<PVT(t) - O if weak EXD (av(t) = aT(t)) 

when aV(t) = 0 if vector exchange has a 

nonsense wrong-signature zero: tlV "-' aV(t) (cf.Pin 1l-p-..11°n). In the 

latter case, aR and aC would exhibit a cross-over at 
• 'V 

Even if EXD does not hold, cos~VT should vary slowly 

. ( * is not too large the K spectrum suggests less than 

this t-value (-0.4?) 

with s assuming lav-aTj 

0.1-0.2) and that 

leading Regge poles do indeed dominate. 

independent of s. 

Any zero structure would be 

Denoting helicity flip and non-flip amplitudes by F and N respectively, 

the polarisation P is given by 

Pa ( 7) 

so that 

(8) 

* ,... ! I' ' ? ' LX/\l+x·-) <lifters from I by less than 20% for 0.5 < x < 2. 
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In any 2-p o 1 e mode 1 this mus t van i sh so th a t 

p 
R 

The vector and tensor polarisation contributions to eqn. (8) are respec-

tively analogous 

OR = OC so that 

- 0 -
to those in TI p+TI n and TI p+nn. 

If strong EXD holds Ov/f>T 
- i 11 (); 

Fc,Nc ~ e so that 

-PC' 

tan'ITU/2, (); 

0. 

If weak EXD holds, 

( 9) 

( I 0) 

( I I ) 

Simple coupling arguments 
I ) 

tell us that the E cross-sections (I) and 

* Y cross-sections (2) will be helicity non-flip and flip dominated respec-

tively. One should study both. 

3. RECENT HYCEX DATA 

Fig. shows o and P for reactions (I) at 7 and 10 GeV/c as measured in 
2) 

the experiment by Berglund et al at CERN. In this counter experiment and 

in the hybrid experiment of the SLAC/Imperial College collaboration 3), 4 ) 

particular attention was paid to reducing relative normalisation errors 

between the K-p and TI+p channels. 

In this figure one notices: i) A cross-over in the cross-sections (OR > oC 

at small t) which moves to smaller t as s increases. ii) A marked change in 

slope near t = -.5 (pole/cut interference?). iii) The EXD violation drops 

rapidly with energy. iv) The polarization is large and approximately mirror 

symmetric (eqn. 10). It does not decrease withs in this range. 

'\, . d 4 cosfVT for this data set an those of refs. 3, • 

rr++ 
-I 

Fig. 1 

7.0 G•V/( 
DICp-w-r• 
• Tf•p-ii::•r• 

a) 

i\ 
100 .. 

10 

0,1 

•I 

'I 

.. .. .. ... 

HYCEX data from ref. 2. 

10.1 G•Vtc 
0 ICp-Tt·r 
e ,,•p-K 0 t• 

, 
•t l(H'l'lcl 

Fig. 2 shows 
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'\, . 
The plots of cos'i'VTvs.t shown in 

[ Reactions y• Reactions 
fig. 2 show many of the above features 7 GeV/c 7 GeVJc 

more clearly. At 7 GeV/c there may be 

some systematic differences at small t .;-s 
be tween the d a ta o f re f . 2 and tho s e l:g 

t t • ref. 2 17.1011 
o ref 3 1115) 
a ref.' 17) 

l) -11 GeV/c ·11 GeV/c 

of ref. 4. We see: 

(i) The rapid s-dependence of 
'\, 

cos<pVT excludes any 2-pole model. 

(ii) The Navelet and Stevens 5 > 

(NS) pole + low-lying effective cut 

a) 

0 

-I Gev' 

'\, * 
model (solid curve in fig. 2a) Fig. 2 COS'f'VT for the Z and Y data 

of refs. 2,3 and 4. The Z data of 
reproduces the t dependence of ref. 2 are actually at fixed t' rather 

'V than t. This makes cos<pVT well. The absorption model little difference. 

of Hartley and Kane 
6

) (HK) with high-lying cuts does not, having too pro-

nounced an EXDviolation (dotted curve of fig. 2a) . Girardi 
7) 

has recently 

applied a model with dual Regge-Pomeron, Regge-Regge and Regge-Pomeron-Regge 

cuts S) to HYCEX data. . '\, . 
The secondary cuts do indeed give cos<pVT a rapid 

ones 1 ) s-dependence. Since the Regge-Pomeron cuts are the traditional 

which produce OC>OR' one expects 

However, already by 10 GeV/c the 

at t = -.5) whereas the data are 

that, 

model 

s ti 11 

* 

asymptotically, 

predicts "' cos<pVT 

positive. 

"' cos<pVT < 0 for 

to be negative 

all 

( - . 3 

t . 

(iii) The c~s'f'VT values for the y processes ( 2) are very large. This 

can be partially explained 3> by the kinematic behaviour o 'V (t . -t) 
* min * 

expected in a helicity flip dominated reaction [ t . (KY ) < 0, t . (rr Y ) > o]. 
min min 

The solid curves in fig. 2b give the predictions of weak EXD modified by 

this kinematic effect. Its major effect is at low It I and s. In the 

related processes KN+K6, iN+i6 where t . is much smaller, this effect is 
min 

'\, 

quite insufficient to explain the large values of cos<pVT at 4-6 GeV/c. 

Some idea of the discrepancies 

between the different data sets, 

both old and new, can be obtained 

from fig. 3. 

We note that: 

(i) At large It I, preliminary 

FNAL lf+p+K+Z+ data from ref. 9 lie 

above the simplest Regge pole extra

polations from lower energies as 

exemplified by the NS model curves 

superimposed. Classical absorption 

models 6 ) predict this (see below). 

Fig. 3 dO/dt at fixed ltl (.I and 
• 7) for processes (I) and (2). The 
recent data of refs. 2, 4 and 9 are 
distinguished by the symbols O, 0 
and <.) respectively. 

·. ---,,,__. 
100 *~·- ·l:~ 

-1=1-·I,~--

Ge\'!( 

FXD 
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(ii) The curves through the y* data correspond exactly to those of 

fig. 2b, i.e. weak EXD +kinematics). The basic pole dependence 

c&ct .I = .43, a(t = -.7 .08) has been chosen arbitrarily just to 

guide the eye. The kinematic effect is small compared to discrepancies 

between data sets. 

The result of 2aeff(t)-2 + . . fits, a cr s , to the rr p data is summarised in 

the a plots of fig. 4. 
eff 
(i) Below 10 GeV/c and for 

jtJ ~ I, aeff for rr+p+K+Z+ is much 

above the expected trajectory 

aK*"' .35 + .9t, presumably due to 

the destructive effects of low-lying 

cuts. 5 ) That of K-p+rr-z+ (not shown) 
. 1 . 2) is c oser to expectation. 

(ii) Over the higher momentum 

range (10-70 GeV/c) aeff at small t 

is nearer the leading pole trajectory 

but deviates at larger t, It is 

reminiscent of the classical 

absorption model expectation, 

exemplified in the figure by the 

prediction of Hartley and Kane G) 

for this range (dotted curve). 

• 4 -10-1 GeV/c 
0 10·1-70 

·2 

oe(t) 
·6 

·/, 

0 

--2 

-·4 

-t 

rrp .... KY• 

0 11·6-70 GeV/c 

9 9 + 
9~+ 

·8 ·2 

"\..35 ··9t 

Fig. 4 aeff(t) evaluated over the 
momentum ranges shown. The 4-10.J 
GeV/c data are from ref. 2. They* 
data used were those of ref. 3,9. 
Using the data of ref. 2 instead of 
ref. 3, aeff is changed by /:-, " "'-.07. 

The structure in aeff at t = -.5 

corresponds to the fact that do/dt 

still has a shoulder at ltl > .5 at 
'\, 

70 GeV/c. Pure Regge pole models tend 

to have a smooth (exponential) dO/dt in these particular processes (1,2). 

The structure seen at FNAL 9 ) is good evidence for cut effects. The K-p 

data at FNAL energies is not yet available. 

(iii) Normalisation discrepancies prevent any firm conclusions about 

* the Y data. 

O((t) 

6 

·4 

·2 

o· 

--2 

-·4 

Overall we see that the evidence is very much against weak EXD even for 

the helicity flip dominated processes. Approximate agreement between OR and 
3) 

oC at one momentum ('VII GeV/c) is not sufficient evidence for EXD. A 

* ** 5) model with approximately EXD K , K poles supplemented by low-lying cuts 

fits the intermediate energy data very well. However, traditional high-

lying absorptive cuts must also be present since the polarisation in 

rr+p+K+Z+ remains quite large ('V50%) at 70 GeV/c 9 ) and since the aeff at 

large t rises over the higher energy range. Existing models (e.g. ref. 5,6, 

7,10) are insufficiently complicated to reproduce these features. 

* 4. Y PRODUCTION AMPLITUDES 

The weak hyperon decay allows one to reconstruct the spin amplitudes of 

* each Y process (2) up to 2 undetermined pieces of information, one of which 

is the overall phase. If transversity spin quantisation is used, one can 
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express the results as 4 amplitude moduli 

The 11.5 GeV/c data for K p+ny* l l) 

are very similar to those at 4.2 

GeV/c.
12

) All data agree with the 

naive quark model expectation (dotted 

line on fig. 5) that 

0 2 

l acc. as I my,.,-mp I { 

12 0 

( I 2 ) 

except at small I t I I . These devia-

tions are not so surprising since the 

cross-section already shows a finite 

helicity non-flip component (zero if 

equation 12 holds) at t' "0, Trans-

(fig. 5) and 2 relative phases. 

1-2r--...---T---r---.-......---.-..--...-----

·8 
·4 i 
QfloU-':...;..it..;....,il---L._...j._..:.....m.11aLJu....J;,__:~ 

T..1-1 

·4 -r~"'Q-.- -$- -
~ 0 1------__,1---------1 

S T+1.1 T.1+1 

8 ·8 *'~..Q- ~ --~- - .$W1.+9J _ -$- -
~ ·4 9 

Qt-------t--------f 

·2 ·4 ·6 ·2 ·4 ·6 ·8 

GeV2 
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versity double-flip can only arise in 

the quark model via double scattering 

and so the deviations from (12) 

should drop with energy. Apart 

from IT_
312 112

1, the data are 

consistent with this. The pre-

Fig. 5 Transversity amplitude moduli 
of reactions (2) at 11.5 GeV/c (O)ll) 
and at 4.2 GeV/c for K-p+11y* ( )12). 
The amplitudes are normalised to unity. 

liminary data at 7 GeV/c, however, 

show the opposite trend, if any. One must await the final data. 

Looking at the differences between KY* and 11y* amplitudes, one notices 

that the deviations from the quark model follow different patterns. 

However, one notices, quite empirically, that the 7 and 11.5 GeV/c data 

satisfy 

* IT I (KY ) I m m 
( l 3) 

in this normalisation, although I know of no theoretical justification for 

this. 

5. OUTLOOK 

Basic Regge ideas still represent our only global understanding of the 

huge mass of long-range hadronic interactions. Hypercharge exchange 

reactions (1) and (2) provide a particularly severe test of these ideas. 

The latest data, while confirming these at a qualitative level, also 

underline the depth of our ignorance when it comes to the details. 

Believers in QCD will not see this as a significant problem - one simply 

has to demonstrate confinement, check a few simple perturbative predictions 

of short distance phenomena and leave the rest to the chemists. 

In conclusion, the data from this latest (and probably the last) 

generation of two-body hadronic experiments is of very high quality indeed 

and provides many answers. It is unfortunate that few can remember what 
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the questions were. 
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THE A1 MESON PRODUCED AT 63 AND 94 GeV/c IN 1l!E REACTION TI p 

ACCMOR COLLABORATION 

- - + 
-+ TI TI TI p 

(Amsterdam-CERN-Cracow-Munich-Oxford-Rutherford) 

G. Thompson (Contact Person) 

Department of Nuclear Physics, Oxford University, UK. 

1. ABSTRACT 

2. INTRODUCTION 

The results are presented of partial wave analyses of almost 600,000 
events from the reaction TI-p -+ TI-TI-TI+P at 63 and 94 GeV/c and with a 
higher momentum transfer trigger. The shape of the l+s (pTI) mass 
spectrum changes substantially as a function of t, and is not compat
ible with predictions of the Deck model. In addition, the phase of 
this partial wave rises by <v90° over a mass range of 400 GeV/c 2 rela
tive to o-P, 2-p and the 2+D production phases. These features provide 
compelling evidence for a resonant Ai of mass <vl280 MeV/c 2 and width 
<v300 MeV/c 2 and indeed a rescattering model with such a state fits 
the data well. 

In the naive quark model, a p-wave qq should give rise to two, I = 1, spin-parity 

623 

JP= l+ mesons. The positive G-parity candidate, the B(l235) has been long established in 

the tuTI decay mode. The negative G-pari ty Al' presumed to decay pTI, has defied certain 

identification principally because of the confusion of pion diffractive dissociation (Deck 

Model) into the same final state at low (pTI) masses. Attempts to use charge exchange re

actionf1lo eliminate this background have met the problem of low statistics and increased 

complication from the I= 0 channel. Small cross-sections also affect similar attempts to 

use baryon exchange reactions[ 2] though here there are specific claims for a comparatively 

narrow resonance of mass <vl.04 GeV I c2 . This experiment uses very high statistics (some order 
[-1 

of magnitude greater than the previous highest forward production experiment -~ 1 ) and a more 

detailed model for coherent background to detect the need for such a resonant state. 

The data of this publication come from 598,128 events of the reaction 
- - - + TI p -+ TI TI TI p 

with incident momenta of 63 and 94 GeV/c on the ACCMOR WA3 forward spectrometer[ 4J. The 

momenta are high enough to ensure that in the mass region investigated, the three pion ver

tex is well separated from the baryon and there is no possibility of N* contamination within 

the reaction. There is uniform geometric acceptance in momentum transfer (t') and for the 

purposes of analysis the events are selected in bins 0.0 < It' I < 0.05 (GeV/c) 2 (low t') 

and 0.05 < lt'I < 0.7 (GeV/c)2 (hight'). Additionally a 94 GeV/c sample was taken with a 

selective hight' trigger and here the data is subdivided in bins of 0.16 < lt'I < 0.3 

(GeV/c) 2 , and 0.3 < /t'I < 0.7 (GeV/c) 2 (collectively, very hight'). 

Within these lt'I bins the data has been subject to two energy independent partial 

wave analyses based on the isobar model of sequential decay*. In this paper intensities of 

a given partial wave refer to the acceptance corrected number of events in a given bin 

* For a detailed comparison of the SLAC amplitude analysis and the University of 
Illinois dPnsity matrix form2lism, 2s used here, see Ref. 4 
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multiplied by an appropriate diagonal density matrix element and relative phases are those 

of an off-diagonal element, though, in this area, the rank of the density matrix is close 

enough to unity to identify this with the phases between true proton spin amplitudes. 

Throughout, the data has been fitted in the Gottfried-Jackson (t channel), frame in 

mass bins of 20 MeV/c2 compatible with the (37T) mass resolution of cr = 10-12 MeV/c2 . 

Within each bin a rough It' I dependence has been imposed on each wave found from separate 

fits with 100 MeV/c 2 mass cuts and small t' divisions. 

The spectroscopic nomenclature will assume the result of negligible contribution from 

unnatural parity exchange and, unless stated otherwise, that production is in the predom-

inant M 0 mode. 

3. RESULTS OF THE PARTIAL \'/AVE ANALYSIS 

The intensity of the s-wave p7T JP = l+ state (l+S) is shown for 93 GeV/c data in Fig. 

1,2 (a), (b), the 63 GeV/c data appearing similar to Fig. 1. There is littles dependence 

N 
u 

~2000 
l"l 

1.0 

1.0 

1.2 

1.2 

o.o <I t'I <0.05 

(a) 

1.4 1.6 1.8 

N 
u 

~ 
~ 

0 
N 

2 
fii 
~ 

1:.-
iii 
c 
<II 

;s 

"' Vl 
0 

it 

1.0 

o..__.._.__..__.._ 
1.4 1.6 1.8 0.8 1.0 

Effective moss (p0 n-) system GeV tc 2 -

o.05< t'I < o 1 

(b) 

1.2 1.4 1.6 0.8 

(d) 

1.2 1.4 1.6 1.8 

Fig. 1: 94 GeV/c data, l+S intensity (a,b) and phases (c,d) relative to 2+ DM=l 

of the spectrum shape for a given It' I cuts, but comparison between 1 (a) and 1 (b) and with 

2(a) and 2(b) shows that at a given s there are some large changes in shape as a function 

oft'. From low to hight' the qualitative change is from a broad peak in the 1.1 GeV/c 2 

region, to a flat top from 1.1 to 1.3 with rapid fall off, to, finally, a narrower peak in 

the 1. j GeV/c 2 region. 1t 1s certainiy clear ti1at a resonance alone coul<l never <le;:,cr.i.1."" 

these phenomena, and it will become equally clear that no simple diffractive model can 
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0.16<lt'l<0.30 o.30< it'I < o.7 
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Fig. 2: 94 GeV/c data hight', l+S intensity (a,b) and phases (c,d) relative to 2•aM=l 

duplicate this behaviour either. 

This data would not support narrow resonances at masses around 1.1 GeV/c2, unless 

highly unlikely conspiracies damp resulting phase variation. 

(b) 

If there is any resonant content in the mass spectrum it sl1ould be evident from a 

sizeable change in the production phase of the l+S partial wave. The relative phases with 

respect to the other major waves in the low mass region are displayed for 93 GeV/c data, 

hight', in Fig. 3. Those with respect to l+P (i::n) and 0-S (i::n) show, at most, excursions 

of only 20-30° and are compatible with previous experiments. Thosewith respect to 0-P(pn) 

and 2 P (pn) show positive evidence for large phase changes in the vicinity of 1. 3 GeV I c 2 • 

Below 1.1 GeV/c 2 there are problems with ambiguous solutions but it is clear that at 

higher masses there is a discrepancy which may only be resolved by supposing the forward 

motion of some reference phases (l+P, 0-S) or the reverse motions of others (0-P, 2-P). 

+ + 
A solution to this difficulty may be found by reference to the 1 S - 2 DM=l phase 

difference (Fig. 4). It may be noted that in both It' I regions there is a large backward 

movemenL co1-respon<ling to the A
2 

meson[S] but this is by no means the tull <Vl80c as ex

pected from a pure Breit-Wigner and indeed the edges of the distributions may indicate 

1.8 
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Fig. 3: 9~ GeVic da}a, phase relative to 
0 S, 0 P, 1 P, 2-p at high t' 

rig. 4: 94 GeV/c data, phase relative to 
2+n,_

1 
at low t' and hight' 

,.f-

residual forward motion of the l+s contribution. When the fitted A2 parameters are used 

to predict the absolute phase motion of that wave and this is subtracted from the data of 
+ 

Fig. 4, the result, seen in Figs. 1 and 2, is that the forward motion of the 1 S phase by 

~90° is indeed confirmed in the 1.2-1.4 GeV/c 2 region. 

There is thus a strong indication from both intensity and phase that a resonant object 

with mass ~1.3 GeV/c 2 is being produced with a rather flatter lt'I differential cross-section 

than a background with which it is produced coherently. To further elucidate the spectrum, 

it is, therefore, necessary to adopt a model in which the standard Deck-type diagram is 

modified by a resonant state, which will be produced both directly and in interference with 

this mechanism. l61 

3. MODEL DEPENDENT FITS 

The solid lines of Figs. 1 and 2 display the results of a rescattering model at 

94 GeV/c. With the standard trigger at 63 and 94 GeV/c there is an acceptable x2 in inten

sity and phase for a seven parameter fit simultaneous in low and high t' data. In Fig. 2, 

for the very high t' data at 94 GeV/c, separate normalisation has been allowed for (a) and 

(b) because of doubts about the ability with which the intensity of Deck mechanisms may be 

calculated at high average t' . Throughout, the diffractive component is a projection of 

a OPE Deck type model. Separate tests have shown that the inclusion of p exchange diagrams 



Session IV 627 

and possible reggeisation make qualitatively minor changes. With the exception of the very 

low level found above It' I = 0.3 GeV/c 2 each fit agrees to within ~20% with the absolute 

predictions of such models to the intensity that would be present if there were no resonant 

component (dashed lines). The kinematic component alone can only contribute a maximum of 

~30° phase change (zero without reggeisation) and even if normalised upwards invariably 

peaks too soon and too shallowly to be at all compatible with these high statistics data. 

In each of the different m(31T) and t' regions fitted, the values of the fit parameters 

are consistent and indicate the need for an A1 resonance of mass 1280 ± 40 MeV/c2, width 

300 ± 30 MeV/c2 . Production appears to be with a momentum transfer slope ~7 (GeV/cf 2 to be 

compared to the overall intensity in this region of 10. l ± 0. 9 (GeV/c)-2. The production 

phase prefers to be about -50° with respect to pure Deck, though tests J1ave shown that this 

parameter is not crucial to the good agreement of intensity and phase shapes. Indeed fits 

to another rescattering model[?) in whicl1 this phase is held constant at zero cannot be 

ruled out and also call for resonance parameters at roughly the same values. 

4. CONCLUSIONS 

The absolute magnitude of the 1 +S (p1T) partial wave and its substantial change of 

shape as a function of momentum transfer has proved to be incompatible with diffractive 

Deck mechanisms. A broad peak at around 1.3 GeV/c , seen better at higher It' I, and an 

accompanying large phase change in the data provides compelling evidence for a resonant A1 . 

Fits to a model in which such a state provides rescattering corrections to a simple Deck 

model produce satisfactory x2 and indicate a mass 1280 ± 40 ~!eV/c 2 and width 300 ± 30 MeV/c2. 

5. REFERENCES 

1. Baltay et al, Phys. Rev. Lett. 39, 591, (1977). 

2. Ga\"illet et al, Phys. Lett. 69B, 119, (1977). 

3. Antipov et al, Nuc. Phys. B63, 141 and 153 (1973). 

4. Spalding, Thesis, Oxford University, 197~. 

5. The A2 meson produced at 63 and 94 GeV/c in the reaction 1T p 

Conference. 

6. Aitchison and Bowler, Journal of Phys. G. ~. 1503 (1977). 

7. Basdevant and Berger, Phys. Rev.~' 657 (1977). 

- - + 
->- Tf 1T 1T p. This 



628 Session IV 

ELASTIC Al\1D TOTAL 1/ TI - CROSS SECfIONS FROM A HIQ1 STATISTICS MEASUREMENT OF TI!E REACfION 
- + -TI p -+ TI TI n AT 63 GeV/c 

C. Daum, L. Hertzberger, W. Hoogland, S. Peters, P. Van Deurzen, 

NIKHEF-H, Amsterdam, The Netherlands. 

A. Berglund, V. d1abaud, B. Hyams, H. Tiecke, P. Weilhammer, 

CERN, Geneva, Switzerland. 

A. Dwurazny, E. Palka, G. Polok, K. Rybicki, M. Turala, J. Turnau, A. Zalewska, 

Institute of Nuclear Physics, Cracow, Poland. 

H. Becker, G. Blanar, M. Cerrada, H. Dietl, J. Gallivan, M. Glaubman, R. Klanner, E. Lorenz, 
G. Llitjens, G. Lutz, W. ~ilinner, U. Stierlin, 
~1ax Planck Institute, Munich, Germany. 

I. Blakey, M. Bowler, R. Cashmore, J. Loken, J. Spalding, G. Thompson, 

Nuclear Physics Laboratory, University of Oxford, Oxford, U.K. 

B. Alper, C. Damerell, A. Gillman, J. Hardwick, F. Wickens, 

Rutherford Laboratory, Chilton, Didcot, Oxfordshire, U.K. 

(Presented by P. Weilhamner) 

ABSTRACT 
- + -A sample of about 230 000 events of the reaction 1r p -+ TI TI n, 

measured with a magnetic forward spectrometer set up in an 
unseparated 1r- beam with a momentum of 63 GeV /c at the SPS has 
been analysed in terms of one pion exchange. The elastic TI+TI
cross section has been determined using an extrapolation to the 
pion pole in the mass range up to mTI+TI- = 4 GeV. The total TI+TI
cross section is obtained via the optical theorem. 

1. INTRODUCTION 

A large acceptance forward wire chamber spectrometer using two large magnets was set up 

in a hadron beam at the SPS. Besides a number of other exclusive and inclusive channels, 

the reaction 
+ -Tip+TITin (1) 

was studied at 63.2 GeV beam energy. The purpose of this measurement was twofold: (i) to 
study the production mechanism of resonances in the TI+TI- system up to high momenta and 

large momentum transfers, and (ii) to investigate TI+TI- scattering at the highest attainable 
+ -TI TI centre-of-mass energies. 

In this paper we report first results from a determination of elastic and total TI+ TI -

cross sections obtained from a sample of more than 60 000 events with a mass m + - > 2.0 TI TI 
GeV. A comparison with the features of pp scattering is given. 

2. APPARATUS AND TRIGGER 

A schematic layout of the spectrometer is shown in Fig. 1. The essential feature of the 

spectrometer is the use of two large aperture fonvard magnets in series. The first one, 
with a gap of 260 x 60 x 90 cm3 an<l a Leru.Liag fKYwer of 9 kGrr1, analyses the momcntUJtt cf lO'h; 
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energy particles in the range from 300 MeV to about 3 GeV with good acceptance and the 

second one with a gap of lSO x SO x 110 cm 3 and a bending power of 20 kGm, provides an 
accurate momentum measurement for particles up to 100 GeV. Before and after the first 

magnet 24 and 20 planes of wire spark chambers (I and II) (0.2S mm resolution/plane) gave 
an accurate determination of particle trajectories. There were a further 18 planes of large 

wire chambers (IIIa,IIIb,IIIc) arranged in three groups and interspaced by two large Cerenkov 

(Cl,C2) hodoscopes behind the second magnet. The SO cm long liquid H2 target was surrounded 
by a barrel of Pb scintillator sandwich anticoincidence counters (F) with only a small hole 

upstream for the beam to enter and a rectangular exit window matching the magnet apertures 

to let the forward moving secondary particles pass. Three further arrays of Pb scintillator 

sandwich counters (G,H) were installed downstream from the target to redefine windows. The 
gap of the first magnet was also lined with Pb scintillator sandwich counters. 

Two 32 element counter arrays (P2/3) behind the first magnet and a set of two proport

ional wire chamber planes (Pl), one with vertical wires and the other with 1S0 inclined 

wires (1 rrnn pitch), set up directly behind the target, could be used for selecting a desired 

multiplicity of secondary charged particles. The direction of the incoming beam was deter

mined by a set of 10 proportional wire chamber planes. Two standard CEDAR Cerenkov counters 

and one threshold Cerenkov counter served for efficient discrimination of incoming n's, K's, 

and protons in the beam. A telescope of five scintillation counters was used to define the 
incoming beam. A small scintillation counter D2 after the second magnet could be used to 

signal non-interacting beam particles. 

The trigger condition for the selection of reaction (1) was an incoming negatively

charged particle, selected by the beam counters and two charged particles in the fon.rard 
direction defined by two hits in either one of the two proportional wire planes Pl and two 

hits in the counter array PZ/3 with back-to-back counters in P2 and P3 in coincidence. 
TI1is trigger condition is however not yet sufficient to select reaction (1) efficiently 

since there is a very high electromagnetic background of fonvard two-prongs caused by a 

beam and a knock-on electron with an energy above 300 MeV, most frequently produced in the 

H2 target. An anticoincidence signal from the D2 counter cannot be used in the trigger 

since this would veto forward going 1r-, s from reaction (1), which comprise a large fraction 
+ -of the high mass n n events. We therefore applied a special anticoincidence logic to 

eliminate these knock-on electrons, making use of the fact that those 6-electrons are 

emitted with a very sma11 opening angle with the beam and therefore a11 arrive at one side 

of the counter array P2/3 behind the first magnet. Two-prong events, having a coincidence 

hit in the central P2/3 element (on which the beam was focused) and in the D2 counter, in 
addition to a hit on any one element on the "negative" side of the P2/3 array were rejected. 

Additionally, all anticoincidence signals from the counters F, G and H vetoed the 
trigger in order to reject events with additional charged or neutral particles outside the 

solid angle defined by the magnet apertures. In this way the trigger rate was cut down to 

an acceptable level c~20 triggers per 10 5 incoming beam particles). 

3. DATA PROCESSING AND EVENT SELECTION 

A total of ~bout including calibraticn for dctcnnining lesses of 
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C2 Ilk 

P4/5 
5 10 15 20 25 

Fig. 1 Schematic layout of the WA3-Spectrometer. 
H2 : Hydrogen Target; MNP,BBC : Spectrometer Magnets; 
I, II, I IIa, b ,c : 80 planes of Wire Spark chambers; 
Pl: MWPC's:, P2/3: 32 element cmmter arrays; 
F,G,H,D,P4/5: Pb-Scintillator-Sandwich Veto Counters; 
C1,C2 : Hodoscopic Threshold Cerenkov Counters. 

30m 

good events caused by the trigger conditions, were recorded. All events were processed 

through a geometry and kinematics program which had about 98% efficiency to fully reconstruct 

events with two charged forward going particles. After appropriate cuts applied in order to 
select a clean sample of events of reaction (1) we obtained about 230 000 good TI+TI- events. 

In Fig. 2a the mass spectrum is shown for the observed events and after acceptance correct

ions (see chapter 4). In the following we will concentrate on the data in the high mass region. 

4. METI-IOD OF ANALYSIS 

The raw data shown in Fig. 2a have to be corrected for geometrical acceptance losses. 
TI1e TI+TI- events are characterized by the following parameters: 

:c 
; 16000 

~~1111 -...... 

~ 12000 
~ '' •' " ~·l' ~ UJ 

~ 
8000 I ~,. 

,• I I• I I .. . •• f • •••• 

0 4 ,• "•,.'. 
z .. °-J~ .. ,,.· 

'• ... 
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mnn (GltV) 

Fig. 2a + -
TI TI Mass Spectrum 
rl0ts 0hc;ervec-l 
lines : acceptance corrected 

"'i1t 106 . - ' ·c: HP ::J ' ' = 1.9-2.1 >, m11"11" 
' '- 104 ' 0 ' . 
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Fig. 2b Differential TI+TI- Cross Sections 

~~TITI for 4 <lifferenl rnTI +TI - ma;:,S .int&rval,; 
TITI 
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rest mass of the TI+TI- system 

four momentum transfer to the nucleon 
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tpn 

cose,¢ decay angles of the TI 
+ -

in the TI TI rest system in the t-channel helicity frame 

t
1
rn -2q 2 (1-cose) is the four momentum transfer between the incoming and outgoing TI 

+ -1 !Jn2---=--4iiJ2 -- momentwn of each pion in the centre-of-mass of the TI TI- system. 2 7f71 TI q 

The geometrical acceptance of the TI+,rr- events is calculated by a Monte Carlo method. 

Events are generated at fixed m + -, t values isotropically in¢. Since the observed 
Tf TI pn 

events exhibit a strongly fonvard peaked cose distribution, in particular at high TITI masses, 

the Monte Carlo events have been generated with a cose distribution derived from the observed 

events. In this way we ensure that the statistical error of the Monte Carlo calculation is 

small compared to the error on the observed events over the whole cose range using the 

minimal computer time necessary. 

At higher di pion masses (mrn ;f, 2 GeV) we observe tTITI -distributions which show more and 

more a fonvard-peaked diffractive pattern. A description of this distribution in terms of 

moments of spherical hannonics needs too many high order tel1llS to be practical. Therefore 

the cose distribution was fitted independently in 20 cose-bins of varying bin size. 

Our data show that spherical hal1ll0nics moments <Y Q.m> with m '.': 2 are negligible for 

I tpn I ;f, 0. 2 GeV 2
• It is therefore possible to describe the ¢-dependence of the double 

differential cross section by 

I 0 (cose) + I 1 (cose) • cos¢ 

In a first step this expression is fitted in given m ,t intervals in each of 20 cose 
mr pn 

bins using a least squares method (ilin =0.2 GeV, O< It I <0.2 GeV2
). ITTI pn 

(2) 

The resulting I 0 ,I 1 are used as input to a maximum likelihood program in which the Io,I 1 

of (2) are also parametrized as functions of \m 
TI1ese parametrizations can be derived from a generalization of the poor man's absorption 

model 1 ) by Ochs and Wagner 2 ) 

Io 
-t IC I 2 

_J_i:i_ __ r5Ct ) ITl 2 +-A_ rf(t ) 1~1
2 

(m2 _ t ) 2 pn m2 pn 
1r pn 1rn 

~ 
pn f o ( t ) F 1 ( t ) 

(m2 _ t ) pn pn 
TI pn 

T(m ,cose) is the TITI scattering amplitude 
TITI c 

A is the absorption strength parameter 

fi(t) form factors 

1110se formulae contain the required small tTITI -behaviour 

c 
Re ___A_ 

m2 
mr 

sine 
and for the second term in I 0 

a:~ 
TITI 

d ITI 2 
de 

(3) 

(4) 

(5) 
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I~ 2 ) °' sin 2e It I 
'ff1T 

We asswne CA to be real. Preliminary fits using a Regge-type parametrization showed that 

the second terni in forniula (3) I~ 2 ) is smaller than 10% over the whole t
1
rn-region. In the 

small t -region which is used to extract the total 1rn cross section it vanishes o: It I . 
TITI TITI 

From this contribution we therefore expect a contamination of the elastic nu-cross section 

of less than 10%. Its contribution to the total cross section can be neglected. 

We incorporate in our fits the minimal contribution only which is obtained by neglecting 

a relative phase change between T and ~· 

We take F~(t ) = Fl(t ) = eb(tpn-m~) and obtain 
pn pn 

-t b(t -m2 ) b(t -m2 ) 
--~p_n __ e pn n • Tt + e pn n 
(m2 - t ) 2 

TI pn 

~ b(t -m2
) 

--~p_n __ e pn n • To • T1 

m2 
- t 

TI pn 

where 

1 T2 4 1 

(6) 

T0 ,T 1 are again fitted independently in 20 case bins, the slope bis taken to be the same 

for all cose in a given mun bin. We do not demand T 1 o: ~ in our fits. 

Using the Chew-Low forniula 

lim d 3o m2 q -t 
TITI TI £ pn 

b(t -m2 ) doel 
e pn TI TITI 

(t -+ m2
) dm dt dcose pn TI TITI pn 4n m2 p 2 4n (m2 

- t ) 2 

p Lab 1r pn dcose 

one obtains directly the pole-extrapolated elastic nu-cross section 

where 

el do 
TITI 

dcose 

beam momentum 

[ 

m2 q 
T~/ TITI TI 

4n m2 p 2 

p Lab 

. £] 
4n 

2 x 14. 6 = pion nucleon coupling constant 

mp mass of proton 

In Fig. 2b the fitted values Tt are shown for four m mass bins (1. 9 GeV < m < 2 .1 GeV, 
TITI TITI 

2.5 GeV<m <2.7 GeV, 3.1 GeV<m <3.3 GeV and 3.7 GeV<m <3.9 GeV) as a function of 
TITI TITI TITI 

t This pole extrapolated differential n+TI- cross section follows an exponential in the 
Iii! 

It I interval 0 < It I< 0. 7 GeV 2/c 2 for all m mass bins. TI'JT TITI TI'JT 
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The value of the fonvard TI+ TI - elastic cross section was then detennined by fitting an 

exponential A e13 tTTTI to these distributions in each m bin. The values for the slope TITI 
parameters as a fwlCtion of m are shown in Fig. 3a. TIT! 

TI1e total TI+TI- cross section can now be determined through the optical theorem assuming 

that the 1rn scattering amplitude is purely imaginary in the fonvard direction. The values 

thus obtained together with the elastic 1/ TI - cross section, which is calculated by inte

grating the distribution Tij over cose, are shown in Fig. 3b as a function of IS= mTITI. The 

errors shown in Fig. 3b are statistical only. We estimate in this preliminary analysis the 

systematic error on the elastic cross section to be 40%, giving an error of 20% for the total 

cross section. This systematic error is due to uncertainties in the procedure of the extra

polation to the pion pole, of the extrapolation to tlT
1
r = 0 and also to the preliminary status 

of the absolute cross section nonnalization. We believe that we might be somewhat too low 

in our cross section clue to these systematic effects, since the total cross section at the 

o-meson peak. evaluated in the same way, comes rn1t ahont 10'!, h0low thP uni.tcirity hound 
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5. DISCUSSION OF RESULTS 
+ -

TI1e following major features of high energy 11 Tr collisions in the energy range from 

Is= 2 GeV to 4 GeV can be observed in our data: 

(i) the total cross section still decreases very strongly in the observed energy 
+ -

interval (from about 25 mb to 10 mb). This indicates that 11 11 scattering at these 

energies is not yet purely diffractive. 

Cl. i· ) Th 1 · + - · · d · 1 J tot e e ast1c 1T 11 cross section is ecreas1ng even more strong y t lan o1rn as a 

function of Is. Its value varies from 20% to 10% of the total cross section. 

(iii) 111e elastic differential 11+11- cross section follows an exponential shape at low 

It J. TI1e slope exhibits antishrinkage (S::: 7 (GeV/c)- 2 at Is= 2 GeV and f3::: 5 
1TTf 

(GeV/c)- 2 at Is= 4 GeV). 

(iv) TI1e differential cross section has a marked dip arow1d t=l (GeV/c) 2 at low Is, 
which disappears at higher Is. 

Around Is= 2 GeV our measured otot and oel agree with results from a previous bubble 
1111 111! 

chamber experiment 3 ) at 25 GeV/c. At higher Is our cross section values continue to decrease, 

whereas Ref. 3 claims a flattening off to a constant value around Is= 3 GeV. One should, 

however, note that the data sample of Ref. 3 consisted of only about 500 events above 

m + - = 2 GeV. 
11 lf 

A comparison with the only other measured hadron-antihadron scattering process, pp+ pp, 

in the equivalent energy range of E!,ab = 3 GeV to 8. 5 GeV, shows a very similar pattern: o!0 t 
p ~ 

falls from about 80 mb to 55 mb, the slope of doPP/dt is about twice as large as the slope 

[ 

- I 
of do1111/dt and also exhibits antishrinkage sPP:::14 (GeV/c)- 2 to !2.5 (GeV/c)- 2 j and the 

ratio oel /otot::: 20%. One also finds the same dip structure in <loPP / dt at low E!,ab around 
p 

t=0.4 (GeV/c) 2
• 

I . h + - . . f . 1 d 1 . h tot R2 nterpret1ng t e 11 1r cross section in terms o - an opt1ca mo e w1 t o 'V , R repre-

senting the extension of the target, indicates that the radius of the pion is about 1 times 

the radius of the nucleon (R ::: 1 fin). From Regge theories''' 5 ' 6 ) one expects, if factoriz-
11 0 -

ation is valid, that at very high energies o + - = 2-1?_, Taking our highest energy points 
(27 mbJ 11 11 Opp 

one gets o 
11

+1T - = T40lTiD)::: 18 mb, which does not agree with our measured value of 9. 7 mb. 

Predictions based on a model of scattering between the constituent quarks in the different 

· 1 7 ) · 
2 ( 01~ - mb 8 ( I )- 2 d R o 65 f l part1c es give a + - =--+ _ -14 , f3 = 5. GeV c an 

11 
= . m, someinat 

11 TT Opp CTpp 1!11 

higher than our measured values for these quantities. 

6 . CONCLUSIONS 
+ -

We have analysed reaction (1) in terms of 11 TI scattering for masses m + - > 2 GeV. We 
11 11 -

find that the 1T+ 11 - differential, the integrated elastic and the total cross sections have 

similar energy dependences as observed in pp scattering at equivalent energies. The 

geometrical extension of the pion, as defined in optical models, comes out about 0.5 fm. 

The values of the total 1111 cross section and the exponential slope of the differential cross 

section are lower than predictions of both the Regge model and the quark model of high energy 

~11T scattering. 
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AN ANALYSIS OF CHARM SEARCHES IN NN COLLISIONS 

W.M. Geist 

CERN - Geneva, Switzerland 

ABSTRACT 

D+-meson production was recently observed in pp collisions 
at the ISR. Here, a systematical comparison of all 
relevant experimental data is performed. By confronting 
various simple models with all available data conclusions 
concerning characteristics of charm production can be drawn. 

1. INTRODUCTION 

Recently the production of charmed particles was observed for the first 

time in pp interactions at the CERN ISR [l(a, b)J. Many other experiments were 

dedicated to charm productioh in hadronic interactions but only indirect 

evidence [2-12) or upper limits for the cross section [13-27) were obtained. 

No consistent picture of inclusive charmed meson production, which is supposed 

to contribute most to the charm cross section, has emerged so far [28). 

This is probably due both to the fact that the non-emulsion experiments 

covered only distinct and limited regions of phase space and to the various 

ways of extracting cross sections from the measurements. 

In the present analysis, four possible forms of the differential cross 

section for D-meson production are assumed to perform the calculation of the 

total charm cross section is an identical way for all published non-emulsion 

NN experiments. 

They differ only by the longitudinal dependence of the production amplitude. 

2. DETAILS OF ANALYSIS 

Emulsion experiments [25-27, 29, 30) are omitted here. The remaining NN 

experiments arc classified according to the types of (douh1e)-inclusive 

reactions and charmed particle decays to which they are sensitive. 

Throughout the paper, N,C,D,£,h denote a nucleon, a charmed particle 

(baryon or meson), a D meson, a lepton and the decay products from a hadronic 

decay of a charmed particle; additional hadrons are symbolized by x('): 

- Single prompt lepton production [2-11): 

NN -->- C + X 

I__,_ £ + x I 

- Inclusive multihadron production [l(a-b), 13-17): 

NN ->- C + X 
I 
'-->- h 

(1) 

(2) 
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- Inclusive production of lepton-antilepton pairs (12,18,19]: 

NN + cl + C2 + x (3) 

I..,. 
I..,. ,Q, + X" 

,Q, X' 
± + ± + + ,Q, e e 

' 
e ]J 

- Inclusive production of multihadron systems in association with a single 

lepton [l(b),20]: NN + C1 + C 2 + X (4) 
I_,. h 

I_,. ,Q, + X' 

The analysis of the above experimental data starts from the basic 

assumption that the dominant contribution to the charm cross section in all 

regions of phase space to which the experiments were sensitive is due to 

D mesons production (i.e. C =Din reactions (1) to (4)). With a Monte-Carlo 

method D-meson were generated according to four models: 

- Mode 1 1: 

is chosen such that 

E do' = g(y)e-aPr 
dp D 

fa, d~ I dp,2 
"' (1-x) 3

, (central production); 
dp D r 

(5) 

(6) 

(E, ~) denotes the four-momentum of the 
( - ) 
D meson, Pr• x and y are its transverse 

momentum, Feynman variable and rapidity in the c.m. system, a is a slope parameter. 

- Model 2: canst. e-apT ( 7) 
dy dpf 

This ansatz has been tried since the requirement for approximate consistency 

of the D+ cross section measured at moderate x [l(a))l and the e/n ratio 

obtained at small x (11] at the same c.m. energy calls for a rather y 

independent differential cross section (sect. 3). 

- MoJel 3: one may assume that charmed mesons are produced as follows: 

qv 

cl p qv 
Be-ND 

qv : ----[ 
c I D +X 

• 
in which a c quark recombines with two valence quark q [31] to give an excited 

v 
charmed baryonic state B which may decay into a nucleon and a D meson. 

c 

For simplicity, the invariant differential cross section of model 1 was 

used for fi production and do/dxdpf"' canst. e-
2

pT for Bc production. The 

distrihntinn of the effective ND mrrss ~·1 was p::ir-3mctri:cd ~~ 
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with a threshold mass Mth = mN + m0 and a free parameter B (see below), 

- Model 4: since there is a large cross section for single diffraction [32], 

also the following reaction was considered: 

* NN->- NN (9) 

L NDD 

* The following differential cross section for N production was used [33]: 

d -6t dCT (10) ~~~* ~ e ~-* 

dt dM dM 

* The effective NDD mass M distribution was parametrized analogous to raoticl 3. 

A further assumption common to all models is that the average transverse 

momentum of C5)mesons is 1 GeV/c, which determines the parameter S in eq. (8) 
-2 

and corresponds to a = 2 GeV/c) for models 1 and 2. 

For the calculation of lepton/pion ratios a good description of the 

experimental inclusive pion spectra has to be found. With a Monte-Carlo program, 

pions were generated such that the transverse momentum spectra for pions at 

Is = 53 are reproduced in the range 0.2' Pr' 1.6 [34,35] as well as the pion 

rapidity distributions measured at fixed values of Pr at a c.m. system energy 

Is= 53 GeV [36,371. 

For the semileptonic decays in reactions (1), (3) and (4), it was assumed 
* that there is a 60% (40%) contribution from decays D ->- eK (890)v (D + eKv) to 

the total semi-leptonic D decay. Analytic expressions for the lepton momentum 

distributions were used [33], The resulting summed lepton distribution fits 

the data [39] very well. 

The cross sections a., i 1 ... 4, from models 1 to 4 were determined 
l 

according to the relation a. R.ao from the published cross sections ao; 
l l 

R. is the 
l 

from the 

3. RESULTS 

inverse of the acceptance obtained from model i relative to that 

model used by the authors. 

All published cross sections are shown in fig. l(a) and listed in table 1, 

labelled by capital letter, which are also used to indicate the experiments in 

fig. 1. All cross sections have been (re)calculated for a semi-leptonic 

branching ratio BSL = 10% [40], a hadronic branching ratio B(D 0 +Kn)= 2.2% 

[40] and the power dependence A0 " 9 of the inclusive D cross section on the 

atomic number A of the target material which hold for the inclusive µ-pair 

production in the D mass region [41). The original cross sections have been 

updated, whenever possible, for a 60% (40%) contribution from the decay 
* 

D + cK v (D->- eKv) to the semi-leptonic D decays. Finally, cross sections 
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were multiplied by a factor 2 in the case of reactions (2) and (4) to take 

into account the undetected charge state of (5) mesons. 

It should be mentioned that at ISR energies there is a factor of ~ 200 

between the lowest (S) and the largest (P) published cross section value. 

Now, results of the present analysis are given in table 1 and shown in 

figs l(b) and l(c) for models 2 and 3. 

The beam dump experiments would give the cross sections listed in lines 

A,B,C,D of table 1 and shown in fig. l(b,c) (same symbols). From models 1 

and 3, one calculates an average v energy (E ) after weighting with the v w 
(~)-N cross section of (E ) ~ 90 + 100 GeV which is consistent with the 

v w 
data [5,42); whereas models 2 and 4 predict (E ) ~ 120 GeV. Correspondingly, v w 
the calculated v flux is in better agreement with the data [42) in case of 

models 1 and 3 (not shown). The measurements of [6) (E) cannot be reanalyzed 

with the present method. 

Measured µ/u ratios are shown in fig. 2; µ from µ-pairs had been 

subtracted. The µ/u ratios calculated for p targets from models l to 4 are 
-3 + -

shown for a charm cross section aDfi =au . 10 (au : = !(a(u) + a(u )), 

[7)) including a branching ratio BSL of 10%. Models 2 to 4 describe the 

400 GeV/c data best. A central production mechanism yields rather low values 

at large x which was already found in [38,43). From adjusting the curves to 

the data the cross sections in line F of table 1 were determined. The 

influence of the lepton spectrum of the semi-muonic decay on the model 

predictions is demonstrated by the dashed line in fig. 2(b). 

At the CERN-ISR e/u ratios have been measured at c.m. polar angles 

e c.m. = 30° and 90° [10,11) as functions of transverse momentum. The data 

in the relevant kinematic range are shown in fig. 3(d). Only data above a 

transverse momentum of 500 MeV/c will be considered. At smaller values, the 

subtraction of the background is rather unsafe partly because of lack of 

knowledge about n/0 ratios [44). There is some uncertainty concerning the 

influence of the e-pair veto on the actual e/u ratio, even more so for that 

data of [10) (H) which were normalized to pion spectra measured without veto. 

The contribution from p, w, ¢ decays to the e/u ratios was calculated from 

the p and ¢ cross sections of [45) and [46) with the assumption a = a • w pj 
the resulting curve for e = 30° is shown in fig. 

c.m. 
3(a). The charm cross 

sections can now be deduced from the corrected data by adjusting the ~redictions 

from models 1 to 4 in fig. 3(a,b,c) to the data at transverse momenta above 
- 3 

500 MeV/c; the curves have been drawn for aDB =au . 10 , au 150 mb (47), 

and BSL = 10%. The influence of the assumed Pr distribution of D mesons on 

the model prediction and of the shape of the lepton spectrum from semi-leptonic 

Jecay::, has surne cu11se4uel!ces fur the mo<lel predictions, as call be seen in 

fig. 3 (a,b) (dotted line). Within the errors, the predictions from all 

models 1 to 4 are roughly consistent with the data [ll]yielding the cross 

sections in line J of table 1. 
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The data of (12] give rise to the cross sections in line S of table 1, 

when interpreted in terms of the four models. 

From the D+ production measured at the ISR [l(a)] the cross sections in 

line P of table l·were obtained. The cross section from model 1 of ~ 5 mb 

is clearly inconsistent with the measured e/u ratio mentioned above [11]. 

Finally, the data of all experiments giving upper limits for the cross 

sections have been reanalyzed in the framework of the four models. The 

results are given in table 1 and partly also in fig. l(b,c). 

5. CONCLUSIONS 

A comparison of fig. l(a) and figs l(b,c) reveals that a production 

amplitude which is a weak function of x (models 2 and 3) reduces the 

discrepancy between the various ISR experiments from a factor ~ 200 to a 
+ 

factor of~ 3.5 between the data from D production and from lepton pairs. 

Model l and 3 have the virtue of discribing the mean measured neutrino energy 

from the beam dump experiments best. The µ/u ratios as functions of Feynman 

x are rather well reproduced by model 2, 3 and 4. It seems that model 1 

(central production) and model 4 (diffractive production) exhibit the largest 

inconsistencies with the data. On the other hand, appropriate contributions 

from both model 1 and model 4 would also give rather y independent cross 

sections at high energies. 

To summarize, some features of the data slightly favour D-meson production 

mechanisms with unexpectedly large contributions from forward production. 

Clearly, the experimental findings have to be corroborated before drawing 

safe conclusions. In the framework of such a mechanism, a typical charmed 

meson cross section for ISR energies would be~ 300 µb(*) in pp collisions 

compared to a cross section of less than 50 µb/N at beam energies of 400 GeV/c. 
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Fig. 2 (a) Ratio of single prompt µ normalized to the pion flux as function of Feynman x at 
beam momenta of 400 GeV/c and 200 GeV/c. The curves were calculated from model I for proton 
targets with an inclusive D-pair cross section Bs1onn =On• 10-4 [7] (see text). (b) Same 
as fig. 2(a), but with results from model II. The dotted line was calculated assuming a 
semileptonic branching ratio Bs1(D + µK*v) = 10%. (c) Same as fig. 2(a), but with results 
from model III. (d) Same as fig. 2(a), but with results from model IV. 
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Fig. 3 (a) e/n ratios as functions of transverse momentum predicted by model I at a centre 
of mass energy of 53 GeV and a centre of mass polar angle 8cm of 30° for Bs10DD = On • 10-4 

(solid line); a slope parameter of 2.8 (GeV/c)- 1 for the transverse momentum distribution 
of D-mesons gives the ratio indicated by the dashed line. The contribution from the decays 
of vectormesons is shown by the dotted line. (b) Same as fig. 3(a), but based upon model II; 
however, the dotted curve shows the model prediction resulting from Bs1 (D -+ eK*v) = 10%. 
(c) Same as fig. 3(a)f but from model III (solid line) and model IV (dashed line). (d) e/n 
ratios as measured by Lll] at a c.m.s. energy of 53 GeV at 8cm = 30° and by [10] obtained at 
8cm = 90° as functions of transverse momentum. 
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REVIEW OF K±p PllYSICS 

K.lV.J. Barnham 

Blackett Laboratory, Imperial Col 1 ege, London, England. 

1. IN'IRODUCfION 

ABSTRACf 

Some of the topics presented in the COlj!ference submissions 
corresponding to the 45 abstracts on K-p physics are discussed. 
The application of quark-parton model ideas to low-Pt hadronic 
interactions appears to be a fruitful approach. In particular 
two-particle correlations place stringent restrictions on the 
possible dynamical mechanisms. 111e presence of a strange quark 
in K-p interactions greatly extends the possible tests. Inclusive 
resonance production is also discussed. Mention is also made of 
the use of bubble chamber data as a standard of known physics with 
which to compare any new effects. 

+ 
Forty-five abstracts on the subject of K-p physics were received at the conference. 

In a short review I will clearly have to be subjective in my choice of topics. Since 

649 

spectroscopy received good coverage in a series of well organised parallel sessions I will 

ignore the 11 abstracts on that subject. Probably the biggest change from previous 

conferences is the first appearance of a sizable number of papers, 9, from the high energy 

+ -BEBC bubble chamber experiments, 70 GeV/c K-p and llO GeV/c K p (WA26-WA28). I have 

therefore decided to concentrate on the main subjects that these new experiments are studying 

and I will refer also to relevant work reported by the other experiments. I must apologise 

to any who are disappointed that their paper is not mentioned, and I hope they will 

appreciate the constraints of writing a short review of so many papers. 

2. LOW-Pt QUARK-PARfON M)DELS 

S . la-f) b · d 'th d 1 t t tl i· t' f k t ix papers were su m1tte w1 ata re evan o 1e app ica ion o quar -par on 

model ideas, formulated in the deep-inelastic and high-Pt regimes, to soft hadronic processes. 

Refs. 2a-m contain many of the major theoretical contributions on this subject, but I do 

not claim that the list is exhaustive. 1hough the various models differ in detail the basic 

idea on which most of them rest is indicated schematically in fig. 1 for the proton 

fragmentation region. Bot11 11 + and 11 - contain one of the valence quarks of the proton. Hence 

if we study the fastest 11 + and 11 in the fragmentation region i.e. 1xl-tl (where x is x-Feynman 

= 2Pr15 I rs) then we are probably observing a valence quark from the proton which has dressed 

itself up with a soft antiquark from the sea. Only if it is a valence quark will it reach 

such high j .x I· Hence the high Ix I behaviour must be determrned by the momentum distributions 
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of the valence quarks in the proton u(x) and 

d(x), assuming the sea quarks contribute u----------..-u 
u ~ . ,,..-~--- d 
d -----~---~~ ~ little momentum. 

Quantitative applications of this idea 

clearly depend on the exact dynamics and 
Fig. 1 

kinematics of the quark interaction process 

and many of the authors in Refs. 2a-m have 

different prescriptions for these. However 

, r d -------------------- --->---- ~ (, 

p~~~ \u J 

one quantitative prediction due to Ochs 2d) is independent of such detailed 

considerations. The ratio of the invariant x-Feynman distribution functions 
+ 

fn (x) and fn (x) should be given by 
p p 

+ 
fn (x) / fn (x) 

p p 
--;~ u(x)/d(x) (1) 

where u(x) and d(x) are as measured in deep inelastic lepton scattering. In 

the absence of good lepton-neutron scattering data at high lxl one can compare 

with a prediction, due to Farrar and Jackson~) that this ratio should approach 

5, assuming vector g111on exchange. 

The ~rediction in equation (1) has been tested a number of times and 

seems to work well. In a submission to this conferencelb) the Serpukhov -

Brussels - Mons - LPNHE - Saclay Collaboration have tested it for proton 

fragmentation in K+p interactions at 32 GeV/c in the Mirabelle Chamber at 

Serpukhov. At first sight fig. 2a looks a perfect propaganda slide for these 

soft quark-model ideas since the ratio is tending to the Farrar-Jackson value 

of 5. However fig. 2b shows the same data (open circles) plotted as a function 

of x and one sees that statistics run out well short of x = -1. Furthermore 

in fig. 2b the full circles indicate the ratio after removal of 2-charged-prong 

events whic~ the authors point out, removes a large fraction of diffraction-

dissociation events. + -Clearly the n /n ratio must come down after such a cut, 

+ as K p 2-prong events do not have negative tracks. However the authors 

wish to emphasis that the ratio is influenced strongly by the diffractive 

component which does not appear to have a place within these quark model ideas. 

In addition fig. 2b shows the effect on the ratio of demanding there be a slow 

proton in the event ( lt~J <·6 
Pl-" 

GeV 2) . In a separate paper 7f) the same 

collaboration shows that such events are dominated by l::i. ++ production. This 
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32 GeV/c as a function of a) c.m. rapidity and b) x-Feynman . The crosses show 
the corresponding ratio for pions produced in association with protons with 
ic I < 0.6 GeV 2 • ~uil dots are for all events except inelastic 2-prongs. 
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is an example, therefore, of the influence resonance production can have on 

this ratio, a point which has been discussed previously 41 . 

A further word of caution about the interpretation of such ratios was made 

in the conference submission of Buschbcck et. al.lf). They point out that 

the n+/n- ratio in proton fragmentation depends on the incident particle for beam 

momenta below 100 GcV/c. It clearly should not do so if it is really measuring 

the proton structure. 

One should bear these caveats in mind when interpreting the studies of 

soft quark ideas in Refs. la-f. One should also note that the presence of the 

strange quark in K± reactions greatly extends the scope of the tests which 

can be made of these ideas. In one conference submission le) the 110 GeV/c 

K p Collaboration has used this approach to make a preliminary determination 

of the momentum distribution s(x) of the strange quark in the kaon. From 

fig. 3a we see that the fast R0 distribution measures s(x) if these low-Pt 

quark-parton ideas are correct. The 110 GeV/c K collaboration, therefore, 

attempt to fit their K~ distribution with the reconiliination model using 

the same prescription as llwa and Roberts used 22 ) to determine the pion quark 

momentum distribution. Assuming s(x) = u(x) they obtain an exponent (for 

x > • 3) ~ 

s(x) 
l • 0 +O • 3 

"' (1 - x) -

to be compared with Hwa and Roberts result 

u(x) "'(1 _ x)o.s±.2 

Fig. 3a 

Fig. 3b Invariant inclusive x-distribution 
?f neutr~l kaons in 11? GeV/c K-p 
lntcr3cticDs. The solid curve 
represents the fit to the recom
bination model with s(x) in text. 

0.5 

0.1 'olX -0 "O 

a 16 o.os 
~~ 

0 
Fig. 3b 

0.1 
x 

1.0 
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Their analysis is preliminary and the statistics low, but the result 

suggests that the quark momentum distributions in the kaon are similar to 

those in the pion. 

One of the most interesting extensions of these low-Pt quark-parton 

ideas is the study of two-particle correlations. ~~o such studies have 
5) la, le) 

appeared in the literature recently and two conference contributions 

concentrate on this subject. The principle is illustrated by one of the 
+ la) 

tests made by the 32 GeV/c K p collaboration First take a "trigger" 

particle at x-Feynman x . They consider TI±, K0
, A, Kand K*+ (890) as 

1 s 

triggers, which illustrates the wide range of tests made possible by kaon 

beams. Then they choose a second particle, a 
+ TI or TI-, at x-Feynman x 2 • 

Important variable are: 

X 1 2 = X 1 + X2 

+ If we trigger on the fastest TI 

as in Fig. 4a then the second fastest 

+ TI probably also comes from a valence 

u quark. Triggering on a fast TI as 

in Fig. 4b gives twice as many pos-

sibilities for an associated fast 

TI+ from one of the two valence u 

quarks. llence these models predict 

the ratio: 

(TI~_u;) ->-

' + + 
\TI 1 TI 2 

2 

( 2) 

( 3) 

Fig. 4a 

P{~-----u} . 
d --->-, ·-·-a ff 

\ \ 

( 4) 

In Fig. 5 we see that as lx
1 
I increases the ratio of 

+ 
TI 

u} . 
c<>---a 11 

~, 

at x
2

, for 

trigger TI- and trigger TI+, does approach 2 as i 2 increases. 
1 c) 

Preliminary analysis of the \VA3 Spectrometer experiment has taken 

these tests further and attempted to distinguish between two different 

possibilities for the dressing-up mechanism. These differ in their treatment 
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intervals of trigger momentum x 1, in 32 GeV/c K+p interactions. 
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of the second fastest particle, Strict devotees of the recombination doctrine 

(e.g. Zd, Ze ) would say that the second fastest particle contained a valence 

quark. Hence if one triggers on a fast 11- as in Fig. 6a then a second fast 

11 is possible by this mechanism when 11- is incident but not for K beams. 

This predicts that:-

+ 0 + +l 

However, another school of thought (e.g. Zc, Zf, Zk) would have it that 

only one valence quark participated, leaving the other quark behind as in a 

nuclear stripping reaction. The leading quark then fragments, a la Field-
6) 

Feynman According to this philosophy the second 11 would appear somewhere 

down the chain as in Fig. 6b. This would occur for both incident 11 and K 

except that both valence quarks can participate in the fastest 11 when the 

beam is 11-. Hence:-

( 11 ~ 11 -) -
2 K 

+ as x 1 ' x2 + +l 
( 11 - -) 

1 
11 2 11-

The WA3 data, Fig. 7a, clearly favour the strict recombination scheme. 

However, the same experiment's data in Fig. 7b is a problem for both 

models. The 11+, a (ua) combination, doesn't share a valance quark with the 

1r (ud) or K (su). Hence on either model, if one triggers on a fast 11-, 

the fastest 11+ is formed from these~ e.g. as the first link in the chain 

of Fig. 6b. llence on both models:-

( 11 - + 
11 ) -

1 2 K +l as x 1' x2 + 
+ 

( 11 - +) 11 2 -1 11 

It can be seen from Fig. 7b that this doesn't happen and clearly 

both classes of low-Pt models are going to have problems explaining this. 
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Fig. 6b 
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Fig. 7a P!ot of the ratio R1 as a function of x = x1 + x2 where x = PTI/PBEAM for K-p and 
TI p reactions at 58 GeV/c. 

Fig. 7b Plot of the ratio R2 as a function of x. 
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Differences in s(x) and d(x) could be invoked, but this would run into conflict 

with the 110 GeV/c result that they appear similar as discussed earlier. 

Clearly more data on s(x) and d(x) and further tests of these low-Pt quark

parton models are required. The External Particle Identifier, a multicell 

ionization chamber which can separate TI/K/p from ~30 - 90 GeV/c was in use 

during the most recent BEBC run and should make a significant improvement 

to such studies. 

3. INCLUSIVE RESONANCE PRODUCTION 
7a-g) 

It will not be possible to do justice to the many papers received 
7 a, b) 

on this subject. The inclusive ¢ production is probably the most 

interesting as a study of the Okubo-Zweig-Iizuka rule. This data was 

reviewed by D.R.O. Morrison in a parallel session. The other vector mesons 

are the most popular subjects for study. The 32 GeV/c K-p collaboration 7 d) 

not only consider K*-(890) and R* 0 (890) production but also, rather bravely, 

extract cross sections for the S=+l states K*+(890) and K* 0 (890) and the 

tensor mesons K*-(1420) and R* 0 (1420). In general their results agree with 

simple quark model predictions e). 

It is pertinent to consider whether such studies are possible in the 

new generation of high energy, and hence high multiplicity, bubble chamber 

experimen~. Figs. 8a,b from the 70 GeV/c K-p collaboration 7 e) show that it 

is clearly possible for the K*-(890) but more problematic for the K* 0 (890). 

Commendably the authors allow in their fits for the effect of calling a 

real TI a K-. This is important because if the TI came from a po it would 

produce a peak at around .94 GeV mass rather than contribute smoothly to 

the background as is often optimistically assumed. 

The 70 GeV/c K-p cross sections are presented in Fig. 9, and they 

show no energy dependence. The new 32 GeV/c K-p cross sections have also 

been added in Fig. 9. 

Inclusive 6++ production has been a fruitful source of study for many 

years. New results from the 32 GeV/c and 70 GeV/c K+p collaborations 7 f, g) 

submitted to this conference enable the PLAB dependence to be plotted as in 

Fig 10. The 70 GeV/c result indicates that the fall in cross section below 

32 GeV/c is levelling off. The 70 GeV/c K'p collaboration also compare their 

cross section with the pp result 9 ):-
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Fig. Sb K-n+ effective mass distribution. Solid curves as in (a). 
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, K*- and p inclusive cross-sections in K-p interactions as a function of 

K- beam momentum. 
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+ ++ 0 
a (K p -+ n +x ) 0.47+ .07 

++ 0 
a (pp -+ n +x ) 

and point out that this is consistent with 

factorization since the ratio agrees with 
+ 

0 TOT(K p) 
0.47 

0 TOT(pp) 

These results are, in fact, easily explained on a triple Regge picture. 

The relevant diagram is Fig. 11. The s-dependence is determined by the 

intercept of the top Reggeon a(o). At high enough energies this should be 

the Pomeron which factorises. Iience the K+R- elastic scattering amplitude 

(or total cross-section by the optical theorem) should have the same ratio 

to the pR- amplitude as the K+p and pp total cross sections. Note also that 

when factorization occurs a(o) is the Pomeron intercept (~ 1) and the 

triple-Regge cross section becomes energy independent. The data in Fig.10 

indicates this probably happens around 70 GeV/c. 

In addition note that for incident K the R-K- scattering in Fig.11 is 

exotic and hence should be Pomeron dominated at much lower R-K- masses. 

The RK mass is the missing mass to the n++, so kinematically this means at 

lower s values. Pomeron dominance was, in fact, abserved in K interactions 

as low as 10 and 16 GeV/c IOa) The cross section observed in 16 GeV/c K-p 

reactions IOb) was 0.48mb or 0.62mb depending whether a Breit-Wigner fit 

or mass cut was used. The 70 GeV/c K+p result is consistent with the higher 

figure. If this triple-Regge picture with Pomeron dominance is correct the 

70 GeV/c and 110 GeV/c K-p cross sections should be similer. These results 

are awaited with interest. 

4. HADRON BUBBLE CHAMBER DATA AS A STANDARD FOR TESTING NEW PHYSICS 

Three contributions to this conference 11a-c) presented results which 

I interpret as belonging in this category. The philosophy behind these 

comparisons is that hadronic bubble chamber data is standard, known physics, 

dominated by limited transverse momentum and logarithmically rising 

multiplicities. In addition the charged particles are measured with minimum 

experimental bias. Hence any new phenomena found in the apparently more 
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exciting fields of lepton physics should be compared with this "standard 

model" to see if the new physics was in fact already known or to see if it 

is due to experimental bias or analysis technique. 

As an example consider the comparison made by the 110 GeV/c K p 
llb) 12) 

collaboration with the E-260 FNAL Calorimeter experiment The 

Calorimeter experiment observed, amongst other things, that the charged 

multiparticle rate at Pt > 3 GeV/c was a factor of 10 higher than the single 

particle rate. The popular interpretation of their results is that they 

were observing jet production. Taking exactly the same cuts as imposed 

by the Calorimeter set-up the bubble chamber collaboration show that their 

data has the same behaviour at much lower Pt and it extrapolates smoothly 

to the E-260 data as seen in Fig. 12a. Note also from Fig. 12b that the 

same general features are present at 16 GeV/c where hard scattering effects 

are certainly not expected to be important. 

More quantitatively the 110 GeV/c K- collaboration estimate that if 

they took a cut on their multiparticle systems with Pt > 2 GeV/c they would 

have a total of about 170 "jet" events in their sample. However, by 

performing a full, charged particle "sphericity" analysis (Fig. 13) they 

estimate that at most there are 30 events in the disc (i.e. 4-jet) corner. 

Hence the bulk of the high-Pt multiparticle systems are probably not jets. 

Of course, such comparisons can work the other way and emphasise the 

significance of effects when differences are observed. In one conference 
l l c) 

submission the 70 GeV/c K-p collaboration has studied the variation of 
2 

<Pt> of pions, relative to the K direction, as a function of s. They 
2 

compare this with the rise in <Pt>' relative to the mean hadron direction, 
2 

with W ~he square of the hadronic centre-of-mass energy) observed in vNe 
l 3) 2 

interactions by the ABCLOS collaboration . Having shown that <Pt> rises 

for both TI+ and TI- (Fib. 14a, b) they then show in Fig. 14c that the rise 

is less steep (~lns) than that observed in vNe (~s). Interestingly the 

increase proportional to s is a first-order QCD prediction. Here then the 

comparison is saying that perhaps something different is occuring in vNe 

reactions, or there is an experimental bias in the latter: 
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12a P distribution of invariant cross-section of single charged particles C and 
mSltiparticle systems Min the rapidity range 0.1:.:. y*.::C 0.44. All constituents 
in the multiparticle systems in this figure have values y* > -0.5. Also drawn 
are data taken from Fig. 23 of Ref. 12. 

Fig. 12b As Fig. (a) but with data from K p interactions at 16 GeV/c. 
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Fig. 13b The population (number of events >- 4 prong) for 110 GeV/c K-p data. 

Fig. 13c The population for 16 GeV/c K-p data. The number of events is normalized to the 
total number of events ~ 4 prong at 110 GeV/c. 
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As for (a) but for produced TI 

Energy dependence of <P 2>E in K±p +TI± + x for x-Feynman >0,2 and of <P2> for 
the reaction vNe + µ- +thadrons for z > 0.2. t 

One should conclude by admitting that these comparisons are not particular 

to incident K+ or K-. However, they do need good statistics, minimum bias, 

bubble chamber data. 

5. APOLOGIES AND ACKNOWLEDGEMENTS 

Of the subjects I have been unable to cover in this short review I 
+ 

must mention the studies of diffraction dissociation by the 32 GeV/c K p 
14) - 15) 

collaboration and 70 GeV/c K p collaboration I apologise to these 

authors and refer interested readers to the original papers. 

I have benet1tte<l consiJe1ably from discussions on the topirs described 

here with a number of colleagues but in particular E.A. De Wolf and W. Ochs. 
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ABSTRACT 

Using the polarized proton capability of the Argonne ZGS 
we recently made 90°cm measurements of elastic PtPt scattering 
from 6 to 11.75 GeV/c, determining the parallel and anti
parallel pure initial spin state cross sections and the 
associated spin-spin parameter Ann with the spins normal 
to the scattering plane. We find that the parallel to 
anti-parallel cross section ratio rises dramatically from 
1.2±.06 at Pfo:3.3 (GeV/c)2 to 3.2±.4 at 4.8 (GeV/c)2, similar 
to the Pi dependence previously observed at the fixed 
laboratory momentum of 11.75 GeV/c. We have also extended 
our measurements at 6 GeV/c and find that Ann has a small 
but sharp rise at 90°cm· In addition a month of 12 GeV/c 
polarized deuteron acceleration in the ZGS enabled us to 
measure Ann at two points at 6 GeV/c for ntPt elastic 
scattering: Ann=-.17±.04 at P~=.8, Ann=-.19±.05 at P~=l.O. 
These values are opposite in sign from the ptptresults at 
the same momentum. 

INTRODUCTION 

The last few years our group has been studying the effects of spin 

states on elastic proton-proton scattering, attempting to measure these spin 

dependences out to the highest energies and momentum transfers available. 

The accelerator, the Argonne ZGS, is presently unique in its capability of 

accelerating polarized protons ~ intensities of nearly 1011 polarized 

protons per pulse have been accelerated to 11.75 GeV/c, with proton beam 

*)Present address: 
DPresent address: 

Brookhaven National Laboratory, Upton, L.I., NY, USA 
General Electric Co, Milwaukee, WI, USA 
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polarizations over 60%. The ZGS accelerator will be turned off this fall, 

the end of September, so future work on high energy spin-spin interactions 

will depend on the development of a polarized proton capability in one of 

the higher energy alternating gradient machines. 

These spin-spin forces appear to have a dramatic P~ dependence. As 

reported earlier1 ) we observed that at a beam momentum of 11.75 GeV/c the 

ratio of the spin parallel to anti-parallel cross sections, the spin 

normal to the scattering plane, rises from approximately unity to four as 

P2 goes from 3 to 5 (GeV/c) 2 . Here we present the results of our recent _j_ 
P+P+ spin-spin measurements a~ 90°cm' now varying the laboratory beam 

momentum, covering the same P_j_ range. We also have been able to make 

limited spin-spin measurements at 6 GeV/c in n+P+ elastic scattering and 

will compare them to our P+P+ 6 GeV/c results. 

EXPERIMENT 

The general layout of our experiments for P+P+ elastic scattering 

is shown in Fig. 1. The proton beam from the ZGS, incident from the left, 

is polarized up and down on alternate pulses. The beam polarization is 

determined by measurements of the spin dependent asymmetry in the scattering 

of the polarized beam off a liquid hydrogen target; the asymmetry parameter, 

A, is known from previous measurements. The bear.1 then passes through a 

polarized proton target (PPT) of c2tt 6o2 , with a target proton polarization 

typically in the 70% range. Because of radiation damage with high beam 

intensities, the target material had to be annealed twice a day and 

changed every few days. Elastic scattering events from the PPT are 

identified with a two-arm magnetic spectrometer. Background from non

hydrogen events is estimated using hydrogen-free teflon beads to replace 

the target material. 

FIGURE 1: Layout of the experiment. The polarized beam passes through 
the liquid H2 target and its polarization is measured. The beam then 
scatters in the polarized proton target (PPT) and tho elastic events 
are counted by the F and B counters. The M,N, and K counters are 
intensity monitors, while s1 ,s2 , and s 3 monitor the beam position. 
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For the neutron experiment the ZGS beam was 12 GeV/c polarized 

deuterons, therefore ~ 6 GeV/c neutrons and protons, with polarization ~ 50%. 

The hydrogen target polarimeter system discussed above was used to monitor 

the polarization of the protons in the deuteron - equivalent to the neutrons. 

Quasielastic n or p scatterings off the hydrogen in the PPT were again 

detected with the two arm spectrometer, with momentum analysis now only on 

the recoil proton (B) side. The forward neutron was detected with an 

anticoincidence counter followed by a brass-scintillator sandwich on the 

high energy forward (F) branch; the forward protons were detected with 

a single counter. 

The accelerated deuteron intensity was 10 9/pulse, much lower than for 

protons, which limited our np data to two points. 

In both experiments the observed polarization dependent cross sections, 

do/dt (P8 ,PT), can be used to determine the associated Wolfenstein 

parameters: the asymmetry parameter, A, and initial state correlation 

parameter, Ann' all spins normal to the scattering plane. The relation is: 

The pure spin state cross sections are then: 

( 1 - P.. ) • 
nn 

(2) 

At 90° in pp scattering A=O, and the parallei spin up and parallel cm 
spin down cross sections become equal. 

RESULTS: 9 0 ° CENTER OF MASS EXPERIMENT 

The present experiment went from a beam momentum of 6 GeV/c to 11. 75 

GeV/c, P: = 2.4 to 5.09 (GeV/c) 2 . The constraint that A=O at 90°cm in pp 

elastic scattering was satisfied within the experimental errors. 

Our present 90°cm results, and those of earlier experiments
2

)
3

) are 

shown at the left in Fig. 2. Plotted is the ratio of the spin parallel 

cross section to the anti parallel cross section. From relations (2), 

since A=O, this ratio is 

do 
dt)parallel 
do) 
dt antiparallel 

1 + A 
nn 

1 - A nn 

(3) 

This cross section ratio, rather flat and nearly unity in the intermediate 

P
2 

region, increases quite dramatically, going from 1.2±0.06 at P
2
_1_ 3.3 

_J_ 2 2 2 
(GeV/c) to 3.2±.4 at P = 4.8 (GeV/c) , and appears to level off at ~4 at 

.L 

the higher P 2 . This rise with P 2 is remarkably similar to that observed in 
.L L 
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FIGURE 2: Plots of the P; dependence of the ratio of the differential 
elastic pp cross section in pure initial spins states. Left: 90°cm' 
varyingbearn momentum; the data for p2 ~ 2.4 (GeV/c)2 are from this 
experiment, the rest from Refs. 2), J). Right: fixed beam momentum, 
11.75 GeV/c, varying scattering angle; the plot is from Ref. 1). Both 
plots show similar high p2 behavior: the spin parallel cross section 
increases dramatically reiative to the spin antiparallel over the p2 
range of 3 to 5 (GeV/c)2. ~ 

our previous experiment1 ) at fixed beam momentum, 11.75 GeV/c, where the 

scattering angle was varied. These results are shown at the right in 

Fig. 2, also plotted using relation (3). Both ratios appear to rise over the 
2 

same P.L range. 

np AND pp 6 GeV/c EXPERIMENTS 

\'le obtained data from the 12 GeV/c polarized deuteron experiment at 

P
2 

.8 and 1 (GeV/c) 2 . The values of A and Ann for pp elastic scattering 

in our deuterium experiment agree with our more precise pp 6 GeV/c results, 4 ) 

giving us support for our np Ann data. 

Also shown are our 6 GeV/c pp A results 
nn 

These are presented in Fig. 3. 

- the sharp rise at 90° is cm 
recent data. The large negative Ann in np scattering is quite interesting. 

The antiparallel spin-spin interaction is larger than the parallel -

opposite from the pp case. 

We would like to thank E.F. Parker and the ZGS staff for their efforts 

in successfully accelerating the world's first high energy polarized 

<leuteroll Learn, and in continui11y L11e vutsLanding vµerativ11 vf U1e ZGS. Vi'=' 
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FIGURE 3: The spin-spin currelation parameter Ann plotte against P~ at 
6 GeV/c beam momentum. Top: proton-proton elastic scattering. Bottom: 
neutron-proton elastic scattering. The np and pp results are quite different. 

also thank R. Levine and M. Yatchman for helping in the design and construc

tion of the neutron counter. This research was supported by a grant from 

the U.S. Department of Energy. 
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ABSTRACT 

In a study of interactions of 400 GeV protons in a totally absorbinq 
iron calorimeter we report two observations indicating the hadronic 
production of heavy short-lived weakly decaying particles. First we 
have observed a prompt muon s i gna 1 in the region . 8 < Pt < 2. 5 GeV I c. 
The rate is comparable in magnitude to the prompt 2µ rate in the same 
kinematic region. In addition to detecting µ+µ- events arising from 
electromagnetic sources (e.g., p-+µ+µ-,ljJ+µ+µ- etc.) we have observed 
µ+µ- pairs associated with a significant amount of missing energy in
dicative of final state neutrinos. Interpreting these data as pro
duction of DD pairs followed by single or double muonic decays leads 
to a model dependent estimate of total production cross-section of 
order 15 µb. 

INTRODUCTION 
The hadronic production of charmed particles had recently received considerable ex

perimental and theoretical attention. QCD calculations predict cross-sections in the 
range 1-30 µbin 400 GeV p-N interactions1l, with gluon fusion probably giving the domi
nant contribution. Previous searches for charm production have produced widely varying 
resultsL-5), ranging from upper limits of ~1 µb/nucleon 2•3) at 400 GeV to a recently re
ported signal of zl50 µbat the ISR5l. The prompt neutrino signal reported by the CERN 
beam dump experiments6l, if interpreted as a charm signal, corresponds to a production 
cross-section of 25-50 µb/nucleon (assuming linear A dependence)?). 

One of the cleanest signatures of charm production would be the observation of a 
prompt single-muon signal, since the branching ratio of charm into µv+hadrons is large 
(~10%) and other sources of prompt single muons are negligible. Several experimental 
groups2•8•9) have reported sizable prompt muon production, but previously only two2•9) 
have attempted to separate 1-µ from 2-µ events (the latter are due primarily to e1ectro
magnetic rather than weak decays). The results of both of these groups were consistent 
with all the prompt muon signal originating from 2-µ events, but allowed a sizable single 
muon signal. 

PROMPT SINGLE r.UONS 
We report here on the observation of a prompt 1-µ signal in the moderately high Pt 

+ + 
(0.8<p~ <2.5 GeV) and low xF (lO<Eµ <60 GeV) region produced by 400 GeV p-N interactions. 
We find approximately equal production cross-sections for 1-µ and 2-µ final states in 
this kinematic region. We also present evidence for the observation of missing energy 

+ -(indicative of final state neutrinos) in association with hadronically produced µ µ 
pairs, and relate it to the observed single muon signal. 
* Work supported by the U.S.Dept. of Energy and the Nat. Sci. Foundation. 
** Present address: Fermilab, Batavia, Illinois, 60510. 
***Present address: University of Rochester, Rochester, N.Y., 14627. 
t Permanent address: Department de Physique des Particules Elementaires, Sac1ay, Fcance. 
tt Present address: CERN, Geneva, Switzerland. 
tHPresently with American Asian Bank, San Francisco, CA. 
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The experiment was performed in the Fermi lab N5 beam with 400 GeV protons at typical 
intensities of 3-5 105/sec. The primary elements of the detector (Fig. 1) were a fine
grained target-calorimeter of variable densitylO) (energy resolution of 3.5% at 400 GeV), 
a muon identifier (MI), and a toroidal muon spectrometer11 ). 

The data reported here were taken with a high-pt trigger, which required a coincidence 
of both a beam and a muon trigger component. The muon component required the muon to re
main in the same quadrant throughout the toroid system by requiring the appropriate coin
cidence of counters C, S2, ACR, T4 (which were divided into quadrants) and Sl, T2, T3, MV 
(divided into half-planes). This requirement preferentially selected muons with high Pt 

µ+ 
(pt > .8 GeV). 

The beam component required an incident proton to pass through counters BO and Bl 
(7.6x7.6 cm and 5.lx5.l cm) and to interact within the first 10 plates of the calorimeter. 
To reject any background from upstream interactions, triggers were vetoed by the presence 
of any additional particles in the beam or halo counters within 95 nanoseconds of the trig
ger. Further beam information was provided by the pulse height of the trigger counters and 
by the incident proton's trajectory and momemtum, as measured by a spectrometer immediately 
upstream of the calorimeter. Interactions satisfying the beam trigger alone were scaled, 
and one out of each 216 was recorded to provide a control sample of interactions without 
any muon requirement. 

In the data analysis, software cuts were made to insure that the muon trigger counters 
were associated with a good trajectory, that the µ+ enter the toroid system at least 
17.5 cm from the axis (outside of the hole), and that the interaction point lie between 
plates 1 and 8 of the calorimeter. The muon trigger acceptance after all these cuts was 

+ 4 
greater than 50% over the range l.O<p~ <2.5 and 20<Eµ <60 GeV. 

The majority of muons which triggered the apparatus were due to pion and kaon decays. 
This background was measured by uniformly expanding the first 25 plates (1 meter of steel) 
of the calorimeter, thereby proportionally increasing the mean path length and decay prob
ability of hadrons in this region. Most of the hadrons decaying downstream of this region 
were produced by secondary or tertiary interactions, and consequently gave decay muons 
that were generally too low in energy to satisfy the trigger, 

The experiment collected data at three different densities (keeping the mean interac
tion point fixed in space): fully compacted, expanded by a factor of 1.5, and expanded by 
a factor of 2. The mean calorimeter density in the compacted configuration was 3/4 that of 
steel due to the gaps (1.3 cm) between plates. After all software cuts, the rates in each 
density configuration were normalized to the beam trigger rates and plotted as shown in 
Fig. 2. As expected, the 2-µ rate is flat, and the 1-µ rate shows a linear increase with 
the effective pion interaction length. The 1-µ slope measures the rate from non-prompt de
cays, and the intercept of (10.5±.5)10-6 at infinite density is the raw prompt 1-µ signal. 

To obtain the true prompt single muon rate, the raw prompt 1-µ rate had to be cor
rected for several background sources: 
a) µ+µ- events with a low energyµ- which ranged out in the calorimeter or muon identi

fier. A Monte-Carlo calculation using the measuredµ+µ- distributions gave a cor
rection of 10 ± 2% (systematic errors included) of the raw prompt 1-µ signal. This 
component was subtracted from the 1-µ signal and added to the 2-µ signal. 

b) Muons from decays of pions and kaons in the unexpanded part of the calorimeter (after 
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plate 25). A Monte-Carlo simulation of the hadron shower, which reproduced the mean 
shower profile measured in the experiment, gave a correction of 8±3% of the measured 
decay rate 12 ). This corresponds to 16±6% of the prompt 1-µ signal. 

c) A subtraction of 20±10% of the prompt 1-µ signal due to second order variation in the 
acceptance with density. These arise because, although the mean interaction point 
stays fixed, multiple scattering effects and production by secondaries move downstream 
when the calorimeter is expanded.Since the toroid hole subtends a larger angle for 
particles originating downstream, this yields a reduction of 4±2% in the acceptance 
of the expanded relative to the compacted configuration. This correction was obtained 
from theµ+µ- events (which should be constant with density). 

After all corrections, the measured prompt 1-µ rate was (5.8±1.5)xlo-6 per incident 
proton and the 2-µ rate was (5.9±.2)xl0-6; the errors are largely systematic. A natural ex
planation of this single muon signal would be production and subsequent decay via leptonic 
mode of new heavy hadrons, the most likely candidates being the charm particles. That same 
mechanism would also require a production (at a lower rate) of a pair of charged muons, 
both of which originate from the decay of charm particles. The muons from this process 
would have to be associated with a missing energy due to companion neutrinos emitted in 
the decay. 

TWO PROMP MUONS WITH MISSING ENERGY 

The total observed energy spectrum forµ+µ- events (Etot=E ++E _+Ecalorimeter) is 
shown in Fig. 3. The dashed curve shown for comparison is the E~ot ~pectrum exhibited by 
beam interactions without final state muon. There is a pronounced enhancement of missing 
energy events for mµ+µ-<2.4 GeV. We observe 227 µ+µ- events with missing energy in excess 
of 45 GeV. An estimate of the double TI,K decay background is provided by the 5 observed 
like sign dimuon events with large missing energy. Monte Carlo calculation of KK production 
and double decay also yields a background of 5 events. Also, since the toroid spectrometer 
is instrumented with acrylic calorimetry counters, we can rule out catastrophic muon energy 
loss in the steel as significant source of background. We conclude that all backgrounds 
are unlikely to contribute more than 10% of the observedµ+µ- with missing energy signal. 

INTERPRETATION 
To estimate a charm production cross-section from these data, we have assumed that all 

the signal comes from the semileptonic decays D-+Kµv (60%) and D+K*µv (40%) with a total 
semileptonic branching ratio of 8%. The inclusive D cross-section was assumed to increase 
linearly13 with the atomic number A of the nucleus and was parameterized as 

d3 6 -apt 
E ___Q. = C (1 - xF) e (for inclusive D production) 

dp3 
( 1) 

The single muon data were consistent with values in the range a=2.0-3.5 Gev-l and 6>3. 
Varying a and 6 over these allowed ranges yields charm cross-sections in the range 15-75 

+ µb/nucleon. For 6=5 and a=2.5, the acceptance for the produced µ 's was 2.5% and the cross-
section for D production was a_ =36±9 µb/nucleon. This model, in which the two charmed 
states are uncorrelated gives ~R acceptance of 0.14% for theµ+µ- events with 45 GeV of 

+ -missing energy and yields a charm cross-section of 22±8 µb. However, the µ µ mass and 

momentum distributions do not fit this model. 
In order to include the expected correlation between the D and 5 state we assume a 
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DD model production model 

3 -ap ;s 
Ed~= 5:r (1-xF)S e t e- M/ s (for DD production) (2) 

dp M 
and calculated the fraction of DD double muonic decays which satisfy our trigger require
ment, give 2 µ's that pass the muon cuts, and yield a measured missing energy in excess of 
45 GeV. Here the kinematic variables in the above cross-section equation refer to the com
posite DD system (and /5=27.4). The acceptance was rather insensitive (to ±30%) to varia
tions in a between 1.5 and 3.0 GeV-l and y between 0.0 and 17.5. For a=2.23, S=2.96 and 
y=l4.9 we obtain an acceptance of 0.39% yielding a charm cross-section of 8±3 µb. Using 
this same model we obtain a charm cross-section of 24±5 µb from the single muon data. 
Changing S from 2.96 to 6.0 changes theµ+µ- acceptance from 0.39% to 0.24%. In general, 
the 2µ with missing energy data yield lower cross-sections than the prompt single muon data. 
We are presently investigating various distributions that will bring the two sets of data 
into better agreement, and still fit the measured distributions. (For example, making S 
larger appears to help.) Besides finding better parameters, we are investigating whether 
we are using an improper production mechanism, e.g. improper correlation between the D and 
D state, the possibility of different branching ratios for the charge and neutral states, 
a possible contribution from charmed baryon production etc. Until these model uncertain
ties are resolved by more fits to the experimental distributions, charm cross sections be
tween 7 to 70 µbare consistent with the data. Also, the next run of Fermilab experiment14 

E595, which measures prompt single muons over a larger kinematic range, will help resolve 
the model uncertainties. 
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QUANTIJM NUMBER EFFECTS IN EVENTS WITI! A CHARGED PARTICLE 
AT LARGE TRANSVERSE MOMENTUM 

(O!ARGE CORRELATIONS IN JETS) 

D. Wegener, 

University of Dortmund*, Germany 
(C01K Collaboration) 

ABSTRACT 

Charge correlations of particles in an event with a large 
Pt trigger particle have been measured. The correlation 
length for the charge compensation of the hard scattered 
parton fragments is the same as observed in nondif frac
ti ve inelastic events. Part of the charge of the large 
Pt trigger particle is compensated by the soft particles 
of the "away jet". For the spectator fragments the same 
charge correlation distributions are observed as for non
diffracti ve inelastic events. 

§ INTRODUCTION 

677 

We present experimental results on charge correlations between particles 

produced in an event with a large pt trigger 112 ). By the application of 

proper cuts we try to study separately the charge compensation for particles 

of each of the four jets ("trigger jet", "away jet", "spectator jets"} which 

occur in a large pt event314 }. The measured distributions are compared with 

the corresponding ones observed in nondiffractive inelastic events 2 • 5 } 

The analysis is based on a sample of events with a positive or a nega

tive large pt trigger particle (<pT> = 2.5 GeV/c} produced at a polar angle 

of <8 > ~ 450 416 ~ The measurements have been performed at a center of mass 
T 

energy of .rs-= 52.5 GeV at the CERN-ISR with the Split-Field-Magnet (SFM) 

facility. 

§ 2 DEFINITION OF EXPERIMENTAL QUANTITIES 

To study the dynamics of the charge compensation process in large pt 

reactions, we select a particle from one of the four jets and determine 

the "associated" (conditional} density of particle number and charge. These 

"associated" densities are obtained by selecting a particle h 2 from one of 

the four jets in a phase space interval around p2 and then evaluate the 

density of interest for the particles h 1 !n the phase space interval around 
+ 
Pl for the rest of the event. The "associated particle density" is the den-

sity of particles of charge Q1 at rapidity y 1 , conditional to the observa

tion of a particle at y 2 with the charge Q2 : 

( 1} 
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pQ 1 and pQ 1Q 2 are the single-particle and two particle densities respective

ly. 

The "associated net charge density" is given by 

(2) 

To study the charge compensation, we use the "associated charge density 

balance" 

(3) 

i.e. the change of the "associated charge density" at y 1 , when the charge 

at y 2 is changed from negative to positive. This quantity allows to select 

the charge density distribution of these particles, which compensate the 

charge of the selected particle h 2 • 1 ) 

§ 3 EXPERIMENTAL RESULTS 

1. "CHARGE DENSITY BALANCE" ASSOCIATED WITH THE TRIGGER PARTICLE 

The "associated charge density balance" liq is shown in fig.1 as a func

tion of Y1 for the case that the trigger particle of the large pt event 

istaken as the selected particle h 2 • The data are compared with liq as 

measured in nondiffractive inelastic events~,S) Both distributions show 

a sharp peak in the rapidity interval of the selected particle and coin

cide in the peak region, which is a clear indication of a strong local 

component contributing to the charge compensation. Moreover an indi

cation for a weaker global charge compensation component exists for the 

large pt event. 

To separate the contributions of the four jets to the charge com

pensation of the large pt trigger particle at (yT,pT,¢T), fig.2 shows 

the dependence of liq on the rapidity y and the azimuthal angle ¢ of the 

additional particles for two event configurations. They differ by the 

rapidity of the "away jet", fixed in phase space by its leading particle. 

As the leading particle of the "away jet" we choose that particle in the 

"away region" (¢ = <¢ > + 180° ± 30°) with the highest transverse mo-
T 

mentum, which has to exceed 0.6 GeV/c, in order to reduce the chance of 

misidentification. In the upper part of fig. 2 liq is plotted for these 

configurations, where the "trigger jet" and the "away jet" are in the 

same y-interval ("back to antiback" configuration), while in the lower 

part of fig.2 the rapidity difference between the "trigger jet" and the 

"away jet" is large ("back to back" configuration). 

For both event configurations a peak of liq is observed in the 

azimuthal angular interval of the trigger particle (¢ ~ <¢T>) ,whose 

position in y is independent of the rapidity of the "away jet". 'l'his 

result demonstrates that part of the trigger charge is compensated by 
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low pt particles of the "trigger jet" in agreement with observation of 

ref. 4). 

A peak of 6q in the azimuthal angular region opposite to the 

trigger particle (¢ = <¢ > + 180°) is also observed for both event con-
T 

figurations, but in contrast to the peak in the ¢-interval of the trigger 

its position in rapidity follows that of the "away jet". This proves 

that part of the trigger charge is compensated by particles belonging 

to the "away jet". Since the charges of the leading particles in the 

"trigger jet" and in the "away jet" are uncorrelated 213 ), the observed 

charge flow between the "trigger jet" and the "away jet" is due to low 

pt particles of the latter. 

In addition to the two peaks of 6q already discussed, a flat con

tribution in ¢ shows up in fig.2, which is independent of y in a broad 

interval. This global component can be attributed to a charge flow 

between the "trigger jet" and the "spectator jets". 

The observed three components contributing to the charge compen

sation of the trigger particle are in qualitative agreement with the 

expectations of the quark parton model 7 l. From the investigation of 

the charge compensation of the leading particle in the "away jet" simi

lar conclusions can be drawn as for the "trigger jet 111 ). 

2. "CHARGE DENSITY BALANCE" ASSOCIATED WITH A PARTICLE FROM THE "SPECTATOR 

JET" 

To minimize the perturbation due to fragments from the "trigger jet" 

and the "away jet" in the study of the "spectator jet" fragmentation, 

only events have been analysed, where the "trigger jet" and the "away 

jet" are in a "back to antiback" configuration at y < -0.7. The selected 

particles of the "spectator jet" are localized at y 2 > 0.5. 

For two intervals y 2 of the selected partic;e from the "spectator 

jet" 6q is plotted as function of y 1 in fig.3. The corresponding distri

butions for nondiffractive inelastic events, which have a selected 

particle in the same y 2 intervals, are included. The two distributions 

peak in the region of the selected particle and coincide in a wide 

rapidity region. 

From this coincidence follows that for both event types the frag

mentation of the corresponding parton is similar as far as charge com

pensation is concerned. In the case of the nondiffractive inelastic 

event it has been shown that a local compensation process dominates 2 ,S), 

which seems hold also for the "spectator jet" fragmentation. In addition 

the quark content of the two fragmenting systems is different 116 ) ,hence 

it follows from the present analysis that the adjustment of charges 

between the observed hadrons and the corresponding partons does not 

depend on the quark content of the fragmenting system. 
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§ 4 CONCLUSION 

It is shown that local charge compensation dominates the fragmentation 

of the four jets of a large pt event. The observed charge correlation length 

is the same as measured in nondiffractive inelastic events and in this sense 

is universa18 l. In addition a charge flow is observal between the different 

jets as expected in the framework of the quark parton model. 
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K:to (890) POLARIZATION MEASUREMENTS IN THE llYJ'ER~l!ARGE ~-~CI-JANGE REACTION n-p+K:to (890) J\ 0 /l: 0 

AT 10 GeV/c 

Bari-Bonn-CERN-Daresbury-Glasgow-Liverpool-Milano-Vienna Collaboration. 
Annstrong,Best,Broring,Cluskey,Costa,Donald,D.N.Edwards,M.Edwards,Evangelista,French,Ghidi-

ni ,Gordon,Houlden,Hughes ,Lewis ,Mandelli .~i3ttig,~!iller ,Mi taroff ,MiHler ,Palano ,Palazzi-Cerri

na,Paul ,Pensotti ,Perini ,Picciarelli ,Pregernig ,Ri.ihmer ,Strub, Thompson, Turnbull,Woodworth ,Zito. 

ABSTRACT 

K:to (890) production in the hypercharge exchange reaction n-p+K:to (890) J\ 0 /l: 0 at 10 GeV k 
2 (28448 events) is discussed. An amplitude analysis in the t' range up to 1 GeV shows that 

the production mechanism is dominated by Natural Parity Exchange (-84%). Comparisons are 

made with predictions from a Regge model and a quark model. 

In this paper we present results on K:t0 (890) production in the reaction 

at 10 GeV/c. In particular, the K:to polarization measurements have allowed a detailed 

amplitude analysis of reaction (1). 

(1) 

The data come from an experiment perfonned with the OMEGA Spectrometer (1) at the 

CERN PS. The apparatus was triggered by a fonvard going K+ in the momentum range 4.9 to 

9.8 GeV/c, selected by means of two Cerenkov counters (HPC,LPC) and scintillation counter 

hodoscopes (A,Hl,H2). TI1e trigger conditions are described in detail in Ref. (2). 

A total of 1.1 million triggers of the type 

+ n-p+K X (2) 

corresponding to a beam flux sensitivity of 10.5 events/nb was collected and then proces

sed through modified versions of the pattern recognition and geometry program R0~1E0( 3)and 
the kinematics program KOMEGAC4). 

The reaction 

(3) 

has been isolated by selecting the missing mass squared to the (K+n_) system (~~t2 (K+n-)) 
between 1.08 and 1.56 GeV2 corresponding to the unresolved A0 /l: 0 peak seen in Fig.la. This 

procedure allows the J\ 0 /l: 0 to be considered irrespective of their charged or neutral decay. 

The (K+ n-) effective mass (M(K+n-)) distribution, shown in Fig.lb, is dominated by the 

K:t(890) and K:t(l420). Defining the K:t0 (890) in the M(K+n-) range (0.84-0.96) GeV, we. 

obtained a final sample of K:to J\ 0 /l: 0 consisting of 28448 events. Fig.le and ld show respe

ctively the missing mass squared to the K:to and the (K+n-) effective mass associated with 

the A0 /I 0
• 

Contamination from competing channels, the most important of which is 

(4) 
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b) 

18 

2.0 

Fig. l Distributions of a) Missing mass squared to the (K+TI-) system (unweighted) 
b) Effective mass of the (K+n-) system (unweighted) c) Missing mass squared to (K+TI-) 
for events with 0.84 < M(K+TI-) < 0.96 GeV (unweighted) d) Effective mass M(K+TI-) 
(unweighted) for events with a missing mass squared in the A0 /E 0 region (1.08-1.56 GeV2

). 

The region centred around the Kx 0 (890) is shown in the inset. The curve superposed on 
the weighted distribution corresponds to the fit described in the text. The arrows in
dicate the cuts used to define the channel K* 0 A0 /E 0

• 
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• 

cannot be avoided by this method. For the Kx0 (890) /\ 0 /L, 0 events the contamination varied 

from -5% in the lowest t' interval to less than 1% for t'>O.l GeV2x. All events were 

also weighted to take into account the trigger geometrical acceptance and the losses due 
+ 

to the detecting system and reconstruction program. The fully weighted (K TI-) mass spec-

trum for reaction (3) is shown in Fig.ld in the (0.7-1.1) GeV mass range (see inset). 

The Kxo production and decay has been described in tenns of the spin density matrix 

elements evaluated in the Gottfried-Jackson frame. Due to the existence of zero-acceptan

ce regions ("holes") in the (cos8-<P) plane, we have used the linear algebra method(S) to 

fit the angular distributions. Since a fit to the K+TI- effective mass spectrum (see below) 

requires some background in addition to the P-wave Breit-Wigner in the Kx0 (890) region, 

we have attempted to describe the angular distributions by introducing a coherent S-wave. 

A good fit was obtained. The resulting density matrix elements (p . . ) are displayed in lJ 
Fig. 2 as a fw1ction of t' 

For an understanding of the production mechanism it is convenient to express the 

density matrix elements in tenns of the actual wave amplitudes, namely S
0

, P
0

, P+, P_. 

Here S
0 

and P
0 

describe the contributions due to helicity-zero production in the K~0 mass 

region while, to leading order in energy, P+ describes the helicity-one production by 

natural exchange (NPE) and P_ the production by uru1atural parity exchange (UPE). 

XJ t 1 =I t-t . i where t is the four momentum transfer squared between the incident ·11 and 
+min 

the (K TI-) system. 
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Since no infonnation is available on the fl. 0 /Z 0 polarization in this experiment, 

each amplitude is an incoherent sum over helicity-flip and non-flip at the nucleon vertex. 

The following fonnulae relate the measured parameters to the amplitudes (6). 

d 0 - IS 12 + CIP0 1
2 

+ IP+l
2 

+ IP-1
2
) (5) dt' - 0 

do 
(Poo-pll) = 1Pol

2 
- i CIP+l

2 
+ IP_l

2
) (6) dt' 

do 1 
CIP+l

2 
- IP-1

2
) (7) (ffT pl-1 - 2 

do Rep10 = - 1 IP I IP-I (t;:cos'l')p p (8) dt' IL o 0 -

do R INT I Sol I Pol (t;:cos'l')s P (9) at' epos 
0 0 

do R INT - 1 IS I I P-1 (t;:cos'l')s P (10) dt' epls - /2 0 0 -

where s is the degree of spin coherence at the nucleon vertex (O~ s ~ 1) and '!' the rela-

tive phase between the amplitudes. From these formulae and the measured 

that: 

p .. ' s we find 
lJ 

i) NPE is the dominant mechanism since (p
00

-p11) is large and negative and p1_1 is large 

and positive (see formulae (6) and (7)). 

ii) For t'< 0.05 GeV2 a significant UPE contribution is also present since (p
00

-pll) and 

p1_1 are both small. 

iii) For all t' values the interference terms are nearly zero, implying UPE amplitudes 

either out of phase (cos'l'=O) or vanishing, or complete incoherence (s=O). 

Because of iii), our analysis is confined to the evaluation of the four amplitude moduli 

by means of the first three equations only. To solve the system unambiguously another 

independent measurement is needed. This can be provided by the mass distributions. On the 

basis of zero S-P interference in the K;to region we assumed that the observed KiT mass 

spectrum could be described by a formula(?) of the type. 

where MS, Mp represent the mass dependent S- and P-wave amplitudes, assumed as an S-wave 

linear background and a P-wave relativistic Breit-Wigner function in the range (0.7-1.1) 

GeV, and Es measures the relative amount of S-wave. By fitting formula (11) to the total 

mass spectrum we obtained the curve drawn on Fig.Id with MK::t = (0.897±0.001) GeV and 

fK;t = (0.054±0.002) GeV. To obtain the amount of S-wave background as a function oft' the 

above formula was fitted to the M(K+TI_) distribution in each t' interval, keeping the 

mass and width fixed at the same values. These S-wave background events represent <10% of 

the: total events .i11 all t' .inte1 \idls eAcepL fu1 Lhe twu lu\"e;::,t wliert.:; i L fists to 30~. 
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Fig. 3 a) da/dt 1 distribution for K*0 production. Data from the reaction K-p 7 ¢ A0 /L 0 

at 10 GeV/c are also shown. The Irving model prediction is shown as a continuous line. 
b) daNPE/dt 1 distribution. The dashed curve is the fit discussed in the text. The Irving 
model prediction is shown as a continuous line. c) daUPE/dt 1 distribution. The dashed 
curve is a simple exponential fit (see text). The continuous line represents the Irving 
model prediction for the IP 0 l2 + IP_l 2 contributions. 

The P-wave amplitudes for different naturalities were then derived from eq. (S)-(7) 

and corrected to take into account the Breit-Wigner tails and A0 /L 0 mass cut. Fig.3a shows 

the P-wave differential cross section as a function oft'. The NPE part (Fig.3b) is domi

nant. Most of the UPE contribution (Fig.3c) is due to IP
0

1
2. The helicity-one part IP-1 2 

(not shown) is small every-where and for t'< 0.3 GeV2 compatible with zero. 

Another possible approach to determine the moduli of the amplitudes is to fix the 

IS I/IP I ratio to the value measured in a (Kn) phase-shift analysis(S). The results obtai 
0 0 -

ned in this way are similar to those displayed in Fig.3. 

The NPE and UPE differential cross sections of Fig.4b and Fig.4c are different in 

shape and cannot be described by the same parametrization. The NPE part was fitted with 
the formula: 

NPE 
da 

dt' 

-Bt' 
C(A+t') e (12) 
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and gave the following set of values: C = (431±25) µb/GeV4 , A= (0.023 0.005) GeV2 and 

B = (5.9±0.1) GeV- 2 with a x2 per degree of freedom x2!ND=l5.5/13. The fit is shown as 

a dashed line in Fig.3b. In (12) the purely exponential term corresponds approximately to 

the contribution of the zero net helici ty flip. From the fit result we estimate that 

- 90% of the NPE term over the whole t' range (t'<l GeV2) is due to net helicity flip. 

To fit the UPE distribution a simple exlJonential was used, giving a slope B = (3.6±0.4) 

GeV- 2 with x2 /ND = 2. 3/6. 

The integrated cross sections for K:t0 (890) production corresponding to the various 

exchange tenns, together with the results of simiJar studies at lower energies C9 ' lO) are 

displayed in Fig.4. Comparing these sets of data we observe an increase of the NPE 

contribution from -5s% at low energy to -85% ;;t: 10 GeV/c and corresponding decreases of the 

UPE helicity-zero (0~PE) from -25% to -14% and UPE helicity-one (0l~!IE) from -17% to -1%. 
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cussed in the text. 

Fig. 4 Tatel ~nd partial cr0ss sections 
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The various contributions were fitted with the formula occsn, the values obtained for n 

being quoted in Fig.4 and the corresponding curves being drawn in Fig.4. Using the rela-
NPF UPE tion n=2a(o)-2 we find a "=(.25±.05) and a = (-0.3±.1) which may be compared with 

(11) ~ 0 ~ . the values of 0.35 for degenerate K (890)/K (1420) trajectory exchange and -.223 for 

K trajectory exchange respectively. 

The experimental results on reaction (1) can be compared with the prediction of a 

Regge model developed by Irving(ll). The full line curves drawn in Fig.3 represent the 

predictions of the model for the differential cross sections. 

Independently of the exchange mechanism, both the quark model(l 2) and SU(3) plus 

factorization(l 3) require reaction (1) to have the same characteristics as the reaction 

(13) 

Good agreement has been found at low energy(9,l3). A previous paper(Z) from this experi

ment presented results on reaction (13). The differential cross sections for the reactions 

(1) and (13) are compatible in shape (Fig .3a) . The total cross sections for the two 

reactions differ by 2.5s.d. which accounts for the systematically lower values of <lo 
for reaction (13). The limited statistics on reaction (13) prevents a more detailed df' 
comparison of the various exchange contributions. 

To summarize, from the K~0 (890) polarization measurement the following properties of 

reaction (1) have been deduced: 

i) Natural Parity Exchange is the dominant production mechanism (-84% of the total). 

Most of it is accmmted for by net helicity flip (-90%); 

ii) the Unnatural Parity Exchange contribution is mainly associated with the K~0 (890) 
helicity zero state; 

iii) the density matrix elements representing interference between various UPE contribu

tions are nearly zero for all values of t' ; 

iv) Kxo production is reasonably described by the Regge model of Irving, and agreement 

with the prediction of the quark model and SU(3) is found in comparing reactions (1) 

and (13). 
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SCA1ING AND THE V~OLATION OF SCA1ING 

Ning Hu 
Department of Physics, Peking University 
Institute of Theoretical Physics, Academia Sinica 

ABSTRACT 
It is shown that the asymptotic freedom is not relevant in 
order to obtain scaling for the deep inelastic scattering 
process. By assuming that the quarks perform simple har
monic oscillations inside the hadron, reasonable pion and 
nucleon structure functions can be obtained. 

We consider the deep inelastic scattering of the electron by the hadron. 

Choose the coordinate system in which the momenta P and q of the hadron and the 
virtual photon emitted by the electron satisfy the condition q = - P. In the 

following all momenta are understood as their components along the direction of 
P unless other wise indicated. The Feynman diagram of the process is shown in 

Fig. 1. The corresponding transition matrix element is 

<f<-, *-2 ·--·I<~ J /V1 J Pi>;:::~ [ <1<.,lti--· --N,._/ Vi I fl-t-/1A,·--A.,) P.-r£~£1-£-··-E. 
/"L d () I 2 Al-f.. 

<fr, -r 'f J J.J.. I 17i ) ~ -E -'f _ -~ < f, Pi · .. ?~ IV, IP> u J 
0 I 2. f'rj 

., 1 1/2 f( h 0)1. l)Y.r where Ei = (p; + M~) is the energy of the parton i, E ' 1 = \' r,+ <r +~ . V1 and 
Yx represent the effective vertex functions correspond to the shadowed parts 
in Fig. 1. They are closely related to the wave functions of the hadron states. 

No creation or annihilation of quark pairs by the virtual photon is consi.dered, 
since they can be shown to be small. Write p. = x.P with o::: x.:=:1and;ix.=1. 

1· •J.,. '1-2 1.2 
When Pis very large we have approximately P0 = P, Ei = x;P +pi/2x;P, µ:'=p:-+ M2 

1 ~ > I f. t i 

and E~ = -(x
1
P + q) -Jl,/(2x 1P + q). The negative sign on the right side of 

the last expression arises from the fact that x 1 P + q is negative. We have 
I >n l 

( 'P.- f", - E2- .. ·-Em)- ~ PI~ :x:i _µ-L 
i:r.t 

-I )-1 ( p I f µ~ µ,i. )-/ 
(Po+io-t:,-Ei-···-E,. ~ .ZX-, -t'J-o+'f+pt=zft;-+zx,P-tj- {3) 

(2) and (3) are just the two energy denominators of (1). (2) is of the order 

P. (3) will also be of the order P if the following condition is satisfied: 
2x

1
P + q

0
+ q :::: 0. (Lf) 

This may then be written in the following form 

Q"l.. + 2x I ~~ qf'-= ( q - q0)(2x
1
P + qo + q) = o. (~) 

which is just the elastic scattering condition of the electron by the parton. 

The above derivation is valid when IA.~<< P. 
./ . 

the case of deep inelastic scattering of the pion. 

We shall consider first 

(3) and the vertex function 
V;z., represent the final state interaction. The vertex function V1 (x1 ,x~) corres
ponds to the distribution function in the parton picture. In the usual treat
aent the distribution function is left undetermined by the theory. we ahall 
assume that the motion of quarks inside the hadrons is the simple harmonic 



oscillation. 
given by the 
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is 
This certainly consistent with the mass spectra of the hadrons 

f ul 1) .. :z " .. z ~ < 3 1 2, > h IL ~ 1 G v2 d e orm a r1 = - r1 + / --- + + ; w ere = e , n an .. .., 2 ~ 

are respectively the principle and orbital quantum numbers. We may consider 
the particle x

1 
as the quark (or anti-quark) which will absorb the virtual photon 

later on, and the particle Xz as the remaining part of the pion which contains 
the anti-quark (or quark) together with gluons and sea quarks. The vertex func

tion V1 of the pion may then be given by 

V, ::::: 'O_r f, C:i..uXz.) :::: -;(,,. .~:xf:> {- lfA/JJ..
2 

- /\ (X1-X2 / .M;,!. c i. ~ (b) 

where ·lil<,-'..}is the boosted ground state wave function of the simple harmonic 
oscillator. After the virtual photon is absorbed, the momentum p

1 
of particle 

1 will become p~ = p
1 

+ q = -(1 - x 1 )P, which is equal and opposite top~ of 
the particle 2. The final state may then be considered as a highly excited one
dimensional oscillator in its rest system, since the oscillation in the transverse 
direction perpendicular to P becomes now unimportant. At the moment when this 
excited oscillator is formed, the kinetic energy takes the maximum value and 
the potential energy is zero. As time increases, the quark and the anti-quark 
will move away from each other, at the same time the kinetic energy will trans
form into the potential energy. When the potential energy is large enough to 
create a quark pair, the system will break into two oscillators. This process 
of breaking into two parts will repeat again and again until the system becomes 
a large number of oscillators all in the ground states, each of them is then 
a stable hadron. Since the excitation must be very high when P is very large, 
the one-dimensional excited oscillator may be treated classically. The vertex 
function v~ may then be approximated by the following expression: 

VL ;::: 'Ir [ (I - x,) b r, 1'1" (7) 

This result is obtained by taking the square root of the probability of finding 
this classical oscillator at the maximum kinetic energy just when the oscillator 
is formed. However, as a classical oscillator this probability is found to be 
infinity. So we have to consider the average probability over a small interval $ 

-Uud 
It should be pointed out in passing one important consequence of con-

" sidering the quarks as performing simple harmonio oscillations is that the aver-
age potential energy is equal to one-half of the total energy. Since the po
tential energy is stored in the gluon field, this explains the well-known fact 
that one-half of the energy P0 belongs to the gluon field. Recent experiments 
showed also that the distribution of transverse momentum)' in jets produced 
by deep inelastic scattering is of the Gaussian type 2>3 ~instead of the ex
ponential type usually observed in jets produced by hadron-hadron collisions. 
This may be considered as another evidence that the quarks inside the hadrons 
do perform the simple harmonic oscillations. The deviation from the Gaussian 
distribution for jets produced by hadron-hadron collisions may be explained by 
the fact that gluons also take part in the interaction. The final expression 
for the pion structure function is finally given by 
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When the hadron in the initial state is a nucleon, V1 is then given by 
( 6) , with the pion mass M 71 replaced by the nucleon mass Ml'/ • p / represents the 
quark which will absorb the virtual photon as before, but Pz = x~P now represents 
the boson containing the remaining part of the nucleon. We assume that this 
boson has the same quantum numbers as a pion-like state formed by a nucleon and 
an anti-quark, so V1 also contains a matrix o~· The structure function obtained 
for the nucleon by similar calculations is 

z 2.. 2..} ) 
F<.,N (X) "'-' ~ Q;,z,X ( 1 -x)71zQ:/p i-2)\ (2X-1) f1N. c (q 

The structure functions F~ (x) and F:{ (x) are plotted in Figs. 2 and 3.The dashed 
curve represents the well-known function (1 - x) 3• 

cess 

A different curve for F2n (x) determined experimentally 4> from the pro-
1{;-f---7/'/,~ using Drell-Yans' resuit 5) that the structure function of the 

above process is given by the product of the pion and nucleon structure functions. 
However, this result is true only when the final state interaction can be over
looked. The true picture of the above process will be like this: As soon as 
the quark and the anti-quark annihilate into a virtual photon, the remaining 
parts of the two hadrons will i.n tegrate into an excited one dimensional oscil
lator as in the cases considered before. The result of this consideration will 
be given else where. This provides a new test of QCD or the asymptotic freedom. 

We shall now turn to consider the violation of scaling due to the emis-
sion of a gluon k of large transverse component k J. • The corresponding Feynman 
diagram is shown in Fig 4. The transition matrix element is 

< k1 k,_··· fi,., / M ( P'? > = 2- L Z k 1 ki.·· ··kn /Vi_ j k/ A-k f-~/ ~ ··-fM) 
»< A 

W0 ~?.0 -£/-E'";;---f (?,-kt J- f J.i..} (',-k) 
,,, Pa-f.i -t/-Ec ·· · -&,, 

< A-k I J~ I t; > . < J7
, A .. l7m. I L< I P) 

fu-E,-EL- ··-Em uo) 

where £0 , Ei., E; gµid Ei' are energies corresponding 

and p - k + q respectively. Introducing 
to the momenta k, p, • p - k, 

i I 

I 

Pi, -:: Xi, P, -k::; Cl- 'lr ) f, = :x:., (I - } ) p, 
we obtain 

f-o:::: x, (I -'3-) P + J{f /ZX..1 C1-J)P
1 t:~ ~ .x, P -r -k.//zx, P 

E/
1 

= - g_ - x, JP- -k..Lz/2 r_ <J-.,. .x./J· P) 

Ur) 

pf being neglected in comparison with k:·. Inserting (12) in the energy de
nominator of (10) , we obtain further 
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( ulc -€0 -E,'-E,--- -E>-K )-
1 

,.._ P 1[-
1
- + - 1-] ..f 

2 
~ /, x

1
(1-J) .::<.

1
3- IZL 

(13) and (14) are of the order P. 
lowing condition is satisfied 

(15) will also be of the order P if the fol-

-1- I ) /<.2 ~J-r i -r2x,} P- Cx,(r-J) + ~ ,; o 
Multiplying by q - qc as before , we obtain 

6t + 2.X1 'ft r;. i-14 - ( -(
1 

) -+ _!_) (I -.X1-;) t.1.2 
~ Q 

X1 f-?r I -Xr1 
The third term represents the deviation from the condition of the elastic scatter
ing condition(5). From (16) we get 

(!7) 

which is different from the following result obtained in the usual treatment 
based on the leading logarithm approximation: 

UfJ) 
The final equation describing the violation of scaling for the non-singular 
distribution function qN8 (x) is given by 

it 'J-N5 ( x1 i-) :::. ~i.[ '~ <j. !V>tx/ft-)J-: { ~)) c>(;t; ::: d[k (Ql___&/J] 

p, (~)=Li. J. J<r~~) ~ (u rut
2
xr Uf) 

16 JT <, sp:n, 'k.f ' 
When the final state interaction is important, it would be unjustified to con
sider the gluon k: as a free pal'ticle with transverse polarizations only, as was 
done in the usual treatment. As a virtual particle it must have 4 polarisations$ 
or e.t leat three polarizations if it materializes into a vector meson. With 4 
polarizations the same result of scaling violation will be obtajned for Yang

Mills gluon as the scalar, pseudo-scalar and vector gluons apat""t from the dif
ferent t dependence of the coupling constants. 
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EXPERH!ENTJ\L REVIEW OF DEEP INELASTIC ELECTRON J\ND MUON SCATTERING 

E. Cabathuler 

CERN, Geneva, Switzerland 

1. INTRODUCTION 

In this review of inelastic electron and muon scattering, emphasis will be placed on 

the new data in this field which have appeared since the Tokyo Conference 1
), and on the 

areas where there are apparent discrepancies between the experimental results and the most 

successful theoretical prescription of the present day given by quantum chromodynamics 

(QC:D). This theory provides a mechanism of introducing non-scaling effects into the quark

parton model (QP~I) to take accmmt of gluon emission off the quarks. The value of the 

quark-gluon coupling constant is given by 

where F = No. of flavours and /\ (CeV) is detennined from a moments analysis of the structure 

functions. I lowever, since a "" 0 .1, then the inclusion of higher-order corrections compli
s 

cates the simple leading-order theory where /\ is independent of the moment. 

For the first time there are good quality multimuon data presented at this Conference, 

with significant statistics to show that multimuon final states can be used to study pro

duction of new flavours in the multi-GeV region. The energy dependence of the cross-section 

can be used to make further tests of QCD through the fusion mechanism of a photon + gluon -> 

-• heavy quark-pair production. The extension of these experiments to detect '.'. 3 charged 

leptons incorporating missing energy and pT imbalance will provide a sensitive method of 

enhancing new flavours. 

The study of final-state hadrons by electron-muon interactions is still to be pursued 

111 high-energy regions where the current and target fragmentation reeions can he separated, 

and only very general global properties will be discussed. The complete final hadronic 

state in inelastic lepton scattering is an evolvement of quarks and gluons into hadrons, 

and therefore specific tests 1vill be forthcoming when sufficiently large data samples of 

complete events have been collected. Ilere the monochromatic muon beam provides many more 

high-energy events compared to a broad-band neutrino beam in 112 or D2. For many aspects of 

quark fragmentation studies, the ability to distinguish the different particles and to de

fine large statistical subsets of events in x, Q2
, xF' pT' and \\' far outweighs the advantage 

of knowing the target quark uniquely. 

2. TllE DETERMINATION OF R 

The detennination of R, the ratio of the cross-sections for the absorption of longitu

dinal and transverse photons, has been experimentally very difficult. It is only possible 

to change the amount of polarization over a very limited range at the smne value of (x, Q2 ) 

by changing the kinematic variah.les (E, 0), and therefore systematic errors dominate the 

measurement. 

R 
.\[mQ + PJl 

Q2 
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where mQ' pT are the mass and transverse momentum of the quark in the nucleon. For a quark 

of spin 1/2, then oL = 0 for mQ = pT = 0. llowever, it is well known from Jlrell-Yan measure

ments that pT "' 0 and is therefore x-dependent. If the contribution to QCIJ is included, 

then 

In the first tenn, P}Cx) hill behave like (1 - x) at large x and be constant at small x. 

The second term 1-Jill behave like (l - x) 3
, enhancing the sma11 x region. 

The most precise data on R come from the lower-energy SLJ\C-MIT measurements 2
), which 

are illustrated in Fig. 1 in tenns of Q2 and \112 • 1t j s interesting to note that the con

sistency of the data points is very good, and that there is no obvious decrease with 02 

over the whole kinematic range. From all these measurements, the value <n> t = 0.2.l ± O.l 
\\1 _.av. 

is obtained. I\ cletennination of l\ over a limited range of x < 0.1 has been made hy the 

Chicago-llarvarcl-Illinois-Oxforcl (CIIIO) Co11aboration from their lb measurements at different 

muon energies 3
). The data are plotted against x in Fig. 2 and indicate that R increases at 

small x values, which is expected from the QC:ll contribuU on. In Fig. 3 both sets of data 

are used to illustrate the x dependence for fixed 0 2 ranges in the regions of overlap. The 

QC:D prediction of l\eya 4
) is indicated hy the clotted curve. The separate contrihut.ions of 

the dynamical and primordial components are given for Q2 
= 3 (CeV/c) 2 • ln spite of the fact 

that the uncertainty on R is large in these small interva.ls of 0 2
, it is obvious that in 

the larger x regions the experimental points arc well above the theoretical predictions. 

The value of Jl. can also be determined from the y distrjbutions in neutrino interactions 

through the Ca1lan-Cross relationship;;). Although there is no a pY'im,i reason why they 

should be idenU cal in both reactions, at 1 east s imDar trends are expected. The values of 

R given at this C:onfcrence 6
) are tabulated in Table 1 below and are consistent with zero 

for Q2
::: 1 (GeV/c) 2

• llowever, it should be noted that by integrating over the x variable, 

the magnitude of R will in general be reduced. 

Table 1 

Experimental results on ll. from neutrino data 

·-

Exp R h - 2xF1 Q2 (GeV/c) 2 = 
F2 

GGM 0.32 i (). lS Q? < 1 

BEBC 0.ll ± () .14 Q2 < 1 

CDHS -0.03 i (J. OS (Q2) 'V 20 
-------- --------------------------- -------------

HPWF 0.10 ± 0.06 (±0.04) a) (Q2) 'V 20 

FMII -0.12 ± 0.16 (Q2) 'V s 

C:DHS 0.03 ± ll. OS (±0.1) a) (Q2) 'V 20 
I 

a) With radiative correction 
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J\ very interesting model of the nucleon has been proposed 7
), when two of the valence 

quarks form a diquark state. This model enhances the larger x region as illustrated in 

Fig. 4. The diquark system can consist of a (ud) spin-zero combination of charge 1/3, or a 

(uu) spin-1 combination of charge ''/3 , which could lead to differences between neutrino and 

muon scattering in the larger x region. 

It is therefore important to make further precision measurements of R in the higher Q2 

and larger x region. Figure 5 shows the uncertainty in measuring [( for one of the new CERN 

experiments, which is indicated by the shaded regions assuming a total integrated luminosity 

of 10 38
, six different energies, and a 3% systematic measuring uncertainty. J\ long-tenn 

commit1nent by the experimental groups over several years will he required to resolve these 

differences between theory and experiment. However, since the w1clerstanding of the pT be

haviour of the quarks in the nucleon is one of the most important inputs in our understand

ing of hadronic interactions, measurements of R will be of the utmost interest. 

3 • STRUCTURE FlJNC:T IONS 

3.1 Heavy targets 

Deep inelastic electron and muon scattering mainly through the inelastic electron 

scattering has given the most precise data on structure functions, in particular the x and 

Q2 dependence of F2 • From this basic platfonn has evolved the QCD theory, and from further 

precise scattering data the parameters (as, /\) should eventually be determined. At present 

there is over-all reasonable agreement between the theoretical predictions and experiment, 

except for one experiment which because of its high ltuninosity extends the ranges of Q2 and 

x well beyond that of any existing data. This experiment has been carried out by an FNAL

Michigan group using 275 GeV/c muons on an iron-calorimeter target, and has recorded 10 6 

deep inelastic events with Q2 
;:: S (GeV/c) 2

• The results of this experiment have been pub

lished8) and are presented at this Conference. 

In Fig. 6, the value of F2 (x, Q2
) is plotted against (~ 2 for different x regions, where 

the curves are obtained from a QCD parametrization given by Buras and Gaemers 9
) using a 

value of/\= 0.4 (dotted line) and/\= 0.5 (solid line). A value of R = 0.25 has been used 

in the extraction of F2. From the results, there is a clear deviation between theory and 

experiment which appears as <m enhancement in the region 10 < Q2 < 50 (GeV /c) 2 in the lower 

x regions. This can be seen more easily in Fig. 7, where the ratio of the experimental de

termination of Fz to the theoretical one given by QCD (/\ = 0.5) is plotted versus Q2 • The 

dotted line shows the effect of changing /\ from this value of 0.5 to 0.4. However, this 

enhancement appears to have a fairly strong threshold effect in Q2 and also is most pro

nounced in the region 0.1 < x < 0.3. Since x and Q2 are related through v or W, the total 

centre-of-mass hadronic energy, it is important to establish which variable is producing 

the effect. Figure 8 gives the ratio of the observed value of Fi and the predicted value 

as a fLmct ion of \'.' 2 • The solid lines are separate fits for li' 2 < 80 CeV2 and \;' 2 > 80 GeV 2
, 

and other fits are for a linear dependence and step function in \\'2 • The results indicate 

that the deviation in the structure function is due to a threshold effect at W::: 9 GeV. The 

effect cannot be explained by any kinematic tmcertainties or known corrections. 

Three new experiments have presented preliminary results at this Conference. At this 

early stage of their ;111alysis, an over-all nonnalization uncertainty of ±15';, is given for 
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each experiment. As these experiments are presented for the first time, a brief description 

will be given, since the experimental techniques are very different in the three experiments. 

At FNAL, an experiment has been carried out by a Berkeley-FNAL-Princeton (BFP) Collab

oration using a large iron multimuon spectrometer consisting of 18 modules of 5 x 10 cm 

thick iron plates, magnetized in the vertical direction. Scintillation counters together 

with proportional and drift chambers are interspersed between the iron as illustrated in 

Fig. 9, to provide triggering and a measurement of the muon trajectory and the hadronic 

energy. TI1e uncertainty in Q2 is "-' 10% and the resolution (LIE) on the hadronic energy mea

surement is 1. 5v'l': (GeV). Data have been taken at 219 GeV using 4 x 10 11 µ+ with some JJ

rwming at that energy, and also at 100 GeV using 5 x 10 9 µ+. The total luminosity achieved 

was 1. 5 x 10 3 9 cm- 2. The results presented here correspond to "-' 17% of the 219 GeV data set. 

At CERN, two experiments are at present data-taking in the North Area muon beam: 

The NA4 experiment: a Bologna-CERN-Dubna-Munich-Saclay (BCDMS) Collaboration have 

carried out measurements at 280 GeV using a carbon target. The apparatus, illustrated in 

Fig. 10, consists of 10 identical toroidal iron modules which are magnetized. The carbon 

target extends throughout the complete 50 m length of the apparatus. Proportional chambers 

and liquid scintillation cow1ters are inserted throughout the spectrometer to provide trig

gering and to measure the muon trajectories which spiral in the magnetized iron. The uncer

tainty in Q2 is ::; 10% for focalized tracks and between 10-20% for defocalized trajectories 

(opposite sign). The apparatus has a high rate capability since hadronic showers are ab

sorbed in the iron. Data have been collected at 280 GeV using 10 11 µ+giving a total lumi

nosity of 5 x 10 38 cm- 2
• The results presented here correspond to 30% of these data. 

The NA2 experiment: a CERN-DESY-Freiburg-Kiel-LAPP-Lancaster-Liverpool-Oxford

Rutherford-Shrivenham-Turin Collaboration (European Muon Collaboration, EMC) have carried 

out measurements using an iron scintillator calorimeter target with a hadronic energy reso

lution (!1E) given by 0. 41E 0 
• 

6 (GeV) . The apparatus consists of a large conventional spec

trometer magnet using proportional and drift chambers to measure the scattered muons to

gether 1vi th the fonvard hndrons. Scintillation counters are used for triggering, and the 

muons are distinguished by their ability to penetrate the calorimeter and magnetized iron 

absorber as :illustrated in Fig. 11. 111e multiple scattering in the iron target detenn:ines 

L1x/x = 0.15. Data have been collected at 280 GeV using 8 x 10 10 µ+ and at 250 GeV using 

5 x 10 11 µ+for a total luminosity of 7 x 10 38 cm- 2. The results presented here represent 

15% of the data collected, and are confined to the 280 GeV sample only. 

For the EMC data, the value of F2(x, Q2) is plotted against Q2 for different x regions 

:in Fig. 12a. The minimum range of Q2 is determined by the fact that the data have been taken 

at 280 GeV with a minimum angle cut"-' 1 degree (02
. o: EE'e 2. ). This cut has been intro-

'llnn nnn 
duced by the present level of confidence in the measurement of the scattered muon at small 

angles close to the :incident beam direction. It is :interesting to note that the data do 

not show any large variations with Q2 in the range of (x, Q2 ) presented. This is, of 

course, consistent with what is expected in QCD, where the deviations from scaling given by 

log (Q2/A2) are largest in the lower ()2 region owing to the smallness of A. This can be 

seen in Fig. 12b, where data from SLAC 10
) on inelastic electron-deuteron scattering are pre

sented together with EMC iron data. Allowing for the uncertainty in the nonnalization of 

the EMC data at this stage, it is evident that the largest variations in F2 with Q2 occur 111 
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the region Q2 < 20 (GeV/c) 2 • Figure 12 clearly shows the importance of having in one exper

iment a complete set of data spanning the low- and high-Q2 regions for all x. 

Figure 13 presents a comparison between the EMC data and those of the FNAL-Michigan 

experiment. At present there is no indicaticn of an enhancement in the EMC data similar to 

that observed in the rNAL experiment. The disagreement between the two experiments in the 

larger x region should not be taken seriously at present, since in this x region the method 

of defining the centre of the x bin can introduce large differences in Fz. llowever, even 

allowing for an over-al1 nonnalization di ~placement of the two data sets, there is no indi

cation of an enhancement in the EMC data in the range 0.1 < x < 0.3. 

It is of considerable interest to compare Fz as measured by muons and by neutrinos, 
\JN s/ vN since there is a simple relationship which states that F2 = is F2 Hhen the strange, 

chann, etc., sea contributions are neglected. The comparison between the EMC data and those 

of CERN-Dortmund-Heidelberg-Saclay (CDIJS) 11
) can be seen in Figs. 14a and 14b, where 

F2(x, Q2) is plotted against Q2 in the same x intervals. The agreement between the two 

experiments is very good and provides further proof of the simple concepts of the QPM. 

The preliminary results of the BCilMS Collaboration giving F2(x, Q2) as a function of Q2 

for different x regions are illustrated in Fig. 15 and, as a comparison with the CD!IS neu

trino experiment, in Fig. 16. The minimrnn Q2 is again limited by the muon energy and the 

minimrnn angle accepted by the spectrometer. However, the over-all (i dependence has a 

behaviour similar to that given by the LMC data, as illustrated in Fig. 17 where the two 

data sets are compared. 

The BFP Collaboration have determined the structure fwlCtion F2(x, Q2) using a paramet

rization for R given by R = l.2(1-x)/Q2, whereas the two CERN experiments assrnned a constant 

value of "' 0.2, and the results from that experiment are illustrated in Fig. 18. A compari

son between the BFP results and the EMC results is given in Fig. 19, showing excellent 

agreement in nonnalization and Q2 dependence in view of the over-all ±15% uncertainty quoted 

by both experiments at this time. 

from these three new e)q)eriments, which have been made using iron and carbon targets, 

the following conclusions can he drawn. Although the data arc preliminary at this stage, 

there is reasonably good agreement between all three experiments. The structure functions 

do not show any large deviations with C) 2
, in particular for Q2 ;o: 20 (GeV/c) 2 which is consis

tent with QCD predictions. There is no evidence of the enhancement seen by the FNAL-Michigan 

experiment, although further data will be required to rule out smaller effects around the 

10% level. There is good agreement between F2(x, Q2) as measured by muons and neutrinos 

when the coupling to the quark charges is taken into account. Data will have to be analysed 

at lower energies in order to achieve lower () 2 coverage before a meaningful moments analysis 

can be made. High-precision data from muon and neutrino experiments off an iron target will 

become available in the near future, which should allow the possibility to look for small 

differences in the behaviour of the structure fwlCtions. 111is may even shed some light on 

R if the sea contributions can be properly taken into account through dilepton-neutrino 

studies. 

3. 2 Ilydrogen targets 

At present, the existing data on lb have been obtained by the CHIO Collaboration 1 2
) 

and from the SLAC experiments 13
). Figure 20 shows the combined data for F2(x, Q2

) as a 
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fw1ction of x for different Q2 regions. The best data at large x in the low Q2 region come 

from the SLAC measurements, while the data up to a Q2 = 50 (GeV/c) 2 come mostly from the 

CHIO experiment. The EMC Collaboration have collected data at an energy of 280 GeV using 

10 12 µ+ and at 240 GeV using 5 x 10 11 µ+ for a total lwninosity of 4 x 10 3 7 cm- 2
• A similar 

amount of data have been taken in deuterium at 280 GeV. 

The data presented at this Conference correspond to 10% of the 280 GeV l lz data. The 

value of F2(x, Q2) is plotted in Fig. 21 against Q2 for different x regions and extends the 

existing data up to Q2 = 100 (GeV/c) 2. A value of R = 0.2 has been used in the extraction 

of F2. Although the data are preliminary the trends of the scaling violations are clearly 

visible, the data extending clown to much lower values of Q2 than for the iron target data. 

It is interesting to compare the EMC data with the CHIO data, and this is illustrated in 

Fig. 22. Here the agreement is quite good, in particular at larger x. This can also be 

seen in the comparison (Fig. 23) between the CHIO and the EMC variations of F2 versus x in 

the region 30 < Q2 < 50 (GeV/c) 2
• Clearly more work is required in order to resolve the 

differences in the small x region, where many of the corrections due to radiative correc

tions, experimental systematic uncertainties, etc., have to be carefully studiell. 

In order to see to what extent the deviations from scaling correspond to the predic

tions of QCD, it is considered advantageous to study the behaviour of the moments of the 

structure functions rather than the structure functions themselves. In general the predic

tions arc simplest for the flavour non-singlet structure functions such as rr-r~ in electron

muon scattering or xF 3 in charged-current neutrino scattering. The determination of the 

moments from which a value for AN can be determined has become a very active industry, where 

the simple understanding has become somewhat obscured in the treatment of higher-order cor

rections. Figures 24a and 24b show the variation of AN with N for Fr-F~ and for xf3, to

gether with the theoretical predictions of Sachrajda 14 ) and Duke and Roberts 15 ). In the 

muon experiment, the same data-set forms the basis of the two independent analyses, one by 

Quirk ct al. 16 ) and the other by Duke and Roberts 15 ). In the neutrino determination of xF 3 , 

both the BEBC 17 ) and CDHS 18 ) experiments are essentially determining the same quantity using 

different lower Q2 data in conjunction with their own measurements. Theoretically, QCD 

predicts that AN rises with N, but clearly the extraction of a value of A from the existing 

data is non-trivial. This can be seen from a prediction given by Ross 19
) in Fig. 25, where 

the effect of changing A by a factor of 2 in leading order changes the structure function 

by an amount ('\, 10%) similar to that obtained by including the first higher-order correction 

in as. The need for a complete set of measurements for F2(x, Q2
) which span the whole x 

and Q2 regions is evident. It is not yet clear whether it will be possible to separate 

l/log (Q2/A 2
) from l/Q2 behaviour when the higher-order corrections are also taken into 

account. 

4 . MULTIMUONS 

The production of multimuons by muons is more complicated than, for example, in neu

trino physics owing to the electromagnctic-hadronic nature of the photon, which means that 

QED and vector dominance Drell-Yan processes dominate over all other processes at low masses. 

The various processes which contribute to the final state of ~ 2 prompt muons are illustrated 

final states, and therefore it is possible to check aspects of quark-lepton universality 
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through the interference amplitudes in the differential cross-sections. Multimuons produced 

in a high-lwninosity heavy target can be used as indicated in the flavour-changing process 

to signature quark cascades through leptonic decays giving large pT muons. Bow1d states 

produced by qq fonnation can be detected as narrow µ+p- resonances. In the vector dominance 

picture, where the photon behaves like a qq vector state, opposite-sign pairs can be pro

duced by the annihilation of a q from the qq vector state with a quark from the nucleon or 

vice versa. 

The behaviour of the cross-section for different processes is presented in Figs. 27a 

and 27b for an incident energy of 280 GeV with kinematic cuts of E > 5 GeV and 8 > 5 mrad 
)J jJ 

for the fastest muon of like sign to the beam. Figure 27a illustrates the well-known rapid 

fall-off in the yield when the four-momentum transfers to the muon vertex and to the quark

target vertex are increased. Figure 27b shows how the cross-section of theµ+µ- varies with 

longitudinal energy and invariant pair mass for the various coherent and incoherent proces

ses. It is evident that the electromagnetic and Drell-Yan processes dominate over all other 

processes unless selective kinematic selections are made. For example, it should be possible 

to increase charm production over background if the simple Q2 dependence of the cross-section 

[ 2 2)]-2 given by 1 + (Q /MtjJ actually works for masses much bigger than the proton mass. In 

addition, for calorimeter targets the missing neutrino energy provides a possible signature 

of prompt D decays. Figure 28 shows that in both the BFP and EMC experiments like-sign and 

unlike-sign dimuon inelastic events have 'V 20 GeV missing energy when compared to the normal 

deep inelastic process. The muon mass spectra of the BFP and of the EMC iron target experi

ments arc illustrated in Figs. 29 and 30 where the muon of like sign to the beam with the 

largest I\ or smallest es for high v events is the main criterion used to define the scat

tered muon. The BCDMS experiment has studied multimuon production from carbon and theµ+µ

mass spcctnun for those muons entering the toroids is plotted in Fig. 31. All three experi

ments have a clear peak in their dimuon spectrum at the J/\j! mass, achieving a mass resolution 

of'" 10%, which is consistent with that given by the detection apparatus. The BCU\lS experi

ment has a very small acceptance (<v 1%) at a mass of 3 GeV, rising to <v 60% at 10 GeV. How

ever, at that mass the small number of events is consistent with QED predictions. In order 

to enhance the T-+ 1:+r1- decays, it will be necessary to select muons of large angle, since 

the cross-section for QED has a steeper 8 dependence than that for vector meson production. 

Figures 32 and 33 illustrate the Q2 dependence of the elastic J/l/J cross-section for the BFP 

and EMC experiments, where the elastic events arc defined as those events with a total ob

served energy < 5 GcV consistent with radiated energy loss from the muons. For the first 

time there is clear evidence that the shallow Q2 dependence behaves like an <v 3 GeV mass 

effect in the propagator dependence. This confirms the previous statement that it is pos

sible to enhance chann production (assumed mediated by JN production) over the background 

of strange particle production (mediated by ¢ production) by tuning the Q2 dependence de

fined by the scattered muon. 

The energy dependence of the J/\j!-production cross-section, given by (da/dt) (Q2 = 0, 

t = 0), has been obtained using the Q2 dependence of J/\j! production and the t-dependence 

taken from photoproduction20 ). The cross-section rises rapidly from threshold and flattens 

out at a value <v 50 nb/(GeV/c 2
), as illustrated in Fig. 33. Systematic errors (<v 2oi) are 

not included. 
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It is useful to compare the behaviour of J/ijJ production with that of¢ production. 

Figures 34a and 34b illustrate the Q2 dependence and the energy dependence of ¢ clectropro

duction21) and photoproduction experiments 22 ). The results arc clearly in agreement with 

vector dominance model (VDM) predictions using the mass scale of the ¢ meson. The relation

ship between the photon-gluon (QCD) process and VDM process in predicting the energy depen

dence of the cross-section should provide further insight into our understanding of haclronic 

interactions within the QCD framework. 

An attempt has been made by the Michigan-FNJ\L group23 ) to establish evidence for charm 

using a large dimuon sample. The dimuon kinematic distribution is presented in Fig. 35 in 

terms of the produced dimuon momentum and transverse momentum relative to the virtual photon 

direction for 275 GeV incident TJ1uons. The contributions expected from QED, charm production, 

and decays are also indicated. However, since it was indicated in Fig. 27b that background 

QED and vector dominance Drell-Yan processes have a behaviour similar to that shown here, it 

is therefore necessary to understand the precise shape and normalization of each background 

contribution. Again it would be advantageous to look at the events which dominate the low 

pT and low pL dimuon mass spectra in order to confirm missing energy. 

In conclusion, the multirnuon data presented provide the first evidence for virtual 

photoproduction of J/ljJ through their muon decay, and are in agreement with the VDM in their 

Q2 dependence. The energy dependence of elastic and inelastic J/ljJ production should provide 

clean tests of QCD since heavy quark masses are involved. Future detailed studies arc neces

sary to look for a unique charm signature, but the avernge small missing energy of cv 15 to 

20 GeV makes this problem difficult. The possibility of measuring longitudinal components 

in the photon interaction can in principle be studied through the decay angular distribution 

of the dimuon events. 

5. FINAL-STATE Il.ADRONS 

The study of final-state hadrons in deep inelastic scattering provides a very useful 

test of our ideas on how quarks and gluons fragment into hadrons. However, apart from low

energy experiments carried out at electron accelerators, th0re has not yet been a detailed 

study of complete hadronic final states at high energies. Since the quark jets etc. are 

expected to have an opening {mgle of -'-30° at H~\L/SPS energies, it is necessciry to carry 

out experiments with a lcirge-solid-anglc detector. At present, all the studies of final

state hadrons at high energies have been made using limited-acceptance forward spectrometers. 

The transverse momentwn of single hadrons with respect to the direction of the virtual 

photon is important in that (pf) is expected to reflect the primordial pT of the quark in 

the nucleon, the gluon (or pair production) emission off the quark, and the fragmentation 

of the quark back into a hadron. Figure 36 shrnvs the (p.j,) versus Q2 for the CIII02 4
) and 

BEBC neutrino cxperiment25 ) for all hadrons with Z > 0.2. The results show good agreement 

between the muon and neutrino measurements of the (pf). However, the absolute value of the 

(pf) is somewhat higher than the QCD prediction given by Q2 /log(Q2/A 2
) although the nver-all 

Q2 dependence is in qualitative agreement. The (pf) rises with Z, which is known as the 

seagull effect, and therefore it is not possible to draw any simple conclusions since 

<P}> = [(p,~,(prim.)) + (pt(QCD))]Z 2 + (p-}(frag.)) . 
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figure 37 presents the W2 dependence of the <Pr) of the hadrons for inelastic electron26
), 

muon24 ), and neutrino 25 ) scattering, as well as that from electron-positron collisions27
). 

The straight lines (log W2
) are obtained by fitting the e+e- data and transposing that de-

pendence to the inelastic lepton data. The agreement is reasonably good in the W2 

and it is expected that the (pT(e+e-)) is less than (p.}Uh)) since the jet axis is 

in the e+e- hadronic events by minimizing the pT distributions (sphericity axis). 

prediction that (pT) depends on Q2 rather than iog W2 cannot yet be proven because 

small range in W over which the measurements have been carried out. 

dependence 

defined 

The QCD 

of the 

A comparison of the sphericity axis and the virtual photon axis has been made by the 

llESY-Cornell (DEC0) 28 ) Collaboration using data obtained from a streamer chamber in the 

kinematic range 1 < Q2 < 6 (GeV/c) 2 and 9 < W2 < 16 GeV2
• In order to avoid contamination from 

diffractive processes, only events with three charged tracks in the final state were accep

ted. Figure 38 shows the distribution of events versus !cos 81, where 8 is the angle be

tween the sphericity axis and the vertical photon a.xis in the centre-of-mass system. The 

two axes are closely correlated but are not identical. Figure 39 presents the (PT) and (p1) 

distributions of all the hadrons as a function of l'J' = W - MN + m" for nch > 3. It is in

teresting to note that there is a smooth continuation in the W' dependence when the spheric

ity axis is used for ep and e+e- events, whereas this is not so when the virtual photon axis 

is used in ep. These results suggest that the pT of the initial quark has a most likely 

value given by 0.5 < pT < 0.9 GeV/c. However, it is again obvious that carrying out the 

same exercise at higher energies will provide a better test, since the present W range has 

a very limited multiplicity in which to carry out sphericity analyses. 

The whole range of single-arm measurements in tenns of the usual lepton and hadron 

final-state variables does not indicate any features which are different from those where 

hadrons are used as the incident particles. In order to look for specific quark or gluon 

effects, it is necessary to bin the data in discrete intervals of the different variables. 

The quality and quantity of the present data are not yet sufficient for carrying out such 

detailed studies. 

6. CONCLUSIONS 

In a rather short period of time, the study of deep inelastic scattering has given us 

initially through scaling a very good dynamical theory of quarks within the nucleon (QPM) 

and the addition of the gluon concept through non-scaling (QCD). Clearly, future work in 

this field requires a detailed study of what is actually meant by QCD tests, i.e. what par

ticul3r facet of the theory is actually being tested. 

With future high-statistics experiments on the same targets, it will be possible to 

make detailed comparisons between muon and neutrino structure functions for Fi and Fz. The 

study of multimuons and hadronic final states is still very much in its infancy, but muon 

beams provide the highest energy, highest luminosity interactions on hydrogen targets with 

which to study the interplay between quarks, gluons, and leptons at high energies. In con

clusion, the results of a little-known experiment which has been carried out at FNAL by a 

Cornell-Krakow-Michigan-Washington (CK!vfi\l) group2 9
) , using 5. 6 litres of emulsion exposed to 

a 150 GeV muon beam, illustrate the need for a comprehensive understanding of hadronic final 

states. This group has measured the angular distributions of the hadrons and compared the 
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pseudo-rapicli ty di strihut ions h'i th those of pi on- and proton-induced reactions at the same 

centre-of-mass energy. The results illustrated in Fig. 40 show that while then· is good 

agreement between a11 experi111cntal data in tlw forward and backlvanl directions, there is a 

clear discrepancy in the central region. H this effect is not caused hy a large statisti

cal fluctuation or measuring uncertainty, then it is interesting at Jcast to ask the ques

tion whether this can be explained by the 'di ffcrent absorption of quarks and g l t1ons in nu

clear matter. QC:D as a theory of the strong interactions should eventually be able to 

answer this question. 
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MUL Tl· MUON SPECTROMETER 
BERKELEY·FERMILAB·PRINCETON 12 ,, 

$ 1•12 in modules 4,6,8,10,12,14,16,18 
PC+ DC in 1-18 SC in 1-15 

Fig. 9 The layout of the Berkeley-FNAL-Princeton multimuon spectrometer 
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Fig. 35 The dimuon spectrum for the Michigan-FNAL experiment as a function of longitudinal 
and transverse momenta 
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DISCUSSION 

Clu:d1>mon: S.C.C. Ting 

Sci. Secretaries: C. Best and IL Gennow 

S.J. Brodsky (comment): As emphasized by a number of authors (e.g. Blankenbecler and Sclunidt, 
Abbot and Barnett, Abbot et al.) effects from high twist terms can seriously affect the QCD 
analyses. In Ohm's words, any fit which has logarithmic terms only wi11 always set /\ 2 just 
where the power law effects are rapidly changing. 111Us the "true" /\ 2 could be much smaller 
than the usually quoted values. 

G. I'1'eparota (comment): I would like to have your pennission to show again the prediction 
from a "non-naive" approach to QCD (the Massive Quark Model), which illustrates that the 
BEBC and C:DllS data can be explained without having to resort to two values of /\. 

Also I would like to point out that in our analysis (P. Castorina, G. Nardulli and G. Preparata) 
we predict larger scaling violations in µp than in µn, which is clearly indicated in the lb 
data you presented from the European Muon Collaboration. 

I'. M-inlwwski: I was confused by two different plots of (PT> versus \\! (hadron energy): one 
seemed to show a logarithmic behaviour whereas the e+e- (PT) analysis clearly indicates a 
linear dependence 

{ (PT) ex lo~ W } 

Could you clarify this point'? 

E. Gabathulm>: I plotted the data on a log scale to get it all in. Owing to the short lever 
arm for e+e- data you can fit it either linearly or logarithmically. 1110 neutrino data would 
obviously prefer a linear dependence. Now if I look at the op µp data then the best fit would 
be logari tlunic but you stil1 cannot rule out a linear fit. We have to extend the lever ann 
in W and get better precision. 

lV.S. Craigie: On the question of R = o1/oT, do I understand correctly that there is no indi
cation of /\/Q 2 effects or even the l/log Q2 effects predicted hy QCD. Is this likely to be 
a question of experimental uncertainty or is it likely to be a real dynamical effect? 

E. Gabathule1•: J feel that if you really look into the data rather than do the experiment 
yourself it is hard to tell. A large amount of effort has been put into trying to compare 
all the data, and the points I showed in that t<lhlc were in fact a s~unmary of data taken at 
many different values of the polarization and there is a consistency in the data. I myself 
tend to believe that the data points are correct and we still have a lot of explaining to do 
as to 1vhy we are seeing this behaviour. R is very sensitive to many effects, particularly 
in the small x to large x transition region. 

G. HC1Pln'.2Z?im'.: Neutrino and muon data on df'f'P inf'lastic scnttf'ring c:how somf' difference in 
oLfoT ratio, that you said could he explained in tcrn1s of some quark states in the nucleon. 
Do you know if this cxpl anation will produce some other differences in neutrino and charged 
lepton deep inelastic scattering? 

E. Gabathuler: I am not an cx1)crt on this but when I talked to Callan, who is, he told me 
that there is no reason why the neutrino value of R and the c/µ value of R should be the 
same. After all one is dea.1ing with differC'nt currents. llowevcr, the agreement on F2 looks 
ranarkably good. 

J. Soffer: From what we heard yesterday it seems that elastic form factors are important 
in the tests of QCD. Can we hope to have a better experimental detern1ination of the proton 
elastic fonn factor in the near future? 

E. Gobothuler: It is very hard to measure the elastic scattering much above 10 GeV incident 
energy at large Q2

• The question of whether one has to include the elastics or not in the 
moments analysis I think in some sense indicates that we still do not properly understand 
the systematic errors in all these experiments. Therefore, until one has a complete data 
set from a sinPle exnPrirnPnt ovPr 8 J;iroP n2 ;incl x rPpion frnm c:CJv '> (;p\12 tn 1nn Ge\12 with 
good precision·; can ~ne say whether eff~ct; of elastics should,be included or not. There is 
a controversy here; some people say that elastics should be included as one is measuring 
the total cross-section, other people say what has an elastic cross-section got to do with 
deep-inelastic phenomena. 



726 SessionV 

S,J, Brodsky: Fonn factors are very important tests of QCD since they directly test the 
scaling and spin dependence of internal qq interactions. In addition one can predict the 
power law behaviour of structure functions at fixed W2 , namely 

for Qz » \\fz F ZN 'V (W2 /Q2) 
3 

(modulo calculable logarithmic anomalous dimensions from the short distance nucleon wavc
function). Tilere are also many tests of QCD scaling behaviour and of the gluon spin which 
are reflected in the helicity dependence of meson and baryon form factors. 

E. Gabathuler: Unfortunately like all of these tests the better the test the more difficult 
the experiment. 

V.A. Khoze: Are the data on high-energy ¢ production in good quantitative agreement with the 
vector dominance model? And was the cross-section OtotC¢p) used in the comparison with data 
extracted from quark-model calculations? 

E. Gabathuler: Yes, the agreement with vector dominance is very good. The dashed curve 
which I showed is a vector dominance fit. There is a slight question of normalization de
pending on which value of y¢ you use but if you just fit the over-all curve the agreement is 
very good. 

E.L. Berger (comment): Tilere are several physical effects which contribute to a non-zero 
value of R = aL/aT. These include: 

1) QCD gluonic radiation effects which tend to generate a significant aL only at low x, 
falling as l/log Q2 • 

2) Constituent transverse momentum fluctuations (the "primordial" kT effects), which yield 
a rather flat x dependence. 

3) "Higher twist" effects in QCD associated in part with diquark substrncture in the nucleon. 

Tile higher twist effects grow with x at fixed Q2
, and fall with Q2 as an inverse power. Tilese 

higher twist diquark effects are discussed by Abbot, Berger, Blankenbecler and Kane in 
SLAC-PUB-2327, where additional tests are also proposed. 

Tile different physical effects contributing to aL may be isolated by a detailed study of both 
the x and Q2 dependences of the data. 
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LEPTON PAIR PRODUCTION IN [[ADRONIC COLLISIONS 

G. Altarelli 

Istituto di Fisica dell'UniversitA - Roma 

Istituto Nazionale di Fisica Nucleare, Sezione di Roma 

1. INTRODUCTION 

In this talk I shall briefly summarize our present understanding of leg 

ton pair production in hadronic collisions. shall limit my discussion to 

continuum production (i.e. for lack of time I shall not consider "f' and f 
production) and the main emphasis will be on recent progress with respect to 

the situation as it looked last year and was neatly reviewed by Lederman l) 

at the Tokyo Conference. 

Consider the inclusive production of a lepton-antilepton pair of total 

invariant mass Q in the collision of two hadrons H
1 

and H
2 

with total inva

riant mass '{S. As usual one defines: 

(l ) 

The Drell-Yan 2) mechanism is the basis of our theoretical understanding of 
7 

these processes in the deep inelastic region i.e. for Q---700 with 'l:' fi-

xed. In this picture the lepton pair is produced via the pointlike, one pho

ton, annihilation of a quark (antiquark) from H
1 

and an antiquark (quark) 

from ll
2

. At the naive parton model level this corresponds to the simple 

Drell-Yan Z) formula: 

(2) 

where the index runs over flavors, 
H q. (x) are the densities for a quark q. 
1 1 

with charge ei in the hadron H, x is the fraction of 1ongi tudina1 momentum 

carried by the quark, and a factor of ~13 arises from color. The cross sec 

tion at fixed XF=2PL/f.S , where PL is the total longitudinal momentum of 

the pair in the overall center of mass, is given by a simpler formula that 

reads: 

(3) 

(4) 

Leaving for the moment aside all corrections that perturbative QCD im-
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poses on eqs. (2,3) we stress that the validity of the Drell-Yan mechanism 

implies a number of striking signatures that all seem to be well supported 

by the available experimental evidence. We recall here the main tests of the 

Drell-Yan mechanism. 

a) Intensi!l'._!_~es. \\'e know from deep inelastic scattering that in the 

nucleon valence quarks are dominant over sea quarks especially at large x. 

We have no reasons to doubt that this ought to be true for hadrons other 

than the nucleon. Thus the Drell-Yan formula predicts much larger cross SC£ 

tions for processes where the lepton pair can be produced by valence-valence 

annihilation (J,+ N, K-N, PN) than processes where only valence-sea annihi

lations are possible (PN,K+N). This should be more and more true the larger 

is 1' , because the bulk of the production arises at small XF and at XF=O 

we have X
1 2

=lJiias follows from eq. (4). Thus for large enough 1' where the 
' sea can be neglected we also expect for example (on isoscalar targets) 

,,.-( TI',+N(I=O))/g(1(-N(I=O)) '!: 1/4. New data on 1\ +, K+ and P cross sec-

. I l 1 d l l l I CI!) 11 b . 3 ) t1ons 1ave )een co lecte over t1e . ast year )y t1e co a oration · at 

FNAL and, at CERN, by the NA3 
4 l and the Goliath S) groups. Also new results 

obtained at CERN-ISR by the CCOR 
6

) and the R209
7

) collaborations were re

ported. Most of these new data have been presented at this conference for 

the first time and added new evidence to the above mentioned intensity ru-

les. All of them appear to be quite well supported by the data. 

b) 0~ar distribution of the leptons. On general grounds the angular 

distribution of the lepton in their center of mass for production through 

one photon exchange must be of the form: 

The Drell-Yan mechanism predicts the longitudinal con~onent 

( 5) 

W to be absent 
L 

because the quark spin is 1/2. For non vanishing transverse momentum of the 

pair there is some ambiguity in the choice of the reference axis that defi

nes e. Apart from detailed QCD effects 8 )~l) this ambiguity can only be im

portant at finite energies. In fact within the present error bars it makes 

no difference whether for example the Gottfried-Jackson (G.J.J or the 

Collins-Soper lO) (C.S.) definitions for the angle are adopted. The availa

ble data are in fair agreement with the expected angular distribution. New 

data have been presented. The results can he summarized by giving the measu

red value of A obtained by fitting the observed angular distribution with 
,, ? ,,,..___ 

a form l+Acos-t;I. In 'ltN coll1s1ons the reported vailw:-. d1c: (11iun <-i<(ct 
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gies ..... 200GeV, 3.5 <. Q<<fGeV) 

CIP 3) ,>.. 1. 30 + 0. 23 (C.S.) 

NA 3 4) 
~ 0. 80 + 0 .16 (G.J.) (6) 

0.85 + 0.17 (C.S.) 

In PP collisions a value for A was obtained at ISR by the R209 5) colla

boration: 

A. =l.6+0.7 ( c. s.) 

c) Atomic number dependS'..nc~. Since the cross section is proportional to 

the number of quarks or antiquarks in the target one expects a linear A de

pendence in the Drell-Yan domain of validity. This is well supported by the 

data on PN collisions and to a lesser extent also for n N collisions. Pre-
·OC. 

ciseJy by introducing a parameter q. defined from 0-::.: A one obtains (ab~ 

ve the 't' region): 

CFS 
11) « 1.02 + 0.018 + 0.059 (P N 

CIP 
3) « 1. 12 + 0.05 (')'; N (8) 

NJ\3 
4) 

~ 1. 02 + 0.03 (~N 

It is in~ortant in the following to keep in mind that taking A
1

"
12 

as op

posed to A1 makes a difference of about a factor of 2 when the cross sec

tion per nucleon is derived from data on a tungsten target, as is the case 

for the CIP experiment. 

can only be a 

function of T in the naive parton limit. A rather good evidence in support 

of this approximate scaling Llw is obtained by comparing the FNAL data in 

the range .(S :;:20-!-27 GeV among themselves and with the ISR data at fS ~62GeV. 
Unfortunately there is only a limited overlap in the 'l' ranges at FNAL and 

ISR. Further evidence for the ap~noximate scaling law is obtained from the 

x-N data of CIP, NA3 and Goliath, provided of course the same A dependence 

is used. 

We can therefore conclude that the Drell-Yan mechanism seems to be a 

firm starting point for the analysis of lepton pair production. As for other 

processes we think the naive parton model to he only a rough approximation, 

to be implemented with scaling violations and other effects that are compu

table if QCD is right. 
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2. THE PION STRUCTURE FUNCTION --------··---------
I make at this point a digression to discuss the recent important re

sults on the pion structure function as measured in lepton pair production 

from -,...., beams. Three experimental groups have reported results on this. They 

are CIP 
3

) (FNAL) with about 2000 events analyzed from 225 GcV/c 1C- on tung 

sten, NJ\3 4 ) (CERN) with 8000 events on platinum from both 1t- and ·it+ at 

200 GeV/c, plus over 3000 ~-at 280 GcV/c, Goliath 
5

) (CERN) with 500 events 

from 1t- on berillium at 150 and 175 CcV/c. The measured values at diffcrcnt1' 

and XF arc analyzed in terms of eq.3 and the following quantity is determi-

ned for an array of different x
1 

and x
2 

values: 

(9) 

where v_f\(x) and s
17

(x) are the valence and the sea densities in the pion 

and QN(x) and HN(x) are combinations of valence and sea distributions in the 

nucleon. CIP and Goliath neglect S (x), while the-' sea is also determined 
. "' '" 

in the NA3 analysis that includes both ·n-and1f-tresults. The fitted forms 

for V (x) arc given by: 
1( 

NA 3 3 ) ( . X0.4+0.06 (l-x)0.90_+0.06 
xVl'I xJ::- · . 

CIP 4 ) :!(X' (J-x)l.27.:::_0.06 (10) 

- 5) 
Colla th .~ (1 )l.56+0.18 z V" -x -

The above shapes obtained by the three groups are in fair agreement (the 

smaller exponent of (1-x) obtained by NA3 is compensated by the smaller ex

ponent of X). \\le shall discuss the important issue of normalization later 

in this talk. The sea distribution obtained by NJ\3 is given by 

xS (x) ~ (0.09+0.06) (l-x) 4 . 4.:::_i. 9 
~ -

( 11) 

which confirms the expectations that the sea in the pion is of the same or

der as in the nucleon. The flatter x dependence of the 1't sea in comparison 

with the nucleon sea is also reasonable in view of the similar difference 

in the valence x distributions. 

On the theoretical side an interesting prediction for the behavior of 
1 2) 

the Tt! structure function near x=l was made by Berger and Brodsky . On 

the same lines as for the quark counting rules 
13

), they make a QCD model 

for the higher twist operators that we know must be important in the region 

ncGr x-1. In thi~ li;nit 2lmo5t ~11. of th~ lt rnnmPntnm is cr:Jrri~d hy one of 
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its constituent quarks (all non valence parton densities can be neglected 

near x=l). That requires a large momentum transfer between the two consti

tuent legs. It is argued that this interaction is well approximated by a si~ 

gle hard gluon exchange. Neglecting all normal gluon radiative corrections 

that lead to scaling violations (which however may be large near x=l), the 

resulting predictions for the lepton pair cross section near x=l is of the 

form: 

It has been checked by the CIP 
14

) collaboration that eq.(12) provides a 

good fit to the data on the ~ structure function for x > 0.5 with 

(12) 

<:k.;) = l.1+0.2 (GeV/c)
2

. Also clear evidence is indicated by the data 14 ) 

for the predicted shift of the angular distribution toward a sin
29 angu-

lar dependence near x=l. This is not in contradiction with the previously 
2 . 

mentioned test of the Drell-Yan mechanism which predicts l+cos S , becau-

se only a small fraction of events is at large values of XF. 

3. QCD EFFECTS IN DRELL-YAN PROCESSES 

We have seen that the Drell-Yan formula is well supported by the data 

at the naive parton model level. We now consider the corrections to it im-
15) 

plied by our present understanding of QCD and the related tests that can 

be checked in the data. 

The first of these effects is the replacement in the Drell-Yan formula 

of the scaling quark densities with effective Q2 dependent densities. These 

are the same as in leptoproduction and satisfy the same Q
2 

evolution equa

tions in spite of q
2 

being spacelike in one process and timelike in the 

other. Thus in the leading approximation in QCD (i.e. when additional terms 

of order 
2 2 ol5 (Q ) can be neglected as well as terms down by powers of Q ) 

the Drell-Yan formula is replaced by: 

4~ o<l. --3 S' 

(13) 

16) 
This is a consequence of a general factorization theorem that was recen-

tly extended by diagrammatic techniques also to processes where the operator 

The available data are not precise enough to establish the existence 
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of the predicted scaling violations directly. Some 

tained by analyzing the PN data in the FNAL energy 

structure function as measured at a fixed value of 

indirect evidence is ob 
1) 

range If the nuclear 

~ 10GeV
2

) is taken QzCQz 

as an input then the resulting sea distribution that one obtains by fitting 

the data with the Drell-Yan formula is definitely steeper in X than the sea 

distribution as measured in leptoproduction. T)~ically one obtains l)(l-x)n 

with n·:;:lO. On the other hand, by using as an input F
2

(x,Q
2

) as measu-
2 7 

red in leptoproduction Q by Q-, then the sea x dependence turns out to he 

S(x) ·:: (l-x)
8

"
5

:i:_O.l (in the SU(3) symmetric case) in fair agreement 1<1ith the 

CDIIS . f ( ) 8 . 4 +O. 7 f , , . 18) ext1mate o 1-x - rom v scattering . 

A more practical way of detecting a sign of QCD effects is provided by 

a study of the transverse momentum distribution of the lepton pairs. Most 

of the lepton pairs are produced with small transverse momentum together 

with two hadronic jets opposite in momentum arising from the fragments of 

the two incoming hadrons. Ilowever a small fraction of events of order 
, .r7 

()!5 CQ~)/7( should contain a pai.r with large P.i."'VQ with three accompa-

nying hadronic jets, i.e. the two hadron fragmentation jets plus a third 

parton jct. These events arise from the possibility that the incoming quark 

or antiquark radiates a hard gluon with large n before annihilating. r J. 
Alternatively a quark or antiquark may interact with a gluon from the 

other hadron to produce a massive photon and a final, high~ , quark or 
..l 

antiquark. Notice that the lepton pair directly measures the sum of the 

transverse momenta of the interacting partons. So the actual PL distribu

tion is a superposition of the intrinsic I~ distribution of the partons 

inside the hadrons and of gluon effects including a long tail (up to p,JQ) 
l .1. l. 9) 

arising from hard parton interactions. The tail of d<~ can be computed 
r.J.. z 

in perturbation theory and it behaves at large P.1. as l/Pl.. It is preci-

sely this same effect that leads to the scaling violations in the cross sec 

tion. We understand that its importance is enhanced if we look at the ave

rage P (.(P)) or better at higher P1 moments. A general and unambiguous 
.L .I..: 19) 

precli ct ion of QC!l in the i ncrcasc of < P.1) with energy at fixed 1" : 

The linearly rising term is computable in perturbation theory while the 

constant term is affected by wave function effects from the intrinsic 

and is mainly non pcrturbative. 

( 1 4) 

p 
l 

The a\'~:il~1blc d;:;.t3 OY1 P~: co11i,c:ionc:; fnr {..Tj} arc shown in Fig.I. 

Notice that at fixed S the dependence of <''P.i.> with Q is flat at not 
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too small Q. That is no evidence against eq.(14) because a meaningful com-

parison indepcndcl!t of the shape of :f(l'1ots) (apart from the log dependence 
? 7 

on Q- though <ll __ ((r)) must be done at fixed "Y . It is clear for example 

tll3t at '"t' = O and 'r= '1 <rr• must go to zero because of phase space, and 

therefore f(; ,o<..r) cannot be monotonic. The ""l" value of the ISR 

point at the highest Q is the same as the points at FNAL energies for 

Q '::! 4 ~s Gc\I. If we take advantage of the cmpi rical fl atncss of <e?- in '"t"" at 

fixed S for making some averaging in i; , we obtain a plot as in Fig. 2 for 

the observed rise of <P.1.> with energy. The observed slope is well consistent 

with theoretical cst.imatcs ZO) within the uncertainties in the calcula-

tion due to the lack of knowledge of the gluon density, the ambiguity on the 
2 

( c((Q ), value of "~ .. .., s 
tJ._,. (S) etc.), the non leading terms. All this taken 

into account the i ncrcase of <i;) with ..JS"" appears 
·J. 

to be the clearest cvi-

clcnce so far for QCD effects in Drell-Yan processes. 

A more difficult theoretical problem is the prediction of d·:r: at smal
df~ 

ler P..l. • An important step in this direction was achieved by extending the 

calculable domain from the case of a single large scale (i.e. P~, .... Q
2

) to 

l f ( 
2 · · 2 2) Tl . . 1 k . k t 1e c::isc o two large sc::iles M ~.•. P..L .:.:<.. Q . ns invo ves ·eep1ng trac · to 

all orders of terms in log P;/Q 2 
that could he neglected in the previous 

21) 
case. The result is the famous DDT formula : 

(15) 

with 

-1 l. 
~.~--

(16) 

;!.-l 3n: 

In the available data the applicability of this formula is only marginal due 

to the limited Q and lj_ range explored so far. Actually perhaps the most 

important quantitative difference in practice is the realization that the 
? 

use of C( (f'.1·) rather than ::•: •. (Q-) is more appropriate in the calculation 
$ .1. -

of the PJ. moments. The result is a reduction of the amount of intrinsic P • .... 
l l cl J 1 l . ·1 · 22 ) I .t tl l t nccc cc to repro uce t 1e actua c :i str1 1Ut1on . "ast year I· was 1oug 1. 

to be around r.i.'~ 600 Mc\I (intrinsic per parton). Now it is considerably lo-

wer 
22

) P.v 400 Mc\I. 
J.. 

\lie now turn to a third effect of QCD that has to do with the calcula-

tion of non leading corrections. In cq.(13) all terms down by a power of 

~ (Q
2 ) were neglected. To evaluate the first order corrections it is pre-

1 
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liminarly necessary to precisely specify what we mean by quark densities. 

This can be done 
23

) by specifying that the quark densities are to be measu

red from the structure function F
2 

in leptoproduction. That is F
2 

is rela

ted to the quark densities by the familiar parton formula valid by defini

tion with no corrections of order ~~(Q 2 ). The advantage of choosing F
2 

as 

a standard is that it turns out that quark densities so defined satisfy l 3 ) 

the valence sum rules: 

(1 7) 

etc., with no corrections of order v(rCQ
2
). Once the quark densities are so 

defined one can compute in a non ambiguous way the corrections of order 

a/SCQ
2

) to the parton formulae for all other processes. In the Drell-Yan 

case the improved formula is as follows: 23 l 24 ) 2
S) 

2.. ~ . { H .. ]I" . G O(i - _i17c..O(.:; J dJC'\ d'){:i.. [ i "l. t'J I(.... (jl..) ;; Hi( ,/ {:i-'- l ..... . J. ~ ·:· i ( J l:" 
_.... - - • -:- t:<. 1 l" I ..... l '"1 -~.l: .... IT l~ .. ~· "'' ·t - f + 
•)l\t. OS )(,)(, .(. t. ~ i : I ,\lf _.,, ,...... "' .. 

(18) 

where l<' 4= ei tq ~ ()('( G!2 )+ a ... {K Q.t)l and "'-" L '"' · 1v. r J 

{ r. \ + 2. ( 'I ·Ft 1 ){ -t;,,, { -~ l, ·t-
1 ·------' 

\. '!··~ /..:r 

(19) 

It turns out that the gluon correction is normal, i.e. it can be negle

cted at not too larger values of "t' in all processes where the quark term 

is of valence-valence type, while it makes a non negligible correction for 
23)26) valence-sea processes On the other hand the quark correction is 

quite large at present energies with currently accepted values for a;cQ2
). 

The most dangerous term is the J function term that renormalizes the pain! 
7 

like cross section. It arises mainly from the continuation from spacelike q-
2 

in leptoproduction to timelike q in Drell-Yan processes. The other terms 

in f't are rapidly increasing with 1"' and arise from the difference in 
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phase space between leptoproduction (the heavy photon in the initial state) 

and Drell-Yan processes (the heavy photon in the final state), The situa-
r--

tion is summarized in Fig.3 for 1(N co ll is ions at \IS':::! 21 GeV. The gluon 

correction is in this case negligible and it is not displayed. It is impor

tant to notice that in the -r range of the data the result amounts essen

tially to a large change in the over all normalization in the cross section 

in excess with respect to the naive prediction. Of course being the 

first order correction so large we cannot trust the present approximation 

beyond a semi quantitative level. 

Note that all tests of the Drell-Yan mechanism discussed in the first 

part of this talk are essentially unaffected by the above results. In fact 

the predictions of a linear A dependence
1

approximate scaling, linear rise 

of <'.P.,_) at fixed "l' are not changed. The intensity rules are not qualitati-
1.l'.'I 

vely altered. Also the '1+t.cs u angular distribution is not changed, becau-

se it turns out that the large corrective terms are not in the longitudinal 

part but only in the transverse part. 

In view of this large non leading terms it is interesting to inquire 

whether the experiments allow to draw some conclusion on the measured scale 

of the cross section in comparison with the prediction of the naive Drell

-Yan formula. It is remarkable that actually there are consistent indica

tions in the data for a cross section larger than expected. We consider 

first the new data on 'Jt.N collisions. Let us introduce a scale factor 

defined as 

(20) 

The parton densities can be normalized by requiring the validity of the va-

lence sum rules: 
1 

J~ \~Ix) d)( =-i ( 21) 

for the pion and similarly for the nucleon (see eq.(17)). Then the situa-

tion appear to be as follows. The Goliath group takes the nucleon structu-

f . f 27 ) d b . re unctions rom Buras-Gaemers an o ta1ns 
4) 

K ~ 3. The NA3 calla-

boration finds K~ 2.2t-2.5 if the CDHS lS) nucleon densities are taken 

and K zl. 4 if they take the nucleon densities from their own fit (which 

however contains a large sea component, so that only 20t-30 % of the momen

tum is left for gluons in the nucleon). The CIP 
3 l collaboration finds K::;:. 1 

if thP rro"" <:ec-rion per nw:::1eon -!" e:vtnrtPrl fr0111 the d'!tfl on tungsten hy 

using the measured A
1

"12 dependence. That means they would end up with 
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K~:2 for a linear A dependence. 

Finally in PN collisions we learn from refs.(1,11) that the CFS group 

finds the amount of sea required to fit the Drcll-Yan data to correspond to 

a fraction of momentum as high as 6% (per species). In V scattering CllllS
18 ) 

only finds about 2.5 °/ 0 • This is also illustrated by a study of Ber-
28) 2 

ger who compares at correspondent values of Q and l< the CDHS sea 

with the Drell-Yan sea. In the overlap region a discrepancy of about a fac

tor of two is observed (see Fig.4). 

Note that the predicted departures from the naive Drcll-Yan formula 

should dramatically increase when T approaches 1, where prominent factori

zation breaking effects should also be present. Finally we recall that in-
29) 

stanton effects are also possibly dangerous for the Drcll-Yan picture 

4. CONCLUSIONS 

The data accumulated so far are enough to conclude that the Drell-Yan 

mechanism for leptoproduction appears to be physically correct. The problem 

is now to go beyond the naive parton model and establish or disproof the 

presence of the departures from this first approximation as predicted by 

QCD. The only reasonably verified signature so far is the rise of .( P.) 
..L 

\\'ith Vs at fixed 't'. The normalization issue seems to be a crucial point to 

he checked. ~N collisions are promising in this respect, but the problem 

of the A dependence must be settled before one can derive firm conclusions. 

think it is clear by now that a solid confirmation of QCD can only 

arise from a patient work exploring at the same time different processes 

where the same basic quark gluon interactions are at work. In this respect 

Drell-Yan processes will play an important role. 
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DISCUSSION 

Chairmmi: S .C .C. Ting 

Sci. Sec1>etm>ies: C. Best and H. Ge1mow 

E.L. Berge1°: For the next to leading 1/log Q2 corrections to the Drell-Yan fonnula, do the 
corrections due to the initial g + q diagrams dominate, 0r are the qq diagrams more s ignifi
cant? I am thinking of the possibility of subtracting JT+N from JT-N cross-sections to remove 
the higher order, non-leading l/log Q2 tcnns. If the qq set wins, this subtraction could be 
motivated. 

G. Altarelli: In general the gluon tenn is completr::ly negligible for valence dominated pro
cesses unless you go to very larger. 

R.C. Hwa: A year ago CP data showed no significant dependence of (PT\i+µ- on xp. 111at 
ruJ cd out QCD contributions as an important cf rect ~;ecausc the large PT of µ+µ- accompanied 
by a gluon recoil in q+q -+ (µ+µ-) + g should be seen mainly at low xF, not large xF. Have 
the data changed since then at higher energies? 

G. AltoYelU: No, the data did not change at that energy. 

A. Bodek: Do you sec any mechanism for making the Drell-Yan cross-section bigger than A1 
•

0 ? 
Nonna1ly an A-dependence bigger than 1.0 can be obtained by multiple scattering of the final 
state. However, here the final state is two muons. Interaction of the initial state hadron 
in the nucleus, losing energy and re-interacting again tends to make the A-dependence smaller 
than 1.0. 

G. Altm0 elli: \Yell, the final state is not only leptons, there arc also hadron fragments 
which could contribute. I do not know however of any detailed theory for an A-dependence. 

s.,1. B1°odsky: Regarding the A-dependence or the massive lepton-pair cross-section: an 
effect that seems reasonable physicdlly is that one expects the incoming hadron to lose energy 
in the nucleus by standard particle production (Glauber) processes. 111e energy loss and re
arrangement of the Fock space of the incident hadron before the qq annihilation evidently 
destroys simple factorization argtm1ents. Should not such effects be taken into account at 
some level? 

G. Altarelli: I would not be so impressed by finding A1
' 1

2
• I only pointed out this fact 

because it is very important for knowing our cross-sections per nucleon. I would not expect 
more than, say, a lO~o departure from a linear A-dependence because otherwise I would conclude 
that the parton model cannot be the full story, since the cross-section is not proportional 
to the number of partons you have around. So if you see a large effect, this is not impossible 
to imagine, but certainly a blow against the parton approach. 

1110 experimental evidence is contradictory because from proton beams we would say it is per
fectly linear. from pion-nucleus collisions there is contradictory evidence from different 
groups, so the situation is more confused on a measurement point level than for theory to 
worry about. 
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ABSTRACT 

Single-photon production in pp collisions at 30 < rs < 62 GeV has been 
measured with liquid-argon/lead calorimeters at the CERN ISR. This 
process, indicative of direct constituent interaction, remains approxi
mately constant with increasing rs. For fixed rs, the single-photon to 
n° ratio increases strongly with increase in PT; y/Tr 0 is 0.25 ± 0.08 
at 5.0 < Pr< 6.5 GeV/c for these interactions. 

1. INTRODUCTION 

Hadron-induced production of single photons has been investigated rather extensively 

in recent years, both experimentally and theoretically. Early interest in these studies 

was partly motivated hy the conjecture 1
) that the level of direct y production, and in par

ticular its rs dependence, might discriminate in a sensitive way between different models 

of constituent scattering and therefore help in the understanding of large transverse momen

tum phenomena. At present, within the framework of QCD analyses, copious production of 

direct photons is one of the clearest predictions of this theory: provided this reaction 

is probed at large enough transverse momentum, the point-like coupling of the photon to the 

quarks should be at the origin of the dominant source for direct photons. 
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Fig. l Lowest-order QCD diagram for "final 
bremsstrahlung" of high pT photons. There 
are also related processes of gq, gg, qq, 
and gq scattering. 

g 'V 
gq--yq >--< q ~et 

Fig. 2 QCD diagrams contributing to "prompt" production of high-pT photons 

Several theoretical groups have studied y production within the framework of QCD 2
). 

Some of the lowest-order diagrams are shown in Figs. 1 and 2. TI1e physics indicates the 

consideration of two distinct classes of y sources. As represented in Fig. 1, the photon 

may fragment in a bremsstrahlung-like process from the scattered quark and be observed to

gether with the other quark fragments in a jet. Dominating however, and very different in 

the structure of the final state, are subprocesses where the photon participates directly 

in the scattering. 1\vo diagrams for such "prompt" processes are shown in Fig. 2. For the 

reaction 

qq + yg 

the corresponding invariant cross-section is found to be 

do 
E <f3P (pp + y) 

where C [fq(x),fq(x)] contains the dependence on the quark and antiquark distribution func

tions. In pp collisions, the dominant subprocess is, however, the gluon equivalent of 

Compton scattering: 

gq + yq ' 

for which the pp production cross-section is calculated to be 

E *3- (pp + y) J 
(1 - x )8 

c:' [r (x),fg(x) T 
q PT 

Should this description be valid, one would expect to observe events with a most 

striking signature: a high-pT photon, unaccompanied by other particles, recoils against a 

high-multiplicity jet of hadrons. Moreover, in the kinematical region where this reaction 

dominates, single-photon production provides a probe of the gluon distribution function: 

these sing1e-photon studies of the gluon d1stnbut10ns are ana.logous to quark distribution 

studies in deep-inelastic lepton-nucleon scattering. 
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2. EXPERIMENTAL APPROACHES 

Different experimental approaches are srnnmarized 111 Table 1. 

Table 1 

Experimental approaches 

Measurement Technique Comnents 

Low-mass, high-pT e pairs from internal conversion Very clean signature, 

virtual y reduced sensitivity 

High-pT' real y Identification of photons Good sensitivity, 

and discrimination against 11° 's devastating background 

Measurement of conversion pro- Statistical method 
bability in external converter 

The method of slightly virtual photons (low mass, large transverse momentum) is charac

terized by the experimentally very clean signature of electron pairs resulting from internal 

conversion, albeit with greatly reduced sensitivity. Alternatively, real high-pT photons 

may be identified by appropriate experimental techniques. '!he method offers good sensi

tivity provided that the devastating background from trivial sources, such as n° and n decay, 

can be treated experimentally. In a variation of this identification method, the conversion 

probability into e+e- pairs of neutral electromagnetic clusters is measured in an appro

priately chosen external converter. Hence one detennines the average nLUnher of photons per 

cluster and may evaluate the level of the direct one-photon contribution. This is a sta

tistical method and does not allow event-by-event identification of possible direct photons. 

All three techniques have provided results, which will be discussed in the following 

section. 

3, RESlJLTS 

3.1 Virtual photon measurements 

Results on low-mass, high-pT electron pairs and their implication on the level of 

direct y production were published some time ago 3 ). l11e mass range chosen was 

200 MeV < m < 600 MeV ee 

A comparison with the simultaneously measured inclusive p production, pp-+ p(p-+ e+e-) + X, 

allowed a sensitive check of systematic experimental effects. The experiment was rate

limi ted for pT ::: 3 GeV /c. 

111e measured production of electron pairs from virtual photons implies an expected 

level of direct photon production4
): 

(q2 + m2) 1/2 do ( y -+ ee) = ex R 
cl3qdm 2 Zn m2 (l) [E do ('n ° ) J 

110 ~' 
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where we have asstm1ed mT scaling and evaluated the invariant 11° cross-section for given q 

and m2 by the relations I\ = qL and p~ = qt + m2
• The ratio R(y/1i 0

) of direct photon to 11° 

production is expected to have a small pT dependence, evaluated to be between a constant 

and p{, in most models, and is not very significant over the small pT range covered by the 

experiment. 'I11is measurement found as an upper limit for direct y production 

R [;frr-) = (0.55 ± 0.92)'1, for 2.0 S: PT,; 3.0 GeV/c . 

Later, a similar result was obtained by another group working at the ISR5
). 

3.2 Real photon measurements 

'I11e characteristics of the J\2 BC apparatus that are relevant for the single-photon pro-

gramme are swmnarized in Table 2. 

solid-angle electromagnetic shower 

experimental layouts (Fig. 3) and, 

'I11e apparatus consists essentially of up to four large

detectors6). T11e modularity permitted several different 

as a consequence, control of some important systematic 

Features 

Modular, electromagnetic 
shower detector 

Large area 

Highly segmented 

Liquid-argon ion 
chamber technique 

Lill - I sr/mod 
8 ~6cm for 

- 3 GeV/c -rr
0 

Table 2 

J\2 BC y work: relevant apparatus aspects 

Parameters 

4 

65 x 170 cm2 /module 

Transv. rv 2 x 140 cm2 

4-fold longitudinal read-out 

Photon with 
I\ 2: 300 ~!eV identified 

Lill - 0.25 sr /mod 
8 ~ 6cm for 

- 6 GeV/c -rr0 

Consequences 

Vary layout 
(and some systematics) 

6x ::: S mm 
y/hadron discrimination 
in trigger and off-line 

Stability and reproducibility 
of operating conditions 

III 

22° 30' 

22° 30' 

Lill - 0.12 sr /mod 
8~6cmfor 

- 10 GeV/c -rr
0 

Fig. 3 The apparatus of the A2 BC Collaboration showing schematically the various phases of 
high-µT J?l11..H..uu ;:,t...ucU .. eb. Tl1e large ~:h>l.i..<l~ctuglt:: layuuL (ilia.bt:: I) l1cts Ltt:::.1.1. use:J fuL the r11tO..::. 

urement of very high PT 11°'s, e+e- pairs, and single photons up to PT rv 3 GeV/c. Single
photon data obtained with layout II are discussed here. A recent run (layout III) aimed at 
the independent verification of the result of II. 
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effects. 'I11e high spatial segmentation achievable with the liquid-argon ion chamber tech

nique resulted in a spatial resolution of typically a c" 5 mm and allowed us to separate the 

two photons from symmetric 1r 0 decays, up to 'V 10 GeV /c depending on the experimental layout. 

The fourfold longitudinal subdivision allowed effective hadron-photon discrimination already 

at the triggering stage. 

As emphasized in the Introduction, the success of this photon identification method 

has to be based on two requirements: 

identification of the single photons and discrimination against hadrons through de

tailed study of the longitudinal and transverse shower distribution in the calorimeter; 

discrimination against photons originating from decays of ·n°•s, n's, n''s, w's, etc. 

This imposes two contradictory constraints on the experimental apparatus: identifica

tion of near-by showers from '/To decay requires the highest achievable spatia1 resolu

tion; on the other hand, the background from very asymmetric decays has to he minimized 

by using detectors of adequate geometrical acceptance. 

Details of the data selection arc given in Table 3. The evaluation of the efficiency 
of these requirements was based on measurements (in test beams and at the ISR) and on com

puter simulations of the performance of the apparatus 7
). Note that the selection of photons 

or n° 's w1accompanied by any additional photon or charged particle within the solid angle 

covered by one calorimeter module introduces a physics bias: the yield of y 's and 11° 's 

measured under these experimental conditions is not truly inclusive. 

Table :) 

Sc 1 cct ion requ i remvnl s un da t:• 

--------- "'' ... ' -· - -----.......... ,,_ . 
Requirement C:onunent 

1----------------------+---------·---------------------·--·--· 
Triggering 

Off-line reconstruction of photons 

"Unassigned" energy less than 35 MeV 

Fiducial area, 0.3 m x 1.2 m concen
tric with active calorimeter area 
of 0.56 m x 1.5 m 

Localized enert,'Y deposit consistent w.ith e1cc
tromagnetic shower development; triggC'r effi
ciency measured to be 0.95 ± 0.05 for photons 
''.ith, EX >, ~ CcV and 0.7 ± 0.05 for n° 's with 
\

1 
o -" .) (,e\•. 

Calorimeter provides four independent views 
allowing stereo reconstruction or showers; a 
rninlmurn of 200 f,fcV energy deposit i:... Jc,mandc,'-1 
per vieiv; consistency of longi tud ina 1 and 
transverse energy dcpos :it 1v i th cl ec t r0111ag11l't :i c 
shower is required . 

Unassigned energy corresponds to tot~ll energy 
deposit in the front sections of tile calor.i
meter, which is not reconstructed as a shower. 
Eliminates e.g. accompanying hadrons. 

For single y: only one shower in fiducial 
vohm1e and no shower in veto <Jrc•a. 

For 11° (or n): two showers inside riducia.I 
volume, reconstructing to give J consistent 
mass value, and no shower in vl'to area. 

!------------------,---~---------------------------------! 

The measured y /1r 0 ratio has to be corrected for two trivial sources or apparent single 

photon satisfies all criteria and the other one misses the detector completely. The cor

rection is based on the meson yields measured in the same apparatus 8
) and on Monte Carlo 
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Fig. 4 Observed ratio of y to TIO for data from all ener
gies. The error bars give statistical errors only. The 
smooth line indicates the Monte Carlo prediction for the 
ratio assuming no direct y production. The dashed lines 
indicate the one standard deviation systematic errors on 
the Monte Carlo simulation. 

evaluation of the specific experimental conditions. Also, the two photons from TI
0 decay may 

be close enough to appear ''merged" after shower reconstruction. These results of the 

Monte Carlo calculation are summarized in Fig. 4, showing the apparent y/TI0 ratio. This has 

to be compared (Fig. 4) with the observed yield, showing a net excess which rises from 

approximately 0% to about 25% at the highest transverse momentum. 

4. DISCUSSION OF RESULTS 

4 .1 Background 

Several other sources may produce an apparent excess of single showers. 

The level of hadron background is estimated from a test beam exposure of the calori

meter to hadrons and electrons. Applying the same data selection criteria as that used in 

the y analysis, we obtain 

acceptance of a TI ~ 0 .4% . 
acceptance of a e 

Assuming pessimistically that other hadrons are equally likely to simulate a photon, we 

arrive at an upper limit on the hadron background of ::; 2%. 

Cosmic 2°ays or beam-gas interactions may also be confused with single photons. TI1e 

effect of this background was estimated to be below 2% of the observed y/TI0 ratio. 

A non-linear eneiogy response of the calorimeter, rising faster than linear with inci

dent photon energy, would contribute to the y/TI0 ratio. Information on the energy response 

of our calorimeter modules is shown in Fig. 5 together with the level of non-linearity, 

which would be required to reproduce our measurements with this effect alone. The effect 

of a non-linearity has been included in the systematic errors, 

10 

I PS 

? 
f 

i\ Mass 

Jf'f,Y Mass 

I 
/ 

/ 

I 
I 

I 
I 

I 
I 

I 
I 

I 

I 
I 

I 

, 1~~112 
Pr ( GeV le) 

Fig. 5 Differential energy linearity of the liquid
argon calorimeter. Crosses are from an exposure to a 
momentum-analysed electron beam. Open circles are ob
tained from the reconstruction of n + yy events over 
the interval 1.5 < pT < 8 GeV/c. The closed circle is 
based on a comparison of the J/~ and T masses. Also 
shown is the required non-linearity if this effect 
alone were to explain the measured y/TI 0 ratio (dashed 
line). Systematic errors given in the text are based 
on the non-linearity shown by the solid lines. 
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4.2 SlUTiffiary of experimental results 

In Fig. 6 we show the results obtained with set-up II at three rs values. Error bars 

shown include both systematic and statistical errors. TI1e results arc consistent with pre

liminary data of a recent run (set-up III), where some of the critical experimental para

meters, such as the effective solid angle, were changed. TI1is indicates, for example, that 

the physics bias of some of the previously described cuts does not affect the data in a 

drastic way. For comparison, we also show (Fig. 7) three different theoretical curves, 

estimated for the inclusive ratio yjrr 0
• Besides the subprocesses mentioned earlier, the 

prediction of RUckl ct a1. 2
) assumes also different CIM mechanisms, estimated to contribute 

particularly at the intermediate pT values. 
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Fig. 6 The measured y/n° ratio at 
three Is values after subtraction 
of all sources of apparent y pro
duction. 
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Fig. 7 The measured y f!r 0 ratio (Is = 63 GeV) 
and comparison with three different theoretical 
estimates. TI1e calculation of Co11togouris ~t al. 
was carried out for IS = 52 GeV and for two dif
ferent sets of structure functions (shaded area). 

Also shown is a calculation [contogouris ct al. 9
)] where scale-breaking effects were 

explicitly included in the treatment, resulting in a rather strong suppression at large 

transverse momenta. 

Some infonnation on direct y production is available from other groups and is swn

marized in Figs. 8 and 9. TI1C data of the CERN-Romc-BNL Collaboration 10
) show, within 

very large errors, the trend of an increasing y/n° ratio, not inconsistent with our measure

ments. Data of the FNAL-Johns Hopkins Group 1 1
) also show a similar pT dependence. Note the 

rather substantial value for y/n° at 2 GeV/c, which may perhaps be explained by the rather 

large x 11 acceptance ot this experiment. Anocher experiment al the ISR, u:,lug Llie "c;AtuHal 

converter method", reports an upper limit of y/n° S 30% at pT = ]() GeV/c 12
) 



Session V 749 

o '200 GeV/c 

... 300 GeV/c 

0.20 

015 

• .rs 52GeV 
.fS = XlGeV 

010· 
0 

" " " 
0051 

' 

0.15 I 
0 

. It ~ 

" ;.... .! 1/! 
0.10 + 1/ ! p 

y t t ~+?? I '.I 
0.05 1 • ? ! j t l' y 

t 
0 2 3 4 5 6 

010 012 014 0.16 x, 0.18 020 
Pi (GeV le) 

Fig. 8 Results on y/11° obtained by the 
CERN-Rome-BNL Collaboration at the CERN 
ISR. 

Fig. 9 Preliminary results of the FNAL
Johns-Hopkins Group on y/n° production. 

5. CONCLUSIONS 

\Ve have presented experimental evidence for direct production of photons in pp col

lisions. TI1e ratio y/n° rises from below cv 1 ± 1% at Pr ::: 2.5 GeV/c to about 25 ± 8% at 

pT ::: 7 GeV/c. The Pr dependence of this ratio is consistent with the production level pre

dicted by QCll. TI1e very large pT regime (up to and beyond 10 GeV /c), where scale-breaking 

effects are expected to be observable, remains to he explored. 1118 study of direct photon 

production should be developed into a probe of the gluon distribution: this requires ex

periments combining the measurement of the complete event structure together with excellent 

photon identification capabilities. 
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DISCUSSION 

Chairman: S.C.C. Ting 

Sci. Secretaries: C. Best and H. Gennow 

J.F. Gunion: It was not clear to me whether the y/rr 0 ratios you showed increased primarily 
as a function of PT or primarily as a function of xr· Theoretically higher twist (CIM) contri
butions predict a rise with rt even at fixed xT, while QCD contributions predict a constant 
result at fixed xT as PT increases. Does your data discriminate between these alternatives? 

C. Fabjan: Absolutely right. Look at the data and you would at first say that xT scaling 
does not seem to be very clearly exhibited, but what can we say? 

Firstly the lever region squared of s is not very large, at 15 GeV we run out of statistics 
very early on, so I would think that this detailed comparison would have to wait the second 
round of experimentations, where the 15 GeV points have to be sharpened up to answer this 
question -- not quite ready yet. 
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ABSTRACT 

We measured the production of massive muon pairs on a 
platinum•target by pions of 200 and 280 GeV/c. The 
following number of dimuon events have been collected 
for M > 4 GeV/c 2

• (a) n- of 200 GeV/c: "'5900 events; 
(b) 71+ of 200 GeV/c: "'2200 events; (c) 71- or 280 GeV/c: 
"' 5700 events. These data were analysed in terms of the 
Drell-Yan model in order to obtain the pion and nucleon 
structure functions, which are parametrised with expres
sions of the form xa(l - x)B. Our results are compared 
to the structure functions obtairied in other experiments. 

I. l NTIWDUCTION 

We l1ave performed a series of experiments to measure the production of 

m:issive muon pairs in hadron-hadron collisions at the CERN SPS. One of the aims 

of the experiment was to obtain the structure functions of unstable hadrons 

like pions and kaons, difficult to probe by lepton scattering, by making use 

of the llrcl1-Yan mechanism of quark annihilation. 

In this paper we present detailed results on the pion and nucleon 

structure functions. nata on dimnon production hy kaons, protons and anti

protons arc discussed in another contribution•) to this conference. 

7 TllE EXPERIMENTAL APPARATUS 

The general layout of the experiment is shown in fig. l(a). The beam 

is an unseparated secondary particle beam produced by protons of 400 GcV/c 

on a SO cm Be target. Particle identification is done by two differential 
)". + - I./ 
t:crenkov counters (CEDAR's) for K- and p, and two threshold Cerenkov counters 

for + 
1! • The particle fluxes were in the range (1 - 3) 10 7 part/pulse. At 

200 Gc\!/c the fraction of n in the negative beam was about 96%. A 2m long 
+ Cll 2 absorber was used to enhance the ·n percentage of the positive beam to 

about 36%. 
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Platinum targets, 6 cm long for the 200 GcV run and 11.1 cm for the 

280 GeV run, were used. At 200 GeV we have also used a 30 cm long liquid 

hydrogen target. 

After passing through the targets, the beam is absorbed in a beam dump 

which starts 40 cm downstream of the Pt target. It consists of a 1.5 m long 

block of stainless steel with a heavy (tungsten and uranium) conical plug of 

± 30 m rad aperture inserted in the centre, in order to minimize the total 

beam dump length. 

The large acceptance magnetic spectrometer consists of: 

i) a large superconducting dipole magnet with vertical field 

( J B d 1 4 . 0 Tm) in an a i r g a p o f c y 1 i n d r i ca 1 shape o f 1. 6 m 

diameter; 

ii) a set of six multiwire proportional chambers (31 planes with a total 

of about 26 000 wires) ranging in size from 0.6 x 0.6 m2 (PCl) up to 

4.2 x 4.0 m2 (PC6); 

iii) muon filtering, behind the beam dump, is provided by the electron 

calorimeter (12 cm of lead), by the hadron calorimeter (1 m of iron) 

and by an additional iron absorber 80 cm thick; 

iv) the trigger system consists of two symmetric telescopes of counters 

and chambers placed above and below the horizontal plane. 

A "pretrigger" is provided by three planes of counter hodoscopes: 

T 1 placed at the end face of the beam dump consisting of 12 counters; 

Tz which is in fact the second layer of the electron calorimeter, sub

divided in 50 horizontal strips; 

T3 is the last hodoscope made of 44 horizontal sheets. 

The last two hodoscopes cover vertical angles from ± 6 mrad up to 

± 165 mrad. The pretrigger requires at least 2 particles in the coincidence 

T2 T 3 and at least one in T 1 • The pretrigger provides a fast strobe for the 

proportional chambers PCl, PC2, Ml and MZ. 

The trigger acts on the vertical component Pv of the transverse momentum 
t 

of the muons. v The pt selection is achieved by two planes of cathode-readout 

chambers Ml and MZ covering vertical angles from ± 30 mrad up to ± 165 mrad. 

The cathodes are printed in 18 separated horizontal bands, each subdivided 

into 64 cells corresponding to equal intervals of the tangent of the azimuthal 

angle. The correlation between cells of a given band provides a cut-off in 

the magnetic deflection angle and thus in p~, which in turn, defines a rough 

lo Iver cut l n the 111 u on pa i r e ff e ct iv e 111 d s s . The L1~ggcl 

v I course of the experiment were either pt > 0.7 GcV c for both muons, 
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v or pt > 1 GeV/c for one muon, without cut on the other muon. Events with both 

muons in the 30 mrad cone of the W/U core of the beam dump were not accepted. 

The trigger system is illustrated in fig. l(b). 

The overall acceptance of the apparatus, as determined by the geometry 
v of the detector and by the pt cut is shown in fig. l(c) as a function of the 

dimuon mass and of the variable x = 2p
1
*//s, where p

1
* is the longitudinal 

momentum of the dimuon in the c.m. system. 

3. DATA ANALYSIS 

We analyse our data in the framework of the Drell-Yan mechanism, assuming 

that an antiquark q and a quark q of the beam and target hadrons annihilate 

electromagnetically into a virtual photon which then decays into a muon pair, 

according to the diagram 

h f=L+ 

h' 

The muon pair momentum and invariant mass M determine the kinematical 

variables of the colliding qq pair, if transverse momentum is neglected, 

as 

where X1 and x 2 are the fractional momenta of the quarks in the beam and 

target particle respectively. 

The Drell-Yan formula can be written as 

dx 1 dx 2 
[

f . ( x il f.,. ( x 2) + f.,. (xi) f. ( x 2 )l, 
1 1 1 1 J (1) 

where a 0 = 4 na 2 (hc) 2 /3s and the structure function fi for quarks of flavour 

i and charge Q. have a valence and a sea contributions, f. = f. + f .. 
1 1 lV lS 

The factor of 3 due to the colour hypothesis is displayed explicitly in 

eq. (1). 
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For the pion there is a single valence function, that we call V(x 1 ), 

defined by: 

V (x 1) 
-TI 
u (x 1 ) 

v 

+ 
u rr (x 1 ) 

v 

For the nucleon there are two independent valence functions, that we define 

for the proton as u(x 2) and d(x 2) for the up and down quarks respectively: 

The valence structure functions are normalized to the corresponding number 

of valence quarks i.e. 

J V(x1)_ dx1 = 1 ;u(x2)_ dx2 
X l ' X2 

The sea distributions are taken to be SU3 symmetric. For each flavour, we 

define S (x 2) for the nucleon and S (x 1 ) for the pion. n TI 

In the analysis of our results we compare the experimentally determined 

cross section to the one calculated by the Drell-Yan formula using: 

(2) 

where K is a scale factor, related either to our experimental normalization 

error or to a multiplicative correction factor due to QCD effects~. 

The general form of the cross section for pion-nucleon interaction is, 

dx 1 dx 2 

where, for Pt target (Z/A 

take the following form, 

G 1/9 (1. 6u + 

G 1/9 (0.6u + 

H 1/9 (2.2u + 

0.40), the nucleon functions G(x 2 ) and H(x 2) 

2.4d + SS n) for 1r 

0. 4d + SS ) for + 
TI n 

2.Sd 125 ) for ± 
+ 1T n 

+ -
The raw data of the experiment come in the form of µ µ events for 

(3) 

( 4) 

which we know the mass and the longitudinal momentum. From these we extract 

values of x 1 and x 2 for each event and we obtain an array as shown in fig. 2. 
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We have calculated by Monte Carlo method the acceptance at each value 

of x 1 and x 2 , by integrating on the observed pt distribution and on the 

cose and¢ distribution 1 l which was taken to be P(B,¢)~(1 + cos 2 8). The 

experimental errors (6p/p, multiple scattering) and the Fermi motion of the 

nuclear target distort slightly the distribution of events in the x 1 , x 2 

array. The main effects are that the 6p/p error produces a 6x 1 /x 1 of about 

3% at high x 1 , while Fermi motion and multiple scattering induces 6x 2 /x 2 

of about 10% and 6% respectively. The resulting effects on dN/dx 1 are 

sizeable only at high x 1 or x 2 and in any case do not exceed 10%. 

From the x 1 , x 2 array, corrected for acceptance, we extract the pion 

and nucleon structure functions by three different methods illustrated in 

the following sect. 3.1, 3.2, 3.3. 

We exclude the mass regions where resonances are present, by the following 

cuts, 4 < M < 8.5 GeV/c 2 at 200 GeV/c and 4.5 < M < 8.5 GeV/c 2 at 280 GeV/c. 

In the resulting arrays we have 5607 events for 200 GeV/c TI-, 2073 events 

for 200 GeV/c TI+ and 3441 events for 280 GeV/c TI-. 

3.1 Factorization method 

In this method we perform a first analysis of our TI data by assuming 

that for the range of x 1 values explored by this experiment, the sea of 

the pion can be neglected in comparison to the valence. In that case the 

observed cross section for incident TI can be written as (see eq. 3) 

1 

clx 1 dx 2 xi x ~ 

For each bin of given x 1 (N 1 bins in total) we have an unknown value of V(x 1 ), 

for each bin of given x 2 (N 2 bins in total) we have an unknown value of G(x 2 ). 

We thus have N1 + N2 unknown and N1 • N2 independent cells. We exclude from 

the analysis the cells where the acceptance is less than 3%. By minimizing 

the global x2
, we obtain the numerical value of the function V(x 1 ) for N1 

different values of x 1 and the numerical value of G(x 2 ) for N2 values of x 2 • 

The results of this analysis are shown for the 200 GeV TI run in fig. 3(a) 

together with results from a similar analysis by Newman et al. 3
) on their 

225 GeV TI data. The x2 of our fit is 95 for 67 degrees of freedom. This 

value of the x2 indicates that in our kinematical range of the variable x 1 

and x 2 , the factorization hypothesis may not be adequate. 

+ 
We can also perform a simultaneous analysis of our TI and TI data without 

+ 
any assumptions on the pion sea. In fact the subtraction of the TI induced 
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Drell-Yan cross section from the TI induced cross section, allows to eliminate 

the terms involving the sea of the pion and those involving the sea of the 

nucleon, which are the same for incident TI+ and TI-. For the Pt target 

(Z/A 0.40), the combination of up and down valence quark that we obtain 

is u + 2d 

1 

+ 
- (TI Pt) 

The analysis was done by subtracting in each x 1 , x 2 cell the 
+ 

TI events from 

the TI events, both normalized to the same number of incident pions. This 

normalization was obtained by using the observed number of J/~ events and 

the measured equality (within ± 2%) of the production cross section for J/~ 

op Pt by incident TI+ and TI- 4
). The results are presented in fig. 3(b). The 

x2 of this TI -TI+ difference fit is 43 for 59 degrees of freedom. In the 

present analysis by the factorization method we have made no attempt of 

normalization of our data. 

3.2 Parametrization method 

We assume the following simple x-dependence for the various structure 

functions 5 l; 

V(x) Axa(l - x)s 

S (x) B(l - x)n 
TI 

u(x) A'xa'o 
u 

- X) s I 

d(x) Adxa' (1 - x) S'+1 

S (x) BI (1 n' 
n 

- x) 

The choice of a~ = ad and Sd = S~ + 1 is the result of theoretical prejudices. 

As explained in sect. 3, the parameter A, A~, Ad are fixed in terms of 

a and S by the normalization condition to the number of valence quarks. 

If we use simultaneously the information from our TI and TI+ data, it is 

possible to determine the parameters of the sea in addition to the valence. 

In fact the TI+/TI- ratio gives the relative importance of the sea and the 

valence contribution, the variation of this ratio as a function of x 1 and x 2 

fixes the relative importance of the pion sea and the nucleon sea. 
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The results of this global fit, done by a maximum likelihood method, 

on the 200 GeV data are given below: 

a = 0. 40 ± 0.06 a' 1. 02 ± 0.15 

s 0. 90 ± 0.06 S' 4.04 ± 0.4 

B = 0. 09 ± 0.06 B' 0.35 ± 0.07 

n = 4.4 ± 1. 9 n' 6.0 ± 1. 3 

A 0.55 A' 10.5 A' = 6.31 u d 

Only the relative normalization of the + the data (known within 1T to 1T ± 
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2 % ) 

is used in this fitting procedure. The absolute normalization, which is 

however affected by a large error, will be exploited in the following method 

to evaluate the factor K as defined by eq. (2). 

3.3 Projection method 

By projecting the content of the x 1 , x 2 array on the two axes we get the 

distribution dN/dx 1 and dN/dx 2 • If L is the integrated luminosity calculated 

from the integrated beam intensity and from the useful number of target nucleons 

assuming a linear A dependence 1
) of the cross section, we can get from eq. (3) 

and (4) an expression where only the variable x 1 appears 

dN/dx 1 
(5) 

In this equation the quantities I(x 1 ) and J(x 1 ) are integrals involving the 

nucleon structure functions G(x 2 ) and H(x 2 ) and the calculated acceptance 

of the apparatus A(x 1 , x 2 ) 

These integrals have been evaluated in two different ways: 

i) using the results of the fit to our data discussed in sect. 3.2; 

ii) using the results of the CDHS 6 ) parametrization. 

The quantity J(x 1 )/I(x 1 ) is nearly constant (± 7%) in the relevant x 1 range 

and is~ 1.4 for the TI data and~ 3.7 for the TI+ data. In fig. 4(a) we 

present the results for the pion structure function. 

A procedure similar to the one which leads to eq. (5) can be used to 

derive the nucleon structure function using as input the pion structure 

function from our fit. In this case for the TI the valence part is 
+ l.6u + 2.4d and J/I ~ 5.3, for the TI the valence part is 0.6u + 0.4d and 

J/I ~ 4.5. The results are given in fig. 4(b). 
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The numerical value of K is obtained from the integration of eq. (S) 

K 

where V(x 1 ) and S (x 1 ) are the normalized valence and sea structure 
1T 

functions as determined in sect. 3.2. The results on Kare given in table 1. 

4. DISCUSSION 

a) First we should note that the shape of the pion structure function is 

rather insensitive to the choice of the nucleon structure function used in 

the projection method of sect. 3.3. Furthermore, the pion and nucleon valence 

structure function curves obtained from our fit fall nicely on the values 

obtained from the factorization method (sect. 3.1) using the 1T - 1T+ data 

(fig. 3(b)); this checks the consistency of the two methods. The 1T structure 

function which we derive from the factorization method agrees in shape with 

the result of Newman et al. 3
). However, the nucleon structure functions, 

derived by the same methods, are incompatible (fig. 3(a)). 

b) Using the parameters obtained from our fit in sect. 3.2, we find: 

These fractions of the 1T momentum carried respectively by the valence quark 

and the sea agree with general expectation. 

On the other hand, using the parameters from the same fit, we find: 

0. 3 . 

Our nucleon structure functions (and their integrals) are about twice as high 

as those obtained in the parametrization of CDIIS. It should he noticed 

however that in our fit we are very sensitive to extrapolation of the 

structure function to x 2 = 0 and hence the values given above, both for 

the sea and valence, depend on the choice of the analytical representation 

of FN(x 2 ) at small x 2 
1 l. It should also be noticed that a large value of 

the nucleon sea momentum, compatible with ours, is obtained in the analysis 

of the FNAL proton data 8 • 9 ). 

c) The values of the scale factor K given in table 1 are affected by 

different sources or errors; they are listed in table 2. 
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Table 1 

Results on the scale factor K 

+ - -
1T 1T 1T 

200 GeV/c 200 GeV/c 280 GeV/c 

G(x 2), H(x2) from this 1. 4 1. 4 1. 5 
experiment (sect. 3. 2) 

G(x 2), H (x 2) from 

CDHS fit 2.4 2. 2 2. 5 

Table 2 

Estimated errors on the scale factor K 

K obtained using for the K obtained using for the 

nucleon G (x 2) and H (x 2) nucleon G (x 2) and H (x 2) 

from CDHS from our fit 

Luminosity error 
± 15 % ± 15% 

of our experiment 

statistical error ± 10% ± 15% 

Systematic error 

from the acceptance ± 10% ± 15% 

uncertainty 

CDHS normalisation 
5% ± -

,-,. ...,., ... ~,.... ..... 
\..-..L .I. V.L 

I 
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FI GU RE CAPTIONS 

Fig. 1 (a) 

(b) 

(c) 

Fig. 2 

Fig. 3(a) 

(b) 

Fig. 4(a) 

(b) 

General layout of the NA3 spectrometer for the study of dimuon 
production in hadronic collision. 

Sketch of the trigger system. 

The acceptance of the apparatus as a function of x and M as 
calculated by a Monte-Carlo method. 

Two-dimensional plot in the x 1 , x 2 plane of the 200 GeV/c TI Pt 
dimuon events. A cut was applied at M = 4 GeV/c 2

• 

The data points are the result of the factorization method 
(sect. 3.1) applied on the TI- data at 200 GeV/c. Data points 
from ref. 3) are also plotted with arbitrary relative normalization. 
The shape of the structure functions obtained by the parametrization 
method (sect. 3.2) is also shown. 

The data points are the result of the factorization method 
(sect. 3.1) applied to the TI- - TI+ data at 200 GeV/c. The shape 
of the structure functions obtained by the parametrization method 
(sect . 3 . 2 ) is a 1 so sh o ivn . 

The data points represent F (x 1 ) as defined by eq. (5), using: 
- nucleon structure functioR of our fit (1) 
- nucleon structure function from CD!IS fit (2) 
i) dashed curves represent the valence structure function of 

the pion obtained from our fit. 
ii) solid curves represent the (valence + sea) pion structure 

function as defined by eq. (5). 
The curves h:i.ve heen scaled up by a factor K: 

(K = 1.4 for (1), K = 2.5 for (2)) 

The data points represent FN(x 2 ), as defined in sect. 3.3, using 
the pion structure function 1 from our fit. 
- dashed curves represent the valence part of the nucleon structure 

function: l.6u(x 2 ) + 2.4d(x 2 ) for TI+ 

0.4d(x 2 ) + 0.6u(x 2 ) for TI 

- solid curves represent (valence + sea) nucleon structure 
function as defined in sect. 3.3. 

The curves have heen scaled up by a factor K: 
(K = 1.4 using our fit; K = 2.5 using CD!IS fit). 
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STUDY OF RARE MUON INDUCED PROCESSES 

A.R. Clark, K.J. Johnson, L.T. Kerth, S.C. Loken, T.W. Markiewicz, 

P.D. Meyers, W.H. Smith, M. Strovink, W.A. Wenzel 

Lawrence Berkeley Laboratory, Berkeley, California, USA 

R.P. Johnson, C. Moore, M. Mugge, R.E. Shafer 

Fermi National Accelerator Laboratory, Batavia, Illinois, USA 

G.D. Gollin, F.C. Shoemaker, P. Surko 

Princeton University, Princeton, New Jersey, USA 

ABSTRACT 
Interactions of the type µN+(nµ)X (n=l,2,3,4,S) are 
being studied with high sensitivity in the Multimuon 
Spectrometer in the Fermilab muon beam. Results are 
reported on inelastic structure functions, production 
of ~(3100) and exotic multimuon final states. 

INTRO DUCT ION 

765 

Data have been collected using the Multimuon Spectrometer recently con

structed in the Fermilab muon beam. To achieve the desired luminosity 

(>10 39 cm- 2 /experiment) the experiment uses a massive target (S kg/cm 2 ). An 

integrated spectrometer magnet provides high acceptance along the length of 

the target even for tracks along the beam direction. 

The apparatus shown in Fig. 1, consists of 18 modules of 5 10-cm thick 

steel plates each followed by a calorimeter scintillator (SC). A 25 cm gap 

between modules contains a drift chamber (DC) for precise determination of 

track position in the bend plane and a proportional chamber which reads out 

3 coordinates to resolve multi-hit ambiguities. 

Signals from banks of trigger scintillators S1-S12 are used to form 

parallel triggers for >l, >2, >3 muons in the final state. The single muon 

trigger incorporated a veto on a hit in the beam area; the two muon trigger 

required deposition of approximately 20 GeV in the hadron calorimeter. 

Three muons triggered only on multiplicity. 

Beam tracks were momentum-analyzed by 2 separate upstream bends. Ac

cepted outgoing tracks, registering >4 proportional chamber hits in 2 views 

and >3 hits in the third, were required to intersect a common vertex opti

mized by iteration. Extra hits due mainly to small showers induced by direct 

electron pairs, were identified and rejected using a complex momentum

fitting algorithm which solves for the Coulomb-scattering in each module. 

The acceptance and resolution of the spectrometer were modelled for each 

final state by Monte Carlo simulation. Coordinates of randomly sampled beam 

muons are used as input and all energy loss and scattering processes are in

cluded for each iron plate. Trajectories were deflected in each plate using 

measured field maps. Simulated interactions occurred between muons and nu

cleons in Fermi motion or coherently between muons and iron nuclei. These 

simulated events were output in the same format as raw data and were re

constructed and momentum-fit exactly as the data. 



766 Session V 

MUL Tl- MUON SPECTROMETER 
BERKELEY-FERMILAB- PRINCETON 

in modules 4,6,8,10,12,14,16,18 
PC+ DC in 1-18 5C in 1-15 

18 

Figure 1. Schematic view of the apparatus. S1-S12 are trigger scintil
lators. PC and DC are proprotional and drift chambers. The 
scintillators labelled SC form a hadron calorimeter. 

EXOTIC MULTIMUON FINAL STATES 

Identification of exotic events begins in the reconstruction and fit

ting programs. Events satisfying normal analysis criteria which possess 

unusual characteristics are saved on microfilm containing tabulated data and 

computer-generated track pictures. Events are double scanned by physicists 

and are refit using hand-selected information as a consistency test. 

Table 1 presents the properties of four rare events found in an ini

tial scan of 20% of the data. The three muon event with two missing µ or 

vµ is similar to events seen in the CDHS neutrino experiment•). In this case 

also, the small pair masses and transverse momenta favor interpretation as 

n/K decay contamination of dimuon events. 

Two events with 5 muon final states have been observed. Event 1208-

3386 possesses characteristics similar to those of the more abundant (by 

~a- 2 ) muon tridents. Event 851-11418, however, does not seem consistent 

with any plausible QED process. 

The four muon event, 1191-5809, has properties which differ signifi- ) 
2 ' 3 ' 4 

cantly from those of the three reported events in neutrino experiments 
+ -The softest lepton has at least 4 times the energy and the lightest µ µ 

daughter has at least 4 times the mass of any neutrino-induced counterpart. 

The most obvious potential background, single muon production due to any pro-
+ -cess in random association with µ µ pair production due to any process with-

in the same diagram, has been estimated using measured properties of 2 and 3 

muon final states in this experiment to be less than 7 x 10- 4 • 



Event 

851-5726 
µ--+µ-µ+µ+ 
1 2 3 4 

1191-5809 
)l + -+11 + )l + µ -11 -
1 2 3 4 5 

1208-3386 
µ+-+µ+µ-µ-µ+µ+ 
1 2 3 4 5 6 

851-11418 
µ--+µ_µ_µ+µ+)1-
1 2 3 4 5 6 
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TABLE 1 

Properties of Exotic Events 

Scattered 
Muon 

2 
Q2 =0.l±O.l 
v =160±6 

2 
Q2 =0.3±0.2 
v =158:1:7 

2 
Q2 =0.2±0.2 
v =149±9 

2 
Q2 =3.5±0.6 
v =61±12 

Energies 
(GeV) 

Ey= 19± 2 
E4= 11± 2 

Ehad=l03±15 
Emiss= 

E3= 
E4= 
Es= 

Ehad> 
Emiss< 

E3= 
E4= 
Es= 
E6= 

Ehad= 
Emiss= 

E3= 
E4= 
Es= 
E6= 

Ehad= 
Emiss= 

27±17 

26± 3 
18± 2 
25± 4 
57±11 
31±14 

50± 5 
27± 3 
61± 6 
10± 2 

6± 3 
"4±13 

13± 2 
19± 2 
15± 2 
10± 2 

5± 3 
-1 ±J3 

Masses 
(GeV/c 2

) 

M34=0.5±0.l 

M34=3.0±0.3 
M35=3.2±0.3 

M345=4.6±0.3 

M35=1.3±0.2 
M36=0.3±0.l 
M45=0.4±0.l 
M46=0.5±0.l 

M3456=2.0±0.2 

M34=2.3±0.2 
M35=2.0±0.2 
M4 0=0.S±O.l 
Ms6=0.3±0.l 

M34S6=3.5±0.3 

INELASTIC STRUCTURE FUNCTIONS 
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Unseen 
p.Lto YV 
(GeV/c) 

0.3±0.1 

2.0±0.2 

0.1±0.3 

1.8±0.4 

The values of the inelastic structure function F2(x,Q 2
) are extracted 

using a Monte Carlo simulation to correct for acceptance and resolution. 

The simulation uses fits to F2 and R(x,Q 2 )=oL/oT determined from earlier 

experiments 5)with the neutron-proton ratio a parameterization of electron 
data 6 ). 

The values of F2/nucleon averaged for iron are presented in Figure 2b. 

This represents 17% of the data on tape. Systematic uncertainties in the 

energy calibration and resolution, and in trigger efficiency are folded in 

quadrature with the statistical. There is an overall normalization uncer

tainty of ±14%. 

The data indicate less dependence on Q2 than measured in earlier experi

ments5) although the result is not inconsistent with those. The values of 

F2 fall approximately 20% below the extrapolation of fits to those lower Q2 

data at all values of x. Changing the value of R from the form R=l.2(1-x)/Q 2 

to a large value would increase the measured F2 particularly at larger values 

of Q2
• The data presented here are in good agreement with values measured 

in neutrino scattering from iron 7 ). 

~(3100) PRODUCTION BY MUONS 

Previous experiments at Fermilab, SLAC, and Cornell have measured ~ 

photoproduction. We report here 1000±80 µ+µ- pairs from ~ decay drawn from 

16834 muon interactions producing 3 fully-reconstructed muon tracks in the 

final state. These represent 12% of the data on tape. 
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Figure 2. (a) Calculated efficiency for inelastic muon scattering vs. Q2 and 
v, averaged over full target length. (b) Measurements of F2(x,Q 2 ) 

for bins of x. Points above the dashed line have been corrected 
by a factor less than 1,5 for smearing. Errors shown include 
statistical and systematic uncertainty. 

Only one choice of µ+µ- pairing is plotted in the mass spectrum of 

Figure 3(a). The centroid of 3(b) is consistent with 3.1 GeV and the width 

of 9% agrees with Monte Carlo predictions and with direct calculations. The 
~~(3685) is not resolved. 

Data taken at low intensity with interactions restricted to the upstream 

8 spectrometer modules were used for determination of the total cross-section 

a/nucleon (µFc+µ~X)=0.76±0.22 nb 

allowing for the 7% ~+µ+µ- branching fraction. Monte Carlo corrections 

for nuclear coherence, shadowing and ltlmin effects yield 

o(µN>µ ) = 0.67±0.20 nh 

where the error is due to normalization uncertainty. A calculation using a 

photon-gluon-fusion model is consistent with this result 8 ). 

To make contact with other data at small t, the t-dependence of the 

cross section was assumed in the Monte Carlo simulation using parameters 

based on other experiments. The Ey dependence of Figure 3(c) is insensi

tive to reasonable variations of the parameters. 
Above 30 GeV, the cross sections vary less steeply than is predicted by 

a photon-gluon-fusion calculation (shaded band). The broken line is the 

shape of the kinematic factor (p~ /pY ) 2
• In the simplest VMD interc.m. c.m. 

pretation the ratio of solid to broken lines in Fig. 3(c) gives the energy 

dependence of the square of the ~-nucleon total cross section. 

The shallow Q2 -dependence in Fig. 3(d) is fit by (1+~ 2 /M 2 ) 2 witl1 

M=Z.7±0.5 consistent with a ~propagator; the choice M=mp is ruled out. 
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- J_ l . J _ l 1-1_Lj___J__uLLJJJ 
19 2.5 3.1 3.7 43 49 556.1 

mµ.+ µ.- (GeV) 

Figure 3. µ+µ- mass spectrum before (a) and after subtraction (b). Cross 
sections for ~ production by equivalent virtual photon flux as 
a function of Ey (c) and Q2 (d). 

If the charmed quark mass is approximately half of the ~mass, the kinematics 

of the photon-gluon-fusion produce a Q2 -dependence similar to that in VMD. 

Data like that of Fig. 3 may provide a critical test of a more exact QCD 

calculation. 
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R.L. Cool, C. del Papa, L. Di Lella, z. Dimcovski, R.J. Hollebeek, 
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J.M. Yelton and K.K. Young. 

ABSTRACT 

An apparatus consisting of a superconducting solenoid magnet, 

cylindrical drift chambers, and two arrays of lead-glass Cerenkov 

counters has been used at the CERN ISR to study the production of 
+ - 2 e e pairs of invariant mass above 6.5 GeV/c • 

The production of massive electron-positron pairs in proton-proton 

collisions has been measured at the CERN ISR at a centre-of-mass energy (/s) 

of 62.4 GeV, as part of a general study of high transverse momentum 

processes 112 ). In this report, after a description of the apparatus and 

event selection procedure,three topics are discussed the e+e- continuum 

form+ - > 6.5 GeV/c 2 3 l, the cross-section for the T family of resonances 4 l, e e 
and the mean transverse momentum, <pT> of the lepton pair for both the 

continuum and the resonances. The data presented here come from an inte

grated luminosity of 8.5 x lo 37cm- 2 . 

The experimental apparatus (Fig. 1) can be considered in two parts. 

The inner detector, designed to track charged particles, consisted of a set 

of 4 double-gap cylindrical drift-chambers inside a thin-walled supercon

ducting solenoid magnet 516 ) (B = 1.4 Tesla). The outer detector, used to 

identify electrons and photons and measure their energies, consisted of two 

large arrays of lead-glass Cerenkov counters l), one on either side of the 

intersection region. The pulse-heights recorded in the scintillation 

counters 'B' on the outer face of the magnet were used to correct, event by 

event, for the apparent energy loss of electrons passing through the magnet 

coil and cryostat (1 radiation length of aluminium). This correction was 

typically 260 MeV. The r.m.s. momentum resolution of the tracking system 

was ~p/p = 6%p(p in GeV/c). The mass of the electron pair was calculated 

using the energies as measured in the lead-glass counters, with an r.m.s. 

resolution of 4% at 10 GeV/c 2 . The geometric acceptance covered the range 

-0.5 < y < 0.5 and was 9% for this interval assuming a cross-section flat 

in y, the rapidity of the lepton pair. The acceptance did not depend 

significantly on the decay angular distribution. 

The trigger required that more than 2 GeV be deposited in a cluster 

of 3 x 3 counters in each lead-glass array, and was dominated by n" pairs. 

Off-line, tracks in the inner detector and the clusters in the lead-glass 
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arrays were reconstructed independently, and only events with tracks pointing 

to clusters in both arrays retained. The genuine electron pairs formed less 

than 6% of this sample which consisted of backgrounds in roughly equal 

amounts from three sources : (a) the spatial overlap of a charged hadron 

with a 11°, (b) electrons and positrons from Dalitz decays of n°•s and 

external conversions in the beam-pipe and the first layer of the innermost 

drift-chamber and (c) charged hadrons which deposited most of their energy 

in the lead-glass arrays after interacting in the magnet coil or the lead

glass itself. To reduce these backgrounds, some further cuts were made, 

of which the most important were to require that the momentum of each track 

match the energy of its corresponding cluster and that the energy in the 

cluster be concentrated appropriately around the track direction The over

all analysis efficiency was 50 ± 5%. 

Of the remaining 226 events, there were 174 where the two particles 

were of opposite charge, and 52 where they were of the same charge. It is 

assumed that the contribution of background processes to the opposite

charge class is given by the number of events in the same-charge class. This 

assumption is valid for both the electromagnetic backgrounds (b) and the 

hadronic backgrounds 7 l. Since the apparatus acceptance for positive and 

negative particles was the same, a direct subtraction was performed to 

obtain the electron-positron signal (Fig. 2). 

The cross-section ~~YI y=O form> 6.5 GeV/c
2 

is given in Fig. 3. 

The peak in the mass region 8.5 + 11 GeV/c 2 corresponds to the T resonances 819 > 

and there is a continuum region below 8.5 GeV/c 2 and above 11 GeV/c 2 ; the 

line is a fit excluding the T region. In addition to the statistical 

errors shown, uncertainties in the luminosity measurement, analysis 

efficiency and acceptance give an overall uncertainty of 12%, and there is 

an uncertainty of 5% in the mass scale. The scaling hypthesis lO) predicts 

that the quantity m
3 ~~YI y=O or equivalently s

312 ~~YI y=O should be a 

function of (m/ls) only. To test this we compare our data with results 

from Fermilab S). The fit given in ref. 8 implies that the cross-section 

at Is = 62.4 should exceed that at Is = 27.4 by a factor of 4 at a mass of 

7 GeV/c 2 and a factor of 200 at 14 GeV/c 2 . Figure 4 shows that the values 

for the scaled cross-sections from the two experiments are quite consistent 

with this prediction. 

The excess of 40 events above the continuum fit in the mass range 

8.5 - 11 GeV/c 2 is due to the T family of resonances and corresponds to a 

cross-section B ~~ y=O (9 ± 2) x lo- 36cm2 for the T, T' and T' ';the 

error includes the uncertainty from the continuum subtraction. This value 
-36 2 is much lower than the value of (59 ± 34) x 10 cm from another ISR ex-

periment ll), although the two results are consistent given the quoted 

errors. Our cross-section is 25 times the cross-section at Is= 27.4 and 

it is interesting to note that the behaviour of the cross-section for T 
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production is similar to that of the J/~ as a function of m//s with a re
-3 lative magnitude of 10 (Fig. 5). The ratio of the resonances cross-section 

do d
2 

2 
B dy y=O to the continuum dm~y y=O at 9.5 GeV/c is 3 ± 0.7 in the present 

experiment, compared to the value 1.66 ± 0.06 measured at /s = 27.4 9 ). No 

event is observed in the present experiment with mass > 16 GeV/c 2 which 

implies a 95% confidence level upper limit on B ~~ y=O for any heavier 

resonances of 7.5 x lo- 37cm 2 . 

The mean transverse momentum of the lepton pair for the mass 6.5 -+ 8.5, 

8.5 + 11 and above 11 GeV/c 2 is shown in Fig. 6. Except for the first 

point, which is affected by the energy threshold in the trigger and where 

the error has been increased accordingly, the mean pT is essentially inde

pendent of the form taken for the pT distribution, and is also independent 

of the decay angular distribution of the leptons. The trend for <pT> to 

increase with /s at a fixed mass as observed at Fermilab 8 ) is clearly 

continued to the ISR energy range. 
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JETS IN DEEP INELASTIC ELECTROPRODUCTION 

DECO Collaboration 
G. Drews, W. Gebert, F. Janata, P. Joos, A. Ladage, H. Nagel*), H. Preissner and P. Soding 
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Cornell University, Ithaca, N.Y. 14853 

A. Sadoff 

Ithaca Co 11 ege, Ithaca, N. Y. 14850 

ABSTRACT 
Results on jet structure of the hadronic final state in electron
proton scattering are presented. The kinematic range includes 
1 < 02 < 6 GeV 2 and 9 < W2 < 16 GeV 2

• The correlation between the 
jet axis determined with sphericity or thrust and the direction of 
the virtual photon is measured. Comparison with data from e+e-
annihilation is made. A method to estimate the intrinsic trans
verse momentum of the quark in the target proton is presented. 

In the framework of the quark-parton model the fast final state hadrons from electron

proton scattering are interpreted as quark or diquark fragments. The hadronic final state 
is expected to exhibit a dominant two jet structure. In its center-of-mass system these 
jets are collinear. The extent to which the jet axis agree with the direction of the virtual 
photon will depend on the intrinsic transverse momentum of the quark in the target proton. 

We present results on jet structure from an electron-proton scattering experiment per
formed in an 11.5 GeV electron beam at the Wilson Synchrotron Laboratory. The apparatus, 
the main part of which was a streamer chamber, is described in Ref. 1. The kinematic region 
is 1 GeV 2 < 02 < 6 GeV 2 and 9 GeV 2 < 1~ 2 < 16 GeV 2 (-0 2 ,l~ 2 are the squares of the invariant 
masses of the virtual photon and the final state hadrons respectively). To suppress contri
butions from diffractive processes, predominantly ep-+ epp0(-+1/TI-), only events with more 
than three charged hadrons in the final state are accepted. The quantities used are 
spheri ci ty 2 ' 3 ''1

) 

and thrust 3 ' 
5

) 

S = 3 min ( lP~ I 'p~ ) z i 11 L l 

T = max ( I I P · I I l I P · 1) . i , ,, i 1 

( 1) 

(2) 

Since in this experiment neutral hadrons were not detected the summations in formulae (1) 
and (2) run only over charged hadrons. 

In Fig. 1 the distribution of lcosel is shown where e is the angle between the spheri
city or thrust axis and the direction of the virtual photon in the center-of-mass system. 

•) Now al Beiersdorf AG. Hamburg 
**) Now at Carnegie-Mellon University, Pittsburgh, PA. 
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The data exhibit a strong correlation between the jet axis and the photon direction as ex

pected. For the Lorentz-transformation to the center-of-mass system the hadrons have to be 
identified as pions, kaons or protons. This is done on a statistical basis using parametri

zations of hadron structure functions 6 l. Even when all charged hadrons are treated as pions 

the results remain qualitatively the same. 

In Fig. 2 <p.1..> and <p 11 > of all hadrons with respect to the directions of the virtual 

photon and the sphericity and thrust axis are presented as function of W' ~1here 

W' = W - mN + mn"' l4 - 0.8 GeV. For comparison the results from PLUT0 3
) on <pl.> and <pu> 

relative to the thrust axis are included. The use of W' instead of W for the ep data serves 

as a rough correction for the kinematic effect of the final baryon. Although the ranges of 
+ -W and W' covered by the e e and ep data do not overlap the figure shows clearly that the 

+ -ep data continue the trend defined by thee e data when the sphericity or thrust axes are 

used. This does not hold however when p1 and p11 are defined with respect to the virtual 

photon direction. 

The deviations of the sphericity and thrust axes from the calculated direction of the 

virtual photon seen in Fig. 1 and Fig. 2 may be due to several causes: a) radiative effects, 
b) missing neutrals, c) non-identification of protons and kaons, d) the fact that the 

sphericity and thrust axes are only approximations to the real jet direction at finite 

energies, e) transverse momentum of the quark in the target proton. In order to eliminate 

the first three causes for the following investigation events were selected that satisfy a 
kinematic 4c fit e.g. for the reaction type ep + epn+1/n-n-. To disentangle the influences 

of the last two causes listed above a Monte Carlo model was developed. This model is based 

on Field and Feynman's parametrization of quark fragmentation 7 l which was found to be in 

ep-eh±X 

preliminary 
' 

8: angle between 
12 ~ $ sphericity} axis 

If) ...... .+. thrust 
c and virtual photon ::J 

>-
'- 8 d 
'-...... 

..D 
'- f- -

..9.. ; 
CD t z If) 4 

u8 Iii 
-

u • • .... . ... ... 
' 

0.2 0.4 0.6 0.8 lO 
lcos81 

Fig. 1 The di stri buti on of I cos0[ for 
events with more than three observed 
t1nal state hadrons at Y < w2 < 16 Gev
and Q2 > 1 GeV 2

• 

0.1 

ep-eh"X 

momentum relative to: 
¢ virtual photon } 
• spheric1ty axis ep DECO 
+ thrust axis 
* thrust axis e+e- PLUTO 

0~~~~~~-' ~~~~~~~~ 
02 3 4 5 2 3 4 5 

Wor w' (GeV) 

Fig.2 The average transverse and longitudi
nal momentum of all final state hadrons as a 
tunct1on ot w· = W - mN + m tor events with 
more than three observed haHrons. The PLUT0 3 l 
data are shown as function of W. 
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good agreement 1vith the pion fragmentation functions determined in this experiment 6
). It is 

assumed that the fragmentation of the diquark system is equal to that of the quark except 

for the fact that the first rank hadron is alv1ays a baryon. The quark and diquark jets with 

energy W/2 each and opposite directions are first calculated independently. Then the two 

jets are combined whereby in an iterative way the momenta of the hadrons are changed accord

ing to momentum and energy conservation 8 l. 

Comparison between the experimental events and the results of the ~ante Carlo model 

shows good agreement in the distributions of momenta, sphericity, mn+n-' mpn+• mpn- , and 
Pl v1ith respect to the sphericity axis. This gives confidence that the model serves as a 

good description of the final hadronic system in our experiment. 

On the other hand, the average angle between the direction of the parent quark and the 

jet axis in the Monte Carlo model comes out significantly smaller than the angle between 

the virtual photon direction and the jet axis in the real events. This suggests that the 

fragmenting quark did have a primordial transverse momentum distribution. Assuming this 

distribution to be of the form exp(-kj/2o 2 )dki, it is found that the most likely value for 

<k1 >quark lies between 0.5 and 0.9 GeV/c (see Fig. 3). 

In summary our investigation of jet structure of the hadronic final state in ep 

scattering provides further support for the quark-parton model. The data show a strong 
correlation between the direction of the virtual photon and the jet axis. The mean trans

verse and l ongi tu di na l momenta of the hadrons with respect to the jet axis in ep scattering 

and e+e- annihilation follow a common trend. The width of the angular distribution between 

virtual photon and jet direction is consistent with an intrinsic transverse momentum of the 

quark in the target proton of 0.7 ± 0.2 GeV/c. 

0.8 

ep - epn+ n;+ rr-rr

preliminary 

8: an .. gle be;:;, ~phencity1 axis and virtual photon 

/Monte Carlo 

07 ---~---- ---··--------·-

§ . t------
v I . 

experiment 
0.6 

0 0.5 1.0 15 

Fig.3 Comparison between the experimental result 
on <[cosnJ> and a Monte Carlo model with varying 
intrinsic transverse momentum k..l of the quark in 
the target proton. 
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(Presented by U. Becker) 

ABSTRACT 

Results from an experiment studying pp-+ µ+µ-X at the ISR with the high
est possible energy of IS = 62 GeV are presented. With relatively high 
statistics at these energies, the measurements extend to very high muon
pair masses. Associated hadron multiplicities are observed. 

The continuum of the pair spectra exhibits scaling. The data allow the 
extraction of the explicit dependence on xFe)'l).' the transverse momentum 
PT• and the decay angle e. The angular distribution is flat at the T, 
and 1 + cos 2 e othenvise. J and T are seen and measured, as well as 
very high mass events. Limits of resonance production are estimated. 

llere we present data from experiment R209 1
) measuring 

+ -
pp -+ µ µ x ' (1) 

which was carried out at the CERN Intersecting Storage Rings (ISR) from the beginning of 

1978 to March 1979, with IS = 62 GeV and an integrated luminosity of 1.06 x 10 38 on- 2
• 

Observing ll,000 muon pairs with invariant mass above 2.8 GeV, these data provide the best 

statistical measurement in the range of high masses. 

+ -The ex1)eriment was designed to study heavy photons in pp + y X, with y -+ µ µ , by mea-v v 
suring the pair mass spectnun from 3-20 GeV and the angular distribution together with the 

multiplicities of the residual hadrons X. 

The second aim was to search for new resonances Z, decaying into muon pairs Z-+ µ+µ-. 

For this the detector was designed to accept very high pair masses. It also required the 

highest possible energy -- as available only on the CERi\J ISR. 

1. 11!E DETECTOR 

The detector is shown in Fig. la. Seven toroids of magnetized iron surround the inter

action region. Muons are identified by penetration, requiring a minimlun of 1. 8 GeV / c momen

tum. Hadrons are absorbed in 450 tons of material with 8-ll absorption lengths along the 

path. 

Made from low-carbon steel of the Carnegie-Mellon cyclotron, the rectangular yokes 

la,b,c, Za,b, and the round ones 3 and 4, are excited by toroidal coils to a rather uniform 

magnetic field of 1.75 T. This was measured by llall probes to< 3%, and also independently 

confinned by pick-up coils around the yokes. 
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Largc-s ize drift chambers between the magnets and around the detector dctcnnine the 

muon momenta. These chambers have dimensions of up to 6.5 x 2.7 m2
, and a total of 5000 wires 

spaced by 101.(i nun. \\'ith four planes per chambcr
2

) measuring x,y twice, the left-right ambi

guity is resolved and the angle of incidence determined. All the chambers were tested exten

si vc 1 y and the rcsol ution was found to be 430 )lm. After installation and survey, cosmic rays 

were used to check thci r f inaI position with sma 11 ca 1 ibration chambers. Covering -v 800 m2
, 

they contain 60 m3 of argon + isobutanc (75: 25% vol. mixture), supplied from a 95% recycling 

and purifying system. 

Innncdiatdy around the intersection, an array of 136 precision drift chambers with 

544 wires and 272 delay Jines indicates all outgoing tracks by 3-5 points, accurate to 0.2 nm1 

along the beam and 2 nun transverse to it. 'I11e muon tracks arc observed and, together with 

the hadron tracks, a vertex is dctcnnincd. TI1e multiplicity and directions of the associated 

hadrons arc measured. An additional system of 34 drift chambers, with 361 1\ircs and 187 de

lay lines, measure tracks at an angle of 30° down to 1° to the proton beams. 

llodoscopes J\, B, C, ll, and E form the pair trigger to read out the chambers; their times 

arc precisely recorded on 160 TIX::s. Covering 200 m2 , special precautions were necessary to 

suppress envi ronmcntal background. I Iodoscopc ll, with clements of 0. 83 x 4. 0 m2 
, has fast 

5-inch tubes at both ends. The time difference dctcnnincs the muon position to 25 cm, 1"hich 

can be checked against the chambers; this eliminates muJtitrack background and accidentals. 

Jn addition, fast "mean timers" give position-independent signals which enable the rejection 

or cosmic rays, these signals being 15 ns out of time. The toroids have a roughly circular 

field; bending affects the polar ang1c O hut not the azimuthal angle ¢ (around the beam). 

The B, C, D, (E) hodoscopes fonn 24 (48) equal <P sectors. Even the worst (3o) multiple scat

tering is conf i ncd to one sector. TI1erefore matching combinations (Bil, etc.) arc fanned, 

allowing also the adjacent elements to define a coarse \1 track in the logic. 1\110 tracks at 

180° ± 50° yield a trigger. 

In sLmnnary, the detector has a 1 argc acceptance 

15° < 0 < 130° ' p > 1. 8 GeV • p 

The TI and K clecavs arc small, because the ahsorhcr already starts at 40 cm from the vertex. 

Figure 1c shows the resulting mass acceptance obtained from a ~!ante Carlo calculation 

accounting for multiple scattering energy loss, chamber efficiency, and fiducial cuts as 

applied to real events. The production mechanism used is consistent with our data. 

'J11e momcnttm1 resolution is limited by the multiple scattering in iron rather than by the 

chamber accuracy. One expects Llm/m = IH almost independent of mass. 

2. DJ\TJ\ ;\ND CIJECKS 

The raw events observed with this apparatus in a year, with IL dt = 1.06 x 10 38 cm- 2
, 

arc more than any other measurement in this energy range and are presented in Fig. lb. To 

safeguard against systematic errors, half of the data were taken at each magnet polarity. 

All time and pulse-height recording equipment was frequently recalibrated and compared to 

pulser signals. The gas composition was tightly contro11ed by a chromatograph to avoid cf

riciency fluctuations. 
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All events were required to originate from the interaction diamond, as "seen" by the 

inner detector. 

Recording cosmic-ray data with magnetic field and comparing the independently fitted 

momenta of the upper and lower half of the detector yielded llp/p "' 16% as expected, confinn

ing the recognition program. From this the mass resolution is estimated to be l\m/m "' 16%//2, 

almost independent of mass. A very direct check is given by observing the J with an apparent 

width of 780 MeV as in Fig. 2a, in good agreement with the expected ll% mass resolution. 

3. J AND T RESONANCES 

Kinematically, the muons from J's produced at rest have 1.55 GeV/c momentum and cannot 

penetrate the iron (1.8-2 GeV). Instead, we measure J's produced forward with xF = p1/pLmax"' 

"' 0.2. In this case the decay muons have p > 2.8 GeV/c. TI1e acceptance is very small and 

difficult to calculate, and is accounted for by the conservative errors of the cross-section 

B do/ (J) = (1 +1. o) x lo-32 cm2 • 
µµ dy -o.s 

0 

Figure 2b shows the mass spectnnn from 4 to 26 GeV, obtained from the events of Fig. lb and 

the acceptance incorporating a (1 - x) 3 dependence in the Feynman variable xF' exp (-1.0 pT) 
for transverse momentum, and (1 + cos 2 eCS) for angular distribution. All dependences are 

µ+ 
verified by our data and shown later. The sensitivity to the pT and x dependence is small, 

since the detector covers almost the full range. However, taking a flat angular distribution 

instead of 1 + cos 2 O increases the acceptance by 20%. The ansatz 

do [l 
dm =A 

- (m/v5)]10 + B{exp l-- (1 - 9.4/m)2] + 0.3 exp r_ (1 - l0/m)2] 
m4 /,IS 2o2 l 202 

+ 0.15 exp [- (1 - ~~~ 4/m) 2 ]} 

with o 10% was fitted to the data of Fig. 2b. With x2 /DF 17.2/21, we obtain 

B •o(T) = 10 ± 3.5 pb 
µµ 

using a flat angular distribution. 111e result for the continuum can be recast into the 

familiar scaling fonn 3) : 

m3 g~ = (7.7 ± 0.4) x 10- 33 (1 - h) 10 //f GeV2 cm2 

with T = m2/s. In addition to the quoted errors, the over-all nonnalization has an uncer

tainty of 40%. 
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4 • I II GI HL\SS EVENTS 

As seen in Fig. 2b, both the data and the scaling prediction decrease to less than 

2 x 10- 3 7 cm 2 above 20 GcV mass. I lowever, after a gap of several Ge\i there are two more 

events at "-' 25 GcV (and one not shoM1 from older data at 28 GcV). The computer-reconstructed 

picture of one event at 24.9 Ge\! is shown in Fig. 2c. The front view gives the event in the 

non-bending plane. Each track has complete sets of coordinates linking to the tracks of the 

i1mer detector shown at the right-hand side. The counters initiating the trigger are all 

within 1.6 ns. The top view displays the excellent momcntLUn fit. The tracks fonn an angle, 

seen also in the hadron detector, and with the time infonnation this clearly excludes a cos

mic ray. Together with 12 more charged hadrons they emerge from a point well within the 

interaction diamond. Also indicated is the position using the time difference of both photo

tubes at the D hodoscope. This matches nicely with the tracks observed with chambers. The 

event is clean, i.e. docs not contain spurious chamber coordinates. This feature is quite 

coimnon to all events, demonstrating the effectiveness of the iron shielding. 

5. ASSOCIATED I!ADRONS 

The hadron detector allows the multiplicity and directions of charged hadrons to be 

detennined. 1'!omcnta are not measured. Looking at the track distribution with respect to 

one of the muons, no correlation was observed. As a function of the dimuon energy E the 
fJlJ 

total multiplicity decreases consistently with the multiplicity expected at the lower energy 

of /s - E 
µ11 

l11C multiplicity increases with pT of the muon pair. Inten•sting1y, this increase 

happens exclusively in the hemisphere opposing the transverse momentum of the µ p;1 ir (sec 

Fig. :la). 

? R" 
0+-----,------,------,----~ 

0 2 3 GeV 

FIG. 3a 

1()() 8,m,11 5,m,8 · 

\ 
tt 278e•1. 

100- \l 

'it I 
10 l I 

'\l1 
i 11 11 P, 

0 2 4 6 Ge/C1 2 4 6GeV 0 

a) 

b) 

f 11, m, 20 

~. 73ev. 

~ti 
1 

I 
R 

2 4 6 

10 

-1 

OL, 

dG 
ciC:osEt 

-05 

dG 
cf cosO" 

I cose 

0 05 1 

02 

~lfrth1+r4+~-
t l coseo, 

-1 -05 0 05 

c) 

Fiq. 3 a) Charged-track multiplicitv in the hemisphere of the ll pair. Notice the rise in 
the opposite one. b) Pr dependence of the dimuons in the 6-8 GeV, the 8 GeV, and the 
hitherto unexplored 11-20 GeV regions. c) Collins-Soper angular distribution ofµ+. 
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Above m 6 CcV the acceptance is reasonably flat. Comparing the cross-section measured 

in -0 .1 < xF < 0. 7 with the fonn 

we find for 

468 events in 6 < m < 8 GcV , /\ 3.0 ± 0.3 

and 

278 events in 8 < m < 11 GeV , A 3.2 ± 0.3 . 

For the same intervals and, additionally, for ll < m < 20 GeV the cross-sections (l/pT)(dcr/dpT) 

arc shown in Fig. 3b in relative units. Neglecting the first (low) bin, a good fit to exp (-bpT) 

can be obtained with the result: 

b 1.20 ± O.ll 1.18 ± 0.10 0.97 ± 0.17 Gev- 1 

for 

Ill = 6-8 8-11 11-20 GeV 

No difference for the 8-11 region containing the T is seen when this is compared with the 

other regions. This observation and the measured shape are in good agreement with recent 

calculations 4
). 

7. AVERAGE TRANSVEHSE j\K)~,[:NTUr"1 ( Pr_L 

Three different complementary methods were used to determine (Pr>= 

2 -bpT a) from dcr/dpT <v e there follows: (PT) = 2/b; 

b) directly (correcting for acceptance): (Pr) = (l/N)l:~=l p*; 

c) change e-bpT in the Monte Carlo generation until the best match to the observed event 

distribution is obtained. This ensures best treatment of the resolution. 

The results are summarized in Table 1 for three ranges of clirnuon mass. 

Table 1 

Average transverse rnornenttun in GeV /c 

Mass range 6-8 8-ll ll-20 

a) 1.60 ± 0.15 1. 70 ± 0.17 '.) o+o. 5 
~· -o.2s 

b) 1.68 ± 0.19 1. 77 ± 0.10 2.U ± 0.20 

c) 1.8 ± 0.2 1. 7 ± 0.26 2.1 ± 0.4 

These values are definitely higher than those observed at FNAL 3
), at the same mass but with 

r: '")'"1 ,j !'""' "'(T , . 1 . ' l ·' 1 • "I f '! 1 
'" - '-1 .. t uev, ct11u ;:,ugge::.L a ::.uo::.LaJll1-<l1- vs uepeHueJ1ce. 
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8. DECAY ANGULAR DISTRIBUTION 

Crucial to the Drell-Yan picture of parton antiparton annihilation are the predictions 

of 

i) SCALING: 

ii) angular distribution 

do 
dQ ~ 1 + cos 2 eµ+ 

, and 

following from the spin 1 constituents. 

However, the original model ignores Pr· 
Choosing the reference axis z of Collins and 

Soper 5
) which averages the proton directions 

p1, p2, as seen from the µ-pair c.m.s., one 

should see to leading order the 1 + cos 2 ecs 

distribution. Figure 3c supports this for 

6 < m < 8 GeV with 

------ Collins-Soper 
~~~~---~~~::::.::;i'""';:-~L-~~~--.. axis 

,.,,,,,,,._...-- ...- -- -- - ....... 

---
P2 

1 + (1.6 ± 0.7) COS
2 ecs . 

However it is remarkably less pronounced and consistent with being flat in the T region: 

8 < m < ll GeV with 1 + (0.3 ± 0.6) COS
2 ecs ' 

suggesting another production mechanism. With x2/DF = 8.2/12 and ll/12 these are reasonable 

fits. The data were integrated over all x < 0.7. 

9. MULTIMUONS 

In order to penetrate the iron of the detector, muons must have p > 1.8-2.2 GeV depending 

on the geometry. 111e geometrical angular acceptance for each muon is 0.4. Trigger constraints 

will reduce trimuons by 0.5. Six trimuon events were observed with an integrated lwninosity 

of 1.06 x 10 38 cm- 2. 1\·m of these events clearly involved a vector-meson mass (J) in one 

µ + µ - combination and a third track of bad quality. 11w remaining four events can be used 

to pose an upper 20 limit 

CT (3µ) < 
8 events x 10 3 8 

0.5 x 0.4 3 x 1.06 
2.4 pb ' 

for pp + 3µ + X with p > 2 GeV, which includes channels such as BB production with subse
µ 

quent cascade decays 6 ) into muons. 

10. CONCWSION 

Measuring pp + µµX at IS = 62 GeV we find: 

Ec(T) - 10 ~ 3.5 pb 
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Three high-mass events with m > 24 GeV enable a 2o upper limit to be set on resonance produc

tion above 20 GeV: 

Bo < 3 + 213= 40 x 10- 39 cm2 , 
Acc·L 

where Ace= 0.15 is the acceptance and L = 1.06 x 10 38 cm- 2 is the huninosity. The con

tinuum is measured to small values of T and is compatible with scaling 3
): 

m3 ~ = (7.7 ± 0.4) x 10-33 (1 - /f) 10 //f GeV2 cm2 
• 

The associated hadron multiplicity diminishes with E but increases with Pr in the opposite 
]J]J 

hemisphere. 

The (1 + cos 2 ecs) distribution is seen, but not at the T, and (Pr) 
markedly higher than the values measured at lower IS. 
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SOME SIGNIFICANT PHYSICS OBJECTIVES OF THE pp COLLIDER*) 

C. Rubbia, 

CERN, Geneva, Switzerland. 

1. INTRODUCTION. The p-p collider will open a new range of centre

of-mass energies with at least five years of advance with respect to 

ISABELLE and presumably before the corresponding prograrmne at Fermilab. 

791 

It is clearly impossible within the available time to give a comprehensive 

review of the major experimental activities. I shall therefore discuss 

a few topics which, I believe, are particularly significant: 

(1) large pT-effects for jets and single particles 

(2) search for intermediate bosons 

(3) search for Higgs particles 

(4) weak interactions without bosons? 

(5) production of very narrow charmonium-like resonances. 

At the end I would like to describe briefly the general-purpose 

detector which is planned for one of the interaction regions around 

the SPS (LSSS). 

2. STRONG INTERACTION EFFECTS: LARGE pT PHENOMENA. The recent 

developments in QDC have considerably increased the significance of 

high momentum transfer phenomena. QDC is believed to be more than a 

phenomenological model 1). It is a precise and complete theory purporting 

to be an ultimate explanation of all hadronic experiments. There one 

starts with the world of point-like partons, i.e. quarks and vector 

gluons which interact amongst each others. However higher collisions, 

which are of great mathematical complexity, are replaced by an 

effective "non-scaling" parton distribution and fragmentation 

functions. 

This approach has been remarkably successful for the case of 

deep inelastic electron scattering. The higher order graphs modify 

the bare, scale invariant cross-section. If the total cross-section is 

hardly affected, the higher order effects simulate a decrease of hard 

partons (large-x) and an increase of soft (low-x) partons. The moments 

*) This report is an extract from CERN SPC/423, 18 September 1978. 
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SCALE BREAK I NG IN 
INELASTIC e. fl SCATTERING 

-- OCD 11. = 0.4 GeV/c 

- - - QCD 11. = 0.5 GeV/c 

0. 180 .------..---.---.-,.-,,--,.-~~ 
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0.150 

0.135 -

x = 0.5 

Q,5,.----.----.--.--..-..-.-.-..-~--.----. 

x = 0.08 0.120 
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0.4 
4 8 IG 24 32 ·~O 

Q2 (GeV/c)2 

5 10 30 

0 2 (GeV/c)2 

Figure 1. Comparison of the scale breaking effects (Q 2 dependence) 
expected from an asymptotically free theory with data on 
ep and µp inelastic scattering at x = 0.033 and 0.08 and 
at x = 0.5. The theory comes from the analysis of Ref,l 
using A= 0.4 GeV/c (solid curve) and A= 0.5 GeV/c 
(dashed curve). 
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of the parton distribution then fall as knoum powers of in q2 /\ 2 • The 

experimental results on scale breaking in inelastic muon and electron 

scattering experiments (Figure 1) are in excellent agreement with this 

description and suggest A~ 0.4 - 0.5 GeV/c. 

Hadron-lepton scattering at large momentum transfer is then 

accounted for very well in terms of a simple perturbation theory on 

point-like objects,plus an "effective non-scaling of partons" (in 

793 

order to account for the higher order diagrams, which are too complicated 

to account for). However, when the theory is extended to hadron-hadron 

collisions, the picture becomes far less clear. Let us consider for 

instance large pT experiments, like for instance pp ~ nOX or 

p + p + Jet + X at the ISR. At what was thought to be a high 

enough pT' one finds experimentally pT8 behaviour, instead of the p~4 

expected from point-like scattering (possibly with additional 

logarithmic modifications). However, as shown by Feynman, Field and 

Fox1), QCD tells us clearly why it is so and it predicts correctly 

experimental findings (Figure 2) provided one takes into correct 

account: 

(i) non-scaling distributions (A ~ 0.4) 

(ii) gluon distributions 

(iii) transverse momentum of partons, which is measured to be 

<pT> ~ 848 MeV/c as a fit to the Drell-Yan distributions 

(Figure 3), 

The situation is simply that the energy (pT) is still too low 

and there are too many non-asymptotic effects still acting. However, 

at high energies, the distributions must quickly approach the pT4 

fall-off (Figure 4). One can see (Figure 5) that the SPS collider 

will provide sharp, quantitative tests of the QCD theory as soon as 

turned on. Note for instance that jet cross-sections are 

~ 103 times larger than single particle production. It is not clear 

however in which form quark and gluon jets will appear at very 

large PT (like pT ~ 30 GeV/c). If QCD is correct there will be no well 

collimated object. Instead we shall observe fat, multiply headed jets 

made of many subjects (Fractiles). 

It must be stressed that even if QCD predictions are very 

complete and essentially parameter-free, the high energy behaviour of 



794 

,.......__ 
,........... 
N 

> <1> 
C> 
........ 
.0 
:::l .......__. 
a. ,.., 
u 
........ 
b 

"O 
w .._,,_._, 

S? 
O" 
0 

-I 

-2 

-3 

-4 

-5 

-6 

-7 

-8 

Session VI 

pp-rr+X 

• W=53(7T• +rr-)/2 
x W= 53 770 

O W= 19.4 rrO 

.,. W= 19.4 rrO 
o W= 19.4 (7T•+77'-)/2 

·····r·.~ .... ~"' ·· .... """\::; · .. ~ ·· .......... ~ 
., ..... 

. ·.~ 
\ ·~ 

A =0.4 (befor~ smear) . 
A =0.4 (ofter smear) 
A =0.6 (o I ter smear) 
A =0.4 no gluons 

(ofter smear) 

·· .. 

-9~~~...._~~-'-~~-'-~~__..~~~'--_._~...._~~~ 

2.0 3.0 4.0 5.0 6.0 

Pl. GeV le 

7.0 8.0 9.0 

Figure 2. Comparison of a QCD model (normalized absolutely) with data 
on large pT pion production in proton-proton collisions 
at W = Is= 19.4 and 53 GeV/c with 8 = 90°. The dot-cm 
dashed and solid curves are the results before and ~fter 
smearing, respectively, using A = 0.4 GeV/c and <kT>h~q= 848 

MeV and the dashed curves for A= 0.6 GeV/c (after smearing). 
The contribution arising from quark-quark, quark-antiquark, 
and antiquark-antiquark scattering (i.e., no gluons) is shown 
by the dotted curves (after smearing). (From Ref. L7). 
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do-/dMdY12k1 (pp-I"•µ-+ X) 

W,27.4GeV 11.,BGeV 
y, 0.0 

-Exp(-054 i<fl 

10- 11 '----+-' ---'----'----· 
0.0 1.0 2.0 3.0 4.0 

k.l GeV/c 

795 

Figure 3. The transverse momentum spectrum, da/dMdYd 2kT, of muon pairs 

in pp collisions at W = 27.4 GeV, M = 8 GeV and rapidity 
µµ 

Y = 0. Also shown is a Gaussian fit of the form exp(-0.54 k~) 

which yields <kT> ~ 1.2 GeV and is interpreted as 
)l )l 

implying <kT>h~q = 848 MeV. (From Ref. 1). 
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p4 Ed CT I a3p versus 
J_ 

pp-rr+X 

-·-A=0.4 (before s~eor) 
--A=0.4 (ofter smear} 

- - - A =0.6 (ofter smear) 

W=i60 

10-2 '----l.~-L..~-'-~'---'-~-'-~-'-~'---'-----' 
0 10 20 

P.i.GeV/c 

Figure 4. The data on p~ times Edo/d 3p for large pT pion production 
at e = 90° and XT = 0.2, compared with the predictions 

cm 
(with absolute normalization) of a model that incorporates 
all the features expected from QCD. The dot-dashed and 
solid curves are the results before and after smearing, 
respectively, using A = 0.4 GeV/c and the dashed curves are 
the results using A= 0.6 GeV/c (after smearing). 
(From Ref. 1). 
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Figure 5. Comparison of the results on the 90° no cross-section, 

Eda/d 3p, from the QCD approach with A = 0.4 GeV/c (solid 

curve) and the quark-quark "black-box" model FFl (dotted 

curves). Both models agree with the data at W = 53 GeV 

where the open squares are the "preliminary" data from the 

CCOR collaboration normalized to agree with the lower pT 

experiments. The QCD approach results in much larger cross

sections than the FFl model at W = 500 and 1000 GeV. The 

FFl results at 1000 GeV (not shown) are only slightly 

larger than the results at 500 GeV. Also shown are the 

cross-sectio~s for producing a 

(divided by 1000) as predicted by the QCD approach (dashed 

curves) and the FFl model (dot-dashed curve). 
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large pT hadrons is one of the most fundamental questions to be 

elucidated by the SPS-collider. 

799 

In general we shall test how weak the parton-parton interaction 

becomes at small distances. This is shown in Figure 6 where the 

differential jet cross-section is given as a function of the transverse 

momentum. Will strong interactions continue to weaken as 

the known weak and electromagnetic effects, which go like 

-a . pT , until 

pT4 (plus 

logarithmic corrections) eventually emerge? Note at this point 

that local weak interactions will contribute with about 1 event/day 

and pT > 60 GeV/c for the general purpose detector in LSSS and at 

luminosity of 1030 cm-2 sec-1, 

3. PRODUCTION OF THE W MESONS. One of the most important justifications 

to the p-p collider is an early exploration of "the first threshold in 

weak interactions" namely where the four Fermion theory ceases to be 

valid and vector bosons are essential. 

The most significant evidence fo~ this new energy domain would be 

the direct observation of the W-mesons2). From the presence of both 

charged and neutral currents, we expect at least three of such objects. 

Even if we had no idea of which mass to expect, the opening up 

of the new kinematic range offerd by the p-p collider would make the 

search for W an important objective. Current theoretical ideas establish 

a close connection between W-mesons and the photon and give to all 

of them a comparable intrinsic strength. This leads to the mass 

estimate: 

where e is the elementary charge and GF the Fermi constant. 

More specific theories allow detailed predictions. The Weinberg-

Salam model gives masses and width as a function of sin2eW as 

calculated in Figure 7. The recently favoured value sin2e ~ 0.22 
w 

gives about equal masses for wo and w±, around 80 GeV/c2• 

More general models of the same class predict a larger number of 

W mesons, in the same mass range as the W-S model. It is therefore 

evident that the presence or absence of W mesons in this mass range is 

of considerable importance. 
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Figure 7. Masses and leptonic partial widths for charged and neutral 

vector boson in the Weinberg and Salam model. 
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Is there an upper limit to the mass of the intermediate bosons 

in the unified gauge theories? Bjorken~ has discussed this problem 

in the framework of a unified theory of weak and e.m. interactions 

with one dimensionless constant and found: 

11\vO < 200 GeV/c2 11\v± < 75 GeV/c2 

which are well within the capabilities of the SPS-collider. However, 

there are extreme models which explain the neutral currents as 

exchange of two w± bosons and which predict extremely massive charged 

bosons. Their limits are 11\v± ..::_ 450 GeV/c2 • 

It must be noted that for 11\v _:: 300 GeV/c2 the decay total width 

which grows like ~ exceeds its mass. In these cases bosons cannot be 

experimentally observed as particle states and the phenomenology 

becomes practically indistinguishable from four fermion theory with 

unitary cut-off. This "observability bound" appears well matched to 

the potentialities of the SPS-collider. 

How reliable really are W cross-section estimates? There is now 

very strong support for the notion of point like constituents in the 

hadron, obtained from lepton-hadron scattering and very high energy 

neutrino experiments. The experimental detection of weak interaction 

processes in hadronic collisions almost certainly involves quark

antiquark annihilation very much like e+e- collisions. 

In order to estimate the cross-sections in pp collisions, the 

structure functions of partons must be known. Neutrino and charged 

lepton scattering experiments provide the necessary structure 

functions and have set limits (> 20 GeV) on any non-locality in the 

parton form factor. The main difference with respect to e+e-

801 

annihilation is that now the kinematics is largely smeared out by the 

internal motion of the q's and q's. Apart from this "Fermi motion" effect, 

the production processes initiated by leptons or quarks appear equally 

fundamental and reliable. 

Calculations on the production cross-sections have been reported 

by several authors 4 ). They usually invoke parton-antiparton annihilation, 

scaling and CVC to relate the Drell-Yan process to the W-production. 

SomP cnrrPcti ons m.ay1 be required because cf sc3ling dc"'Ji.::lticns due for 

instance to asymptotic freedom. These effects have been considered 

and found relatively unimportant at least for~..::_ 100 GeV. 
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Cross-sections are sunnnarized in Figure 8 a and 8 b. Expectations 

give a total cross-section of about 5 x 10- 33 cm2 for~±~ 100 GeV. 

We would like to stress that the estimates for pp are more reliable 

than those for pp since the former involve mostly valence quarks which 

have been accurately investigated in deep inelastic lepton scattering 

experiments. 

One can compare these cross-sections with the ones for LEP and 

CHEEP colliding beam machines (Table 1.). It appears that pp is 

definitely superior in all cases. Production of w0 by e+e- collisions 

on the resonance is clearly superior to pp. However the charged W 

production stands a much better chance with pp than e+e-. It may be 

stressed at this point that for sin2 ew = 0.21, ll\J+ = 80 GeV and pair 

production will be possible only with LEP 100. 

A practical search for intermediate bosons requires an unambiguous 

experimental signature. Leptonic decay branching ratios could be 

related by CVC to the value of R measured in e+e- annihilation at an 

energy equal to the mass of the w0 • We can either extrapolate R or use 

the Weinberg-Salam model. It is plausible that the result should be 

approximately the same in any non-exotic model since it depends mainly 

on the number of possible quark and leptonic final states. (Quarks are 

counted three times because of colour and with appropriate allowance 

being made for the Cabibbo angle). For the branching ratios we take 

the following values: 

B(W± + e± + v) 0.12 

Partial widths in the leptonic channels estimated by standard graphs 

and the value of the Fermi constant are: 

+ + e- + v) = 140 MeV 
(sin2 ew 0.3) 
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Combining partial widths and branching ratios we get total widths, 

which are relatively large and at least in the case of w° accessible 

to experimental observation: 

r(w± +all) = 1.2 GeV/c 2 f(W0 + all) = 1.2 GeV/c2 

We would like to stress at this point that the decay branching 

ratios for the w0 depend critically on the total number of neutrinos 

in nature since they are most certainly light enough to be amongst the 

z0 decay products. 

The leptonic decay channels of both the neutral and charged bosons 

represent the most obvious way of detection. In the case of the w0 a 

pair of charged leptons are emitted. A narrow resonant peak (reminiscent 

of the ~/J signature) is easy to detect (Figure 9). In the case of the 

charged boson, a substantial fraction of the emitted leptons are 

confined close to the maximum of the transverse momentum (Figure 10). 

Furthermore a large fraction of the transverse momentum will be 

missing because of the emitted neutrino. Detectors are capable of 

recording such a missing momentum. 

Figure 11 shows the calculated product 0.B for the process: 

+ p + p + w- + x 

Le±+ v 

as a function of the w± mass. The large C.M. energy available allows 

us to investigate the existence of such particles up to masses of 

about 300 GeV/c 2 • The rapidity distribution of the emitted leptons 

is shown in Figure 12. We remark that only 50% of w0 emit both leptons 

in the angular range 30° < 8 < 150° <IYI .::_ 1.3) and 96% of the leptons 

are contained in the angular acceptance of the general purpose 

detector of LSS5 5), 50 < e < 175° <!YI < 3). 

An important signature of the weak decay of the intermediate 

boson can be found in the lepton angular distribution. The lepton 

distributions from the charged W show a strong forward-backward 

asyunnetry (Figure 13a). This asymmetry is specific to pp collisions. The 

asymmetry for the w0 is expertPrl tn hP sm::ill (Figure 13b). On the 



(\
J
 u ::> Q
) 

<..
? 

...._
_ 

(\
J
 E
 

u blE
 

"D
 

"D
 

CD
 

I0
-32

 r 

10
-3

3 
[_

 

10
-3

4 
l-- ~ t 

10
_3

5 
r F--

10
3

6
 l 

10
-3

7 
. 

10
-3

8 LI
O

 D
re

 II
 

ri
g

u
re

 9
. 6

0
 

' 
I 

I 
I 

.... 

10
31

 

[ 

. '
 

I 
-:

:!
 

p
p

-W
0
+ 

X
 

J 
-

+
 

p
p

 -
w

 +
 x

 
L

e+
e-

10
-3

2 
:-

L
e

+
 v

 
:; J 

Js
 =

5
4

0
 G

eV
 

!ff
~~ 

1 
Js

 =
 54

0
 G

eV
 

~ 
25

°<
 8

<
15

5°
 

-
2

5
°<

8
<

1
5

5
°1

 
~
 

~
 ,,

,, e
. ·

o
.4

5
 

~
 

/ 
~/'

'' e
 •.
 "''

 
<..

? 
...._

_ 
10

-3
4 

C
\J E

 
/\

 
~·~

2 r
:4 

-"
 "

" 
u 

.
.
.
.
 

10
-3

5 

))
\\

) 
\ 

. b
ier

 
i : u 

10
'+

 1/
1\

 \''8 .
. o.15 

i 
8

0
 

10
0 

12
0 

14
0 

M
a

ss
 

e+
 e

-
( G

e
V

/c
2

) 

D
il

ep
to

n
 
in

v
a
ri

a
n

t 
m

as
s 

fr
om

 
w0 

+
 

e+
e.

,. 
d

ec
ay

 
in

te
g

ra
te

d
 

o
v

er
 

th
e
 a

n
g

u
la

r 
ac

ce
p

ta
n

ce
 

25
° 

<
 

8 
<

 
1

5
5

° 
fo

r 
p~

 
c
o

ll
is

io
n

s 
a
t 

rs
'==

 5
40

 G
eV

 
an

d 
fo

r 
d

if
fe

re
n

t 
v

al
u

es
 
o

f 
th

e
 W

ei
nb

er
g 

an
g

le
 

8W
. 

D
re

ll
-Y

an
 c

o
n

ti
n

u
u

m
 
is

 
a
ls

o
 

sh
ow

n 

fo
r 

co
m

p
ar

is
o

n
. 

10
-3

7 

2
0

 
4

0
 

6
0

 
8

0
 

p 
( G

eV
/c

) 
T

 

F
ig

u
re

 l
a
. 

S
in

g
le

 c
h

ar
g

ed
 

le
p

to
n

 d
is

tr
ib

u
ti

o
n

 
in

te
g

ra
te

d
 o

v
er

 
th

e
 

an
g

u
la

r 
ra

n
g

e 
25

° 
<

 
e 

<
 

15
50

 
fr

om
 w

+ 
+

 
e+

 
+

 v
 

10
0 

d
ec

ay
 

an
d 

pp
 

c
o

ll
is

io
n

s 
a
t 

/;
'=

 5
40

 
G

eV
 

ac
co

rd
in

g
 

to
 

th
e
 

q
u

ar
k

 p
a
rt

o
n

 m
od

el
 

fo
r 

v
a
ri

o
u

s 
v

al
u

es
 

o
f 

th
e 

W
ei

nb
er

g 
an

g
le

 
e\

.f
 

CX
> 

0 (j
) 

C
f)

 
CD

 
en

 
en

 
5·

 
:::

:l ~
 



p
p

 -
w

 ... 
B~

 CT
w 

(c
m

2
) 

Lr
 r

 
10

-3
3 
r
-
-
-
i
r
-
-
-
,
-
~
-
-
,
-
~
~
~
 

10
-3

4 
"''

 

10
-3

5 

10
-36

 
' 

10
_3

7 

.....
... 

__ 
_ 

' ' ' ' ' \ ' ' \ 

---
-

',.._
 .....

. , 
......

 Js
 = 5

4
0

 G
eV

 
---

-.
.. ,

p
p

 
',

 

\ \J
s 

=
2

0
0

 G
eV

 
\ 

\p
p

 
10

-38
 [

 
I 

\ 
I 

I 
I 

J 
5

0
 

F
ig

u
re

 
1

1
. 

10
0 

15
0 

2
0

0
 

2
5

0
 

M
as

s 
(G

eV
) 

T
o

ta
l 

c
ro

ss
-s

e
c
ti

o
n

 c
rw

 
ti

m
es

 

le
p

to
n

ic
 b

ra
n

c
h

in
g

 
ra

ti
o

 
B
~
 

fo
r 

th
e
 

p
ro

c
e
ss

 
o

f 
w±

 p
ro

d
u

c
ti

o
n

 b
y

 
pp

 
c
o

ll
is

io
n

s
 

an
d

 
d

ec
ay

, 
g

iv
en

 a
s 

a 
fu

n
c
ti

o
n

 
o

f 
th

e
 m

as
s 

an
d

 
fo

r 
d

if
fe

re
n

t 
c
e
n

tr
e
 o

f 
m

as
s 

e
n

e
rg

ie
s.

 
P

ro
to

n
-p

ro
to

n
 
in

it
ia

te
d

 
cu

rv
es

 
a
re

 
sh

ow
n 

fo
r 

co
m

p
ar

is
o

n
1

6
) 

dN
( 

E
) 

dY
 

+
 

+
 

..
..

-z
--

W
 -

E
 v

 

z
o
-
E
+
e
~
 

-6
 

F
ig

u
re

 1
2

. 

-4
 

-2
 

0 
2 

4 
6 

y 
( f

) 

R
a
p

id
it

y
 d

is
tr

ib
u

ti
o

n
 o

f 
th

e
 

ch
ar

g
ed

 
le

p
to

n
 e

m
it

te
d

 
in

 p
p 

c
o

ll
is

io
n

s
 

b
y

 
th

e
 d

ec
ay

s 
i.!

° 
+

 
e +

 e
-

an
d 

w
+ 

+
 

e +
\)

 

(/
) 

CD
 

(J
) 

(J
) er :::
i :::;;

 

O
J 

0 -...
.J 



N
 E

 
u ~
 

bl
~ 

-0
 

0 u -0
 

m
 

10
-3

2 
r
:
:
-
-

10
-3

3 

10
-3

4 

10
-3

5 

10
-3

6 -I
 \ \ \ 

' ' 
' 

w
+ 

,,,,.
.,,,.

-
.....

. .....
... 

-
:t

 
P

P
-
W

 +
X

 

..._
 

Le
± 1

1 --
--

--
-,

 \ 

Js
 = 

5
4

0
 

G
eV

 

·
~
-
~
-
-
L
 

__
_ J

 
I 

I 

0 

co
s 

e 
+

 
e
-

\ \ \ I -
I ~
 ' 
-

F
ig

u
re

 
1

3
a.

 
C

ha
rg

e 
as

yu
nn

et
ry

 
fo

r 
le

p
to

n
ic

 w
± 

F
ig

u
re

 1
3

b
. 

d
ec

ay
s 

f
r
o
~
 

pp
 
c
o

ll
is

io
n

s 
an

d 
rs

= 
s4

o 
l 

6
)
.
 

p
p

-W
0
+ 

X
 

L 
a

+
e

-

--
--

--
--

--
--

--
--

--
--

- -

. . . ,/
/ 

, 
,,

'/
 

,
'/

 
--

--
-·

·/
 

_..
. ..

.. 
..._

 

Js
 =

 5
4

0
 G

eV
 

0 

co
s 

e 
e 

0 
+

 
-

C
h

ar
g

e 
as

yu
nn

et
ry

 
fo

r 
W

 
+

 
e 

e 
fr

om
 p

p 
an

d 
c
o

ll
is

io
n

s 
v

a
ri

o
u

s 
v

a
lu

e
s 

o
f 

t~
e 
_w

ei
nb

e~
g 

~n
gl

e 
ew

1
5

) 
N

ot
e 

th
e
 
ra

p
id

it
y

 v
a
ri

a
ti

o
n

 
o

f 
th

e
 d

is
tr

ib
u

ti
o

n
 w

it
h

 
si

n
2 

ew
· 

00
 

0 CX
l 

C
J)

 
CD

 
{f

l 
{f

l a· :::
i ~
 



Session VI 

contrary, in pp collisions, the lepton distributions are synnnetric in 

case. 

809 

Recently spectacular hadronic jets have been observed in e+e

annihilation experiments at DORIS. According to eve the W should also 

decay into two hadronic jets. Observing the transverse momentum of the 

jet is most likely not a sufficient criterion to separate out the W 

signal from the (probably) more abundant background of hadronic origin~ 

However if the mass of the W is determined by observing both jets, 

the situation is far more promising and, depending on the actual 

backgrounds and mass resolution, it might be possible to isolate the 

signal. 

A crucial question is what is the minimal luminosity which is 

needed for an early realistic observation of the charged and neutral 

W's. In order to clarify this point we should take the most pessimistic 

point of view on the cross-sections and leptonic branching ratios. Let 

us consider charged W's. There are several reasons to believe that the 

canonical estimates could turn out to be optimistic. Firstly 

asymptotic freedom and other scaling violations may reduce the 

production cross-section by perhaps as much as a factor two. Secondly 

the decay branching ratio B may be lower if additional leptons and 

quarks exist in the mass range of w+ decays. Assuming that three new 

leptons and three new quarks are to be found in this mass range, we 

get B = 0.05. Therefore for conservative estimates one might then ev 
introduce a factor four of safety and use a.B = 1.0 x lo-34 cm2 • 

A realistic detector with sensitivity for both e± and µ± channels 

might have an overall efficiency of about 1/2, when all effects 

of kinematical cuts, geometry, off-line and on-line losses are 

included. The average luminosity <L> needed to collect N useful events 

during a time t is then given by: 

<L> 
4 x(a.B) 

I 
+ + e-,µ-

N 

x 0.5 x t 
\ 
detection 
eff. 
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N = 20 and 500 hours of actual running time (corresponding to 25% of 

SPS over a first year at 50% overall efficiency to take into account 

beam manipulation errors, initial hardware problems and so on) one gets: 

20 <L> = ~~~~~~~~~~~~~~~~~~~~~~~ 
4 x 1.0 x 10-3 4 x 0.5 x 3.6 x 103 x 500 

This is about a factor twenty below the target luminosity and 

well within the expectations for the first running-in year of the 

project(*). 

Of course the question is if N = 20 is a reasonable estimate. In 

the past several crucial discoveries (two neutrinos, CF-violation, st-) 

and more recently the F+ at DESY have been conclusively demonstrated 

on a relatively small number of events. The key issue has been in all 

cases the avaliability of a large number of redundant pieces of 

information for each event. As we shall see this is the case for the 

detectors planned for the first generation of experiments, which are 

capable of determining the neutrino momentum by missing energy and 

hence the invariant mass of the w± for individual events to about 10% 

accuracy. 

The situation for the w0 where a mass peak is easily obtained is 

however more complex. Estimates of mass and cross-sections are somewhat 

more uncertain and much more model-dependent. Standard values give o.B 

which is substantially smaller than for w±. As already mentioned the 

decay branching ratio into charged leptons depends critically on the 

total number of neutrinos in Nature. Finally there is almost no 

obvious way of distinguishing the narrow peak due to the z0 from the 

one of yet another massive vector particle of the-V--or ¢type, as long 

as the charge asymmetry is as small as predicted by the Weinberg-Salam 

model. The minimal luminosity to carry out realistically this phase of 

the programme is then about an order of magnitude larger than the one 

for the charged W's, still within the expectations of the SPS collider 

project. 

(*) This roughly corresponds to the luminosity obtained by collisions 

between one p and one p bunch of standard emittances and about 5 x 1010 

particles. The AA ring is expected to produce this number of p's 

in about 2 hours. 
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In conclusion the search for the charged W's with the appropriate 

detector is truly a first generation experiment for the SPS collider. 

811 

4. SEAR.CH FOR HIGGS PARTICLES. A connnon feature of gauge 

theories is that the masses of the gauge bosons and renormalizability 

are obtained using the Higgs mechanism. Every gauge theory has at least 

one physical neutral scalar Higgs boson. Therefore looking for such 

particles should be an integral part of any progrannne to study weak 

interactions at high energies. In the simplest W-S model there is only 

one of such neutral Higgs bosons, H. The Higgs boson could be less 

massive than thew± and w0 • Other possibilities exist for instance in 

which Higgs particles are much heavier than the intermediate vector 

bosons. Their self interactions could be large and a whole new set of 

effects could emerge at centre of mass energies .::_ 200 - 300 GeV. 

The Higgs particle is elusive and plays a negligible role in low-

energy phenomenology, This is because it couples to particles 

according to their mass, and is only very weakly coupled to the quark 

and lepton constituents of ordinary matter. 

It goes without saying that the cleanest laboratory test for 

associated Higgs production is e+e- annihilation. The total cross

section for the process 

is shown in Figure 14, relative to the QED rate for e+e- + µ+µ-. At 

fixed energy this rate is essentially independent of ~ until close 

to threshold, when it drops rapidly. As the energy is increased, 

however, the relative rate decreases substantially. (Below threshold, 

some smaller cross-section for H production proceeds through virtual 

z0 state which decays for instance inµ+µ- pairs). It can be noted from 

Figure 9 that LEP70 will be sensitive to H production to a mass of 

about 40 GeV/c 2 and with cr(HZ) ~ 4 x lo- 36 cm2 • 

A similar process is expected to occur from the initial 

annihilation of (qq) pairs in proton-antiproton collisions, namely 

or u±) .,. n 
tt / • >..L 
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Figure 14. Associated H,Z production cross-section for e+e- colliding 

beams. The cross-section is o(e+e- +µ+µ-)QED= 4.1 x lo-36 

at/;= 140 GeV and about 2 x 10- 36 at/;;'= 200 GeV. At this 

last energy and for £ = 10 32 cm- 2sec- 1we expect about two 

events/day for a Higgs mass _::. 50 GeV/c2 over the full solid 

angle and 100% detection efficiency. 
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The cross-sections are easily calculated by convolution of the 

appropriate quark and antiquark distribution functions, which will 

smear somewhat the nice plateau of Figure 14. (See Figure 15). 
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The association of a w± or Z with H provide a dramatic experimental 

signal for H production, provided a non-negligible fraction of produced 

w± or Z's are accompanied by an H, whose decay scheme is by its very 

nature, as bizarre as is kinematically permitted. For masses between 

~ 4 GeV and 10 GeV, the TT and cc decay modes are accessible and 

dominant. The experimental signature is then the presence of at least 

one additional lepton in the debris of the W-producing event. If the 

mass is greater than~ 10 GeV, H decays mostly into hadrons containing 

the~constituents. Until the next hadronic or leptonic threshold is 

encountered (corresponding to yet another flavour of lepton or quark), 

these decay modes will predominate. There may be the possibility that 

the new upsilon-related hadrons are stable. Another alternative is 

that the -r'belongs to yet another flavoured set of quarks which enjoys 

weak couplings to other flavours. In this case the new hadrons will 

decay by weak cascades producing multi-leptons or multi-strange 

particle final states. 

Detectors planned for the SPS-collider have a specific sensitivity 

to such a process. It is estimated that an integrated luminosity 

t = 10 36 cm- 2 could bring evidence for Higgs particles of masses up 

to 30 GeV/c 2 • A second generation run of 103 hours and t ~ 10 31 cm-2 

sec-I could test the existence of H particles up to masses of 80 GeV/c 2 , 

thus matching the sensitivity of LEP to these processes. A realistic 

way of obtaining such an increased luminosity for the SPS p-p collider 

is offered by the relativistic electron cooling techniques 6 ) . 

Finally we shall note that the sensitivity of the experiment 

increases relatively slowly with IS as shown in Figure 11. Hence the 

SPS-collider is not too bad even when compared with the F-NAL energy 

doubler-collider. Howeve~ significant gains may be achieved by ISABELLE, 

because of the much greater luminosities. 

5 •. WEAK INTERACTIONS WITHOUT SIMPLE W's?. Although the existence of 

narrow W-states seems for today the most plausible assumption, it is 

not excluded that intermediate bosons could turn out to be exceedingly 
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Figure 15. Rate of associated production of the Higgs meson with W± 

or with Z, versus ~' expressed as a fraction of total w± 
or Z production. In pp collisions at v7"°= 540 GeV. 

Production with w± is indicated by the dotted bands, with Z 

by slashes. Bands are shown for ~ = 60 GeV (M2 = 77 GeV) 

(lower curves) and for ~ = 90 GeV (M2 = 99 GeV) (upper 

curves). Bands indicate the range of variation due to 

different quark distribution function parametrizations. 
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Figure 16. Rate of associated production of the Higgs meson with w+, 
w- or Z, versus energy /$, expressed as a fraction of 

total w+, W- or Z production. a) In pp collisions. Rates 

are shown for several ~ values, all using ~ = 75 GeV 

(M
2 

= 86.6 GeV), corresponding to~= 0.25. 
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massive and very wide. Iuteractions between W's could become strong. 

There could be many W-W resonances of various spins, W's could lie on a 

Regge trajectory, there could be a strong interaction W-bootstrap etc. 

Alternatively strong effects could be concentrated in the Higgs 

sector. 

The relatively high energy available in the p-p system allows one 

to reach a broad sensitivity to such phenomena. As already noted, w+ 
masses in excess of 300 GeV give detectable event rates. Corrections due 

to asymptotic freedoms are significant and have to be included. In order 

to define the sensitivity of pp collider to high energy phenomena we 

have plotted in Figure 17 the fractional probability that in the 

collision the total energy in the q-q system will exceed a threshold 

value. One can see that collisions up to about 350 GeV in the centre of 

mass of the q-q system can be effectively studied. The inverse beta 

decay process: 

q + q + e + v 

can be observed experimentally provided the cut-off A is at least 250 

GeV or greater. These events are characterized by a spectacular large 

pT electron and a large transverse missing energy for the neutrino and 

no clear peak in the (ve) invariant mass plot. 

6. PRODUCTION OF NEW, MASSIVE CHARMONIUH-LIKE VECTOR MESONS. If 

massive new quarks exist there should also be narrow vector mesons 

analogous to the J/w and Y"'. A question of primary interest is the 

production of heavy vector mesons with hidden quantum numbers beyond 

charm. We can attempt to inf er the production cross-sections for such 

states from the measured cross-sections for J/w production. Gaisser, 

Halzen and Paschos 7 ) have proposed the scaling rule for the production 

of such a meson of mass M: 

Cf = 

where r is the total width into hadrons and F(s/M2) is a universal 

dimensionless function. 
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each proton-antiproton collision. 
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The meson should decay into lepton pairs e+e- with a branching 

ratio B + -· Thus it could be observed as a narrow peak in the lepton 
e e 

pair invariant mass with a cross-section: 

B + - a e e 

r + -e e 

which is independent of r. Assuming that r + -(J/¢), we can estimate 
e e 

production from J/¢ data. It is interesting to remark that this 

procedure gives approximately the cross-section for-Y-+ e+e- observed 

at the ISR. 

Scaling according to M2 rather than M3 is also conceivable and 

it is not ruled out by the experimental data. The event rates, 

assuming the M3 scaling law, a detection efficiency of 70% and a cross

section with the same rapidity distribution as for the w0
, are 

summarized in Table 2. One can see that already an early run can 

significantly improve the PEP-PETRA range and that an ultimate, high 

luminosity run can probe massive vector mesons to masses of about 

100 GeV/c 2 • This justifies the following question: suppose one finds 

a narrow peak in e+e- say at 60 GeV/c 2 • How do we know that we have 

found the w0
, rather than a bound qq states? The answer evidently 

rests on the observation of the asymmetry in the leptonic charge. 

Table 2. Massive vector meson rates into lepton pairs 

-
M (GeV/c2 ) 

v 
B _ + a (cm2 ) NH (for Q, = 1036) NQ,Q,(for Q, = 3xl03 7) 

e e v 

9.5 6 x 10-33 5400 1.62 x 105 

15.0 1.5 x 10-33 1350 4 x 104 

30.0 1. 9 x 10-34 171 5130 

70.0 1. 5 x lo-35 13 390 

100 5.16 x l0- 36 4.46 134 
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7. A BRIEF DESCRIPTION OF THE GENERAL PURPOSE DETECTOR IN LSSS. 

A collaboration between eleven Institutions 5) has proposed a 4n 

solid angle detector which is expected to be ready at the turn-on of 

the collider. The physics motivations discussed and the exploratory 

nature of the experimental programme have provided the following 

guide-lines for the design of such a detector. 

(i) In order to collect the largest amount of unbiased information 

at each event the detector must cover the largest possible 

fraction of the solid angle. In practice we have succeeded in 

ensuring detection of particles down to about one degree from 

the beam axis. 

(ii) The simultaneous detection of large transverse momentum 

819 

electrons, muons and neutrinos, the last ones by missing energy, 

is of importance when searching for a broad class of new 

physical phenomena. 

We need energy measurements both by magnetic curvature and 

calorimetry. Global energy flow measurement remains of 

significance even for configurations where the local parti~le 

density is too large for the visual detectors to give meaningful 

curvature measurements. Likewise an electromagnetic shower 

detector complements the energy resolution of magnetic analysis 

for high energy electrons, like for instance from decays of the 

type wO + e+e-. It is also less sensitive to internal radiative 

corrections and to bremsstrahlung in the vacuum chamber walls. 

(iv) The detector must operate with minimum disruption of the SPS 

progrannne and in an environment which is relatively hostile 

because of high radiation levels, backgrounds and so on. Only 

unsophisticated and reliable equipment must be chosen. The 

problem of debugging and maintaining efficiently complex 

equipment in the SPS tunnel should not be underestimated. 

(v) The nature of our proposal is basically evolutionary and 

several separate elements (building blocks) are designed in such 

a way as to be operated almost independently and may eventually 

be installed in successive phases matched to the available 

luminosity and to the advances of civil engineering. 

(vi) Datu acquisition and trigger shvuld be arranged in order to 
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collect the maximum of information at each event and per unit 

of time. 

Although the inner core of our detector could be installed in the 

SPS tunnel without major modifications for a first exploratory 

experiment, we have reached the conclusion that the minimum overall 

disruption to the SPS programme is achieved by breaking-in of the new 

area before the beginning of the experimental activity. Furthermore a 

series of successive installation phases will inevitably delay some 

of the most challenging explorations to the advantage of ISABELLE which 

is expected to operate few years after the present proposal. However 

our design is sufficiently flexible to permit substantial 

modifications in case a different strategy should be chosen. 

We shall describe briefly the set-up, refering to Figure 18 • The 

complete detector is about 10 m long and 5 m wide. The magnet is a 

dipole of nominal field value of 0.7 Tesla and it has an internal 

magnetic volume of 80 m3 (7.0 x 3.4 x 3.4 m3), The coils J7i (numbers refer 

to Figure 18) are made of Aluminium in order to minimize the number of 

collision lengths. They are 13 cm thick and weigh about 25 Tons. We 

have chosen a rather conservative current density of 5A/mm2 giving a 

total dissipated power of 5.8 MW. The total thickness of the 

instrumented iron yoke is 96 cm and is subdivided into 16 C-shaped 

elements 12 I each one about 90 cm wide and of about 52 Tons. Each 

element can be in principle removed independently with its own 

instrumentation (hadron calorimetry). 

The chambers of the central detector ll I are of drift type with 

image read-out. The third coordinate is obtained by current division. 

The sensitive volume around the vacuum pipe J3I is roughly a cylinder 

about 6 m long and 1.22 m radius. It can be separated in 6 blocks 

which can be easily removed and replaced with another standard element 

in case of failure. All wires travel along the horizontal plane. The 

wire spacing is 3 mm and the maximum wire length is 2.5 m. Since we 

plan to use 40 µ wires, this span can be covered without supporting 

wires. The drift distance is 20 cm and it is matched to the time lag 

between bunches, i.e. the collection of electrons must be completed 

before the next crossing takes place, We hope to achieve a spatial 

resolutivn of 250 µ on each ~ire, 
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about ± 1% of its length. The large number of points measured on each 

track makes it possible to determine the ionization of tracks down 

to ± 6%. 

The chambers are surrounded by an electromagnetic calorimeter 

131 of lead-scintillator type, about 30 radiation length deep. The 

calorimeter is segmented in 52 half-moon gondolas which have an internal 

radius of 1.3 m, a width of 22.5 cm, corresponding to four gondolas 

for each magnet unit !21. They weigh about 1.8 Tons each. A scintillation 

counter is mounted in front of each gondola for dE/dx and time of flight 

measurements. The thickness of the lead-scintillator stack is about 

36 cm. Each gondola can be separately removed. Similar units 141 

cover the end caps. They are segmented in ten angular ranges of a 

width modulated to achieve iso-rapidity gaps over the radii between 

30 cm and 1.2 m. 

The hadron calorimeters are actually built inside the magnet C's 

121 and end-caps Isl. There are in each of the C's ten subdivisions 

in ~. In total there are 8 subdivisions in e, one for each one of the 
• 

C's. The standard scintillator plate size is 88 x 80 x 0.7 cm~. About 

2000 m2 of scintillator are needed. The total number of phototubes 

for the C's is 640. The two end-caps (270 Tons) are instrumented with 

about 360 tubes and 1000 m2 of scintillator. 

The detector can be easily opened by rolling the two halves of 

the magnet apart. In this way the chambers are made 

innnediately accessible. PM's can be replaced easily with a quick 

disconnect technique. The rest of the detector is very rugged and 

should need only very rarely direct maintenance. An artist's view 

of the detector is shown in Figure 19. 
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FUTURE EUROPEAN ACCELERATORS POSSIBILITIES 

M. Vivargent 

LAPP, Annecy-le-Vieux, France. 

INTRODUCTION 

Only two laboratories are now running big accelerators in Europe: CERN and DESY. In 

these two laboratories, research in subnuclear physics is perfonned by international colla

borations. DESY is a national laboratory; CERN is an international one financed through 
the contributions of 12 member states. 

Before reporting on the projects of future accelerators for Europe, let me briefly 

review the present situation. 

1. PRESENT SITUATION FOR ACCELERATORS IN EUROPE 

1.1 DESY-PETRA 

Since the middle of 1978, DESY has been running a large e+e- collider with the fol

lowing characteristics. The machine consists of a single ring, 2.3 km in circumference, 
in which e+ and e- bunches are circulating in opposite directions. The bending radius for 

the particles is 194 m. They can interact in eight intersection regions when four bunches 

are accelerated in each beam. The centre-of-mass energy ranges from 10 to 38 GeV. The 
maximum luminosity of 1.2 x 10 32 cm- 2 s- 1 per intersection should be achieved with four 

bunches. 

1.1.1 Present situation 

The machine is now running at 27.72 GeV, with a maximum luminosity of 3 x 1030 cm- 2 s- 1 , 

giving a mean value of 10 30 with two circulating bunches in each beam; four interaction 

regions are used for experiments; four huge detectors installed at these intersections are 

now ta1cing data: JADE, MARK J, TASSO, PLUTO. Another one, CELLO, is in assembly in the 

same experimental hall as PLUTO, where installations for supplying superconducting magnets 
are available. 

The schematic view (Fig. 1) shows the detector layout. All the detectors with the 

exception of MARK J have a solenoidal coil providing an axial field parallel to the beam 
direction. 

JADE and TASSO have conventional coils. PLUTO and CELLO are equipped with super
conducting coils. 

1.1.2 Plan for PETRA 

The main task is to understand the beam dynamics, improve the tuning, and obtain higher 
luminosities. 

Thirty-two RF cavities are now installed for an energy of 34 GeV. By adding another 

32 cavities the energy can be pushed up to 38 GeV. By doubling the number of cavities (not 

in the original project) it would be possible to reach 46 GeV. 
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1.2 CERN 

1. 2.1 SPS 

111e SPS is now running at an energy of 400 GeV with an intensity of 2 x 10 13 ppp at its 

maximlllll value and with a cycle of 10.8 s. 

a) Fixed-target experiments 

Up to now, the SPS has been used for fixed-target experiments installed in two experi

mental areas (Fig. 2). 

i) West Experimental Area (Fig. 3) 

The general layout of this area includes 

- the West Hall, with seven hadron beams and one electron beam originating from 

a 240 GeV proton beam; 

- the West Area neutrino facility, with N1 and N3 beams, whose parents may have a 

momentum of up to 400 GeV/c. 

ii) The North Area (Fig. 4) 

111is area is split into three halls: 

- EHN 1, with several hadron beams and one high-energy electron beam; 

- EHN 2 , with an intense muon beam; 

- EHN 3, with the full proton beam providing an intense n beam and an intense 

e,y beam. 
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The stochastic cooling of antiprotons is achieved in the Antiproton Accumulator at 
3.5 GeV/c. Antiprotons are then injected into the PS, where they are accelerated to 

26 GeV/c in 12 bunches of 5 x 10 10 particles. Finally they are injected into the SPS 

through 1T 70. The number of bunches is reduced to six and these are accelerated to 

270 GeV. They collide with six bunches of protons circulating in the opposite direction 

at the same energy (Fig. 5). 

Modifications have to be made in almost all the long straight sections (LSS) during 

the SPS shutdown scheduled from 15 June 1980 to the beginning of ~1arch 1981. Two experi

mental halls will be built at LSS 5 and LSS 4, in preparation for the installation of ex
periments UAl and UA2 (Figs. 6 and 7). 

The first p are expected to be injected into the SPS in autumn 1981. The luminosity 
at the end of 1981 could be of the order of 1029 cm- 2 s- 1 • 

c) Improvement program for the SPS 

The SPS energy will be increased up to 450 GeV before the end of 1979. The intensity 

will be increased by the following means: 

i) The addition of one RF cavity to correct instabilities observed in the beam, at the 

beginning of 1980. A modest increase in intensity is hoped for. 

ii) By doubling the power of each RF cavity. The intensity will reach 3 x 10 13 ppp at the 

end of 1981. The machine cycle will go from 10.8 s to 12 s. The total SPS power consump
tion will be ~ 100 ~1\f. 
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This machine gives the highest centre-of-mass energy available in proton-proton col
lisions. This c.m. energy can go up to 62.4 GeV. The luminosity is constantly increasing 

(Fig. S). Its value for normal intersections is 2.2 x 10 31 cm- 2 s- 1 and it is 

4.5 x 10 31 cm- 2 s- 1 for the steel low-B intersection (Il). 

About 120 physicists are involved in the experiments running at the ISR (Fig. 9). 

a) Normal imp!'oVe,!11_<:1.1-.!_.P~?J:ll 

A low-B superconducting intersection will be installed at IS. It will provide for a 
luminosity of up to 1.32 x 10 32 cm- 2 s- 1 for experiment R SO?. 

b) New program 

Antiprotons will be injected into the ISR in autumn 19SO. Experiments will start in 

January 19Sl. The luminosity is expected to be 10 30 cm- 2 s- 1 in IS and 2 x 10 29 cm- 2 s- 1 

in the other intersections. 

From this brief review, we can conclude that, before the starting up of the Doubler at 

Fermilab and of ISABELLE at Brookhaven, Europe will continue to hold a very strong position 
in subnuclear research. But, in the second half of the 19SO's, a new generation of accelera

tors has to be brought into operation. 
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2. e+e- COLLIDER PROJECTS 

In May 1977, ECFA recorrnnended that: 

1) An e+e- storage ring of about 200 GeV c.m. energy, possibly with an initial phase at 

140 GeV, be considered by the high-energy physics corrnnunity as prime candidate for a 

major European project for the 1980's. 

2) As a first step, a location near the Meyrin site should be investigated by CERN. 

3) The technical, scientific, and financial aspects of such a European project be further 

studied to allow the high-energy physics corrnnunity via CERN and ECFA to submit a pro

posal for this project to the CERN Scientific Policy Conm1ittee. 

4) Technical research and development of importance to the project be taken up or pursued 

at CERN and the laboratories of Member States, in particular on superconducting RF 

cavities, high-power coupling devices, etc. 

5) Studies of the design of the machine and its operation, on which preliminary results 

were reported at the ECFA Study Week at DESY, be pursued with high priority. 

6) The interest of non-CERN Member States in joining such a project he actively explored. 

CERN started to actively study a LEP project. CERN-ECFJ\ Working Groups with restricted 

participation were set up at the end of 1977, to look at the technical and scientific 

aspects of the project. Later on, in April 1978, ECFA felt it necessary to involve all the 

members of the corrnnunity more deeply in the study and the definition of the LEP project. 

Professor A. Zichichi agreed to chair the ECFA-LEP Working Group to look at all the 

problems concerning the machine and the physics to be performed with it. More than 350 

physicists and engineers belonging to all the European laboratories replied enthusiastically 

to Professor Zichichi's appeal. The ECFA-LEP Working Group started its activities in July. 

The Working Group on high-energy physics activities in the CERN Corrnnunity has to examine 

the consequences of the LEP construction on the future of the European laboratories. It is 

chaired by Professor J. ~fulvey. 

The design of one project was completed in the middle of 1978. TI1e description of 

this project was issued in August 1978 in a Blue Book distributed to all the European 

laboratories. The title was: "Design study of a 15 to 100 GeV e+e- colliding beam machine 

(LEP)". 

3. LEP-70 PROJECT 

Let me recall the main parameters (Table 1) and the interaction region parameters 

(Table 2) of that machine, which is sometimes called LEP-70. I will not enter into the 

technical details; these I will present with the new version of the machine. 

3.1 Machine 

The machine has a single ring located in an underground tunnel of 3.5 km radius at an 

average of 60 m below the surface. This tunnel is externally tangent to the SPS tunnel in 

order to provide for ep collisions (Fig. 10). The tunnel bored in the "molasse" has a 
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Tahle 1 

Over-all machine parameters at nominal energy 

Energy per beam 

Number of intersections 

Ntunber of bunches 

Machine circumference 

Average machine radius 

Horizontal betatron wave number 

Vertical betatron wave munber 

Momentum compaction factor 

Circulating current/beam 

Ntunber of particles/beam 

Transverse damping time 

Uncorrected chromaticities 

Energy variation of damping 
partition number 

Natural r.m.s. energy spread 

Natural r.m.s. bunch length at I 

r.m.s. bunch length for I f 0 

Coupling 

Beam-beam bremsstrahlw1g lifetime 

Quantum lifetime 

Table 2 

0 

70 GeV 

8 

4 

22.208 km 
3.535 km 
66.208 

74.273 

3 .125 x 10- 4 

10. 50 mi\ 

4.835 x 10 12 

11.6 msec 

-118.3 
-186.5 

-446 

1.23 x 10- 3 

12.5 mm 

45 mm 

0.25 

6.52 h 

24 h 

Intersection region parameters 

L1uninos i ty 

Horizontal amplitude function 

Dispersion 

Horizontal r.m.s. beam radius 

Vertical r.m.s. beam radius 

Maxim1un beam-beam tune shift 

Crossing angle 

Free space around crossing 
points 

1032 

1.6 

0 

318.01 

19.87 

0.0592 

0 

±5 

" , v • .l 

0.5 x 10 32 cm- 2 s- 1 

3.2 

0 

449.71 

28.11 

0.0592 

0 

±10 

Ill 

µm 

µm 

m 

835 
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circular cross-section of 4 min diameter (Fig. ll). This is doubled, at the straight sec

tions where beams collide in the experimental halls, by another tunnel of the same diameter 

in which klystrons feeding the cavities have to be installed (Fig. 12). 

3.2 Experimental areas 

The underground tunnel has eight access shafts corresponding to the eight intersections. 

These are for the transport of machine and experimental components, personnel, and services. 

On top of every access shaft, there is an auxiliary equipment building containing power 

distribution, power supplies, water pumps and exchangers. fa.11erimental areas are designed 

to house two experimental facilities, one taking data, the other being accessible for main

tenance. 

3. 3 Lwninos i ty 

The lwninosity to be achieved with conventional RF cavities and superconducting RF 

cavities is shown in Figs. 13 and 14. 

In September 1978, CJ;Ri\J and ECFA organized two study weeks at Les Ilouches to assess 

the contents of the Blue Book, and to review the physics to be done with a large e+e

collider. 

More than 80 engineers and physicists coming from European laboratories and from out

side laboratories took part. 

TI1e machine design was considered to be good evidence of the feasibility of a large 

e+e- machine and as a good basis for the design of a final project. Nevertheless, studies 

on several points revealed the need to improve the present technique or to find new solu

tions to reduce the cost. Many physicists found that the experimental halls were too small. 

The physics was unanimously found to be extremely exciting and promising. The majority 

in order to retain the possibility of studying W pair production and even going above this 

threshold. 
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After the meeting at Les Houches, it was decided to study a new project of a machine 

providing collisions at higher energies. A new design has been studied by CERN, in colla

boration with European national laboratories. It will be issued in a Pink Book at the end 

of August. 

4.1 Machine 

The machine is a single ring in an underground tunnel of the same cross-section as 

LEP-70 and 30.608 km in circumference. Because of the large size of the tunnel, one part 
of it lies under the Jura, giving a very large depth for three of the eight intersections 

(3 179 m, 4 = 860 m, 5 = 524 m) (Fig. 15). 

4.1.1 Lattice cells 

Particles are bent in eight magnetic sectors and collide in eight straight sections at 

eight interaction points corresponding to four bunches in each beam. In the bending sectors 

composed of elements with separated functions, each cell comprises dipoles, quadrupoles, 

sextupoles, and one variable multipole (Fig. 16). 

Since the LEP-70 design, a big improvement has been achieved in the construction of 

the dipoles by designing and testing magnets with concrete in them (o/3 concrete, Y3 iron) 

(Fig. 17). Cost is thus greatly reduced. 
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section A-A 
(changed scale) 

Particles are accelerated in straight sections on either side of the intersection point 

by RF cavities powered by klystrons (Fig. 18). Four stages are foreseen for the running 

of LEP, corresponding to the number of working cavities. 

Another big improvement has been made here by the introduction of storage cavities 

which reduce the power consumption and allow a small increase in the energy (Fig. 19). 

4.1.3 Experimental areas 

Experimental areas are larger than those foreseen in the LEP-70 project. Tw-o are 

accessible from i:.he surface (2 aml G. -30 m) (Fig. ZO); three by :;haft:; (1: 

7: -42 m, 8: -57 m) (Fig. 21); three by tunnel (4, 5, 6). 
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Fig. 21 

4 . 1. 4 Energy 

Four stages are foreseen with normal cavities (Table 3): 

Stage 1/6 49.4 GeV 

Stage 1/3 62.3 GeV 

Stage 1 86.11 GcV 

Stage 4/3 92.86 GeV 

The main RI' system parameters, corresponding to stage 1, are given in Table 4. Super

conducting cavities with an accelerating gradient of up to 5 MV/m are required to push the 

energy up to 130 GeV with good luminosity. 

4.1.5 Luminosity 

The luminosities corresponding to the different stages are shown in Fig. 22. 

4.2 Injector 

Electrons and positrons will be injected into LEP by a 22 GeV synchrotron, possibly 

built by using ISR magnets (Fig. 23). 

I have tc 
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5. IlESY 

New ring in the PETRA tunnel: PETRA 45 

i) Principles: Very low 13*: through very small quadrupoles very close to the intersection 

point; 

Very small t::: through very strong focusing lattice; 

Very small electron current at same LiQ, i.e. very small beam power. 

ii) Luminosity: Luminosity can be kept constant if LiQ est and <:/B; = est, as may be 

deduced from the following fonnulae: 

iii) Energy: 45 GeV. Needs superconducting cavities. 

6. FRASCATI 

ALA 

i) ALI\ is a very attractive project for two reasons: 

a) The low energy range of the machine is well adapted to the study of resonances be

tween 1 GeV and 2. 4 GeV. 

b) This project is proposed by the laboratory from which originated the ideas and the 

techniques for this type of machine. It would be a great pity for the community if 

this machine were not built. I am sure that the chainnan of the INFN, 

Professor A. Zichichi, will do his best for the success of the project. 

ii) 01aracteristics 

- Circrnnference: 70 m. Bending radius: 2.5 m. 

- Energy from 1 GeV to 2.4 GeV. 

- Tlvo low-8 intersection regions; 3 m for experiments. 

- Luminosity"' E4 for 0.5 <Ee< 0.75 Ge\!: 

1.6 x 10 30 at 0.5 GeV (1 GeV total), 

9 x 10 30 at 0.75 GeV (1.5 GeV total); 

"'E2
•

6 for 0.75 <Ee< 1.2 Ge\!: 

1.5 x 10 31 at 1.2 GeV (2.4 GeV total). 
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7. ep COLLIDER PROJECTS 

An ep collider has been considered by ECFA as the best complementary machine to LEP. 

This collider could be built either by making use of existing proton or electron machines 
or by constructing a new machine. 

In order to look at all the problems concerning ep machines and physics, ECFA has 

organized studies with the strong support of European laboratories. The latest study of an 

ep facility for Europe was organized by ECFA and DESY, and held at DESY on 2 and 3 April 
1979. 

More than 300 physicists and engineers participated in these studies, showing their 

strong interest in this field of physics. Proceedings will be issued at the end of August. 

ECFA has decided to continue the studies and has set up four small groups coordinated 

by U. Arnaldi. They are working on the following subjects: 

i) superconducting magnets; 

ii) machine design; 

iii) experiments; 

iv) theory. 

This decision has been taken in view of the fact that ep physics is one of the future pro

grams now envisaged at DESY. The corresponding project has to be defined by the beginning 

of 1980, in order to be ready for a decision on the future DESY program in 1981. The ECFA 

Working Group will contribute to the definition of the DESY project. Two possibilities 
are under consideration, PROPER and SUPERPROPER. 

7 .1 PROPER 

PROPER consists of the addition of a proton ring to PETRA. The electron ring is the 

PETRA ring modified in the straight sections only. No changes in the tunnel building are 

required (Fig. 24). 

There will be up to six ep interaction points, two in the long straight sections E and 

W, and four in the short straight sections (NE, SE, SW, NW). 

Beams collide head on. 

The electron spin is turned longitudinally by a simple antisymmetric vertical bending 

arrangement that causes minimum depolarization. There would be 100% longitudinal polariza

tion in the long straight sections and 60% in the short straight sections if the PETRA beam 

were fully polarized. 

The free length for ep experiments is typically 15 m in the long straight sections and 

10 m in the short ones. 

The proton ring is alternately underneath and above the electron ring, crossing it at 

each ep interaction point. It is a superconducting ring whose magnets would be an adapta

tion of the Ferrnilab or Brookhaven magnets. 

The energies range as follows: 6.3 <Ee< 17.5 GeV and 100 < Ep < 280 GeV. 
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TI1e luminosity stays above 10 32 cm- 2 s- 1 with a maximum at 11/176 GeV (Fig. 25). 

N 

NW 

w 

E 

. . 
:'...... : p___.. _ ..... 

-----+------- SE SW , 
s 

Fig. 24 

Three options have been considered: 

1) 4 T (NbTi), Ep = 225 GeV, 

Magnets construction: 2! years. 

2) 5 T (NbTi), Ep = 280 GeV, 

p:100 

e: 6.3 

PETRA ep 
Luminosity per l.P, versus energy 

150 
9.4 

176 200 
II 12.5 

Fig. 25 

Study of the new magnets: not before the end of 1986. 

3) 8 T (NbSn), Ep = 450 GeV, 
Full studies of dipoles and rnultipoles: not before the end of 1988. 

Construction time after the definition of the project for option (1): 5 years. 

Problems: interaction between the two beams; 

interaction regions. 

7.2 SUPERPROPER or PROPER II (~ 6 km circumference) 

n=B 

E (GeV) 

250 280 
15.6 17.5 

Preliminary studies of an ep machine installed in a 6 km circumference ring near PETRA 

have been conducted at DESY. 

The new scheme proposed by Steffen for an e+e- ring has been adopted for these studies. 

It includes mini-S, mini-emittance, mini-intensity. 

The characteristics of such a machine using this new scheme are as follows: 

Energy of the electrons: up to 40 GeV, 

energy ot the protons with conventional magnets: 380 GeV, 
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Total c.m. energy: 214 GeV for Ee = 30 GeV, 

Luminosity: 1.7 x 10 32 cm- 2 s- 1 • 

Energy of the protons with superconducting magnets: 1000 GeV, 

Total c.m. energy: 346 GeV, 

Luminosity: 4.6 x 10 32 cm- 2 s- 1
• 

8. CONCLUSION 

Important choices have to be made at both national and international levels, it is 

hoped as soon as possible. These choices will fully commit the future of the subnuclear 

physics community and will affect all its members. The high quality of the physicists and 

engineers in the European laboratories is a guarantee of the technical quality of the pro

jects. ECFA has to organize the participation of the maximum number of physicists and 

engineers in the study and definition of the future accelerators for Europe. 

This is why the ECFA-LEP Working Group has been set up. For more than one year, over 

350 physicists and engineers have been studying all the problems concerning LEP (machine, 

experiments, detectors, theory), in 20 specialized study groups. 

Two study weeks will be held in September in Rome. At the end of the study weeks, the 

ECFA-LEP Working Group will draw its conclusions on the machine. It will continue to study 

other aspects of the project. 

In the same spirit, ECFA has set up a working group on an ep facility for Europe, and 

ECFA will carefully follow the work of this group in order to make the most effective con

tribution to the project studies. 

The twenty-fifth anniversary of CERN has naturally given the opportunity to emphasize 

the success of the CERN laboratories. Let me nevertheless recall that this success is mainly 

due to the good collaboration among the European laboratories and universities, which, by 

virtue of their own vitality, are able to perform high-quality research programs at the 

CERN accelerators. This vitality has to be preserved. 

ECFAhas therefore set up a working group to study the consequences of LEP construction 

on the activities of the subnuclear physics laboratories in the conununity. The group is 

studying ways in which these activities can be maintained at the highest level during and 

after the LEP construction. It will also give its first conclusions in September. 

ECFA will have to formulate recommendations concerning ep machines and LEP by taking 

into account the conclusions of its three working groups. ECFA will thus have fully assumed 

its responsibilities. 

The national and European bodies will have to face up to their own responsibilities in 

choosing from among the various candidates the projects which will satisfy the national and 

European communities and which are compatible with the economic constraints imposed. 

With the realization of the new projects, and particularly with the building of LEP, 

Europe will have complemented the machines under construction in the world (Doubler at FNAL, 

ISABELLE at Brookhaven, UNK at SerpukJ1ovJ. 
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\Ve are now entering an era where all the accelerators and other facilities in the 

world have to be open to all physicists irrespective of their national origin. 

849 

ECFA will encourage this step in international collaboration, which will inevitably 

be followed in the next stage by the study of an international machine in an international 

centre run by all the nations of the world. 
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A gauge appreciation of developments in particle physics - 1979 

Before giving the floor to Professor Abdus Salam I would Zike to 
make it clear that his lecture is not going to be a swnmary of 
the Conference. 

I have asked Professor Salam to concentrate on those aspects of 
the Conference that are relevant to a gauge theorist. And in 
particular, starting from today's results, to elaborate on what 
could happen in the distant future. This implies discussing 
matters such as the so-called DESERT, supergravity, SO(B), etc. 
Fascinating topics, just mentioned in my opening lecture, but 
ones to which not much time has been devoted during the Conference. 

A. Zichichi 





Session VIII 

A GAUGE APPRECIATION OF DEVELOPMENTS IN PARTICLE PHYSICS - 1979 

A. Salam, 

ICTP, Trieste, Italy, and 
Imperial College, London, England. 

I. INTRODUCTION 
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A conference so vast and many-sided is impossible to summarize in forty

fi ve minutes, and I will not even attempt to do so. My major theme is a gauge

theori st 's appreciation of the developments in particle physics reported at 

the conference. In particular I wish to address myself to the question 

raised by Professor Zichichi in his opening address: Can we now indeed chart 
-5 

the course of the subject nearly up to Planck energies, of the order of 2 x 10 

grams (1.2 x 1019 GeV)? If so, is there likely to be a long stretching Grand 

Plateau, unbroken by any high peaks of new physics, which is predictable on 

the basis of the gauge revolution of this decade? 

There is no question as to the fact that the central feature of 

particle physics of this decade has been the recognition that the fundamental 

forces of nature appear to be governed by a universal gauge principle - a 

principle which made its first appearance with Maxwell and Einstein, whose 

hundredth anniversaries of death and birth, respectively, we celebrate this 

year. This principle has not only provided us with a quantitative theory of 

weak nuclear forces; it has also forced upon us a unification of the weak with 

the electromagnetic, in the electroweak SU(2) x U(l). Combined with the hope 

that the strong nuclear force is controlled by the gauge group SUc(3). one 

has been led to a.n elaboration of a standard model. There is then the natural 

and tantalizing hope that these weak nuclear. strong nuclear and electromagnetic 

gauges (SU(2) x U(l) x SUc(3)) will combine, perhaps in a direct extrapolation. 

into the ELECTRO-NUCLEAR gauges of a grand unified theory and eventually perhaps 

into (gauged) super-gravity. As we know, it is this vast extrapolation which. 

within the context of particular grand unifying schemes, appears to lead to the 

"plateau" syndrome. And central to these schemes is the circular 

hypothesis that essentially no new forces (besides those described by 

SU(2) x U(l) x SUC(3)) will manifest themselves, before one reaches the end of the 

plateau. deduced on this basis to extend nearly up to Planckian energies. 

Now in this half century• in the science of biology, the analogue of 

our uni versa.l gauge principle was found in 1953 with the discovery of the 

double helix. Likewise in another scientific discipline, nearer to ours, a 

standard model was elaborated with the discoveries of the expanding universe 
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and the big bang. However neither of these (admittedly intellectually inferior!) 

disciplines of science have on the basis of present knowledge entertained the 

death-wish for an unrelieved wasteland for all tomorrow. In fact, the 

universality of the double helix principle has not obscured from the 

biologist the fact that far from being the "end of molecular biology", 

this was only a beginning. "Something quite essential is missing in our basic 

understanding of life and we have not the slightest idea about the nature of 

lacunae .in our knowledge'11 ), I believe that precisely the same applies to 

particle physics. As I would like to stress in the course of this talk, the 

remarkable successes of the gauge principle and the understanding of the 

fundamental forces it has given us should not obscure from us the fact that 

before we believe our vast extrapolations, we must fill in some glaring lacunae in our 

knowledge. There is something fundamentally essential missing in our under-

standing of the nature of the (flavour and colour) charges with which the 

gauging starts. In this respect, not till we match, at the very least, the 

type of understanding reached by Einstein (when he comprehended gravitational 

charge in terms of space-time curvature), can our quest in particle physics 

acquire the qualitative d~pth attained for example by gravity, nor more 

importantly, its quantitative freedom from some of the presently ad hoc 

parameters. 

I shall divide my remarks about the conference into five parts: 

1) Status of the Three Families of what we consider to-day as 

the elementary entities of matter; 

2) Status of the electroweak SU(2) x U(l); 

3) Status of QCD - the gauge theory of colour; 

4) From the electroweak to the ·electro-nuclear(grand unification); 

5) Post-Planck physics and Einstein's dreams, i.e. a unification of 

gravity with ma.tter9 and a. comprehension of the nature of (navour 
within 

and colour) charges A space-time geometry or space-time topology, 

II, THE THREE FAMILIES 

l. The physics of the two familiar Families conBisting of 15 (or if the 

neutrinos are massive, 16) two-component objects (ve, eL, eR; ~· ~· ~· ~; 
quarks in three colours )piud: v µ, µL, \JR, cL, cR, s1 , sR) is in good shape. In 
particular: 

a) Charm is produced by hadrons as demonstrated both by indirect 

(prompt e, ll1 v, eµ) and direct (bump hunting and emulsion) methods. (The 
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first paper presented at the conference was the emulsion picture of 
+ + - ( ) Ac + pn K ; mA • 2.29 ± 0.15 GeV and theoretically expected lifetime 

c -13 
T = (7,3 ± 0.1) x 10 s.) The production mechanism is not 

quantitative yet, but presumably soon will be. 

b) The detailed knowledge provided by e+e- annihilation of cc states 

(J/~, ~·, ~", ... , P states x) is however matched by the new problems of the 

charmed pseudoscalars reportedly missing at 2830 MeV ru1d 3455 MeV. 

2. Regarding the Third Family, assuming that it also follows the pattern 

of the first Two Families: 

a) There is no evidence for toponium up to the centre-of-mass 

energies ~ 27. 4 GeV at PETRA. 

+ -e e 

b) Naked beauty has most likely been seen by the fortunate few in 
the SISI collaboration in B ~ (J/~) + K + n [incident n-'s (150-170 GeV), 

BR. cr = 0. 8 nb, and estimated B production ~ 100 nb ,if B. R. ~ 1% for the 

channel quoted] . 

The status of the Third Family is thus at a tantalizing stage. It 

may not follow the pattern of the first Two Families ··· (though after the 

observed b-decay, the case for a (t-b) doublet has become stronger). If it 

does, I would consider it evidence - in analogy with the universality of 

the double helix - that nature hA§ discovered a dynamical stability about 

the system of the 15 (or 16) objects which constitute the first Two Families 

and that almost certainly there is a more basic layer of structure underneath. 

III. THE ELECTROWEAK SU(2) x U(l) 

A~er the beautiful presentations of Dydak (who emphasised the degree 

of precision achieved now in measuring the model independent parameters in 

neutrino neutral-current physics) and of Prescott, there is little that 

! can add about the agreement of the SU(2) x U(l) theory (containing one 

theoretically unde~ermined coupling, sin2e • o.230 ± 0.015) with all the 

currently measured weak and electromagnetic phenomena below 100 GeV or so. 2 ) 

Perhap$ the most remarkable measurement in this res1'ect is that of 

the parameter p • ( mw 
8
j2 

which is currently determined from the ratio mz cos 

855 
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THE NEUTRAL CURRENT COUPLING CONS'l'ANTS (Dydak) 

Experiment SU(2) x U(l) 2 sin e = 0.23 

UL 0.32 ± 0.03 1 2 . 20 
- - - Slil 2 3 w 0.347 

'\ -0.43 ± 0.03 
1 l 2 -0.423 -2+ - sin O 3 w 

-0.17 ± 0.02 
2 2 -0.153 UR - - sin e 3 w 

~ -0.01 ± 0.05 
l 2 0.011 3 sin ew 

gV 0.06 ± 0.08 _l+ 
2 

2 i ?. s n ow -o.o4o 

-0.52 ± 0.06 
l -0.500 gA --2 

- -0.12 ± 0.25 - l + 2 
2 -0.54 a sin ew 

sin2e • 0.230 ± 0.015 

p = 1.00 ± 0.02 

or n'utral to charged current cross-sections. The predicted value p = l 
for weak ~so-doublet Higgs is to be compared with the experimental 

p • l.00 ± 0.02. Presumably like (g-2) in QED, the radiative corrections to 

p from SU(2) x li(l} will provide important information, not only on the 

basic theory involved, but also about the masses of charged elementary 

fermions - and in particular leptons - which contribute to the radiative 

corrections 3) of p • (According to Ellis, the present accuracy of P 

appears to suggest m.. ~ 100 GeV for a one-loo.:e. calculation.) .Lep 

But why due::> uaLure f&voLU· the sl111plest suggestlun of SU(2) 

theory of the Higgs being !so-doublet? Is there just one physical Higgs? 
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Of what mass? Could the Higgs phenomenon be a manifestation of a dynamical 

breakdown of the symmetry? 

Personally I see no theoretical reason for a pr~Judice against an 

elementary spin-zero object. The real problem with Higgs - and this 

is one of those unresolved problems which I mentioned earlier and one which 

calls for greater depth in our theories - is the large number of parameters - 21 

out of 26 in the standard 6-quark, (K-M) SU(2) x U(l) x SUc(3) model - attributable 

to the Higgs sector 
4). What is needed is an extension of the gauge (or a 

similar) principle to embrace the Higgs sector. 

IV. THE HIGGS SECTOR 

I shall briefly comment on some of the ideas expressed in the 

theoretical sessions of the conference relating to ·:;he Higgs sector, 

particularly as I shall need some of these ideas later. 

1) Higgs mass: Bjerken discussed in detail the attractive suggestion (Gildener 

and Weinberg; Ellis, Gaillard, Nanopoulos, Sachrajda) to use the Coleman-Weinberg 

mechanism to generate Higgs mass (one-loop) radiatively. With the assumption of one 

ieo-doublet with bare mass zero, a low physical mass ll\r is predicted 

~9.35 GeV 2 (sin e • 0.23) 

2) The rival 'uggeo ti on that if mH > R z 1 '!' e V, partial 

wave unitarity is not respected at the tree level, and the Higgs sector is 

truly a strong interaction sector, has its own attractions for Isabelle and 

other accelerators in that energy range. This has been made quantitative 

by Grisaru and Schnitzer in a contribution to the conference: Assuming that 

SU(2) x U(l) is made part of a larger non-Abelian gauge group, and assuming 

that ll\r '300 GeV, one may expect Regge recurrences of W± , z0 
and the 

photo..!!. occurring around 2-4 TeV. If ~ ~ 100 GeV, these recurrences would 

still occur but regrettably near Planck energies ~ ~ exp c 2 . 
g 

3) To reduce the arbitrariness of the Higgs couplings and 

to motivate their iso-doublet character, one suggestion is to use supersymmetry 5) 

for example must ue accompanied in the same multiplet by iso-doublet Higgs. 
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Unhappily the concrete realization of supersymmetry has always necessitated 

adding in of further (heavy) multiplets. For example, in the simplest 

SU(2) x U(l) supersymmetric model that I know of, the three leptons (vL, 

eL, eR) must be accompanied by 9 new leptons before a realistic theory emerges. 

Likewise for quarks and other leptonic families. Frightful inflation! . 

4) And finally in the context of the Higgs mechanism emerging as 

dynamical symmetry breaking (Dimo~oulos, Susskind, Weinberg) (with asswned 

non-zero expectation values of bilinear products of Fermi fields ( < ~\jl) ;. O)J, 

there is the attractive idea of technicolour. 

One introduces a set of technicoloured quarks (and in extended versions of the 

theory, techni-ge.uge fields)but no Higgs. The techni-forces are ~ forces 

of which we have no cognizance at present low energies; these and the 

corresponding particles manifest themselves in the 1-100 TeV range. Once 

again, like supersyrnrnetry, there is a vast inflation of new particles. For 

example, the three leptons (v
1

, eL, eR) must appear as humlile members of a set of 

5 + 5 + 5 + 10 multiplets of SU(5)ltech - an inflation nearly three times 

worse tis that for. aupersymmetry. 

Clearly, there is no fear of any "desert" of new particles or of 

new forces, in the few TeV ragion if these or similar j deas (devised to 

diminish Higgs and their arbitrary couplings) make physical sense. 

V. STRONG INTERACTIONS AND GAUGED COLOUR 

Th~ bulk of the c.onference was occupied by the parton model and t:ie 

theory of gauged colour, with a special session on the status of QCD, 

addressed by de Rujula and Prepare.ta. So I can be brief. 

To one coming as an outsider to the subject of strong interactions the 

first reaction is one of profound wonderment at the sureness of touch displayed 

in the initial formulation of the parton model. The second reactlon is again 

of wonderment at how remarkable a theory QCD is - principally on account of 

its unique property of asymptotic freedom (shared possibly only by Einsteln 1s 

gravity, as surmised by Fradkin and Vilkovisky6)). The third reaction is 

still of wonderment, but this time at how little impress, quantitative QCD 

of quarks and gluons has yet made on the broad spectrum of strong interaction 

physics, in spite of a large nwnber of exceedingly brilliant contributions 

made to the subject, particularly during the last year. 

The present role of QCD is eo3cnt:i.ally enc cf pcrturbatively 

renormalizing the quark (and gluon) parton model, with which QCD is compatible 
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but which it does not yet predicate. As Preparata and de Ruj ula both agreed, 

this situation will not change till QCD solves: 

i) The problem of confinement of quarks and gluons in hadrons; 

ii) The converse problem of hadronization of quarks and gluons; 

iii) And the problem of determination of the spectrum of physical states 

(though we heard from de Rujula of the exciting prospect of 

qualitative considerations of E. Witten who has shown in the 
1 context of an N expansion in an N colour Sllc(N) that baryons 

1 for example may be understood as N analogues of "monopole 

solltons"). 

5,1 Theoretical consideratJons 

The next table summarizes the elucidation achieved of the inter

relation between the ideas built into the parton model and the quantitative 

impress made on these by perturbative QCD. 7 ) (This is after the 

perturbative expansion is sununed either through the opera.tor product expansion 

method,or more generally, through the solution of an appropriate Bethe

Salpeter equation.) 

5.2 Tests of QCD 

The tests of QCD, discussed at the conference, fall into three 

categories: 

1) The gluon: Since SU(3)I 
1 

is a theory of spin-one gluons co our 
and their mutual self-interactions, the most positive evidence for QCD woulq 

be: discover the gluon G and test for G + 2G, G + 3G. 

2) Negatlve tests: 

(a) As emphasised at the Conference, Q,CD predicts 

< 2> ..2 2 p T ~ ( g I 411) Q 

This is unlike most other tests which depend on log Q2 • If <P;) does not 
2 eventually exhibit a rising trend with Q , QCD must be discarded. 

(b) Likewise, it should die if in hadron-hadron collisions, the 

cross-sections fail eventuall¥ -4 to exhibit a behaviour like pT (rather 

( ) -8) than the once empirical PT • Both these are negative tests, 

3) Indirect tests of perturbative gen: i.e. scale breaking, 
2 Q -dependence of the structure arid fragmentation functions and their moments. 

These tests include 

J 
(a) 

2
The (Reya-Gluck) characteristic prediction for coloured QCD: 

i.e. F2 (x,Q ) dx must decrease as Q2 increase; 



860 

Parton model: 

Built-in features 

Session VIII 

Perturlmtive QCD and the manner of its 

"renormalization" of lite built-in features 

of the parton model J..----------------+-·----------------------------
FactorJ zati on 

{F(x) x D(z)) 

F(x): Hadronic structure 
function 

D(z): Parton fragmentation 
function 

Scaling 

Jets are soft 

Hadronization of partons: 

soft tra.nsff'!r of qu8ntum 

numbers 

QCD replaces {F'( x) x n( z)} by 
2 2 {F(x,Q) x F(z,Q )} or more precisely, in 

terms of moments 8 ) by 

QCD gives a perturbative calculation of the 

FN' s and the DM' s. In the leading log order 

these scale-breaking factors behave like 

( 
i.J-dN tn 

2 
, 

A 
though 

the theory does not predict the magnitude of 

A2 • The fN's and dM's are QCD non-calculable 

probability amplitudes, universal in the same 

sense as the parton model's F(x)'s and D(z)'s 

are. 

1) Jets are characeristicaJly hard: 

2) There 1s the complementary theoretical 

development of "safe" jet variables, following 

the pioneering work of Sterman and Weinberg. 

Here one attempts to defin€ such .neasurable 

quantities for which a reliable perturbation 

expansion exists in terms of g2 ~(tn 5J-l 

rather than for the mass-singularity-containing 
2 s:. parameter g in 2 . 

m 

Domains of perturbative QCD and of confinement 
9) ,10) 

phenomena shclrn to be diet:! r.ct 

J 
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(b) Log moment versus log moment plots for both structure and 

fragmentation functions; 

( c} 

(d} 

-1/d 2 
Corresponding r.;lots of (moment} versus log Q ; 

And predicted QCD corrections to Drell-Yan. 

The status of these indirect tests have been discussed in detail at 

the conference by Gai1lard, de Rujula, Preparata and (for Drell-Yan} by 

Alte.relli. Battles have raged over the significance of s.inglet versus non

singlet structure functions, over higher than leading log corrections, over 

higher twist and resonance regime effects - over whether the present 

tests really do test QCD fairly. I mu.ke no comment, 

except to express, as always, a theorist's profound admiration to our 

experimental colleagues in m.aking the theory commit itself by extracting 

significant numbers from difficult data. 

5,3 The direct test; Discovery of the e;luon (G) 

Fig.l shown by Brandt exhibits the status of T -+ 3G versus phase

space Monte-Carlo (plots of thrust, triplicity and other jet parameters). As 

Professor Schopper told us, in tl1e next few months, the statistics on these 

jets are likely to improve vastly, but if we accept tentatively that T -+ 3G 

is the likeliest decay mode, one could in principle determine gluon spin, 

using ideas of Koller, Walsh and Kraseman who define a function (a(T)) 

(T "' thrust of the fastest jet)and plot the thrust axis angular distribution 

relative to the beam direction in terms of this. 

861 

Fig.2 shows the sharp distinction between spin-one and spin-zero gluons. 

The paucity of statistics makes an experimental comparison with theory 

difficult at present. As stressed by Gaillard, however, one may compute 

thrust averaged <a(T)) , and plot the corresponding angular distribution 

(Fig.3). The results favour spin-one. 

One does not wish to rush into a conclusion, which the cautious 

men (and women) from PE'l'RA themselves have not drawn. However, one might 

predict, that with the Cornell accelerator soon coming on strewn, and more 

statistics from DORIS, the gluon is likely to be discovered sooner than 

the W±'s and the z0 • 

To test for the G + 20 and G -+ 30 vertices, characteristic of 

QCD, one of the clearest tests will be the comparison of the evolution of 

gluon jets and in particular the moments of the gluon fragmentation for 

T + 30 versus the ti -'>3G, once tt is discovered (Fig.4) (Koller, Walsh 

and Zerwas } • 
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5.4 The negative tests 

Figs.5 and 6 are plots of presented to the conference by 

v , ( e + e - ) and Gabathuler and Altarelli consolidating the data on e, µ' 

Drell-Yan • 

varies with 

As Gabathuler remarked, there is no agreement whether 

w2 or log w2; all one may infer at present is that 
<p~> 

(P;) is not flat, but rises. QCD lives. Fig.7 was presented by Jacob, 
-8 -4 . . 1 i 0 showing the progressive transition trend from PT to PT in 1nc us ve 1f 

yield, when pT increases from 3 to 15 GeV/c. 

QCD's life and health is good. ll) 

To conclude: 

Again prognosis for 

1) QCD is ·a remarkable gauge theory, particularly on account of its 

asymptotic freedom; 

2) It is not yet a theory of strong interaction and will not be 

till the problems of confinement and hadronization are solved; 

3) Its present successes (or otherwise) lie in the field of 

perturba.tive QCD. However, there are serious problems at present 

in estimating corrections to the various predictions. 

4) The gluon may have been discovered, together with its spin 

determination. 

VI, GRAND UNIFICATION, THE ELECTRONUCLEAR FORCE AND THE ISSUE OF THE 
GRAND PLATEAU 

6.1 The electronuclear force 

Besides QCD, the second area of intense revival this year has been 

the attractive extension of the ELECTROWEAK unific~tion to embrace strong 

forces as well - i.e.the eme~gence of the ELECTRONUCLEAR unification (of 

the weak nuclear, the strong nuclear and the electromagnetic forces). Related 

to this - as Professor Zichichi told us - is the issue of the possible 

existence of a GRAND PLATEAU with no high peaks of new physics to be scaled, 

except near Planck energies. 

The main stages of the ELECTRONUCLEAR unification which go back to 

the yea.rs 1972-1974 are the following: 

1) Embed SU(2) x U(l) x SUC(3) into a simple (or a semi-simple) !!,2!l

Abelian gauge group G; all quantum numbers (flavour, colour, lepton and 

quark numbers) a.re then automatically quantized. 12 ) 
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2) A gauging of this group G will assure asymptotic freedom 13 ) 

for the full ELECTRONUCLEAR theory, provined the numbers of fermion fields 

(and Higgs) is restricted. 
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3) The gauge theory based on a technically "simple" (or with appropriate 

discrete symmetries, a "semi-simple") group contains one basic gauge constant, 

which manifests itself physically above the unification mass M exceeding all 

particle masses in the theory. 

4) These particle masses must be introduced through the familiar Higgs 

mechanism, which breaks the symmetry through one or more mass stages down to 

SU(2) x U(l) x SU,(3) for low energies µ ~ 100 GeV. Given the pattern of 

symmetry breakingc and these mass stages 14 ), the magnitudes of the observed 

couplingsl5) as(µ), a(µ) (i.e. why, SU(3) forces are strong and SU(2) forces weak 

at low energies) as well a.a the ratio of the two electroweak cc,uplings 
2 . 

(sin O(µ)) can in principle be determined by the renormalization group equations 37), 

5) Clearly grand unified theories must treat leptons on par with 

quarks. This psychological break was first implemented in 1972 by grouping 

quarks and leptons in the ~ multiplet of the unifying group G. From this 

follows (through the processes of gauging) the prediction of the existence of 

lepto-quark gauge bosons - necessarily heavy, since they will induce exotic 

phenomena, particularly proton decays into leptons. The foliowing two tables 

summarize the development of these ideas 

Quark-lepton unj_fication 

Semi-simple groups *) GL+ (i) • GR + (i)R Exotic gauge particles Proton decay 

(with left-right a1 x GR L <~ R Lepta-quarks -+ {qR.) Lepto-quarks + w + 

symmetry) (Higgs) or 

Proton = qqq + U.2. 

Simple groups [it diquarks + {qq) qq -+ CiI 
dileptons -+ (R.R.) or 

G ... 
leptoquarks -+ (qR.), (q.2.) Proton p = qqq -+ I 

.) 
G.rouping (q and 1) (Pati !!.l._!!.!. 1972) together, implies treating lepton number 

as the fourth colour, i.e. su0(3) extends to su0(4). 
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The emergence of the grand unifying groups 

1) Three couplings In the beginning was -r su1 (2) x u1 R(l) x suc(3) 
' 

2) Two couplings (L~R); 

lepton number treated 

as the fourth colour 

3) One coupling 

FAMILY •) GROUPS 

4) POSSIBLE TRIBAL 

GROUPS (including all 
fwnilies) 

Tribal fennions 

SU(ll) 

~ 
(561) -

with FH C 

(or [SU(5) J3) EB [SUF(2n) x SUC(2n)J1 x LHR 

J ,2 
(248) (4n ) (n = 3 for - - Three Families 

•d The representations (5 + 10*) and (16), respectively, of the family groups 
""- "- -

SU(5) and SO(lO) each describe One Family, while the basic representations 16 ) of 
4 E6 and [SU(4)] describe Two Families ((e, ... ) and(µ, •.. )). 

6) An unresolved mystery is the replication of families, if this indeed 

is what is happening. Is there a larger "TRIBAL" group (as distinct from the 

smaller FAMILY groups) whose basic representation contains all the families? (Note 
the fermion-inflation for Tribal groups. ) 

6.2 Tests of grand unification 

The most characteristic prediction from the existence of the 

ELECTRONUC~R force is proton decay, first discussed in the context of grand 

unification at the Aix-en-Province Conference of 1973 - and if memory serves 

right - in the same session in which the first experimentel discovery of the 

electroweak. neutral currents was announced. It is indeed de~ply gratifying 

that both in Europe and in the United States there now is intense interest 

in improving the half-life limits for the proton. For unifying groups with 

mul tiplett1 cont1,d. n:!.ng q1mrks and leptons only the lepto-quark masses are. as 

a rule, rather moderate ""'104 ,..,,. 105 GeV, For such models tt,e characteristic 
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proton decays (proceeding through exchanges of three Jepto-quarks) conserve 
+ quark number+ lepton number, i.e. P = qqq + £H, (P-+ 3v + n ,..., 80%; 

+ + + 29 34 . 
+ 3v + n + n- + 1r "'5-8%; N + 2v + e + 11 -J 80%; Tp,...., 10 -10 years). 

On the contrary, for the "simple" unifying groups like SU(5), SO(lO) and E6 
(with multiplets containing anti-quarks and anti-leptons as well (q,t,q,I)) 

and decays proceeding through an exchange of one lepto-quark, the decay of the 
. - . 17) ( + 0 proton is to an anti-lepton, with P + t or 3t forbidden • P + e + n , 

0 0 0 75% + 0 % + + 15% ·, + - - 75% ) p , w , n ,.,,, ; µ + K ....., 10 ; iJ + n , p ~ N + e + tr , p ,...... • 
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An intriguing possibility in this context is that investigated recently 

by Pati et al. for the maximal unifying group SU(l6) - i.e. the largest group 

to contain a 16-fold fermionic multiplet (q,t,q,I). This can permit (irrespective of 

quark charges) the decay modes: P + 3i as well as P +I , P + t (e.g. 
- + +) - ( - 0 - + -) p + e + n + n and P + 3i e.g. P + 3v + n , ~ + 2v t e + n , the relative 

magnitudes. being model-depend~nt on how precif\ely SU(lG) breaks down to SU(3) :>< 

SU(2) x U(l). Quite clearly, it is the central fact of the existence of the 

proton's decay (rather than precise details of its decay modes) for which the 

present experiments must be designed. lB) 

Finally, grand unifying theories predict mass relations like: 

4 

m 
s - .. 

m 
µ 

~ 2.8 

for 6 (or at most 8) flavours (f) below the unification mass. The important 

remark for proton dece;y, for ma~s relations of the above type ( o·r for baryon 

excess) .19 )1 is that 'these are essentially characteristic £f the fact of grand 

unification - rather than of speci fie models. 

It is also worth remarking that even for the simplest of grand unifying theories 

(Georgi & Glashow's Sll(~) with just two Higgs (a 5 and a 24)) the number of ad hoc of them ""' ,..,,,, 
parameters needed(mos /.. attributable to the Higgs sector) is still unwholesomely 

large - 22 1 to compare with 26 of the six-quark Kobayashl-Maskava model based 

on the humble SU(2) x U(l) x SUc(3), We cannot feel proud. 

6 '.I 2 20) 
.~ The unif;ying mass, sine and th~ grand plateau 

As discussed by Iliopoulos, the decoupling theorem of Applequist and 

Carazonne, as applied by Georgi, Quinn and Weinberg to grand unification, 

relates the observed low-energy couplings a ( µ) and a ( µ) ().I ~ 100 GeV) 
8 :> 

to the grand tlllif'ying mass M and the observed value of sin-a. The 

demonstration that this leads inevitably to a grand plateau, stretching up 

to nearly Planckian energies 1 depends, very sensitively ( qualttati vely and 
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quantitatively) on a number of assumptions which are strong extrapolations 

from present trends. !n view of the importance of the subject, I wish to 

examine these assumptions critically, even though this makes this part of 

the talk heavy. 

My conclusions (stated more fully later) are first: thnt 

even extrapolating from present theoretical ideas, the uni fyi.ng mass M (and 

thus the stretch in energy scale for whicl1 new physics may not manifest itself) 

depends critically on the arnumptions made by particulnr unifying models !:l.!ld 
4 5 13 15 may vary between 10 -10 to 10 -10 GeV. Second, that even for those 

models which call for M ,.... 10 13 -1015 GeV there is an inevitable breaking up 

of the plateau by newer"heights"of physics at intennediate energy scales. 

This last result follows from the (rather high} value of sin
2

6 ~ 0.23 suggested 

by the present data at this conference. 

6.4 The measure of the plateau problem (Occam's razorl: 

1) Given a grand unifying group G, there can, in general, exist a 

succession of stages of its descent, down to the lcw-energy gauge symmetry 

SU(2) x U(l) x S~c(3), with a hierarchy of mass stages M1 > M
2 

> ••• > µ 
21) and corresponding stages of symmetry breakjng. 

Clearly, at each stage, new physics enters, with the corresponding 

new gauge particles, new sets of interactions, new Higgs, new selection rules, 
22) new Regges, new monopoles and new dyons. 

To speak of a plateau, we must prove from internal consistency (or as 

is the more common practice, simply assume) that such hierarchies, either do 

not exist or - if they are forced 

tnat they are few and far between. 

upon us by experimental data -

2) However - for this descent, from 0 down to SU(2) x U(l) x SUC(3) -
21) even if other complicated intermediate stages are eschewed, two types of 

stages may not be rejected out of hand. i) The Family stage: The low-

energy SUL(2) may have descended (as the diagonal sUI11) of SUI(2) x SUII(2) 
III ) 23) x SU (2 x ••• , where I, II, III, ••• refer to the various families 

(e, ... ), {µ, ... )and (T, ... ). ii) The Chiral stage: The low-energy SUC(3) 

may, likewise, have descended (as the diagonal sum) from the chiral colour 

symmetry SUC1(3) x SUCR(3) as well as from the diverse families 24 ). The 

physics of this situation is profoundly different from the physics of a 

straightforward descent to SU(2) >< U(l) x SUc(3) but only for energies well 

above the (possibly high) masses of the fields orthogonal to W± , z0 and 
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G's. Once again, the neglecting of such JlOssibillties implies assuming from 

the start that the corresponding peaks of new physics simply do not exist: 

(OCCAM 1 S RAZOR) , 

3) Finally an absolutely crucial role in 
2 2 2 2 

determining M and sin e is played by the parameter sin e0 • sin 0(~) • 

L, T~ + SU(2) /L Q
2 

t and the conventional assumption that for fermions 

(including any superheavy ones with masses near M) 25 ) ain2e0 = t . 
The details of the demonstration of the statements below are 

given in the Appendix. Here I sununarize the results. 

6.5 Summary 

A) 'l'he gauge plateau is the consequrmce of two nssumpt.ions: 

1) That there is a gauge plateau! - more so1Jerly, of the assumption 

that no new gauge forces except those represented by fJU( 2) x U( 1) x SU C( 3) 

exist, until we reach the grand unifying mass. 

2) For certain grand unifying family groups (like SU(5) and SO(lO)) 
39) . 13 

the unifying mass M does edge towards the Planck mass . (M ~ 10 GeV, for 

sin
2e = 0.23). This happens because together with assumption (1), we have also 

assumed that all fundamental fermions - past, present and future. - (including any 

superheavy ones, to be discovered with masses ~1013 GeV) belong to that 

representation of the eventual tribal group for which sin2e
0 

= sin2e(M2 ) 

equals i , 
This assumption may be correct 26 ) (and one of the goals of particle 

physics is to find this out 27)), but one should appreciate its full import 

in determining M 

B) There are other tribal grand unifying groups for which sin
2e0 = 

sin2e(r.f) is different from~ (e.g. for the 6-flavoured [SU(6)]
4 

with 

sin2e
0 

• ~ ). For these the unifying mass M can be much smaller. For 

[SU(6)) 4 it is x106 GeV. If there are eight flavours i.e. [SU(8)] 4, M 
4 is even smaller x 10 GeV. The plateau has shrunk vastly. 

c) A family group like SU( 5) may be currently disfavoured ~m the basis 
2 that it cannot easily accommodate the experimental sin e ~ 0.23 unless a

8 

is unseasonably small ~ 0.07, see Appendix). Even if SU(5) could accommodate 
2 39) ( 23 . ) sin e.-;:;:: 0.23 1it gives a proton lifetime estimate Tp ~ 10 years which may be 

too small, unless there are 15 Higgs doublets. The "simple" 80(10) may overcome these 

disabilities; however, at the price of introducing intermediute symmetry-breaking 

stages. But then, by definition, new physics does appear for energies considerably 

lower than the grand unifying mass, The platea1l is not a_plateau after all. 
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To conclude, I do not think any experi_mental p~~~iciat, who is 

~till with me, nee'd serious:l.y worry about an __ unbroken pl_at:~._u whe::_~_::e _ 

are no new physics heights to be sc~led. I have tried to s~ow that this 

holds even within the theoretical framework represented by a direct 

extrapolation of the present ideas to the highest energies. In some of the 

remaining parts of the talk I shall be questioning two of the notions which 

have gone into this direct extrapolation - first, do quarks and leptons 
27) represent the correct elementary fields, which should appear in the matte~ 

Lagrangian, and which are structureless for renormalizability; second, could 

some of the gauge fields themselves be composite? 

6.6 The quest for elementarity, prequarks (preons and pre-preons) 

While the rather large number ( 15} of elementary fields Cror example, 
~ 

for the family group SU( 5)} al ready makes one feel somewhat queasy, the 

number 561, for the three-family tribal group SU( 11) (of which presumably ......, 
3 x 15 = 45 objects are of low and the rest of Planckian mass) is distinc~ly 

baroque. Is there any basic reason for one's instinctive revulsion when 

faced with these vast numbers? 

The numbers by themselves would perhaps not matter so much. After all, 

Einstein in his description of gravity, chose to work with 10 fields (gµv(x)} 

rather than with just one (scalar field) as Reissner and Nordstrom had done 

before him. Einstein was not perturbed by the multiplicity he chose to 

introduce, since he relied on the sheet~anchor of a fundamental principle -

(the equivalence principle) - which permitted him to relate the 10 fields for 

gravity gµv with the 10 components of the physically relevant quantity, the 

tensor T of energy and momentum. Einstein knew that nature µv 
vas not economical of structures; onJy of principles of fundamental 

applicability. The question we must ask ourselves is this: Have we yet 

discovered such principles in our quest for elementarity, to justify having 

fields with such large numbers of c~ponents as elementary. 

Recall that quarks carry at least three charges (colour, flavour 

and a family number). Should one not, by now, entertain the notions of ~uarks 

(and possibly of leptons) as being composites of some more basic entities 

(PRE-QUARKS or PREONS), which each carry but .2.!!!:. basic charge. These ideas 

have been expressed before but they have become more compulsive now, with the 

growing multiplicity of quarks and 1eptons. Recall that it was similar ideas 

which led from the eight-fold of baryons to a triplet of (Sakatons and) quarks 

in the first place. 
among, others, 

The preon notion is not new. In 1975,~Pati ~· introduced 4 chromons(the 

fourth colour corresponding to the lepton number) and 4 flavons, the basic 
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group being SU( 8) - of which the family group SUF( 4) x sue ( 4) was but a 

subgroup· (With the preon stage, the gauge group does not change; the 
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fermionic multiplet changes.) As an extension of these ideas, we now believe these 

preons carry magnetic charges and are bound together by very strong short

range forces, with quarks and leptons as their magnetically neutral composites. 

In another form the preon idea has been revived this year by Curtright and 

Freund, who motivated by ideas of extended supergravity(to be discussed in the next 

section), reintroduce an SU(8) of 3 chromons (R,Y,B), 2 flavons and 3 familons 

(horrible name), The family group SU(5) could be a subgroup of this SU(8). 

(Recall that of the two representations used by SU(5) to describe quarks and 

leptons, the 10* could in any case be considered ae a three-fold anti-symmetric 

composite of the fundamental 5 - though unfortunately tlic quarl'.-1 epton nwnl.>ers 
,...~ 

do not quite match. In a sense then, the preon idea i:; implicit in ;;u( 5).) 

In the Curtright-..Freund scheme, the 3 x 15 = 115 fermiorw of SU(5) can be 
-- ..,.._ r-.., 

found among the 8 + 28 + 56 of SU( 8) (or alternatively the 3 x 16 = 48 of 
"'\; ,...,, ,....,. 

80(10) among the vectorial~ fermions of SU(8)). 

A second contribution on preons is due to Harari and( independently) Schupe. 

In his quest for elementary entities, Harari has followed the approach of starting 

with two objects, Tohu's (charge t) and Vohu's (charge zero), making up 

the set of what he calls Rishons ("basic entities" in Hebrew) (the "chiefs" 

in Arabic). The eight 4-component fermions in a typical SO(lO) (or SU(2) x 
28) 

SU(2) x SU(4)) multiplet (e.g. u, d, v, e) are composed as follows: 

T T T + e vvv-~v 

TT V + ~ 

VTV-r(\ 

V T T + '13 

The other Two Families are assumed to be orbital excitations of these (with 
-24 radii of composi tee ~ 10 ems., deduced from upper limits on µ + e + y, 

s-+ d + y ). 

I would personally like to interpret Harari' s ideas c:.s referring not 

to the three families but to pre-preens. In the above table, read flavons 

in place of e and v; chromons (R,Y,B) instead cf ~· Uy• ~ and familons 

for cl,.,, d,,. d,.,. 1rhe ob,,ect:lon that one is trading space-time ideas for 
.n ' .L J.) 

internal quantum numbers (with colour a "composite'; quantum number - a new 
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notion t and gluons as 1'cotnposi te" gauge fields - suggested also by Diirr 

and Saller) can possibly be met in the manner of tha converse generation of 

spin from iaospin for dyonic composites discussed several years ago by 

Goldhaber, HaaenfrA.tz, 't Hooft, Jackiw and Rebhi. Splendid craziness. 29 ) 

Before I conclude this section, I would like to make a prediction 

regarding the course of physics in the next decade, extrapolating from our 

past experience of the decade$ gone by! 

DECADE 1950-1960 1960-1970 1970-1980 1980 + 

Discovery in The strange The 8-fold Confirmation W, Z, G, 
-early part of particles way, n of neutral Proton decay 

the decade currents 

Expectation for SU(3) Grand Unification, 

the rest of the resonances Tribal Groups 

decade 

Actual Hit the next May hit the preon 

discovery ·level of level, composite 

elementarity structure of quarks, 

with quarks and composite 

gauge fields 

30} 
VII. POST-PLANCK PHYSICS, $UPERGRAVITY AND EINSTEIN'S DREAMS 

I now turn to the problem of a deeper comprehension of the charge 

concept (the basis of gauging) - which, in m;v: h~ble view, is t~~ 

real quest of particle physics • Einstein, in the last thirty-five years 

ot his life lived with two dreams: one was to unite gravity with matter (the 

photon) - he wished to see the "base wood" (as he put it) which makes up the 

tensor Tµv on the right-hand side of his equation 

transmuted through this union, into the "marble" of 

1 
Rµv - 2 gµv 

gravity on the 

R = -T 
µ\! 

left-hand 

side. The second (and the complementary) dream was to use this unification 

to comprehend the nature of electric charge in terms of space-time geometry 

in Lhe same manner as he hi;.d successfully comprehended the nature of 

gravitational charge in terms of space-time curvature. 

stress 
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some 31) 
In caseAone imagines that such deeper comprehension is irrelevant 

to quantitative physics, let me adduce the tests of Einstein's theory versus 

the proposed modifications to it (Brans-Dicke for example). Recently (1974), 
the strons equivalence principle (i.e. the proposition that gravitational 

forces contribute equally to the inertial and the gravitational masses) was 

tested to one part in 1012 (i.e. to the same accuracy as achieved in particle 

physics for ( g-2) ) through lunar-laser ranging measurements. 'I'hese rneasure-
e 

ments determined departures from Kepler equilibrium d1 :-itar1ces, of the moon, 

the earth and the sun to better than ± 30 ems. and tri11mphantly vindicated 

Einstein. 
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There have been four major developments in reu U zing Einstein's dreams: 

1) The Kaluza-Klein miracle: An Kinstein Lagrangian (scalar 

curvature) in five-dimensional space-time (where the fifth dimension is 

compactified in the sense of all fields being explicitly independent of the fifth. 

co-ordinate) precisely reproduces the Einstein-Maxwell theory in four 

dimensions, the gµ
5 

( IJ= O,l,2,3) components of the metric in five dimensions 

being identified with the Maxwell field A From this point of view, 
p 

Maxwell's field is associated with the extra components of curvature implied 

by the (conceptual) existence of the fifth dimension 32 ). 

2) The second development is the recent realization by Cremmer, Scherk, 

Englert, Brout, Minkowski and others that the compactification of the extra 

dimensions - (their curling up to sizes perhaps smaller than Planck length 
-33 

~ 10 ems. and the very high curvature associated with them) - might arise 
-43 ) through a spontaneous synunetry breaking (in the first 10 seconds which 

reduced the higher dimensional space-time effectively to the four-dimensional 

that we apprehend directly. 

3) So far we have considered Einstein's second dream, i.e. the 

unification of electromagnetism (and presumably of other gauge forces) with 

gravity, giving a space-time significance to gauge charges as corresponding 

to extended curvature in extra bosonic dimensions. A full realization of the 

firet dream (unification of spinor matter with gravity and with other gauge 

fields) had to await the development of supergravity - and an extension to 

extra fermionic d1mensions of superspace (with extended torsion being brought 

into play in addition to curvature). I discuss this dt,velopment later. 

4) And finally 33 ) there was the alternative suggestion by Wheeler 

that electric charge may be associated with space-time topology - with wo:nn

holes, with space-time Gruyere-cheesiness. This idea has recently been 

developed by Hawking 34 ) and his collaborators. 
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Extended supergravity, SU(8) preons anc composite 1£!.i~.lfe fields 

Thus far the developments in respect of Einstein's dreams as reported 

at the Tokyo Conference of 1978. A remarkable new development was reported 

at this conference by Julia (Julia and Cremmer) which started with an attempt 

to use the ideas of Kaluza and Klein to formulate extended supergravity theory 

in a higher (cornpactified) space-time - more precisely in eleven 

dimensions. This development links up, as we shall see, with preons and 

composite Fermi fields - and even more important - possibly with the notion 

of ~ornposite gauge fields. 

Recall that simple supergravity is the gauge theory of supersymmetry 

the gauge particles being the (helicity ±2) gravitons and (helicity ± t ) 
gravitinos. Extended supergravity gauges supersynunetry combined with SO(N) 

internal symmetry. For N = 8, the (tribal) supergravity multiplet consists 

of the following 80(8) families. 

Helicity ± 2 1 
"" 

± l 8 2 ... 
± 1 28 

""" 
± 

1 
56 2 -

0 70 ,....,. 

As is well known,80(8) is too small to contain SU(2) x U(l) x SUJ3). Thus 

this tribe has no place for w1 (though z0 and y are contained) and no 

place for µ or T or the t quark. 

This was the sl.tuation at Tokyo. This yeer, Crernrner and Julia attempted 

to write down the N = 8 supergravi ty Lagrangian explicitly, using an 

extension of the Kaluza-Klein ansatz which states that extended supergravity 

(with 80(8) internal symmetry) has the same Lagrangian in 4 space-time 

dimer.sions as simple supergravity in (compactified) 11 dtmensions. This 

formal - and rather formidable ansatz - when carried through yielded a most 

agreeable bonus. The supergravity LE!Bi~ngian possesses an unsuspected SU(8) 
11local11 internal symmetry 35) al though one started ""i th an internal SO( 8) only. 

The tantalizing questions which now arise are tile following. 

1) Could this interr.al SU(8) be the symmetry group of the 8 preons 

(3 chrornons, 2 flavons, 3 familons) introduced ear:!.ier? 
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2) When SU(8) is gauged, there should be 63 spin-one fields. The 

supergravity tribe contains only 28 spin-one fundamental objects which are not 

minimally coupled. Are the 63 fields of su(8) to be identified with composite 
-1 

gauge fields made up of the 70 spin-zero objects of the form V a V; Do µ 

these composites propagate, in analogy with the well-known recent result in 

CPn-l theories, where a composite gauge field of this form propagates as a 

consequence of quantum effects (quantum completion)? 

The entire development I have described - the unsuspected extension 

of S0(8) to SU(8) when extra compactified space-time dimensions are used -
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and the possible existence and quantum propagation of composite gauge fields -

is of such crucial importance for the future prospects of gauge theories that 

one begins to wonder how much of the linear extrapolation which went into 

extrapolating SU(2) x U(l) x SUC(3) to the grartd wii:f'ying gauges is likely to 

remain unaffected by these new ideas now unfolding. 

But where in all this is the possibility to appeal directly to 

experiment? For grand unified theories, it was the proton decay. What is 

the analogue for eupergravity? Perhaps the spin ~massive gravitino, picking 

its mass from a super-Higgs effect provides the answer. Fayet has shown that 

for a spontaneously broken globally supersymmetric weak theory the introduction 

of a local gre.vi tational interaction leads to a super-Higgs effect. The 

gravitino acquires a mass and an effective interaction, but of conventional 

weak rather than just the gravitational strength - an enhancement by a factor 
34 of 10 • One may thus search for the gravitino among the neutral decay 

modes 36 ) of J/i,ji • Notwithstanding the enhancement, this will surely tax 

all the ingenuity of Sam Ting, Burt Richter and their coJleagues. 

I would like to conclude, as at Tokyo, with a quotation from 

J.R. Oppenheimer which more than anything else expresses in nzy- view the faith 

for the future with which this greatest of decades in particle physics ends: 

"Physics will change even more It t I• I I If it is radical ana unfamiliar •. , •• 

We think that the future will be only more radical and not less, only more 

strange and not more familiar, and that it will have its own new insights for 

the inquiring human spirit." 

J.R. Oppenheimer 

Reith Lectures BBC 1953. 



874 Session VIII 

APPENDIX ON GRAND UNI.FICATfON 

Here are stated the results used .jn the text wllich relate grand 

unifying mass, sin2e, and the intermediate symmetry-breaking stages. 
M1 

In the sequel, I shall assume that G + [SU(2)]q x U(l) 
M2 µ 

x (SUC(3)]P + SU(2) x U(l) x SUc(3) + U(l) x SUC(3), wliere p and q 

are the possible stages referred to in 2) of Sub sec. 6. l1 correlated for example with 

family or chiral symmetries. For simplicity, and without much loss of generality, 

I shall assume that M
1 

= M
2 
~ M » µ, so that all fi elcls not contained in 

SU(2) x U(l) x SUC(3) are very heavy and the parameters p and q make their 

explicit appearance only through how the physical 
2 

a 
s 

and a normalize in 

terms of the grand unifying coupling ~ 

Theorem 

Assume that 
µ 

Ml M2 
G + [SU(2)]q x U(l) x [SU (3)Jp + SU(2) x U(l) c 

x SUC(3) + U(l) x SUC(3) 

One finds from Eqs.(B) and 

(and assume for simplicity that 

( C) of footnote 37 

lli a.n M = 
311 µ 

(sin2e
0 

- sfo2 e) 
2 cos e

0 

Using (A) of footnote 37 and (1) above one gets: 

= 

From this one deduces that 

{3q - 2p) sin2e
0 

+ ~ ,(2q) 
s 

2 2 
sin eo - sin e 2 = --2 cos e

0 
3q-2p 

(If M1 ~ M2 , the left-hand side of (1) reads 11~/3~ .tn 

similar smooth limit (M1 7 M2) changes to (2).) 

2 cos e0 

(1) 

(2) 

, with 

1) Note the crucial result: 

on sin2e
0 

(and not explicitly on R..), 

2 M If sin 0 is given, R.n - depends only 
µ 

2 q 
sin 6 does depend explicitly on the 

On the contrary, the expression for 

ratios ! , ~ as well as on sin
2e0 

38) s 3 
2) For SU(5) and 80(10), p • 1 • q , sin2e0 = 8 and we 
39) 

obt~in 

sin2e • 1 + .2.~- and Ms 1.3 x io13 GeV. 6 9 a 
s 
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'l'his value of 
. 20 = 3 srn Cl 8 . 

M 1
. ,, 

,; obtained from 1-:q.(1) if' :>in"-o "'0.23 arid 
15 

It d.i ffers from Lhe convenU onally stut1:d v:.tJ ue 0f x. 10 GeV, 
. 2

0 
1 , a . . 

which is usually derived by substituting sa1 = 6 + y- ~ into the exr;ress:i.on 
M s 

for £n 'l'he following remarks are in ord.:r: 
µ 

i) 

ii.) 

Note the extreme sensi ti vi ty of M on the preswneu value of 

. 20 Sln 
2 

(tlle conclusions below <lepenci on ~;jn 0 ~~ 0.23). 

The empirically indicated va]ue of 

SU(5) formula ( l+ .L ~) for an 
6 9 a 

a 
s 

s 
(a,, ~ 0.07). 

" 

2 
sin 0 is compatible with the 

which appe&.rs to be small 

iii) With M as small as 1.3 x 1013 GeV (smal1 compared 

with 10
1

9 GeV of Planck energies), one finds thRt the 

proton half-life Tp as esthnated by Marciano 39) is ~ 6 x 10
23 

years - perhaps already excluc]t,d experimentally. (Fifteen isodoublet 
Higgs 39) are needed to remedy this. ) 

3) For the semi-simple tribal group [SUF(6) x SUc(6)J
1 

x [SUF(6) x SUC(6)]R 

(with p = 2, q = 3) describing six quark flavours 
25

)and colours, sin2e = -2.
8 

• Thus 
6 2 5 19 a O 2 

M ~10 GeV and sin a = 24 + 36 ~ ( ~ 0.23 for as ::::: 0.18). 
s 

Note the enormous difference between the predicted values for· the 

grand unifying masses (106 GeV versus 1013 GeV) for the two cases of' the 

"simple" versus the "semi-simple" groups considered. The size of the plateau 

has considerab1:L_shrunk for the latter case. It could shrink still more, with 

more flavours 4o) and colours. (For [SU(8)J 4, M ..._,104 GeV.) 

4) For the family groups SU(5) and SO(lu), we have noted that a 

straight descent to SU(2) x U(l) x SU (3) (p = q = 1) gives a small M 
c 2 

(for comfort with the proton's life) and too small a ( ~ 0.07) if sin 61=<:.0.23. 
G 

Now SU(5) cannot admit any intermediate stages but 80(10) is larger and can, 

as noted by Georgi and Nanopoulos and Shafi and Wetter i cl1 (CERN Th. 2667 ( 1979)) . 

C0u]d such stages help in resolving the prob1em of the "large" 0in2e 
and the 11 small" M'? (Clearly the existence of such stages would mean that the 

plateau is broken up with peaks of new physics.) To concretize - and simply 
42) 

as an illustration - consider just one stage, i.e. take the simple case of 
M Ml 

G -+ SU(2) x U(l) x SU(n) -+ SU(2) x U(1) x SUC (3). F'ormulae (1) and (2) 

for R-n M. and sin2e still hold; however p must be replaced by µ 

( 3p) 
np(l-z) + 3z 

where 

For SO(lO), with n = 4 (four colours) and SUC(lt)-+ U (1) x SU (3), one may 
2 1 c 43) c 7 

indeed secure sin 0 = 0.23, for cx
8 
~ 7" , proviJed ~ ..-vlO GeV. 

41) 
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In the preparation of this report I had assistance from: U. AmaJ di , 

G. Altarelli, D. Amati, J. Augustin, E.L. Berger, J.Jl. lljorktm, S.J. brod:3ky, 

J. Chadwick, M. Conversi, N.S. Craigie, V. Elias, J. Ellis, l'. Fayct, 

S. Ferrara, G. Fliigge, H. Fritzsch, S. Fubini, F.. GabFJtlrnler, M.K. Gaillard, 

R. Gatto, I.G. Halliday, J. Iliopoulos, M. Jacob, H.F. Jones, K. Koller, 

C.H. Llewellyn Smith, L. Maiani, B. Nagel, D.V. Nanopoulos, ,J, Nilsson, 

J.C. Pati, D. Perkins~ J. Prentki, G. Preparata, S. Hajpoot, C. Hubbia, A. de Rujula, 

L.M. Sehgal, W.G. Scott, P. S~ding, B~ Stech, J. Steinberger, P.M. Stevenson,J,Schwarz, 

D. Storey, B. Tallini, J.G. Taylor, D. Treille, R. Turlay, s. Weinberg, 

B. Wiik, K. Winter, G. Wolf and A. Zichichi. 

FOOTNOTES 

1) "The End of Molecular Biolo~", by A. Sibatani, Trends in Biochemical 

Sciences, International Union of Biochemistry (Elsevier, North-Holland, 

1979), Vol.4, No.7. 

2) The situation for atomic physics was sU!Wnarized by L.M. Barkov who 

<Rexp.) 
gave 

Rtheor. 
"' 1.07 ± 0.14 as the ratio of the Novosibirsk 

bismuth measurements of atomic parity violation compared with the 

predictions of SU(2) x U(l). Into this comparison is folded the atomic 

theory calculations of Khriplovich ~· for the complicated bismuth 

atom. Since the Oxford group contest (among other things) this atomic 

theory, which has gone into Barkov's comparison, the issue of atomic 

parity violation is a problem for atomic physici.sts, rather than a 

problem for particle physics. 

3) While on the subject of radiative corrections, it is worth mentioning 

that Marciano(and independently Goldmann and Ross )bave examined the 

renormalization group corrections to the fine structure constant and 

find 

80 
3n ~ 128.5 

Here a(O) is the Josephson value, while cx(1\.J) is the q~antity 

relevant for present low energy neutrino experiments. This 6% 
correction in a -l reflects itself in the revised mass formulae for 

~ and mz which, according to Marciano (C00-2232-B-1979) register 

a surpriaing 3% increase; surely of some concern tc the running of 

LEP at the peak. 
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~ ~ 77 - 84 GeV } 
l 

0.25 > 'in
2a > 0.21 J 

l_ 111z ~ 89 - 95 GeV 

4) The 26 dimensionless parameters of the standard model are: 3 gauge 

couplings, 6 quark+ 6 leptonic masses (assuming m ;/0),4+4 
v 

mixing angles, 11\i• ~ and two "instanton" angles corresponding to 

non-Abelian SU(2) and SU (3). 
c 

877 

5) A different, somewhat more economical suggestion to motivate !so-doublet 

Higgs is the use of dimensional reduction. (I shall have occasion to 

mention this idea later in the context of extended supergravity.) Start 

with a gauge theory in 6 dimensions (xµ , x
5

, x6 ; µ = 0,1,2,3). Reduce 

6 dimensions to 4 in the sense of assuming that all fields are 

independent of the extra co-ordinates x
5 

and x6. On reducing to 

4 dimensions, the 6-component vectorial field (Aµ , A5, A6 ) in 6 

dimensions comprises a conventional spin-one gauge field A plus µ 

a doublet of spin-zero Higgs fields A
5 

and A6. 

For one concretization of these ideas (due to Y. Ne'eman, 

D. Fairlie, J.G. Taylor and others) embed SU(2) x U(l) into a graded internal 

symmetry :JU(2ll) AND work in 6 dimensions. 'l'he combination of higher 

dimensionB and the higher internal synunetry (1) makes an iso-doublet 

Higgs compulsive, (2) specifies the Higgs-Higgs coupling uniquely as part of 

the basic gauge coupling, (3) predicts sin
2a "'rand (4) predicts 

11\i ~ 2~. This is fine; unfortunately, the theory as developed so 

far is not satisfactory, since to avoid ghost.a characteristic of an 

internal graded su<211>. this symmetry must be broken explicitly. The 

hope however is that a more agreeable version may emerge where the 

desirable features like a compulsive "gauge" !so-doublet Higgs and 
2 1 

sin a = 4 may remain• without the undesirability of the explicit 

symmetry breaking. 

G) This statement refers to the sign of the one-loop cw~1utution of the 

analogue of QCD's (3 funct1on in ['.ravity theory. ~>ince gravity, (on 

present ideus) is non-renormalizahle, higher Joopu uNo (as yet) 

intractable, though they may not long remain so. If gravity is indeed 

asymptotically free, there may be no ini tj al big 'Hmg singularity due 

to the progressive weakening of the effective Newtonian constant with 

diminishing radius of the universe. 
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7) While on the subject of perturbative QCD, I would lil~e to quote u 

remark made by Res Jost at the Sienna Conference of ~963: "'ro my 

mind, the most striking feature of theoretical physics in the last 

thirty-six years is the fact that not a single new theoretical idea 

of a fundamental nature has been successful. The notions of 

relativistic quantum theory, so clear1y ir, need of ir.iprovement, have 

been in every instance stronger than the revolutionary ideas of - as 

the saying goes - a great "number of highly talented theoretica1 

physicists". We live in a dilapidated house and we seem to be unable 

to move out. The difference between this house and a prison is 

hardly noticeable". To Jost•s words "relativistic q_uantum theory" 

in this quotation I would like to add "perturbative", for surely it is 

ironic, that in fifty-two years since Dirac's invention of QED, we 

have no quantum solution for QED (or for QCD) except the perturbative. 

8) Note the independenc~ of the FN's and DM's from mass (m _., 0) 

singularities (~n A
2

). These are junked into the primordial 

(empirical)parton m factors fN, dM. The parton model factorization 

survives up to the leading order ({F x r} + {fN x dM}) but breaks 

( 0( ;2) down in the next to the leading order i.e. for terms of order 0 

in the { } brackets). As a rule this non-leading order is large 

for Drell-Yan processes and may necessitate a different type of 

resummation of perturbative QCD. Evidence relating to the "non

factorization" in non-leading logs was presented at the conference, 

This will surely be a major area of progress in the coming year. 

9) A dramatic example of the independence of the domains of perturbati ve 

QCD and phenomena attributable to confinement has recently been 

provided by Davis ar::d Elias and Rajpoot. Davis has defined a saf'e 

jet variable (to all orders of perturbation theory) which has the 

remarkable property of measuring charge (including fractional ch&.rge) 

in final states wittin a phase space "horn". The experimental 

failure to detect fractional charges must then imply at the very 

least that "perturbe.tion theory apparently gives no signal of its 

own failure". 

10) If confinement is indeed a non-perturbative cynamical phase (and has 

no status as an absolute selection ruJe), thE- question !irises: is 

it under all circwnstances absolutely exact? Using appropriate Higgs, 

could SUc ( 3) be broken spontaneously, with massj ve gluons, and with 

conn.nement only partial, in "the sense of an Archimedes effecL,i.e. QCD wlLl1 

Higgs may solve in such a way that quarks and gluons may exhibit 

an effective mas.s. variat_ion; light and 
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partially confined within an interaction zone; heavy, t:.nconfined 

and liberated outside it. Practically nothing would need changing 

in the conventional parton model ideas and in their QCD perturbative 

renormalization, except for an additional type of "fragD1entation" 

function, describing mass barrier penetration and the probability of 

finding massive physical quarks and gluons in the final states. 

(Ev.en without the heavy non-pert urbati ve theory needed for confinement , 

one may understand the growth of the running gluon and quark masses as 

momenta diminish, as a consequence of the renormalization group. The 

Archimedes effect suggests_ that this growth is non-perturbatively 

sharper than logarithmic though not infinite as for ful~ confinement.) 

An illustrative mass formula for quarks and gluons exhibiting 

the Archimedes effect has been suggested by de Rujula, Giles and Jaffe 

on the basis of a string model of gluonic interactjons (mass outside -

mass inside) oC.(gluon mass inside)-l times an essentially group-theoretic 

factor. For zero inside gluon mass (exact 8Uc(3)) the quark and gluon 

masses outside are infinite and exact confinement ensues. For inside 

gluon masses of the order of 20-30 MeV, the outside quark masses could be 

in excess of several Gev. Bjerken described to the conference a quark 

model of this variety within a spontaneously broken QCD, to explain the 

high density hadronic droplets accreting around a liberated fractionally 

charged quark. (such droplets are needed in his 

explanation of the peculiar Centauro events discovered in cosmic rays.) 

Such ideas of eventual quark and gluon liberation and the 

Archimedes effect are unconventional but in view of the lack of any basic 

understanding of the confinement mechanism, I would like to rephrase 

for the remembrance of our experimental colleagues what Iliopoulos 

remarked in another context: 11A test of quark-gluon liberation is too 

important to be left to vagaries of theoretical dogmas". 

Earlier than this, Pati et al. had used the Archimedes effec, 

and partial confinement to propose another unconventional version o: 

spontaneously broken QCD. This is the gauge ~J"._eory of (Han-Narnbu) 

integer·-char.ge quarks and gluons ( Q = Qflavour + Qcolour). Here the 

excitation of Q in lepton-hadron collisions is automatically colour 
suppressed by a factor of the type 

.T ,J 
1.epton col.our 



880 Session VIII 

(compared with the usual factor J J lepton flavour for flavour-charge 

(Using dispersion relations for + - + -e e -+ µ µ 

2 2 f g( µ) dx 
mout ~cµ exp B(x) ' 

g(mi ) 
, Okun, Voloshin and nZakharov, 

interaction with a mass relation of the type 

have attempted to show that in a spontaneously-broken suc(3) with integer 

charges, the gluon mass must be ~ 1 GeV. Unfortunately this demonstration 

takes no account of the ideas of partial confinement and the Archimedes effect 

associated with the contribution of the intermediate gluonic state in this 

model, and thus has no bearing on what the (non-perturbative) physical mass 

of the gluon is. 

11) In the context of the parton model, one of the important results presented 

at the conference concerns the efficacy of anti-quarks relative to quarks -

(pions versus protons ) producing T; ( <\ -+ T) I ( ap -+ T) ~ 30 ( Cern NA3; 
+ ( ) -36 2) 200 GeV ir ; a·B T = 2.10 cm • This au~rs very well for the 

Zo and w± pfi" prospects for production at the r collider as emphasised 

by Rubbia, 

12) The proton charge thus equals the positron's, without further hypotheses. 

13) The necessity of requiring asymptotic freedom for the ELECTRONUCLEAR force 
19 

on its own, for energies beyond Planckian (mp~ 1.2 x 10 GeV) has been 

questioned by Cabibbo, Maiani, Parisi and Petronzio. They argue that 

by then gravity would profoundly affect the entire discussion. On this 

basis, they suggest (working essentially to a one-loop approximation) that 

the numbers of families below Planck mass must not exceed eight. They 

also give bounds on the expected Higgs and fermion masses. On the 

contrary, Oehme and Zimmerman (EFI/79/28) have deduced (from the 

positivity of the transverse gluon propagator) a ~bound on the 

number of quark flavours. 

14) Ideally one would wish all these mass stages to emerge as radiatively 

generated multiples of the Planck mass - possibly with magnitudes 

-am.p, a
2
mp' a 3mp''. ,, or alternatively of magnitudes like Dip exp - :n 

(en's are constants). The problem of a "natural" generation of such mass 

hierarchies is another aspect of the unsolved problem of Higgs. 

15) Likewise (from the renormalization group equutions for. the fermion 

mass ratios) one may hope to deduce the ratios of the physical o.uark 

to the lepton masses, the ratios at the grand-unifying M being 

specified by the Higgs couplings assumed. 

16) The topless version of E6 predicts b-quark decays to charmless quarks 

(B. Stech, private communication). ~~e observed b-decays involving 
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·charm may thus imperil E
6 

. (The sug-gestion of SU(ll) as the tribal 

extension of Georgi and Glashow's simple SU(5) is due to Georgif 

the su,n:gestion of E8 extending- Giirsey et al.' s E
6 

is due to 

Ac hi man and Stech.) 

17) These decay modes have been brought into prominence during the last 

year through an improvement in the renormalization group estimates 

(for ex8Jllple, of a-1 (mW) - 6% diminution 3 ) from a-1 (0) and a 

corresponding diminution in the estimates for T which are now 

typically ....., 1029-10 33 years if unification mass~s range between 

5 x 1014 and 3 x 1015 GeV and sin2e ranges 3) between 0.210 and 

0.20)' 

18) "Proton decay is too important to be left to theoreticians alone." -

Iliopoulos. 

19) The one really new feature of this year's work has been the estimation, 

within the context of grand unification, of baryon excess in the 

universe - more precisely an estimate of the ratio of the photon number 

NY to the baryon numbers NB, which is empirically known to be ~108-109. 
The suggestion that baryon excess may be a consequence of baryon

non-conservation plus CP violG.tion was first made by Yoshimura a.t the 

Tokyo C cnference. The present quantitative estimates (which by and large 
for models 

- more "by" and less "large" - agree with data)were reviewed by Mohapatrajwith 

supermassi ve multi-Higgs and lepto-quarks ( 1015 GeV) and "hard" CP 

violation; as wel] as for models with low-mass lepto-quarks 

(,,104-Jo5 GeV) and CP violation which is "soft". 

20) Yet each man kills the thing he loves 

By each let this be heard 

Some do it with a bitter look 

Some with a flattering word 

The coward does it with a kiss 

The brave man with a sword. 

Oscar Wilde - 'l'he Ballad of the Reading Goal. 

21) For example, for the Family group 80(10} of Fritzsch, Minkowski and 

Georgi, there is the possible chain (see Appendix) 
M M1 

SO(lO) -+ su1 (2) x SUR(2) x SU(4) -+ su1 (2) x SUR(2) xtl(l)x 
M2 

c 
su

1
(2) 

µ 
U(l) x SUC(3). SU C( 3) -+ x U ( 1 ) x SU C ( 3) -+ 

22) According to 't Hooft's theorem, a monopole corresponding to the su
1

(2) 
ll4,/ 

gauge sy1mnetry is expected to possess a mass of the order of ;;'"" • 

Even if such monopoles are (conveniently)confined, their indirect 

effects must manifest themselves, if they exist. 



882 Session VIII 

23) This is assuming that the concept of "families" which make up 1:1 

"tribe", makes sense for ultimate grand unification. 

24) Similar remarks apply to the U( 1) in SU( 2) x U( 1) x SlJ C( 3). 

25) Even if it is assumed that all fermions are singlets 

or triplets of suc(3), the~e is no or doublets of SU(2) and singlets 
2 3 

reason for sin e0 to equal 8 . 'Po see t.his note that with thh 

assumption - which incidentally excJudes supersymmetric gauge fernlions 

in the adjoint representations - sin
2e0 = (9Nq + 3NR_)/(20Nq + 12HR_), 

where Nq and N 
1 

are the munbers of quark and lepton doublets, 

respectively. Only if we make the further assumption that Nq = ~:t, 

from anomaly cancellation between quarks and leptons, do we reccwer 
2 3 

sin e
0 

= 8 . This assumption however is not compulsive; for exa:.iple, 

anomalies cancel if (superheavy) mirror fermions exist, without 1be 

need for assuming N = N • 'fhis is the case for [SU(2n) J4
• (The 

q R. 
anomalies also automatically cancel for the adjoint representatiuns of 

the supersynunetric gauge fermions.) Note however that if [SU(3)]P x [SU(2)]q x 

U(l) is embedded within a non-Abelian symmetry and the manner 

specified, one can express sin2e
0 

as a function of p and 
of descent 

q. 

26) The universal urge to extrapolate from what we know to-day and to 

believe that nothing new can possibly be discovered, is well expressed 

in the following: 

"I come first, My name is Jowett 

I am the Master of this College, 

Everything that is, I know it 

If I don't, it isn't knowledge" -

The Balliol Masque. 

27) So long as we work with the concepts of elementary fields and fundamental 

Lagrangians, it is clear that some day we must hit the level of elementary 

fermions. Thus it does not dismay me that the succession of flavours 

and col~urs (or families) may end. But we cannot really argue about these 

matters on the basis of one-loop approximations. 

I would here li.ke to quote Feynman in a recent interview to the 

"Omni" magazine: "As long as it Jooks like the way things are built with 

wheels within wheels, then you are looking for the innermost wheel - but 

it might not be that way, in which case you are looking for whatever the 

hell it is you find!" In the same interview he remarks, "a few years 

ago I was very sceptical about the gauge theories.. . . . I was expecting 

mist, and now it looks like ridges and va:!.leys after all''. 
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28) Zero mass neutrinos are the hardest objects to conceive of as 

composites. 

:?9) Harari was kind enough to send m(: a pre-copy of his paper. He 

wondered if I considered his ideas were crazy enough in the sense of 

Niel Bohr's famous remark. I am afraid I had to express some 

reservations; from a follower of the world's first great monotheistic 

religious tradition, I would have appreciated ~ pre-preon rather than two. 

30) I have called this "Post-Planck" physics, assuming that the thrust of 

the ideas discussed will be felt at and beyond Planck energies (1019 

GeV). But let us make no mistake - the ideas are quite general and 

their import might be felt much earlier. 

31) The following quotation from Einstein is relevant here. "Experiment 

alone can decide on truth •••••• But how wrong are those theorists 

who believe theory comes inductively from experiment - and this 

32i 

includes the great Newton with his "Hypotheses Non Fingo"." I believe 
this the only place where Einstein departed somewhat from 

his total veneration for Newton. 

What is electric charge in this theory? To answer this, one must 

introduce charged matter - and in the last analysis, fermions. Kaluza 

and Kleln foreshadowed the answer - charge corresponds to the variable 

conjugate to the fi~h dimension - quantized if the fifth dimension curls 

onto itself. Perhaps the most detailed and elegant working out of 

tlli:> idea is due to Olive and Witten (reported by Olive at the conference), 

Consider a supersymmetric Georgj-Glashow model in six-dimensional 

compactified space-time. One can show that all objects in this theory 

(elementa!"/ fields, monopoles, dyons) satisfy a light-like mass 

relation (exact, including quantum corrections): 

Here P
5 

and P
6 

are the momenta conjugate to x
5 

and x6 and one 

shows by an explicit calculation that P = m x electric chHrge, 

topologically defined -+ f Cl i F iO ct3x a~d P 6 = m x magnetic cl 1arge 

on the p'article, defined similarly. Thus by an explicit construction 

one demonstrates that momenta conjugate to the extra dimensions 

correspond to (topologically defined) electric and n,agnetic charges. 

ascribre the existence of higher internal symmetries to the Cartan 

reflections in conrormal space (projectively realized in 6 dimensionµ), 
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34) The Einstein Lagrangian allows large fluctuations of' metric and 

topology on Planck-length scale. Hawking has surmised that the 

dominant contributions to the path integral of quantwn gravity come 

from metrics which carry one unit of topolcgy per Planck voltune. 

35) 

36) 

On account of the intimate connection (de Rha.m, Atiyah-Singer) of 

curvature with the measures of space-time topology (Euler number, 

Pontryagin number) the extended Kaluza-IG.ein and Wheeler-Hawking 

points of view may not be so different after all. 

An example of the possible relevance of topological ideas is 

a result of Ki skis, who shows that under certain conditions a spa·:e-

time with handles would permit global violations of cnarge. One vonders 

if this result extends to other (violated) charges (like I-spin, 

hypercharge, ••• ) and what its significance for the topology of our space

time may then be, 

In a very different context, I might mention a recent to~ological 

result of Witten. In a Yang-Mills theory, he shows that for a theory 

with a non-zero "vacuum" angle e, dyons must carry (possibly 

fractional or even irrational) electric charges= (n + ~11 ) e Physics, 

as we have known it, may be made to stand on its head by an infusion 

of topology. 

The full result is tnis: 'l'n.e Lagrangian in [11]-d.iruensions possesses 

an invariance as large as E7 I global x SU(8} I local. The analogy is 

vith Weyl's version of Einstein's gravity theory which has the 

invariance GL(4,R)lglobal x S0(3,l}l 10cal' Now the graviton in 

Weyl-Einstein theory with its 16 - 6 c 10 components lives in the coset 

GLilhBl -1_ 
space S(j~ with its 10 generators. Likewise the coset space SU(8) 

with its 133 - 63 c 70 generators can carry 70 spin-zero objects which 

are the "gravitons" of the internal space. These are Just the 70 spin

zero fields in the N • 8 supergravity tribe. 
r: 7 

Fayet estimates, for a light gravitino, a rate 10-:>-10- to comp11re witli 

r(~ ~unobserved neutrals)~ 7 x 10-3 and r(~ ~ e+e-) = (7 i 1) x 10-2 . 

He has made the assumption that the (spontaneous) breakdown of super-
2 

synunetry occurs at marrnes z 11\v :;,:. mp exp(-c/{', ) . ('l'here is the 

alternative proposal of a linear progression from grand unification to 

extended supergravi ty which suggest:; that the characteristic mass for 

the breakdown of super:>ymmetries - and for all the unwanted super3ymmetric 
:t. (J partners of W , Z , , etc - as well as for the gravitinos - is of 

the order of' Planck mass mp.) 
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37) This follows from the standard £1!!:.::~~0Jl renormalization group equatiom'i: 

(A) 

-1 2 2 11 M a ( µ) sin O ( µ) = q ( 4n g- ( M) ) - 2. - ln -
6n µ 

(B) 

(C) 

For simplicity we have ignored the effects of the fermionic (and the 

Higgs) loops on the right-hand side. These are discussed by Marciano 39) 

38) These family groups are too small to permit p, q > 1. The tribal group 

SU(ll) however may accommodate larger p's and q's. 

39) 

4o). 

W.J. Marciano (C00-2232-B-173) who gives the same result for 

.!!£ ln .M , as above, except that the r.actor 11 is replaced by 
1
9°9 

if one 
3n ii 
takes fermion and one Higga loops into account. For NH Higgs isodoublets, 

110 - NH . 2 
replace 11 by • Thus for NI ,...., 15, sin 0 ·~ 0 • 23 is 

compatible with M 9~1015-1016 GeV. ~he extreme sensitivity of M pn 

asswnptions relating to renormalizations should be stressed once again. 

11 
For the semi-simple group [SU(2n)] describing 2n flavours of quarks 

2 (and 4n - 6n leptons; the majority possibly superheavy), Elias and 

Rajpoot give: 

. 26 sin 

3n 
4(3n - 2) 

3n-4 
12(n - 1) 

lli ( n - 1 ) ln .M = 
'IT µ 

+ £.._ 
a 

8 

9n-8 
18(n - 1) 

1 - ( 2n - !±_) L 
3 a 

s 

41) Consider one more exa.11:ple of the introduction of int,~nnedi.ate energy 

scales - and the plateau-breaking peaks - which may have their location 

almost anywhere, so far as the internal logic of the synunetry-breuking 

is concerned. The example is that of the tribal group 

su1(5) x SUII(5) x SUIII(5) corresponding to the Three Families, Assume 

each SUi(5) breaks to [SU(2) x U(l) x su0(3)]i, i =I, II, III, with 

mass scales Mi. The final breaking stage corresponds to the emergence 

of the diagonal sum (SU(2) x U(J.) x SUC(3))I+II+III ( .!;. U(l) x SUC(3)) 

with the associated scale M. The results of the computations of 

sin2
6 and the unifying masses are: 
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2 
sin 6 

as = 8 rl 
a 3 l 

Session VIII 

(i.e. the same result as for the Family group 
SU( 5)); and 

lla D -- ... n 
1T 

For MI = MIT = MTII = M, we recover the well-known Family SU( 5) result. 

Now M1 may be restricted on account of proton decay, but the 

restrictions on the locations of M11 and M111 need not be too 

stringent. (Elias has conjectured that the rutios of fermionic masses 

among the three Fermi Families may differ on account of the three 
I II III differing mass scales M , M , M • The point is that not till we 

understand the deeper relationship of the Family and the Tribal groups 

can we reject such possibilities.) 

42) This analysis is relevant also if there exist new forces of which we 

may. at present. have no apprehension - for example the techni-cclour 

forces of Dimopoulos and Susskind• with G • SU(lO) ... SU(2) x U(l) x 

43} 

SU( 8) -+- SU( 2) x U( l) x SU C( 3) x SU tech ( 5). (The Higgs needed to break the 
synunetry this particular way have to be spec.fully chosen.) 

In Shafi and Wetterich 1 5 1 · t . . . the breaking ana ys1s he intermediate stage is throughAof 
SUR(2) at around 106 

GeV, i.e. (V+A) forces make their appearanc~ then. 

I believe both types of stages may be necessary to shore up sin2e, 
as well as M and 
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'D1e most interesting although speculative result is the observation of a 4 standard 

deviation effect at 5. 3 GeV in the l)JK 0TI - and lj!K- 'ff+ mass plots (SPS Exp. WJ\11) with a cross

section of 180 nb (assuming 1 % branching ratio). This is a cancliclatc bare b-state. 

+ 
Tiw next most significant experimental result is the observation of Ac at the CERN 

Intersecting Storage Rings (ISR). TI1is state was discovered at BNL by Samios et al. and 

has since been seen in several neutrino experiments. It was seen at the ISR by Lockman ct 

al. about a year ago (reported at Budapest) but not in a convincing way. The analysis has 

now been improved, and the result shows a peak which is most clearly present in the stnnmed 

A(31T)+ and K-p1T+ mass spectra. 'TI1e signal has furthennore been seen in Exp. R606 (reported 
- + by F. Muller in this parallel session) in both A3TI and pK TI . 111e most convincing signal 

comes from the Spli t-Ficlcl Magnet (SFM) in K-pn + 'TI1e three observations together, all at 

the ISR, make this an outstanding result of the conference, although it is not a new dis

covery. 

Very interesting contributions have been made by Brodsky and Berger on higher-twist 

effects. TI1is, in my opinion, is going to strongly influence the phenomenological analysis 

in the future. One prediction, the dependence of a in 1 +a cos 2 6 in TIP+µµ on X(µµ), has 

been verified by experiment (reported in Aubert's session by Pilcher). 

Also figuring high on the list of new developments are data as well as models for 

understanding parton dynrnnics in a11-hadronic reactions. TI1c work of Gunion, Hwa, and 

others, and a nwnber of experiments (Kp at llO GeV, ¢ production, correlations at the ISR, 

etc.) are of interest, but not fully conclusive at this stage. One might say that the 

Brodsky-Gunion counting rule is dead but it is not clear with what to replace it. 

List o.!:_Eapers prepared for this session 

1. RECENT PllOTOPRODUCTIO:-.J RESULTS FRQ\1 FERi'vlILAB 

S.D. l!olmes 
(Columbia Univ. , NY) . 

2. DIFFRACTIVE PRODUCTION OF 11!E CllARMED BARYON A~ AT 1HE CElt\J ISR 

K.L. Giboni et al., 
Aachen-CEm-J-Harvard-Munich-Northwes tern-Ri versicle Collaboration 

(Presented by F. Muller, CERN) 

3. 01ARMED BARYON PRODUCTION J\T 'DJE CERN ISR 
n l}ri -l'1·rrl r-t- ril 
~ < ~/ ........ J "'" ... ,_.... ,_ "' .... ~ ...._ • ' 

ACCDHIV Collaboration 

(Presented by H. Frehse, Heidelberg) 
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4. ON 1HE PRODUCTION OF CHARI'v1ED MESONS IN 
HIGH-ENERGY PROTON-PROTON COLLISIONS (CERN/ISR) 

A. 01ilingarov et al., 
CERN-CEN Saclay-E1ll Zurich Collaboration 

(Presented by A. Clark, CERN) 

5. 
+ 0 + + -

EVIDENCE FOR Ac IN INCLUSIVE pp -+ (A 1T 1T 1T ) + X A'lD 
pp -+ (K-TI+p) + X AT v's = 53 Al\JD 62 GeV 

W. Lockman et al. , 
UCLA-Saclay Collaboration 

(Presented by P. Schlein, UCLA) 

6. FIRST OBSERVATION OF A CCMPLETE DECAY OF A D0 PRODUCED 
IN A HIGH-ENERGY PHOTON INTERACTION IN EMULSIONS 

(Presented by A. Conti, Florence) 

7. UPS AND DOWNS IN TI!E SEARCH FOR BARYONIUM STATES 

M.N. Kienzle-Focacci, 
University of Geneva 

8. RESULTS OF A BEAM-DLMP EXPERIMENT USING 11-JE BEBC BUBBLE CHAMBER 

(Presented by P. Schmid, CERN) 

9 • BEAM-DUMP EXPER IMEl'.ff WAl 

CI11S Collaboration 

(Presented by S. Loucatos, CEN Saclay) 

10. RESULTS FROM A BEAM-DUMP NEUTRINO RUN AT 1HE SPS 

J.V. Allaby et al., 
0-JARM Collaboration 

(Presented by P. Monacelli, Rome) 

ll. DIMUON RESONANCE PRODUCTION FRCJ\1 A 200 GeV TAGGED MESON BEAM 

J. Bordi er et al., 
CEN Saclay-CERN-College de France-Ecole Polytechnique-Orsay Collaboration 

(Presented by P. Delpierre, College de France, Paris) 

12. DIMUON CONTINUUM PROIXJCED IN pp AT FNAL (E 288) 

(Presented by W. Innes, SLAC) 

13. EXCLUSIVE PROCESSES AT LARGE Ma-1EN1UM TRANSFER IN QCD 
AND 1HE INCLUSIVE-EXCLUSIVE CONNECTION 

S.J. Brodsky and G.P. Lepage 

(?resented by S.J. Brodsky, SLAC) 

14. UNIFIED QCD AND CIM APPROArn TO LARGE pT AND LOW pT INCLUSIVE REACTIONS 

J. l". Gunion, 
Univ. Calif. , Davis 
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15. HADRONIZATION OF PARTONS IN THE RECC1'1BINATION MODEL 

R.C. l-lwa, 
Univ. Oregon 

16. INCLUSIVE ¢-MESON PRODUCTION -- REU\TION TO J/lj; A\JD T PRODUCTION 

D.R.O. Morrison, 
CERN 

17 • SUMMARY OF SQ\1E RECENT CORRELATION EXPERI1'1ET\1TS 

R.C. Hwa, 
Univ. Oregon 

18. INCLUSIVE y-PRODUCfION IN pp AT 0.76 Ge\1/c AND SEAROl FOR DIRECT y-PRODUCTION 

S. Banerjee et a1., 
Tata Institute, Bombay 

(Presented by S.N. Ganguli, Tata Inst., Bombay) 

19. A 1'1EASURE1'1ENT OF PARTICLES PRODUCED AT LARGE PT BY PIONS 

(Presented by B. Pope, Univ. Princeton) 

20. A SEMI CLASSICAL MJDEL FOR THE POLARIZATION OF INCLUSIVELY 
PRODUCED /\. 0 Is 

B. Andersson et a1. 

(Presented by G. Gustafson, Univ. Lund) 

21. SOFT MULTIHADRON PRODUCTION FROM PARTONIC STRUCTURE AND 
FRAGMENTATION FUNCTIONS 

A. Capella et a1. 

(Presented by A. Capella, Orsay) 
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111is session has mostly been orientated towards experimental results, with only three 

theoretical presentations dedicated to a better comprehension of the significance of these 

results. 

There has been a presentation of four new measurements of the µp structure function, 

by the Berkeley-FNAL-Princeton and EMC Collaborations on an iron nucleus, by the Bologna

CERN-Dubna-Munich-Saclay Collaboration on a carbon nucleus, and by the EMC Collaboration 

on a hydrogen target. Although all the data are preliminary, they agree reasonably well; 

they do not seem to reproduce the step observed in the W distribution (W is the mass of the 

hadronic final state) by the Michigan State University-FNAL Collaboration, and they show a 

flat behaviour at large Q2 (15 < Q2 < 200 GeV/c 2
). E. Reya has explained what tests of QCD 

are provided by the nucleon structure function, and P. Castorina has presented an alternative 

description of deep inelastic structure functions which agree very well with the data. 

J. Wotschack from CDHS has made a useful clarification of the /\ parameter determination. 

Part of the difference between the data of CDHS and BEBC is explained by the difference in 

data handling; namely, the number of flavours, radiative corrections, and effects of Fermi 

motion; and part of the difference comes from the fact that they do not rely on the same 

Q2 range for their data. 

New results on the elastic muoproduction of the J has been presented by the EMC 

Collaboration; their data support the Q2 behaviour of the vector dominance model produc

tion and show an energy dependence that is rather flat above 100 GeV. 
+ + + Recent measurements of the Drell-Yan pair production (n-, K-, p- induced data) from the 

CERN-College de France-Ecole Polytechnique-Orsay-Saclay Collaboration have been reported. 
+ + + 

Results on scaling, A dependence, absolute comparison of n-, K-, p- induced mass spectra, 

pT dependence, and decay angular distributions have been presented. 111e Chicago- Illinois

Princeton Collaboration, using n-induced dimuons, have measured the helicity angular distri

bution; their data show evidence for a sin2 8 term for x close to one. This is a new and 

interesting result which is consistent with a calculation based on QCD. E. Berger gave a 

comprehensive review of the significance of the experimental data and compared the informa

tion from deep inelastic scattering and the Drell-Yan pairs. 

List of the papers presented 

1. STRUCTURE FUNCTION IN µp SCATTERING 

Berkeley-FNAL-Princeton Collaboration 

(Presented by S.C. Loken, Berkeley) 
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2. DEEP INELASTIC SCATIERING OF 280 GeV/c µ+ON CARBON 

Bologna-CERN-Dubna-Munich-Saclay Collaboration 
(Presented by G. Smadja, Saclay) 

3. DETEHMINATION OF NUCLEON STRUCTURE FUNCTIONS FOR MUON SCATIERING ON A HEAVY TARGET 
European Muon Collaboration 
(Presen-ted by P. Fayre, CERN) 

4. DEEP INELASTIC MUON SCATIERING ON HYDROGEN 

European Muon Collaboration 
(Presented by Y. Declais, LAPP,Annecy) 

S. STRUCTURE FUNCTION IN µp SCATIERING AND MULTIMUON FINAL STATES 
Michigan State University-FNAL Collaboration 
(Presented by K. W. Chen, Michigan State University) 

6. MULTIMUON PRODUCTION BY 280 GeV/c µ+ON CARBON 

Bologna-CERN-Dubna-Munich-Saclay Collaboration 
(Presented by I.A. Savin, Duhna) 

7. J/ij; PRODUCTION IN MUON NUCLEON SCATIERING 
European Muon Collaboration 

(Presented by J. Davies, Oxford) 

8. HOW TO TEST QCD WITH NUCIEON STRUCTURE FUNCTIONS 

(Presented by E. Reya, DESY) 

9. A REALISTIC DESCRIPTION OF DEEP INEIASTIC STRUCTURE FUNCTION 

P. Castorina, G. Nardulli and G. Prcparata 
(Presented by P. Castorina, Bari) 

10. 
+ 

MUON PAIR PRODUCilON AT MASSES ABOVE 4 GeV/c 2 (DRELL-YAN CONTINUUM) BY TI-, 

p of 200 GeV/c AND BY TI- OF 280 GeV/c ON PlATIJ\llJM AND HYDROGEN TARGETS 

+ -K-, p, AND 

CEN Saclay-CERN-College de France-Ecole Polytechnique Palaiseau-LAL Orsay Collaboration 
(Presented by Ph. Mine, Ecole Polytechnique) 

ll. EVIDENCE FOR LONGITUDINAL PHOTON POLARIZATION IN MUON-PAIR PRODUC!ION BY PIONS 
Chicago-Illinois-Princeton Collaboration 
(Presented by J.E. Pilcher, Chicago) 
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In the following a summary is presented of five parallel sessions on light quark had

ron spectroscopy. In general all topics which were discussed in the plenary sessions, and 

for which the proceedings contain separate (invited) papers, will be left out; only occa

sionally (and for reasons of completeness) will we make a reference to these presentations. 

Several other restrictions can be made. Nearly all papers submitted to the (parallel) 

hadron spectroscopy sessions were experimenta1 1
), the only exceptions being a series of 

four theoretical papers on the baryonium problem. Furthermore, there was virtually no new 

information concerning the 'classical' baryons. In particular, no new facts were submitted 

on the problem of the possible existence of baryon states outside the so-called minimal 

spectrum, i.e. outside {56,L+ } and {70,L-dd}, the existence of the {ZO}'s, and the exis-even o 
tence of (baryon) exotic states. There was one contribution on a 'possible' new:".* 2

), and 

a report on the final measurement of the L:+ magnetic moment with the HYBUC bubble chamber 3
). 

Recent work on 1TN phase-shift analysis was presented in the plenary sessions•). The re

maining baryon contributions were on searches for narrow states. 

As a result of the situation described above, this summary will to a large extent deal 

with meson spectroscopy only, both with the conventional mesons ( qq - see Section 1) and with 

the narrow and broad mesons coupled mainly to BB (see Section 2). In (a short) Section 3 
we will mention the results of the narrow baryon searches. For the qq mesons the data ob

tained will be discussed in the framework of simple SU(6). For the other topics a more 

'emunerative' approach will be necessary. 

1 . 11JE qq MESONS 

Figure 1 gives a stmrrnary of the different nonets expected. The x-coordinate is a vari

able proportional to the (mass) 2 of the multiplets; they-coordinate gives the (internal) 

orbital angular momentum. In general there are four nonets for each L-value (except for 

L = 0 where there are only two). Each nonet is classified by the usual quantum numbers: 

J L + S 

p (-l)L+l 

C (-l)L+S 

where S (0 or 1) is the spin of the qq system. 

The mass-ordering in Fig. 1 is of course potential-dependent. The one shown corre

sponds to the harmonic oscillator potential, but this assumption will not enter into our 

discussions; Fig. 1 will only be used as a guide line. In general one would also expect 

all multiplets to repeat themselves at higher masses as a result of radial excitations. 
-+ --Actually such states have indeed been observed for the low-lying 0 and 1 multiplets. 

Again, no new facts concerning the existence of such states were reported to this conference 

and we leave them out of Fig. 1 for reasons of clarity. This will allow us to discuss the 

various nonets in terms of their L-grouping only. 
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1.1 The L -+ 0 states (0 , 1 

The L 0 multiplets present a stationary picture; the only new facts concern singlet
octet mixing angles for the 0-+ nonet 5 ) and new data on rare decays (such as 10-+ n°lJ+µ-) 6 ) 

1.2 The L 1 states (O++, l++, l+-, 2++) 

1.2.1 O++ mesons 

The scalar meson situation is essentially unchanged. The 8(980) and 5*(980) are well 

established7
) and the s(800) and K(lSOO) are healthy but still in need of further confir

mation. The I= 1 81 (1300) S-wave KR resonance reported in n-p-+ K°K-p a) and the presum

ably I= 0 s'(1300) S-wave structure observed in neutral (nn) and neutral (KK) 9 ) are also 

still alive, but for the latter Martin et al. have shown that the I = 0 assignment is highly 

model-dependent, and therefore still in doubt 10 ). Whatever the outcome of this isospin 

assigrm1ent problem, however, the fact that additional O++ I = O/I = 1 states seem to exist 

around 1300 MeV keeps feeding the speculation of a second O++ nonet due to multiquark 

(qq qq) states 11
). However, as before, a successful allocation of the known o++ states 

over these two types of nonets is still missing. 

1.2.2 l+ mesons 

i) There were several new developments for the l+ mesons. The A1 lived up to its repu

tation of an on-off problematic state through the results reported by the ACCMJR 

Collaboration in n-p-+ n-n-n+p at 63 and 94 GeV/c 12
). The A1 is observed, but at a 

mass of (1280 ± 40) MeV, i.e. approximately 200 MeV higher than has been seen by most 

of the experiments up to now 12
). 

More welcome information was that of the JPC determination of the E(l420) meson 

observed in n-p-+ KSK±n+n at 4 GeV/c by the CERN-College de France-Madrid-Stockholm 

Collaboration13 ). A Zemach spin parity analysis, sensitive to the sign of the 

interference between the two possible K*'s in the decay modes*) 

and 

+ p 
favours the C = +l asstnnption and a 1 J value (see Figs. 2a and 2b). 

ii) Partial wave analyses of the (Kirn) systems in the Q1 -Q2 reg?'.on of the reactions 

K-p-+ (Knn)-p at 4.2 GeV/c yield results 14 ) which are essentially in agreement with 

the ones reported by the SLAC group 15
). In the reaction n-p-+ (Knn) 0A at 4.0 GeV/c, 

not only the l+S Q1 (-+ Kp) was observed but also a K*n contribution in the mass re

gion of the Q2 (1.33-1.43 GeV) 16
). TI1e partial wave analysis of this second peak 

is not yet completed. If it turns out to contain a sizeable l+ contribution, this 

finding would contradict the generally observed absence of the Q2 in non-diffractive 

reactions. 

iii) For the 1+- mesons there is still no trace of the I = 0 manbers; were it not for 

these states, the L = 1 multiplets would be complete. 

*) And thus also sensitive to C-parity, C = +l corresponding to a constn1ctive interference 
and C = -1 to a destructive one. 
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iv) Irving pointed out that 1+ meson spectroscopy can be substantially modified by pro

duction mechanisms, and that these modifications can (sometimes) be parametrized in 

a consistent way 17
). An example in case are the production and decay relations for 

the Q/C mesons; taking into account such relations it is possible to retrieve uniquely 
defined SU(3) states from the different types of Q-bumps seen in fonvard and backward 

production, diffractive and non-diffractive production, etc. 

1.3 The L = 2 states 

A substantial amount of confirmatory evidence was presented for the (L 
3-- nonets. 

2) 2-+ and 

1. 3.1 -+ TI1e 2 mesons 

The ACCMJR Collaboration raised the status of the I = 1 f°1T- enhancement at 1640 MeV 

(called the A3 meson and up to now labelled as 'a not well established resonance') to res

pectability by establishing the resonant nature of the 2- S(f01T-) wave, and by showing a 

coupling of the A3 mass bump to the (p 01T-) and (E 01T-) channels 18
) [see Figs. 3a, b, c*)]. 

-+ Recent information concerning the L meson, i.e. the I = 1/2 member of the 2 nonet, 

comes from a partial wave analysis of the (K1T1T )- system in the L-region using K-p -+ (K-1T + 1T -) p 

data at 10, 14, and 16 GeV/c 19
) (not presented to the conference but mentioned during the 

discussions). No ne1J evidence for the resonant nature of the L was found, but the general 

dominance of an S-wave [K*(l420) 1TJ 2-+ wave was confirmed. However, the authors stress that 

this contribution does not fully explain the L-enhancement. 

1.3.2 The 3-- mesons 

An amplitude analysis by the Bari-Bonn-CERN-Daresbury-Glasgow-Liverpool-Milano 

Collaboration9 ) of the K+K- system produced in the reaction 1T-p-+ K+K-n at 10 GeV/c yields 

clear confirmation of the g(l680)/w(l670) resonances in the (zero helicity) F-wave. The 

do/dt distribution furthermore suggests that this IFol 2 structure is mainly g0 production. 

In the backward production of w(l670) in the reactions K-p-+ 1T+1T-wA at 8.25 GeV/c 20 ), 
+ ·-

evidence was found for the decay of w(l670) into B-1T+. A branching ratio 

(1.00 ± 0.25) was obtained, or alternatively B1T/total = (0.56 ± 0.16). 

+ - + -for B-1T+/w1T 1T = 

Finally, confirmatory evidence for the production of K*(l780) in K-p-+ R01T-p and R01T1TN 

at 8.25 GeV/c was presented21 ). TI1e angular distributions of the decay K*(l780)-+ R01T- are 

consistent with JP= 3-. An enhancement near 1.8 GeV observed in the K(31T) mass spectra of 

the same experiment (and mainly associated with K*-p 0) could not be positively identified as 

being clue either to the K*(l780) or to the L(l770) 22
) 

1.4 TI1e L 2 3 states 

Further analysis of the K+K- system in the reaction K-p-+ K+K-n now also suggests a - ) new 2 state at approx. 1.8 GeV with r °" 200 MeV 9 • It could either enter into the L = 3 

nonet or else be a radial recurrence of the A2 meson. Further confirmation is needed how

ever. Previously, this same analysis had shown evidence for the h meson at 2 GeV and a new 

(J ~ 4) structure at 2.2 GeV 23 ) (in addition to the g/w* confirmation mentioned above). 

") figure 3cl shows eviJenc.e for a further possibly resonant 2-+ struc.ture in the 2- D(f 0 ,;)

wave at 1850 MeV. In principle this could be a radial excitation of the A3, but the 
fact that such a state would lie only about 200 MeV higher than the A3 would be rather 
surprising. Actually the authors themselves caution against accepting this structure 
as a new z-+ resonance before other explanations (e.g. in terms of interferences between 
resonance production and Deck amplitudes) are more fully explored. 
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The ACCMOR Collaboration provided the first real evidence for the existence of a spin-5 

boson in rr-p + K+K-n at 62 GeV/c 24
). The mass and width found are (2300 ± 10) MeV and 

(272 ± 32) MeV, respectively. These values are not incompatible (within errors) with the 

state claimed at 2.2 GeV/c by C. Evangelista et al. 23
). It would have to belong to the 

L = 4 level. 

2. 1HE BB MESONS 

2.1 The narrow BB states (baryonium) 

We refer to the plenary reviews of Povh25
) and Chan26 ) for a status report on baryoniwn 

search and theoretical backgrow1d. 

2.1.l Theory - Baryonium 

In the parallel sessions Fukugita examined various theoretical aspects of baryonia 

spectroscopy in a mini-report, including four theoretical contributions presented to the 

Conference27
-

30
). A review of the different spectrum models now used for qqqq (= diquonium) 

states and of the decay properties of these states, led him to conclude that much more ex

perimental information is needed [especially for key states such as the narrow 2.02 GeV and 

2.20 GeV states 31
)] in addition to a more unified understanding of meson and baryon spectro

scopy, before the baryonium problem can make decisive progress. 

2.1.2 TI1e S(l936) meson 

Coming back to the experimental baryoniwn contributions, the highlight was the report 

from an LBL (Berkeley)-BNL Collaboration 32
) on a (low-energy) pp formation ex'J)eriment nearly 

identical to the one performed by Carroll et al. 33
). The latter experiment is generally 

regarded as providing the best evidence for the pp resonance S(l936). In this new experi

ment (which in principle should have smaller systematic effects, e.g. as a result of a much 

reduced target length) no evidence for such a narrow resonance is observed, at least not 

for one of the magnitude seen by Carroll et al. (An upper limit of 2-4 mh is quoted.) 

Figure 4 illustrates the discrepancy in the total pp cross-section; the dashed line shows 

the peak expected from the Carroll et al. experiment*). The disagreement is also present 

in the annihilation channel pp + rm, the total absorption cross-section, and the bach'Ward 

elastic pp scattering. 

A re-analysis of old Brookhaven 30" bubble chamber data on total and partial pd cross

sections for incident momenta between 260 and 460 MeV/c was presented 34
). A discrepancy 

with the recent LBL-BNL e:xperiment 32
) is present, but no definite conclusion as to the 

existence or non-existence of the S(l936) could be drawn from this. 

Kluyver 3 5
) pointed out that in a model in which the S meson is asswned to be a baryoniLm1 

state composed of I = 1 diquarks and anti-diquarks only, the S-formation cross-section ratios 

-- as they were known before the results of Ref. 32 -- can be understood as a result of I-spin 

conservation in the s-channel (combined with quark additivity). 

*) 1936 MeV corresponds to a la.boratory momentrnn of 500 Me'!/c. Incidentally, a m:iss of 
2020 MeV corresponds to 805 MeV/c; here, too, no structure is observed. 
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2.1.3 Search for other narrow BB states 

A search for narrow pp and pfnr states produced diffractively (i.e. foruard) in the 

reaction 1/p-+ pppTI+ at 150 GeV/c led to a negative result 36
). In the mass ranges 2.2 GeV < 

< M(pp) < 4.0 GeV and 1.9 < M(pp7r) < 2.7 GeV and at a level of 25 nh, no states were found. 

The above mass bands cover the 2.02 GeV and 2.20 GeV narrow states observed by the CERN

Collcge de France-Ecole Polytechniquc-Orsay Collaboration31
); it should be remembered, 

however, that the latter states were observed in a baryon exchange process*). 

2. 2 The broad BB states 

2.2.1 The T, U, V mesons 

An analysis of the differential cross-section data on pp -+ TI+TI- in the 1-2 GeV/c lab

oratory momentum range 37
) by Carter et al. 38

) had previously led to the conclusion that the 

three broad resonances at 2.17, 2.33, and 2.48 GeV [known as the T, U, and V mesons since 

J -- ++ their first detection as bumps in o(pN) many years ago were mesons with J = 3 , 4 , and 

5 , respectively. However, to reach these conclusions some simplifying assrnnptions had 

to be made. A new analysis by Martin et al. 39
) using simultaneously the pp-+ TI+1r- data and 

recently published pp-+ TI 0TI 0 data 40 ) confirmed an earlier analysis by Dulude et al. 41
) 

which had shown that the Carter solutions are ruled out by the TI 0 TI 0 data. The new situation 

is that a J = 5 assignment for the V meson is still tenable, but that the resonant character 

of the U bwnp is w1clear and that the T bump -- if at all a resonance -- should have a 
spin parity 1- or 2+. 

2.2.2 Search for strange BB states 
+ -In a study of the reactions K p-+ (/\p)p and K-p-+ (/\p)p at an incident momentum of 

50 GcV/c, evidence has been sought for strange counterparts of the broad pp mesons 42
). In 

a mass region extending up to 3 GeV, a moment analysis of the i\p and /\p c.m. angular dis

tributions provides evidence for a 2 state at 2.26 GeV and a 4 state at 2.50 GeV, both 

with a width of approximately 250 MeV. 

3. SEARCH FOR NARROW BARYON RESONANCES 

The interest of these searches stems from the fact that they may give information on 

five-quark (qqqqq) systems forming (narrow) colour isomers which decciy dominantly into 

multiparticle (~ 3) final states. 

i) A search for narrow high-mass Y* hyperons by the Binningham-CERN-Glasgow-Michigan 

State-Paris LPM1E Collaboration43
) in K-p at 8.25 GeV led to the observation of a signi

ficant enhancement (;:; So) at a value of (3170 ± 5) MeV in the combined mass spectra of 

various I:ISI 2 3 final states (such as R+ =/\KR+ pions, l:KR + pions or ::'.K + pions re

coiling against a TI-) (see Fig. 5). The observed width is :s 20 MeV. Recently the 

ACNO Collaboration44
) has claimed the existence of a So enhancement (with r ~ 40 MeV) 

at 2.58 GeV in the i:-K+Ks mass spectrum of the reaction K-p-+ i:-K+Ks. 

*) In this respect it might be relevant to point out that the narrow resonance reported 
at 2.95 GeV in the foruard direction by another Omega spectrometer collaboration 
[c. Evangelista ct al., Phys. Lett. 72B, 139 (1977)] was recently retracted on the basis 
cf an experiment by cssentially the same collaboration but with twelve times the origi
nal statistics [T. Armstrong et al., Phys. Lett. 85B, 304 (1979)]. 



910 Parallel Discussion Session 3 

ii) A (preliminary) negative result was reported 45
) of a search for narrow baryon resonan

ces coupled to the n-p channel. With a sensitivity for resonance detection in terms 

of width of -v 200 keV and in terms of elastic branching ratio of -v 5%, no evidence was 

found in a mass region extending from 3. 5 to 5 GeV. 

4. CONCLUSIONS 

- There is no progress in experimental baryon spectroscopy. 

In qq meson spectroscopy there is healthy progress, especially for the L 1 nonets, al

beit that the o++ situation is still unclear. 

- The 'ancestor' of the narrow BB meson resonances -- the S(l936) -- is 'experimentally' 

in trouble. New experiments (also covering the 2.02 and 2.20 GeV narrow states) are 

necessary. 

- The JP assignments of the broad U, T, V states are again an open question. In the mean

while, new (broad, but) strange states are ready to join the group of 1neson states coup

ling predominantly to BB. 

- Another high-mass Y* decaying into > 3-body final states (with L:ISI :=: 3) has been 

observed. 

1) 

2) 
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LOW ENERGY FEATURES OF A 1 TEV HIGGS SECTOR 

Thomas Appelquist 

J. W. Gibbs Physics Laboratory, Yale University, New Haven, Conn., 06520, 

U. S. A. 

ABSTRACT 

It seems very likely that the Higgs sector of a 
spontaneously broken gauge theory could be heavy 
(M = 1 TeV) and strongly interacting. By exploiting 
the intimate connection of such theories to nonlinear 
a models, it is possible to show under quite general 
conditions what sort of impact the heavy Higgs sector 
can have on low energy experiments (E << 1 TeV). In 
this talk, the techniques and results will be summar
ized for an SU(2) gauge theory, The analysis of the 
Weinberg-Salam and other realistic theories will appear 
in a forthcoming paper. 

1. INTRODUCTION 

917 

A unified theory of weak and electromagnetic interactions, based on a 

spontaneously broken SU(2) x U(l) gauge theory, continues to be an attrac-

tive possibility. Unfortunately, although our understandinr, of gauge theories 

has developed considerably over the last decade, we have made almost no 

progress in understanding the origin of spontaneous symmetry breakdown. Even 

if the basic gauge theory framework is correct, the dynamical origin of the 

Higgs symmetry breakdown remains mysterious and we continue to describe it 

by the ad hoc introduction of elementary, weakly self-coupled scalar fields 

into the Lagrangian. In the minimal model, a complex SU(2) doublet is used, 

providing three Goldstone bosons (longitudinal W bosons) and one physical 

massive scalar. 

Even though dynamical symr.Jetry breakdown is at best poorly understood, 

some qualitative features are to be expected, The necessary existence of 

zero mass Goldstone bosons to drive the Higgs mechanism suggests the pres-

ence of strong forces and that, in turn, leads to a natural f'.Uess for the 

mass scale of the physical spectrum in the lliggs sector. A rough estimate 

of this scale can be gotten in a vari y of equivalent ways. The relation 

Mw = ~ <4» between the W boson mass and the vacuum expectation value of an 

effective (or elementary) scalar field tells us that (~ = 300 GeV and so 

this must be a natural scale of the lligr;s sector. If tile forcc:s are of unit 
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strength on this scale, then a mass scale on the order of or somewhat more 

than 300 GeV is expected. 

Another way to see that this kind of mass scale is to be expected for 

a strongly interacting Higgs sector is to consider the conventional complex 

doublet theory. The t 4 expansion parameter A/4n can be written in the form 

A 2 

1f1T = 32n~ M 2 
H 

_l_ G M 2 

4~'ff F H 
( 1) 

where GF is the Fermi constant and MH is the mass of the Higgs boson. Then 
A as 1f1T +l and perturbation theory begins to break down, MH + 1 TeV. 

If the Higgs sector is heavy and strongly interacting, it is important 

to study its impact on the low energy (E << 1 TeV) structure of the gauge theory. 

Currently available center of mass energies are considerably below 1 TeV 

and it will be some time before 1 TeV energies are available in elementary 

channels such as e+e- or qq. In this talk I will report some recent work 

on this problem. Part of the work is a collaboration with R. Shankar1 which 

is already published and part is an ongoing collaboration with c. Bernard2 

which will be reported on in more detail in a forthcoming paper. The ques-

tion being asked is to some extent independent of the detailed mechanism of 

spontaneous symmetry breakdown. It is really the question of whether we 

can learn anything about this 1 TeV world of strong interactions, whatever 

its origin and structure, by doing experiments at E << 1 TeV. The answer, 

unfortunately but perhaps not surprisingly~ is that it will be very dif

ficult. 

The results I will report in this talk will be restricted to an SU(2) 

gauge theory. The techniques are easily extendable to the realistic 

SU(2) x U(l) case or any other gauge theory of interest. Some discussion of 

the SU(2) x U(l) model will be included in Ref. 2. 

2. THE HIGGS THEORY AS AN EFFECTIVE LOW ENERGY THEORY 

We use a conventional Higgs theory with elementary scalar fields, but 

regard the Higgs sector as a phenomenological low energy Lagrangian. The 

mass MH of the physical Higgs particle(s) is regarded as a regulator for 

the theory when it is used beyond tree approximation. It provides a measure 

of low energy experimental sensitivity to a strong 1 TeV Higgs sector. 
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The results are expected to be quite general, depending only on the assumed 

symmetry properties of the Higgs sector. The situation should not be unlike 

pion chiral dynamics where the phenomenological Lagrangian used in tree ap-

proximation reproduces the results of current algebra and PCAC. 

The first observation is that some sensitivity to MH is indeed expected. 

Since the theory without the physical Higgs particles is non-renormalizable, 

the limit MH + 00 does not exist: that is, the heavy sector does not decouple 

from the low energy physics. 2 Perhaps the best known example of this pheno-
M 2 men on involves the ratio --4 cos e in the 
M w 

sinew - e/g, It is constraiMed to be one at 

3 measured experimentally to be 0.98 ± ,05 

2 
cos ew 

Weinberg-Salam model where 

the tree level and has been 

At one loop, 

(2) 

for MH >> Mw showing that the limit MH + 00 does not exist. However even for 

~ ~ 1 TeV, the correction term is only of order .002 so that the measurement 

of this ratio isn't likely to tell us much about the heavy Higgs sector. 

Every spontaneously broken gauge theory has examples of the above pheno-

menon : tree graph or "natural" relations which are corrected at one loop and 

beyond They provide the best sensitivity to the heavy Higgs sector, and 

I will describe a new way of viewing these corrections and M0 
l.:. 

sensitivity in general. It will be shown that the greatest one loop sensity 

to ~ is in MH and that this arises only in the deviations from natural 

relations. 

The Higgs sector of the model will be taken to be the minimal one which 

can be written in terms of a complex doublet field or, more conveniently for 

our purposes, in terms of the matrix field 

M(x) = cr(x) + i~ (3) 

of the linear a model. This exhibits the SU(2)L x SU(2)R symmetry of the 

scalar sector which plays a central role in the analysis. The left handed 

SU(2) is gauged leading to the Lagrangian terms Tr(Fµv) 2 and Tr DµM(DµM)+ 

along with the scalar potential. The choice of Landau gauge keeps MTT (ti!<' 

Higgs ghost mass) equal to zero so that the SU(2)L x SU(2)R Goldstone 

realized symmetry is manifest, Fermions can be introduced with coup 1111!-'> t •• 
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the gauge fields and scalar fields. 

A convenient way to search for MH sensitivity, which continues to 

keep the Goldstone realized SU(2)L x SU(2)R symmetry manifest,is to for-

mally take the MH + oo limit at the beginning. This leads to a gauge 
2 

MM+ = (2M~) + theory coupled to the nonlinear a model with constraint M M 
g 

This nonrenormalizable theory is equivalent to a Yang-Mills theory in which 

a mass term is introduced by hand rather than by Higgs. Note in particular 

that, from this point of view, the massive theory does not involve a broken 

gauge symmetry but rather a nonlinearly realized symmetry. 

- f2 

If higher order computations are done with this theory, the nonrenor

malizability leads to divergences which force the introduction of new counter-

terms. These terms must be SU(2)L x SU(2)R symmetric and it is fairly 

straightforward to list the structures that can be generated at one loop. 

Some dimensional analysis then shows that these terms are at most logarithmi

cally sensitive to the cutoff,which can be taken to be MH of the original 

linear theory. These new terms will contain some of the vertices of the 

original Lagrangian and so the natural relation corrections referred to above 

simply reflect the presence of the new terms. 

3. ONE LOOP ANALYSIS 

A complete list of the new structures generated at one loop will be given 

in Ref. 2. I will here only describe two of them which are represen-

tative and which I will use to illustrate several important points including 

the natural relation corrections. 

The first is L1 = ; 4 ['l'r DµM (DJJM)+J 2 where Dµ = aµ - ¥ ":t ·W
11 

and a 

is a dimensionless constant. This contributes a term to a n-sector Green's 

function proportional to four powers of the external momenta. It also gives 

rise to a 4W vertex with no momentum factors, but whose tensor structure 

differs from that arising from Tr(F
11

v) 2 <4 >. That a behaves like 1n MH can 

be seen most easily by looking at the Inramplitude. A power dependence on 

MH would require more inverse powers of f but there are simply no more to be 

had at one loop. The 1n MH behavior can be seen by noting that the relevant 

diagrams contain two particle unitarity cuts and therefore terms like 

~n /-(p1+p 2 ) 2 • By scale invariance, the argument of the logarithm must be 

,j-(pf+p~) /MH. This estimate of a is made completely within the nonlinear 
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a model sector of the theory but the symmetry-enforced counterterm structure 

then links it to the gauge particle sector. 

Another one-loop term is L = a g2 Tr DµM(DvM)+Fµv . It has a 3W and 
2 ? 

4W vertex as well as mixed vertices like nnW and WWn, The estimate that 

a ~ log t~, following from unitarity and dimensional considerations, is most 

easily made using tlie nnW vertex. There is only one graph, which arises 

essentially from the nonlinear a model sector, and the W is really only an 

external probe. The induced 3W vertex has the same structure as the one 

coming from Tr F 2 and its presence leads to the breaking of a natural rela-

tion. To see this, let me introduce a left-handed fermion into the theory, 

Then, with only the Lagrangian terms of dimension four, the fermion coupling 

gffW must equal the 3W coupling g
3

W. At one loop, this relation ls known 

to be corrected according to 

(4) 

Clearly the correction ls due to the presence of terms like L2 and the 

connection with the nonlinear a model makes it clear that the sensitivity to 

MH can be only logarithmic. The coupling gffW can be measured through 

W + ff decay or fermion scattering while g
3

W enters into processes like 

ff+ w+w-. Thus the MH dependence, while only logarithmic, is in principle 

a measurable effect. 
M2 

In higher orders, terms of order (~H~)p = ( g 2 
r2 

where P is some positive integer. These terms are of 

M2 
H )p can arise, 

4M2 

Worder one in the 

limit of interest so that they cannot be reliably estimated using perturbation 

theory. Nevertheless, they will all be multiplied by at least one overall 

2 power of g so that the corrections such as Eq. 2 and Eq. 4 might be expected 

to remain weak. 

4, CONCLUSIONS 

1. For the SU(2) model examined in detail, one. loop computations can lead 

at most to a logarithmic sensitivity to a heavy Higgs sector. Although the 

perturbation expansion breaks down within the Higgs sector in this limit, the 

strong amplitudes within it will be shielded from the probing of gauge particles 

by at least one factor of g 2 (except for the logarithms I have been discussing). 
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2. These results depend critically on the use of the SU(2)L x SU(2)R 

symmetry of the scalar sector. It is expected that any Higp;s theory which 

has tne symmetry will lead to the same result. 

3, With this symmetry, which seems rather natural from the point of view 

of dynamical symmetry breakdown, the heavy Higgs sector will be very dif-

ficult to see with energies below 1 TeV. Explicit one loop computations of 

e + e- -+-W+w- in the Weinberg-Salam model show small effects even at EcM=200 GeV~ 

1f * * 
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NATURAL FLAVOR CONSERVATION AND WEAK MIXING ANGLES 

G. Segre" and H. A. Weldon 

University of Phfladelphia, Pennsylvania 

I. INTRODUCTION 

ABSTRACT 

We show that if neutral Higgs couplings conserve flavor, mixing 
angles are trivial (O or ~'.l ) • Examples and implications are discussed. 
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During the past five years the extensive set of neutrino and polarized electron
nucleon scattering experiments have convincingly established the validity of SU(2)L x U(l) 
as a phenomenological model for the weak and electromagnetic interactions1). Most of us 
believe it is more than that, and expect the discovery of the Z and w±. gauge bosons to con
firm the basic structure of the theory. 

Even if this were to occur, there are however, still several unanswered questions. A 
few of these are: 1) unification problem, 2) CP problem, 3) determination of mixing angles 
and masses. The three may be related to one another, but in this talk the emphasis will be 
on problem three in isolation. Limiting ourselves to the quark sector and to SU(2)L x U(l) 
models we see that for N quark doublets we have as fields 

'°=L ... tJ ( 1.) 
' , 

where the Pi have charge 2/3 and the n1 charge -1/3. We have 2N quark masses, N(N-1)/2 
mixing angles and NZ - (2N-l) - N(N-1)/2 phases. All of these are a prior undetermined 
parameters, by no means a satisfactory state of affairs. 

1. FOUR QUARK MODEL 

For pedagogic purposes, let us concentrate on a simple four quark model with one Higgs 

doublet. The Yukawa couplings are then 

If> 
c).., 1tLlK 

"' with (f"' i Gz f .I 
f1 fl I 

I 
are two by two matrices. The quark mass matrices M and M' for re-

spectively n and p type quarks are: 

where/\ is the vacuum expectation value (v.e.v.) of the neutral component off • In the four 

quark model, we have five parameters, namely the four masses m d and the mixing angle z u,c, ,s I 

0c. As usual2)). is related to G~by ;;; ::::. 21/2 Gt= ' but the arbitrariness in rand p is such 

that there is no relation between the four quark masses and the mixing angle8c. For this 

to occur we must place some restriction on r and r 1so that there are no more than four free 

parameters in ;f k' yu ..p 
Our line of attack is the following: we shall demand°'- be invariant under SU(2)L x 

U(l) x R, where R is some discrete symmetry (in practice it may also be continuous and 

gauged3). R is such that the gauge couplings are automatically R invariant, but the Yuka:f.,Va 

couplings are constrained by the invariance. The first important result, due to Barbieri, 

G~to.and Strocchi4), is that a relation between quark masses and mixing angles can only 

follow if the Higgs mesons transform non-trivially under R. This automatically excludes 

the one Higgs field model since lf can only be transformed by a phase factor. The model in 
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,--./ 

which a single f couples to n quarks and another Higgs field X , instead of 'f' , couples only 

to p quarks is similarly excluded, We must allow therefore for at least two Higgs fields 1 
<p1 , and 'f 2 , transforming non-trivially under R. 

Let us illustrate these ideas with a very simple model, originally proposed by Pakavasa 

and Sugawara S). The discrete symmetry is the permutation group of three objects, s
3

. 6 •7) 

Consider three fieldslfla,b,c; under s3 we can form asingletl/'
0 

and a doublet ¥'
1

, 2 

)!1 "! 0 .. _ 
{ ( l •;' i . , . ,t, , 

·----- l •. , ... l LI "l" 

V
--- a. • I ,, 
..) 

, I rf \ --==- I 1t;. Lt' i 
IJ";) \ •a '.!>/ ,.., ' 

"' 'f,J. = 

It isn't necessary for us to go into any details of s
3

, except to note that under s3 the 

coupling of two doublets is given by 

2 x 2 s 2 + 1 + lA 

A where 1 is a singlet and 1 is an antisymmetric singlet. The model assumes the two 
1 

isospin doublets belong to an s3 doublet; similarly the isospin singlets YJ lR and Y} ZR, but 

the isospin singlet pR fields both belong to s
3 

singlets. There are two Higgs isospin 

doublets transforming like an s
3 

doublet, hence non-trivially under S3• The s3 invariant 

Yukawa coupling is 

-;~) ( 1··1, "). . (fl' l'tj·"' 
' \.. lX 'J "' ~ -\· 

+ ?f ~l. Y[ i R) Cf 1 

, 
~)2. Yl H) lf2. 

-, 

r 
I ( ---· 

_\ ~ I 
,, 

fl:: R l 1}' Yi I 't', ·-r J ( 1. R 
\, ,' 

1· Ti 'r -- ·v J r·~f T er· -\ J I 'O ') 

+ '~ L - I I 
-t ~- :>., 'h. f'.1 ~ + ;1 I '1'\ I 1 ;:, • '.c. J \:?. i\ 

\, '~-' L 

corresponding respectively to the s
3 

doublet and s3 singlet in the decomposition of two 

times two in s3 ! Remember that despite the labels p1 ZR , both plR and P2R are s3 sfoglets 
I J 

(perhaps we should have called them p
0

R and p
0

R ). 

Let us now count parameters; phases may be absorbed into the definition of quark fields 

in the four quark model, so we ar)'·l~ft with four parameters, the magnitudes of8) 

f,g,g'' A-;/~2. 

in terms of which we wish to express the four ,quark masses and the mixing angle e . Clearly c 
there will be a non-trivial restriction • 

We now look for the unitary transforlllaticms which 
J\ 

M-::::: 

I\ I 

M 

(·•'cl 
\o 

diagonalize the mass matrices 

(r' ) 
\ () ! 
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wherewe neglect the phases of the coupling constants which can be reabsorbed. The results 

are 

t / . . \ 
(_J R - 11-)· c- ' \ ) 

~ ·~ \ i i / 

where of course, A, :::. \Jji,~1.. -ti).,~ I~ The relation between masses and mixing 

angles follows by transforming the gauge coupling to the physical basis 

\ ~J t" ,1, ;-;·. -·· ') \. 
v· \,/\~ c~.. lr 

/ '. ... ) 

/\ O'+U I ( r-~ -· :- ) i-\ -;::. ~· ~)\· '/\,_ L l- A+ 
/ 

which implies 
+<l~ t7 )._ ~;~ + V,\ c\ / 

( 
~ 

/ 1-\'\.:> 
(9) 

so we have the desired relation between masses and mixing angles. A further interesting 

feature of the model can be seen from the unitary transformations in equation (7), namely 
, 1 r~ , u1 ,R are independent of A and 1- • This means that they diagonalize not only ~ !\.~ 

but r"" ~re" as well. \ (' ' ( 0 \ , 

, ' -t r' (., r ' <el (. ~ ~.I'· + e.r., -· \ ·t . . ; c i c-:· 
\..,\ L ii... \ ' ' LA i: ~-· '1 ··' () -- 1 -( . · 

This says that the Higgs couplings are diagonal in the physical quark basis, i.e. no 

terms are present. For the u and c quarks u
1

cR and c1uR terms are 

present however as one readily sees by evaluating 

l .l 1~- + r:/ :f c, u ;~ 
The model has several problems (only four quarks, m ~ O, pseudo Goldstone bosons6)etc), 

u 
but the two features we wish to focus on are 

1) calculability of e 
c 

2) flavor changing neutral Higgs couplings 

The question is can we preserve 1) while avoiding 2). A priori it seems possible; the s3 
assignment we tried was 

~· [, 2. 
We could assign instead pR to the two representation, but this doesn't work sincebc is 

then equal to zero, as there is obviously no difference between u1 and u
1

•. A more subtle 

change is to have pR ~ 2, but to have pR couple to two new Higgs fields((' , ~ 1 belonging to 
A ,., o o 9) 

the 1 and 1 representation of s3 rather than to <f and nR couple only to If. Miraculously 

enough, the diagonalization of the p mass matrix through the transformations 
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Ll~ = u: I 
·-

\fi. ( ~ 1) 
J... - ~ 

also diagonalizes the p quark Yakawa couplings. However we discover that 

( ot) 
i 0 

so Be~ T"Y".2 As we shall see shortly this problem is not specific to the model: natural 

flavor conservation of Higgs couplings inevitably leads to trivial ( 0 or7}i'2) mixing angles. 

II. 6S = 2 LIMITS 

Before we go on to the proof, let us digress briefly on the problems that arise when 

neutral Higgs couplings are not flavor preserving. Though it may happen, as we have seen, 

that strangeness is conserved, despite flavor violation, in general we will have neutral 

Higgs coupling to dLsR and ~LdR when flavor is not conserved, or an effectiveAS = 2 low 

energy phenomenological Lagrangian of the form 

1 t: (JLs.)" + f: ( s"J.)" 1 /M; (ii) 

The Higgs couplings 

VY\ ~· y iMJ, IV\$ 

f 1 2 rv GF~ m and, from experience with models, we find characteristically 
' ~,A.S:.2. 

The most stringent limits on tf.; come from the ~ - KS mass 

difference 

Using (11), sandwiched between K0 and KO states we find that compatibility with experiment 

requires ~ ~· 1 Tev. If the coupling constants f 
1 2 

are complex, the limits imposed by 
0 0 ' ' CP violation on the imaginary part of the K - K mass matrix lead to ~-f- 10 Tev. In 

either case such heavy Higgs masses appear to conflict with our naive ideas of Higgs couplings11). 

III. SCENARIOS 

At this point let us display the two avenues open to us 

1) 

·-:;> 
2) 

One Higgs coupling 

a) 

b) 

flavor preserving Higgs 

Several Higgs couplings 

+ 1P r1 if r~ 
+ 1f; r'x fR 

couplings, but undetermined mixing angles 

In general neutral Higgs mesons will mediate flavor changing neutral current interactions 

(neutral gauge bosons will not; for conditions see ref. 12). We have two choices now 

a) If we impose natural flavor conservation of neutral Higgs coupling (natural means 

independent of values of v. e. v.'s), mixing angles are either zero or1f,i. This remarkable 

result is proved in Refs. 9 and 13,14. Are there ways around it? Two thoughts leap to mind: 

the first is to try a larger gauge group such as SU(2)L x SU(2)R x U(l), but this doesn't 

work, as shown in Ref. 13. In general larger gauge groups are more restrictive than 

SU(2) 2 x U(l) so there is less freedom in the mixing angles. The second thought is to accept 

vanishing mixing angles at the tree level, but generate them by radiative corrections. In 

a recent preprint15) we have shown that this fails: we do this by displaying a discrete 

symmetry which persists even after the spontaneous symmetry breaking, as long as the mixing 

angles are zero in tree approximation. Essentially under this discrete symmetry neutral 
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bosons are unchanged, charged bosons change sign and, in the four quark example 

d ,s ,u, c -7' -d ,s ,u,-c 

This discrete symmetry remains unbroken and thus forbids Cabibbo mixing to any order in 

perturbation theory. 
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b) If we do not impose natural flavor conservation, we may determine the mixing angles in 

terms of quark masses. The price to be paid is the existence of strangeness changing 

neutral Higgs couplings; the mesons which mediate this should then probably be made very 

heavy by adding terms to the Higgs potential along the lines suggested by Georgi and 

Nanopoulos16). Alternatively one could look for models in which there is only partial 

flavor violation, in particular there are no strangeness changing neutral currents. Examples 

of this are given in reference nine, one being of course the Pakvasa-Sugawara model itself. 

IV. PROOF OF CONFLICT BETWEEN NATURAL FLAVOR CONSERVATION AND NON TRIVIAL MIXING ANGLES 

We shall sketch here the first step of the proof of the result mentioned in the beginning 

of la) of section III. Given 

t. l(U. I( - ·qi r: ~<'- V\ P. + 1t 
I.~ 

110(. Xo1- f R 

invariant under a set of discrete symmetries whereby 

pj... -.:::r K'i .. fi.. 
V\ i.. -·:;:- K \.. Y\. ,_, 

<f o(. -7 tJ ~; f ~ 

the invariance of 1 k requires yu 

pp. ~ 
V\.t<. --7 

,.J 

)( °"' --~ 

tJ~(!.+ r (3 

fJ~(> r/ 

. I 

K~ PA 

IA.~ Y\R. 

µ~~ x~ 
J . 

(12) 

(u) 

(14) 

i where the D are unitary matrices. Though p
1

, n
1 

must tran&form the same way under the 

discrete symmetry since they form an isospin doublet, the mass eigenstates 

d
1 

= U t n 
L L 

transform under the discrete symmetry as 

Si • 
L 

Ti • 
L 

and S~ and T~ are related by the identity 

A+Ti A • Si 
L L 

where A is the mixing matrix 

A• u•+ U 
L L 

The proof consists of two parts: i i the firat is to ahow that s
1

, T
1 

are unitary monomial 

matrices (one non zero entry of unit magnitude in each row and each column). For the Yukawa 
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couplings to be flavor conserving we must have 
/' 

rd- a diagonal matrix 

and (14) then implies that under the discrete symmetries 
. /\ . /\ 

s ~ t ro( s; = B ~; r 0 
The diagonal mass matrix M is of course 

A I\ 

M = r()'.\o{ 
Multiplying s~t ~ s; by its adjoint we see that 

s~ t M Mt s~ = Aol )vr- !J~ 0.._ B~v 
A I\ 'f 
ro1- r}> 

= diagonal matrix 

i 
As long as the quark masses are non degenerate the matrices SL which take diagonal matrices 

i 
into diagonal matrices are unitary monomial matrices; ditto for TL. 

i i 
The second step is to show that A which accomplishes the equivalence between SL and TL 

is also a unitary monomial matrix (if this is true all mixing angles have cosines equal to 

zero or one). This involves the assumption that the quark isospin doublets form an irreducible 

representation of the horizontal synnnetry group (when they don't there are some basically 

uninteresting exceptions to our result, which are sketched in Ref. 9). For thorough 

discussions see refs. 9,13,14. 
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MASS WITIUJT SCALARS 

S. Dimopoulos 

Physics Department, Columbia Univ., NY, USA. 

ABSTRACT 

It is argued that realistic fermion and vector boson masses can arise in 
theories without fundamental scalars. 111e scalars are replaced by new strong 
gauge groups and "heavy" fermions with masses of the order of 1 TeV and 
100 TeV. In such models the strong CP problem is solved and a naturally 
small CP violation can be introduced. 

TI1ese models are very natural in the sense that physics at large distances 
(> 10- 17 an) does not sensitively depend on minute details of the bare physics 
at small distances(< 10- 28 cm). The chief disadvantage is the epicyclic pro
liferation of new gauge groups. 
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BROKEN SYMMETRIES AT HIGH TEMPERATURES AND THE PROBLEM OF BARYON EXCESS OF 

THE UNIVERSE 
Rabindra N. Mahapatra* and Goran Senjanovic~** 

Department of Physics, Brookhaven National Laboratory, Upton, New York 11973 

1 . INTRODUCTION 

ABSTRACT 
We discuss a class of gauge theories, where spontan
eously broken symmetries, instead of being restored, 
persist as the temperature is increased. Applying 
these ideas to the specific case of the soft CP
viola tion in grand unified theories, we discuss a 
mechanism to generate the baryon to entropy ratio 
of the universe. 

Several years ago it was suggested by Kirzhnitz and Linde 1 • 2) that the 

spontaneously broken gauge and global symmetries of nature may be restored 
if the system is heated to a sufficiently high temperature exactly the same 
way as heating a superconductor breaks Cooper pairs above the critical tempera

ture and destroys the state of order. Since spontaneously broken gauge theo

ries are excellent candidates for description of weak interactions, above the 

critical temperature Tc ~ mwf g, the charged and neutral gauge mesons mediating 
weakinteractions would become massless leading to a basically different form 

of weak interactions at higher temperatures. This may enable us to test (at 

least in principle) whether the broken gauge symmetry of weak interactions is 

real or just a mathematical artifact to arrive at an effective Lagrangian. If 
this wisdom is accepted the same kind of symmetry restoration would take place 
for discrete symmetries such as P3)and CP 4)as well if they were broken softly 

at low temperature. On the other hand, the recently suggested mechanism
5

) to 

understand the matter-antimatter asymmetry of the universe requires that there 

must be B as well as CP-violating interactions at extremely high temperature 
(T ~ 10 15 GeV) in the very early moments (t ~ l0- 36 sec.) of the universe 6). 

Since, according to the prevaling folklore, the characteristic temperature at 
which soft CP-violation disappears is ~ 10 3 GeV, the Lagrangian describing 
weak interaction must be CP-violating 7) prior to symmetry breakdown (i.e. hard 

CP-violation), if we want to tackle the problem of baryon to entropy ratio in 
these terms. Such a hard CP-violation model, however, would preclude any under
standing8) of the strong CP-problem9) posed by Quantum Chromodynamics. In 

order to develop theories, which would simultaneously cure the strong CP

problem as well as provide a mechanism for the cosmological production of 
baryons via the scenario outlined above, we recently began a careful studylO) 

of the behaviour of broken gauge symmetries at high temperature in the context 

~f various Quantum Flavor Dynamics models. A plausible basis for our discus

sion can be given in terms of the following intuitive argument. In flavor 

~Permanent Address: City College of City Univ. of New York, New York 10031. 
Work supported by National Science Foundation Grant No. PHY-78-2488 and 
PSC-BHE research award no. 13096. 

**}Present address: Univ. of Maryland, College Park, Md. 20742; work supported 
by National Science Foundation. 
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dynamics models with a single order parameter (i.e. one Higgs doublet) the 

restoration of symmetry at high temperature would appear automatic by the laws 

of thermodynamics (i.e. entropy must increase!). Eowever, in models with more 

than one order parameter (more Higgs doublets), the thermodynamic principles 

simply require that, the entropy of the whole system increase; but it is con

ceivable that the state of order in one sub-system could be reinforced whereas 

in the complementary system, the state of order is destroyed as temperature 

rises. In the context of a large class of gauge modelslO) we showed that there 

exist perfectly acceptable domains of coupling parameters, where one or more 

Higgs fields <¢i> remains nonzero while another one <x> goes to zero above 

critical temperature as the system is heated. They provide counter examples 

to the common lore in that in these models, the gauge (or global) symmetry is 

not restored at high temperature and also in such models, soft CP-violation 

persists even at ultrahigh temperature. This has important cosmological ap

plications. This review is organized as follows: in sec. II, we summarize 

the main points of our work in the context of the O(N) gauge model with two 

vector Higgs multiplets. In sec. III, we discuss the question of cosmological 

baryon production using these ideas in the context of a grand unified model. 

There we also summarize our result and conclude our discussion giving other 

applications. 

2. O(N) MODEL WITH BROKEN GAUGE SYMMETRY 

Here we discuss a simple O(N) model with spontaneous symmetry breaking 

occurring at zero temperature. The model consists of two vector representa

tions l and ;. At T=O the Higgs potential allowed by gauge symmetry is given 

by 

We 

We 

The 

2 

vc¢,$J 
µl ;r;2 
2 -

/.. +2 + ~ ¢2 
2 iJ; + 

look for the minimum 

4>2 2 + 2 
"' vl, <\f;> 

also chose: 

t.. 4 > 0 

In the case, <"¢>·<$> 

0 

4> <$> 

vl 

equations for v1 and 

2 2 2 
µ1 ;\lVl + ;\3V2 

µ2 2 /.. v2 f..2v2 + 2 3 1 

2 
µ2 
2 

/..4 
2 

of 

2 v 2 

v2 

"1 /..2 $2 c¢2l 2 + c$2 l 2 +4 -:r + 

(°$.$)2 

the potential in the form of: 

(vl' V2 t 0) . 

0 at the minimum; so we can choose: 

0 

V2 
0 

are 

( 2. 1) 

(2.2) 

( 2. 3) 

( 2. 4) 
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The positivity of Higgs scalar masses leads to further constraints 

2 
A.lA.2 > A.3 

933 

(2.S) 

We now compute the one loop induced temperature dependent terms in the poten

tial V1 (T) using the general form given by Weinberg 2) 

1 2 2 
V1 (T) = -48 T [6g (TT) .. + f .. kk) ljJ.ljJ. (2.6) 

a a lJ lJ i J 

where T are the 
Cl. 

fields and fij k.Q, 

generators of the 
_ a4v 
= ClljJi(lljJj(lljJkCll/Ji . 

gauge group; l/Ji counts all the scalar 

In our case, we get 

with 

3 2 b. = (N+2)/... +NA. + A. + -
4 

(N-l)g 
1 1 3 4 

i 1.2. It is now clear that if we chose A. 3 < 0 and 

(N+2)A. 1 + 1.. 4 + i (N-l)g 2 
< NJA. 3 1 

then b1 < 0. Notice that b 2 > O, since A. 2 has to be taken sufficiently 
2 large (still of order g) to satisfy (2.S). Therefore, above critical 

temperature TC given by 

( 2. 7) 

( 2. 8) 

( 2. 9) 

12µ~ = [(N+2)A.2 + NA.3 + A4 + i (N-l)g 2 JT~ (2.10) 

<i> vanishes, but <i> remains broken at all temperatures. In conclusion, 

the symmetry remains broken at high temperatures. 

An important point to note is that for this to happen, several Higgs 

couplings (such as A. 2 , A. 3 ) must be bigger than g 2 , the square of the gauge 

coupling constant. Furthermore, at zero temperature, we must have v 1 >> v 2 . 

Thus, it is the smaller of the two vacuum expectation values, that vanishes 

at high temperatures. It is also obvious from eqs. (2.S) and (2.8) that, it 

is never possible to have both <i>, <i> f 0. 

A few remarks are needed regarding the fermions. Up to now we have 

ignored them completely. Their contribution to V
1

(T) can be easily shown to 

be of order of h 2 , where h is a typical Yukowa coupling. In most gauge 

theories, for all the known fermions h 2 
<< g 2 , which means that their 

inclusion will not affect our analysis. 

One further noteworthy feature of this model is the behaviour of the 

particle masses with temperature. Namely, at high temperatures (T > Tc) 

4> = 0 

and 

7 2 2 2 
,I «p>T=O + c T 

where c is a constant c ~ 1. 

14>,.,.,I = cT . 
1' 

Approximately then (at T >> T ) c 

(2.11) 

(2.12) 

Therefore gauge mesons, and those fermions and Higgs particles that get the 
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masses from the <;> expectation value, will have their masses increase with 

temperatures 

m(T) ~ T (2.13) 

at sufficiently high temperatures. This will become relevant when we discuss 

a realistic grand unified theories ~n the subsequent section. 

3. GRAND UNIFIED THEORIES AND THE PROBLEM OF BARYON EXCESS 

In the preceding sections we have learned how a symmetry may remain 

broken at high temperatures. Of course, one of the basic motivations for 

studying such effects as we emphasized in the introduction, is the fact that 
if CP and baryon nonconserving interactions survive at high temperature then 

they may be responsible for creating matter-antimatter symmetry out of an 
originally symmetric universe. In this section we therefore apply these 

ideas to the grandunified theories 12 ) which provide a natural basis for such 

phenomena since they are in general characterized by baryon number violating 

interactions. 

Our analysis is done for the simplest of grandunified theories, the 

SU(S) model of Georgi and Glashow. 12 ) In order to discuss CP-violation, we 

have to recall the Higgs sector of the theory. It consists of two types of 

multiplets: a 3_± dimensional adjoint representation which provides the strong 

symmetry breaking down to SU(3) x SU(2) x U(l) and gives the masses to super

heavy gauge mesons which mediate proton decay and a ~ dimensional fundamental 
representation which is responsible for the breaking of SU(2) x U(l) down to 

+ U(l) (it gives the masses tow-, Zand fermions). 

Now, in the minimal scheme with one five dimensional multiplet, the CP 

has to be built in the Lagrangian prior to the symmetry breaking through the 

complex Yukawa couplings, since the vacuum expectation value of~ can always 
be chosen to be real by means of a gauge rotation. It is therefore necessary 
for our purpose of constructing a soft VP violating theory to increase the 

number of fundamental representations of SU(S). Since the Higgs self-couplings 

that mix 24 and 5 are small in order not to affect the light mass scale by 

the heavy one, we cannot rely on such couplings to dominate over positive 

contributions of gauge mesons of order g2 in the coefficients of the 

temperature dependent terms in the potential (for the sake of our discussion, 

we will safely ignore such couplings). Now, similarly as in the case of the 

single O(N) model discussed in section II, it turns out that in the model with 

two ~·s the vacuum expectation values of both the multiplets cannot be 

nonvanishing at high temperatures. This implies that a necessary condition 

for soft CP-violation in SU(S) models to persist at high temperatures is that, 

there must be more than two ~dimensional Higgs multiplets in the theory, the 

situation completely analogous to the one in SU(2)L x U(l) gauge model of 

weak and electromagnetic interactions where one needs at least three Higgs 
doublets for the same reason. The SU(2)

1 
x U(l) mode] was discussed previously 

by us in detail.IO) 
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In conclusion, the soft CP-violation at high temperatures requires 

three S's denoted by ¢ 1 , ¢ 2 and x, with the ~erotemperature pattern of 

symmetry breaking 

0 0 

0 0 1 1 
qi>T=O - 0 <x>T=O - 0 ( 3. 1) 

12 0 i8· 12 0 

pi e 1 v 

where e1=0, e2=8. If we write the one loop induced temperature dependent 

term in the potential as 

+ 
[b. ¢ ·¢. 

1 1 l 

+ 
+ b x x] x (3.2) 

then, as we have shown lO) 
' 

one can choose 

b. < o, b > 0 • 
1 x (3.3) 

Therefore, above a critical temperature <x> = 0, but <¢.> ~ 0 and increase 
l 

with temperature, i.e. <¢i> ~ ciT for T >> Tc. The CP phase e also remains 
nonzero at the minimum at all temperatures. 

To dicsuss the baryon production in this model, we have to know how the 

fermion masses grow tith etmperature and in particular, whether at temperatures 

of the order of 1015 GeV, the fermions are light enough to be produced in the 

decay of the supcrheavy bosons, X, Y. It actually turns out that, fermion 
-4 15 masses mf ~ 10 T (in GeV). Therefore, at 10 GeV, fermion masses are 

negligible compared to the masses of X and Y bosons. To see this, note that 

at high T 

<¢i> ~ T (3.4) 

so the fermion mass, mf(T) is for large T given by 

mf(T) ~ h(T)T (3.5) 

where 

h (0) ~ 

h(T) refers 
m (0) 

g (0) f 
iiCTOT w 

to Yukawa couplings at temperature T. Now 

~ 10- 4 where (0) denotes the zero temperature value of 

relevant couplings. Since Yukawa couplings in gauge theories are asymptotically 

free, that is they decrease with temperature, we conclude from (3.5) that 

mf(T) ~ 10- 4T. This implies that, if T ~ mx, then mf/mx $ 10- 4 . The second 

fact to be considered is thatsince fermions are still massive at these high 

temperatures, the interaction of both the superheavy gauge bosons as well as 

the Higgs mesons, with fermions containing CP-violating pieces, as does the 

normal W-boson weak interactions of fermions. Now we are ready to discuss 

the problem of cosmological baryon production. 5) It has already been emphasized 

in several papers that, if either the X, and Y bosons or the Higgs boson H. 
l 

decay into two channels with final state baryon numbers B1 and B2 , with 

branching ratios y and 1-y then the baryon to entropy ratio nB/ny is given 
by: S) 
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nB "' N; L'.B 
ny 
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(3.6) 

where N is the concentration of the bosons that mediate B violating inter

actionsxand N is the concentration of photons at 10 15 GeV, 

y is the corresponding branching ratio for antiparticles 
-2 of the order of 10 . To compute (y-~), we note that, we 

account the interference between the Born diagram and the 

to it. Writing the various decay widths 

yr tot 

yr tot 

one gets, 

lg+hA(s+is)! 2 

lg*+ h* A(s +is) 1
2 

(y-y)rtot "' 2(Im gh*) ImA 

(3.7) 

X, Y and H. N /N is 
x 

have to take into 

one loop correction 

(3.8) 

(3.9) 

(3.10) 

where ImA stands for the s-channel discontinuity. In our case, the various 

graphs contributing to eq. (3.10) are shown in fig. 1. It can be shown 13 ) 

that for SU(S) grand unified theories, with an arbitrary number of {S}-dim 

Higgs multiplets, the flavor interaction of the gauge (W,X,Y) and Higgs 

bosons (H~) can be written in the form that involves Cabibbo rotation U and 
1 

some Yukawa couplings H.. It is clear from eq. (3.10) that the contribution 
1 

of the interference between Fig. la and fig. lb to (y-y) is of the form: 

(3.11) 

+ + 
However, the interference between Fig. la and le is of the form Im Tr (UU H.H.) 

1 J 
which is not zero in general and therefore, the contribution to L'.B from such 
graphs is 

2 + + 
g Im Tr ( UU H . H . ) 

1 

g2 
(3.12) 

If H ~ 10-z to 10- 3 •B = ·o- 4 t ·o- 6 1 d. · / 10- 6 10- 8 Our u l o l ea ing co nB ny ~ to . 
purpose here is not to highlight the prediction for the magnitude of L'.B for 

that depends on many more details of the model but rather to point out that a 

mechanism for baryon production capable of yielding reasonable values for 

nB/ny exists and the potentially dangerous gauge loop graphs (Fig. lb) do not 

contribute. A similar kind of contribution also arises from Fig. 2, where 
again the gauge loop corrections vanish. 

We would like now to summarize the main results of this paper and conclude 

with some additional remarks on the implications of our work. The main point 

we wish to make is that, contrary to conventional wisdom, broken symmetry may 

persist at high temperatures if boundary conditions at zero temperature are 

suitably chosen. Such a model necessarily contains heavy Higgs mesons and 

leads to fermion and boson masses growing with temperature. 
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We have also shown how realistic theory of soft CP-violation, 

constructed within the grand unified theory based on SU(5), retains its 

CP-violating character at high temperatures. 

937 

The phenomenon we have uncovered is similar to the one discovered by 

Linde 14 earlier. However, Linde's work relies on there being a large 

neutrino density in the universe which may not necessarily be the case. 

Furthermore, it is not clear whether a generalization of Linde's work to 

the case of soft er-violation is possible. 
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X,Y X,Y 

(a) ( b) 

(c) 
Fig. l The Feynman graphs expected to play a role in the generation of baryon excess in the 

universe, through the decay of heavy gauge mesons. X,Y stand for superheavy gauge 
mesons and H for superheavy Higgs scalars of SU(S). 

H H 

(a} (b) 

H 

(c) 

Fig. 2 Baryon number violating decays of superheavy Higgs scalars 
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J. Ellis 

CERN, Geneva, Switzerland 

ABSTRACT 

We review the past successes, present problems, and future prospects 
for SU(S) as a protot)1Je grand unified theory of the strong, weak, and 
electromagnetic interactions. 

1 . nnmDUCTION 

At the moment there is an exponentially growing interest in grand unified theories 1
,

2
) 

of the strong, weak, and electromagnetic interactions. 111is stems from the widespread beJ ief 

that the strong, weak, and electromagnetic interactions are individually solved, and the 

general insistence that our theories of these interactions [QCD, SU(Z) x U(l) Weinberg

Salam3)] can only be incomplete stepping stones on the path to a greater SY11thesis. One 

of the first grand unified theories to be proposed 2
) was the sin;plest one based on the 

group SU(S). 111is Georgi-Glashow mode1 2
) is sufficiently elegant in its structure and rich 

in its content that it may serve as a realistic prototype grand Lmified theory, in the same 

way as the SU(Z) x U(l) Weinberg-Salam mocleJ 3 ) served for some time as a prototype theory 

of the partial unification of weak and electromagnetic interactions. It now seems likely 

that the Weinberg-Salam model is "correct"4
) (whatever that means). It remains to be seen 

whether the Georgi-Glashow model will be seen to be "correct". Later in this talk we will 

see reasons why the minimal SU(S) model should be elaborated, a fate which has not yet be

fallen the Weinberg-Salam model. 

111is talk is divided into three main parts. first there is a review of tJ1e structure 

of the SU(S) model and a reminder of its "classical" predictions for sin 2 EJw and quark 

massess- 7
), Then there is a description of recent progress in analysing the model -- re

finements in calculations of the proton lifetime 7
- 9 ) and decay branching ratios 8 • 10 ), the 

possibility of estimating the baryon munher of the universe 1 1 ), and studies of the hierarchies 

of symmetry breaking 12
, 

1 3
). Finally there is a sLUJUnary of the prospects and problems facing 

SU(S). Attempts will be made throughout to discuss the extent to which other grand unified 

theories resemble or differ from the SU(S) model. 

2. REVIEW 

2 .1 Structure of the model 

At low energies the world has a SU(3) [colour] x U(l) [electromagnetism] syrmnetry. 

Above 100 GeV this synnnetry seems to become SU(3) >'. SU(::) " U(l) [Weinberg-Salam 2 )J. 
Georgi and Glashow2

) showed that the only rank-4 group capable of grand-unitying these rn

teractions was SU(S). 1.his theory contains 24 gauge vector bosons: the familiar y, iv', zn, 
g._ , and a colour triplet and weak isodoublet l'~J with charges '/3 and - 1

/3, to-
1-1, ... ,s . 'RYB 

gether with their antiparticJ es. 'focse latter bosons acqi'nfe their masses at the ini tia 1 

stage of synunetry breaking SlJ(S) + SU(3) x SU(Z) x U(ll which, as 1vc will see later 5
-

7
,

9
), 

tions", each of which comprise:; 15 left-handed helicity state,; and is assigned to a 
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reducible 5 + 10 representation of SU(S). 111e lightest generation is essentially that of 

(u, d, e-, ve) and is assigned as 

(!~) 
0 lA-r; -1.A,y -lA11.. -4R, 

5 - I.A.I'> 0 \AR - !Ay -J...y 
(2.1) 

"::: 10 ::; 

.f2. - 0 -<As -Js lA..y -v-.~ 

lAIL l.Ay tAI> 
..... 

0 -€_, 

>'e L aft, J. y cle, e. ;- 0 L., 

'!11e heavier generations (c, s, µ-, v), (t, b, T-, v) (and perhaps others) are assigned to 
)J T 

similar representations which will in general mix, giving rise to the generalized Cabibbo 

angles. '!11e SU(3) x SU(2) x U(l) decompositions of the representations (2.1) are 

(2.2) 

which reproduce the conventional SU(3) and SU(2) x U(l) assignments and interactions. 

Symmetry breaking and mass generation in the SU(S) model is achieved rn two stages, using 

two representations of Higgs fields, a _?.:!_ and a ~ respectively: 

sues)~ sv(-;! )( sul1.~ x vl\) 
~4~j~ 

The 24 ¢ has a vacmmi exvectation value 

') S Ul~)"l< VO) 

~~ 

and generates mx, my while the 5 H has a vacuum expectation value 

<o l H \ o'; :::. o( 1ct Ci-ev) 

[note j ts Sll( 4) symnetry] ancl generates mf, n\v• and m2 . 

2. 2 Estimation of grand 1mification scale 

The way this is usually done 5
-

7 
'

9
) is to start from the knoM1 coupling strengths 

(2.3) 

(2 .4a) 

(2.4b) 

(ex, 0 ::: a t ) at a scale Q2 = 0(10 GeV2
) and use the rcnornia]jzation group to compute s rong · 

the scale at which they become essentially equal. 111e qualitative behaviour of the couplings 

is shown in Fig. 1: SU(3) is more "asymptotically free" than SU(2), while U(l) is "asymp

totically unfrec". The rate of approach of cx 3 and a 2 is to first order: 

(2.5) 

where Mis the grand unification mass at which a 3 ::: a 2 • Notice that to first order the rate 

of approach is not only independent of the grand unification group -- it only depends on the 

sizes of the d 1 fferent components of the intennediate energy synmietry group -- but also 
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independent of the number of fermion flavours, which appear in the evolution equations for 

both a 3 and a 2 but cancel in the difference (2.5). Using (2.5) and a strong interaction 
a 3 (Q

2
) characterized by the conventional A <v 

1/z GeV, we would naively7
) calculate 

M_x <v few x 10 16 GeV. 

But we must be careful 9 , 
14

) about several details of the calculation such as threshold 

effects 14
) at the grand unification mass (see Fig. 2a), which means that the subgroup 

coupling constants are only effectively equal at scales Q <v (2 to 3) x mx· Also important 

are threshold effects 14
) at the switch-on of SU(2) symmetry which cause a 2 (Q2

) to evolve in 

a peculiar way (see Fig. 2b) and reduce mx by another factor of 2 or 3. A most important 
refinement 9 ) is the variation of a between Q2 ~ 0 (a= Y13 1 from the Josephson effect) to 

Q2 <v 10 4 GeV2 (!la <v 6%) caused by virtual fermion loops (Fig. 3), which was unaccountably 

neglected by earlier authors 6
•

7
) and reduces the estimate of mx by an order of magnitude. 

Higher-order contributions to the renormalization group functions 83 and 82 also have some 

smaller effects 9
) on mx. The net result is to reduce the best estimate of mx to 

(2.6) 

where A is defined by the second-order QCD formula and may be 0(300) MeV to within a factor 

of 2. The estimate (2.6) is substantially the same in other grand unified theories such as 
SO(lO) is, 16). 

2.3 Renormalization of sin2 8w 

SU(5) symmetry is badly broken, and symmetry predictions only apply at scales Q >> mX: 

their renormalization at lower Q2 can be calculated using the renormalization group. The 

classic example is sin2 ew, which is % in the symmetry limit. In terms of a 2 and an a 1 

normalized to equal a2 at Q2 >> mx, 

(2.7) 

The couplings a 1 (Q2
) and a 2 (Q2

) evolve differently at Q < 10 16 GeV, causing sin2 ew to be 

renormalized 5 
' 

7
) from % to 

(2.8) 

Present neutral-current experiments measure quantities which are all equal to sin2 ew (Q2 

= 10 4 GeV2
) in the absence of radiative corrections, but which all differ from (2.8) and 

each other when radiative corrections are taken into account. This has not a11 17
) been 

done consistently, but it seems likely that simple SU(S) predicts that present neutral

current measurements should lie in the range (2.8). The present world average is 4
) 

(2.9) 

There seems to be a 1 or 2 standard deviation discrepancy between SU(S) theory (2.8) and 

experiment (2.9). It is too early to say if this is really serious, but if sin2 ew does 
turn out to be higher than (2 .8) we will have to consider modifying or discarding naive 

SU(S), either by putting more particles (Higgs? superheavy m 'V 10 15 GeV fermions?) into 
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theory, or by going to a bigger group such as SO(lO) 16
) and introducing more stages of 

symnetry breaking 1 8 ) • 

2.4 Qlark and lepton masses 

943 

Simple grand unified models such as SU(S) give symmetries between quark and lepton 

masses which apply when they are measured on scales Q » mX, e.g. by defining the effective 

fermion mass 19
) mf(Q2

) via the inverse propagator 

(2.10) 

An example is the SU(4) symmetry which occurs in SU(S) for the fermion masses generated by 

the H-~-10 couplings, due to the SU(4) symmetry of (O/H/O) (2.4b). This symmetry prediction 
is 2 ) 

(2.11) 

assuming the conventional assignments of quarks and leptons to~+ 10 generations. The 

dominant6
>

7
) renormalization at low Q2 of symmetry predictions such as (2.11) comes from 

gluon loops (see Fig. 4), which in SU(S) renormalize (2.11) to yield 

(2.12) 

'foe dots in (2.12) reflect SU(2), U(l), higher-order SU(3) 20
) and finite mass effects 

which have been estimated to be 0(10 to 20)% correction factors. Note the sensitivity in 

(2.12) to f, the number of quark flavours. If we calculate (2.12) using six quark flavours 

and evaluating19
) m at a scale Q such that Q = 2m (Q) (the approximate position of the qq q q 

threshold), then we hope to get a reasonable value for a heavy quark whose current (short 

distance) and constituent masses do not differ greatly because we are still in a pertur

bative regime of Q2
• For the bands quarks we find 7

•
20

) 

(2.13) 

with values 0(20)% higher for f = 8, and considerably higher for f :=: 10 21
). The estimate 

(2.13) of mb is clearly very satisfactory, and is the only phenomenological high-energy 

physics evidence that there may be only six quarks, but ... 

What about md? Even though the absolute value of md at low Q2 cannot be calculated, 

and the qualitative smallness of md is cqrrect, we do have the renormalization group in

variant prediction2 • 7 ) 

(2.14) 

which conflicts 7 ) with current algebra/chiral symmetry estimates that yield 

(2.15) 
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'TI1is failure may either reflect some small "slop" in the quark mass matrix which is of the 

order of a few MeV and does not respect SU(5) symmetry, or it may reflect the existence of 

a more complicated Higgs structure in SU(5) 22
), or it may indicate that SU(5) should be 

abandoned 18
). It is a well-known problem 7

). 

hhat about ms? It is frequently assertecl 23
) that ms -v 150 MeV, on the not very solid 

theoretical basis that ml\ - mN -v 150 MeV and that this difference is clue to the difference 

in constituent masses of the s and (u, cl) quarks, which is in turn identified with the 

difference in their current masses. 1his is clearly not a rigorous short-distance argument. 

People are generally agreed that the constituent s quark mass is 0(500) MeV, but how should 

this be related to the current quark mass? The previous argwnent apparently asstnnes 

V\'\t \ ~c;,t~. ,.... mt\~ -t M<ll~~ (2.16) 

where mid . 1 -v 300 MeV. But perhaps ynamica 

ti\\~. "- M~j~ -t Wl~~~ (2.17) 

in which case m I t -v 400 MeV to be compared with the SU(S) prediction (2.13). In any s curren 
case, because of the strong coupling problem the ms prediction (2.13) is probably only 

correct to ±50%. We conclude that there is no solid evidence that the naive SU(5) prediction 

of ms is wrong. 

The problems with md and perhaps ms have caused some authors to toy with more compli

cated Higgs structures for SU(S), involving, for example22
,

24
), a 45 which would by itself 

yield the symmetry prediction 
I 

3 ~(, (2.18) 

[and could reproduce the correct mb if there were 10 or 12 flavours 2 1

') J but could be com

bined with a~ to give more complicated mass formulae 22
). 

By the way, the approximate successes (?) of the b, s, d quark mass estimates consti

tute the only evidence in favour of the conventional "generation" assignments like (2.1). 

3 • RECEl\11' PROGRESS 

3.1 Proton decay 

Since grand unified theories put quarks and leptons into the same multiplet, and since 

gauge theories contain vector bosons linking all particles in a multiplet, there will in 

general be some interactions, changing quarks into leptons, which violate baryon ntnnber 

conservation 1
•

2
). In the simple SU(S) model, the X and Y bosons acquire essentially iden

tical masses which yield an effective four-fennion interaction of strength 

(3.1) 

which takes the form 7
) 

(3. 2) 
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TI1e proton decay rate is then clearly ex: GGU so that the lifetime is proportional to mx. The 

classic 7
) method of estimating the proton decay rate is to argue that the q + q + 2 + q 

a!Ulihilation diagrams of Fig. S dominate, and evaluate these using non-relativistic SU(6) 
for the initial-state wave function, a calculable non-leptonic short-distance enhancement 

factor, and make the "parton model" assumption that the sum over final-state mesons approxi

mates an inclusive allllihilation cross-section. We then find that 

0(103 } M~ 
~ 

fJ 

(3.3) 

Combining this with the estimate (2.6) of mx and making some allowance for uncertainties, 

we may guess 9 ) 

(3.4) 

considerably lower than previous estimates 7 
• 

14
) because of the reduction in mx. There are still 

considerable uncertainties -- in A, the ratio mx/A, and the rate calculation (one would like 

to see a calculation of exclusive modes using more traditional current algebra and non-

leptonic decay technology) -- but the lifetime (3.4) is temptingly short25
). 

Recent attempts have been made to estimate branching ratios into different final 

states 8
• 10 ). For different quantum numbers in inclusive final states it has been estimated 10

) 

that in SU(S) (SO(lO) gives similar results]: 

B(p., + ~~) ""<6'V~ B(lll-7~*~~~ --.76t q, 4 

B(p-7 y-\- ~) ~ lS ~ B ("" ~ v -t °"""'D) - '2.2 & 

B(p~ r---t + ~e-) "" t e,(~~ f'.-i"+~~ ,..,, l i (3. 5) 

~ (p-7 f'--t""' ~e) "" b B (vt-=> f-+-+ ~~) "- I ~ 

I?,(~ -7 ~"T -\' ~) <1 t fb(vt-1 ~-1" + ~e.) <I b 

Notice the strong suppression of decay modes involving a ]J+. The different branching ratios 

arise from different Cabibbo angle and phase-space suppression factors. One may go further 

and use non-relativistic SU(6) to estimate the ratios of different exclusive final states 

to the total inclusive rates: 

p -7 Ti 0
.ci+- ""'40& 

-7 (' 0 e+ -2ot 
(3.6) 

This gives sizeable branching ratios for both the proton and neutron to decay into readily 

identifiable two-body final states: 

7 
(3.7) 
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Clearly more theoretical work is needed, particularly on estimating exclusive hadronic de

cay modes, but there is certainly no need for experimentalists 25
) to drag their feet. 

3.2 111e baryon number of the universe 

Grand unified theories provide a framework 11
) for discussing the very early evolution 

of the universe (T 'V 10 19 to 10 11 GeV), which suggests a natural mechanism for generating 

the observed baryon-to-photon ratio 

~ 
It\.()' 

16'il' (3.8) 

111e general scenario they suggest is that for 10 19 GeV > T » 10 1 5 GeV, all the known in

teractions would have to proceed at rates less than the expansion rate of the universe, and 

so would not have been in thermal equilibrium. At T 'V 10 16 GeV the strong, weak, and 

baryon-number-violating interactions would all have come into equilibrium, the interaction 

rates now being;::: the expansion rate. Shortly afterwards, between T 'V 10 15 and 10 11 GeV, 

the baryon-number-violating forces would have dropped out of equilibrium because their 

rates would be slowed by the non-negligible masses 0(10 14 to 10 15
) GeV of the baryon-number

violating bosons, while the strong, weak, and electromagnetic interactions would have stayed 

in equilibrium. During the B-violating drop-out, a C- and CP-violating component of the 

B-violating forces could 11
) have generated the observed baryon-antibaryon asymmetry, and 

hence (3.8) if there was no entropy-generating dissipation at some later epoch to dilute it. 

111e simplest SU(S) mode1 2
) contains B-, C-, and CP-violating forces arising from the 

Hff interactions. With a single 5 of Higgs, the lowest-order diagrams contributing are 

8th order26
) (see, for example, Fig. 6): the most important CP-violating phase is not 26

) 

directly related to that connected with CP violation in the K0 system in the Kobayashi

Maskawa model. 111e dominant source of baryon munber would probably be baryon-number

violating Higgs decays (and possibly interactions). However, these give too small a baryon 

number 0(10- 16 to 10- 20
) in the simplest SU(S) model 26

•
27

). What to do? It is easily seen 

that a more complicated Higgs system with more Higgs multiplets 27
•

28
) contributing to the 

fermion mass matrix could easily give a baryon-to-entropy ratio as large as (3.8), and this 

would be implemented either in SU(S) or in a larger grand unified theory. However, to get 

a precise number for n
8

/ny will probably require "quarkosynthesis" computer calculations 

for the thermodynamics and interaction rates fully as complicated as the old nuclear phy

sics stellar evolution calculations of a previous physics generation29
). 

3.3 Hierarchies of symmetry breaking 

Grand unified theories contain many mass scales (mf' m11 , 11\v Z' mx y) which are grotesquely 
' ' different from each other and from the Planck mass mp 'V 10 19 GeV. If we accept without proof 

that mf = 0(11\\f z), then we are left with trying to understand why 
' 

(3.9) 

and what is (are) the mass(es) of the Higgs boson(s)? It can be argued 13
) that the hierarchy 

of gauge hierarchies (3.9) is possible and even plausible in the context of symmetry breaking 

through radiative corrections 12
•

30
). In this case there is no explicit mass term -µ 2¢ 2 in 

the effective potential, and symmetry breaking occurs 12
) near a scale Q where the effective 
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four-Higgs coupling ;\(Q) "' 0, so that radiative corrections to the effective potential of 
order a 2 <ji 1

' ln (a<ji 2
) coming from diagrams of the type of Fig. 7 become important. The loga

rithmic variations of the different ;\ with Q then give rise to the exponentially varying 

ratios (3.9). 

A possible general scenario 13
) in which physics has only one intrinsic mass scale, the 

Planck mass, is as follows: 

i) The theory has a gauge coupling g and Higgs couplings;\ which are O(g2
), but no mass 

terms -µ 2 <ji 2 , when the theory is renormalized at the Planck mass at which some new phy

sics must come in. 

ii) As the scale Q is decreased, computations 13
) reveal that adjoint Higgs couplings [e.g. 

for the 24 of SU(S)] evolve relatively rapidly because of their large non-Abelian 

charge, and may become zero already at Q"' 10- 4 mp"' 10 15 GeV. At this stage, the 
first stage [e.g. SU(S) + SU(3) x SU(Z) x U(l)] of symmetry breaking is generated by 

radiative corrections. 

iii) Meanwhile the vector[~ in SU(S)] Higgs couplings evolve relatively slowly, and are 

still non-zero at Q"' 10 15 GeV. At lower Q they evolve even more slowly because many 

heavy particles drop out of their renormalization group equations. These couplings 

may 12
) therefore become zero at a scale 0(10 2

) GeV <<<< mx = 0(10 15
) GeV, and generate 

11\v z at that scale. 
' 

This scenario is illustrated in Fig. 8. It explains naturally the ratio mx/mp"' 10- 4 

to 10- 5 and makes plausible the hierarchy of hierarchies (3.9). To realize the second 

hierarchy does, however, require 7 
• 

12 
• 

1 3
) one um1atural condition on the Higgs potential to 

ensure the absence or negligibility of any -µ~H2 term in the low-energy (Q < 10 15 GeV) Higgs 

potential. If this parameter µH is indeed zero (or « 10 GeV), then the Weinberg-Salam 
SU(Z) Higgs boson mass is determined by radiative corrections 30

•
31

) and is 

(3.10) 

which yields 

(3.11) 

Such a Higgs boson could be readily detected 31
) in the decays of toponium (if/when it is 

found), or at LEP in processes involving the z0 boson32
). Its discovery would give us a 

great breakthrough in our understanding of symmetry breaking. 

4 . PROSPECTS AND PROBLEMS 

SU(S) 

- has provided us with some•successful (?) calculations of previously undetermined quan

tities: sin2 ew, mb and ms. 

- Makes some exciting testable predictions: proton lifetime"' 10 31 ±2 years with ob

servable decay modes, only three (or at the most four) generations of fermions. 
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Suggests intriguing speculations: a mechanism for generating the baryon number of the 

universe, a motivation for synnnetry breaking by radiative corrections which suggests 

mil"' 10 GeV. 

Is unsatisfactory because it has 2: 25 arbitrary parameters (one gauge coupling g, one 

e vacuwn parameter, three lepton masses, twelve quark masses and mixing angles, eight 

parameters for the Higgs potential). 

Is incomplete because it does not include gravity. Since the grand w1ification mass 

mx << mp, it is reasonable to neglect gravitation in an attempt to unify strong, weak, 

and electromagnetic :interactions, but the resulting grand unified theory must ulti

mately be combined with gravity at some larger mass scale. It is natural to try to do 

this via supergrav:ity33
), because of its beauty and a suggestion that it may make 

matter-coupled gravity less infinite. An embedding of SU(3) x SU(2) x U(l) in a super

grav:ity theory seemed :impossible for a long time, since the maximal supergravity theory 

had a global S0(8) symmetry, too small to acconnnodate all the known particles. However, 

Cremmer and Julia 33
) have recently pointed out that S0(8) supergravity possesses a 

concealed non-linear, local SU(8) symmetry, and have conjectured that this may become 

dynamical, just like the local U(l) :in two-dimensional CPN-l models 34
). It is natural 

to conjecture 35
) that all the supermultiplet containing the SU(8) composite vector 

fields becomes dynamical, :including spin 1 particles to be identified with quarks and 

leptons, and spin 0 particles to be identified as Higgs. All presently observed 

"elementary" particles would therefore be composites of "preons", which were the naive 

S0(8) supergravity fields. Indeed, the supermultiplet seems to contain three genera

tions of SU(S) ~ + ..!.Q_ fermions. But it contains a lot of other garbage as well, and 

we 3 5
) have so far found no way of giving masses to all the unobserved fermions. TI1is 

and the fact that the SU(8) currents have anomalies, stymies us 35
) :in our attempt to 

embed SU(S) in supergrav:ity. 

May be embarrassed by having too many magnetic monopoles 36
). If they were produced 

in large numbers in the early universe, they would not all have annihilated yet, and 

would dominate the present matter density of the universe to an unacceptable degree. 

But estimates of the primordial rate of production of grand unified monopoles are very 

uncertain, and more work is needed on this problem. 

Has other serious problems: the simplest SU(S) model gets md too small, and perhaps 

has problems with s:in2 e and m . 111e simplest model also gives too small a baryon w s 
number of the universe. TI1e hierarchy lllivfmx « 1, while possible, still seems to us 

very unnatural. Is there a way :in which SU(S) may be cooked so as to solve these pro

blems, or must we go to some other grand unified theory? 

There is still a lot to do! 
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Fig. l Qualitative picture of the evolution of the SU(3), SU(2), and U(l) 
couplings in a grand unified theory such as SU(S) 

a) 
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951 

Fig. 2 Important threshold effects (Ref. 14) arise: a) at the grand unification mass, and 
b) at the weak-electromagnetic stage of unification. 

f = q,l 
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f =q,l 

Fig. 3 Gra~hs renormalizing (Ref. 9) 
a between Q = 0 and 10 4 GeV 2 

f=q f=q 

Fig 4 Gluon loops which make (Ref~ 1, 

and 7) the most important renormaliza
tion of the mq/m£ ratio 
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X,Y 
+ X,Y 

Fig. 5 The graphs dominating (Ref. 7) proton 
decay in simple grand unified models 
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Fig. 6 Typical eighth-order CP- and B
violating diagram in SU(S) (Ref. 26) 

+· .. 

Fig. 7 Typical radiative corrections (Ref. 30) to the effective Higgs potential 

COUPLINGS 

adjoint 

28 

SCALE (GeV) 

Fig~ 8 Qualitative picture of the Q2 evolution of the effective couplings of fundamental 
5 and adjoint 24 Higgs in a simple SU(S) model, illustrating how the hierarchy of hierarchies 
(3.9) may be achieved (Ref. 13) 
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MAGNETIC MONOPOLES 

D. Olive 

Imperial College, London, England 

The theoretical study of magnetic monopoles was initiated by Dirac nearly 50 years ago 1
), 

but only recently has this study been significantly advanced. The advance has been the 

realization that magnetic monopoles have a natural tendency to occur as classical solutions 

in spontaneously broken non-Abelian gauge theories
2
). Such theories are precisely of the 

types which are now thought to govern the particle interactions, strong and electroweak. Our 

understanding of monopoles is still extremely incomplete, but it is thought possible that 

they may have a bearing on two important theoretical problems in particle physics, i) the 

understanding of quark confinement, and ii) the unification of all the interactions. 

Whether or not these possibilities are borne out by future developments, it is clear 

that we have a lot to learn about the type of theory we must understand. We can already 

see interesting connections with other theoretical ideas which hitherto appeared to be quite 

unrelated. 

Maxwell's equations in vacuo manifest a symmetry with respect to the transformation 3
) 

ie E + iB + e (~ + i~) , 

m1x1ng the electric and magnetic fields E and B. If matter is to respect the symmetry, there 

should be magnetic charges g1 , g2 , ••• , as well as electric charges q1 , q2 , ••• , in nature. 

Dirac
1

) found that for consistency with quantum mechanics, 

q.g. 
1 J 

Zn I'\ n .. , 
lJ 

n .. 
lJ 0, ±1, ±2, ...• 

If at least one magnetic charge exists in the universe then the electric charges in nature 

must be quantized in terms of some unit q0 : 

n. 
1 

o, ±1 .... 

This is indeed the pattern of nature with q0 provided by the electron charge [if we forget 

about quarks -- which do fit in with the theory if we consider the effect of the SU(3) colour 
gauge group 4

)]. 

Dirac's monopole was a point-like particle carrying infinite self-energy due to the 

divergence of the Coulomb magnetic field at the ongrn. The new development due to 't Hooft 

and Polyakov2
) is to find a natural way for smoothing out this singularity are thereby gaining 

a picture of the internal structure and finite mass of the monopole. This picture is related 

to a feature we have learnt to accept in recent years, that the Lagrangian is governed by a 

larger non.,#Pillclian gauge syrrnnctr/ G .. .,;hich is spontaneously broken down to the gauge group H 

responsible for the long-range fields. 
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Actually, 't Hooft and Polyakov considered the simplest possibility, the Georgi-Glashow 

model which has G = S0(3), H = U(l). In this talk, I sha11 describe a slight generalization 

of this, paying particular attention to the mass fonnulae that emerge, their relation to the 

aforementioned duality, and their further interpretatic'L. This sort of theory does definitely 

predict monopoles of the type already sought experimentally, but of a mass well beyond present 

reach. 

Let G be the gauge symmetry of the Lagrangian describing a scalar field ¢(x) lying in the 

adjoint representation of G and coupling minimally to the gauge fields. Suppose that the sym

metry G is spontaneously broken owing to the fact that ¢ fails to vanish in vacuo. It must, 

however, be covariantly constant: 

0 ' (1) 

and so have constant length a: 

a2 • (2) 

The physically obsenred exact gauge symmetry group II, whose fields are long range, is 

composed of those elements of G which leave ¢ invariant. Generators X of H therefore satisfy 

[x, Q] 0 ' (3) 

where 

Q = e fi ¢ 'fl/a . a 
(4) 

Thus Q itself is a generator of H, while all the others commute with Q. Thus Q generates 

an invariant subgroup of ll which we could identify as the MaA1>Jell gauge group. If we think 

of the remaining generators as generating a colour group, then Q is a colour singlet, by 

formula (3) [if the colour group is SU(3), G = SU(4)]. 

111is sort of symmetry breaking, with ¢ in the adjoint representation, occurs frequently 

in grand unified theories. For example, if G = SU(S), we can get H = SU(3)colour x 

x LrSU(2) :< U(l)] 1 t k' with Q the weak hn)ercharge this time. In a second stage of e ec rowea 
synmetry breaking a Higgs (5), breaks H down to SU(3)colour x U(l)Maxwell. In SO(lO) and 
E6 grand unified theories, the large symmetry breaking is due to a Higgs field in the adjoint 

representation. 

In what follows we shall think of the earlier example in which Q generates the Maxwell 

;:auge group and hence, when evaluated in the representation appropriate to a given field, is 

1, r ,,,~ i sely the matrix whose eigenvalues give the electric charges of the particle excitations 

,,f that field. Also 

(S) 

-.al 1 .f 1, . ., Maxwell's field equations, when Eqs. (1) and (2) hold, and can be identified as the 

>b;wr·ll licld. 
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TI1e G gauge particles acquire masses due to the ¢ synmetry breaking, according to the 

fonnula of Iliggs, Englert, Brout, and Kibblc 5
): 

(M2
) = e 2 fi 2 '"T T '" aS ~ a s~ ' (6) 

which, by Eq. (4), remembering that the T's are antisymmetric structure constants, reduces 

to the matrix equation 

Diagonalizing and equating eigenvalues, we see 

In this theory the magnetic monopoles will occur as solitons; that is, smooth classical 

solutions to the equations of motion, with a finite energy localized in a finite region. 

Such solitons are familiar from other non-linear equations in physics and can be thought of 

as solutions which are "waves at rest", this possibility being due to the non-linearity. 

In general, non-linear equations are difficult to solve, but as Bogomoln/) and Coleman et 

al. 6
) showed, it is easy to estimate a lower bound on their mass, in terms of their topolo

gical quantrnn number, which is actually the magnetic charge. For 

E = i f d 3 x [ 0 i 2 + /f) i 2 + '.Do¢ 2 + (:Di¢) 2 + V ( ¢) J 

;:: i J d 3 x [HI i + '.D i ¢ ]2 ± Id 3 x ,'/) i '.J) i ¢ 

dropping positive tenns. By the Bianchi identity the last tennis 

by Eq. (5), where g is the Maxwell magnetic charge. Hence putting the monopole at rest 

we deduce that its mass M satisfies 

(7) 

For a dyon7
), with both electric charge q and magnetic charge g, the argrnnent yields 

M 2: a /q2 + g2 • 

Equality is possible if the terms dropped vanish identically, i.e. if the Higgs self

interaction V(¢) vanishes 8
) and if certain first-order differential equations hold. 

Finally, let us note that the Higgs particles are massless if V(¢) = 0, and carry zero 

q and g. 

llence we reach the remarkable conclusion9
) that if V(¢) ~ 0 (and solitons satisfy cer-

tain first-order equations), then all the particle states, monopoles, gauge particles, and 

Higgs particles, satisfy the single universal formula, 
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M = a /q2 + g2 (8) 

TI1is is regardless of their origin as quantum excitations or solitons and respects the 

d 1 . i8 ( . ) ua symmetry q + ig + e q + ig . 

TI1is was first noted by Montonen and Olive 9
) and one can ask what is the deeper signi

ficance of Eq. (8) and whether it is affected by quantum corrections. 

Suppose we write down a six-component momentum whose first four components are ordinary 

four-momentum and whose last two (space-like components) are aq and ag, respectively: 

(9) 

TI1en Eq. (8) is the condition that IPµ is light-like in six dimensions: 

IP 2 = 0 . (10) 

It turns out that this is not accidental; there is a deeper six-dimensional formulation 

lying behind the theory, explaining the remarkable structure given by Eqs. (8), (9), and (10). 

that 

This 

ti al 

The first clue was the observation that the results depended crucially on the assumption 

the Higgs 

suggests 

pointing 

field ¢ lies in the adjoint representation 

that the Higgs field can he thought of as a 

in an extra, unphysical fifth dimension 10
): 

cp = ws • 

of G, just as do the gauge potentials. 

fifth component of the gauge potcn-

To fit the kinetic energies together correctly, this dimension must be space-like. Now one 

can expect an extra gauge invariance with respect to x5 -dependent gauge transformations, 

even though the original fields would not depend on x5 • This forces V(¢) = 0, and implies 11
) 

that the fifth component of momentum is indeed proportional to the electric charge [Eq. (9)]. 

Further, if no masses are put in by hand, all particles associated with elementary fields 

have g = 0 and satisfy formula (8). Only the solitons carry non-zero magnetic charge g. The 

fact that this can be thought of as a sixth component of momentum is in consequence of a 

new assumption, supersymmetry 11
'

12
). This assumption seems to be natural in view of the 

fact that if we can quantize the theory in a supersymmetric way (which is not really known 

for sure), then the mass formula (8) should be exact in the full quantum theory. We know 

of no other way of ensuring this remarkable feature. 

The appearance of extra dimensions has a long history originating with Kaluza and Klein 13
). 

Its frequent present-day use in supergravity theory is related to the use above. 
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TECHNOLOGICAL APPLICATIONS OF N 8 SUPERGRAVITY 

B. Julia 

Ecole normale superieure, Paris, France. 

My goal is to report on recent work done in collaboration with Eugene 

Cremmer and Joel Scherk at the Ecole Normale in Paris. A discussion of histo-

. 1 h . 1 d ·1 b f d . h .. 1 [J, 2] . r1ca or tee n1ca eta1 s can e oun in t e or1g1na papers , it 

seems more appropriate to present here the classical Lagrangian in the most 

compact and symmetric form known today as well as some general observations 

and concepts of wider applicability. 

I. HIGHER SPACE-TIME DIMENSIONS 

Space-time is perceived by educated people as being 4-dimensional, and 

our objective is to construct in closed form the N=S extended supergravity 

theory in four dimensions. More precisely one is interested eventually in 

computing its higher order quantum corrections (d=4) and one would like to 

generalize the abelian theory[
2

], where the 28 physical vector fields are 

gauge fields for U(l) 28 , to a non-abelian theory with non-abelian Yang-Mills 

fields. In the non-abelian generalization, one would have two independent 

coupling constants K for gravitation and e the Yang-Mills charge, only for 

eiO do the scalar fields have non linear (non-derivative) interactions of 

a potential energy type ; clearly the phenomenological analysis of this 

theory will require the knowledge of the potential to all orders, even at 

the classical level. Unfortunately it is a general rule for any number of 

space-time dimensions that the rescaled bosonic fields [K~] (or Kl\J) are 

dimensionless ; any iterative construction in successive powers of K is 

thus potentially infinite as soon as there is one spin zero field in the 

theory (gauge fields appear with derivatives and consequently to a finite 

order only), But the most efficient way to construct supergravities is this 

K-expansion. 

Let us recall however that in the pioneering theory of Kaluza and Klein 

(as extended by Jordan and Thiry) a moving frame in five dimensions decom

poses into the usual vierbein, a vector field plus one scalar field in four 

dimensions ; more precisely in four-dimensional language one has a full 

Fourier series of particles of each type with increasing masses according 

to the dependence of the fields on the fifth coordinate. 

Our first rule will be to look for gauge fields in higher dimensions 

higher dimensions appear quite naturally here, and the relevant dimension 

can be inferred from the supersymmetry algebra as we shall see, 

2. GENERALIZED GAUGE FIELDS 

The most interesting part of the supersymmetry (global) algebra is 

the set of anticommutators : 
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(d=4) 

£, I:; are Majorana 4-spinor indices and a, b ... vector indices for an inter

nal symmetry group O(N) ; N labels the so-called extended supersymmetry 

algebras. Following Salam, Strathdee, Gell-Mann and Ne'eman, one can find 

the spectrum of states of various models by applying for fixed P (P
2

=0) 
µ 

the generators of the little group to the state of highest helicity. This 

analysis explains the very special role played by the N=4 Yang-Mills super

symmetric theory and by the N=8 supergravity theory. Both are realized with 

irreducible representations of the little group (no CPT doubling is neces

sary), CPT is built in and one can attempt a field theoretic construction. 

They are the largest theories having highest spin l (resp. 2). Concretely 

the little group analysis in 4 dimensions suggests, if one wants to avoid 

spins larger than 2 : l spin 2 field e~ , 8 Rarita-Schwinger fields Wa , 
[ab] l . [abc] rabcd] µ 

28 vectors Aµ , 56 spin 2 fields X and 70 scalars 41" , for N=8 

supergravity. The irreducibility requirement prevents one from adding any 

"matter multiplet" ; furthermore such a multiplet would introduce at least 

one more spin 2 field, if the latter cannot acquire a mass one must stick 

to the original and thus rather unique field contents. In particular the 

presence of the 70 scalar fields requires the introduction of extra-dimensions. 

Exactly how many, can be seen from the following remark : for N = 2k 

h . . ( k+2 . t e combined index a,£) takes 2 values and thus corresponds to a single 

(N'=l) spinor in higher dimensions, typically d' =4+2k. Yet there are some 

constraints imposed by the existence of a Majorana representation on the 

signature of space-time ; for N=4 one must go all the way to 10 dimensions 

(if one requires the extra dimensions to be space-like) the crucial fact 

is that in 1+9 dimensions Weyl and Majorana properties are compatible. For 

N=8 the supersymmetry algebra can be reformulated as N'=l, 

symmetry (relaxing the Weyl condition). Indeed oab x y~I:; 
the first four of 10 f matrices for SO(l,9) and the others 

d'=lO super
a 

r(a)(b) are 
£ I:; 

will not appear in that subsector of the theory (in d 1 dimensions) corres-

ponding to zero extra-momenta P 
5 

, P 
6 

••• = O , The field contents in I 0 

dimensions can be derived from a remarkable hypothesis : the conjecture by 

Gliozzi, Olive and Scherk of the (local) supersymmetry (as a 10 dimensional 

field theory) of the spinor dual model of Ramond, Neveu, Schwarz in the 

zero slope limit. The field contents has also been investigated systemati

cally by Nahm for supersymmetric theories in dimensions d' < 11 . In 10 

dimensions one finds in the Bose sector : a metric field gMN or e~ , an 

antisymmetric generalized gauge field ~ (Kalb-Ramond, Nambu) appearing 

via its field strength FMNP = 3 Cl[M ~P] , and a scalar (j) plus a vector \i 
and another "gauge field" ~p. The single scalar (j) forces us to go to 11 

dimensions a la Kaluza-Klein, itis quite natural in the Fermi sector as 
A' well and the final field contents is : a moving frame eM' one generalized 

gauge field ').i'N'P' and one 32-component Rarita-Schwinger,,Hajorana field 

'11M' . Altogether 128 bosonic and 128 fermionic physical degrees of freedom, 

959 
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and corresponding spins are the connnon features of N=8, d=4 and N'=l, d'=ll 

supergravities. The full action has been constructed in Ref.[I], it is poly

nomial in the matter fields in eleven dimensions. 

3. ABELIAN DUALITIES 

The active reader will have noticed that after dimensional reduction, 

the 7 A fields (a= l - 7 internal dimension) must be equivalent to 7 
µva 

scalar fields ~a • Let us reformulate this in more general terms : in d 

dimensions a generalized gauge field antisymmetric in p indices appearing 

in a Lagrangian only via its field-strength can be replaced classically by 

a dual d-2-p component gauge field leading to the same equations of motion 

for all fields. The dual potentials appear only through their field strengths 

which are the algebraic duals of the original field strengths. The dual 

action can be derived from the original action by simply exc~anging the 

order of two integrations. For example one can consider the field strength 

as an independent variable (first order formalism) and integrate first on 

the potential to eliminate it, the dual potential appears when solving this 

equation of motion, one is then left with a dual action in terms of the 

dual potential. Provided there is no minimal.coupling, there is no diffi

culty at all, a minimal coupling of the potentials forces the duality 

transformations to be non-local. 

4. COMPLEX INVARIANCES OF REAL FIELDS 

Dualities of this type can be found to extend the global symmetry group 

from O(N) to U(N) or SU(N), here SU(8). It might seem surprising that a real 

theory possesses complex invariances, but following Ferrara, Scherk and 

Zumino, one notices that iy
5 

is real and has square equal to -I and that in 

4-Minkowski space ~ £µvpo acting on real field strengths Fµv is also real 

and has square -I • As was explained in the previous section all dualities 

act on the equations of motion and change the usual second order Lagrangians, 

so some of them can be at best invariances of the equations of motion. 

Actually it is shown in Ref.[2] that there exists a first order action (with 

constraints) which is fully symmetric under dualities of a special type. 

Let us now list the symmetries of the four dimensional N=8 supergravity 

equations of motion. The expected global SU(8) is a subgroup of a larger 

non-compact group E
7

(+7), to be precise it is its maximal compact subgroup. 

The global group E
7 

is realized non linearly on the scalar fields they 

parametrize the homogeneous space E
7

/SU(8) • This observation leads us to 

our next rule. 

5. NON-LINEAR REALIZATIONS OF (NON)-COMPACT GROUPS 

The traditional discussion of nort""''linear realizations (see the 1969 

articles in Physical Review) makes use of a special parametrization of the 
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homogeneous space G/H • Guided by the analogy with general relativity in 

the Weyl formalism, we preferred to simplify the transformation rules by 

relaxing the gauge fixing involved in this parametrization. It is much 

simpler to describe the coset element of G/H by all the elements gH of G, 

and this requires a local H (auxiliary) gauge invariance. In our case G=E
7 

, 

H=SU(8) (compare to the gravitational case[ 3J G=GL(4:R), H=SO(l,3)); 

besides the global E
7 

symmetry we have a local SU(8) gauge invariance which 

can be visualized by using auxiliary SU(8) gauge 

potentials. These 63 potentials do not 

have any kinetic term at the classical level, they are quite distinct from 

the 28 abelian vector fields A[ab] which are propagating. In view of the 

phenomenological difficulties of the N=8 theory at the perturbative level, 

it is very important to check whether or not some of these auxiliary fields 

(falling into a supersymmetric multiplet) can become dynamical by quantum 

effects. 

The Lagrangian for the scalar fields is simply 

Ls 4~ Tr [ (Cl/ - hµ • V) V- I r 
where h is the SU(8) auxiliary vector field and V (no gauge fixing) is a µ 
general group element of E

7 
• For non compact groups the Killing form 

appearing in the trace is not negative definite, the theory is consequently 

not positive definite prior to gauge fixing ; but before discussing this 

point let us state our conjecture that the full N=8 Lagrangian can be put 

in a simple form (similar to L ) exhibiting its geometrical nature as a 
s 

generalized non-linear a -model in superspace with supergroups. Proving 

this might explain in turn why E
7 

makes its appearance in supersymmetry 

theory. 

6. NON COMPACT GROUPS FOR PHENOMENOLOGY 

It is standard lore that internal symmetry groups ought to be compact 

the reason is very simple ; let us consider a a model for a non-compact 

group G, the Lagrangian reads typically 

-I 2 
Tr (g i\.1 g) 

The above expression does not have a definite sign, for the maximal 

compact subgroup H it is negative definite, for the orthogonal Lie algebra 
-I 

elements (g a g) , it is positive definite. But one way to avoid this 
µ 

"ghost problem" is to cancel out one of the two types of terms, and this 

is precisely what is achieved by replacing in Ls the ordinary derivative 

by a covariant derivative. The arbirary hµ (after extremization of the 

classical action) eliminates the negative terms (at the classical level) 

and one is left with a positive definite energy (and norm). 

The case of gravitation is different, one must consider the little 

group and not the full GL(4, :R) l 3 l. Yet there is a striking similarity 

961 
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between a-models and gravitation in any dimension. This can be contrasted 

with the 0-model form of axisymmetric gravitation theory in four dimensions. 

7. CONCLUSIONS 

The detour via ll dimensions allowed the construction of the N=8 

supergravity action to all orders in the coupling constant K . The non-

1 ineari ty seems to indicate a simple group theoretic structure, The topo

logical aspects of this theory remain to be studied, they will be important 

in the discussion of spontaneous symmetry breaking and for the generaliza

tion of the theory to non-abelian physical vector fields. The supersymmetry 

f . 1 h [Z] 1 d . . . 1 d . trans ormation ru es ave been part y erived by dimensiona re uction, 

partly guessed by assu~ing their covariance under E1 global and SU(8) local. 

Further simplifications of the action and especially of its fermionic terms 

are required for efficient computation of quantum corrections. 

Finally the appearance of an exceptional group E
7 

and the existence 

of a mathematical "triality" for the group S0(8) must be investigated in 

view of a possible relation with colour. 
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FORMULATION OF SUPERGRAVITY WITHOUT SUPERSPACE 

S. Ferrara 

Laboratori Nazionali di Frascati, INF'N , Vrascati, Italy· 

and 

International Centre for Theoretical Physics, Trieste, Italy. 

ABSTRACT 

Supergravity, the particle theory which unifies under a unique gauge 
principle the quantum-mechanical concept of spin and space-time geometry, 
is formulated in terms of quantities defined over Minkowski space-time. 
'l'he relation between this formulation and the fonnulation which uses 
superspace, the space-time supplemented by spinning degrees of freedom, 
is also briefly discussed. 

1. INTRODUCTION 

963 

1) ,2) 
Supergravity , the theory of local supersymmetry, is the most sophisticated gauge 

theory which is known nowadays. It unifies under a unique gauge principle the concept of 

general co-ordinate transformations of curved space-time and fermionic gauge transformations. 

The first is the underlying geometrical principle of Einstein theory of gravitation, the 

last is the basic invariance of the 1941 dated Rarita-Schwinger Lagrangian 3 l and it is also 

the local extension of supersymmetry transformations among bosons and fermions 
4 l. At the 

global level this latter symmetry permits to overcome previous no-go theorems which previously 

constituted a barrier against possible extension of space-time symmetries to incorporate 

internal syw.metries in a non-trivial way. At the local level it provides a subtle and 

perhaps unique interplay between spin-statistics and space-time geometry. The Weyl-Cartan 

concept of torsion becomes an intrinsic property of space-time in local supersymmetry and 

fermionic gauge fields appear as space-time connections for the first time. In local 

extended supersymmetry a unification of the Einstein-Hilbert Lagrangian with Maxwell and 

Yang-Mills Lagrangians is also possible. At the quantum level supergravity is a better 

theory of Einstein theory. It furnished, for the first time, finite quantum corrections 

at the first two loops and in the extended supergravity models, in which higher symmetries 

are present, it gives hopes (but by no means yet proved) for a renormalizable superunified 

theor~/ of all particle interactions. 

It is the purpose of the present report to focus the attention on the basic aspects 

which led to the formulation of supergravity and to the most recent formulation which allows 

us to consider supergravity Just as another gauge theory. 

2. FORMULATION OF SUPERGRAVITY IN MINKOWSKI SPACE-TIME 

Let us make first an excursion to the original formulation of supergravity theory. 

This theory was approached in two different but equivalent ways: as the gauge theory of the 

14-dimensional (10 + 4N dimensional in the extended case if desired) graded Poincare 
2) ,5) . 

group (geometric derivation) or as the extension of the Rarita-Schwinger gauge 

invariance of the free massless spin-~ field to an interacting theory l) (footsteps 

derivation). The gauge algebra is the local analogue of global supersymmetry. This 

algebra is the 14-dimensional graded Poincare algebra whose basic (anti) commutation 

relations are 
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{ GG(' Q ;\) ~ - iCxrc tf-:er 
[Q"",i?rJ::O 

[ Qa(, M,..]:: l~_, )~rsQf 
C is the charge conjugation matrix: CyµC-l = - y~ 

One can define structure constants for a graded Lie algebra 

and Lie algebra-valued connection fields (potentials) 

and curvatures (field strengths) 

:::. 

Their explicit expression is 

C:.. • ) J 'l \ C• b « b <"<.. I - (.._ R (.P = - v e - d -k . .,.. w .e - (_,._;, ...e + 2..- '+'_,, v ...v, .IA" ,... r \) ,.,. b v "' b .,... ,.. u 1 .., 

(1) 

( 3) 

(4) 

( 5) 

RG-\h \ o."1 . a.b <\,<.:. 

( M J ·= d £,..;, . ·- J 11 w + w w -- w ,._ '-· C0 r" t' "' t' r v <... b ._. h c.. b • (T) 

One gets the following gauge-field variations: 

) 
(8) 

i.e. 

This gives the rules 

(9) 

fo:r local supersyw.met:r~i'" transfcrmations. Note that gc:H:ral co~~crdinate transfc:cn-1ati0ns a . .cc 

not the same thing as P gauges since 
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(10) 

Since by construction an action must be general co-ordinate invariant, due to the definition 

of curvatures, one cannot also require invariance under P gauges, since they would imply 

counting the translation twice. One can impose a kinematical constraint on the geometry 

which is equivalent to the second-order formalism of general relativity 

c (torsion free space) . 

'rhe constraint in (11) solves the spin connection in terms of the vierbein connection 

(JJab(e) 3 \J and of the spin-2 contorsion tensor 

Incidentally, the kinematical constraint (11) can also be interpreted, for Lagrangians 

linear in the M curvature, as an w field equation in the first order (Palatini) 

formalism. However this is no longer the case for more general Lagrangians which are 

quadratic in the M curvature. 

The pure supergravi ty Lagra.rigian is 

J ~ v 
- -- I -.L .e_ I 1.!_. 

S& - 2 C< b (Q) 

and is invariant (up to a four-divergence) under the gauge supersymmetry variations as 

given by (9) with wµab as given by (12). 

(11) 

(12) 

(13) 

This ends the discussion of supergravity as the gauge theory of the graded Poincare 

group. Supergravity however was originally derived from a fermionic gauge principle and 

this we would like to discuss now. We have seen already that the spin-~ field lj!: is 

the gauge field of local supersymmetry. If one considers the linearized (quadratic) 

part of the supergravi ty Lagrangian given in ( 13) this is invariant under two separate 

(abelian) gauge transformations 

J~.}A ;Jr<=- (14) 

~ Jrv r v = d l ~ r,., -- ·tt r") ·:::. d f" <s"' -r d\J 'tr (15) 

as well as under a global supersymmetry rotation 

(16) 
) 

At the coupled level the transformations (14) and (16) combine into an irreducible non-

abelian symmetry olJ! = n e 
)J )J 

This is entirely analogous to the local Yang-Mills 

transformation 
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which also in the free case splits into an abelian group transformation and a global 

Yang-Mills rotation. Eq.(14) is the gauge invariance of the free massless Rarita

Schwinger Lagrangian. Supergravity can be regarded as an extension of this gauge 

principle to a fully interacting theory. Because of this gauge invariance consistency 

requirements imply that wa must be coupled to a conserved spinor current Ja(3µJa = 0). ·µ µ µ 
This implies supersymmetry - on the other hand it is knmm that under a supersyrnmetry 

variation the spinor symmetry current transforms into the stress tensor T Hence the 
µ\! 

~~Jpa coupling requires at the same time the gp\!T\J\! coupling and therefore gravitation! 

The final theory derived by this footsteps procedure reproduces again the supergravity 

Lagrangian as given by Eq.(13). 

3. ALGEBRAIC STRUCTURE AND ITS RELATION TO SUPERSPACE 

In the last year a significant progress has been made in the understanding of the gauge 

structure of supergravity. The previous formulations were in fact missing an important 

point, which we shall describe now. As is well known, supersymmetry requires the same 

number of bosonic and fermionic degrees of freedom on-mass shell as well as off-mass shell. 

This was not the case in the description of supergravity in terms of the vierbein and 

Rarita-Schwinger fields. These fields describe the same number of states on-mass shell 

(two heli city states both for gr a vi ton and gr a vi ti no) but off-mass shell e has 16-10 ap 
(gauge invariances) = 6 degrees of freedom, while ¢a has 16-4 (gauge invariances) = 12 

p 
degrees of freedom. Six bosonic degrees of freedom are missing. These are the minimal 

sets of auxiliary fields of supergravity 6 ) 

A (axial vector), S (scalar) and P (pseudoscalar) 
µ 

The complete gauge multiplet is now 

( .eC{r > ·tr-" ) 
Ao, 

) 
SI 

_) 
J:) 

and the supergravity Lagrangian now reads 

N~v<t 

IS(~ j/s·c .... + ..e (A: S 2 -fz.) '.:: -
3 

The vierbein variation is unchanged, while the new spin-~ variation is obtained by the 

replacement 

Moreover the variations of the new fields A , S, P are proportional to the ¢a field 
p p 

equations. La "seule raison d'etre" of the auxiliary fields is to make the algebra of 

local supprsymmetry a cJosPd aJ.!':ebr'L This Bchi evPmPnt has thP Pnormous advantagP that 

allows the introduction of a tensor calculus 7 ) and supergravity can be treated just as 

(17) 

(18) 
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another gauge theory. After the introduction of the auxiliary fields we can study in a 

model-independent way the composition rule of the gauge algebra and make contact with the 

superspace formulation of supergravi ty 8 l-9 ). 

JJ( ) a( ) ,ab(x) f d. t If we denote by E; x , :.. x , A the parameters o general co-or ina es, local 

supersymmetry and local Lorentz transformations, respectively, then the composition Jaw 

goes as follows: 

/\ Cd... ·'\ <... h . .., .r . u 1., 1 _ ·-:- "" A "'{) 2 " 'i · 

A:i... ""i. t ~:i.Jf).L t; Lc;.1E:il-'-~ t- 3 E:i.IJ (S-·6's-P)£.!.J 

c '.l L) (19 

Here Cl]Jab ( P ,~.J ,A) uJ b(e,iJi) - i' .l\c is a modified sPin connection. ]Ja · 3 ]Jabc 

According to Ref.9 we can now deduce the composition rule in superspace lO) xµ, 80: 

Ly comparing table (19) with the composition rule of general co-ordinates (t;/\(x,8)) and 

local Lorentz (sab(x,8)) variations in superspace. This composition rule is 

, /\ ~TiJ )A - <(' (_ i c--" i. ) ~ 1 )..(x,6) ·- t- ~ L :l. - -2. Tl e> \ 

nb 
~ l'i 3. <c ,,i:, / <~C t <.. b cl-t (x) e) = t- t.:i i t" 

-~ ~ <.':'J - (_ 1. ('..,,--> 2. ) . (20) 
·2 TT i . 1 2. 

Here greek indices refer to curved ~rnpcnqincc indices and la tin indices to flat supers pace 

indices. 'l'he extra term in ( 20) is due to the fact that the superparameters can be field

dependent and o means variations of the fields inside the parameter. 

After identi fi cation of the lowest e component 

cih 

) 
<c (.x G;:o) .. 

J 
(21) 

with the para.meters over Minkowski space-time, compatibility of tables ( 19) and ( 20) enable 

us to reconstruct al1 higher 8 components in terms of the 8 = 0 components and of the 

fields appearing in the gauge supermultiplet (Eq.(17)). This construction applies for any 

superfield quantity. For example, the supervierbein ~(x,8) can be reconstructed after 

identification of the lowest 8 components along "horizontal" vector directions with the 

vierbein and Rarita-Schwinger fields 
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) 
(22) 

It is important to remark that compatibility of the transformation laws of the super

vierbein with tl:lose of the gauge multiplet not only determines the higher e components 

but also gives the lowest components along "horizontal" spinorial directions 

) 
(23) 

These directions do not have an analogue over Minkowski space. They correspond to the fact 

that spinors in superspace live, unlike ordinary space, both in the basic manifold as well 

as in the tangent space. The determination of the superspace quantities in terms of gauge 

fields over Minkowski space corresponds to a choice of a specific set of constraints in 

the superspace geometry. These constraints state that some components of the supertorsion 

vanish or are constant. This allows us to express the supervierbein in terms of a 
11 t • 11 f, 1 11 ) '12 ) , , prepoten ial , an axial-vector super ie d , which therefore is a solution of these 

constraints. Finally a further gauge choice in superspace, the so-called Wess-Zumino gauge, 

allows us to express this prepotential in terms of the five fields of the gauge supermultiplet. 

* * * * * 
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THE ULTRA-VIOLET DIVERGENCES OF SUPERFIELD SUPERGRAVITY 

J. G. TAYLOR 

Department of Mathematics, King's College London, England 

ABSTRACT 

After a brief review of the attempts at obtaining finite 
answers for superunified theories in which gravity is 
included with the other forces of nature, we turn to a 
careful discussion of the use of supersymmetry to achieve 
ultra-violet divergence cancellations. We present a 
superfield description of supergravity following as close 
as possible the analogy of Yang-Mills globally super
symmetric quantum field theories. The constraints 
required to avoid having spin 3 or 5/2 particles are 
presented and their use and solution to avoid these higher 
spins particles is described. A suitable lagrangian and 
the steps in the field quantisation are then discussed with 
ultra-violet divergence counting being done for an arbitrary 
supergraph. We find that superfields do not achieve the 
hoped-for ultra-violet divergence cancellations for non
extended supergravity, the level of divergence being as for 
ordinary gravity. A brief argument is presented that 
extended supergravity should have better ultra-violet 
divergence cancellation properties and a conjectured power 
counting law is given for that. 

969 

We have heard a lot at this Conference about the possibility of obtaining a unified 

theory of all of the forces of nature, that is both electroweak and strong and including 

gravity. Indeed the grand unified models of electroweak and strong interactions require 

a unification mass which is not many orders of magnitude below the Planck mass of l019Gev. 

Thus grand unification already brings us perilously close to having gravity thrust upon us 

and its subsequent quantisation. 

There have been many attempts in the past to quantise gravity, but so far all of these 

attempts have failed. The basic problem that is presented in quantum gravity, besides 

various detailed questions of operator ordering, of the various possible quantisation 

schemes, etc. is that since matter (and gravity itself) is coupled through the energy 

momentum tensor to the gravitational field that there is always a derivative coupling 

between gravity and other fields and a self-interaction of gravity with itself. This 

derivative interaction goes like two powers of a momentum at the vertex being considered 

and produces an ultra-violet divergence which, for a general graph with L internal loop 

momenta, has divergence degree 2 (L + 1). In other words quantum gravity is non-

renormalisable in the perturbation theoretic sense that there are too many infinities to 

absorb them all in changes of masses and coupling constants (in this case purely the 

Newtonian constant G of the particles involved. 

t'Hooft and Veltman l) showed that at least for one loop, pure gravity has a finite 
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8-matrix. This was proved by the crucial use of field equations. In subsequent years 

attempts were made to discover forms of matter that would still keep finiteness of the one-

2) 
loop 8-matrix element but were unsuccessful . 

It was not till the development of supersynunetry 3 l and the discovery that through 

supersynunetry ultra-violet divergences were reduced in virulence 4 l that hope rose of 

finding suitable matter interactions for which the 1-loop gravitational 8-matrix elements 

would then be finite. This was achieved through the remarkable idea of supergravity 5 l 

which is the locally supersynrrnetric theory of gravity. This theory was shown to have 

finite 1-loop 8-matrix elements 6) by 

7) 

remarkable cancellations occurring, and even to have 

finite 2-loop 8-matrix elements However this magnificent progress ceased when 3-loop 

counter terms were written down which did not vanish on mass shell and which showed that 

there could well be infinite 8-matrix elements at the third and higher loop order S) 

In the meantime the ultra-violet divergence cancellation mechanism was being better 

. b . h . 9 l h" h h understood in global supersynunetry y the use of superfield tee niques w ic , w en 

applied to the globally supersynunetric ¢4 theory allowed a proof of ultra-violet divergence 

l . t . t 11 d lO) ame_iora ion o a ___ or ers . With this in mind it seems appropriate to attempt to 

understand whether a superfield theory of supergravity will allow a more complete analysis 

of the higher loop divergences in the 8-matrix elements and possibly show that the coefficients 

. 8) . 
of these higher loop terms that were suggested are in fact zero. That is the purpose 

of this talk. 

It might be appropriate to say at this point that a super-Riemannian theory developed 

11) 
by Arnowitt and Nath as the simplest supersynunetric extension of Einsteinian gravity 

12) was proved to be finite in all orders of perturbation theory. However this theory 

seems to contain unphysical aspects such as ghosts and singular processes and 

hence it would not appear to be appropriate as a candidate for a superunified theory. 

A superfield theory of supergravity at the classical level has been constructed in 

terms of the differential geometry of a supermanifold 13 ) that is, of a set of points (x,e) 

where x are the usual four spacetime coordinates and e are anti-commuting coordinates 

representing a four-component Majorana spinor. In terms of this differential geometry it 

is possible to construct a superfield theory of supergravity in a geometric form and this 

t t d · · 11 b \T d Zumi· no 13 ) was s ar e origina y y "ess an 

attacked this problem in much more 

achtbein E M and a superconnection 
A 

detail 14 ) 15 ) · 

Members of various groups have since 

They all use the basic ideas of an 

c 
4

AR 
However these superfields contain component 

fields of spins 3 and 5~ as well as possible spin 2 graviton spin 3Q gravitino and other 
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lower spin fields. It is necessary therefore to impose constraints of a geometric form to 

remove these higher spin fields. 

Two approaches have been followed to discover the constraints which are appropriate. 

The first one of these may be called the torsion constraints approach 14 ) which imposes 

suitable conditions on components of the torsion from which the components of the complete 

curvature tensor may be contained by the use of Bianchi identities. An alternative 

approach has been to mirror supergravity by analogy with Yang-Mills theories for which a 

f . ld d . . b . l6) rm,. ' • • super ie escr1pt1on has een given . i11e Yang-Mills constraints can then be solved 

explicitly and a quantisation programme proceeded with. The two approaches may also then 

17) by shown to be equivalent 

It is then important to discuss the dynamics of the theory in terms of the lagrangian. 

This is taken to be the simplest possibility which is the volume of the supermanifold, 

det EM as suggested by Wess and Zumino 14 ). 
A 

The solution to the constraints equations in the Yang-Mills form can be shown to 

depend completely on an 8 vector prepotential JA, whose bose component ~ contains the 

graviton. It is necessary to analyse the quadratic dependence of the lagrangian on J4 
to be sure that the field content is correctly that of supergravity; this has been done by 

various groups 14 ) 15 ) 17 ) 18 ). In particular the Yang-Mills constraint approach has been 

shown 18 ) to reduce to the set of fields comprising the graviton spin 2, the gravitino of 

spin 3~ and the auxiliary fields first introduced by Breitenlohner 19 ). 

We now turn to the quantisation problem. Having expressed the achtbein EM 
A 

and 

superconnection c 
cJlAB in terms of the prepotential J4 it is necessary to perform the 

following steps as usual ones in the quantisation of a gauge field: 

a) fix the gauge for the supercoordinate transformation (under which the theory is 

invariant) as well as that for local Lorentz transformations (if working with torsion 

constraints) ; 

b) calculate the propagators and ghost propagators by inverting the differential operators 

which are the coefficients of the quadratic terms in J4 in 
M 

det EA ; 

c) calculate the vertices including the ghost vertices by expanding the determinant in a 

power series if1. 
' 

d) discuss the ultra-violet divergences of the resulting expressions using the cancellation 

h . 10) h" h . . . . . . mec anism w ic limits the powers of 8 variables that can arise in a given graph. 

Steps a) and b) have been 

20) 2 J) • approaches whilst 

taken in both the torsion constraints and Yang-Mills constraints 

only in the latter approach have the remaining steps been taken20 ). 
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· 20 l · h f d. f The results of the power counting is t at the degree o ivergence or a subset of 

graphs has been shown to be increasing exactly as in the pure gravity case with no super-

field cancellation mechanism; that is that the degree of divergence behaves as 21, where 

L is the loop number. This indicates that ordinary superfield supergravity is not 

renormalisable. 

This is very disappointing but we may well ask about the possibility of extended 

supergravity (which involves more e variables than one Majorana spinor). Indeed we might 

expect that this will have a better ultra-violet divergence behaviour, due to the fact that 

the cancellation mechanism will be even more efficient than before. Such does indeed seem 

to be the case and if we suppose that there are N Majorana spinors the analogue of the 

divergence counting for the unextended superfield supergravity case gives the degree of 

divergence d 

d = E + (4 - 2N) x L 

We see that for N greater than or equal to 2 the divergence degree of an arbitrary 

diagram no longer increases with the loop number L. This indicates that the theory of 

extended supergravity may well be renormalisable for such values of N. We must make clear 

that only the case N = 1 has been analysed in some detail and only that case has been 

proven to be non-renormalisable. It is necessary to perform a similar analysis for N 

greater than 1 to show that the above conjecture that N greater than 2 is renormalisable is 

indeed correct. That work is presently proceeding, involving extending the Yang-Mills 

constraints to higher N and work on this will be reported elsewhere. 

We conclude that pure superfield supergravity is not a renormalisable theory, at least 

according to the most developed methods of achieving ultra-violet divergence cancellations. 

There is hope that extended supergravity will be renormalisable and that shortly a sensible 

theory including matter will be accessible to us. It is not however clear that such a 

theory will be satisfactory as far as superunification is concerned, due to the supposed 

maximal value of N equal to 8 without the inclusion of higher spin fields. This is a 

problem which is presently under active discussion; in any way forward it will be 

necessary to use the criterion for renormalisability as singling out those theories which 

are sensible from those which nature would have found it not possible to have used. 

* * * 
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SUl\1\1ARY OF 1HE MOST SIGNIFICJ\i\JT RESULTS 

REPORTED IN THIS SESSION 

H. Joos 
DESY, Hamburg, Fed. Rep. Gennany 

1. !!}.!!:2~~S!!2!}. to the problem of quark confinement (H. Joos). 

2. ~9:!!!S~_9:l.?l2I2~!JI19:!!2!}. with contributions by: 
J.M. Drouffe (G. Parisi, N. Sourlas): Lattice gauge theories at large dimensions. 

A. Patkos (P. Rujan): Mean disorder field approximations in lattice systems. 

3. ~!9:~~!~9:!_~2!~!!2~~i __ Y9:~~1:!1!1-~!I~S!~I~ 
A. Cho<los: Search for conserved quantities in non-Abelian gauge theories. 

H.B. Nielsen: Upper bounds on the MIT-bag constant; vacuum structure of QCD. 

4. r~£!}.2JI1~~2!2g!~9:!_!1.!lr!!!S9:!!2!}.~_g~_9~9:It_~2!}.f!!}.~JI1£~! 
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L. Okun' : Report on the application of sum rules to qq, cc, bb and glueball systems. 

J. L. Rosner: Flavour independence of the quarkonitun potential. 

J. Rafelski (R.D. Viollier): Tests of QCD with heavy quark bow1d states. 

J. Stern (J. Gasser, H. Leutwyler, J. Jersak): Spin dependence of the confining 

potential. 
D. Flamm: Schrodinger approach to strongly bound quarks. 

C.B. Chiu: Perturbative QCD and the finite range confinement criteria. 

B. Schroer: Screening and confinement in two-dimensional models. 

II. EVALUATION 

The main points of the discussion were 

(a) The magnitude of the string constant, a, or the bag constant B, respectively. 

The value of the MIT-bag B = (145 MeV) 4 differs from the ITEP estimate B = (GeV/4) 4 

by nearly a factor of 10. TI1e ITEP value seems more consistent with a string constant 

of the conventional magnitude a~ 0.8 GeV/c. 

(b) The question if the confinement schemes imply the existence of glueballs. Glueballs 

with a mass between 0.5 GeV and 1 GeV would fit in best in nearly all schemes. 

'llie report by Oktu1' on the work of the ITEP Group (Moscow) was generally considered as a very 

important contribution to the discussion of these, and other questions. Also Nielsen work is 

important for the judgement on the value of the bag constant, which is an important parameter 

characterizing the confining vacuum structure. 

The method of considering the strong coupling approximation to lattice gauge theories by sys

tematic expansions with respect to space-time dimension~ (J.M. Drouffe et al.) opens a very 

interesting approach for the solution of the confinement problem along K. Wilson's line. Be

sides the investigations on the exact (dense) instanton gas (V.A. Fateev, I.V. Frolov, 

A.S. Schwarz - ITEP preprint; and B. Berg, M. Lilscher) -- which was not represented at this 

conference -- I consider this 1/d expansion of lattice gauge theories the most important 

recent development in the field. 
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