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FOREWORD 

The fifth Moriond Workshop of the XXth Rencontres de Moriond was 
held at La Plagne, Savoie, {France) from January 13 to January 19, 1985. 

The main purpose of the Rencontres de Moriond is to discuss recent 
developments in contemporary physics and also to promote effective 
collaboration between experimentalists and theorists in similar fields. By 
bringing together a relatively small number of participants, we hope to 
develop better humain rel�tions as well as a more thorough and detailed 
discussion of the contributions in an informal and friendly atmosphere. 

The first workshop ( 1981) was devoted to Lepton pair production, 
the second one ( 1982) to New flavour production, the third one ( 1983) w 
Antiproton-proton physics and the W discovery and the fourth one 
( 1984) to massive neutrinos and their implication in astrophysics and 
particle physics. This year, we focus the workshop on heavy quark 
production and decay properties, flavour mixing and CP violation. It is 
hoped that this confrontation of ideas between experimentalists and 
theorists in this rapidly evolving field allows to deepen our knowledge of 
the basic structure of matter. 

I would like to thank the program committee members : IC Berkelman, 
J D. Bjorken, J. Dorfan, G. Kalmus and especially the coordinators : 

L. Montanet, L. Oliver and E. Paschos for the hard work of organizing and 
preparing the scientific program and the conference secretaries J. Boratav, 
L. Norry, A. Pottier and Le Van Suu who have devoted much of their time 
and energy to the success of the fifth M«iond Workshop. 

I am also grateful to Ms N. Pascualena who contributed through her 
hospitality and cooperation to the well-being of the participants, enabling 
them to work in a relaxed atmosphere. 

J. Tran Thanh Van 
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UPSILON SPECTROSCOPY 

Terrence Jensen 
Department of Physics 

The Ohio State University 
Co l umbus, Ohio 43210 

Abstract 

1 1  

Recent resu l ts on bb spectroscopy are presented. Searches by the CLEO 
co l l aboration for the inc l usive decay T(lS) + 7X and the exc l usive decay T(lS) 
+ 7r•r- are discussed, and upper l imits for these processes are presented . 
Evidence from CLEO and CUSB for the production of T(5S) and T(6S) resonances in 
e•e- col l isions is presented . 
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Introduction 

In this report, I discuss recent deve l opments in bb spectroscopy, with 
emphasis on resu l ts obtained by the CLEO co l l aboration at the Cornel l E l ectron 
Storage Ring (CESR). 

The l eve l diagram for the bb system is shown in Fig . 1. As indicated, a 
number of 7 and 2K transitions among the bound states are predicted . Many of 
these transitions have been observed, and their measured properties found to be 
in fairly good agreement with theoretica l expectations .11 In Fig. 2 the 3s1 
states are observed as resonances in the tota l cross section for e+e- � 
hadrons . The widths of the first three resonances are determined by the spread 
in beam energies, whereas the fourth resonance, above the thresho l d  for BS 
production, is noticab l y  broader . The study of B decay is a separate subject 
which wil l be discussed later in this conference by my co l l eague T .  Genti l e .  

The past year has seen l itt l e  new 
information on the bound state 
spectroscopy; rather, the resu l ts 
presented be l ow have come from the two 
extremes of the spectrum . At the l ow 
end there has been much interest 
concerning the possib l e  existence of a 
radiative transition from the T(lS) to a 
narrow state at 8.3 GeV. The second 
topic concerns the recent observations 
by the CLEO and CUSB groups of new 
structure above the BS thresho l d .  

Fig . 1. Energy l eve l s  for the bb system 
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Fig . 2 .  The cross section for e+e- +hadrons i n  the upsilon energy range. 

Search for Photon Transitions from the T (lS) 

Much excitement was generated l ast summer when the Crystal Bal I group 
reported evidence for a radiative decay, T (lS) + 7�, with the following 
properties : 2l 

E7 = (1071•8•21) MeV 
M� = (8322•8•24) MeV 
r < 80 MeV 
BlT (lS) + 7�] = (0 . 47•0 . ll•0.26)1 . 

The possibility that this was the l ong sought Higgs particle made it very 
desirab l e  to seek confirmation of this resu l t .  Hence, CESR operated at the 
T (lS) energy from August to November 1984 . 

13 

The CLEO detector, shqwn in Fig .3 ,  is not optimized for photon detection . 
The shower counters, composed of lead and proportional tubes, have energy 
resolution 6E/E = 171/�E . Therefore, we decided to insert a lOI lead converter 
between the vertex detector and the inner drift chamber, and use the drift 
chamber in the 1 .0 Tes l a  magnetic fie l d  as a pair spectrometer . Using this 
technique, we achieve very good energy resolution (6E/E = 1.41 for a 1 GeV 
photon), but pay in terms of efficiency (2 . 51 after accounting for geometrica l 
acceptance, reconstruction efficiency , and cuts to eliminate background ) .  

Prel iminary resu l ts from 308,000 hadronic events are shown in Fig. 4 .  We 
have fit the spectrum to a smooth background plus a Gaussian with a mean fixed 
at the value reported by Crysta l Ba l l 2l , and a width determined by our energy 



14 

reso l ution . This yie l ds llzl5 events for a 9� C .  L.  upper l imit of 
B[T(lS) + 7�] < 0 . 45� . Unfortunate l y ,  this does not provide a very restrictive 
test of the Crysta l Ba l l  resu l t .  

I f  the � were a Higgs, some mode l s3 ]  wou l d  predict a large branching ratio 
for � + r+r- . CLEO has searched for this signature by se l ecting events 
consistent with being a two-pronged r-pair p l us an associated photon . In order 
to reduce background, we required that one of the charged partic l es be 
identified as a muon, that the tota l charged energy be l ess than 8 . 0 GeV, and 
that at l east one track -have momentum l ess than 3 . 5  GeV/c . In these candidate 
events we searched for photons in the shower counters , l imiting our search to 
regions away from charged-track trajectories, and e l iminating photons which 
matched with another photon to form a �0• App l ication of additiona l cuts to 
e l iminate background f rom initia l -state and fina l -state radiation and f rom 
cosmic rays reduced the overa l l  efficiency to -11. From 202,000 resonant T(lS) 
decays we have observed two events which cou l d  be consistent with the decay 
T(lS) + 7�(8 .3) + 7r•r- . The first of these events has a photon energy of 752 
MeV and the other has a photon energy of 1070 MeV . The prel iminary resu l t  of 
this ana l ysis is a 90ll C .  L. upper l imit for the product branching ratio 
B[T(lS) + 7�(8 . 3) + 7r+r- ] < 0 . 31 .  Once again, this is not restrictive enough 
to be in contradiction with the origina l signa l reported by Crysta l Ba l l .  

These searches by the CLEO group have suffered from l ow efficiency . By 
contrast, the CUSB detector ,  composed of sodium iodide and BGO crysta l s, has 
rel ative l y  good efficiency and reso l ution for photon detection . P .  Franzini 
wi l l  report l ater at this conference on a more sensitive test of the Crysta l 
Ba l I resu l t .41 

100 

z 
iii 80 
> iE ffi 60 
.. � 40 
g � 20 

700 800 9001000 2000 3000 
PHOTON ENERGY (M1V) 

FIG . 3 .  End View of the CLEO detector .  Fig . 4 .  Inc l usive photon spectrum for 
T(lS) decays. (CLEO, prel iminary) 
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New Structure Above BS Thresho l d  

F i gure 2 shows the cross sect i on for e•e- + hadrons i n  the ups i l on reg i on 
as i t  was known a l i tt l e  over a year ago . S i nce that t i me CLEO has co l l ected 
70 pb-1 , and CUSB 123 pb- l of data i n  the energy range 10 . 6  < W < 11.25 GeV . 
The resu l ts5•6] of th i s  scan are presented i n  F i gure 5 i n  terms of the var i ab l e  
R = u (e+e- + hadrons)/u (for the CUSB data , R . "b l  , wh i ch i s  not corrected µ.µ. VISI e 
for eff i c i ency, i s  p l otted) . The sca l es for these p l ots are qu i te d i fferent 
from those of F i g .  2 .  The T (4S) i s  now the promi nent feature fol l owed by 
add i t i ona l w i gg l es at h i gher energ i es .  The two data samp l es show s i m i l ar 
features : a shou l der just above the T (4S), a prom i nent bump near 10 . 9  GeV, and 
i nd i cati ons of another bump near 11 .0  GeV (the l atter bei ng l ess prom i nent i n  
the CUSB data) . 

From exper i ences i n  the charm sector71 , i t  i s  expected that the 
i nterpretat i on of th i s  structure wi I I  be very comp l i cated . Potent i a l  mode l s  
pred i ct that severa l S-state resonances w i  I I  appear i n  th i s  energy range.81 

( a) 

+ 
6.0 

I 3.2 ( b) 
5.5 

3.0 
a: 

5.0 "'2.8 -' ., u; > 

i+Y 0:: 2.6 

4.5 

2.4 

I J 
10.5 10.7 10.9 II.I 10.6 10.8 11.0 11.2 

CENTER OF MASS ENERGY (GeVJ W(GeV) 

F i g .  5 .  (a) Corrected R (uh d/u ) versus center of mass energy as measured by 
CLEO . . (�) Rvis versus centeP ofl'�ass energy as measured by CUSB. See text for 
descr 1 pt1on or curves . 
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However, pred i cti ons for the masses and l epton i c  w i dths o f  these resonances are 
not stra i ghtforward . It i s  genera l l y agreed that there wi I I be mass sh i fts 
caused by coup l ed-channe l effects above the BB thresho l d . 9 ]  The magn i tude of 
these sh i fts w i l l  be i nf l uenced by S-D m i x i ng as wel I as thresho l ds for B* , 
BsBs and BB + n� product i on .  As w i l l  be d i scussed be l ow, there i s  l i tt l e  
exper i menta l i nformati on regard i ng these thresho l ds. In add i t i on ,  there has 
recent l y  been specu l at i onlO ] concern i ng m i x i ng of bb and bbg states . 

In f i tti ng the data , two d i fferent approaches have been fo l l owed . One 
method is to s i mp l y  f i t  the structure to severa l Gauss i ans p l us a cont i nuum 
background. A more deta i l ed f i t requ i res pred i cti ons from a spec i f i c mode l . 

Owi ng to the l i m i ted stat i st i cs and l ack of exper i menta l i nformat i on on 
thresho l ds for h i gher mass B meson states, CLEO has chosen the f i rst method for 
extract i ng i nformati on on th i s  new structure . 5 ]  We have corrected the hadron i c  
cross sect i on by extrapo l ati ng the cont i nuum l evel be l ow the T (4S) to the 
reg i on above it and app l y i ng the 2-jet eff i c i ency (80•21) for th i s  l eve l . The 
excess was then corrected by us i ng the BB eff i c i ency (91•21) ca l c u l ated at the 
T (4S) . We have f i t  the data between 10 . 5  GeV and 11 . 1  GeV to four Gauss i ans 
w ith rad i ati ve ta i l s11l and a s i ng l e  step i n  R. Data above 11 . 1  GeV have been 
exc l uded from the f i t. The sharp r i se i n  tota l cross section at th i s  energy 
fo l l owed by a l eve l i ng off may be due to the onset of BB + n� producti on. The 
resu l ts of the f i t  are p l otted over the data i n  F i g .  5 (a), and the parameters 
for the resonances are d i sp l ayed i n  Tab l e  I .  The l epton i c  w i dth i s  ca l cu l ated 
from the i ntegrated hadron i c  cross sect i on i n  the standard manner, 
fee = (M2/6�2)JdEahad" The rather l arge systemat i c  errors i n  these wi dths are 
a resu l t  of the i nsens i t i v i ty of the f i t  to the l evel of cont i nuum background. 

TABLE I. The parameters measured by CLEO for the four rad i ati ve Gauss i ans shown 
i n  F i g .  5 (a). 

Resonance Mass (GeV) f (MeV) r (keV) ee 
T(4S) 10.5775 * 0 . 0007 * 0.004 20 * 2 * 4 0.192 * 0.007 * 0 . 038 

10.684 * 0 . 010 * 0 . 008 131 * 27 * 23 0.20 * 0.05 * 0 . 10 
T (5S) 10 . 868 * 0 . 006 * 0 . 005 112 * 17 * 23 0 . 22 * 0.05 * 0.07 
T (6S) 11 . 019 * 0 . 005 * 0 . 007 61 * 13 * 22 0 . 095 * 0 . 03 * 0.035 

The CUSB group has used a coup l ed-channe l model to fit their data . 61 They 
assume that the tr i p l et S-wave states (4S, 5S , 6S, 7S) decay most l y  i nto BB, BB* + 
B*B, B*B* , B B  , B B* + B*B , and B*B* channe l s .  I n  add i t i on ,  they account s s s s s s s s 
for BB + n� product i on by add i ng a smooth step i n  R .  Esti mates for the var i ous 
thresho l ds are taken from theoret i ca l  pred i cti ons . 8•121 The resu l ts of the f i t  
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are shown superimposed on the data in Fig. 5(b), and broken down according to 
the different contributions in Fig. 6. Table II gives the measured properties 
of the T(4S), T(5S), and T(6S) resonances. These parameters are in fa�rly good 
agreement with the results obtained by CLEO. The shoulder above the T(4S) is 
found by CUSB to be due primarily to production of excited B mesons. From the 
inclusive photon spectrum, CUSB has found evidence for B* production at a mass 
difference M8•-Ms = 50 Mev.131 

TABLE II. Summary of resonance properties as measured 

Resonance Mass (GeV) r (MeV) 

T(45) 10.5774 * 0.001 25 * 2.5 
T(5S) 10.845 * 0.020 110 * 15 
T(6S) 11.02 * 0.03 90 * 20 

Fig. 6. (a) Contributions of the four 
T's to R for two-body decays. 
(b) Contribution to R from B mesons w (solid curve) and strange B mesons ffi (dashed curve). Arrows indica�e w 
threshol�s· Bn(l0.545 GeV), an (10.600 � 
GeV), B � (10.655 GeV), � n (10.751 � 
GeV), B n (10.801 GeV), s*n tla.851 
GeV) . s s s s 

0.7 

0.5 

0.2 

0.1 

by CUSB. 

r (keV) ee 
0.283 * 0.037 
0.365 * 0.070 
0.156 * 0.040 

-- 45 

----- 55 
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-·-·-
75 

10.8 11.0 

W(GeV) 

(a) 

(b) 

11.2 



18 

So far it has not been possible to fully reconstruct a significant number 
of final states containing B mesons.141 Therefore, one must turn to other 
methods to unravel the structure. Figure 7 shows the average charged 
multiplicity as a function of center of mass energy. The first point on this 
plot is from the continuum below the T(4S). The difference in average 
multiplicity above the T(4S) relative to below the T(4S) is consistent with the 
excess hadronic cross section above the T(4S) being dominated by B meson 
production. However, with the limited statistics it is not possible to say 
whether we have crossed a threshold for BB + n� production. 

Another tool for determining the general nature of the final state is the 
event shape, which can be quantified, for example, in terms of the Fox-Wolfram 
variable15l, R2 (=H2/Ho> . Figure 8 shows the cross section ratio, R, for those 
events satisfying R2 < 0.3. This emphasizes spherical events expected for 
production of B mesons near threshold. Comparing with Fig. 5, we observe the 
same general structure, again suggesting that the excess hadronic production 
could be due to B meson decay. 

7.6 

>-I-u 7.4 :J a.. 
5 :::> ::E 
0 7.2 .... C> 0: <( :c � 
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• 

t 
� I 11 ! ! / +! I 111 

ti +tf t\ ft t tt ft+ t #f t 

10.5 10.7 10.9 II.I 

CENTER OF MASS ENERGY (GeVI 

Fig. 7 .  Average observed charged 
multiplicity versus center of 
Mss energy. 
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r 

Fig. 8. Corrected R versus center of 
11111ss energy for events with R2<0.3. 
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The CLEO detector has good efficiency for identifying electrons and 
muons.161 In Fig. 9 we show the measured contribution to R from events 
containing a high energy lepton. For this plot we have chosen spherical events 
(R2 < 0. 3) , and selected electrons with momenta greater than 1.0 GeV/c and 
muons with momenta greater than 1.2 GeV/c. The curve is of the same shape 
shown in Fig. 5(a), normalized to the height of the T(4S). The data follow the 
curve quite well, indicating that the decay products of the higher mass 
structure have semileptonic branching ratios comparable to those of the B 
meson. 

The threshold for BsBs production is also expected to lie in this energy 
range. As evidence for Bs production, CLEO has looked for increases in the 
yields of K, A, �. and F particles as a function of center of mass energy. 
Unfortunately, the efficiency for identifying these particles was too small to 
enable us to make a significant measurement . 

Fig. 9 .  Visible R for inclusive 
electron and muon production versus 
center of mass energy. The curve is 
the same as in Fig. S(a) normalized to 
the height of the T(4S). 
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The subject of radiative transitions from the T(lS) remains somewhat 
controversial. The CLEO group sees no evidence for the �(8 . 3),  but the upper 
limit does not exclude the original measurement by Crystal Ball. New results 
from CUSB are eagerly awaited. 

Rich new structure above the BB threshold has been observed by CLEO and 
CUSB. The interpretation of the data is complicated by model dependent 
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parameters, but there is fair agreement on the existence of two new resonances, 
the T(5S) and T(6S). To make further progress in understanding this structure, 
higher statistics 'nd better particle identification are required. Ongoing 
improvements to both the CLEO and CUSS detectors and to the CESR machine should 
make this possible in the near future. 

These improvements should also aid in better understanding the bound-state 
spectroscopy. Notable gaps in the experimental knowledge are the properties of 
the singlet S states and the singlet P states. 
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We have have observed production of monoch romat i c  low energy photons in  
e+ e- hadronic annihilations between 1 0. 6  and 1 1 . 2  GeV. This signal is associated 
with product ion of b-flavore d  mesons and gives the first experimental evidence 
for the existence of vector bu,  bd mesons , s*. The s*-s mass difference is 
52±2±4 MeV. 

The di scovery of the r • s1 l , bound states of a b  quark and ab anti quar k ,  

s uggests the exi stence o f  (bu) , (bd) etc. mesons. These states , called B mesons, 

were first proved to exist by the CUSS and CLEO collaborations through the 

observation of their  semileptonic decays2l . More recently CLEO has observed a 

few examples of no n-leptoni c  B decays3 ) . 

While  the mass of the lowest 8 meson cannot be accurately predicted,  it 

should be of the o rder of MT "' /2 o r  about 5. 2 GeV. Heavy-l ight qq states in 

s-waves can have J= O ( spi n s i nglet , pseudoscalar mesons )  or J=1 (spi n triplet , 

vector mesons ) .  For 8-mesons , j ust as for strange and charmed mesons , the 

pseudoscalar state , B ,  is expected to be the lightest.  The vector state , s*, was 
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predi cted several years ago to be �50 MeV heavier than the B4 l . For such small 

value for �M�MB* -MB we expect the B* to decay dominantly ( >>99%)  according to 

B*+B+Y ,  with a photon energy , in the B* rest f rame , given by (MB
*2 -MB

2 )/ ( 2xMB ) 

0 . 9 95x�M. 

The CUSB collaboration has repo rted sometime ago5 )  negative results in a 

search for monochromat i c  photons of 30<E y<90 MeV in a large sample of T ' " 

decays . This result impl ies that BR(T 1 1 1 +BB)?:95% and conf i rms that the mesons 
* reconstructed by CLEO are indeed B's rathe r than B ' s. 

Recently a large amount of data was collected at CESR at energies above the 

T ' ". The cross section for e + e -+hadrons shows compl i cated structure above the 

b-flavor threshold6 , 7 ) . A prominent peak is visible at 1 0. 85 GeV whi ch can be 

ident if ied as the fifth upsilon state , T ( 5S ) .  The increase in the 
e+e- annihilation cross section into hadrons above the threshold with respect to 

the value observed below has been proved to be due to the production of " f ree" 

bb quark pai rs .  A simple coupled channel cal culation8 l  explains quite well the 

shape of the cross section as observed by CUSB6l  and clearly and uniquely 

resolves the cont ri butions to the cross section f rom the decays of T ( 4S ) , T ( 5S)  

and T ( 6S) into the six  two-body final states: BB , BB* , B*B* , BsBs , BsBs
* and 

s5
*s3

* . Here 83 stands for (bS) mesons and the part i cle antipa rt i cl e  

distinction is  dropped for simpl i ci ty. In pa rti cular one f inds that 1 . 3  

B* mesons are produced in ave rage pe r b b  pai r  for 1 0 . 6<W< 1 1 . 2 GeV . While this 
* yield is large , the search for B mesons through the observation of a " l ine" in 

the inclusive photon spect rum f rom e+e- hadroni c  annihilations is very 

difficult.  This is due mostly to: 

i ) .  bb product ion i s  only �8% of the hadroni c cross section .  

i i ) .  B* produced in the ene rgy range 1 0.6<W< 1 1 . 2  GeV have momenta up to 500 

MeV , resulting in considerable Doppler smearing. 

i i i ) .  The eff i ci en cy and resolution degrade very rapidly for photon energies 

below 1 00 MeV . 

The f i rst evidence for a broad excess of photons a round 50 MeV was observed 

using low resolution and high effi ciency search codes on the data taken above 

threshold . No excess was instead found at the T"' nor below threshold.  Other 

search codes and B tagging means were developed , all showing a clear s i gnal f rom 

B* decay.  In the following I will concent rate mostly in proving that the 

observed photon s ignal is uniquely associated with bb pai r production above 

threshold employing different methods for enriching the bb contents of the 

analyzed sample . We can do this in three ways: 

i ) .  Thrust cuts can be used to enrich the bb contents of the sample . 

i i ) .  Choose selected regions in center of mass energy , corresponding 



to maximum a * 
production .  

i i i ). Tag B production by the presence o f  a high energy lepton (E>l.3 

GeV ) from B semileptonic decay9 ) . 
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F ig. la shows the inclusive photon spectrum for all hadronic annihilation 

events with W> 1 0 . 6  GeV , f itted with a third order polynomial plus a gaussian 

which is a good rapresentation of our experimental resolut ion folded with the 

doppler smearing due to the a* 
motion. The subtracted signal (i .e . data minus 

fitted polynomial ) is shown �n figure ld with the expected shape superimposed, 

showing very good agreement . The observed signal is 2 1 1 2±42 4  photons for a 

significance of 5 standard deviations . 

14000 

(/) z 
iii 
>-"' er "' z "' 
a'! Q ' (/) z 0 .... 0 :i:: c.. 

20 50 100 150 20 

(b) 

50 

300 

200 

100 150 20 

PHOTON ENERGY (MeV} 

(c} 

(f) 

50 

F igure 1 .  The inclusi ve photon spectrum from d ifferent data samples . 

100 

F i gures lb,  le and le, lf respectively show the signal for a thrust cut 

sample and for selected energy i ntervals. The results of applying these cuts are 

summari zed in table I .  In all three cases the qual ity of the fit is excellent 

and the fraction of observed photons is proportional to the amount of resonance 

production . Similar data sets from T'" decays and continuum annihilations below 

threshold do not show any excess above a third order polynomial fit . 

F igure 2a shows the inclusi ve photon spectrum from hadronic annihilation 

events at center of mass energies greater than 1 0 . 6  GeV containing an electron 

or muon of energy greater than 1 .3 GeV . Also shown is a composite sample of 

annihilations at the T"' peak plus continuum events with W<MT"' in order to 

d ilute the "free" bb pai r  contents to the level above threshold ,  with the same 

requirement about the presence of a lepton . The bb pai r  contents above threshold 
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is increased from =8% to =33% by the requirement that a high energy lepton be 

present but the number of events is reduced by almost a factor 1 0 . The photo n 

spectrum from data above the T"' again  shows a clear signal around 50 MeV , 

which is absent i n  the control sample . 

Figure 2b shows a bin by bin subtraction 

of the two spectra and a fit to the excess 

around 50 MeV with the computed resolution 

funct ion mentioned above . I n  this way we 

obtai n that the excess contai ns 1 23±28 
counts for a statisti cal significance of 

4 . 4  standard deviat ions . 

All photon spectra shown are plotted 

versus the observed photon energy in the 

detector . Several correction are required 

to obtai n the true photon energy , of which 

the largest ( = 1 5% )  is due to the i nact ive 

material between NaI layers i n  the 

detector . 

Table I gives a summary of the 

observed counts, the corrected fraction of 

observed photons per bb produced pai r  and 

the corrected mean photon energy for the 

four data samples discussed . 
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F igure 2. The i nclusive photon 
from lepton tagged hadronic 
annihilations .  

The f irst and last samples are essentially statistically i ndependent and 

therefore we have observed production of monochromatic photo ns with a 

signif icance of 6 . 6  standard deviations ,  which we i nter pret as evidence for 

production of exci ted B mesons , s*, i n  e+e- annihilations wi th 1 0 . 6<W< 1 1 . 2  GeV , 

followed by the decay s*�s+Y. These results also imply that 1 . 45±0 . 35 s* mesons 

per resonant events are produced i n  the above energy range, in good agreement 

with our couoled channel calculation. 

TABLE I 

All data T cut W sel . Lepton tag 

Nres 25, 1 00 20, 620 1 5,400 1 54 1  

Nres1Ntot 0 . 081 0. 1 49 0 . 158 0 . 51 

Ny 2 1 1 2±424 1 405±350 1 286±272 1 23±28 

Ny/Nres 0 . 08±0 . 02 0 . 07±0 . 02 0 . 08±0 . 02 0 . 08±0.02 

E y (MeV ) 51 . 6±1 . 7 4 9 . 1 ±2 . 0  50 . 5±1. 8  52 
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The signal , ei ther by thrust cuts , energy region select ion or lepton tag is 

clearly associated with production of bb pairs of sufficient energy to dress as 
B* mesons , reinforcing the above conclusion. The best value for the B*

-B mass 

di fference is 6M=52±2±4 MeV , in agreement wi th predictions . We conclude with a 

list of mass s quared differences for vector-pseudoscalar mesons which show a 

l i ghtest to the heaviest 

6M2 ( F* -F ) =0. 589±0. 050 

=0. 569±0. 060 

known mesons. 

Argus 1 0 l 

TPc1 0 l 

remarkable narrow spread from the 

6M2 ( p-n) =0. 574 GeV2 

6M2 (K*-K)=0. 556 
6M2 ( o*-D )=0.546  6M2 ( B*-B ) =0. 551 ±0.043 C USB 
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HEAVY QUARK PRODUCTION IN e+e- ANNIHILATION AT 29 GeV 
Hiroaki Aihara 

University of Tokyo , Tokyo 1 1 3 ,  Japan 
(Representing PEP-4 TPC Collaboration) 

We present comprehensive studies on heavy quark production in e+e- annihi­
lations using the PEP-4 TPC detector . The results include the measurements of b 
aid_c quark fragmentation functions and of the forward-backward asymmetries in 
e e +cc and bo, based on D* and prompt lepton events .  We have observed F* meson 
via its radiative decay F*+yF followed by F+KKn. Gluon emission from b quark is 
investigated using b quark events tagged by prompt leptons . 
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1. Introduction 
In this talk we present results from D* and F* events and c and b events 

tagged by prompt leptons . The emphasis is put on the study of the flavor depen­
dence of quark production and hadronization processes in e+e- annihilations . The 
data was collected with the PEP-4 time projection chamber (TPC) detector at a c .m .  
energy of 2 9 GeV at PEP storage ring . Details of the PEP-4 TPC detector are des­
cribed elsewhere � ) The data sample reported here consists of 29 ,000 hadronic 
events ,  corresponding to an integrated luminosity of 77 pb-� 

2 . D* meson 
The D*++'TT+DO decays were detected in the DO->K-TI+ , K-TI+TIO and K-TI+TI-TI+ decay 

modes . Both kaons and charged pious were identified based on the dE/dX measure­
ment in the TPC. Neutral pious were reconstructed by the barrel electromagnetic 
calorimeter . The invariant mass of the DO decay candidates was constrained to 
the DO mass . Only DO decay candidates passing the mass-constrained fit at the 
1% confidence level were retained . The mass difference M(�DO) - M (DO ) is formed 
by combining each DO candidate with pious of charge opposite to the charge of 
kaon . The distribution for each decay mode is shown in Figure 1 .  The requirement 
for z (=ED*/Ebeam) is also shown . The yield of D* mesons in each decay mode was 
obtained by fitting the mass-difference plot with a gaussian plus a smooth back­
ground . The number of events found are 48. 2!9 . 5  for K-TI+ mode , 8 . 9!5 . l for 
K-TI+TIO mode and 12 . 9!5 . l  for K-TI+TI-TI+ mode . 

Figure 2 shows the scaled cross section of D* with previous results2) from 
PEP and PETRA. A fit to the Peterson3) form of the fragmentation function yields 
a mean value of <zc>=0 . 55!0 . 03 and an E parameter of Ec=0 . 25!0 . 11 .  Here errors 
include statistical errors only. A value of the forward-backward asymmetry is 
obtained by measuring the distribution of D* with respect to the direction of 
beam e+ , shown in Figure 3 . Only the DO->K-TI+ decay mode was used to minimize the 
background . The distribution can be parameterized as dN/dcos8�( l+cos2e+Afcos8) . 
In the standard model , Af=-4 (aeaf/Qf)X ,  where ae (=- 1 ) and af are the axial vector 
couplings of the neutral current to an electron and a quark of charge Qf , respec­
tively , and xdepends on /s (x�-0 . 04 at 29 GeV) . A maximum likelihood fit gives 
ac=l . 8!1 . 8 ,  consistent with the standard model value of +l . By examining the 
wrong-sign combinations which would result from the sequence D*+rrD0+n°+K+TI- , we 
have placed a limit of 16 . 6% (90% C .L . ) on the rate for DO-DO mixing. 
3 . F* meson4) 

The F* mesons were detected via its radiative decay F*+yF followed by F+KKrr . 
We applied a similar technique as we did for D* . Kaons and pions were identified 
by the dE/dX in the TPC . Photons were detected either by the barrel calorimeter 



or by the TPC as photon-converted e+e- pairs . The invariant mass of KKTI combina­
tion was constrained to the F mass5 ) of 1 . 97 GeV/c2 . Those combinations (F can­
didates) passing the fit at the 10% confidence level were combined with photons 
to make KKTiy invariant masses . The mass-squared difference , 6;=;(KKTiy)-M2 (KKTI) , 
was calculated for those combinations with zF*>0 . 5  and is shown in Figure 4 (solid 
line) . A control sample distribution (dashed line) was obtained by selecting KKTI 
combinations that give a good fit (C . L . >10%) when the mass was constrained to 
1 . 67 GeV/c2 or 2 . 27 GeV/c2 but give a poor fit (C . L . <1%) to the F mas s .  The F-
candidate distribution shows a clear peak while the control sample distribution 

* 6; were shows no structure . The yield of F mesons and the peak of obtained by 
fitting both the F-candidate and control-sample 6; distributions to a smooth 
background , p lus , for the F-candidate sample , a gaussian with fixed width of 0 . 13 
(GeV/c2 )2 . The fit gives 6;=0 . 569±0 . 037 (stat ) ±0 . 04l (syst) (GeV/c2 )2 with 60±15 
events in the peak. Fixing the F mass to be 1 . 97 GeV/c2 , the corresponding mass 
difference is 6M=l39. 5±8 . 3±9. 7 MeV/c2 and the F* mass is M(F*) =2 1 10±8 . 3±9. 7 
MeV/c2 • 

As a check, we made the invariant mass distribution of all KKTI combinations 
for which the unconstrained mass-squared difference falls in the F* region , 
0 . 4<6;<0 . 8  (GeV/c2)2 , and in a control region, 0 . 9<�<1 . 4  (GeV/c2 )2 . Figure 5 
shows those distributions . The F*-candidate sample gives a clear peak at M(KKTI) 
=1 . 948±0 .028±0 .0 10 GeV/c2 , consistent with the F mass of 1 . 97 GeV/c2 . The result­
ing yield of F mesons is 65±17 . At the 90% confidence level we have placed an 
upper limit of 1 3% on the branching fraction for F+�TI+ , based on the M (K+K-) 
distribution of  the F* sample. This limit is consistent with previous measure­
ments5 ) . 

Our measured mass difference agrees well with the QCD-motivated potential 
model prediction, 6M=l32±6 MeV/c2 , by K . Igi and S . Ono6) . W. C . Haxton and 
L . Heller7) predicted the F* mass as 2 106 MeV/c2 based on the MIT bag model .  This 
value also agrees with our observed value . The ARGUS group at DORIS also found 
F* mesons8) , with the mass consistent with our observation. 

We have determined the mean value of the c quark fragmentation function from 
the scaled cross section of F* , shown in Figure 6 . We have obtained <zc>=0 . 58 
±0 . 06 with Ec=0 . 1 9�:��· which agrees with our D* result , <zc>=0 . 55±0 .03 with 
£ =0 . 25±0 . 1 1 , within errors . c 
4. Prompt leptons 

In the following we present the results obtained from heavy quark (c and b) 
events tagged by prompt leptons . The selection of prompt electrons and muons are 
described in detail in Ref . 9  and 10 .  Prompt electron sample contains 526 elec­
trons with P>l GeV/c and has the purity of about 70%. Prompt muon sample contains 
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644 muons with P>2 GeV/c and has the purity of about 73%. The c quark events and 

b quark events are separated based on the prompt lepton PT (transverse momentum 

with respect to the jet axis). 

Both P and PT spectra were fitted with the contributions from primary (b+l) 

and secondary (b+c+l) b quark decays, primary (c+l) c quark decays and the back­

ground. The following four parameters were used: the branching fraction of b+l, 

the branching fraction of c+l a�d the parameters Eb and Ec of the Peterson et al. 

heavy quark fragmentation functions. For electron data E is fixed to 0.24±0.06. c 
Figure 7 shows the background-subtracted muon spectra for PT<lGeV/c and for PT>l 

GeV/c with the result of the fit. The muon data yields the mean values of z as 

<zc>=0.60±0.06±0.04 for c quark and <zb>=0.80±0.05±0.05 for b quark. The electron 

data yields <zb>=0.74±0.05±0.03. Combining the muon and electron results for b 

quark gives <zb>=0.77±0.04±0.03, which shows that the fragmentation function of b 

quark is harder than that of c quark. 

Figure 8 shows the background-subtracted angular distributions of the thrust 

axis with respect to the initial e- direction for prompt muon data: (a) the c­

enriched sample (PT<lGeV/c) and (b) the b-enriched sample (PT>lGeV/c). The for­

ward direction of the thrust axis is taken as the hemisphere containing µ+. The 

solid curve shows the result of the fit to the data of angular distributions for 

e+e-+cc and for e+e-+bb. The dashed curve shows the contribution from the minor-
+ - - + - -ity source: for PT<lGeV/c this is e e +bb and for PT>lGeV/c this is e e +cc. The 

resulting values of the axial vector couplings are ac=l.7±1.4±0.5 and ab=-1.3±1.0 

0.3t The electron data gives ac=2.3±1.4±1.0 and ab=-2.0±1.9±0.5. Combining 

results from the muon and electron data, we find ac=2.0±l.0±0.4 and ab=-1.4±0.9 

±0.3. These values are consistent with the standard model values: a =+l and 
c 

ab �l. 

In QCD the quark-gluon coupling is assumed to be flavor independent. In 

order to check this assumption we have looked for evidence of gluon emission from 

b quark using the b-enriched sample. Here b-enriched events were selected by 

requiring prompt leptons with P>2GeV/c and PT>lGeV/c. There are 69 events from 

electron data and 155 events from muon data. About 80% of those events are esti­

mated to be originated from b quark. Figure 9 shows the background-subtracted 

PT
2(in) and PT

2(out) spectra of tracks contained in the jets opposite to the 

the prompt leptons. Here PT(in) and PT(out) are transverse momenta within and 

out of the event plane, respectively. The event axis and event plane were recon­

structed using all charged tracks. Also shown in Figure 9 are Monte Carlo pre­

dictions for b quark events with (dashed line, as=0.2) and without (solid line, 

as=O) gluon emissions. The clear discrepancy between the data and Monte Carlo 

data without gluon emission is seen. The Monte Carlo events were generated using 

LUNDll) of version 5.3. We have verified that Monte Carlo reproduces the B meson 
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decay properties measured by CLEO group at CESR. The discrepancy indicates the 

existance of gluon emission from b quark. 

checks are in progress. 

The work to determine a and more s 

5. Conclusion 

Comprehensive studies of heavy quark production in e+e- annihilation by 

the PEP-4 TPC group have been presented with the emphasis on the flavor depend­

ence of quark production and hadronization mechanism. The obtained results are; 

1) the measurements of the heavy quark fragmentation functions, 

<zc
>=0.55±0.03 (by D*), 

=0.58±0.06 (F*), 

=0.60±0.06±0.04 (prompt muon), 

<zb>=0.74±0.05±0.03 (prompt electron), 

=0.80±0.05±0.05 (prompt muon), 

2) observation of F* meson via its radiative decay and 

�M(F*-F)=l39.5±8.3±9.7 MeV/c2, 

3) the determination of the axial vector couplings of the neutral current to 

the heavy quarks, 

a =+l. 8±1. 8 (D*)' c 
=+l. 7±1.4±0.5 (prompt muon), 

=+2. 3±1.4±1.0 (prompt electron), 

� =-1. 3±1. 0±0. 3 (prompt muon ) ' 

=-2. 0±1. 9±0. 5 (prompt electron), 

4)the investigation of gluon emission from b quark using lepton-tagged heavy 

quark events. 
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Fig.7. Background-subtracted prompt muon spectra (2<p<8GeV/c): a) for Pt<l 
GeV/c and b) for Pt>lGeV/c. The 'olid line is the result of the fit to 
the data and includes the heavy quark decay contributions b+µ, b+c+p, and 
c-+1J. The dashed line show.s the contribution for the minority source: for 
Pt<lGeV/c this is the sum of b+µ and b+c+µ decays, for Pt>lGeV/c this is the 
contribution of c+µ decays. 
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ABSTRACT : The present status of the experiment NA11/NA32 i s  di scussed . For 1982 
f i nal numbers for the D l i fet imes are presented. A partial analys i s  
ofthe 1984 data has yielded F candidates for a l i fetime measurement . 
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The charm program with the ACCMOR spectrometer , using a S i -microstri p  

vertex telescope · has been running s ince 1982 ( F i g .  1 ) . I n  1982 the telescope 

cons i s ted of 6 counters arranged in 2 views with 4 . 5  µm ( 7 . 9  µm) resolution 

in the inner ( outer) reg ion s .  

F i g .  1 

( \ 

Be 11 11 " II - II 

y 
25 mm Lz P31 MA P32 P33 MB OC4 G 

100 ��E VI EW TARGET REGI�2N 
HAL oc2 / \ fin / \ 

I I 
� ��i'IE]�� �C=] �11 

L, 
10 1 5  2 0  2 5 m 

Top view of the ACCMOR spectrometer in 1982 , showing target ( Be ) , S i  
micros t r i p  detectors (MSD) , magnets (M) , drift chambers (DC ) , 
Cerenkovs ( Q , C ) , n.ultiwire proport ional chambers ( P ) , scintillator 
arrays ( MA , MB ) , and electron ( photon) calorimeters ( E-CAL , G ) . 

Data were taken with 2 di fferent tri ggers . A s ingle electron trigger , 

triggering on the electron from the semileptonic decay of an assoc i ated produced 

charmed part icle , and a � trigger , triggering on a K+
K

-
pair from the 

decay of a �  meson . 

The s ingle electron trigger data has been used to measure the l ifetime of D 

mesons . 54 D-decays , with all decay products fully reconstructed and 

identified ,  have been observed (Fig . 2 ) :  

9 (ii) o � K1' , 

17 <5> 0 -. K'lf''W''lf , 

+ 
28 D- _, K'l'"W , 

<o> o + 
From these events the and D- l i fet imes have been determined . The 

final results are 
2 )  

: 
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T ( 0 ) o  3 . 7±1 . 0  
0 . 1  lo-• • s ,  

TD
± 10 . 6±

3 0 6 . 10-1 3 
s . 2 . 4  

Klttttt 

1,85 1,95 1,85 1,95 1,85 1,95 

[GeV/c2] 

Fig.  2 Invariant mass plots of s i n&le electron trigger D candidates used for 
the l i fetime determi nation : 
a , b , c  e-K same charge 
d , e , f  : e-K oppo s i te charge . 

Both the e-trigger data and the <I> trigger data (±200 , +120 , -100 GeV/c )  have 

been used to search for F-mesons in the KK11 decay . A complete description of 

the data analy s i s  for part of the data i s  given in Ref . 3 .  In total we observe 

35 events distributed over the di fferent data samples .  Figure 3 gives the KK11 

mass spectrum for the selected data sample , clear s i gnals are observed at the D 

and F mas s .  

invest igat ion . 

The shoulder at the low s i de of the D-mass i s  s t i ll under 

It could 
0 " . caused by decay wi th a miss ing be an F->KK11 

For the events in the mass interval 1 .  95-1 . 99 GeV a max imum l i kelihood f i t  for 

the mass gives m = 1972±2 KeV. The presence of one or more strange particles 

i s  further confirmat ion that the decay originates from a charmed part icle . We 

therefore show events wh ich have a well-identif ied addit ional strange particle 

hatched in F i g .  3. For the average l i fetime of the 12 events in the mass range 

1 . 95 <m( KK11 ) <1 . 99 GeV we obtain ( 3 . 1±
1 0 2 ) • 10-1 3 s .  o • •  

In 1984 the orig inal Beryl l i um target was replaced by an active target , 

consi sting of 14 Si-microstrip detectors . The target provides a very prec ise 

interaction po int as a (o , o  , o  ) = ( 2 1 , 5 , Bl ) µm, 
x y z and serve can 

tracking device in the region of product ion and decay vertices ( F i g .  4 ) . 
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m !KKrtl [GeVJ 

F i g .  3 KK'lf mass spectrum for VHSD selected event s .  No d i s t inction i s  made 
for the energy and i<!ent i ty of i nc ident beam part icl e .  The hatched 
events have a well-identif ied additional strange particle . 

F i g .  4 

VERIIX CQ!l_NTERS n4o 1 4• o• ]l;o-i 
+-

BEAM C O U NTERS / � �  

60 mm 

NA32 target area 
beam counters 

active target 

vertex telescope 

I I  
1 2  

I 

\ / 
ACT! VE TARGET 

34 56 7 69 

( s ide view) cons isting o f :  
2 48 strip counters 20 
2 120 strip counters 60 

14 48 strip counters 20 
2 24 strip counters 400 

240 strip counters 60 

µ pi tch 
( 120) µ p i tch 
µ p i tch 
µ pi tch 
( 120) µ p i tch 

With thi s  setup using an interact ion trigger the following data were 

recorded onto tape 

... . 
l1 • 10

6 
p ,  

5 . 5 • 10
6 

K- triggers , a t  200 GeV/c momentum. 

A prelimi nary analys i s  of 103 of the 'If data has yielded a sample of 20 D can­

didates .  Thi s  confirms our expectation of obtaining a total sample of > 200 D' s .  
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Kost of the recent analys i s  efforts have been concentrated on the K- in­

coming beam data,  to obtain a sample of F ' s  for li fet ime and cross-section 

measurement . The K beam data are used guided by the theoretical prej udice 

that F- production i n  a K
-

beam might be en� �nced above that in a • beam. 

Up to now the preliminary analys i s  has shown a sample of 4 F candidates i n  

a fraction of the dat a .  A n  example of such a n  event i s  shown i n  Fig . 5 .  

The continuation program for 1985 aims at obtain i ng a high stat i stics 

sample of F ' s  

measurement 4 > .  
and A • s 

c 
for l i fetime measurement and cross-sect ion 

Use will be made of 2 proven techniques 

1) A vertex telescope updated with high resolution Charged Coupled Devices 

giving space coordinates with errors 

prec ise vertex measurement
5 )

. 

( 5 , S ) µm, for a 

2 )  A trigger on KK or pK pairs in the downstream spectrometer using the FAKP 

microprocessor system
6 )  

The A
c

' s  and F ' s  will b e  searched for in the decay channels 
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1 m m L  
1 0 mm 

' �·· ······· · · · ·· 
a) 

bl 

F i g .  S Di splay of F- candidate : a) view 1 ,  b )  view 2 .  
Track 3 : 33 . 8  GeV/c K-;  6 : 29 . 3  GeV/c K+ ; 4 93 . 7  GeV/c • ; Az decay = 11 . 3  nun; KKK• = 1 . 978 GeV/c2 • 
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Data corresponding to an integrated luminosity of 176 pb-1 from the 

High Resolution Spectrometer at PEP has been used to study the inclusive 

production of $-mesons and F± mesons decaying into $TI± , Fragmentation 

functions and cross sections are presented and compared to exist ing data. 

The total $ cross section is 40 ± 6 pb. The rate of F production in the· 

region z > 0. 4, assuming R (F) I (R (F)+R {D)) = 0 .15, c·orresponds to an 

F + $TI branching ratio of (2.0 ± 0 . 8)%. 



The hadronic events used in the analysis come from an integrated 
luminosity of 1 7 6  ± 6 pb-1 obtained using the High Resolution Spectrometer 
(HRS) at PEP . Hadronic events were selected by demanding more than 5 
vertex-fitted tracks and that the visible energy be greater than 13 GeV . 

To search for ¢ production in these events all possible K+iz- mass 
combinations were formed . To reduce the pion background in the kaon 
sample , all track candidates with momenta less than 1 . 5 GeV/c and flight 
times inconsistent with a kaon interpretation were rejected . In addition , 
the absence of a Cerenkov signal was required for kaon candidates with 
momenta below the kaon threshold . 

The K+iz-invariant mass distribution is shown in Fig . la for ZKK > 0 . 1  

and in Fig . lb for ZKK > 0 . 4 ,  where ZKK - 2 •EKK//s . A clear signal 
corresponding to ¢ production is observed with an excellent signal to 
noise ratio in the higher momentum selection . The ¢ signal was 
determined by f itting the mass spectra to a smooth background and a 
resonance contribution described by a convolution of a p-wave Breit-Wigner 
with FWHM 4 . 1  MeV/c2 and a Gaussian representing the spectrometer 
resolution . The latter , as determined by a Monte-Carlo calculation , 
averages 7 MeV/c2 FWHM over the ¢ momentum range . The resulting 
composite FWHM is 9 . 5  ± 2 . 0  MeV/c2 • The ¢ signal displayed in Fig . la 
contains 948 ± 102 events and in Fig . lb 2 1 7  ± 25 events .  

The differential cross section was determined from a series o f  f its 
to the K+K- mass spectra for several intervals of z .  In these fits the 
¢ mass was fixed at 1 0 1 9 . 6  MeV/c2 and the width was set as described 
above . The detector acceptance was determined by a similar series of 
fits to ¢ events generated by a Monte-Carlo simulation . Our precise 
data are in good agreement in magnitude and shape with the ¢ fragmentation 
in the LUND Monte-Carlo simulation and with results from the TPC 
collaboration . 1  

The inclusive ¢ production cross section measured for z > 0 . 1  is 
39 ± 6 pb . A linear extrapolation to the threshold of Zth = 0 . 0 7  yields 
a total ¢ production cross section 0(¢) 40 ± 6 pb . Dividing by the µ 
pair cross section for Is = 2 7 . 3  GeV to correct for initial state 
radiation gives R(¢) = 0 . 34 ± 0 . 05 . 

To search for the decay mode F + ¢n , each K+K- combination in the ¢ 
mass band ( 10 1 9 . 6  ± 10) MeV//!- was combined with each other track in the 
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event taken as a pion . An enchancement is observed in the resulting ¢rr 
effective mass spectrum shown in Fig . 3a for 0 . 2  < z (¢rr) < 0 . 4  and in the 
upper part of Fig . 3b for z (¢rr) > 0 . 4 ,  where z (¢rr) = 2 •E (¢rr) /ls . The 
separation of the data into two regions of z is motivated by the different 
mechanisms expected for F production . The region z > 0 . 4  is dominated by 
direct charm whereas the data with 0 . 2  < z <0 . 4  contain the majority of 
the events from B decay . The f it shown by the full line in Fig . 3b yields 
37 ± 13 events centered at a mass of 1967  ± 5 MeV/c2 and with a width of 
25 ± 6 MeV/c2 • The observed width is consistent with the calculated 
spectrometer resolution of 19 ± 'l MeV/c2 • The spectrum of Fig . 3a was 
f itted with a Monte-Carlo resolution of 1 5  MeV and yielded a peak of 
70 ± 1 8  events centered at a mass of 1 9 7 5  ± 2 MeV/c2 • When the width was 
permitted to vary in the f it , a value of 9 ± 2 MeV/c2 was obtained . 

The z dependence o f  the F production was determined by a series of 
fits to the ¢TI mass spectrum for successively larger z selections . The 
fits were made using widths determined by Monte-Carlo calculation . The 
data were corrected for acceptance and the resulting fragmentation 
function D{z) = s/S •do/dz is shown in Fig . 4 .  Data from the TASSO 
collaboration , 2 also plotted in Fig . 4 ,  give a higher cross section . 
The solid curve in Fig . 4 represents our measured fragmentation function 
for D* mesons 3 in the region z > 0 . 4 ,  normalized to our ¢rr data in the 
same region . 

The F cross section and z-distribution observed above z = 0 . 4  is 
lower than , but consistent with , that extrapolated from the CLEO 
measurements . '  Below z = 0 . 4  the F signal exceeds that expected . Suzuki5 
has estimated the contribution to F production from B meson decay to be 
21% of the b quark production rate . This estimate includes a contribution 
from the cs decay of the W. The dashed curve in Fig . 4 is the sum of 
this prediction (using our measurement of the F 7 ¢rr branching ratio) and 
the solid curve of Fig . 4 .  The dashed curve predicts 23 events for 
0 . 2  < z < 0 . 4  as compared to 70 ± 18 events observed . 

The enchancements in both z regions were tested for consistency with 
a o- spin assignment of the F .  The events were divided into two regions , 
[ cos {8) [ < 0. 5 and [ cos {8) [ > 0 . 5, where 8 is the angle between the F (¢) 
direction in the Lab (F) system and the ¢ (K) direction in the F (¢) 
center of mass . Equal populations are expected for the F (O-) ¢rr decay 
and a cos2 (8) distribution in the helicity frame of the ¢ for the 
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subsequent ¢ ( 1 - + o-o-) decay . Table I contains the event counts , errors 

and probabilities that the observed events result from the decay of a o­

particle into ¢rr. 

0 . 2<z<0 . 4  z > 0 . 4  

cos ( 0) < 0 . 5 1 0  :!: 10  15 :!: 8 
¢rr cos ( 8)  > 0 . 5  6 0  ± 1 5  22 :!: 1 0  

Probability 0 . 5% 58% 

cos ( S) < 0 . 5  3 2  :!: 1 2  0 :!: 7 
¢ cos (6) > 0 . 5  3 8  :!: 1 3  3 7  :!: 1 1  

Probability 1% 48% Table 'r 

Above z = 0 . 4  the peak is entirely consistent with the o- interpretation . 

If the data are restricted to decay region l cos (8)  I > 0 . 5  for the ¢ decay 

and l cos (8)  l<. 7 for the ¢rr decay , the histogram in the lower part of Fig . 3b 

is obtained .  The fit shown by the dashed line gives a si!OJ!al of 30 ± 8 

events over a small background . 

Below z 0 . 4  the probability that the peak is due to a o- decay is 

� 1 % .  This low probability along with the unexpectedly large cross section 

suggest that the peak in the 0 . 2  <z <0 . 4  region is not entirely due to F 

production . Restricting the decay angular ranges as described in the pre­

vious paragraph , as a means of  enhancing the o- component , the histogram in 

the lower part of Fig . 3b is obtained . The fit shown by the dashed line 

gives a signal of 23 ± 1 1  events and yields B (F+¢rr) • s / B • do/dz = 6 . 7  :!: 3 . 2  

(nb •GeV2 ) .  This cross section is consistent with that expected for the sum 

of direct charm production and B meson decay . 

The product of the total cross section and branching ratio for z >0 . 4  is 

o (yt+F-) •B (F+¢rr) 0 . 93 ± 0 . 33 pb , which corresponds to R(yt+F-) · B (F+¢rr) 

0 . 0080 ± 0 . 0028.  Comparing this result to our measurement of  R(D+D) = 

2 . 2  ± 0 . 5  in the same z region yields R(F) •B (F+¢rr) /R(D) = 0 . 0036 ± 0 . 00 1 5 .  

This leads t o  a branching ratio B (F+¢rr) = ( 2 . 0  :!: 0 . 8) % ,  assuming 

R (F) / (R(D)+R(F) ) = 0 . 1 5 .  
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Using the ARGUS detector at the DORIS II storage ring at DESY, we collec­
ted BO events/picobarn in the energy range of 1f\!e Y+reso�s .  Results on 
production and decay of the chazmed mesons o0, D , F and F are presented 
and discussed . 
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The ARGUS detector at the DORIS II storage ring started to take data in 

March 1983 and accumulated 80 events/picobarn during its first two years of 

operation. These e+e
-

annihilation data -re mainly obtained on the T( 9460 ) and 

T ' ( l0023 ) resonances ,  some of them also on the T ' ' ' ( l0577 ) and in the nearby 

continuum . 

The detector is shown in fig . 1, its main properties are as follows : the 

normal conducting coil produces a solenoidal field of 0 . 8  T. The cylindrical 

drift chamber with 5940 celles in 36 layers gives a momentum resolution of 

a ( p )/p = 0 . 012 . V l + p
z

c
z

/ GeV
2 

and dE/dx information with a( dE )/dE = 0 . 045 . 

The t�f-flight scintillator system has a resolution of a( ToF ) = 220 psec , 

and the shower counter system has reached a resolution of a( E )/E = 0 . 07 

V 1 + 1 GeV/E. The muon detection tubes have 5 . 1  absorption lenghts in front of 

them. 

Pi g .  1 
The ARGUS Detector 

1 � muon tubes 
2 = shower counters 
3 = t�f-fl ight counters 
4 = main drift chamber 
5 � vertex drift chamber 
6 = iron yoke 
7 � main coil 
8 - canpensation coils 

9 = �ini-13-quadrupoles 

The ARGUS operation was very satisfactory, and a number of results have 

been obtained so far. This report concentrates on the chaned meson production . 

There is no evidence for charm production in the direct decays of T • ( 9460) and 

T • ( 10023 ) mesons . A11 or data, though they are mainly taken at the resonance 

energies, are compatible with production 
+ -

in the e e continuum. The ARGUS 

author list is given in ref. 1 .  
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** 
D ( 2010 ) production 

* 
The results on D production are published in ref. 1 ; they are obtained 

from the first year ' s  data with 40 events/pb . I would like to swnnarize the 

results : 

m( D0 ) = ( 1865 ± 2 ± 3 )  MeV, 
*+ 

m( D ) - m( D0 ) = ( 145 . 46  ± 0 . 07 ± 0 . 03 )  MeV, 
- + + - - +  

BR( DO - K TJ TJ TJ )/BR( Do - K TJ ) 2 . 17 ± 0 . 28 ± 0 . 23 ,  

r( D0 - 0 °  - decay )/ r(oo - decay ) < 0 . 11( 90 % CL ) .  
*+ 

Fig . 2 shows the D fragmentation function s .da/dx
p 

as a function of x
p 

p( D
*

)/p( D
*

, max ) .  It is not corrected for gluon and photon radiation . The two 

curves are the best fits of the parametrisations following Peterson et al . 
z l  

and xartvelishvili e t  al . 3 1 • The former with s . da/dx - x -1 
-z 

p
z 

p 

[ 1-1/x
p

-e/( l-x
p

) ]  yields E 0 . 19 ± 0 . 03 with X = 19 . 2  for 6 degrees of 

freedom, whereas the latter with s .da/dx - x a . ( 1-x ) gives a = 1 . 5  ± 0 . 2  with 
p p p 

X
z 

7 .  4 for 6 d. o .  f. • The fact that the Peterson form leads to a much poorer 

fit comes predominantly from the highest x
p 

bin . There exists a disagreement 

which cannot be solved by radiative corrections . These would shift the data 

points for high x
p 

even higher. 

Pig . 2 

1.0 
Xp = Po*' Pt.t.AX 

* 
The D fragmentation function . The dashed curve is Lhe best 

fit of the Peterson parametrisation, the solid curve the best 
fit of the Kartvelishvili parametrisation 
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P
+

( l970) Production 

ARGUS observes the "new" F meson in two decay channels . The final results 

form the first 63/pb luminosity were published in the end of 1984 4 1 •  The two 

channels are 4>1/ and 4>rT +TT 
-TT± , where the 4>( 1020 ) is identified through its K 

+ 
K 

-

mode . Fig. 3 shows the obtained 4> signal with 5080 ± 280 events in the peak. 

Mass and width are as expected . The particle identification capabilities of 

ARGUS through time-of-flight and specific ionisation in the drift chamber play 

an essential role . 

_N_ 
1MeV 

600 

400 

1,00 1,02 1,04 
Mass K°K- iGeV/c1J 

1% 

Fig . f_ _ 

The K K invariant 
mass distribution 

Selecting in multihadron events all KKTT and KK3TT combinations with lm( KK )  

-m( 4> ) 1 < 1 5  MeV, p( KKTT ) > 1 . 5  GeV/c, p( KKJTT) > 2 . 2 GeV/c and -for the KK TT  only-
* 

cose 
TT 

between -0 . 8 and + l .  O to exclude backward pions in the KKTT rest frame, 

one obtains the invariant mass plots in fig . 4. Both channels show a clear 

signal at 1970 MeV, 4>rT with 4 . 7  standard deviations and 4>3TT with 4 . 0  s . d • .  The 

results are as follows : 

m( F )  = ( 1973 . 6  ± 2 . 6  ± 3 . 0 )  MeV, 

BR( F
+ 

- 4>TT
+

TT
+

TT
-

)/BR( F
+ 

- 4>rr+ ) = 1 . 11 ± 0 . 37 ± 0 . 28 ,  

R( F ) . BR(F
+ 

- 4>rr
+

) = ( 1 . 47 ± 0 . 32 ± 0 . 20)%.  

The mass agrees well with the CLEO result s ]  and with all following obser­

vations of the new F 6 7 " l . Results on the R.BR. value , where R( F )  = a( e
+

e
-

-

F + anything )/a( e
+

e
-

- µ
+

µ
-

) ,  are not so well in agreement . CLEO s ]  finds ( 2 . 0  

± o . 5 )%, TASSO s l finds ( 6 . 4  ± 2 . 3 )%, where both values , like ours, are extra­

polated over the full momentum range of F production in e + e 
-

annihilation. 

Because of the poor agreement I would like to use the ARGUS result alone for 

deriving a branching ratio estimate . 
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Pig. 4a 
The invariant mass :t 
distril>ution of 4>TT 
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4>TT TT TT with the cut 
p(4>3TT ) > 2 . 2  GeV/c 

The R value for charm production is 3 . 4/9 . ( l+as/rr), and there are two 
charmed partic1es per event . Neglecting fragmentation into baryons and assuming 

u : d : s  = 1 : 1 : 0 . 36 ,  there are 2 . 0 . 36/2 . 36 F and F* mesons per charm event . Since 
* 

all F have to decay into P, this estimate leads to R( P )  = O .  43 . Prom our R. BR 

value quoted above , we obtain : 

( 3 . 4 :I: 0 . 9 )'1; .  

This estimate may be canbined with recent life time measurements o f  the F 

meson to obtain a partia1 decay rate . The E531 group s ]  finds 

( 2 . 6 + 1 . 2  - 0 . 8 ) . 10-1 3  s from 8 decays, and the ACCMJR group ? ]  finds 

( 3 . 2  + 3 . 0  - 1 . 3 ) . 10-13 s from 4 decays . Averaging leads to : 

T( P+ ) = ( 2 . 8  + 1 . 1  0 . 7 ) . 10-1 3 s ,  

r( F+ - ol>TT+ ) = ( 1 . 2  :1: 0 . 5 ) . 10-11 s-1 
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The partial. rate is in surprisingly good agreement with a spectator model 

calculation of Fakirov and Stech 1978 
101 

which gave 

ARGUS has additional evidence that the observed � and 4>3TT decays origi­

nate from a charmed pseudoscalar meson . The angular distributions of the 4> in 

the � rest frame and of the X
+ 

in the 4> rest frame support the o-
assignment , 

see fig. 5, and the fragmentation function supports the chann assignment , see 

fig. 
* 

6 .  The fragmentation function is softer than for the D as shown in fig . 

2 .  The fits give E( F ,  Peterson ) = 0 . 50 + 0 . 22 - 0 . 14 and a( F ,  Xartvelishvili ) 

0 . 64 ± 0 . 22 .  Within the given statistics , both fits are equally good . 

Including the F meson at 1979 MeV, all 16 pseudoscalar mesons from u , d , s  

and c quarkS ar e  n ow  we l l  established . There are only 1 5  well established 

( ground-state ) vector mesons and no strong evidence for the F 
* 

= cs( 1
-

) .  There 

were some hints from llllSP 11 1 , but they were based on the T)TT
+ 

decay mode of the 

F .  The quoted mass was ( 2140 ± 60 ) MeV. A relativistic quarkonium potential. 

model of Klima and Ma.or 
121 

predicts a mass o f  2100 MeV for the F
*

. 

Last sunnier, the ARGUS group 
l.3]  * 

has observed a candidate for the F 

meason with a mass near 2110 MeV . Fig. 7a shows the invariant mass distribution 

of all X
+

X
-

TT
± 

combinations in the reaction e
+

e
-

- ( X
+

X
-

rr
±

)X at s = 10 GeV, 

which have x
+

x in a narrow mass band around the 4> mass and p(XXTT) > 1 . 65 

GeV/c . There is a weak F signal near 1970 MeV. If those X
+

X
-

rr
± 

combinations are 
selected which have a photon in the event and form a XX11)' mass between 2080 and 

2170 MeV, the F signal. is strongly enhanced as seen in fig . 7b. The strength of 

the F signal. varies with the XX"i' mass . Fig. 8 shows the fitted number of F 

mesons as a function of this mass, the spectrum shows a clear peak near 2110 

MeV. 

Since F
* 

production is expected to be at least as abundant in e
+

e
-

annihilation as direct F production and since Fy is the dominant decay mode of 
* 

the F ( FIT0 is forbidden by isospin conservation ) ,  the observed peak is a good 
* * 

candidate to be the F meson . The ARGUS result for the F -F mass difference is 

Lim ( 144 ± 9 ± 7 )MeV. combining it with the more recent F mass of 197 3 . 6  MeV 

quoted above, we obtain : 
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( 2118 ± 9 ± 8 )MeV. 
" 

Fig. 9 shows the F fragmentation function, it is slightly softer than for 
" 

the D The solid curve is a fit following the Peterson parametrisation . We 

obtain E 0 . 49 + 0 . 30 - 0 . 16 ,  but there is not enough statistics to discuss 
* 

differences between the two parametrisations like in the D case . 

" 
Further evidence for the F has recently been reported by the TPC group at 

.1 4 ]  * 
PEP with l>m( F -F) = ( 139 . 5  ± 8 . 3  ± 9 . 7 )  MeV and by a neutrino experiment at 

.1. S ]  '* 
5erpukhov with 6m( F -F ) = ( 150 ± 15 ) MeV. 
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ABSTRACT 

EVIDENCE FOR THE CHARMED DOUBLE STRANGE BARYON To AT 2 . 74 GEV/C2 
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In an experiment performed at the CERN-SPS hyperon beam, first evidence for 
the baryon TO with quark content (css ) has been obtained in the reaction 
E - + Be � ( E -K* 0 ( 8 9 0 ) n+ )  + X .  The signal contains 3 events without any 
background . The measured decay lengths of these events are consistent with a 
mean lifetime of several times lo- 1 3s .  

The conclusion that these events arise from a Cabibbo favoured decay o f  the 
TO is based on the observed lifetime and the quantum numbers of the final state : 
baryon number B = 1 ,  strangeness S = -3 and electrical charge Q = O. 

The mass of the new state is determined to be 2740 ± 20 MeV/c2 •  
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1 )  APPARATUS AND TRIGGER 

The experiment was designed to accept charmed strange baryons produced, in 

the forward direction in i::--Be collisions and to identify them by studying the 

effective mass distributions of combinations of particles . It was performed at 

the CERN SPS in the charged hyperon beam2 )  which , for this measurement , was tuned 

to its maximum momentum of 135 GeV/c. 

A differential Cherenkov counter (DISC) selected 2 x 104 incident i::- in each 

1 . 5  s beam pulse of 1 . 5  x 106 particles (mainly 1C) .  The trajectories of the 

beam particles were measured in multiwire proportional chambers (MWPCs) located 

upstream and downstream of the DISC (Fig. 1 ) .  The i::- struck an 8 cm long Be 

target, located downstream of the DISC . Charged particles produced in the 

forward direction were tracked in a double magnet spectrometer equipped with 

MWPCs and dri f t  chambers (DC s ) 1 ) . Protons , kaons and pions with suffi cient 

momentum do pass through both magnets were identified in two multicell Cherenkov 

counters, Cl and C2 , which had pion thresholds of 14 GeV/c and 10 GeV/ c ,  

respectively. 
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The trigger used in the experiment was aimed at selecting final states of 

strangeness -2 or -3 ,  with zero or positive charge. It therefore required among 

the produced particles,  a A and a lC together with at least one more charged 

particle. This restricted choice was made because the data recording system had 

a capacity of 250 events per beam spill,  which at the full L- rate of 20000 per 

spill was not sufficient to accept all possible decay channels . 

2) EVIDENCE FOR THE T O 

This experiment has already yielded results on the A+(csu) baryon, observed 

as a narrow peak in the AK-n+n+ channell )  which has S = -2 .  Using the same 

sample a search was made for events where the A was produced indirectly via the 

decay E + An-, indicating an S = -3 final state.  Fig. 2 shows the An- effective 

mass distribution obtained from events with an additional negative track , assumed 

to be a n-, which intersected the A line of flight downstream of the targe t.  A 

clear signal of 20 events is visible within ± 7 MeV/c2 of the ;;;:- mass.  None of 

these events contributed a AK-n+� mass combination to the A+ peak. 

Fig. 2 

m --15 - � � 

u " 
:;;; 10 :L 

1300 1440 
Effective mass (MeV /c21 

The Aw effective mass distribution for (AK-�+�+) events with 
a Aw- decay vertex downstream of the target . 

1580 

The El{-n+n+ effective mass was calculated for these 20 events , yielding 26 

such combinations (Fig. 3a) .  Fig. 3b shows the mass distribution for events 

which had additional tracks in the chambers just downstream of the targe t ,  
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thereby permitting the reconst ruction of the production vertex. This requirement 

was suggested by the observation that the ratio of signal to background for the 

A+ + AK-n+n+ channel increased from 82/147 to 53/59 when the same condition was 

imposed . This sample contained 15 combinations from 10 events .  
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K + K TT • 

3600 

The events shown in Fig. 3c were required to have a K-n+ combination with an 

effect ive mass compatible  wi t h  a K*0 (896 ) ,  i . e .  0 .85  < M(K-n+) < 0 . 9 5  GeV/c2 . 

Ten combinations from seven events remain . The main motivation for this 

requirement was to strengthen the S = -3 assignment of the final state by 

removing � and n- which had been misidentified as n+ or K-, respectively. 

*o The requi rement of both a recons t ructed production vertex and a K (896) 

resulted in a E!{-n+n+ effective mass distribution (Fig. 4)  with six combinations 

from four events . Three events have a mass combination near 2740 MeV/c2 , which 

is in the region where the TO is expected4 ) . 

The spread of the masses of the three events around 27 40 MeV I c 2 is fully 

compatible with the mass resolution of the apparatus , which we estimated from 

Monte Carlo calculations to be 25 MeV/c2 (FWHM) . The mass of this state was 

determined to be (2740 ± 20) MeV/c2 , where the error was dominated by the 

systematic uncertainty in the mass scale. 



Fig . 4 

� c 
0 

Effective Ma s s  IMeV/c2 1 
The �-K-n+n+ effective mass distribution for T0 candidates .  
The four events are numbered to indicate their combinatorial 
entries into this plot. Hatched entries have negative 6z . 
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The reconstructed production vertex in these events allowed a measurement of 
the distance 6z between the production and the decay of the 3-K-n+n+ system with 
a resolution of 6 mm (r .m . s . ) . A mean 6z of this magnitude would correspond to a 
TO lifetime of about 6 x 10- 1 3 s .  Two o f  the combinations ( shown shaded in 
Fig. 4) have negative values of 6z , corresponding to a reconstructed decay vertex 
upstream of the reconstructed production vertex. On the other hand 6z is 
positive for all three combinations with a mass near 2740 MeV/c2 , the 6z values 
being 2 ,  0 . 5  and 1 . 5  standard deviations away from zero, respectively . This is 
an indication that these events result from a weak decay . We therefore conclude 
that we have observed evidence for the TO baryon decaying in a Cabibbo-favoured 
mode. 

3 ) DISCUSSION 
Alt hough the branching ra t i o  o f  T O  + 3-K*0 ( 8 9 6 ) n+ is unknown , some 

qualitative comments on the TO cross section may be made . Assuming similar 
momentum spectra for the TO and the A+, the acceptance of the apparatus for the 
TO is approximately one half that for the A+, mainly because of the additional 3-

decay length . Furthermore it can be expected that in i:-N collisions TO are 
produced with a lower rate than A+ because of the additional strange quark 
contained in the TO . In 200 GeV I c pN collisions , for example , the ratio of I:"" 
and 3- produced at x � 0 . 6 6 i s  202 ) . Therefore the observation of three To 
decays , as compared to 53 A+ decays is not unreasonable. 

It is more meaningful to consider the mass differences between A�, A+, and 
TO instead of the absolute values when comparing with theoretical work on charmed 
baryons , since mos t  authors have used the then current value of the A+ mass to c 3 ) f ix the i r  ma s s  s c a l e . We us e the 1 9 8 4  world average of the A� mas s  , 
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m = ( 2282 ± 3 ) MeV/c 2 to calculate mass differences /:;rn (A+,A+) and /::,Jn (A+,To) . c c 
It should be kept in mind, however , that the experimental situation with respect 
to the A+ mass is not yet satisfactory. In the table various predictions for the c 4 ) mas s  d i f f e rences between A� , A+ and T O  are compiled • Three of these 
predictions [ 4a ,4c ,4d ] are in agreement with the experimental values for both A+ 
and T0 • 

Comparison of mass differences predicted by various models 
with experimental results (units are MeV/c 2) 

Authors [Ref . 4 ] /:;rn ( A�,A+) /::,Jn ( A�, T O )  l:1l! (A+,T0 ) 
De Ru ju la et al (1975 ) 220 480 260 
Fuchs and Scadron ( 1979) 110 550 440 
Korner et al (1979 ) 210 470 260 
Maltman and Isgur ( 1980 220 470 250 
Sakharov ( 1980) 235 500 265 
Vaisenberg ( 1982) 110 470 360 
Richard and Taxil ( 1983) 180 380 200 

* This experiment 180 ± 15 460 ± 20 280 ± 10 

*Some sources of systematic error are common to both the A+ and TO mass 
measurements in this experiment� hence the error on i'>m (A+,To ) is smaller than 
that on i'>m (Ac+,A+) or /:;rn (Ac+,T ) . 
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A review is presented of theoretical and phenomenological studies of the 
spectroscopy of mesons with open heavy flavour . The non-relativis tic quark model is often used for i l lus tration , but more elaborated treatments of the quark 
dynamics are also listed and commented upon . Hybrid and mul tiquark states with 
open flavour are also discussed . 
Resume 

Cet expose contient une revue des travaux theoriques et phenomenologiques 
sur la spectros copie des mesons avec saveur lourde ouverte . Le modele des quarks 
non relativiste est souvent utilise a titre d ' exemple, mais les traitements plus 
e labores de la dynamique des quarks sont egalement recenses et commentes . La 
discussion porte egalement sur les etats hybrides ou multiquarks avec saveur nue . 



I .  Introduction 

One should first acknowledge that during recent months there has been no 
spectacular development in the theoretical description of the (Qq) s tates , those 
mesons consisting of a heavy quark Q bearing charm or beauty and a light anti­
quark q which can be u, d or s. In presenting this review of sometimes relatively 
old theoretical work , our motivation is essentially twofold. Firs tly , we discuss 
the recent results concerning the F and B mesons . Secondly , we emphasize the 
points where the situation is controversial for theorists and experimental pro­
gress could help in our understanding of the quark dynamics . This includes the 
P-wave mesons with charm , the (Qqg) hybrids with heavy flavour and the multiquark 
sector. 

The (Qq) sys tems are both extreme and intermediate within meson spectroscopy. 
On the one hand it should be noted that the light cons tituent q is more relativ­
istic in (Qq) than in (qq) .  I f ,  for example, one uses the non-relativistic quark 
model (NRQM) with universal potential V = k rv , one easily obtains the ratio of 
the q velocities for Q + 00 from the standard scaling laws ! ) 

v (Qq) I v(qq) = 2 !/ ( 2 + v) ( I ) 

This is the well-known effect that the electron moves faster in the hydrogen atom 
than in posi tronium. As a consequence , when considering (Qq) spectroscopy , one is 
tempted to worry much on relativistic effects and to adopt for instance the pic­
ture of a Dirac particle q moving around a static potential source Q .  

On the other hand , the flavoured (Qq) mesons represent in many respects a 
configuration intermediate between the heavy quarkonia (Qq) and the ordinary 
mesons (qq) . From this point of view, it is highly desirable that the models 
used remain flexible enough to allow for uniform treatment of all mesons in order 
to test the universality of the dynamics . In addition to the NRQM, there have 
already been some attempts to produce relativistic models . These different 
approaches will be discussed in Section 5 .  

2 .  Convexity properties 

In QCD, the quark-gluon coupling is universal , so that , apart from recoil 
corrections affecting in particular the spin dependent components , the quark­
antiquark potential is expected to be flavour independent . Assuming this property 
to be s trictly true leads to the inequality 

M(QQ) + M(qq) < 2M(Qq) (2) 
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In the NRQM, the proof2) is mos t easily achieved by first removing the motion of 
the centre-of-mass .  The hamiltonian depends linearly on the inverse reduced mass 
µ- I and the ground state energy varies as a concave (and obviously increasing) 
function of µ- I The inequali ty also holds for the ground levels wi th a given 
angular momentum and for the sum of the masses of the firs t n states in any par­
tial wave3) . E .  Lieb4) recently generalized the formulation of ( 2) so that , in 
particular, a relativis tic form� of the individual kinetic energy can be 
used instead of the non relativis tic form m + p2/2m .  There have also been proofs 
of ( 2) directly from QCD, with ,  however ,  some res trictions on the effect of quark 
annihilation3 • 5) . 

Experimentally the inequality ( 2) is quite well satisfied for the spin 
averaged ground states , so that no dramatic departure from flavour independance 
is observed. Using IT and p to es timate the mass of the (nn) state , where n means 
u or d ,  we check for ins tance that 

nn + cc � 3 . 7 1 GeV < 2 (cn) 3 . 94 GeV 

One can also predict for the spin-averaged bs state a mass 
3 I 3 I - -+ bs > 3 Y + S nb + S � + B ss (O ) > 5 . 2 GeV 

(3) 

(4) 

assuming y-nb = 50 MeV and 0 . 96 GeV Cn ' )  as an upper limit for the last term. 

Clearly ,  the inequal i ty (4) is not very cons training, maybe because it 
relates systems with quite different average quark velocity and interquark sepa­
ration. The flavour independence of the potential also induces inequalities which 
deal only with heavy-light systems such as D ,  F ,  B and B s . 

In the figure , we p lot the ground- E 
s tate energy E as a function of the 
inverse reduced mass µ- 1 , for various 
Qq systems . From the convexity of 
E ( µ- 1 ) ,  one obtains for instance 

E (cn) - E (bn) < E (cs) - E (bs) 

i . e .  

I 
I 
I 
I I 

oos t cs bs 

M (b;) - M (bn) < M(cs) - M(cn) 

ss ooii t cii bfi sii 11 -1  

(5) 

and other s imilar inequalities . Experimentally , considering the spin-averaged 
masses (5 )  most probably works for s; - sn (� 206 MeV) versus cs - en (� 78 MeV) . 
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One also finds the interesting constraint for the spin averaged bs state 

bs < bn + cs - en = 5 . 4 1 GeV (6) 

3 .  Hyperfine splittings 

Within the NRQM, a very naive but successful6) treatment of the hy�erfine 
splittings consists of following the analogy with the Breit-Fermi corrections in 
atoms . This gives , with obvious notations 

( 7) 

Neglecting the variations of the wave-function at the origin, $ (0) , would lead to 
the prediction that (D* - D) / (F* F) � 2 - 3, in contradiction with experiment . 
In fact ,  in most realistic models , the interquark separation scales approximately 
as in the case of a logarithmic potential ! ) , i . e .  as µ- l /Z where µ is the reduced 
mass ,  so l $ (0) 1 2 varies like µ312 and the naive formula ( 7) now gives n* - D 
F* - F in surprising agreement with experiment . If the charmed quark is now 
changed into a bottom quark , this reduces only marginal ly the size of the wave­
func tion, so that i t  can be predicted quite safely that 

B* - B s B* - B (D * 

This is in agreement with the recent result7) that B* - B � 50 MeV. This also 
shows , in conjunction with (6) that the B should lie just above the B* (at s * 50 MeV or less) . For ins tance , the NRQM �f ref .  8) gives Bs = 5 . 35 GeV and Bs 
5 . 4 1 GeV whereas ref .  9) predicts Bs - B 0 . 02 GeV. 

(8) 

. 2 3 2 I Note that the rule s tating that the quantity M ( s 1 ) - M ( s0) remains con-
stant within the whole meson spectroscopy works surprisingly well .  This was 
studied recently in some detail JO) . 

4 . The fine structure of the (Qq) P-states 

A major progress in the understanding of the quark dynamics was achieved by 
Gromes l l ) who clarified the controversy between Eichten , Buchmiiller, himself and 
others concerning the most plausible spin dependence of the linear confining poten­
tial which presumably arises from QCD 1 2) . The theory was hesitating between a 
positive and a negative spin-orbit potential . Ref . I I ) gives a strong argument 
for the latter sign ,  in agreement with the phenomenology, which favours a con­
fining potential behaving like a Lorentz scalar . 



Note that , in principle , Qq sys tems give unique information on the spin­

dependent hamiltonian , since they permit a distinction to be made between 
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- 1  -2 -2 (m1 m2) , m1 and m2 types of terms which coincide for equal mass quarkonia. In 
practice , however , the situation is not as clear as for the X s tates . The 
charmed mesons with negative parity are presumably broad and shifted by their 
coupling to their decay channels

1 3) . The P-states of the F meson might be better 

in this respect , since they probably decay less strongly via for instance (cs)p + 
(cn) s + K or (cs) s + nn. 

The ordering of the P-states of the D-meson is highly controversial in the 

literature , due to their situation intermediate between dominant short-range and 
dominant long-range interaction. In a (Qq) sys tem the total spin s of the quarks 

is not conserved, but one can s till  use the standard spectroscopic notation 
2s+ l . 

. LJ by referring to the dominant piece of the wave-function, or , alternatively 
L(J ) where j = l + ; is the total moment of the antiquark . The Coulomb inter-J , 2 3 3 1 3 action favours a "normal" order P 0 < P 1 < P 1 < P 2 •  The long-range force , with 
i ts negative spin-orbit  component , tends to invert this order . This was under-14) 

. 1$) h d" l 3 lined by Schnitzer and confirmed, e . g .  by Henriques w o pre icts P 1 < P0 < 
3 3 - 1 3 3 3 -P2 < P 1 for en and P 1 < Pz < P0 < P 1 for bn . On the other hand , Pignon and 

Piketty l 6 )  obtained 3P < P (3/2) < 3P < P ( l /2) More recently , Klima and 
l l 0 1 2 1 • 

Maor ) also found a quite normal ordering for both en and bn P-states . 

5 .  Specific models 

As emphasized in the introduction , the NRQM hardly remains non-relativistic 

in handling the Qq spectroscopy . A dramatic illustration arises when s tudying 
the resultant mass l"T (M,m) as a local function of the light mass m for a flavour 
independent interaction. (This variation enters in the es timate of the electro­
magnetic mass differences like D+ Do) . One sometimes finds the surprising and 
probably non-physical result a�/ am < 0 1 8) . 

For Q + 00, the Dirac equation is certainly very suitable . It was adopted in 
refs . 1 6  and 1 9  for quantitative s tudies in the charm sector. Thes.e calculations 
reproduce quite well the experimental results , and in particular the property 
that F* F � D* D .  Note that the Dirac equation should exhibit i ts superiority 
over the NRQM more clearly in decay matrix elements than in mass spectra. 

More ambitious are the models where both particles are treated relativisti­
cally. In a first group of papers , the kinetic energy p2/2m is replaced by 
J+2 2 p + m - m for each particle, leading to an interesting phenomenology ,  where 
all mesons , light and heavy, are treated s imultaneously20> .  The most extensive 
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s tudy , in this category , is probably that of ref .  9 ,  where the decay properties 
of the mesons are also systematically studied , in addition to their mass spectrum. 
Besides these models , there are attempts to incorporate ab initio all the spin 

effects in a relativistic way . This means solving the Bethe-Salpeter equation or 
at least obtaining a decent approximation . Some works are listed in ref .  2 1 , but 
there are many others of interes t .  Generally , these relativistic calculations 

reproduce on firmer ground the results obtained using the Schrodinger equation 

supplemented by suitable Breit-Fermi corrections . 

In the bag model phenomenology , there are two simple limi ts .  The first one is 
the fixed cavity approximation adopted by the MIT group to get a fit of all light  
hadrons in the ground state22) . This model has given rise to  hundreds of papers 

dealing with centre-of-mass corrections , picnic cloud corrections , breathing 
modes , etc .  In the MIT bag, the quarks oscillate freely into a spherical canty , 
and the radius is adjusted to minimize the mass of the hadron . The second limit 
deals with heavy quarks , for which the bag model is used in the so-called adia­

batic approximation similar to the Born-Oppenheimer treatment of the molecular 
binding. For fixed interquark separation r, the bag shape is adjusted to minimize 
the energy , and this minimum is used as the QQ potential V (r )  in the Schrodinger 

equation23) . For heavy light sys tems , Izatt et al24) used the compromise of a 

light antiquark q oscillating relativistically into a cavity centered at the posi­
tion of the heavy quark Q .  They obtained a good agreement with experiment . 

In lattice QCD, there are also different strategies which are to some extent 

similar to those employed by bag modelists . For light hadrons , the masses are 

es timated directly from the lattice25) . On the other hand , for heavy quarks , the 

lattice is used to compute the interquark potential26) , which (when corrected for 
the omitted quark loop effects) can be inserted into the Schrodinger equation . 
Perhaps heavy-light sys tems deserve special treatment , where a static colour 
source Q is attached to the lattice and the q motion is studied by an appropriate 
Monte-Carlo algorithm. 

Finally the QCD sum rules should be mentioned, an approach where known per­

turbative properties and the assumed mathematical properties are tentatively in­

corporated27) . In practice this method is restricted to the lowest state for each 

set of quantum numbers . For light mesons , the sum rules are controlled by gluon 
or quark condensates whereas the perturbative terms dominate for heavy quarkonia .  

Among the results obtained so  far for mesons with open beauty28) , one may note 
i) B* - B 0 . 04 GeV < B* - B � 0 . 0 7  GeV s s 
ii) M (O++) < M( l ++) ,  i . e .  a normal ordering 

iii) a large S-P splitting. 



It would be interesting to tes t  whether these properties are s table against 
variations of the computation procedure wi thin this approach . 

6 .  Hybrids 
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The literature is already rich in so-called hybrids or hermaphrodites , these 
hadrons where the usual quarks are supplemented by consti tuant gluons to achieve 
a colour singlet configuration29) . Light (n�g) and heavy (QQg) hybrid mesons have 
been s tudied, but none has never been definitely discovered . If gluons and 
hybrids with hidden flavour exist ,  they are certainly hybrids with naked flavour , 
i . e .  (Qqg) .  The problem is to guess which of these new hadronic states has the 
bes t chance to show up in the spectrum with a clean signal . Maybe constituant 
gluons appear only in the s trong colour field produced by a s tatic heavy quark Q .  
Perhaps i n  QQ, this field is too efficiently screened , leaving Qqg as the bes t 
candidate for hybrids ? This should be s tudied less naively in specific models 
and we may anticipate controverses . Remember that the bag model gives relatively 
low (bbg) s tates23) , whereas a recent es timate with QCD sum rules predicts much 
higher masses30) . 

7 .  Multi quarks 

The question of the existence of multiquarks is s till open, although not 
very fashionable in this year 1 985 . The LEAR results have not produced so far 
any strong evidence for baryonium3 1 ) . The situation is also not fully clarified 
in the dibaryon sector32 ) . If one insists on killing the multiquarks , one has to 
find a good mechanism of saturation such that when a quark and an antiquark form 
a meson or three quarks form a baryon , no addi tional quark or antiquark can be 
inserted to produce a heavier stable system. 

The situation with the present models is , however , far from being settled , 
I t  has often been emphasi zed that special spin-flavour configurations give cohe­
rent attraction in the chromomagnetic forces33) . Als�, assymetric mass configura­
tions like QQqq with M/m >> 1 might favour collective binding33) . Perhaps some 
csnn s tates could combine the two effects and lie below their dissociation 
threshold D + K. In mos t studies ,  however, a naive additive rule is assumed for 
the flavour independent confining potential , namely V = E Fi Fj V0 (rij ) ' where 
the F ' s  are the S U  (3) colour generators . More elaborate ansatz should also be 
considered , based e . g .  on the s tring34) or the bag35 ) pictures , in order to tes t 
the model dependence of the multiquark spectrum . 
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A review is presented of the theoretical situation concerning the heavy baryon 
masses from the point of view of potential models.  A few model independent re­
sults are emphasized and a comparison is made between the prediction of various 
models in the sector of the newly discovered charmed strange states . 



76 

INTRODUCTION 
This short review is covering some aspects of the theoretical situation 

concerning the heavy baryon masses , from the point of view of potential models 
mainly . By heavy baryon , one means a baryon containing some heavy flavoured quark 
c or b .  Note that some authors 1 , 2) have also considered the strange quark s as 
an heavy one with some success. 
In fact , in view of the experimental situation, the comparison between theory and 
experiment can be done only in a narrow region of the charmed baryon sector : a 
few obj ects have been discovered and all of them contain only one heavy quark . 
The A : (quark content u d c) and the L �+ (u u c) have been established at 
2282 ± 3 MeV and around 2450 MeV respectively 35 the discovery of the A+ (use) 
at 2460± 1 5  MeV has been reported in 1 983 at Moriond 4) and now there is some evi­
dence for the T0 (ssc) state at 2740 ± 25 Mev5l .  We are still waiting for baryons 
with beauty , for instance the Ab is not firmly established3) , and of course ba­
ryons containing the top quark must exist but such obj ects have little chance to 
be discovered in the near future. 

I .  Model independent results : 
Before giving a comparison between the predictions of various models it is 

instructive to remain at a more model independent level and to recall some conse-
quences of general principles for the baryon states . A few topics will be 
stressed, somewhat arbitrarily chosen, which from my point of view present some 
interest for experimental searches . 

a) Flavour independence : 
Flavour independence (F . I . )  is an important consequence of the idea of an univer­
sal interaction between the quarks .  In QCD the basic interaction is flavour inde­
pendent . Although it is not proven that the confining part of the interaction 
does not contain a remnant flavour· dependence , it seems that the F . I .  hypothesis 
is well satisfied in the heavy meson sector . The baryon sector is also a labora­
tory for testing this property or any departure from it .  
In non relativistic potential models , the F . I .  hypothesis implies that 

- the interquark potential itself does not depend explicitely upon the 
masses 

- the heavy quark mass mq will be the only characteristic of the heavy 
flavoured quark 
it appears only in the kinetic energy P2/2mq and in the spin-spin force 
which is due to one gluon exchange (OGE) at short distance as introduced 
by De Rujula, Georgi and Glashow6) 



n 

_,. _,. 
Si Sj 0 3 (rij ) Rs s c ( I ) 

i j mi mj 

with c = 2/3 a s 8 rr /3 for OGE between two quarks in a colour singlet baryon 

(for a meson 2/3 becomes 4/3) . 
A direct consequence of this mass dependence for a qqQ system (q = light quark ; 

Q = heavy quark) is that the hamiltonian for such a system can be written in the 
form : 

H 1 
H - --- + Hz 

m 
Q 

(2) 

Then, it has been noticed7) that the ground state energy of H will be a concave 

function of l /m
Q 

, and extrapolating from lighter baryons A. Martin obtained the 
bounds7) 

f\ b < 5630 MeV 
(3) 

l: b <= 5825 MeV 

Note that these bounds are respected by explicit calculationsB) using particular 

models and also that ,  with power law potentials , the binding energy is al�ost 
linear in l /mQ as conjectured in 7) . 

Other concavity properties could be verified by the baryon states in the 
framework of F . I .  additive potentials .  By analogy to the two body meson case9 , 1 0) 

some inequalities have been conj ectured8) between the (spin averaged) masses of 
different systems , namely : 

(qqq) + (qQQ) � 2 (qqQ) (4) 
22) 

These inequalities cannot be proved easily by simple arguments and a rigorous deri-
vation is still lackini:)

but they have been verified numerically with a large 

class of potentialsB , l l ) . Note that ,  with ordinary quarks this could give an ex­
planation to the negative sign of the Gell-Mann-Okubo combination (after adding 
the spin-spin forces) : 2 (N+:=) - l: -3 f\ < 0 (Exp : -25 ± 5 MeV) . 

In the charm sector one gets : 

(qqq) + (qcc) � 2 (qqc) 
(ccc) + (cqq) � 2 (ccq) (5) 
(ccc) + (css) < 2 (ccs) 

(sss) + (sec) < 2 ( ssc) 

and similar relations in the beauty sector . 
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b) Spin shifts for systems with one heavy quark : 
As recalled recently in an extensive review by D. Gromes 1 2) there is an interes­
ting mass effect in the spin shifts for the qqQ system. The various states are of 
J\, E ,  or E "type 

A Q ((qq) j=O Q) j= l /2 
E Q ((qq)j = l Q) j = l /2 
z: *  (qq Q ) j=3/2 Q 

(6) 

i) The z: Q - J\Q mass difference is sensitive mainly to the hyperfine interac­
tion between the two light quarks . The splitting increases when � increases up 
to an asymptotic value for mq going to infinity. 
ii) On the contrary z:"Q - E Q is sensitive only to the spin-spin interaction 
between the light quarks and the heavy one , consequently it decreases as mq 
increases . 
This behaviour is very general and is obeyed by various potential as well as bag 
model calculations . 
For comparison the situation in the various sectors is the following 

z: "  _____ _ E " �"- -c - -f t t 70- 100 MeV � - 20 - 40 MeV 
I + - - - - -

1 90 MeV EC t + t I I 1 70 MeV 200-2 1 0 MeV 
t 77 MeV + + 
+ Ac � - - -A 

where the predictions (dashed lines) are those obtained using the models we dis-
cuss in the following. Note that z:"b and E b being predicted above the A + rr 
threshold and very close to each other, they will be difficult to separate . 

c) The link between mesons and baryons : 
The rule giving the QQ potential inside a baryon from the QQ potential inside a 
meson is 

(7) 

This is suggested by what happens for OGE or more generally colour octet exchanga 
This rule has to be applied with some caution (see e . g .  the reviews l 2 , 1 3) and 
references therein) . Note that it is not in contracdiction with the string 
picture 1 4) and it is supported by recent lattice calculations I S ) . 



If taken seriously, by variational arguments , this rule leads to 1 6) 

M(QQQ) 3 : 2 M (QQ) 
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(8) 

For instance , incorporating the spin-spin force ( in the triplet state) into the 
potential , one gets 

M(ccc) J/Vi (9) 
M(bbb) y 

Note that this inequality is already verified for lighter systems : 
Q ( 1 672) > 3/2 � ( 1 530) and � ( 1 232) > 3/2 p ( 1 1 55) . These inequalities can 

be generalized to systems made with quarks of different flavours 1 7) : 

this gives in the charmed sector 
r "c (cqq) 

s" (csq) 

T" (ssc) 

: 

: 

: 

n " + 

.!. F" 
2 

F" + 

2 
I n" + 2 
I 4\ 2 

p 

J .. + -z K  

2 . 39 GeV 

2 . 50 GeV 

2 .  65 GeV 

II .  Comparison between experiment and some model calculations : 

( 1 0) 

( 1 1 ) 

For a comparison between theory and experiment in the sector of the newly disco­
vered charmed-strange states I have chosen a few models which seem representative 
enough of the theoretical situation. 

a) Harmonic oscillator model : 
This well known model has been extensively used by Isgur , Karl and collabora­
tors 1 8) : the quarks are bounded in an harmonic oscillator potential supplemented 
by standard hyperfine interaction . The parameters are fixed from extensive calcu­
lations of the spectrum of ordinary baryons and the charmed quark mass is fixed 
from that of the A + around I .  9 GeV (a strategy common to all the models) . c 

b) Smooth quas i logarithmic potentia18 • 19) : 
1 r 

v = 2 i<j 
0 . 1 A + B r . .  1 J ( 1 2) 

the hyperfine interaction being given by Eq ( 1 ) .  The parameters are also fixed 
from a fit of the ordinary baryons .  They are not very different from those of 
A. Martin ' s  potential for heavy quarkonia 1 )  (taking into account the 1 /2 factor) 
apart for the hyperfine constant which has been adjusted to reproduce the � - N 
splitting and is certainly overestimated for the heavy quark sector . 
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c) A potential introduced by S . Ono and F. Schoberl20) 

This potential which is essentially coulombic (vector) at short distance and 

linear (scalar) at large distance , has been used to fit  the whole spectrum of 
mesons and baryons . Note a particularity of this approach : the short distance 
vector part of the potential is enhanced in baryons (the 1 /2 factor of Eq . 7  

becomes 3/2) , a procedure which has no theoretical justification but seems neces­
sary to get a good fit .  

In  the following table are also displayed for comparison the older 
results of De Rujula, Georgi and Glashow (DGG) 6) and those obtained in a version 
of bag model suited for heavy quarks2 1 )  (concerning this model see also J O) . 
In this table the S is a (csq) state with the (sq) pair mostly in a spin triplet 

state instead of a spin singlet as in the A , s" and T" being the spin 3/2 part­
ners of the S and T respectively. All the·111asses are in MeV. 

-----
Richard Ono 

State Exp Isgur et al Taxil Schoberl Bal>' DGG 
A (qsc) 2460:!: 1 5  2495 2457 2460 2430 2420 
A-ft 1 80:!: 1 5  220 1 75 1 94 1 50 220 c 
s (qsc) - 2590 2558 2578 2500 25 1 0  
s - A - 90 98 1 1 8 70 90 

s" - 2660 2663 - 2600 2560 
s" - A - 1 60 200 - 1 70 1 40 

T (ssc) 2740:!:25 2745 2664 2759 26 1 0  2680 
T - A 460:!:25 470 380 490 330 480 c 
r" - 2805 2775 - 2 7 1 0  2720 
r" - T - 60 1 1 0 I - 1 00 40 I ! I 

A few comments are in order : 
- Since in all the models the mass scale is fixed on the ft + it is more ins­c 
tructive to consider the mass differences between the various states as displayed 
in the table.  
- One can see that the agreement between models and experiment is not bad , some­

times very good - even for the simplest approach of DGG ! - apart for the bag 

model results which are systematically too low. Note that with a smooth potential 

like in 1 9) but with a smaller hyperfine constant adjusted from charmonium split­
tings as in ! ) , one gets a better value for the T (ssc) : 2 7 10  MeV instead of 
2664 MeV. 
- Concerning the states to be discovered : 

i) for the S (qsc) , the various predictions do not differ by more than 30 MeV in 



potem.tial models .  This state is predicted to be stable against S + A +  1r • 

ii) in the harmonic oscillator model the SR is just above the threshold A + rr , 

this is different with a smooth potential . 

iii) in all the models the TR will be stable against 

TR + T + rr 
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Certainly more data are needed to discriminate between the various models and of 
course data on the beauty states would be very interesting. 

III.  Excited states : 

An interesting question is  can we expect a rich spectroscopy of stable excited 

heavy baryonic states ? Here "stable" is meant in the same sense as the excita­

tions of o/ or y systems which lie below their Zweig allowed threshold .  A first 

estimation - in the framework of a smooth potential - is not very optimistic . 

Indeed , the rr (and also the K) are so l ight that it is difficult for an heavy 
ground state baryon containing a light or strange quark to have an excitation 

below the "Zweig allowed" threshold . On the contrary a rough estimate shows that 
some excitations of (ccc) would be stable (and a fortiori excitations of heavier 

states made with c or b quarks only) . The situation may be quite different with a 

steepest potential like the harmonic oscillator model where i t  has been noticed 1 8) 

that the radially excited (ssc) or even an orbital excitation of the A c could 

be stable against strong decay. 
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ABSTRACT : The anomalies in cc and bb spectra and their theoretical interpreta­
tions are reviewed . Phenomenological analysis for qQ and tt spectra are also 
presented . 
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(A) Anomalies in cc and bb spectra and the theoretical interpretations 
There are several difficulties whi ch cannot be easily accomodated in the 

standard potential models . We make the list of these anomalies1• 2 

(i) The mass difference between T(48) and T (58) is too large . This is even 
larger than 38-48 difference . 

(ii) There is some structure between T(48) and T(58) which is unexpected in the 
potential model . 

(ttl) For most potential models the mass of ¢ (4030) (usual assignment is 38) is 
too low and ree (38)/fee (l8) is around one half of the theoretically expected 
value . 

(:hr) ¢ (4159) is usually assigned as 2D , cc state , which couples to e+e- through 
8-D mixing . However ,  even the coupled channel model predicts only �l/20 of 
the observed ree(4159) . 

(v) r ee (4415 ) /f ee (18) is much smaller than theoretically expected if ¢ (4415) is 
48 ,  cc . 
We show three possible explanations for these anomalies . 

(I) The QQ-QQg mixing mode11• 2 

It is shown1• 2 that if we assume ¢ (4030) % (¢ (38 , cc) - ¢ (ccg) ) //2 and 
¢ (4159) % (¢(38 , cc) + ¢ (ccg) ) / 12  we can explain anomalies (ttL) , (:hr) and (v) 
naturally . Theoretically the lowest 1-- . ccg state is indeed predicted around 
38,  cc state3 • 4 (see also refs . 1 ,2 )  and excited ccg states around or above 4S , 
cc state . 

As for bottonium states 1-- , bbg state is predicted j ust above T (48) . It 
has been known for some time that the measured mass of T (4S) is lower than the 
theoretical one by 20-50 MeV and measured r (48) is slightly smaller than the ee 1 theoretical one. Motivated by these three facts it was suggested that a 1--
bbg state might be j ust above T (48) . Due to the mixing T(48) is pushed down and 
ree (4S) decreases.  After this proposal experimentalists indeed found a structure 
between T (48) and T (58) . The mass difference T(58) - T (48) is found to be 
abnormally large . 

Let us consider a simple mixing model 

E¢ (1) 

Let us assume masses before mixing (m��) (0) �· m58 ) = (10 . 61,  10 . 66 ,  10 . 86) 
with mixing parameter o1 = o2 = 0 . 05 GeV . Due to mixing 48 is pushed down and 
SS is pushed up , thus we can explain anomaly (i) . One finds (m48 , � ·  m58 ) 
= (10 .577 , 10 . 681, 10 . 872) , 



T ( ' 4s ' ) = o . a21 1 4s ,bb> + o . s6 l tt> + o . 046 l 5s ,bb> 
T ( 'H ' ) = -0 . 55 j 4s ,bb> + o . 80 j H> + o . 24 j 5s ,bb> 
T ( ' 5 S ' ) = 0 . 10 j 4S ,bb> - 0 . 22 j H> + 0 . 97 J 5 S ,bb> 
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( 2) 

Combining with the quark pair creation mode15 • 6 one finds the total width 

f ( ' 4S ' ) 
r ( ' H ' ) 
f ( ' 5S ' ) 

theory 
26 MeV 
94 MeV 
35 Me V 

experiment 
20 ± 6 MeV 

131 ± 50 MeV 
112 ± 40 MeV 

(3) 

where the width of H before mixing is assumed to be zero (r (O) (H) = 0) since it is 
shown7 that hybrid states are narrow. One can increase the widths by assuming 
non zero r (O) (H) , but f ( ' 4S ' ) and f ( 'H ' ) are already large enough . We find 
rather small r ( ' 5 S ' ) but the coupled channel effects might affect the width (see 
ref . 8) . 

Combining predictions by Richardson potential model9 r (4S) /f (lS) = O .  27 , ee ee 
ree (5S ) /ree (lS ) = 0 . 22 with eq . 2 one obtains 

r ( ' 4s ' ) /r (ls) ee ee 
ree ( ' H ' ) /fee (lS) 
ree ( ' 5S ' ) /fee (lS) 

theory 
0 . 185 
0. 094 
0 . 214 

experiment (CLEo10) 
0 . 192 ± 0 . 04/ (1 . 3  ± 0 . 13) 
0 . 2  ± 0 . 15/ (1 . 3 ± 0 . 13) 
0 . 22 ± 0 . 12/ (1 . 3 ± 0 . 13) 

(4) 

Larger value for ree (5S) / fee (lS) (�0 . 32) is found by CUSB group11 where the 
background is subtracted in a different way . 

We conclude that QQ-QQg mixing hypothesis provides natural explanations for 
all anomalies ( (i) - (v) )  in heavy quarkonium systems . It is recently shown7 that 
the mixing parameters used for bb-bbg and cc-ccg are reasonable . 
(JI) Unitarized quarkonium model 8 •12 (or coupled channel model 13) .  

I t  i s  shown that the inclusion o f  coupled channel effects removes difficul­
ties (:Iii) - (v) , but not completely. E specially the anomaly in r (4159) /r (lS) 

8 ee ee 
remains unsolved12 •13 . Recently Tornqvist has extended the calculation of ref .  
1 2  and found an interpretation for anomalies (i) and (li) . �e omit the detail of 
this analysis since this will be included in the talk by Tornqvist .  We wil\ just 
make some comments on his calculation. 
(a) In this calculation only six thresholds (BB, BB*+B*B , B*B* , B B  , B B* +B*sBs , *-* s s s s 
BsBs ) which make the difference T (SS) - T(4S) larger are included . Other 

- -* -thresholds e . g. , BP
B ,  BPB (BP = lP state of ub) which make the difference T(5S) 

- T (4S) smaller should also be included . We are now planning to make more 
complete analysis to check if the UQM can explain the T(5S) - T(4S) anomaly . 
(b) If the coupled channel effects are as large as 50 MeV even for bb this will 
ruin the success of the potential model since these effects disturb the cc 
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spectrum by the order of 200 MeV and light quark spectra by the order of 1 GeV. 
One must note that coupled-channel effects are much more important for lighter 
quark systems than for heavy quarkonium systems . Are light quark spectra 
disturbed so violently? No! By neglecting coupled channel effects we can still 
have excellent fits14-16 from light quarkonium to bb . As an example let us 
consider the flavor independent potential model by Ono and Schober114 One might 

say that this is j ust a parameter fit . However ,  one can see the quality of fit 

by considering only data which were measured after the publication of this paper . * --- * 
F 1963 (1971 ± 6)MeV, F - F = 136 (139 . 5 ± 18 ,  144 ± 1-6) , B -B = 49 (52 ± 6) , 
A 2460 (2460 ± 15) . Thus we cannot see any trace of 
violent disturbance due to the coupled-channel effects . If coupled-channel 
effects are so small for these states , they must be even smaller for bb systems . 

Therefore , one is forced to chose either of the following conclusions . 

(i) Coupled-channel effects are small or can be included in the effective 
potential for all quarkonium systems including T(SS) - T(4S) . Thus , the poten­

tial model analysis is meaningful . 
(:ii) One believes that mass shifts due to such effects are as large as the ones 

given in refs . 8 ,  12 . In this case any success of the potential model is 
accidental . If so one must try to find other anomalies in quarkonium spectra 
which can only be explained by coupled channel model. 
(III) Tailed potential model 

Due to light quark pair creation the string between Q and Q breaks . Thus , 

the potential for large R does not rise as fast as linear one but it is tailed 
somewhere . Martin potential17 V = -8 .064 + 6 . 8698 r0 • 1 is an example of a 

tailed potential since it becomes V � rO .l  for large r .  Let u s  change the 
parameters of this potential slightly. 

V = - 7 . 908 + 6 . 8698 r O .O% 

me = 1 .  737 , � = 5 . 1  GeV (5) 

We call this "modified Martin potential" . In the following table we compare the 
results of this model with experimental data. 

bb theory data cc theory data 

fee (2S) /fee (lS) 0 . 495 0 . 46 ± 0 . 03 fee (2S ) /fee (lS) 0 . 394 0 . 45 ± 0 . 08 

3S 0 . 332 0 . 33 ± 0 . 03 3S 0 . 236 0 . 16 ± 0 . 04 
4S 0 . 251 0. 23 ± 0 . 03 4S 0 . 166 
SS 0 . 199 SS 0 . 127 0 . 11 ± 0 . 04 
6S 0 . 167 6S 0 . 102 
7S 0 . 144 
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One should note that we have here bb cc 

unconventional assignments for theory data theory data 
T(l0868) , T(ll019 ) , �(4415 ) . In this 
model T(l0868) is not T(5S) but is 9460 9460 3096 3097 

T(6S) , thus the large mass difference 2S 10011 10021 3675 3686 

between 4S and "SS" is understandable. 3S 10331 10353 4012 4030 

A difficulty of this model is that 4S 10560 10578 4252 

we have to assign �(4159) = cc , 4S 5S 10740 10684 4441 4415 

where predicted value is 100 MeV 6S 10888 10868 4597 
higher than the measured value . On 7S 11015 11019 4730 
the other hand r ee (4159) /fee (4030) SS 11125 4846 
is not so bad since � (4030) and lP 9858 9901 3515 3521 
� (4159) are both S-states .  2P 10225 10256 3900 

lD 10119 3789 3770 

2D 10396 4080 

(B) qQ systems 
Recently F

*
- F and B

*
- B are measured experimentally18 

cal relation 

The phenomenologi-

2 71 (6) 

works nicely . By using the Breit Fermi Hamiltonian even more precise relation 

[M(3s1) J
2 - [M(1s0) J 2 

� K•6471as
l � (O) l 2/9µ 

2 2 2 as ( Q ) = 1271 I { ( 33 - 2n f) ln ( Q /A ) } 

Q = m(qq) � 2m � 4µ q 

(7) 

is found19 • Comparing with the data one finds A = 140 ± 60 MeV . From eq . 7 one 
* 

finds F - F = 132 ± 6  MeV (theory) , 139 . 5 ± 18 MeV (PEP4) , 144 ± 16 MeV (Argus) ; 
* 

B - B 49.  7 ± 1 . 2  MeV (theory) , 52 ± 6 MeV (CUSB) . For mt = 40 GeV eq . 7 predicts 
* * 

T - T 6 . 6  MeV and T - T = 7 . 1  MeV . s s 
For completeness we show complete open top meson spectrum, 

cog (T 
*

, T ) - cog(T
*
, T) ;;; 60 MeV s s 

T+ - r0 ;;; D+ - n° = 4 . 7 ± 0 . 3  MeV , 

(ref . 20) 

*+ *O - *+ *O T - T = D - D = 2 .  9 ± 1 .  3 MeV . 

Similar spectrum was found by Eichten21 . 

for mt � 30 GeV 

(8) 
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(C) tt systems 
The UAl group found evidence for the top quark with the mass mt = 40 ± 10 

Gev22 . For this mass the QQ potential inside 0 . 1  fm becomes important . From the 
spectra of cc and bb states we find the shape and flavor independence of the 
potential between 0 . 1  and 1 fm . Through perturbative two loop calculation it is 
shown23 that the potential has an asymptotic behaviour for r < 0 . 01 fm. The 
substantial part of the low lying toponium wave functions are in this unknown 
region (0 . 01 - 0 . 1  fm) . The potential behaviour in this region (and spectra below 
3S-state) is very model dependent . 

For example , let us consider the case mt = 40 GeV. We find E(2S) - E (lS) 
640 MeV for Kuhn Ono potentia124 , 519 MeV for Martin potential17 and 2104 for 

Coulomb plus linear potential13 At present it is not possible to determine the 
differences E (3S) - E (2S) and E (2S) - E(lS) very precisely from QCD. If these are 
determined experimentally we can fix the potential behaviour for r < 0 . 1  fm and 
check if QCD motivated models such as refs .  23 ,  24 are correct . 

As for fee we have even more serious model dependence . f ee (lS) by linear 
plus Coulomb potential is around 30 times as large as that of Martin potential .  
Even for higher excited S-state the former is several times larger than the 
latter . 

f is much affected by the presence of the ZO pole . As the tt s tate gets ee 
close to z0 , f increases . If the lowest tt state is slightly (2-5 GeV) lower ee 
than z0 , r for ee higher excited states are relatively enhanced since they are 

Numerically we find the relation f (SS) � f (6S) � f (7S) � • • · nearer to zO . ee 0 ee ee 
On the other hand if toponium ground state is above Z , fee decreases rapidly as 
we go to higher excited state . However , fee defined here does not have the same 
meaning as that for bb and cc if tt is very near z0 (see ref . 25 ) . 
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PROPERTIES OF TOPONIUM 

J . B .  Kuhn 
CERlt, Geneva, Switzerland 

ABSTRACT 

We discuss the properties of toponiu• states , with special e•phasis on 
their. appearance in e• e- collisions . We describe their relevance for the deter­
•ination of the quarkoniu. potential and the interplay between electro•agnetic 
and weak interactions in their production and decay . Finally, we co .. ent on 
their role in the search for Biggs particles or for supersy .. etry . 
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1 . ImoDUCJIOlf 
With the three e• e- colliders TRISTAM, SLC , and LEP, at present under cons­

truction (or even nearing coapletion) ,  a new energy range is opened up in the 

search for toponiua. The present lower liait on its mass1 )  
of 46 GeV necessarily 

places the toponiua systea in a region where its appearance will be rather dif­

ferent fro• the expectations for the ' low' mass range of PETRA or PEP . For bound 

state masses below 50 GeV, weak interactions were to be considered as s�l 

perturbations of a syste• which would have been do•inated by strong and electro­

aagnetic interactions . For higher masses , however, which are also suggested by 

the recent UA1 results2 > , weak decays and electroweak interferences becoae 

equally iaportant . 

Toponium will thus becoae a unique systea, where all aspects of the standard 

aodel coae into play and can be studied in a clean environment : long- and short­

distance aspects of QCD through the potential ; perturbative QCD through strong 

decays ; electromagnetic and neutral-current interactions through decays into 

feraion-antifermion pairs ;  and last but not least, charged-current interactions 

through single quark decays (SQDs ) .  Furtheraore, it is well known that the search 

for the Higgs particle is particularly proaising through the Wilczek aechanis• 

V � H + y .  In addition, toponiua may be well suited to the study of various 

aspects of ' new physics ' outside the real• of the standard aodel , among which 

supersy .. etry or additional charged or neutral Higgs bosons are only the most 

outstanding exaaples . I will now discuss the various aspects in turn . 

2 .  THE PQTEHTIAL* ) 
As far as the potential is concerned , the difference between a 50 GeV and a 

100 GeV systea is not drastic . The 1 5  together with 1P and the 25 states will 

serve to probe the potential for distances of less than 0 . 1 down to � 0 . 03 fa . 

Even various QCD-inspired potentials with a short-distance behaviour of 

� 1 / ( r  ln r) lead to rather different predictions for the energy levels of the 

1 5  and 25 states and for r
e• e

- ·  calculations , based on a aore singular short­

distance behaviour of � 1 /r, or on the rather soft r0 • 1 potential ,  would of 

course lead to even more drastic deviations . 

For interaediate and large distances , the potential has already been ex­

plored by the charaoniu• and (bo) systea, and the levels of higher radial exci­

tations are thus predicted quire unaabiguously . Nevertheless,  it is of great 

inte��o have an experi•ental check of this expectation. The verification of 

flavour independence would not only confir• the obvious expectation from QCD 

an independent aeasure•ent of V ( r )  for larger distances would also lead to a 

more refined understanding of the role of relativistic corrections for the 

lighter quarkonia . 

* ) For reviews with references to the original literature,  see Ref . 3 .  
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Fig. 1 Energy levels of the 12 lowest 5 and P 
states as calculated with the Richardson poten­
tial ( fro• Ref . 5c)  together with the (cc) and 
(bbl states below threshold . 

A rough idea of the coaplexity of toponiua can be gained fro• Fig . 1 ,  which 

gives the binding energies of the 12 lowest 5 and P states as a function of •
t

• 

together with the ( cc )  and ( bb l  levels below threshold . For •
t 

= 40 GeV, all 

states up to 105 are below the open top threshold . A theorea given by Baumgartner 

et al .
4 1  

on the level ordering of orbital and radial excitations tells us that 

it is between the level ordering of the hydrogen atoa and the haraonic 

oscillator , in the sense that 

En+ 1 ,l 1 E
n, L +1  1 E

n+1 ,l - 1  · 

Including fine and hyperfine splitting and all orbital excitations , the total 

number of toponium levels up to n5 ( and thus up to at least l • n- 1 )  is given 

by 

n + n + ( n- 1 ) + 3 ( n- 1 ) + (n-2) + 3 ( n-2 ) + . . .  + 1 + 3 2n
2 • 

( 1 )  

( 2 )  

I f ,  for exaaple, 105 happens to be the highest state below threshold ,  this 

amounts to at least 200 different narrow resonances .  As the maximal number ,  one 

finds
* ) 

2 ( 2n
2

- 1 ) .  Although one will not be able to explore all these states in 

the near or even distant future , a detailed study of aost of the 
3

5
1 

levels and 

* l I thank A .  Khare for a discussion on this point . 
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perhaps also of the lowest 3 PJ states is experimentally feasible and will thus 

completely fix the potential down to a distance of less than 0 . 1  fm, beyond which 

it is predictable by perturbation theory.  

3 . z-y-W INTERFERENCE
* )  

One of the great surprises in the study of charmonium was the observation 

that strong and electromagnetic decays are of comparable strength . With in-

creasing mass -- for toponium, say between 35 and 60 GeV production and decay 

through the virtual z leads firstly to minute contributions to the amplitude , 

which could be observed in the study of various asymmetries through its inter­

ference with the dominant electromagnetic term . For masses above 60 GeV the 

neutral-current amplitude becomes more important , and above 80 GeV it is drama­

tically enhanced by the z0 propagator .  On the other hand , the rate for three 

gluons and for two gluons plus a photon remains largely mass-independent . The 

study of these modes , which could provide interesting information on gluon 

properties and the three-gluon coupling1 7 )  thus becomes more and more difficult 

(Fig. 2 ) . 

Fig. 2 Comparison of rates for SQDs , hadronic 
decays , and fermionic decays as a function of 11\r for r (V :yt e• e- ) = 5 keV (Ref . 1 3 ) . 

10' 
r [MeV] 

18111-b µv I 

i: t T  

ggg  

10-3 ������������� 
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* ) This part is based on work done in collaboration with S .  Gilsken and P. Zerwas 
(Ref . 5 ) . For related papers , see Refs . 6 and 7 .  Earlier work can be found 
in Refs . 8 to 1 6 .  
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The Z-y interference has a drastic effect on the production in e• e- anni­
hilation . Since all contributions are proportional to the wave function at the 
origin, their relative strength and the asY1111etries are potential-independent . 
Furthermore, since 3 s is by construction a vector state , one is only sensitive 1 
to the vector part of the neutral-current coupling to top quarks . 

One simple direct consequence* )  is a difference in the production rate for 
right-handed versus left-handed polarized beams 

with 

A ' = 
(�J

2 
f s -

vf = 2If 4ef sin2 8 af 3 w 

• 
2 Re (A/·�l 

I A 12 + I A ' 1 2  e e 

afvt 

2 
. mz + imzrz 

2If 
J y 2 sin 28w 

this amounts to 100\ for a toponium mass close to 80 GeV ( Fig . 3 ) .  For un­
polarized beams this implies that toponiua will be produced with a preferred 
spin direction , 

-0 . 

- 1  

so 

I 
I 

I 
I 

I 

'',',,,_ ,/ ••• --µ•µ-., / Forward-backward -- Asymmetry 
- 1X (FB)0" --- 1X (FBJ011 

70 90 110 

mv & E (Ge VJ 
120 

( 3 )  

( 4 ) 

Fig .  3 Polarization asymmetry Clot on and off resonance as a function of my 
( full curve) and E (dashed curveT ( Re f .  5c) . 

* )  For a more detailed discussion, which takes into account the interference 
with the continuum, see Ref . Sc . 
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<S . 
v 

.. 
n > e 

a (RL )  

and this in turn could b e  observed i n  weak decays , as discussed below . 

( S )  

Siailar to the situation off resonance , for toponium one also expects a 
forward-backward asyametry for feraion-antifermion final states , which is most 
easily aeasured for muons and tau leptons . As far as the contribution from 
toponium is concerned, polarization and forward-backward asymmetries are siaply 
related1 8 ) : 

°F - 0B 3 --- - - a 
oF + oB 

- 4 FB ' 

( 6 )  

and similar relations can be obtained for the azimuthal asymmetries discussed in 
Ref . S c .  This factorization follows from the fact that the reaction proceeds 
through one single resonance with definite spin . In Ref . Sc it is demonstrated 
that for toponium sufficiently far away from z0 the incoherent summation of re­
sonance and continuua is indeed appropriate, once the energy spread of the beam 
has been taken into account . 

Among the decays into quark-antiquark, those into bb are of particular in­
terest.  Since t and b are aeabers of one isodoublet , ( tt )  -+ bb may also proceed 
by the exchange of a W. Rate and angular distribution are thus quite distinct 
from those of the other down-type quarks da or ss . Coapared with the y and 
Z-amplitude, the relative weight of W exchange depends on different colour 
factors , such that the measureaent of , for example , the bb rate or of the 
angular distribution, gives a nice check on the whole approach . It goes without 
saying that bb jets are also particularly attractive from the experimental point 
of view, since B aesons could be tagged either through their characteristic 
decay modes or even through the observation of their decay vertex . 

A rather peculiar situation occurs for toponium very close to the Z 
(Ref . Sa) . Production and decay are then completely dominated by the inter­

aediate boson . However, since the widths of V and Z are so drastically different 
( before and after aixing ) and the v-z coupling is small coapared to rz - rv , it 
is still legitimate to use lowest-order perturbation theory . For toponium very 
close to the Z ,  the mass shift and width are approxiaately given by* > 

* ) For a aore detailed treataent, see Ref . S c .  
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( 7 )  

This a11ounts to an increase o f  rv up to - 2 0  MeV and a aass shift up to - 5 MeV. 

The contribution fro• one state to the shift in the aass and width of the inter­

mediate boson z is equal in aaqnitude but opposite in siqn. Althouqh z
0 

receives 

contributions fro• all states , the total effect on •
z 

shown in Fiq . 4 is still 

below the experiaental accuracy, and the sa11e is true for the chanqe in width . 

So far we have discussed V and Z as separate entities . It has been custoa­

arily assuaed ( for exaaple,  Ref . 1 9 )  that it is leqitiaate to add their contri­

butions to the cross-section incoherently, once the real cross-section has been 

folded with the inherent beaa enerqy spread of e• e- aachines . However , this is 

4 

-4 

-8 

- 1 0  

> 
QJ 

!:: 

� - 2 0  
'° 

Richardson 
potential 

40 4S 

Richardson 

mass shift 

6mz=-l:6mv. 
I I 

narrow 

so SS 

narrow - 3 0 potential 

40 4S so 
mass IGeV) 

a )  

b) 

Fig . 4 Shift of the Z mass (a)  and the z width (b)  due to all narrow toponium 
states for a given top quark mas s .  
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no lonqer true if toponi1111 is sufficiently close to the Z .  Iqnorinq interfer­

ence effects and radiative corrections , the inteqrated cross-section fro• a 

resonance is si•ply qiven by 

with 

( 8 )  

( 9 )  

For JI• and Y production this remains true even i f  interference effects are 

taken into account . In these cases the difference in phase between the even part 

of the Breit-Wiqner amplitude (which contributes to the inteqral ) and the back­

qround is •/2,  so that they do not interfere . The odd part of the resonant 

amplitude does interfere and leads , for exa•ple ,  to the well-known dip of the 

µ-pair cross-section below the J/• , but is irrelevant for the inteqral . 

However , if the difference between the toponium and z0 masses and the width 

of Z are of comparable aaqnitude, the situation chanqes drastical ly . If we assume 

that toponiu• is very close
* ) 

to the z0 , the co•bined a•plitude for ff final 

states in the neiqhbourhood of toponium is qiven by 

A
Z+V 

cr �2��2���� + -(-2�-2-'--.��-) my - •z + imzrz m,,-•z+imzrz 

2 2 
( ev

t
fylly/Y) 

c s-i{+i11\,r v> 

For the extreme case of complete mass deqeneracy, 

2 2 
( ev

t
fy18y/Y) 

c s-i{+im,,r y-i 

( 10)  

( 1 1 )  

In this case it is the even part of the toponiu• amplitude which interferes with 

the Z ' backqround ' ,  and this interference is evidently destructive . The contri­

bution to the inteqrated cross-section from the resonance becomes negative, and 

hence one expects a dip instead of a bump , even after the energy smearing is 

* )  For the general case ,  see Ref . 5 c .  



taken into account . For toponi1111 in the neighbourhood of z ,  one aay still take 
the (slightly) idealized case of z doainance and find for the cross-section 
after saearing , 

<Rv+z> • J llv+z <• ' l r(•;:· ) dW ' 

99 

( 1 2 )  

Ry<incoh . ) 

with 

r '  / ( 2I ) llW r r• J dW' r '
(
W-W '

) W '  llW 

RyC incoh . ) is defined in Eq . ( 9 ) , and r denotes the resolution function , which 
one may choose as Gaussian distribution or in aore elaborate foras if the 
effects of radiative corrections are to be taken into account . 

The resulting shape of R in the neighbourhood of my is shown in Fig . 5 for 
three characteristic cases . For a,, = •z one finds a dip with the size and shape 

Fiq . 5 Energy dependence of the resonance 
excitation cross-section for a toponium mass 
of a) m,, = m , b) m - r / 2 ,  and c) m - r . 
The dashed line shois th� cross-secti�n wi�h­
out the interference terms being taken into 
account . 

0 10  

-0 OS  

-0 1 0  

0 1 0  

- 0  1 0  

a) 

-0 . 5  

0 s 

�������-���-o s 
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of the buap expected fro• incoherent su1111ation . For a,, = mz ± rz/2 the inteqrated 
cross-section vanishes ; however ,  the asY111111etric part still leads to a sizeable 
variation of the cross-section in the resonance reqion . Thus also in this case 
toponium would be easily detected by experiment . For my =  mz + rz the line shape 
already has a closer resemblance to the incoherent sum, althouqh some distortion 
is still clearly visible . 

For direct toponium decays , such as SQDs , qqq, or Hy, no interferinq 
continuua exists and their contribution just adds incoherently 

(w - lllv) Rdirect = Ry ( incoh . ) · Br (direct) · r ' � 

4 .  SINGLE OUARK DECAYS8 1 1 3 • 2 o )  

A mode which is specific for toponium is the weak decay of a top quark 
inside toponium with a rate 

( 1 -/µ )2 
f ( o ,  11 >  2 I du [ ( 1 - µ ) 2  + u ( 1 +µ )  - 2u2 ] [ 1+112 +u2 - 2 ( µu+µ+u ) ] 1 12 • 

( 1 -u11 )2  

( 1 3 )  

( 1 4 )  

For charmoniua and bottomonium this decay mode i s  completely neqliqible .  As it 
increases proportionally to m� , it becoaes coaparable to the other channels for 
a,, close to 60 GeV. For aasses close to •z • annihilation decays are aqain en­
hanced owinq to the Z propaqator . Rouqhly 10 GeV beyond the Z ,  SQDs becoae , and 
reaain, doainant . 

The strikinq topoloqy of SQDs -- six jets in two planes -- or hard isolated 
leptons , enables them to be selected quite easily fro• all other decay aodes . 
This saae property can be used to reduce the continuua backqround in the scan 
for toponiua . Whilst this feature is a welcoae asset in the aass ranqe below • z •  
it becoaes the crucial tool at hiqher aasses1 4 • 2 1 ) 

However ,  SQDs are interestinq in their own riqht2 0 > .  The total toponiua 
decay rate is qiven by the µ -pair branchinq ratio toqether with ree ' as is 
standard practice for charaoniua and bottoaoniua. A aeasureaent of the branchin9 
ratio for SQDs then leads to a direct deteraination of the t-quark lifetiae. 

Leptons fro• SQDs are also a very useful tool for obtaininq inforaation on 
the bound state . As a characteristic exaaple, let us consider the spin of a 3 s1 
state . The spins of the t and t quarks are aliqned with the spin of toponiua. 
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b) 

Fig. 6 Threshold behaviour of toponiua and open top production, including 
neutral-current effects . The dashed area indicates the fraction of SOD events . 
The contribution to the continuua froa axial-vector current is indicated by the 
dotted area . The dashed curve gives the production rate due to the electro­
aagnetic current and the vector part of the neutral current for top quarks 
without QCD corrections and aass effects . a) 2•

t__
= 60 GeV, 6W = 40 MeV; 

b) 2• = 80 GeV, 6W = 32 MeV; c )  2• = 94 GeV, 6W = 48 MeV [the solid line 
denot�s the change of the feraion-a�tiferaion cross-section alone, noraalized to 
o ( e• e- l µ• µ- ) ) ;  d) 2•t = 1 10 GeV, 6W = 80 MeV. 
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The degree of longitudinal polarization of the spins of top quarks and of 
toponium is thus identical . In addition , the angular distribution of leptons is 
independent of the energy , and for fully polarized quarks it is given by 

with 

dN 
d cos e � < 1 + cos ei ' 

cos e i\ s . 

( 1 5 )  

The resulting asy11111etry thus allows a direct aeasureaent o f  the b .�nd-state 
polarization . It should be taken into account that only 50\ of the prompt ,  
first-generation leptons originate from the decay of  a t quark inside toponiua, 
and 50\ from the decay of the T or T* which decays only subsequently . The two 
sources can in practice not be separated , and only 50\ of the polarization is 
retained in the second step20 l .  The resulting asymmetry is finally given by 

The leptons could also be used for a diagnosis of the aoaent1111 distribution of 
the bound-state wave function . We note that the dispersion of the velocity 
amounts to roughly 0 . 01 , which leads to a smearing of the lepton spectr1111 by 
±10\, with a noticeable shift of the end-point, not to speak of the effects of 
the tail of the wave function . 

For higher radial excitations , SQDs are relatively more important. Since 
these states are also rather densely packed , it will not be easy to distinguish 
between the regions above and below threshold , as is indicated in Fig . 6 for 
some characteristic cases . 

5 .  THE OUEST FQR THE HIGGS PARTICLE 
Toponium will be an excellent place to look for new physics . In particular, 

it will play an eminent role in the search for the Riggs particle . Since this 
has already been discussed extensively in the literature22 l ,  I will mention only 
the most important aspects . The branching ratio for Ry, shown in Fig. 7 for 
fixed •u 10 GeV as a function of the toponi1111 aass23 > ,  remains high throughout 
nearly the whole range accessible, for example by LEP . Since the suppression by 
the phase-space factor ( 1 -�/�) is not very severe, a standard Riggs particle 
with mass up to 9v - 10 GeV would be accessible in this way2� ) . For toponi1111 
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Fig . 7 Branching ratio into Hy for f (V :yt e•e- J 5 keV . 

11&sses very close to •z • the branching ratio is drastically reduced owing to the 

overwhelming rate for z0 -mediated decays . However , even in this region toponium 

competes well with Higgs. production in Z decays , at least for a machine with the 

energy spread of LEP ( fiW � 50 MeVJ . Close to the z0 one finds , on top of the 

resonance, 

which compares favourably with the continu1111 cross-section for Hy even on top of 

the Z :  

Even the node Z � Hp• p- leads to a s11&ller rate , at least as long as -U � 30 GeV . 

We have shown above that the dominant contributions from V and Z decay 

interfere destructively for my close to � - A reduction of the energy spread 

would thus lead to a very remarkable effect : the cross-section would be enhanced 

for H + y and depleted for fl . 
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6. TQPQtfIQJI MD SUPEBSDl!ETRI* )  
I f  supers}'lllletry partners of conventional particles exist with 11asses coa­

parable to •t• supers}'lllletry could play an iaportant role for toponiua; conver­
sely, infor..tion on SUSY particles could be obtained which would be hard to 9et 
elsewhere . Depending on the 11asses of the various hypothetical particles , a large 
variety of decay aodes can be envisaged . various possibilities are sua11arized in 
Figs . 8a and 8b, taken fro• •Y recent review article25 > .  If •t + •gaugino < •t• 
the single quark decay t + t + gaugino is doainant and alters the appearance of 
toponiua coaplete1y26 > .  However, these decays would also doainate the weak decay 

Assume •q > •y and ignore nearly degenerate aass assignaents 

where allowed •odes are drastically phase-space suppressed 

SUSY irrelevant 

for toponiu. 

Only SUSY anni -

hilatlon decays. 

Standard decays 

of open topt 

See Table 2 .  

�----�----� , ,  
supersYQ. SQDs are doainant ! 

Toponiu-. decays are drastically 

aodified! Also, open top decays 

into f + gaugino 

• > a� + a� t t ' 

ExtreaelY large decay rates for 

{ttl .. (t + ;j + i} or c . c .  

•t
_

> •t � ·;� -
(ttl .. ( t  + 'r + t l  or c . c .  

rtot � 1 GeV al lowed and doainant ! 

> •(25) - • ( 1 5 ) !  rtot � 100 MeV. 

No individual resonances. Individual resonances reaain 

distinguishable. 

Denotes cases where the appearance of toponiu• is drastically chan!l_ed. 

t l Probably excluded by the observation of se•ileptonic top decays at the 
collider. 

Fig . Ba Overview of toponium decays into SUSY particles through decays of 
the top quark . 

* )  For a review and the original references , see Ref . 25 , where also the 
consequences of non-linear realizations of SUSY (Re f .  26)  are discussed . 
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of top aesons . considerin9 the evidence for seaileptonic top decays presented by 
the UA1 Collaboration2 ) ,  we tentatively i90ore this possibility , wbicb leaves us 
with tbe annihilation decays shown in_Fi9. 8b. For the narrow aass interval 

•t - •- < •t < •t• the llOde (tt) • t t througb gluino ezcbange could be iapor-
l - -

tant. If •9 < •t and if parity is violated ( i . e .  9R 1 -i,> . toponiua will doai-
nantly decay into a pair of gluinos27 ) .  In this case aost of our previous dis­
cussion on toponiua properties would be irrelevant. Tbe integrated cross-section 
would still be given by ree ' the final state, bowever , would consist only of 
four jets and aissing energy . One could tben select a ratber clean sample of 
9luino pairs , and various aethods can be devised for aeasuring the gluino 11&ss2• ·) 
quite accurately. 

If, on the otber band, tbe masses of both 9luino and of stop turn out to be 
larger tban •t • the aode (tt) • 9ig will give access to rather heavy gluinos . 
However , the experimental isolation of this channel aight be difficult2 1 ) .  

Supersy-etric annihilation decays for different 11ass assigllllents 

mt > 11g and mt < •t_ 

•t ) •q and •t > •t 
-> coaplica,!:ed aixture of .. (j + (j 
and .. t + t 

•t < •t and •t < •g 
. ) .� t ' 

(tiJ .. 1 t :j like .. v + :;. 
Br( .. :Y + l> several \. 

.. decays into gluino pairs " (tt) .. 9 + ;  + q access to 
larqe qlu1no •asses. 2 , J )  • 

are possible Cevt l .  + anything) 

Production of glu1nos throuC1h 
interaedia<te gluons! 

... a5 corrections to ordinary 
hadronic decays. For exa11ple, 
Br(,- - .. g + g + q + (j)  - 1\ 
Br(2S -> y + 1PJ { .. g + (j + ;j ) ]  - 0 . 1\ 
Br[ l - - .. y + c99> 1  i ig�� ���� �6 GeVJ 4 l  

P and C conserved . .. 9 + 9 forbidden. 
3 PJ .. 9 + 9 allowed and 
for 1 ••  do•inant. .. 9 + 9 + y and gg:y 
allowed. 

'" 

ctt.J .. H 
through q exchange \ • 
doainant. 

,-- .. 99 allowed and for 

.. 9 far heavier than t 
<•g � 3•t ) 
Gluino exchanqe suppref .ed! 
Photino exchange allowed! 
S•a l l ,  but not unreasonable 
rates for 
(ttl .. f + f and 

.. ; + ; , ,  

nearly all •asses do•inant. \ •  
3 PJ .. 9 9  allowed, but 

Denotes cases that are consistent with seaileptonic 
decays of open top and with currently favoured mass 
assiqnaents. 

negligible Br(25 .. 3PJ t y)  . 
1) Note that this scenario is only allowed for 

•t < •t < •t + •; 1n order to avoid the supersyD1111etric 
SQD. Since •:y is nor•ally assumed to be smal l ,  this 
can occur only for a very restricted aass range. 

2) This 11ode is of interest, since it gives access to 
very heavy gluinos . 

3 ) I f  kineaatically allowed, the supersym111etric analogue 
of Wilczek' s decay could be of interest 

41  This situation would be characteristic for light 
gluinos in Y decays. 

Fig . 8b Overview of toponium decays into SUSY particles through annihilation 
decays . 
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7 .  � 
Recent UA1 results on the observation of top •esons suggest that toponium 

should be found at e• e- colliders ,  which are at present under construction. For 
the whole •ass region under consideration, one expects a variety of interesting 

and experimentally accessible effects even within the standard •odel , which 

predicts a unique interplay between strong and electroweak forces . Furthermore , 

toponium gives easy access to some aspects of physics beyond the standard •odel . 
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We comment on some recent results in applying the unitarised 
quark model (UQM) to the upsi lons above the BB threshold and to 
the mass spectrum o f  the S- and P-wave baryons .  In particular we 
discuss the T ( SS ) mass , the A - L - L *  and A ( 5 -/ 2 )  - L ( 5 -/ 2 )  
mas s  spl ittings . 

* Presented by N . A .  Tornqvist 
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1 .  INTRODUCTION 

This is already the fi fth ( ! )  time I or one of my collabora­
ors 1 )  speak at a Moriond conference on questions related to non­
perturbati ve unitarity effects in hadron spectroscopy . You may 
wonder why we continue pursuing this line o f  research , and not spend 
our energy on a more fashionable subject such as lattice gauge 
theory or superstrings . The reasons are several : ( i )  Many currently 
popular model s  neglect , without j ustification , these effects entire­
ly2 ) , ( i i )  We are convinced they are important , and o ften even the 
dominant e f fect causing the mass splittings of light hadrons ,  ( i i i )  
Any reasonable theory must b e  unitary and eventually when these 
effects are calculable directly from a fundamental theory (without 
phenomenology) the calculation must ( expl icitly or implicitly) in­
c lude the e ffects which we are talking about . 

Thus we are quite confident that given enough time our e f forts 
will not be proven worthless . In fact , although at present we must 
of course invoke some amount of phenomenology , in particular for 
the hadron form factors , we bel ieve our approach has many advantages 
( compared e . g .  to a future lattice calculation including quark loops 

in a reasonable approximation ) .  It shows explicitly which threshold 
s ingularities are the most important . 

Let us begin by giving a simple and essentially model indepen­
dent argument why these e f fects must be large : The width of a 
typical OZI-al lowed decay is � 1 0 0  MeV for a resonance about 1 0 0  MeV 
above threshold ( c . f . Fig . 1 ) . Therefore , the variation o f  the 
imaginary part of the mass matrix is 

d dTs ( 2 Im M ( s )  ) = 0 ( 1 )  ( 1 )  

from which almost inevitably follows , through analyticity , that the 
variation in the real part is of same order of magnitude : 

d 
dTs ( Re M ( s ) ) = O ( l )  

Thus the mass o f  a resonance depends sensitively o n  where the 
thresholds are . A state , say , 2 0 0  MeV below or above a threshold 

( 2 )  

i s  shi fted differently from a s imilar state a t  the threshold . It 
follows that the contribution to the mass splitting o f  the two 
states can be large , i . e .  o f  the order 1 0 0  MeV . There are in addi­
tion many thresholds (both open and c losed) to be summed over , the 



contribution of which need not cancel . Typically , thresholds are 
separated by � 1 0 0  MeV or more , so the c ancellations cannot be 
complete apart from accidents in particular situations . Thus 
the hadronic nonperturbative mass shifts lead , in general ,  to 
substantial mass splittings in the physical spectrum . In which 
direction do the e f fects go? Are they simil ar to the observed 
experimental splittings? 

1 1 1  

I n  a large number o f  applications3 l  ranging from the light 
mesons and baryons to the heavy upsi lon states we have found that 
these nonperturbative unitarity e ffects generally enhance sub­
stantially the effect of a perturbation , such as that from the 
quark mass splitting ms-md , or the one-gluon exchange . Because of 
the o ften highly nonlinear relations involved , the e f fects are not 
describable by only a simple overall enhancement factor . One also 
obtains a range of other phenomena such as : resonance mixing , 
distorted resonance shapes ,  an anomalously heavy T ( 5 S )  mass etc . ,  
which generally c annot be described by naive nonunitary models . 

As an example which demonstrates the importance of these 
unitarity e f fects we4 l  took the width model of I sgur and Koniuk 5 l  

for the light baryons , and calculated with exactly the ir parameters 
the associated mass shi fts and mixing matrices . The resulting mass 
spectrum i s  quite different from the input and would completely 
destroy the agreement o f  the naive one-gluon exchange mechanism 
(with large as of order unity ) as calculated by I sgur and Kar1 6 l . 
In fac t ,  a better agreement with data is then obtained i f  one 
neglects the one-gluon exchange entire ly ,  or lets as have a smal ler , 
more reasonable value around 0 . 3 instead of near 1 .  We have 
showed4 ' 7 l  that by improving the width model , i . e .  using the 3P 0 
model as a guide and supplementing it with very few phenomenological 
parameters in order to fit the experimental widths , one obtains an 
equally good fit to the S and P wave baryons with negligible one­
gluon exchange and instead with dominance of unitarity e f fects . We 
return to this in section 3 be low . 

2 .  THE UPSILON MASS SPECTRUM 

For heavy quarkonium such as bb the application of the unitariz­
ed quark model (UQM) i s  the most rel iable s ince here ( i )  one has 
the remarkably success ful "naive " potential model as a reference 
model , which serves ¥' a first approximation and , ( i i )  relativi stic 
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corrections are not very large . On the other hand , the effects o f  

quark loops can often be absorbed into the naive potential by " re­

normali zing" its parameters . 

But , in bb spectroscopy the last remark does not apply , to 

the SS state8 )  since being well above the first thresholds involv­

ing B , B* , Bs and B; mesons it is shi fted very differently compared 

to the 4 lighter S-states . Thus , while any naive model predicts 

a monotonically decreasing sequence for the 2S-1S , 3S-2S etc . mas s  

splittings , the unitarized model predicts the mas s  spl itting between 

the SS and 4S states to be anomalously large � 80 MeV larger than 

in naive models (c . f . Fig . 2 ) . The reason for this effect i s  

essentially model independent . Above a threshold the mass shift 

due to the continuum (BB etc . )  with energy below the resonance mass 

has the opposite sign compared to the higher energy continuum above 

the resonance . This causes in the bb case a rapid turnover of the 

mas s  shift , which is always negative for states below the threshold , 

to an even positive mas s  shift for a resonance we ll above the 

signi ficant thresholds . Thus the SS s tate will be considerably 

heavier than naively expected , a fact which is supported by the 

recent CUSB and CLEO experiments . 

One common obj ection to these arguments is : What about higher 

thresholds? Three and multibody states can with good amount of 

confidence be neglected , (or rather , one assumes them to be dominat­

ed by two-body channels ) • This is supported both by theoretical 

models (e . g .  dual models)  and by experiment (c . f . � � 3rr or w � 3rr , 

which are known to be dominated by prr ) .  The next group of thre sholds 

involve P-wave B-mesons BB
P 

etc . should open up around 11 GeV , quite 

well separated from the S-wave B , B* etc . channel s  considered above . 

S imilarly as the mas s  shi fts of the 1S-4S upsi lons in Fig . 2 fall 

on a nearly linear line , one on very general grounds expects the 

mass shifts due to BB
P etc . for the lS to SS states to also fall on 

a nearly linear line . Such mass shi fts are easily absorbed into the 

parameters of the naive potential , whi le the 6S and in particular 

the 7S mas s  should increase . These higher thresholds should there­

fore not modify the conclusion of the anomalously high SS-4S mass 

spl itting . 

As to the behaviour of the ratio R above the BB threshold a 

coupled channel model predicts a lot of s tructure not due to 

resonances 8 ) . This is shown in fig . 3 where the theoretical curve 

was computed before the experimental data 9 ) appeared . The extra 
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bumps , also seen in the recent CUSB and CLEO data , should thus not 

be interpreted as due to glueball s , hybrid states or any other even 

more speculative state s .  S imilar results have also been reached 

by the CUSB group
l O )  

us ing the Cornell model of Ei chten et al . 1 1 ) . 

The bumps at 1 0 . 6 2 and 1 0 . 7 0 GeV come from the combined effects 

from the opening o f  the various thresholds and from the nodes in 

the decay amplitudes ,  which again are reflections of the radially 

excited quantum numbers of the ups ilons . Thus the resonances have 

quite distorted shapes ,  with strongly energy dependent widths , 

compared to conventional naive Breit-Wigners . Furthermore there is 

a "background" due to all the other resonances , which interferes 

with the dominant resonance , s lightly modifying its shape . 

3 .  THE BARYON MASS SPECTRUM 

The currently popular explanation of the baryon mas s  spl ittings 

is to attribute these to a simple one-gluon exchange mechanism as 

described by the Breit-Fermi Hamiltonian . The most extensive ana­

lysis of this kind is the " so ft QCD" analysi s  per formed by I sgur 

and Kar16 l , who no doubt obtained some quite impressive fits to the 

data . However ,  the fact that they , ad hoc , had to omit the spin­

orbit term (being less than one tenth in magnitude compared to the 

theoretical expectation) , and the fact that their effective coupl­

ing constant as is near one is disturbing . 

In a recent detailed analysis of the ground state and P-wave 

baryons we have found7 l  an equally good description of the data 

with negl igible direct one-gluon exchange . Instead the mas s  spl itt­

ings are generated by nonperturbative quark loops . In principle , 

given a good model for the widths this is a zero-parameter fit , 

since the widths fix through analyticity the real parts of the mass 

matrix . In fact , using the width model of I sgur and Koniuk one 

obtains , as already mentioned in the introduct ion , large mass 

splittings not in too bad disagreement with experiment ,  even when 

one-gluon exchange is completely neglected . 

The remaining discrepancies could not be explained by one-gluon 

exchange . Instead, s ince they mainly appear for the P-wave baryons 

with nearby strong S-wave thresholds , we are able to account for 

these by an improved model for the S-wave widths . In short in 

order to fit the P-wave baryon masses and mixing matrices we used 

the following parameters : ( i )  An overall quark pair creation 
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strength parameter which can be fixed either by the widths or by 
the NNrr coupling constant and the inte rnal symmetry relations of 

3 the P 0 model , ( ii )  A cutoff parameter related to hadron s i ze . We 
used essentially the same value ( 0 . 6 8 GeV) as I sgur and Koniuk 

2 - 2  corresponding to a n  R of 8 and 6 GeV for baryons and mesons 
respectively.  ( i i i )  One parameter parametri z ing the S-wave widths , 
and one (or two) parameter ( s )  breaking the 3P 0 model prediction 
relating the various couplings . These are necessary in order to 
obtain a detailed fit to the various experimental widths . ( I f  we 
normalize the overa l l  strength parameter in ( i )  to the NNrr coupling 

3 constant we need a second P 0 model breaking parameter , which en-
hances the widths compared to the prediction from NNrr ) . 

For a detailed description of these results we refer to our 
original papers 4 ,7 l _ Here we only d i scuss shortly the mass splitt­
ings of the A - L - L * states , which serve as an illustrative 
example for how the mechanism works . 

In Fig . 4 we show the position and strength of the SU6W relat­
ed thresholds coupled to the ground state A ,  L or L* baryons .  The 
vertical l ines have a length proportional to the weight ( square o f  
the effective coupling constant ) .  The positions of the A , L  or L *  
masses o n  the energy axis are also shown . Note , i n  particular , the 
very large number of (mainly closed) thresholds with strengths which 
vary within quite large l imits� It is easy to see by glancing at 
this figure that for A there are more nearby thresholds of large 
weight than for L ,  while for L* the strong thresholds are the most 
distant . S ince by positivity , a c losed threshold shifts the reso­
nance mas s  down , one easily sees that the ordering in mass shi fts 
of the three states coincides with the experimental order of the 
masses . A more quantitative analysi s  (us ing a " l inearized model " )  
relates the mass shifts to a weighted sum o f  meson and baryon mass­
es in the loop . In the detailed numerical fits 7 )  one puts in much 
more information about phase space , form factors etc . ,  but qualita­
tively the effect which one can see already from Fig . 4 explains 
why the nonperturbative unitarity e f fects work in the right direc­
tion . In the case of the P-wave baryons ,  in particular the 
A ( S/2- ) - L ( S/2- ) mass splitting has the opposite s ign compared to 
the ground state baryons . Remarkably enough , the unitarity effects 
also work i n  thi s direction . Thus the mechanism o f  I sgur and Karl 
involving d i f ferent A- and p-oscillator energies due to the strange­
nonstrange quark mass difference need not explain the whole mass 
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spl itting . 

4 . CONCLUDING REMARKS 

Why has one not previously derived our results , although it 
has been recognized for a long time that unitarity effects must be 
present , and most l ikely are very important? We bel ieve the 
reasons are severa l : ( i )  One needs a reasonable model like the 
3p 0 model , or at least SU6W , by which one can roughly e stimate 
also the effects of many closed channels ,  ( i i )  One must sum over a 
very large number of intermed iate states belonging to the same 
multiplet . This means for baryons typically over 2 0  thresholds 
pe r resonance ( c . f .  Fig . 4 ) .  Then one effectively perturbs around 
the comparatively sma l l  differences in threshold positions ( i i i )  To 
obtain rel iable results one must study simultaneously many mass 
splittings (or better ratios of mass spl itting s ) , where the 
largest uncertainties due to the cutoff parameter cancel ( c . f .  
subtracted d ispersion relations )  . 

The overa l l  total mass shift can be very large in models l ike 
ours , but it is quite uninteresting as it can be absorbed into the 
bare mass by renormali zation . When one sums over complete multiplets 
in the intermediate states all states are shi fted by essential ly 
the same amount . Clearly i f  one does not include such complete 
sums the results can be quite arbitrary . Thus e . g .  if one , as in 
the old days , would consider only 6 + NTI + 6 or p + TITI + p not 
much use ful predictions could be derived . 
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FIGURE CAPTIONS 

Fig . 1 .  

Fig . 2 .  

Fig . 3 .  

Fig . 4 .  

The qualitative behaviour of the width ( Im M ( s ) ) and the 
mass shi ft ( Re M ( s ) ) in the region of a threshold.  Note that 
the variation in the mass shift is s imilar to that of the 
width <� 1 0 0  MeV over an interval of � 1 0 0  MeV) . 
The contribution to R in e+

e- from thresholds involving 
B , B* , Bs and B� mesons . Note that the small bumps do not 
correspond to resonances . The CUSB data , which appeared 
after the model calculation , are also shown . 
The mass shift of the S and D wave states for cc states 
(a) and bb states (b) . The curves are shown to guide the 

eye . Note in particular the sharp increase in the upsilon 
mas s  shift at the opening of BB e�c . which explains the 
anomalous ly heavy SS state . In cc (as  well as for l ight 
quarkonium) the thresholds are relatiyely much more spread 
out and only one state is below the DD threshold . There­
fore the unitarity effects are more easily tested in bb 
although the ove rall mass shi fts are smaller . 
The weights (lengths of vertical l ines )  and po sitions o f  
the S U 6  related thresholds coupled to the A , I  and I *  
baryons . Note that the center o f  gravity o f  the thresholds 
is nearest for the A ,  fol lowed by the L and I * . Thi s  
splits the A- I - I *  masses i n  the same direction as the 
experimental spl ittings . 
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EXCLUSIVE QUARKONIUM DECAY AND ENERGY DEPENDENCE OF OZI-FORBIDDEN PROCESSES 

ABSTRACT 
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Recent work on the energy dependence of sequential quark pair creation in 
exclusive processes is being reviewed . 
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The work reported here was motivated by the very puzzling observation 

of Franklin et al l )  that the decay rate of v- ( 3685) into the prr final s tate is 

very much smaller than the corresponding rate of decay of J/ v: 
r (J/v + rrp) 
r e v- + rrp) > 46 

This is very surprising given the small increase in the overall centre 
of mass energy between J/ v and v- and their comparable leptonic widths . These 
decays , like all other cc decays into light systems are OZI-violating . Thus , it 

is tempting to suppose that OZI-violating processes are very energy dependent . 

The mechanism we proposed2) to accommodate this fact assumes that the 
light quark pairs needed to form the final state are produced sequentially, 
namely there is a certain time delay between the creation of the first pair and 

the creation of the second pair . This delay in time corresponds to an 

oscillatory behaviour in energy . 

The amplitude for a process is usually computed by taking the overlap 
integral between the initial state and the final state . In hadron physics we 
are interested in processes of creation of a quark-antiquark pair - in these 

cases the number of fermions is not the same in the initial and final state . 
The amplitude for such processes was formulated by Micu3) , Le Yaouanc , Oliver , 
P�ne , Raynal4)  and others5)  to explain the behavior of hadronic processes and 

form factors . 

We have used the formalism of Cottingham et a16) , who consider a string 
model as the physical description of a decaying quark-antiquark system . In this 
formalism, the amplitude for the process qq + Meson1 + Meson2 has the form: 

( 1 ) const J 
0 

In this formula �l and �l are the radial wavefunctions of the two final 
s tate mesons and j t  is a spherical Bessel function describing the orbital motion 
of the two mesons relative to each other. We have assumed that all quarks have 
the same mass so that the distance between the two mesons ( r/2)  is half the 

distance r between the two initial quarks . The final state momentum is kf and 
the string is broken , by a qq pair at the point or . The wave function of the 
initial qq pair is Vin " In the application to OZI-� processes4) , for 
which the formula ( 1 ) was set up , the initial wavefunction Vin is a bound state 
wavefunction, say of a cc system which later on decays into ( cd + de) the two 

final state mesons . 

In the application of the formula ( 1 ) to OZI-forbidden processes we 
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have to prescribe the wavefunction appropriate to the first quark-antiquark pair 
created after the heavy quark and antiquark have annihilated . We have taken a 
semiclassical wavefunction which satisfies boundary conditions appropriate to a 
source at the origin - in other words , an outgoing wave near r=O ,  where the 
first pair is produced . 

( 2) 

An example of such a form is : 

i (k0r - K r2/2 ) 
r e 

In this formula K0 is the initial momentum of a quark ( or antiquark) , so that 
the total C of M energy is 2k0 for massless quarks , and K is the tension of the 
string between these two initial fermions . 

The amplitude A1 depends on the total energy through k0 in ( 2 )  and kf in ( 1 ) .  The oscillatory behaviour can be understood since the only contribution 
of ( 2 )  in the integral ( 1 ) comes from the neighbourhood of the classical turning 
point rt : 

which at some energies , happens to be near a zero of the final state orbital 
wave function : 

At such energies the amplitude of the process is small . 
For example , if we take 2k0 � 3 .68 GeV , the mass of the w' state , and 

t=l as appropriate to decay into wp , kf � 1 . 76 we find 

K ( 1 . 7 6) x ( 1 .84) 
4.493 .72 GeV2 

which is the solution proposed in reference 2 .  This value of K gives a 
reasonable prediction for the ratio ( w/ w' )  namely 324 and also for the similar wp 1 ) ratio of decay into KK* which is also observed to be suppressed at the w' . 
Unfortunately this value of K is much larger than spectroscopy determinations 
which are about .2 eev2 • It is also possible to fit the experimental data using 
higher zeros of the spherical Bessel function j l .  Thus with K = .1 GeV2 the 
ratio ( w/�' )is about 20 which is not too far from the experimental data. 

Another problem with the fit of reference 2 is that the ww channel is 
also expected to be suppressed in the decay of the w' whereas experiment 
apparently gives similar rates for the decays J/ w  + WW and w' + ww . It is not 
yet clear whether the mechanism of reference 2 is the correct explanation of the 



122 

suppression observed at t' • An additional test , not discussed in that reference 

would be provided by the observation of the decay t'' (4 .03 GeV) into the wp 
channel . That observation would demonstrate directly that one is dealing with a 

"zero" as a function of energy . Unfortunately , there is no data available at 

the moment at this resonance about the decay into wp. According to Fig . 1 of 

reference 2 one expects a rate of the same order of magnitude as in the J/ t + wp 
decay (actually a factor two smaller) . 

In the absence of this data, it is possible7 )  to apply this mechanism 

to other processes which are OZI forbidden, such as the production of ++ pairs 

in wp collisions , studied by Lindenbaum and his collaborators8) at B . N .L .  One 

can interpret the mass spectrum observed by these authors as a reflection of the 

energy dependence expected in sequential fragmentation. In this case the 

relevant process is the sequential production of two ss pairs , required to form 

the ++ final state.  We discuss here the angular momentum quantum numbers 

expected in this process.  

We  assume that the final state pair is produced through a two gluon 

intermediate state,  and therefore has positive charge conjugation as required . 

The annihilating uu pair must have C = + = (-)t+S and the total spin S= l  since 

the energy is high compared to the mass of the quarks . Therefore the orbital 

angular momentum is odd and the parity is even. Thus , the lowest JP accessible 

to the two gluon system is z+ , and the initial SS pair must be in a 3p2 state.  

( At higher energies we  could also have 3 F2 ,  3 F3 , 3 F4 etc.)  This initial ss pair 

forms a ++ system which must also have JP = 2+ . In the ++ channel we can have 

the partial waves 1 02 ,  So2 and S s2 for the total angular momentum and parity z+. 
It can be shown , using the formalism of Cottingham et a16 >  or directly by 

assuming 3 p0 quantum numbers for the second ss pair produced, that the mechanism 

of sequential quark pair formation predicts the ratios 

10 :  1 : 7  

These weights ,  which multiply the squares of radial integrals ( 1 )  are i n  

reasonable agreement with the experimental data. Even roughly,  the experimental 

data9 )  show that the dominant partial waves are S s2 and So2 • It should be 

stressed that this agreement only checks that the ++ pairs are produced through 

a mechanism of sequential quark pair formation , as was assumed in reference 7 .  

At higher energies one expects that higher partial waves,  eg JP = 3+ , 
of the two gluon system will be excited and these can also be observed in the ++ 

final state as So3 or 5G3 • The relative ratio expected is 

9 : 5 
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and the maxima of the production mechanism are predicted at higher mass for the 

G wave , but at the same mass in the sn3 wave as in the sn2 wave . A more 

detailed calculation, which takes into account the momentum distribution of the 

quarks in the initial proj ectile and target , as well as the mechanism of 

production of the first ss pair is still underway . 
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(Representing the Mark III Collaboration!)) 

ABSTRACT 

New, largely preliminary results on hadronic and semileptonic decays of D mesons are presented, 
based on a large data sample taken at the 'I'" resonance by the Mark III detector. 

I .  Introduction 

The first and simplest model of weak charmed particle decay is the light quark spectator model, in 

which the decay proceeds as if the charmed quark were a free particle. This picture leads to a predic-

tion of equal lifetimes and equal semileptonic branchings ratios for all charmed particles. Experimental 

observation, first that the n+ and D0 semileptonic branching ratios are not equal,21.31 and secondly that the 

n+ and D0 lifetimes are also different,41 has led to the proposal of other, more detailed models for charm 

decay. Perhaps the most popular of these is the W-exchange model, in which the hadronic decays of the 

D 0, but not the n+, are enhanced by the presence of "non-spectator" diagrams involving the light quark. 

Another approach is taken in the quark cluster model, which suppresses the hadronic decays of the n +  

only by allowing destructive interference between different diagrams which lead t o  identical final states. An 

exhaustive review of the various models may be found in Reference 5. 

*
work supported by U.S. Department of Energy Contract No. DE-AC03-8 1-ER40050. 
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In this paper, we content ourselves with a presentation of the new Mark III data on D meson decays, 

particularly as another contribution to these proceedings (B. Stech) is devoted to the interpretation of these 

results. 

2. The Mark III Detector and '¥" Data Sample 

From its beginning, the Mark III detector was optimized for the study of decays of charmed particles 

to exclusive final states. The following describes some of the salient features of the detector. Drift 

chamber reconstruction of charged particle trajectories is performed over 93% of 4rr sr, with momentum 

resolution of 2% at I GeV/c over 85% of 4rr sr attained in the 0.4 T magnetic field. The 48 time-of-flight 

(TOF) counters cover 80% of the 4rr solid angle, providing more than 2cr n-K separation up to 1 GeV/c, 

and good n-e separation below 0.3 GeV/c. Outside of the TOF counters, the barrel shower counter fur­

nishes good low-energy photon detection efficiency (75% at 75 MeV, -100% for ;;io 100 MeV) by virtue of 

its placement within the magnet coil, excellent angular resolution of about 10 mr in both <p and 0, and 

good n/e separation above 0.3 GeV/c. Endcap shower counters of similar design and performance extend 

the total angular coverage of the shower counters to 95% of 4rr sr. 

The '¥" is a source of DD pairs with a cross-section of about 6 nb. The D mesons are produced 

with energy equal to the beam energy, furnishing a nice kinematic handle on their decay products. Mark 

III has collected data near the peak of the '¥" in three runs during 1 982- 1984, comprising 8650 nb-1 total 

integrated luminosity. Measurements presented herein on hadronic decay modes use -8 100 nb-1 and are 

to be regarded as preliminary. The measurements of D+ and D 0 semileptonic branching ratios use the full 

data sample, and are final. 

3. D+ and D0 Semileptonic Branching Ratios61 

The study of both inclusive and exclusive-semileptonic D decays is made considerably easier by 

searching for them in the recoil from fully reconstructed hadronic decays. Inclusively, this determines 
whether the event is D 0� or D+ D-, fixes the expected lepton charge as opposite to the charm of the 

reconstructed D, as well as reducing the level of non-charm backgrounds. Exclusively, this allows a deter­

mination of the direction and energy of the missing neutrino. For the determination of inclusive D+ and 

D 0 semileptonic branching ratios we use the large .hadronic decay signatures shown in Figure I .  In each 

Figure I .  

N � 600 � 
N 000 
0 
0 � 200 
� 
w 000 

1.8 1.82 1.64 186 1 60  
Moss (GeV/c2) 

Hadronic D decay signals used in derivation of D+ and D 0 semileptonic branching ratios. 
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mass plot a signal region centered on the D mass and a control region used to correct for background 

events under the signal are defined. The D0 signal regions contain 4541 events, of which 1 106 ± 39 are 

background, while the D+ signal regions contain 2062 events, of which 333 ± 20 are background. 

Candidate electron tracks recoiling from these reconstructed D mesons are required to lie within 

l cos0 1 < 0.77, in which charged kaons are easily rejected by TOF. The remaining tracks are then required 

to have momentum greater than 1 50 MeV/c, originate near the event's primary vertex within 0.01 m per­

pendicular and 0. 1 5  m parallel to the beam axis, and to deposit energy in the barrel shower counter. Most 

of the electrons arising from gamma conversions and Dalitz decays are removed by requiring candidate 

electron tracks to have opening angles larger than 8° with any other oppositely charged track in the 

event. Separation of electrons from pions is then accomplished using cuts on TOF and shower counter 

information. The misidentification rates which result from these cuts are shown in Figure 2, as meas-

ured for pions from K, 0 decay and electrons from radiative Bhabha events. 

Figure 2. 

5 P,_, t 

+++ + + +  + ++ + +++ ++ + + 
00'-"""""tLL�wo.�4 ��0L.6�_u_��--"-"' 

P (GeV/c) 
Misidentification probabilities for pions and electrons. For p < 300 Me V /c, only TOF is 
used for particle identification. For p > 300 Me V /c, both TOF and shower information 
are used. 

The charm of the reconstructed D determines the charge of the recoil eh;ctron from semileptonic 

decay. This allows a subtraction of charge-symmetric sources of electrons such as remaining gamma 

conversions and Dalitz decays, and misidentification of equal numbers of plus- and minus-charged pions, 

to be made by subtracting the number of "wrong-sign" candidate electrons from the number of "right-sign" 

candidates. The major source of background which is not charge-symmetric is misidentification of a net 

number of right-sign pions. This amounts to 20% of the apparent right-sign electrons for D+ and 14% for 

D 0• The true numbers of electrons and pions are obtained from the observed numbers by inversion of the 

known misidentification matrix. Small corrections are then made for background events under the 

hadronic decay signals, TOF misidentification of both K and it in the D 0 � K-it+ channel, and K,3 decays. 

The efficiency for an electron to pass all cuts, which averages about 70% with 
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TABLE I 

Recoil Electron Identification 

Right Wrong Signal 
Signal Sign Sign Control Net Electrons 

Source Events Recoil Recoil Region Signal Corrected for 
(Tags) Electrons Electrons Electrons Electrons Efficiency 

v· 3435 ± 39 193 ± 1 3.9 57.0 ± 7.5 5.2 ± 4.5 1 36.6 ± 20.4 257.5 ± 37.9 
v+ 1 729 ± 20 177 ± 1 3.3 14.0 ± 3.7 2.5 ± 2.9 1 58.2 ± 17.6 294.0 ± 32.6 

a slight momentum dependence, is determined by Monte Carlo simulation. Table I summarizes this pro­

cedure. The resulting electron spectra are shown in Figure 3, along with those expected from Kev and 

K*ev decays.71 

Figure 3. 

� 
D c l+'1'--'__������"'*�_±,.._..: :ii 
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D • and v+ electron spectra. The curves represent the shape of spectra expected from Kev 
and K*ev decays. 

The numbers of recoil electrons of correct sign relative to the number of events lead to the branching 

fractions: 

and thus to the ratio 

B(D+ - e+ + X) = ( 1 7.0 ± 1 .9 ± 0.7) % 

B(D0 - e+ + X) = (7.5 ± I . I ± 0.4) % , 

B(D+ - e+ + X) = 2 3+o.s+o.I 
B(D0 - e+ + X) . --0.4--0.I 

( I )  

(2) 

which has a negative log likelihood function shown in Figure 4. Several systematic errors cancel in the 

ratio of branching fractions. 
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The negative log likelihood function for the ratio of n+ to n· semileptonic branching 
ratios. 

These measurements yield an average D semileptonic branching ratio at the 'I'" of 

( 1 1 .7 ± 1 .0 ± 0.5)%, using the expected 56/44% ratio of n ·D' to n+n- production, which is consistent 

with the Mark ii value21 of ( 10.0 ± 3.2)% obtained by the same technique, but higher than the DELCO 

and LGW determinations of (8.0 ± 1 .5)% and (7 .2 ± 2.8)%, respectively. Our result is an absolute meas­

urement, while the DELCO and LGW results rely on normalization of the electron signal to the '¥" cross­

section. Indications that the 'I'" cross-section may have been overestimated in the past, and hence the D 
branching ratios underestimated, come also from the study of fully reconstructed events discussed in the 

next section. 

4. Absolute Determination of Branching Ratios 

In the past, the only method available for deriving D meson branching ratios was to fit the plot of R 

in e+ e- collisions to obtain the 'I'" cross-section, assume that the 'I'" decays only to DD pairs, and use the 

56/44% ratio of D 0D0 to n+n- pair production expected from p-wave phase space, the mass difference 

between n+ and D0, and the 'I'" effective interaction radius, to determine <JD· and crD .. These cross­

sections are then used to normalize the observation of D decays in specific final states at the 'I'". Because 

of our large data sample, we have been able to employ an alternate technique which is free of the uncer­

tainties and assumptions implicit in the previous method. 

This technique compares the number of events in which both D mesons are reconstructed in charge­

conjugate decay modes (double tags), to the number of decays reconstructed in that mode independent of 

the other half of each event (single tags). One can write the numbers of events as 

(# doubles) = 61 . 6, . B2 . ND (3) 

(# singles) = 61 · B · ND 
where E+ is the efficiency for reconstructing a "tag", 6, is the efficiency for reconstructing the recoil decay, B 

is the branching ratio, and ND is the number of produced D mesons of the appropriate charge. Dividing 

these two numbers yields [ # d?ubles I = 6 B 
# smgles ' (4) 
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Because of the cleanliness of these double tag events, detection of the recoil D needs only use the drift 
chamber momentum measurements, so that s, can be easily and accurately determined by Monte Carlo. 

This technique has been applied to the decay modes D 0  - K-7t+ and v+ - K-7t+7t+. Figure 5 shows 

the double tag signals, with the mass of the recoil system plotted against the tag mass. 

8 :i! 1 B6 

. ·. 

D" 5° 

1 84 1 86 100 
TAG Beam Constrained Moss (GeV) 

Figure 5.  Scatterplots of a) tagged D 0  - K-7t+ versus D 0  - K+7t-, b) tagged v+ - K-7t+7t+ versus v- - K+1t-1t-. 

A summary of the numbers which lead to the branching ratios of (4.9 ± 0.9 ± 0.5)% for D' - K-7t+ 
and (9.1 ± 1 .5 ± 0.9)% for v+ - K-7t+7t+ is contained in Table II. 

Channel 

D ' - K-1t+ 
D+ - K-n+rr+ 

Singles 

978 ± 33 
1 109 ± 37 

TABLE II 

Double Tag Analysis 

Doubles Background 

29 ± 6 1.7 

46 ± 7 2.2 

e (recoil) Br (%) 

.61 4.9 ± 0.9 ± 0.5 

.45 9. 1 ± 1.5 ± 0.9 

These measurements can be used in conjunction with a · B measurements from single tags to derive the 

production rates 

cr(D') - 5.7 ± J . l  ± 0.9 nb cr(D+) - 4.6 ± 0.8 ± 0:-7 nb 

for D mesons in our data sample. 

(5) 

The a · B and B measurements made by LGW, Mark II, and Mark III (by this technique) are com­

pared in Figure 6. It is clear that the branching ratios determined in this absolute way are significantly 

higher than those which rely on normalization using the '¥" cross-section, although the production rates for 

these decays (a · B) were comparable. While our preliminary measurements have large statistical errors, 

we expect a great improvement with application of kinematic fitting and by using other decay modes. 
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o- · B  {K-rr+ -rr+ l 
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Comparison of production rates and branching ratios for D' - K-rc+ and D+ - K-rc+rc+. 

assumptions. Insofar as the three-body K rcrc modes occur through K p or K*rc, these modes are interesting 

as well. 

Our signal for D' - K°rc' is shown in Figure 7a. A fit to this plot yields 68 ± I I events, as com­

pared to the previous Mark II observation21 of 9 ± 4 events in this mode. Three-body signals not con­

tained in Figure I are shown for completeness in Figures 7b and 7c for D '  - Y.rc+rc- and D+ - Y.rc+rc•. 

Figure 7. Beam con�ained mass distributions for a) D' - K"rc0, b) D' - K°rc+rc-, and 
c) D+ - K'rc+rc•. 

5. Cabibbo-allowed Hadronic D Decays 

In addition to the six large D decay modes shown in Figure I ,  we observe other Cabibbo-allowed 

two- and three-body modes. The two-body modes are especially interesting because they can be easily 

related to theoretical predictions within each of the contending models of D decay, under certain 

A maximum likelihood fit is performed to the Dalitz plots of the Krcrc systems to extract the K* and 

p content. The matrix elements use P-wave Breit-Wigner line shapes having energy dependent widths 

and arbitrary phases, plus a non-resonant phase space contribution. The distribution of background events 

under the D signals is taken into account by using the sidebands of lower mass. This simple technique 

fails to give an acceptable fit to the Dalitz plot of D+ - K-rc+rc+ shown in Figure 8 with one of the K-rc+ 
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mass projections. However, it works adequately for the Dalitz plots of D0 - K-rr+rr0, D0 - Frr+rr-, and 

D+ - Y.rr+rr0 which are shown in Figures 9- l l ,  with interesting mass projections. Results from all of the 

major Cabibbo-allowed hadronic decays discussed thus far are listed in Table III. It should be noted, how­

ever, that the a ·  B measurements of D0 - K-rr+rr0 and D+ - Frr+rr0 use efficiencies determined by 

Monte Carlo assuming flat phase space production. We expect these measurements to increase substan­

tially when the substructure is properly taken into account. 

TABLE III 

Measurements of Cabibbo-allowed Hadronic Modes 

Mode a · B  Fraction 

D o - K-rr+ .28 ± .01 ± .03 
Y.rro . 10 ± .02 ± .02 

K-rr+rr0 .53 ± .05 ± . 10 0.0 ± 4.5 ± 3.0% 

K-p+ 77. 1 ± 4.9 ± 5.0% 

K*orro 5.4 ± 2.0 ± 2.0% 

K*_rr_ 
17.5 ± 3.0 ± 2.0% 

Frr+rr- .40 ± .04 ± .03 1 7.0 ± 8. 1 ± 3.0% 

K*-rr+ 66.6 ± 8.0 ± 5.0% 
-
Kopo 16.4 ± 5 . 1  ± 2.0% 

K-rr+rr+rr- .56 ± .03 ± .06 

D+ - Frr+ . 1 5  ± .02 ± .01 

K-rr+rr+ .42 ± .02 ± .04 ? 
K*orr,+ ? 

Frr+rr0 .45 ± .07 ± .07 7.4 ± 5.4 ± 4.5% 

Fp+ 84.0 ± 8.5 ± 4.0% 

K*0rr+ 8.6 ± 4.7 ± 4.0% 

Frr+rr+rr- .38 ± .05 ± .04 
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Dalitz plot of the decay D 0  - K-rt+rt'. 

Figure 10. Dalitz plot of the decay D' - K'rt+rt-. 
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Figure 1 1 .  Dalitz plot of the decay D +  - K'rt+rt•. 
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6.  Cabibbo-suppressed Hadronic D Decays 

One expects to see Cabibbo-suppressed hadronic D decays either to final states with two kaons or to 

states with no kaons. The former is associated with the ordinary sine of the Cabibbo angle, while the latter 

is associated with the Vcd element of the weak quark mixing matrix, which is roughly equivalent to the sine 

of the Cabibbo angle in the present picture of the mixing matrix. Definite predictions for Cabibbo­

suppressed decay modes are made by several models. In the quark cluster interference model, for instance, 

suppression of allowed hadronic decays should lead to a relatively large proportion of v+ hadronic decays 

which are Cabibbo-suppressed. Ordinary flavor SU(3) predicts the rates for D0 decay to K+ K- and 1t+1c to 

be both equal to tan29, == 0.05 of the rate into K-1t+. It was a great surprise in 1979 when Mark II 

reported these rates91 as 0. 1 1 3 ± 0.030 for K+ K-, and 0.033 ± 0.01 5  for 1t+1t- relative to K-1t+ decay. 

Invariant mass distributions in the final states I' K-, K-1t+, and 1t+1t- are shown in Figure 1 2. The 

shape of the background in each plot is determined by smoothing data from sidebands in total momentum 

away from the expected D momentum. Feeddown from the dominant K-1t+ decay into the K+K- and 

1t+1t- plots because of TOF misidentification results in the bumps at 1 .980 and 1 .740 GeV/c2, respectively. 

Fits which include the smoothed background shape plus Gaussians to represent the D • signals and 

misidentification peaks yield 75 ± 10 K+K- events, 889 ± 35 r1t+ events, and 33 ± 9 1t+1t- events. The 

detection efficiency for K+ K- is actually somewhat lower than that for the 1t+1t- mode because of kaon 

decays in flight. We thus confirm the inequality observed by Mark II with much better precision. 

Figure 12. Invariant mass plots and fits for D 0 decays to a) K+ K-, b) K-1t+, and c) 1t+1t-. 

The same technique is used to determine the background shape in the v+ decay modes K°K+ and 

Fits to the mass plots shown in Figure 1 3  yield 29 ± 6 K°K+ events and 14 1  ± 1 3  Fit+ events. 

The technique is repeated again for the three-body v+ decay modes K+ K-1t+, K-1t+1t+, and 1t+1t+1t-, which 

are shown in Figure 14. In the case of K+K-1t+, there is a significant contribution to this final state from 

v+ - cp1t+.Figure 1 5  shows the distribution of K+K- mass within the K+K-1t+ signal. 
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The results of these analyses are quoted as ratios of Cabibbo-suppressed to similar allowed decays. 

This usually allows cancellation of certain systematic errors, as well as being easier to relate to the theoreti­

cal predictions. The contribution from qm+ is substracted from the measurement of v+ - !(+ K-1t+: 

rev•  - K+r) - 0. 125 ± 0,018 ± 0.010 rev· - r1t+) 

r(V' - 1t+1t-) - O 038 ± 0.010 ± 0 005 r(v' - r1t+) · · 

rev+ - K°K+l - o.294 ± 0.014 ± 0.05 1 
rev+ - K•1t+) 

qv+ - K+K-1t+) - 0.072 ± 0.024 ± 0,015 
r(v+ - K-1t+1t+) 

rev+ - qm+) = 0.083 ± 0.023 ± 0.012 rev+ - K-1t+1t+) 

In general, these ratios are not greatly different from the expectations of about 5%. Consideration of 

isospin amplitudes for v· decay to K-1t+ and K°1t0 relative to v+ - K°1t+ indicates that the large ratio of 

v+ - K°K+ relative to K°1t+ is due to suppression of the K°1t+ rate rather than any particular enhance­

ment of the K° K+ rate. While this might be construed as supportive evidence for the quark cluster 

interference model previously mentioned, the other v+ Cabibbo-suppressed decays do not show particular 

enhancement. 

7. W-Exchange Final States 

The best evidence for W-exchange in V • decays would be the observation of final states which con­

tain no u or ii quark content. Very few such states are experimentally accessible, the best possibilities 

being K°<p and K0iI'. The latter decay occurs at a Cabil:ibo-suppressed level. 

The K°<p decay is observable in the K°K+ K- final state. The mass distribution of such combinations 

shown in Figure 16 shows a very distinct signal at the V • mass. The K'K+ K- Dalitz plot formed from this 

signal is shown in Figure 1 7, and does indeed show an accumulation of events at low K+ K- mass. How­

ever, the width of the K+ K- mass distribution is far wider_ than our <p mass resolution, and in addition, 

does not show the accumulation of events at very high and very low K°K+ masses which would be 

expected from the pseudoscalar-vector K'<p decay. The Dalitz plot appears to be more 
_
consistent with the 

hypothesis V' - K-o• where 0° - K+K-, although the lack of a v· - Y.o+ (o+ - K+K°) signal in the 

same Dalitz plot is surprising. The decay v• - K-s•· is ruled out because the decay S* - 7t+1t- should 

show prominently in the K°1t+1t- Dalitz plot and is not observed. The 4 events having K+ K- mass within 

2a of the <p mass furnish an upper limit a · B < 0. 1 3  nb at 95% confidence level for the decay D • - K'<p. 

The K'K° final state is isolated by tight cuts on the vertex displacement of the K0 candidates to reject 

contamination from the large decay D '  - K°1t+1t-, where the "+"- mass happens to lie close to the K; 
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mass. Figure 18 shows one event within 2a of the correct D • beam-constrained and invariant masses. 

nn· - K°K") 
Based on this one event, we quote the limit + < 0. 1 1  at 95% confidence level. It should be 

nn· - K-1t J 

noted that this decay is strictly forbidden in the limit of exact SU(3) symmetry. 

8. Conclusions 

The Mark III data presented here considerably extends our knowledge of D meson decays. The life­

time ratio between n+ and D 0, once the object of controversy, seems to have settled down to a value 

between 2 and 3, in agreement with the semileptonic branching ratios measured herein. Although the D • 
semileptonic branching ratio of 7.5% is well below perturbative QCD estimates within the light quark spec­

tator model, thus favoring the existence of W-exchange diagrams, experimentally we have not yet found 

direct evidence to support this. In fact, certain features of the data, such as the large n+ - if"K+ rate rela­

tive to n+ - if01t+, tend to favor quark cluster interference as the source of the lifetime difference. If this 

were true, significant contributions from non-perturbative effects must be present to lower the D • semilep­

tonic branching ratio. Some of the other interesting measurements presented are the confirmation of the 
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Figure 18.  Beam-constrained mass versus invariant mass for Ks "Ks• combinations. 

inequality of D 0  - K+K- and D" - 1t+1c rates (apparently because of large flavor SU(3) breaking), the 

observation of the "color-suppressed" decay n+ - qm+, and the measurement of significantly larger branch­

ing ratios by a new, absolute technique than were previously measured using the apparent 'I'" cross-section 

for normalization. 
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;, samp le  of  134 events conta i n i ng 159  vi s i b l e  mul t i prong charm decays has 
been obtai ned from the 20 GeV charm photoproduct i on experiment at the SLAC 
Hybrid Faci l i ty .  Fol l owi ng  a sel ect ion procedure whi ch  ensures high  and uni form 
detecti on effici ency for sel ected events , 47 charged , 46 neutral and fi ve topo­
l ogical l y  ambi guous decays remai n .  These decays yiel d prel i mi nary l i fet i mes of 

a nd a rati o  

To± = ( 9 . 2  ± 1 . 5  ± 0 . 5 )  x io- 1 3 secs 

Too = ( 6 . 1  ± 1 . 1  ± 0 .4 )  x 10- 1 3  secs 

T + ....Q::. = 1 5+o . & + 0 1 Too • - o . 3 - • 

One ful l y  reconstructed four-body 0° decay has a proper fl i ght time of 55 x io- 1 3 
seconds . 
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I nt roduct i on 

The SLAC Hybri d Faci l i ty Photon Col l aborati on ( l )  has recent ly compl eted the 
scanni ng and prel imi nary analys i s  of 3.6 mi l l i on bubb l e  chamber pi ctures taken 
with a hi gh resol ut i on camera capabl e of detecti ng charmed part i c l e  decays 
( Experi ments BC72-73 and BC75) . A compari son of charged and neutral D meson 
l i fet imes is  i nteresti ng si nce it  reveal s  the rol e  of non-spectator processes i n  
the  decay (these processes bei ng Cabi bbo suppressed for the  D+ meson ) . ( 2) The 
absence of non-spectator processes (a si mpl e spectator model ) woul d  pred ict 
equal charged and neutral D l i fetimes . 

The Experi ment 

The experi ment was performed at the SLAC Hybri d Faci l i ty wi th  a backward 
scattered l aser beam i nci dent on the 1 m hydrogen bubb l e  chamber operated at 
10-12 Hz. The beam was 3 mm in di ameter ,  peaked at 20 GeV with  a FWHM of 2 GeV , 
and contai ned an average of 25 photons per pul se .  Fol l owi ng the bubbl e chamber 
were four sets of mult iw i re proport i onal chambers (MWPC) , two atmospheri c 
p ressure Cerenkov counters , and a l ead-gl ass wal l .  The Cerenkov counters 
( fi l l ed wi th Freon)  separated pi ons from kaons and protons in the momentum range 
3 GeV/c to 10 . 7  GeV/c duri ng BC72/73 and from 2 .6  GeV/c to 9 . 3  GeV/c during  
BC72/73 .  The l ead gl ass wal l  measures pi zeros with  a mass resol uti on of about 
10 MeV/c . Detai l s  of the apparatus are descri bed in Reference 1 .  

I n  order to detect charm decays near the i nteraction vertex ,  a fourth camera 
wi th  hi gh resol ut i on opti cs (HRO) was used . Thi s  camera resol ved 55 mi cron 
bubbles  over a depth of fi el d of ± 6 mm for BC72/73 and 40 mi cron bubbl es over 
±3mm for BC75 when a new camera empl oyi ng two l enses was i nstal l ed .  Each l ens 
vi ewed approxi mately one-hal f  of the bubb l e  chamber .  The bubb l e  chamber was 
operated at an el evated temperature of 27°K to g i ve a hi gh bubbl e  density of 60 
per cm but a sl ow bubb le  growth to al l ow suffi ci ent t ime to tri gger the camera . 

The cameras were tri ggered on ei ther of two cond i t i ons . The fi rst cond it ion 
was the passage through three MWPC stat i ons of any charged part i c l es ori gi nat i ng 
i n  the fi duc i a l  vol ume of the bubb l e  chamber .  The requi red cal cul at i on was per­
formed by a 168/E processor . The second tri gger cond it i on was based on the 
energy depos i ted in the l ead-gl ass wal l .  With thi s  combi nat i on ,  we tri ggered on 
88 ± 6 percent of the charm cross secti on as i nd icated by untri ggered data and 
by Monte Carl o stud ies . 

The Data 

The resul ts  presented here are based on approximatl y  678 ,000 hadroni c  
i nteractions wi thi n a useabl e fi duci a l  vol ume . The fiducia l  vol ume has been 



141 

restri cted to ensure a hi gh and uni form detecti on e� r ic iency , to ease i nterpre­

tat i on , and to yi el d good momentum meas1•rements . Al l hadroni c events were 

cl osely examined at l east twice for the decays of short-l i ved part ic les within 1 
cm of the i nteracti on vertex . For BC75 the search was extended to 1 . 5  cm. In 

order for an event to be consi dered a charm candi date ,  either the decay po i 11t 

had to be vi s i bl e  or the backward projecti on of one of the tracks in the event 

had to mi ss the producti on vertex by an i mpact di stance of at l east one track 

width . Onl y  decays havi ng two or more charged tracks are consi dered here . 

Decays consi stent with strange part ic le  hypotheses were el i mi nated . One hundred 

thi rty-four events remai ned wi th one hundred fi fty-n i ne vi s ibl e mult i prong 

charmed parti c l e  decays.  Examp l es of events from thi s  experiment wi th charmed 

part icl e decays have been publ i shed . ( ! ) 

Three cuts were i mposed on al l events : 

1 .  An impact di stance greater than 110 µm ( 2-3 track widths ) was requi red 

for at l east one track in each event to ensure hi gh effici ency for 

finding charged and neutral decays.  Thi s defi nes dmax • 
2 .  A second trac� from the same decay vertex was requi red to have an i mpact 

d i stance of at l east 40 µm to sel ect mul ti prong decays. Thi s  is d 2• 
3 .  A mi ni mum decay length cut of 600 µm was imposed to al l ow a cl ean 

separat i on of the charged and neutral decays . 

We have i nvestigated poss ibl e  sources of background whi ch woul d simul ate 

charmed partic le  decays.  These studies , based on cal culat i ons and searchi ng for 

decays at di stances greater than 1 cm , show that backgrounds from al l sources 

are smal l compared to 1 e,vent . 

After imposing  the three cuts , ni nety-two events rema i n  contai ni ng ni nety­

e i ght decays sat isfy i ng al l three condi t ions . These i ncl uded forty-s ix  neutral 

( twenty-one two-prongs and twenty-five four-prongs ) ,  si xteen pos it i ve ( one fi ve­

prong and one three-prong with an additi onal Dal itz  pai r) , thi rty-one negati ve 

( twenty-n i ne three-prongs and two fi ve-prongs)  and fi ve charge/neutral ambi guous 

decays . 

Resul ts 

The l i fetime for a D meson wh i ch travel s a di stance t and has a momentum P 
i s  

where M0 i s  the D meson mass and c i s  the speed of l i ght . For the purpose of 

determi ni ng the l i fetime of the D meson from a sampl e of decays we must measure 

the proper fl i ght ti me of each decay beyond the poi nt at whi ch it wou ld  pass al l 

cuts described above . We therefore repl ace t wi th teff ' where 
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teff = mi n ( ( 1 - llOum)t ,  ( 1  - 40um)t ,  t - 600 um] er;;;-- Cl'2 
In order to estimate p for al l decays whi ch pass the cuts descri bed above we 

use pv i s ' the momentum obtai ned from the charged tracks and mvi s ' the vi s i bl e  

mass obtai ned by assumi ng al l cRarged tracks are pi ons .  We then determi ne the 

rel at ionshi p between mvis  and the actual v is ib le  mass , m���ual by a Monte Car lo  

which  i ncorporates the current best knowl edge of  D decay branchi ng  rat ios .  Thi s  

study yi el ds 1 for decays that have mi ssi ng neutral s or are Cabi bbo suppressed , 
actua 

a = < � > = 1 . 10 ± . 02 where the error i ndi cates the uncertai nty due to 
mvis  

error5 i n  the branching  ratios .  The standard deviat ion of  a on  an  event to 

event bas i s  is 0 , 1 3 ,  i ndi cat ing  the l evel of uncertai nty i n  estimating  m�f;ual 

from mvis ' The l i fetime estimation is then 

t ffa m . Test = e v1s 
Pvi s c 

and it is only dependent on decay model assumpt i ons (with an uncertai nty of l ess 

than two per cent ) and is independent of part ic le  momentum (and consequentl y  

producti on model ) .  It i s  al so reasonably i nsensitive to the spec ifi c  cuts used 

to sel ect data ,  as l ong as the cuts chosen ensure uni form detect i on effi ci ency 

as a funct ion of l ength ,  as ours do . 

The total sample of forty-seven charged a�d forty-s i x  neutral decays have 

d i stri buti ons of Test shown i n  Fi gures 1 and 2. The mean proper fl i ght times 
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m 
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-:::::: 1 0  (/') >­ex: u w Cl 

Fi gure 1 )  
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Test ( 10- 1 3  secs ) 
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The ' t distri buti on for charged 
decays� The curve is an exponen­
tia l  wi th l i fet ime of 9. 1 x 10- 1 3  
seconds normal i zed to 46 decays.  

20 

10 

1 5  

NEITTRAL 
(46 decays ) 
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Fi gure 2) The 'e di stri bu­
t ion for neutral 3�cays.  The 
curve is for a l i feti me of 
6 . 2  x 10- 1 3  seconds nor­
mal i zed to 47 decays . 
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are 9.1 x I0-1 3s and 6 .2  x io- 1 3s . ( 3 )  These must be corrected for the l oss of 

decays to the charged/neutral ambi guous sampl e .  To estimate thi s  effect , we 
have considered the 32 poss i bl e  assignments of the fi ve ambi guous decays between 

charged and neutral . For each event teff is i ndependent of thi s  choice but Pvis  
and  mvis  depend on  i t .  The effect of  the ambi guous decays i s  to  shi ft our 

best esti mates downward to 8.8 x io- 1 3s and 6.1 x io- 1 3s .  
One additi onal correcti on i s  needed t o  convert the l i fetimes t o  0-meson 

l i fetimes : the contami nat i on of A+ and F decays withi n the charged decay sampl e c 
must be corrected for .  When thi s  i s  done , we fi nd 

To± ( 9 . 2  ± 1 . 5  ± 0 .5 )  x 10- 1 3 sec 

Too ( 6 . 1  ± 1 . 1  ± 0.4)  x 10- 1 3 sec 

and the charged to neutral l i fet i me rat io  i s  

T + D- - 1 5+o . G  ± 0 . 1  Too - • - 0 . 3 
Thi s  measurement of the o± l i fetime i s  ful ly consi stent with the two worl d 

average l i feti mes reported i n  the Lei pzi g Conference ( 4 ) Proceedi ngs (--9.0 ± 1 . 0  

x 10- 1 3s ) , wh i l e  the neutral l i fetime i s  just over one standard devi ation above 

the world average va l ue of - ( 4 . 2  ± 0.4)  x io- I 3s .  Thi s  is not part i cul arly 

al armi ng , but one of the neutral decays i�  the experi ment i s  extremely l ong , 

h i ghly unl i kely to have emerged from a l i fetime of 4.2  x 10- I 3s .  This event , 

shown i n  Fi gure 3, contai ns two charm decays , one of whi ch is a four prong decay 

9 . 0  mm from the producti on vertex . The decay is identi fied as Knnn, either by 

Fi gure 3) A photograph showi ng an 
event wi th a 0° decay 
after 9 mm. The proper 
fl i ght time for th i s  
D0+K+w+w-w- decay i s  
55 x 10- I 3s .  
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informat i on from the  Cerenkov counter or  ioni zation  i n  the bubbl e chamber 
( al though the K is  ambi guous wi th p and the pi ons wi th e or µ) . It has an 
effective mass of 1862 ± 8 MeV/c2 • Further detai l s  on the event are gi ven i n  
reference 5 where it  i s  shown that the background sources for thi s event are 
extremely smal l ( l ess than 1 in 6 x 107 experiments of our si ze ) .  Fi gure 4 
shows the rel ati ve probabi 1 i ty that the event wou l d  appear i n  an experi ment the 
s i ze of ours as a funct i on of the charm l i fet ime .  The D0/D0 is requi red to 
decay to K+n±n+n- (with a 7 . 5% branchi ng rat i o )  and to decay after 55 x lQ- 1 3  
seconds .  The probabi l i ty for an experi ment of our si ze to see a 0° surv iv ing  55 
x 10- 3 seconds when the D0 l i fet ime i s  6 . 1  x lQ- 1 3  seconds i s  aoout two percent 
whi l e  it  woul d  be about 3 x lQ-4 i f  the D0 l i fet i me were 4 . 2  x 10- 1 3  seconds .  

>-I-
:; 
:n c:( ca 0 "' "'-

10 °  

10-2 

10- 4 

10-5  L-.�-'-�--L��l--�-L-�-L-�-' 
3 5 7 9 

D 0  L I FETIME ( I0- 1 3  secs ) 

Fi gure 4) Probabi l i ty that an 
experi ment of thi s si ze 
wou l d  cootai n  an accept­
ab le  D0/D0 wi th proper 
fl i ght time > 55 x lQ- 1 3  
seconds . 
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1 .  DATA SAMPLE 

In spring 1982 the NA27 Collaboration took � 900 ,000 pictures using the 

LEBC-EHS setup , exposed to a 360 GeV/c � - beam at the CERN SPS. The results 
presented here are based on the final sample of � 270 ,000 interactions,  

corresponding to a sensitivity of 15.8 events/µb . 

The Lexan Bubble Chamber , LEBC , fil led with hydrogen , with a resolved 
bubble diameter of � 15 µm, and a bubble density of � 80 bubbles/cm,  is 
sensitive to decay t imes down to � 1 x lo - • • s .  The two lever arm 
spectrometer , EHS , provides momentum measurement to a precision better than 1% 
over the whole momentum range , with very high acceptance for D--mesons produced 

with Feynman x > O. Particle identification is provided by ISIS l ) , and 

y + � ·  detection is provided by two lead glass shower counters , IGD and 
FGD 2 )  These devices also provide some electron/hadron discrimination. 

All the film was scanned twice for decay vertices within ±2mm transverse 
to the incident beam, subjected to a physicist checkscan, and the resulting 

charm decay candidates measured and reconstructed . After eliminating strange 

particles , the charm events were remeasured on the Strasbourg HPD 3 ) , which 
provides clean , high precision .measurements ,  with a minimum detectable impact 
parameter of 7 µm. After this procedure the final data sample consisted of 
114 events containing 197 decays ; 83 events have two decays and 31 have only 

one . The topological classification of these decays is shown in Table 1 .  

TABLE 1 

Topological classification of the decays 

Charged Multiplicity Neutral Charged 
of the decay Decays Decavs 

1 ("Cl") 27  
2 ( "V2") 86 
3 ( "C3") 56 
4 ( "V4") 24 
5 ( "C5") 4 

The information from ISIS and the gamma detectors was then added and the 
events passed through a kinematics program. 
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In order to define a clean sample for computing lifetimes we consider only 
the V2 , C3 ,  V4 and CS topologies.  The Cl decays have a low reconstruction 
efficiency as there is always a missing neutral particl e .  We then make the 

following cuts :  

3C  fits are kept only if  the kinematic x 2  probability is > 0 . 1% .  
2C ,  lC  fits are kept only if  > 1%  probable , and if  there is no Cabibbo 

favoured 3C fit . 
Cabibbo unfavoured fits are kept only if they are 3C , and there are no 3C 
Cabibbo favoured fits . 
The particle identification probability is required to be > 1% for all 
tracks that have identification information . 
Semileptonic fits are kept only if the electron is unique . 
If there is a D/F/Ac ambiguity , a Cabibbo favoured D is chosen before 

an F or A • c 
Energy and charm conservation are imposed.  

If the decay still  has ambiguous fits ,  it is only accepted if all  the fits 

are "close" i . e . : 

< 0 . 1  for all solutions 

<: 0 . 2  GeV/c for all solutions 
< 0 . 4  x lo- 1 • s for all solutions . 

After these cuts we are left with 12 V2s , 10 C3s , 11 V4s and 2 CSs .  

For each decay we compute the minimum ( tmin) and maximum (tmax) 

decay length that the decay could have had and still be seen ; tmin depends 
on the configuration of the other tracks in the event , and tmax on the 
location of the events in the chamber . A maximum likelihood fit is then 
performed to the decay time distribution ; those decays with t < t . (3 V2s min 
and 1 V4 ) being rejected , and the rest being weighted by their individual 
tmin and tmax ( the times corresponding to tmin and tmax) .  The resulting 

lifetimes are : 

+0 . 9  10-13 3 . 5_0 . 7  x s ( 19 decays ) 

+S . O -13 10 . 1_2 . 8  x 10 s 02 decays ) 
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with the corresponding ratio o f  t h e  charged to the neutral l i fetime being : 

T ( D+/D- ) 

T (D0 /D0 )  
2 9+1

.
7 

• -0 . 8  

These results are s table with respect t o  any changes i n  the method o f  

determining £
min' 

and the selection of ambiguous fits ; no systematic error 

is detectab l e .  

3 .  SEMIELECTRONIC BRANCHING RATIOS 

Starting from our sample of decays as defined in Table 1 ,  we select only 

those event s  with unambiguous topologies .  V2s with opening angle compat ibl e  

with zero , and decays o f  uncertain charge are e l iminated . This results in a 

sample of 56 V2s and 39 C3s , with e ssentially no contamination from 

y + e+e- in the V2s , and no contamination from the charged into the 

neutral decay s ,  or vice ver s a .  Again , w e  ignore the C l s  f o r  the same reason as 

for the l i fe t ime analysis . We require that a l l  tracks from the decays enter 

ISIS , so that they have a chance of being identi fied , and for the V2s we 

add it ionally require that at  least one track has a PT of > 250 MeV/c ,  to 

eliminate any residual strange contamination . Thi s  leaves us with 43 V2s and 

23 C3s . 

In this sample we observe 5 V2s and 2 C3s with an e+ or e- identified 

by ISIS. In addit ion , 4 o f  the electrons a l s o  hit the !GD, where their 

identity is confirmed , by comparing the energy deposited to the measured 

momentum. We a l s o  observe that one of the V2 and both C3s have a K� mass 
* 

consistent with the decay going via a K8 9 0 

We have co�puted via Monte Carl o  the e f f iciency for identifying electrons 

from semielectronic D decays ; for the V2s we obtain an e ffic iency of 85±5% , 

and for the C3s 78±5% . For the neutral Ds , applying a l l  corrections , and 

us ing the topological branching rat io for D0 + V2 of 67±8% 4) we obtain : 

We also have a semielectronic V4 and estimate its contribution to the total 

semielectronic branching ratio to be � 1%, giving : 

- + 
BR(D0/D0 + e-v + X) = 0( 10% ) 



For the charged decays , using the topological branching ratio for D± + C3 

of 43% 4 ) we obtain: 

( 68% CL) 

+ *' + 
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As both C3s are compatible with the decay D- + K8 9 0e-v we make this assumption 
and hence can compute the total semielectronic branching ratio. From 

*o ± + 
Clebsch-Gordon we have K + K w = 2/3 ,  and from DELCO 5) we have 
+ + 

D- + Kev/D-+ K*ev = 1 . 5±0 . 7 .  Applying these corrections we obtain: 

BR(D+/n· ± + e v +20 + X) = 19 . 2_10 % (68% CL) 

Please note that these results are PRELIMINARY . 

CONCLUSIONS 

We have measured the l ifetimes of the neutral and charged D-mesons in a 

clean manner , with no systematic bias . The results are : 

and +5 .0  -13 T (D+/D· ) = 10 . 1_2 _ 8 x 10 s 

We have also obtained preliminary measurements of the semielectronic branching 
ratios of the neutral and charged Ds : 

BR(D0 /D0 + X) 
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Two-body decays of D ,  F and B-mesons are discussed and ana­
lysed . The factorization approximation appears to be appropriate . 
Information on QCD-factors , on the suppre ss ion of D +-decay modes , 
and on f inal-state interactions is obtained . 
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1 .  Introduction . Non-leptonic weak decays are of particular interest 
because of the interplay of weak and strong interactions . New data 
on exc lus ive D-decays are now avai lable from the Mark I I I  col labo­
ration 1 ) . Because the D- l i fetimes 2 )  have been measured too , several 
non-leptonic transition rates are known within reasonable error li­
mits . In this talk I wi l l  desc ribe the theoretical expectations for 
two-body heavy meson decays and draw some conc lus ion from the data . 

The influence of short and long-range QCD forces on weak ampli­
tudes make deta i led predictions of non-leptonic decays notoriously 
difficult . For example , the l 6r l = 1 / 2 enhancement in strange part­
icle decays has never been understood in a satisfactory way . How­
eve r ,  for energetic two-body decays of heavy mesons ( D ,  F ,  B ,  . . .  ) 
the s ituation is s impler3 - 5 > . It appears to be possible to replace 
in the effective quark Hamiltonian the product of quark currents by 
the norma l-ordered product of the corresponding hadron currents 
formed by the physical hadrons involved6 )  . I will use here this fac­
torization approximation7 1 8 )  as a working hypothe sis . I expect it 
to be a reasonable approximation in cases where the final mesons 
are fast and their final -state interaction is a purely on·-mass-shell 
hadron scattering effectF 1 . The fol lowing discuss ion is based on 
the paper by Fakirov and the author4 )  where factorization was used 
for deta iled predictions of F and D-decays and fol lows c losely a 
recent letter by M .  Bauer and the author6 ) . 

2 .  The hadron currents . For semi-leptonic and non-leptonic exclus ive 
transitions it is necessary to express the colour s inglet quark cur­
rents in terms of the hadron fields which part icipate in the decay 
process . We denote these hadron currents by an index H on the quark 
current s ( ud ) H , ( s c ) H , ( sd ) H , etc . .  The expl icit form ( in general 
non-local because of formfactors ) can be obtained from one , two , 
particle matrix elements of the quark currents . The one-part icle 
part of ( ud ) H is , for example 

( 1 )  

The two part icle matrix elements of currents containing heavy 
quarks are not yet known wel l  enough . I determined them us ing two 
assumptions :  
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1 .  The values a t  q2 O are obtained by taking the space integrals 
of the time and space components of the quark currents as genera­
tors of a collinear algebra at infinite momentum9 • 1 0 l . 
2 .  The q2 -dependence is obtained from nearest pole dominance and 
asymptotic current conservation in the q2...., "" limit . As an example 
I give the result for the ( sc )  current : 

<K l ( sc l  I D> -
µ 

+ 

and 

<K* I ( sc )  I n> -µ 

2 - �  
2 q 

q ) 
µ 2 2 1 -q /mF ( 1 

2 2 1 -q /mF ( 1  

( 2 )  

+ 

( 3 )  

The leading power i n  the infinite particle momentum f ixes the scale 
factor of the time c omponent in ( 2 )  ( 3 ) F2 . The next-to-leading 
power determinesF 3  ( less reliably) the relative strengths of the 
f irst three covariants in ( 3 ) . The longitudinal terms fol low from 
the requirement for the cancel lation of the q2 

= O poles . In the 
same approach the formfactors for D + K ( O+ ) and D + KA ( 1 + ) vanish 
at q2 

= O. Of course ,  the complete overlap of heavy and l ight me­
son wave functions at infin ite momentum impl ied by ( 2 )  and ( 3 )  is 
not l ikely . A reduction factor h � 1 which depends on the initial 
and final particle should be introduced . Furthermore , the simple 
pole-type formfactors needed here in the t ime-like region can at 
most be used for smal l  q2 . It is highly desirable to test and im­
prove the formulae of the type ( 2 )  and ( 3 ) in semi-leptonic decays 
of D, F ,  and B-mesons and to determine the overlap factors h ( in 
particular h (D + Kl and h ( D  + K * l l .  
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3 . The effective Hamiltonian . For non-leptonic charm decays the 
hard-gluon corrected quark Hamiltonian is 1 1

• 1 2 l 

G 

12 
( 4 )  

In this express ion d '  = cose d + s ine s 1 s •  = cose s - s ine d where 
8 denotes the Cabbibo angleF 4 • c 1 ( µ )  and c 2 ( µ )  are related to the 
QCD short-distance coef fic ients c + ( µ )  and c _ ( µ ) , c + ( µ )  � ( c _ ( µ ) - 1 12 

by c 1 ( µ )  = 1 / 2 ( c + + c _ ) , c 2 ( µ )  = 1 / 2 ( c +- c _ ) . 

According to the working hypothesis mentioned in the introduc­
tion the colour s inglet V-A currents wil l  now be replaced by V-A 
hadron currents giving an e ffective Hamiltonian6 l 

G 

/2 
( 5 )  

The normal ordered current product describes in fact a non-local in­
teraction because of the ( pole-type ) formfactor dependence of the 
hadron currents . In ( 5 )  quark and colour exchange effects are ab­
sorbed into the real coeffic ients (by T-invariance) a 1 and a2 . The 
relation between a 1 , a2 and the scale-dependent coeffic ients c 1 ( µ ) , 
c 2 ( µ )  may be quite involved . However , if factori z ation is a good 
approximation at a specific energy scale µ one finds 

a = 1 ( 6 )  

The quantity s introduced here arises from F ierz-reordering o f  the 
quark current product in ( 4 )  before saturat ion . From colour matching 
one expects s = 1 / 3 .  In the following , however ,  a 1 and a2 are trea­
ted as parameters and the comparison with ( 6 )  is postponed to sec­
tion 6 .  

4 .  The decay amplitudes . With the hadron currents given in section 
2 it is now easy to compute two-body decay amplitudes . For the mo­
ment the final-state interaction between the out<ro-�n� Jll§sOns is ne­
glected . It is of advantage to distinguish three classes of decay,o 
Decays governed by a 1 only , like D0 + K-n + or the Cabbibo-suppres sed 
decay D+ + K° K+ , are called class I transitions . Decays governed 



0 0 -o by a2 only , l ike D + TI K or the Cabibbd-suppressed decay 
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D +  + TI + � , are c a l led c lass II . In the 3 rd c lass are those decays , 
l ike D+ + Ko TI +  or the Cabibbo-suppressed decay F +  + �K+ , which in­
volve a 1 and a 2 . Here the ampl itudes are proportional to a 1 +  xa2 
where x varies from process to proce s s4 )  . FS For Cabibbo-al lowed 
tran s it ions D+ + PP where the f inal mesons be long to the same SU3 
multiplet one has x = + 1 in the SU3 symmetry l imit . x = + 1 also 
holds for Cabibbo-allowed D+ + PV trans it ions to member s  of the 
same collinear SUW ( 6 )  multiplet in the l imit of perfect SUW ( 6 )  sym­
metry4 1 5 l F6  Consequently , in these Cabibbo-allowed D+-decays , an 
interference of two ampl itudes occurs . From eq . ( 6 )  one expects 
a2 / a 1 < 0 and thus a destructive interference . These D+ -decay ampli­
tudes are therefore very sensitive to the precise values of x which 
differ from 1 due to the deviation of the decay constants and form­
f actors from the symmetry l imi t .  The transit ion D+ + K0 A� , on the 
other hand , is a pure class I tran s ition and should have a large 
branching ratio . 

The charm changing currents in ( 5 ) can turn the D or F into a 
f inal meson and , in some instances , ann ihilate the heavy meson . The 
annihilation proc e s s  will be neglected here s ince the corresponding 
ampl itudes are proportional to the divergence of asymptot ically con-

2 2 served l ight meson currents at q = m0 and are thus quite sma l l . 
The ann ihilation process could , of course , be important in many-bo­
dy decays or in less energetic two-body decays . 

In tab le 1 the theoretical predictions for the widths of some 
important partial decay modes are displayed . They are obtained from 
the effective Hamiltonian using currents of the form ( 1 )  to ( 3 ) . 
Note that f inal-state interact ions have not yet been cons idered and 
all overlap factors h ( see section 2 ) are boldly set equal to one . 

As a first test of the effective Hamiltonian one can form the 
ratios of the calculated rate s ,  separately for class I and c lass I I  
tran s i t ions and compare them with the corresponding Mark I I I  data . 
The agreement is good which is encouraging6 1 1 4 ) . The measured ratio 
between c lass I I  and class I tran sit ions then give s the add itional 
important information : l a2 / a 1 I � 0 . 6 .  Finally , a short view on the 
experimental rates for class I I I  transitions shows that a 2 /a 1 < 0 
as expected.  The result , a 2 /a 1 � - 0 . 6 ,  demonstrates some interest­
ing enhancement of the SU ( 3 )  sextet part of the non-leptonic Hami l­
tonian 1 5 ) . This enhancement is , however , not as dramatic as octet 
enhancement in strange particle decays . 
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The absolute values of a 1 and a2 cannot b e  determined very 
wel l because of the errors in the D-lifetime and D-production cross 
section . Without any correction for f inal state interaction one 
f inds from class I and class I I  transitions 

( 7 )  

with an error i n  scale o f  about 1 5 % .  

5 . Final-state interact ion . Final-state interactions can serious ly 
affect the decay process 1 6 l . The ampl itude for the decay to a state 
of given isospin wil l  be modified in modulus and phase . In the 
D + KIT case ( and less certain in D + KP decay s )  the re lative phase 
� between the I = 1 / 2 and I 3 / 2  ampl itude can be direct ly extrac-
ted from the Mark I I I  data . An i sospin analysis gives : 

( Do - + 1 (A3 / 2  + /2 A1 / 2 ) A + K IT  ) 
13 

A ( Do + KOITO ) = .l ( ,12  A3 / 2- A 1 /2 ) ( 8 ) 13 
A ( D +  + KoIT + )  = 13 A3 / 2  

Squaring these expres s ions and us ing the Mark I I I  and l ifet ime da­
ta 1 • 2 �ne f inds • •  so0 . The final-state interaction will in addi­
t ion also change the modulus of the isospin ampl itudes .  For the 
exotic I = 3 / 2  channel in KIT final states , no change in modulus 
is expected . In the I = 1 / 2 channel , however , strong absorption 
occurs 1 7 ) . A reduction of the unperturbed I =  1 / 2 ampl itude by 
� 20 % seems plaus ible in this caseF7 . Us ing now table 1 for Cabib­
bo-al lowed D+-tran s itions , too , one obtains improved values for a 1 
and a2 , namely 

a 1 - 1 • 1 to 1 • 2 ,  a2 - - 0 . 5  to - 0 . 6  ( 9 )  

instead o f  ( 7 ) .  The larger value o f  a 1 compen sates the absorption . 
An independent check on the se values is obtainable from tran­

s it ions where f inal- state interactions are l ikely to be negligible . 
+ + + + Good examples are the decays F + • IT ( for a 1 ) and D + • IT  ( for 1 8  1 ) a2 ) .  The measured decay rates ' agree for both of these decays 

with the prediction for a 1 and a2 as  given in ( 9 ) . Smaller experi-
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mental error limits on these decays are urgently neede d ,  however . 

6 .  Comparison with short-di stance QCD factors .  In spite of the un­
certainties as to the precise values of a 1 and a2 , it is tempting 
to compare them with the QCD prediction using ( 6 )  . The value ob­
ta ined for a 1 and the re lative s ign of· a2 /a 1 agree with the expec­
tation from QCD . The f itted ratio i a2 /a 1 I ,  on the other hand , i s  
much larger than expected from ( 6 )  f o r  s = 1 / 3 .  Our results suggest 
instead to use s as a parameter with a value close to zero . s para-

. 21) metrizes the contribution of Pierz-trans formed current products .  
s = O impl ies that quarks assoc iated with different colour s inglet 
currents do not combine to form a s ingle meson . Indeed , the s atura­
t ion of a Pierz-trans formed interaction composed of coloured cur­
rents is a doubtful procedure . F 8 s � O is not so surpr i s ing . 

7 .  More about D- and F-decays . With the method presented here much 
more two-body decay widths than given in the table can and have 
been calculated 1 9 ( Certa inl y ,  the est imate of tran s it ions to a pair 

* 
of relat ive ly mas s ive partic les , for example D + K w ,  is somewhat 
doubtful because of the l imited energy release and the unknown e f ­
fect o f  f inal- state interaction . Neverthe les s ,  f o r  a n  orientation 
it is instruct ive to sum up a l l  of the theoretical two-body part ial 
widths separate ly for D0 , D+ and F-decays and to compare them with 
the corresponding total widths . It  turns out that the two-body decay 
modes provide , together with the experimentally determined 1 l  semi­
leptonic widths , for roughly � 80 % of the branching ratios in each 
case . Remarkab ly , the ratio of summed-up non- leptonic transition 
rates of D0 versus D+ is about � 3 !  The s imple reason is that the 
main D+ -rates are proport iona l to ( a 1 + xa2 ) 2 giving the destruct ive 
interference noted before . Th is doe s not happen in al lowed Do or 
F + -decays . No ann ihilat ion contribution was used for this estimate . 
Thus , at least a s i zeable part of the D0-D + l i fetime difference 
arises from two-body decay channel s . 

8 .  B-decays . The predictions for some important B-decay channels are 
displayed in the table . The decay widths are proport ional to 
l vcb l 2 , the square of the b + c Kobayashi-Maskawa matrix element 
scaled here to ( 0 . 05 ) 2 . The coefficient a �b )  is expected to d i f fer 
not much from a ic ) s ince ,  according to (6 ) ,  this coeffic ient i s  in­
sensitive to the values of s between 1 / 3 and O.  I ndeed , with 
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- 1 2  a 1 = 1 . 2 ,  I Vcb l = 0 . 0 5 and 'B � 1 . 5x 1 0  sec one obtains 
BR ( B0 + D+ n - ) � BR ( B0 + �+TI- )  � 2 % ,  compat ible with the Cleo re­
sults2 0 1 . The magnitude and s ign of a�b ) cannot real ly be predicted 
apart from the inequal ity l aib ) I < l a2c ) I .  The decay mode 
Bo 

� Ko J/� could provide us with the neces sary information . Of 
great intere st are also those c lass II transitions in which a D0-
meson is directly generated by the charm carrying weak current . The 
quantity &2 = fD / fK a2 introduced in the table descr ibe s these de­
cay s ,  with fD denoting the D-decay constant . Interference of a 1 
with &2 w i l l  occur in some B--decays providing a po s s ib i l ity to ob­
tain the s ign of aib ) /a �b )  and to furthe r check the theoretical 
scheme . As in the case of D-decay s ,  the relative phase o f  I = 1 / 2 
and I = 3 / 2  decay ampl itudes can also be obtained from the se measure­
ments . 

9 .  Conc lu sions . A factorized form of the weak Hamiltonian predicts 
two-body decay rates of heavy me son s be ing in good agreement with 
the Mark I I I  data . This holds for Cabibbo- suppre ssed as we l l  as for 
Cabibbo-allowed trans itions . Apart from corrections for f inal- state 
interactions , two parameters related to QCD short-distance coe f f i ­
c ients are needed and have been determined for charm decays . For 
each of the three mesons D + ,  D0 , and F+ the widths of the two-body 
hadronic channels and of the semi -leptonic mode 1 )  then sum up to 
.,,,. 80 % of the total width . A destruct ive interference in important 

two-body D +-decays is at least partly respon s ible for the longer 
l i fet ime of this meson . For more quantitative tests better data are 
urgently needed , e spec ially the rates for decays to a single iso­
spin state where little f inal-state interaction ef fects are expec­
ted . Decays of the B-mesons , bes ides giving very important informa­
tion about QCD-factor s ,  can be used to obtain the so far unknown 
fundamental D and F-decay constants . 

It is a pleasure to thank M. Bauer for his cooperation and 
valuable he lp in the calculations and J .  Bj orken for very stimula­
ting remarks .  
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Table 1 :  Example of Theoretical Decay Widths 
of Heavy Mesons 

Widths in 1 01 0  

( c )  a 1 , 2 = a 1 , 2 

Do 
+ K-TT + 

Do - + 
+ K p 

F+ + + <P TT 
+ KOK + D + 

Do + o-o TT K 

Do + o-o p K 

D+ + TT + cji 

F + + + K w 

D+ -o + 1 7 .  1 + K TT 

D + + -o K p + 3 4 . 1 

F+ + cjiK+ 0 . 6  

- 1  sec 

1 7  . 1  2 a 1 
3 3 . 8  2 a 1 

9 . 4  2 a 1 
2 1 .  3 a 1 

1 6 . 0  2 a2 
7 . 6  2 a2 
2 . 0  2 a2 
1 . 1 2 a2 

( a 1 + 1 . 3 7 a2 ) 

( a 1 +0 . 6 9a2 ) 

( a 1 + 1 . 7 2a2 ) 

2 

2 

2 

Pole-type formfactors are used 
interactions are not include d .  
equal to 1 .  

Widths in l vcb /o . os l 2 1 0 1 0  - 1  sec 

Bo � +  -+ D TT 

Bo + 

Bo 
+ 

Bo 
+ 

Bo 
+ 

Bo + 
Bo 

+ 

Bo + 

B + 

B + 

B + 

for the 
Factors 

+ -D p 
+ *  -D TT 
+ *  -D F 

Ko J/ijJ 

TT ODO 

o *o TT D 

pODO 

0 -D TT 
0 -D p 
*o -D TT 

hadron 
h ( see 

0 . 8 4 2 a 1 
2 . 24 2 a 1 
0 . 7 9 2 a 1 
0 . 8 4 A 2  a 1 

6 . 0 2 a2 
1 . 04 A 2  a2 
1 . 4 6  A 2  a2 
0 . 7 6 A 2  a2 

0 . 8 4 ( a 1 + 1 . 5 6a2 l
2 

2 . 2 4 ( a 1 +o . 8 3a2 J
2 

0 . 7 9 ( a 1 + 1 . 9 2a2 ) 2 

currents .  F inal -state 
section 2 ) are set 
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Footnotes 

F 1  

F 2  

F 3  

F 4  

F 5  

F 6  

Even i n  strange particle decays factorization gives �ualita­
tively acceptable results for I tr i = 3/2 transitions J . 

This gives already suffic ient information for the evaluation 
of the non-leptonic decay ampl itudes to PP and PV states 
given in table 1 .  

I n  this determination I used constituent quark masses and 
scaled quark momenta (p = p mc / (mc

+mu ) etc . )  in the p + 00 • 
l imit . c 

With regard to generation mixing only the Cabibbo angle is of 
importance in charm decays s ince the cos ine of the remaining 
mixing angles are very c lose to one . 

In table 3 of ref . 4 the combination c 1 +xc 2 and � = 1 / 3  is used . 
The connection with x is x= ( 3x - 1 ) / ( 3 -xJ . 

A statement to the contrary in ref . 1 3  is incorrect .  

F 7  Eq . ( 6 )  of ref . 6 suggests a corre sponding suppression . A two­
channel black sphere scattering gives a factor 1 / 12 for l< s 1 / 2 ) e�· .  

F8 I am indebted to R. Rlickl for a discuss ion on this point . 
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The propert i es of B decays are br i ef l y  rev i ewed. The CLEO results on the 
exc l us i ve B decay modes are presented and the results of a new search for b+u 
2-body trans i t i ons i s  reported. A novel techn i que for "part i a! " B reconstruct i on 
i s  presented, y i e l d i ng rates for the decay modes of the form B + D*+x-, where X 
is �. p, or F. The0C�go results on the rat i o  of the charged and neutra l B 
l i fet i mes and the B -B m i x i ng l i m i t  are also presented. F i na l ly, future 
prospects w i th an enlarged data set are outl i ned . 
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Br i ef Rev i ew of  Early Results : Most of what i s  known of B mesons has been 
l earned through the study of the decays of the T (4S) meson. The T (4S) , produced 
as a resonance i n  e•e- ann i h i lat i on, i s  the f i rst bb bound state wh i ch i s  above 
threshold for product i on of mesons w i th net beauty. The CLEO data set on wh i ch 
the follow i ng i s  based consi sts of 40 . 6  pb-l of i ntegrated lum i nos i ty taken on 
the T (4S) and 17.3 pb-l taken on the cont i nuum i mmed i ate l y  below the T (4S) . The 
data were taken at the Cornel I Electron Storage R i ng (CESR) . 

The exami nat i on of the leptons com i ng from T(4S) decays has been espec i a l l y  
fru i tfu l .  I n  part i cular, the y i e l d  o f  prompt leptons prov i ded the f i rst ev i dence 
that the decay products of the T (4S) , B mesons, carr i ed a new flavor and were 
weak l y  decay i ng1 • 2l CLEO has measured the average lepton i c  branch i ng fract i ons3] 

for B mesons to be: Br (B+evX) = . 120 : . 007 : . 004 and Br (B+µvX) = . 108 : .006 : 
. 010 where the f i rst errors quoted are stat i st i cal and the second errors are 
systemat i c. A search for d i  lepton events of the form B+�·�-X y i elded an upper 
I i m i t  for f l avor chang i ng neutral current decays of less than . 31% at the 90% 
C.L . 4] The semi lepto n i c  charged mult i pl i c i ty was measured to be 3 . 8 : . 45) Of 
more s i gn i f i cance than the s i mple count i ng of leptons observed, however, are the 
shapes and endpo i nts of the lepton momentum spectra. F i gure 1 shows the electron 
momentum spectrum observed i n  T (4S) decays .  Stud i es of th i s  spectrum have shown 

:0 E-
a. ., 

bt a. .,,,.,, 

that the hadron i c  recoi I mass i n  the decay 
ELECTRON SPECTRUM B+evX i s  approx i mate I y 2 GeV /c . The 
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F i g. 1. Electron momentum 
spectrum from T (4S) decays. 

shapes and the endpo i nts of the lepton 
spectra i mply that the rat i o  of b+u 
trans i t i ons to b+c trans i t i ons i s  < 4% at 
the 90% C . L . 6] It seems therefore an 
exce l l ent approx i mat i on to assume that 
every b decay produces a charmed part i cle. 
The electron momentum spectrum i s  
consi stent w i th a hadron i c  system composed 
of 50% D and 50% o* mesons. Us i ng the 
measured semi lepton i c  charged 
mult i pl i c i t i es of the D mesons, the 
calculated charged mult i pl i c i ty result i ng 
from such a m i xture would be 2.52 wh i ch 
suggests that there i s  l i ttle, i f  any, 
add i t i onal fragmentat i on of the daughter c 
quark and the spectator ant i -quark. 
F i gure 2a schemat i cally depi cts the 
spectator decay of a B meson i n  wh i ch the 
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Fig. 2 .  Spectator decays of B mesons. 
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virtual W boson decay products form hadrons independent o f  the c quark and 
spectator anti-quark. Figure 2b shows a spectator decay in which one of the 
decay products of the W boson has the appropriate color to form a color-singlet 
hadron with the daughter c quark . This process is cal led "color-mixing" . A 
simple argument involving the probability of producing the appropriate color 
anti-quark which forms a color-singlet with the daughter c quark suggests that 
this latter process is expected to be suppressed by approximately 1/9 . Phase 
space calculations give a rate for W-+cs of - 15� . A search for decays of the 
form B+�X yields an upper limit for this process to be less than 1 . 6� at the 90� 

C .L . 71 in good agreement with theoretical expectations. 

Figure 3 shows the observed momentum spectra of charged o* • s  and neutral O's 
coming from B decay. The dashed curve is 

300 

200 

100 

• 0°.SCALEO 

,/ 
... -

---
.......... I I I I I 

I I I I 

P ( GeV/c ) 

Fig. 3 .  o* ,  0° momentum spectra. 

a simple phase space distribution and the 
solid curve is obtained by using a V-A 
weak decay matrix element for the process 
b+cev in which the b quark has been given 
the mass of the B meson and the c quark 
has been given the mass of the D meson. 
The similarity in shape between the 
observed momentum spectra and the b+cev 
curve suggest that the fragmentation of 
the decay products of the virtual W boson 
emitted by the decaying b quark is nearly 
independent of the fragmentation of the 
daughter c quark and the spectator anti­
quark. In summary, b decay seems wel I 
described by the spectator model with no 
•color mixing• ; i.e. the b decays via V-A 
matrix element to a c quark with emmission 
of a virtual W boson. 
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Fu l I B Reconstruct i on :  Ful I reconstruct i on7• 8] of B mesons requires the detection 
and correct i dent i f i cation of al I of the decay products . This is very difficult 
because B mesons resulting from T(4S) decays are nearly at rest in the laboratory 
frame (p-.08) produc i ng a nearly isotropic decay . With a mean charged 
mult i plicity i n  BB events of - 11, the combinator i al problem of correctly 
choosing and ident i fy i ng the r i ght set of particles corresponding to the correct 
B meson decay i s  quite formi dable. The situation becomes worse when actual 
acceptances and eff i c i encies are folded i n. The most v i able strategy for 
reconstruction of B mesons with CLEO data is to search for low mult i plicity 
decays i n  wh i ch a charmed particle can be reconstructed, e . g .  B-+D0r-+(K-r+)r- or 
..,o *+ - 0 + - 9] o +D r +(D r )r . The data were cut on the ratio of Fox-Wolfram moments H2/H0 
= R2 < . 3  i n  order to reduce the 2-jet continuum background . D0's were made by 
comb i n i ng i dent i f i ed kaons with oppos i tely charged tracks and requ i red to have a 
momentum between 1 and 2.6 GeV/c, the k i nematic maximum. S i nce the D0 momentum 
is fa i r l y  hard, the directions of its decay products are correlated with its line 
of fl i ght . A cut of l cosO I < .8 was made for the angle of the D0 daughter r with 
respect to the d i rection of the Kr system . For Kr comb i nations w i th a mass of 
1865 z 40 MeV/c2 , D* 's were reconstructed by computing the Krr - Kr mass 
d i fference, wh i ch i s  known to be 145.4 MeV/c2 for the decay D*++D0r+. An overall 
energy constraint of m2B = E2b + (E.p.)2 was imposed and the 4-momenta of D0 and eam 1 1 
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F i g. 4. B reconstruction results. 

D* candidates were constra i ned to have the 
correct invar i ant mass. F i gure 4 shows 
the reconstruct i on results for events 
satisfying a x2 cut . Background estimates 
were made by performing the same analysis 
on continuum data taken below the T(4S) 
(no signal was observed) and by displacing 
the Kr mass cut z200 MeV/c2 from the 
correct D0 mass (known as the D0 s i de­
bands). The branching fractions were 
computed under the assumption that the B°­
B- mass difference i s  E i chten 'slO] 

theoretical value of 4.4 MeV/c2 , yielding 
Br(T(4S)+B°B°) = .40 and Br(T{4S)+B+B-) = 

. 60 .  The results are l i sted in Table I .  

Knowledge of the B meson masses 
enables a precision search7l for b+u 
2-body decays such as B°+r•r- and B-+p0r-. 
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Table I 
<B> = 5273. 0 • 1 . 3  • 2.0 MeV/c2 

B- = 5271. 2  • 2 . 2  • 2 . 0  
= B-+D0r­

B°+D0r+r­
B°+D*+r­
B-+D*+r-r+ = 

(4.2 • 4 . 2)1 
(13 .0 • 9 .0)" 

(2. 6 • 1 .9)" 
(4 . 8  • 3 .0)" 

B° = 5275. 2  • 1 .9 • 2.0 
B°-B- = 4.0 • 2 . 7  • 2.0 

For both cases a cut was made which required the reconstructed system to be near 
the known beam energy within some limit : for the B°+r•r- case this limit was. 300 
MeV and for the case of B-+p0r- it was 250 MeV. A p0 was defined as any r+r­
combination with invariant mass between . 5  and 1 GeV. As before, the energy of 
the reconstructed B meson was constrained to have the beam energy. The topology 
of these two-body decays is quite specific . They must have two high momentum 
particles with invariant mass near the beam energy and yet the sum of their 
momenta must be relatively small : - 400 MeV/c. This means that they must be 
energetic and nearly oppositely directed in the laboratory frame, appearing much 
like 2-j et continuum events . The continuum background can be greatly reduced by 
computing the j et axis of the event without the particles comprising the B 
candidate . In a true B°B° event the other B decay should be nearly isotropic and 
there should be no correlation between the computed j et axis and the direction of 
the other B ' s  daughter particles . However, in a 2-j et continuum event the 
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direction of the high momentum particles, 
which would normally make promising B 
candidates, is highly correlated with the 
j et axis. This point is illustrated in 
Figure 5. In order to reduce this 
background, events were rejected if at 
least one of the high momentum particles 
has l cos8 1 > . 8  with respect to the jet 
axis. For the B-+p0r- case, an additional 
requirement was made on the polarization 
of the p0 • CLEO finds upper limits of 
Br (B°+r+r-) ( 0.05" and Br(B-+p0�-) ( 
0 . 06" at the 90I C . L .  Since the method 
used here is not sensitive to the mass of 
the final-state particles, the lepton 
identification capabilities of the CLEO 

detector can be used to set limits on 
processes of the form B°+.e..+.e..-. Upper 
limits for these processes are Br (S0+e+e-) 
( 0.03", Br(B°+p+p-) ( 0.02", and 
Br (B°+e•p�) ( 0 . 03" at the 901 C .L .71 
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Parti al B Reconstructi on :  As ev i denced i n  the preceed i ng sect i on, full B meson 
reconstruct i on i s  a d i ff i cult task. Fr011 a data sample of approx i mately 80,000 B .  
decays, CLEO has only been able to fully reconstruct about 25. In th i s  sect i on, 
a novel techn i que of •parti al• B reconstructi on71 i s  outli ned whi ch y i elds 
measures of the branch i ng fract i ons for processes of the form lf'+D*•x-+(D0•+)X-, 
where X can be •, p, or F. 

The word •parti al• i n  th i s  case refers to the fact that the D0 i s  not 
d i rectly observed. To i llustrate the techni que, consi der the decay lf'+D*+•- The 
object i ve here wi I I be to max i mally explo i t  the part i cular k i nemati cs of th i s  
decay i n  order to obta i n  an i mproved s i gnal-to-background rat i o. As menti oned 
prev i ously, the B mesons produced i n  the decay of the T (4S) are mov i ng very 
slowly (/1- .08) ; therefore 2-body decays of the B meson have nearly monoenerget i c  
spectra i n  the laboratory frame. I n  parti cular, the .- momentum i s  constra i ned 
to l i e  between 2 and 2. 6 GeV/c. The D*++D0•+ decay has a �  value of only 145 
MeV. Th i s  means that the •+ i s  very soft, less than 250 MeV/c i n  the laboratory 
frame, and that i t  essenti ally reta i ns the D*+ d i recti on. S i mple energy 
conservat i on g i ves F_o = (Eb - E - - E +) .  Th i s  allows the calculat i on of the 

0
-U eam • • 

0 magn i tude of the D momentum . The angle between the D and the •+ i s  g i ven by 
cos9 = (m�o + m�+ + 2EooE•+ - m�•+)/(2 lpD0 l lP.+ f ). The D0 i s  thus constra i ned to 

l i e  on a cone around the soft •+. The 
only unknown left i n  the problem is the 
angle between the D*+ and the .-. Th i s  
angle i s  chosen to max i m i ze the 

w ..J "' <.J Cll 
>­a: "' a: ... 
iD a: "' 
Cll ... z w > w 

5.22 5.24 

RECONSTRUCTED MASS 

F i g. 6. 

5.2B 

reconstructed B (pseudo)mass. For a 
genu i ne If' decay there w i ll be an angle 
wh i ch y i elds a reconstructed If' mass 
w i th i n  14 MeV of the beam energy, however 
th i s  w i ll not be possi ble for the bulk of 
the fake comb i na t i ons. As seen i n  F i gure 
6, Monte Carlo stud i es of B°B0 events show 
that th i s  techn i que y i elds a pseudomass 
for the B IJl&SOn wh i ch peaks between the 
true B mass and the beam energy. The 
background from 3-body decays such as 
lf'+o*•e-v was el i m i nated by requ i r i ng that 
the hard p i on from the B decay have 
momentum ) 2. 3 GeV/c. The cont i nuum 
background was reduced by requ i r i ng 
R2 < .5. The shape of the background can 
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be measured in several ways. One method 
is to reverse the 3-momentum of the soft 
pion from the o•+ decay. The hard pion 
from the primary B decay and the soft pion 
i n  the o•+ decay should be essentially 
back-to-back; thus the true n" signal 
should not contribute in the track­
inverted analysis. Another measure of the 
background is the analysis of the 
continuum data taken below the T (4S) . In 
this method the particle momenta are 
scaled by the ratio of the mass of the 
T (4S) and twice the actual beam energy; 
and in the analysis itself, the beam 
energy is set to be half the mass of the 
T (4S) . Figure 7a shows the track inverted 
analysis on (solid) and below (dashed) the 
T (4S) . Figure 7b shows the subtraction of 
the two. Figure Sa shows the partial B 
reconstruction pseudomass distribution 
(solid line) and the scaled continuum 
background (dashed line). Figure Sb shows 
the continuum subtracted signal. The 
analysis finds 41 • 12 n" events giving a 
value of Br ("B°+o••�-) = (2.1 • .5 • .5)%, 
assuming Br(T (4S) +B0"B°) = .4 and 
Br(o••+�•o0) = . so • .15.71 

Using a similar technique11l , CLEO 
has measured the branching fraction for 
n"+o••p-+ (�+0°) (�-�0) .  As in the previous 
example, the momentum of the p- is 
k i nematical ly restricted to lie between 2 
GeV/c and 2.4 GeV/c. Photon showers with 
energies greater than 250 MeV were 
observed in the CLEO electromagnetic 
shower counters which consist of layers of 
proportional wire tubes interleaved with 
lead sheets. Pairs of showers were used 
to make �0 ' s .  Figure 9 shows the 
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i nvar i ant mass spectrum of photon pa i rs 

wh i ch make wh i ch make a r0 cand i date w i th 

energy greater than 1 GeV . In the 

ana lys is ,  a r0 was def i ned as any photon 

pa i r  w ith i nvari ant mass between 70 MeV/c2 

and 200 MeV/c2 and w i th energy greater 

than 1 GeV . The photon energ i es were then 

constra i ned to y i e l d  an i nvar i ant mass of 

mro . The soft r+ from the o*+ decay was 

requ i red to have momentum of l ess than 230 

MeV/c and i ts d i rect i on had to be w i th i n  

26
° 

of the reverse p- d i rect i on .  The r0 
cand i dates were pa i red w i th negati ve l y  

charged tracks to make p- cand i dates . The 

ana lys i s  was repeated for var i ous ranges 

of the i nvar i ant mass of the .-.o 
system; 

i n  each mass range the momentum of the 

.-.o 
system was restr i cted to be l ess than 

the k i nemati c  maxi mum a l l owed for 

lf+o*• cr-r0) . As before, the background 

from 2-jet conti nuum events was reduced by 

requ i r i ng R2 < . 3 .  The resu l ts are shown 

i n  F i gure �O. A c l ear s i gna l i s  observed 

for m.-.o between . 62 and . 92 GeV . The 

background was esti mated i n  three ways : by 

study i ng the process If +o••x•+o• cr•r0) , by 

i nvert i ng the 3-momentum of the soft p i on 

from the o*• decay , and by study i ng the 

decay 1f +o*•x0 • Subtracti on of the 

average of the var i ous background 

esti mates l eaves a s i gna l of 12 .4 • 4 . 5  
events . Under the same assumpt i ons used i n  

the ca l c u l at i on of Br(B°+D*r-) , th i s  

y i e l ds Br(B°+o*•p-) = 7 . 3  • 2 . 6  �� :�· 
The parti a l  reconstruct i on techn i que 

has a l so been used to search for the 

process lf+o*+F-+D*+ c;r-) 121 .  Oppos i te l y  

s i gned tracks not pos i t i ve l y  i dent i f i ed as 

p i ons were pa i red together under the 
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assumpti on that they were kaons . The K+K- pa i rs w ith i nvar i ant mass w i th i n  7 

MeV/c2 of the � mass were then pa i red w i th negat i ve l y  charged tracks to make F­
mesons. On ly  F- cand i dates w i th momentum greater than 1 GeV/c and l ess than 2 . 5  
GeV/c were kept. No s i gna l was observed, i mp l y i ng Br (9°+o••F-) < 10% . 

The L i fetime Rat i o  and M i x i ng:  In semi l epton i c  decay , on l y  the spectator d i agram 
contr i butes; thus the part i a l  w i dths for B°+�-vx• and for B-+�-vX0 are equa l .  
Th i s  means that the rat i o  of the l i feti mes of the charged and neutra l B mesons i s  
equa l to the rati o  o f  the respect i ve semi l epton i c  branch i ng f ract i ons . The 
exper imenta l prob l em  for CLEO i s  that on l y  the average of the sem i l epton i c  
branch i ng fract i ons f o r  B mesons i s  measured . I f  the rat i o  o f  product i on of 
neutra l and charged B mesons f rom T (4S) decays i s  taken to be 4 : 6  as d i scussed 
ear l i er ,  then measurements of the prompt s i ng l e  l epton and d i  l epton (from 
para l l e l  B decays) y i e l ds com i ng f rom B decays can be used to unravel the average 
B meson l epton i c  branch i ng f ract i on i nto i ts component parts . CLEO f i nds 85 • 
16 d i  l epton events f rom para l l e l  B decays y i e l d i ng a l i m i t  on the rat i o  of 
neutra l to charged l i feti mes of . 25 < r0/r- < 2 . 9  at the 90% C . L . 4] 

As i n  the K0
-K° system, mi x i ng between B0 and n° i s  poss i b l e  through the 

d i agrams shown i n  F i gure 11 . An observab l e  consequence of B0
-n° m i x i ng i s  the 

u,c,t  

F i g .  11 . B0 -rf' mi x i ng d i agrams . 

number of l i ke s i gn d i  l eptons com i ng from 
para l l e l  B decays . A conven i ent parameter 
for measur i ng B0

-B° m 1 x 1 ng i s  
Y = [N(B°B°) + N (B°n°) ] /N(B0n°) .  For 
comp l ete m i x i ng Y = 1, and for no m i x i ng Y 

= 0 .  Exper i menta l l y ,  Y can be rel ated to 
the numbers of observed d i  l epton events by 
Y = [N (�+�+) + N (�-�-) ] /N (�+�-) .  On l y  
d i  l eptons from para l l e l  B decays are 
i nc l uded; fakes and cascade contr i butions 
must be subtracted out . Unfortunate l y ,  
the computati on of N (�·�-) depends 
strong l y  on the producti on rat i o  of 
neutra l to charged B mesons on the T (4S) 
and on the rat i o  of the semi l epton i c  
branch i ng f racti ons . F i gure 12 shows the 
9°" C . L .  upper l i m i t  on Y versus the rat i o  
o f  semi l epton i c  branch i ng f ract i ons4l . 
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Future Prospects : CESR has recent l y  
upgraded i ts LINAC to enhance i ts abi l i ty 
to produce pos i trons and has now moved to 
a seven bunch mode of operation Current 
runn i ng cond i t i ons now produce -1 pb-l of 
i ntegrated l um i nos i ty per day at the T (45) 
energy . The poss i b i l i t i es for tr i p l i ng 
the CLEO B meson data set i n  1985 are 
qu i te good . CLEO has a l so now added a 
h i gh prec i s i on secondary vertex detector 
and i nsta l l ed charge sens i t i ve e l ectron i cs 
for dE/dx measurements on i ts ma i n  d r i ft 
chamber ,  s i gn i f i cant l y  enhanc i ng CLEO 's 

2.o charged parti c l e  momentum reso l ut i on and 
i denti f i cati on ab i l i ti es .  W i th an 
en l a rged data set, i t  seems feas i b l e  to : 
reduce the l i m i t  on b+u/b+c trans i t i ons by 
a factor of 4 ;  reduce the l i m i t  on B0

-B0 

m i x i ng and the rat i o  of neutra l to charged 
l i feti mes by a factor of 3; perhaps 

measure r8 d i rect l y ;  reconstruct - 100 add i t i ona l B mesons; and i mprove the 
measured branch i ng f ract i ons and the B0

-B- mass d i fference. 
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INTRODUCTION 

The average lifetime of b hadronic states has been measured by three detectors at the e+ e- intersecting 

storage ring PEP at SLAC: DELC02l, MAC3l, MARK n•>. The production of heavy mesons moving 

relativistically in e+ e- annihilations at a center of mass energy of 29 GeV, makes it possible to measure their 

lifetimes with the existing techniques. The interest of measuring b lifetime is that it is determined by the 

strength of weak interactions in mixing the quark generations. This means that it allows the measurement of 

the element of the Kobayashi-Maskawa matrix for the mixing be or bu. 

THE DETECTORS 

In order to measure B hadrons lifetime, a detector must provide good lepton identification and good 

accuracy in particle tracking. 

DELCO is a detector particularly efficient in identifying electrons over a large solid angle . .  The 

identification is achieved with a 36-cell Cerenkov counter covering 600Jo of the solid angle. These counters, 

in combination with shower counters, allow a 7r/e separation better than 1/1000 with high detection 

efficiency. The particle tracking is made by 16 layers of cylindrical drift chambers with a momentum 

resolution of up/p = v'0.062 + (0.02}2 (p in GeV). The contribution of the drift chamber resolution to the 

average error on the measured distance between two tracks at the beam crossing point is - 280 µm. The 

beam size is measured by pickup buttons located 4.5 m on either side of the beam crossing point. The 

horizontal size is Ux = (356 ± 13) µm and the vertical one is 11, = (44 ± 5 1 )  µm. 

The tracking device of MAC consists of a cylindrical drift chamber with 10 layers of wires, immersed in 

a magnetic field of 5.7 KGauss. The chamber has a spatial resolution of up/p = 0.065 p (p in GeV). The 

chamber is surrounded by an electromagnetic and hadron calorimeter, made of a lead-proportional wire 

chamber sandwich, providing a total of 16 radiation lengths of material. It allows electron identification and 

gives an 7r/e separation in the range of 0.5- 1 OJo over about 700Jo of solid angle and for particles with 

momentum larger than 1 . 8  GeV le. The entire calorimeter detector is surrounded by drift chambers for 

identifying and tracking muons over 770Jo of the solid angle. The probability of misidentifying an hadron as 

a µ  is l .5 0Jo  for particle momenta greater than 2 GeV le. The beam position is determined for each run by a 

fit to Bhabha events. The rms beam size is 500 µm horizontally and 100 µm vertically. 

The MARK II detector provides charged particle tracking with 23 layers of drift chambers with a 

resolution of up/p = 0.02p (p in GeV). The inner part of the layers is a high precision drift chamberSl (called 

the vertex detector), located just outside the beam pipe. It allows an accuracy of JOO µm in the plane 

perpendicular to the beam. The electron identification is achieved over 65 OJo of solid angle with a liquid 

argon calorimeter, rejecting hadrons at a level of 0.50Jo for momenta greater than 2 GeV/c. Proportional 

tubes interspersed with steel layers provide muon identification over 45 OJo of solid angle, misidentifying 

hadrons with a probability of about 1 OJo. 

THE METHOD 

The B hadron lifetime is measured from the distribution of the distance of closest approach to the 

interaction point of leptons coming from the semileptonic decay of B particles. 

The method is carried out in the following way. First of all a sample of data enriched in e + e- -+ bb 

must be selected. This is achieved selecting qq events containing leptons of high transverse momentum. A 
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Table I 

Definition of b enriched sample 

Ex pt Kinematic cuts Populations 

DELCO pt > I GeV/c 0.77 bii 

0.17 cc 
p > I  GeV/c 

0.06 bkg 

MAC p > 2  GeV/c 0.53 

0.18 
Pr > 1 .5  GeV /c 

0.29 

MARK II p > 2  GeV/c 0.62 

0. 1 5  
Pr > I GeV/c 

0.23 

Monte Carlo method predicts the composition of the sample defined by the selection criteria. Table I gives 

the populations in terms of e+ e- -+ bii, e+ e- -+ cc and background from ir and K following the cuts 

applied and the performances of each detector. Besides the kinematical cuts each experiment selects only 

good quality lepton trajectories, requiring a minimum number of hits in the drift chamber layers. Then the 

impact parameter o of leptons is measured. This is defined as the distance of closest approach between the 

lepton trajectory and the average beam position, projected in the plane perpendicular to the beam. The 

impact parameter (fig. I) is a positive defined quantity in principle, but tracking and beam position errors 

give rise to both positive and negative values. Conventionally o is positive if the intersection of the B 

trajectory (approximated by the thrust direction) with that of the lepton corresponds to a positive decay 

length, it is negative otherwise. The primary vertex is approximated by the average beam position. The error 

on o is the sum in quadrature of the track error and the effective beam size (which is a function of the 

azimuthal angle). The measured distribution of o is the superposition of three distributions, the one of B 

hadrons (B), the one of charmed hadrons (C), and the one of background hadrons (bkg). Therefore, to 

extract the average impact parameter of B hadrons, a fit is done to the distribution 

(dN/do)MEAs = fa(dN/do)a + fc(dN/do)c + fbkg (dN/do)bkg , 

where fa, fc, fbkg are the respective frequencies of the populations predicted by Monte Carlo, (dN/do)c is the 

impact parameter distribp.tion of leptons from charmed hadrons, determined by Monte Carlo assuming a 

value of 're, and (dN/do)bk& is the o distribution for background hadrons, also determined by Monte Carlo 

or measured directly with a 'control' data sample. 
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RESULTS 

Table II gives a summary of the different assumptions and results obtained in the three experiments. 

The lifetime ts is fixed by how much the weak interactions mix the quark states of different generations. 

This means that it can be expressed6l as a function of the Kobayashi-Maskawa matrix elements: 

Using Ubu measurements from CESR 7l one obtains IUbcl = 0.058 or 0.040 if one takes Ts = 0.85 or 't's = 
1 .8  ps. 

One must stress that these measurements have a large systematica error. It comes mainly from the 
estimate of the beam position, the approximation of the B direction with the thrust axis, the effect of the cut 

on lol used for the fit, and also from the assumed c lifetime value and the Monte Carlo estimates of the 

composition of the selected data sample. It is clear that measurements with much smaller systematic errors 

are needed. Some checks of the method to measure lifetimes have been made by the three experiments. 

DELCO measures the impact parameter of leptons in the reactions e+ e- --> e+ e- e+ e- where no 

displacement from zero should be observed. They measure an avi!rage value (o) = ( - 10 ± 14)1'm. The 

impact parameter method applied to a sample of events enriched in charmed hadrons (i.e. p > 1 GeV /c and 

PT < 1 GeV /c) gives a charm lifetime of (0. 77 ± 8-.l� ). MAC and MARK II measure separately B lifetime 

l £dt (pb-1) 

NI 

(b)meamed{!'m} 

(ao) {!'m) 

(o)b., {!'m) 
(Tc) 00-12 sec) 

TB 00-12 sec) 

Table II 

Summary of the values used by the three experiments in the fit and 

final results on average B lifetime in picoseconds 

DELCO MAC 

1 1 8  160 

160 e's 
60 e's 

238 1<'S 

215 ± 8 1  120 ± 28 

400 600 

40 ± 8 23 ± 7 

0.64 0.55 

1 . 1 6 � 8:!1 ± 0.23 1 .6 ± 0.4 ± 0.4 

Minim i .zation method Max likelihood Median 

MARK II 

208 

150 e's 

120 1<'S 

80 ± 17 

200 

29 ± 5 

0.60 

0.85 ± 0.17 ± 

Max likelihood 



with electron and muons, yielding compatible values. Each detector measures by impact parameter method 

the T lepton lifetime, obtaining (0.29 ± 0.08), (0.33 ± 0.04), (0.3 1  ± 0.02) picoseconds respectively from 

DELCO, MAC and MARK II. These values are in good agreement with the T lifetime measured by MARK 

II SJ from the distribution of the distance of secondary verteces in the decay T -+ 3 .,..., T7 = (0.286 ± 0.016 

± 0.025) x 10- 13 sec. 

CONCLUSIONS 

The measurements of B hadron mean lifetime in e+ e- annihilations at PEP yield values around 

I picosecond. Experiments at PETRA obtain very similar results9>. It is. clear however that it is necessary to 

perform measurements with much smaller systematic error. It must be also stressed that the measured value 

concerns an average over neutral and charged B hadrons, produced in e + e- collisions in a not yet known 

proportion. 
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Fig. 1 Definition of impact parameter. 
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Fig. 2 Impact parameter (o) distribution. Only those events having lbl < 
3 mm have been used in the fit. (a) b enriched region. The average value is 
(b) = 215 ± 81  µm. (b) c enriched region, defined by the kinematical cuts 
p > 1 GeV/c and PT < 1 GeV/c. The average value is (o/ = 137 ± 54.rm 
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Fig. 3 Distributions of impact parameter weighted over the error, for b 
enriched sample. (a) For µ.'s only. The average value is (o) = (159 ± 39)µ.m 
considering only events with Fi < 1 mm. (b) For electrons only. The average 
value is (o) = 83 ± 42 µ.m. (c) For all events. 
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Fig. 4 Impact parameter distributions. Only events with u6 < 310 µ.m have 
been put in the histograms. This corresponds to exclude vertical trajec­
tories, due to the dependence of u on the azimuthal angle. {a) b enriched 
sample. The average value is (b) = 80 ± 17 µ.m considering only I.SI < 
1 .2 mm. (b) c enriched sample, defined by the kinematical cuts p > 
3 GeV /c and Pr < 1 GeV /c. The average value is (6', = (59 ± 12)µ.m. 

..... 

Ci3 





181 

MEASUREMENT OF THE AVERAGE B-LIFETIME BY TASSO . 

J . A . Thomas 
Imperi a l  Col l ege of Science and Techno l ogy , London 

ABSTRACT 

TASSO has measured the B- l i fet ime,  averaged over al l B decays us ing two 
i ndependent data samp les ,  each havi ng di fferent resol utions . The two data 
sampl es  were found to y ie l d  consi stent val ues for the B-l i fetime ,  and the 
combi ned resul t i s  

1 83 + 0 . 38 + 0 . 37 x 10- 12s .  . - 0 . 37 - 0 . 34 
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The moti vation beh ind  measuring the B-meson l i fetime comes mai n l y  from the 
present status of the standard model� The funaamental mix ing  between quarks i s  
not predicted and so i t  must be measured . The express i on for the B- l i fetime 
( TB ) in  terms of the Kobayash i -Maskawa ( K-M) matri x  components i s 1 )  

- 14 { I 1 2 I 1 2} - 1 TB = 10 s 3 . 68 Ube + 7 . 8  ubu 

and s i nce I Ubu l / I Ubc l < 0 . 1 1 1 ) , I Ubu l can be negl ected and then a measurement 
of TB can g i ve u s  a d i rect measurement of the K-M matrix  e l ement I Ubc l . 

The method whi c h  TASSO has u sed measures the average l i fetime of al l B mesons ,  
i n  contrast w ith other experiments wh ich  measure the l i fetime o f  a subset of 
B mesons wh ich  have decayed semi l eptoni cal ly .  Th i s ,  i n  princi p l e ,  i s  a d i fferent 
measurement.  The B meson i s  thought to decay predominantly v ia  the spectator 
model as shown in fi g .  la . _ _  

. ..... / u.. c ;. e. 
t � �as�� 

B+ J3' 
u. 

Fig. la 

h c. 
.Bo Iw- ..Do 

J. l..l, 
Fig. l b  

However , the decay v ia  the exchange di agram as  shown i n  fi g .  lb i s  a l so possi bl e 
i n  neutral B mesons and i f  thi s contri but ion were l arge , there wou l d  be a di ffer­
ence between the B0 and B+ meson l i fetime ( as i ndeed there i s  between o0 and o+ 

mesons )  and a l so the semi l epton i c  branch i ng rati o for the B0 wou l d  be suppressed.  
Thus a measurement of the B meson l i fetime averaged over al l  B mesons might be 
di fferent from that measured through the semi - l epton i c  channel on ly ,  i f  the B0 
and B+ have di fferent l i fetime s .  

To measure l i fetimes i n  e+e- experiments , the .usual parameter t o  i n vestigate i s  
cal l ed the ' i mpact parameter '  d ,  wh i c h  i-S the di stance of c l osest approach of 
the track in questi on to the i nteraction point ( I . P . ) .  As s hown i n_ fi g .  2 , i f  
we l ook at B mesons with a fi n i te l i fetime ,  the B meson wi l l  trave l a di stance 
x before it decays . The decay product tracks wi l l  then each have an i mpact 
parameter ,  d, assi gned to them . For measuring l i fetimes ,  it is conven ient to 
g i ve thi s  val ue a s i gn  as an i ndi cati on of the di rection of the track . In  the 
i deal case of perfect track reconstruction , al l track s  comi ng from the decay 
of a B meson wi l l  have a pos i t i ve d .  If we assume the B meson to be trave l l i ng  



Fig. 2 

x = d 
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in the same d irect i on as the spher i ­
c i ty axi s o f  the event ,  '$', then i f  

" 
the decay decay track crosses S i n  
front o f  the I . P . , d i s cal l ed posi ­
t i ve a s  shown i n  fi g . 2  by tracks y 

I\ 
and z .  I f  the track crosses S behind  
the  I . P . as wou l d  be  the  case wi th a 
badly measured track , i t  wi l l  have a 
negati ve d as shown i n  f i g .  2 by 
track c .  I f  the decay tracks make an 
ang l e  '¥ with the ori g i nal di rection 
of the B-meson , then 

Assuming zero mass decay products , a rel ati vi stic  B meson and i sotropic  decays 
and averagi ng over the decay angul ar di stri buti on 

T " .1 I <d> B c 1T 

which i s  i ndependent of y ,  i . e .  the B meson momentum. In the TASSO detector we 
l ook at the project ion of d onto the pl ane perpendicul ar to the beam p i pe ,  and 
thi s projected i mpact parameter,  8 ,  can be expressed s i mi l arly 

where f is a functi on of the projection and thus depends on the B meson pro­
ducti on angul ar d i stri but ion and the detector acceptance . f was found to be 
-2 . 0  for both bottom and charm meson decay . 

In the process e+e- + qq the quarks are produced i n  the ratio u : d : s : c : b  " 
4 : 1 : 1 : 4 : 1 from the squares of the ir  charges and so i f  we l ook d i rectly at the 
<8> of a l l events ,  i t  i s  c lear that 

XT<8> d + YT<8>c + ZT<8>b <8> = u s 
T 

where X i s  the proporti on of uds tracks ,  Y i s  the proporti on of charm tracks ,  
Z i s  the proportion o f  b tracks and T i s  the total number o f  tracks . Wi th the 
above proportions ,  i t  i s  c l ear that Z i s  1 / 1 1  x the b event mul ti p l i c i ty ,  and 
<8> wi l l  be domi nated by <8>uds and <8>c . However , were we to enrich our sample 
such that the ratios were uds : c : b  = 1 : 1 : 1 ,  then the three separate <8> wou l d  
have approx imately  equal wei ght i n  the above express i on and , providing the 
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B l i fetime were big enough , the <o>b term wou l d  domi nate . 

To enri c h  our samp l e  i n  b quark events , we made use of the di fference i n  shape 

between b quark events and udsc events . It i s . expected that b quark s ,  having 
a l arger mas s ,  wi l l  produce events havi ng h igh spheri c i ty .  The fol l owing pro­
cedure was adopted :  
The spher ic i ty ax i s  of the event was  required to l i e  wi th cose = ± 0 . 7  as shown 
in fi g .  3, so that the event went i nto the detector acceptance . Then ,  only 
charged parti c l es wh i ch fel l  wi th i n  cones of ha l f  open i ng ang l e  41° about the 

Fig. 3 

spher i c i ty axi s were cons i dered . The 
event was then d i v i ded i n to two hemi -
spheres by the p l ane perpendicu l ar to 
the spher i c i ty axi s  and the tracks i n  
each hemi sphere were g i ven a Lorenz 
boost towards the i r  respecti ve B meson 
rest frame s .  The magni tude of the boost 
was c hosen from Monte Car lo  studies to 
be S = 0 . 7  for the 34 . 6  GeV data and 
8 0 . 75 for the 43 . 3  GeV data , wh ich  

gave the  l argest separati on between bb events and  udsc events . The  spheri c i ty 
of each jet was ca l cu l ated and then the product of Sl •S2 was required to be 
>0 . 1 .  U s i ng t h i s  product reduces contami nation from qqg events wh ich  wi l l  have 
a h i g h  spher i c i ty for one jet on l y .  The Monte Carl o showed that the rema i n i ng 
sampl e  conta i ned 32 % bb ,  35 % cc and 33 % uds events . 

Obvious ly ,  to i nterpret our resu l ts correctly, we need a l arge samp le  of Monte 
Carl o events for two reason s .  Fi rstly to te l l  us the rel ati ve proportions of 
udsc + b in our enri ched samp l e  and secondly,  to predict the <o> va l ue for 
d i fferent val ues of the B l i fet imes whi ch can then be d i rectly compared wi th 
the data . 

The data were separated i nto two d i s t i nct samp l es . 22474 hadroni c  events were 
col l ected at an average c . m .  energy of 34 . 6  GeV u s i ng onl y  the central dri ft 
c hamber ( CDC) for trac k i ng .  A further 2001 events were col l ected at an average 
c . m .  energy of 43 . 3  GeV after the i nstal l ation of the TASSO h igh  preci s i on 
vertex chamber ( VXD ) .  The VXD has a spac i a l  dri ft reso lut ion of -90 µ and an 
i mpact parameter reso l ut ion of -360 µ which i s  domi nated by the beam s i z e .  
Fi gure 4 a  s hows the asymmetry of t h e  o di stri buti on compared wi th the Monte 
Carlo prediction for 'B = 0 and 'B = 2 · 1012s .  C l early the data i s  not i n  agree­
ment wi th the 'B = 0 predi cti on . Fi gure 4b s hows the same d i stribution for the 
second set of data . 
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To extract a l i feti me ,  a graph was p l o i: L�d of generated -r8 for the Monte Carl o 
vs <o> , and the data was superimposed on the top as s hown i n  fi g .  5 .  I t  i s  then 
easy to read off the measured l i fetime va l u� and i ts stati sti ca l  error . The two 
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t8110-12sl 
Fig. 5 

l i fetimes extracted i n  thi s way , correspondi ng to the two stati stical ly  i nde-
pendent data sets were 

a) CDC only 

b )  CDC + VXD 

1 . 85 � � : :� lo- 12s 

1 . 80 � � : �� lo- 12s 
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Combi n i ng these two va l ues gave 

F i n a l l y ,  the systema t i c  error was c a l c u l ated a n d  here are l i sted the separate 

s ource s and t he i r  contri butions . 

Track i n g  

A s h i ft i n  t h e  beam pos i t i on o f  -200 µ c h anged <6> by l e s s  than 2 µ .. o . 05 p s  

Cha i se o f  [ 6 [ cut o f  ± 0 . 5  c m  .. 0 . 10 p s  

Cho i ce o f > 5 h i ts req u i red for a track i n  t h e  vertex detector .. 0 . 10 ps 

Monte Ca r l o .  

Previ o u s l y  undetected systemati c s h i fts i n  < 6 >  

Uncerta i n t i e s  i n  t h e  uds + c l i fe t i mes and m u l t i p l i c i ty 

Uncerta i n t i e s  i n  b mu l t i p l i c i ty ,  fragmentation and decay 

Uncerta i n ty i n  the proport i on o f  b i n  the b enri ched s amp l e  

I n  summary , TASSO has measured the B-meson l i fe t i me t o  be 

1 83 + 0 . 38 + 0 . 37 • 10- 12s . - 0 . 37 - 0 . 34 

.. 0 . 16 p s  

.. 0 . 10 p s  

.. Q . 15 p s  

+0 . 25 
* -0 . 20 p s  

wh i ch i s  t h e  l i fe t i me averaged over a l l B decays . Two i ndependent data se ts , 

each h a v i ng very d i fferent re s o l uti ons were u sed and found to y i e l d  con s i stent 

val ues for the B meson l i fe t i me .  
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Results are presented on the lifetime and the electroweak induced 
asymmetry , from which a limit is obtained on the mixing o f  neutral 
B meson s . The statistical methods used to extract the b quark sig­
nal are empha s ised . 
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1 .  Introduction 

Events in which b quarks are produced in e+e- annihilation are 
characterised by high pT leptons and fat event shapes . Unfortunate­
ly thes e  do not serve to make a clean distinction between the b 
quark s ignal and the background from lighter quarks , and any cut on 
thes e  variables which reduces the background to an acceptable level 
also reduces the s ignal by an undesirably large amount . We have 
therefore been investigating the use of techniques of extracting in­
formation from the data other than by applying cuts , and thes e  have 
proved very succe ss ful ; we would like to draw the attention of other 
experiments to the existence of such alternatives and urge their 
more widespread use . These techniques as sume that the distributions 
in the indicator variables ( pT etc . )  aris ing from various sources 
are predictable by Monte-Carlo programs , and have been criticised 
for this reason . However the programs used , both for " physic s "  -
4 vector generation - and for describing the apparatus , have been 
tried and tested and reproduce the data well . Furthermore the 
effects of c �ts have also to be calculated using Monte-Carlo methods 
and also give results heavily dependent on the programs used . 

2 .  The B li fetime 

The aplanarity A of the event and the pT of the muon are used as in­
dicator variables .  By comparing the j o int distribution in A and pT 
expected from b quarks to that expected from all sources , one:· ob­
tains the probability P (A , pT ) that an event of given A and ·· T is a 
b quark event . This is then used as a weight to enhance the b quark 
s ignal in a plot of the impact parameter1� 0 ( or any other quantity ) , 
and likewise by weighting by ( 1-P )  one obtains a plot in which the 
b s ignal is depleted . As the effects of this enhanc �ment and de­
pletion on b and non-b events are known , the pure s ignal and back­
ground di stribution can be deduced from the difference between the 
two weighted plots , and these are shown . All tracks in the event 
are used - an estimated 7 1 %  come from B mesons , this high figure 
being due to the hard fragmentation of b quarks . 

The fact that the signal distribution is clearly skewed from zero , 
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( the mean i s  0 . 195  ± 0 . 06 2 mm) , 
whereas the background is � 
not , should go a long way 8 
towards convincing those 
sceptics who still doubt 
whether the l i fetime has 
been measured at all2 ) . 
P lots using only the 
muon track show a s imi-
lar effec t .  

After corrections for 
those tracks not from 
the B ,  beam pipe inter-
actions , and the charm 
li fetime , we obtain3 l , 4 l : 
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Thi s  agrees with an 
analysis made using 0-5 -4 -3 -2 - 1 o 2 3 4 5 
the cuts method , which Dea l ta Cmm) 
obtained 1 . 8  � g : �  ± 0 . 4 psec ( the smaller error being due to the 
use of e lectrons ) .  

3 .  The e lectroweak- induced charge asymmetry 

We have analysed 1 7 80 events from 76 pb- l  at 35 Gev5 l G )  7 l  Three 
signal variables are use d :  the pT of the muon , the pT of the neut­
rino , as measured by the miss ing momentum , and the " Jet mas s "  <M> . 
Again , Monte-Carlo events are used to find the distributions in the 
3 variables ,  and this time the various c lasses of background (punch 
through , c quarks , etc . ) are studied separately . One can then fit 
the j oint (<M> , P� , P� ) distribution by adj usting the si zes of the 
di fferent contributions ,  and thus determine the number of b quarks 
in any sample . If this is done for " forward" muons ( i . e .  µ+ along 
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the e
+ 

direction or µ along the e direction) one finds 114 . 6 ± 12 . 5  
events ,  for the " backward" muons i t  i s  19 1 . 3 ± 16 . 2 .  So there i s  

obviously a large asymmetry present . 

The figure shows the result of s imilar calculations for sma l ler bins 

in Cos e ( the outermost bins have been corrected for acceptance ) . 

The points deviate s i gni-

fi cantly from the symmet-

ric QED curve , but agree 1 20 
wel l  i f  a linear term c 1 00 
is included . For maxi­

mum stati stical power 

j oint distribution in 
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as a free parameter , giving 

A
B 
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prediction of - 2 5 . 2 % .  Inter-
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preting this as a measure of the axial charge of the b quark , we 

obtain -0. 90±0 . 2 4 ± 0 . 10 .  

4 .  Limits on B-B mixing 

If a B meson mixes with its antiparticle , the b quark " forge t s "  

whether it i s  a quark or a n  antiquark , and the charge of the decay 

muon becomes randomised so that the asymmetry effect is reduced . 

The discrepancy between the observed effect and the GSW prediction 

i s  given by (as suming the leptonic branching ratios of all B hadrons 

to be equal )  

A - A 
pred obs 

A
pred 

2 K r  
l+r 

where K i s  the fraction of B hadrons that may mix , and r i s  a meas­

ure of the amount of mixing , the ratio of wrong- sign to right- sign 

decay s .  I t  can lie between 0 ( no mixing ) and 1 ( full mixing ) . 



r = 
Br ( B  
Br (B 

µ +v X) 
-+ µ - v  X) 
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From the numbers given in Section 3 ,  we have � 0 . 10 ± 0 . 2 4 ± 0 . 10 .  

The theoretical prej udice i s  that r wil l  b e  smal l  for B
d 

mesons , but 

may be large for B
s

. First consider a l l  B
o 

mesons . To find K, we 

need to know the probabi lity that the b quark plucks a d or s anti­

quark , rather than a u anti-quark , out of the sea.  It is not c lear 

whether for this process the appropriate u : d : s  ratio is 1 : 1 : 0 . 3 ,  as 

measured in fragmentation , or 1 : 1 : 1 ,  which must be reached in the 

large q
2 

limit ( though the former is widely regarded as being more 

appropriate and is likely to be nearer the truth ) . Using 1 : 1 : 0 . 3  

gives r = 0 . 09 ± 0 . 2 2  ± 0 . 09 .  This i s  s ignificantly different from 

1 ,  and full mixing of B0 mesons i.s ruled out , in agreement with the 

CLEO result
8 )

. 

For B
s 

mixing even the 1 : 1 : 1  ratio only gives r = 0 . 17 ± 0 . 4 7 ± O . Xl .  

This is not a meaningful measurement - but it could become so with a 

fairly modest increase of statistics . We t_herefore hope that this 

method wil l  result in a measurement of this very important quantity 

in the not too far distant future . 
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The advent of a new generation of hyperon decay experiments using high-energy 
hyperon beams has provided high-statistics data samples for almost every type of 
beta decay . Using these experimental results , combined with neutron decay measu­
rements ,  an excellent fit to the Cabibbo model in its s implest original form is 
obtained . Effects due to the breaking of SU(3 )  have yet to be uncovered in the 
decays . 
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1 .  INTRODUCTION 

Recently several high-statistics experiments have been performed with hyperon 
beams to measure the properties of hyperon beta decays . The results of these 
recent experiments allow a detailed comparison to the Cabibbo model and to its 

generalization to the six quarks u, d, c, s, t ,  b within the SU( 2)XU( l )  gauge 

group of Glashow, Weinberg and Salam for electroweak interactions . 

In previous tests of the Cabibbo model it had been necessary to combine data 
from many different experiments . These experiments had been analysed under a 
variety of assumptions which affected the values obtained for the weak form 

factors and for the leptonic branching ratios . For the hyperon beam experiments a 
much better consistency of the assumptions used in the analyses has been achieved 

making more meaningful the comparison with the Cabibbo model . 

2 .  RECENT EXPERIMENTAL DATA 

The types of hyperon semi-letponic decays measured in each experiment and 
the number of events collected are given in Table 1 .  

TABLE 1 

RECENT DATA ON HYPERON SEMILEPTONIC DECAYS 

CERN SPS experiment (Ref .  1)  

I ->- Ae-v 1649 
A _,_  pe-v 7 1 1 1  
- Ae-v 2608 
I ->- ne \! 4456 

0 -- 154 - ->- I e v 

A ->- pe \! with neutral beams 

BNL (Ref . 2) 10 5 events 
FERMILAB (Ref . 3) 50000 events 

events 
events 
events 
events 
events 

I- ( polarized) ->- ne \! at FERMILAB (Ref . 4) 

"' 90000 events 

'\, 300 
'\, 2000 
'\, 30 
'\, 4000 

10 ' analysed 
analysis in progress 

25000 analysed 
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At the SPS five types of semi-leptonic decays have been measured in a single 
experiment1 > . For comparison the last column gives the total number of events 

availab le for each decay prior to that experiment .  

For the A0 + pev decay at  BNL , results based on  the analysis of 10000 decays 

have been publ ished2 ) . For the 50000 A + peV of the Fermi Lab . experiment3 )  the 
analysis is still in progres s .  

Finally for the crucial Fermi Lab . experiment' ) on polarized E - beta decays , 

results on the electron asymmetry based on 25000 events have been obtained . 

3 .  THEORETICAL FRAMEWORK 

Weak transitions are assumed to arise from the self coupling of a single 
charged current JW 

µ 

The 

for the 

current 

Hw = (G//2 ) JW JW+ + h . c .  µ µ 
current Jw is the sum of the current operators 

µ 
strongly interacting . h particles Jµ 
in terms of the lepton fields is 

Jl = E [ l y ( l+ys ) V0 ] µ µ -<-

The explicit 

where the sum extends over the three types of leptons l 

been observed and their associated neutrinos . 

for the leptons l· and µ 
V-A form of the lepton 

e, µ , T ,  which have 

In the SU( 2)XU( l )  gauge theory the quark form of the hadronic current , very 

similar to that of the leptonic current , is given by 

h - -
J = u Yµ ( l+ys ) d '  + c Yµ (l+ys ) s '  + t Yµ (l+ys ) b '  

The weak eigenstates d ' ,  s ' ,  b '  are related to the mass eigenstates d ,  s ,  b by 

( : : ) = u (: ) 
where U is a unitary matrix first introduced by Kobayashi and Maskawa 

d ' = a d + B s = y b ; ! a l 2 + I B l 2 + I Y l 2 = 1  

Restricted to the known baryon states built from the u,  d , s quarks , Cabibbo made 

the hypothesis 

a = cos8c B = sin8c 

This has turned out to be an excellent approximation since the Cu ,  b ) weak 

coupling has now been measured to be very small ,  
But the s imple V-A expression of the weak quark current is considerably 

obscured due to the strong interaction dressing for real hadrons . The general 

form of the baryon matrix element for the decay B1 + B 2 lv is : 
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<B2 !Je l B 1 >  = Cu
B/p2) (f 1 ( q2 )yµ + i [f2 ( q2 ) /M1]crµv

qv + [f 3 ( q2 ) /M1] q
l1 

+ 

[g 1 (q2)yl1 
+ i [g2 (q2 ) /M1 ]crµv

qv + [g3 (q2 ) /M1h
µ}Ys) Bi ( pi ) 

where uB1 ( p1 ) ,  p 1 , M1 [uB2
( p2 ) ,  p2 , 

and the mass of the initial [final] 
t.S = [�] transitions . 

M2] are the Dirac spinor, 
baryon, q = P2 - p 1 and C 

the four-momentum, 
= [c�s6cJ for si.n6c 

A priori ,  each semileptonic decay mode depends on six independent functions 

of q2 , called form factors : f 1 ( q2 ) ,  f2 (q2 )  for the vector part of the weak 

interaction, and g1 ( q2 ) ,  g2 (q2) , g3 (q2) for the axial part . 

The additional assumptions of the Cabibbo model reduce the number of inde­
pendent form factors : namely, all the form factors will be a function of only 
three independent parameters not predicted by the theory . These assumptions make 
use of the identification of the JP = �+ baryon states in terms of SU( 3) octet 
components .  We will only �ist them ( for a detailed discussion see for example 

Ref .  ( 5) ) : 
- the components of the weak hadronic current are the charged members of a 

SU(3) octet 
- generalization of the conserved vector current hypothesis to SU( 3) 

absence of second class currents (g2 o ,  f 3 = o) . 

Within the model there remain only one form factor to be measured for each 

decay, the axial vector form factor g 1 (q2) . It is a l inear combination of two 

independent parameters : 

where a and b are Clebsch Gordon coefficients . 

The q2 dependences of the form factors are inferred from the experimental 
information obtained from electroproduction and neutrino experiments .  

Since the q2 values involved are always small first order corrective terms 
are adequate ( see Ref . ( 5) ) .  

f 1 ( 0) ( 1  + 2q2 /m2v) 

g 1 (0 ) ( 1  + 2q2/M2A) 

Neglecting the q2 dependence is a cause of s ignificant shifts in the values 

of the form factor ratio g 1 / f 1 .  
Within the Cabibbo model the three independent parameters are thus 

F = F(o) D = D(o) and 6 c 

Experiments on several hyperon semileptonic decays have now reached a level 
of precision where the radiative corrections are expected to be significant 
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compared with the experimental errors . They are taken into account when comparing 

the recent experimental information with the predictions of the Cabibbo model 

( see Ref . ( 5 ) ) .  

Finally effects of SU( 3) breaking are expected to modify the baryon matrix 
element and finite g2 terms may appear ( g2 = o within the Cabibbo model which 
assumes SU( 3 )  invariance) . In the analysis of recent experiments , possible effects 
of SU( 3) breaking have been investigated . 

4 .  FITS TO THE CABIBBO MODEL 

The purpose of a Cabibbo fit is to determine the values of 8c ,  F ,  and D 
corresponding to the best agreement between the experimental results and the 
theoretical expectations for all the observed decays . Conclus ions about the vali­

dity of the model are inferred from the quality of the agreement ,  e . g .  value of 
the X2 for a least square fit .  With the advent of the high-statistics experiments 

on hyperon semileptonic decays , the complete consistency of the assumptions used 

in the experiment analyses (q 2 dependences , radiative corrections , . . .  ) has become 

crucial for the significance of the fit procedure . 

The fit shown on Fig . 1 uses only the results of the SPS experiment comb ined 
with the results of the neutron lifetime measurements 

F 

l g 1 / f 1 I Tn = 1 . 239 ± 0 . 009 

D 
Fig . 1 A plot of allowed values of F and D showing the constraints on the Cabibbo 
fit imposed by the various measurements . The solid lines were obtained from the 
branching ratio measurements assuming sin6c = 0 . 23 1 ,  and the dashed l ines corres­
pond to the direct (g 1 /f 1 ) determinations . The back ellipse shows the region within 
one standard deviation of the F and D values given by the fit ( see text ) . 
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In the express ion of the baryon matrix element we have used the convention 
that g 1 / f 1  = F + D is posit ive for the neutron decay , which fixes also all other 
s igns . Experimentally the sign of g 1 / f 1  is obtained by measuring the correlation 
between the polarization of the initial ( f inal ) baryon with the decay electron . 
In the SPS experiment this is done for all the decays involving A ' 8 •  In the case 
of the L + ne V decay the s ign of the form-factor ratio is only given by the 
weak dependence of the electron energy spectrum .  The negative sign of g 1 / f 1 , in 
agreement with the Cabibbo theory ,  is favoured by at least 2 . 6  standard deviations . 

and 

The results of the fit are : 
F = 0 . 477 ± 0 . 012 , D = 0 . 756 ± 0 . 011 ,  

s ine c 0 . 231 ± 0 . 003 
with a x2 of 8 . 8  for 6 degrees of freedom. 

The A peV experiment at BNL has been analysed using assumptions consistent 
with those of the SPS experiment analys is , except for a difference in the q2 
dependence parametrization , They give g 1 / f 1  = 0 . 715 ± 0 , 026 ,  a value which is 
increased by 0 . 03 when a consistent q2 parametrization is used . This result is in 
excellent agreement with the value g 1 / f 1  = 0 . 73 given by the fit .  The measured 
value of the branching ratio is only 6% lower than the fit value , which, however , 
amounts to three times the quoted error . 

From the good fit presented above the s imple Cabibbo model seems to meet 
with remarkable succes s in describing hyperon semileptonic decays . However , seve­
ral low statistics experiments 6-g ) attempting to measure the electron asymmetry 
in the decay of polarized L ne V had observed indications for g 1 / f 1  to be 
positive in contradiction with the Cabibbo model .  Recently the first results of 
the Fermilab experiment based on the analysis of 25000 polarized L + ne v have 
been reported . The value4 ) obtained for the electron asymmetry a is shown on e 
F ig .  2 together with the results of previous experiments6-9 ) . The curve represents 
the ae dependence as a function of g 1 / f 1  in the s tandard Cabibbo model . The result 

a -0 . 53 ± 0 , 14 e 
is in excellent agreement with the value ae = -0 . 54 computed from the Cabibbo fit 
presented above. The background is very low and the large statistics allows a 
very detailed s tudy of possible systematic effects of crucial importance for such 
an experiment . This results appears to settle the controvers ial question of the 
s ign of g 1 / f 1  in L + ne V decays . 
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Fig , 2 
Plot of the electron asymmetry ae vs . g 1 / f 1  

5 .  DISCUSSION AND CONCLUSIONS 

The results of the good fit to the hyperon data presented in the previous 
sections 

F = 0 . 477 ± 0 . 01 2 ,  D = 0 . 756 ± 0 . 011 and sin8c = 0 , 231 ± 0 . 003 
have been obtained within the framework of the Cabibbo model , which assumes SU ( 3 ) 
invariance of the strong interactions . That is already an indication that the 
effects of SU( 3 ) breaking are not very large for hyperon decays . It has been 
shown by Ademollo and Gatto 10 ) that for the vector part of the baryon matrix 
element the first order symmetry breaking effects vanish . Therefore the effects 
due to the breaking of SU ( 3) are expected to be more important in the axial -
vector terms than in the vector terms , By introducing small g, terms the x 2 of 
the fit shows a slight improvement. However the X2 variation is too small to be 
considered s ignificant, indicating that the data are not yet sufficiently precise 
to establish the presence of g2 terms . 

An independent measurement of the Cabibbo angle can be obtained from the 
Ke3 

decay rates . The only contribution to these decays comes from the weak vector 
current . Therefore the effects of SU( 3 )  breaking are rather small and 
appear to be within the reach of reliable theoretical calculations . Using the Ke3 
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experimental data Shrock and Wang11 ) derived s inB = 0 . 219 ± 0 . 003 and from a c 
careful new analysis Leutwyler and Roos 12 ) have obtained sin8 = 0 . 220 ± 0 . 002 .  c 
Although corrections have been applied to obtain this value of sinBc , it is not 
clear at this stage whether the difference between this and the hyperon value 
sinBc = 0 . 231 ± 0 . 003 comes from SU(3) - breaking effects in the meson or in the 
baryon decays . An obvious question is what is the "true" value of the bare 
Cabibbo angle ? 

As an example of a theoretical attempt to calculate the effects of SU( 3 )  
breaking i n  hyperon decays , one can take the results of Donoghue and Holstein13 ) . 
Using their prescriptions for the modifications to f2 , f1 and g 1 and for the pre­
dicted values of g2/g 1 , the fit to the hyperon data is very poor Cx2/DOF = 21 .8/6) , 
showing a strong disagreement between the data and this particular model of SU( 3 )  
breaking . 

In conclusion although the good fit obtained to the s imple Cabibbo model 
does not call for sizeable SU( 3 )  - breaking effects , there is certainly room for 
such effects. However the theoretical ground rules for hunting the SU( 3) -
breaking game seem far from being established . 

Finally, the hyperon data can be used to set an upper limit on the mixing 
angle 8 ,  of the Kobayashi - Maskawa matrix .  With their parametrization, 
sinBc = sin8 1 cos83 and cosBc = cos8 1 . Nuclear beta-decay data are used to impose 
a futher constraint on 81 in the four parameter fit : F ,  D ,  81 and 8 3 . The result 
is : 

J s inB 3 J < 0 ,  20 
This upper limit is in agreement with the more str ingent limits on sin8 3 which 
have been obtained from beauty decay measurements , 
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MEASUREMENT OF THE A+ LIFETIME AT THE CERN SPS HYPERON BEAM 
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ABSTRACT 

The li fetime of the charmed strange baryon A+ has been 
determined at the CERN SPS hyperon beam from tracks measured in 
proport ional wire chambers . The result i s  
T ; (4 . 8�� : : >  X 10-13  S .  

* )  Member of the WA62 Collaborat ion: Bristol-Geneva-He idelberg-Lausanne­
London(QMC) -RAL . 
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Two years ago , the WA62 Collaborat ion
» 

reported the first observation 

of the chal"ftled strange baryon A
+

, produced at the CERN SPS hyperon beam by 

I of 135 GeV/c i n  a beryllium target2 )
. The A

+ 
was observed as a 

narrow peak in 

i . e .  

the 

180 

( AK-,,.
+

,,.
+

) 

MeV/c 2 above 

effective 

the A
+ 
c 

mass di stribution at 

2460 MeV/c 2 , mas s .  The peak width 

was 21 MeV/c2 ( FWHM) , compat ible with the resolution of the apparatus .  

The interpretat ion of thi s  state as a Cabibbo-allowed decay o f  the A
+ 

was 

based on its charge and strangeness and on its narrow width . We have now 

detel"ftlined the lifet ime of th i s  state
3

) from the same data.  

Hz I 
SM1 

T �20 cm 
1 m 

11z 

F i g .  1 Plan view of apparatus .  A-E :  MWPC sets . T: target . DC : 
drift chamber sets . H :  scintillator hodoscopes . SMl : first spectro­
meter magnet . The inset shows a schematic view of charged tracks 
from assoc i ated A+ , o- production inside the target . Vp : 
product ion vertex . VA+ :  A,. decay vertex with K-,,.+,,.+ 

tracks . v0 : D decay vertex . 

A general description of the apparatus i s  given in the talk by R . M .  Brown 

in these Proceedings . The observed A
+ 

had a mean momentum of 90 GeV/ c ,  

resulting i n  decay lengths o f  a few mm for typical chal"ftl l i fetimes . Using 

proport ional chambers with 0 . 5  mm wire pi tch (A and B in F i g .  1 ) , the tracks 

of incoming I and outgo ing secondary particles could be extrapolated into 

the target with sufficient prec i s ion for a l i fetime measurement . 

The A
+ 

decay vertex V
A

+ ( see inset in F i g .  1)  was reconstructed from 

the K 
-

and 
+ 

tracks . The production vertex v reconstructed from ,,. was 
p 

the tracks of the incoming I and of any additional charged particle 

coming from the target and seen in chambers B to 01 • The detel"ftlination of 

the product ion vertex could pos s i bly be di storted by secondary interactions i n  
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the target or by decays of short-lived particles produced in the primary 

i nteraction , e . g .  D mesons (V
D

) .  Errors arising from these sources will be 

di scussed below. 

For the l i fetime determinat ion , we restricted the sample used for the A
+ 

observation2 ) 
by using only events with exactly one A

+ 
candidate , with 

more stringent geometrical criteria applied to the A
+ 

decay vertex . For the 

reconstruction of the production verte x ,  we used only tracks with an angle of 

more than 20 mrad with respect to the beam axi s .  These requirements improved 

the s ignal/background ratio from 82/147 to 53/59 , while the statistical 

s ignificance of the s i gnal did not change . The distribution of the effective 

(AK-•+•
+

> mass for this sample is shown in F i g .  2 .  

N 
u 

' 
> QJ � 
� 
' 
"' .... 
c: QJ > 

60  

4 0  

2 0  

A K- n•n• 

11 I I 
~ H t tttt t# tf tt t ....., 

++ + 0 i. 2 1 6 0  2 4 6 0  2 7 6 0  
Effect ive m a s s  !MeV /c2 l  

F i g .  2 Distribution o f  the effective (AK-•+w+) mas s .  The 
curve shows a second-order polynomial fit excluding the A+ peak. 

The resulting distributions of tiz , the distance between product ion and 

decay vertex , are shown in F i g .  3 .  Pos i tive tiz means decay vertex downstream 

of the production vertex . 

outside the candidate 

2370 KeV/c2 or > 2550 

Figure 3a contains the "far sample" , i . e .  all events 

and "near sample" i ntervals [m(AK-w+w+) < 
Thi s  distribution is centred at zero 

and has a r .m . s .  of 6 mm . Figure 3b shows the tiz distribution of the A+ 

candidates in the two s i gnal bins [2445 < m(AK-w+w+
) < 

2475 KeV/c2 ) ,  which is shifted to pos i tive tiz value s .  Figure 3c shows 

the distribution of the "near sample" , which is again centred at zero . 

subtracting this di stribution , sui tably normali zed , from the tiz distribution 

of the candidates , one obtains the distribution in Fig. 3d for the A
+ 

s i gnal . Thi s  distribution is clearly shi fted to pos i tive tiz values . 
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10 
E 
u 

N 5 d 
' 
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F i g .  3 Distributions of llz . a) "Far 
sample " ,  1329 events . b) A+ candidate s ,  
112 events . The curve shows the best fit 
to the data. c) "Near sample " ,  295 events . 
d) A+ signal after background 
subtraction , 53 events . The curve shows 
the Monte Carlo calculation for T 
= 4 . 8  x 10-1 •  s .  
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The A+ 
l i fetime was determined by a mazimum likelihood analysi s  of the 

6z spectrum of the A+ 
candidates , using the observed 6z spectrum of the 

background to describe the apparatus resolution . That way , we automatically 

took into account the effects of secondary interactions , which should be the 

same for A+ 
(4 . 8+2 " 1 ) x -1 . s  
error of the fit .  

and background 

10
-11

, where 

events . The 

the error 

result was T (A+) 
i s  the statistical 

The log likelihood curve for the fit is shown in Fig . 4 . 
The difference between the values for T = 0 and T = 4 . 8 x 10-11 s is 

6 . 0 ,  corresponding to an effect of 3 . 5  standard deviations . 

1 
� 

"' 
0 

--' 

-8 

-10 

-12 

-14 

0 4 8 12 
Lifetime [ 10-13 sl 

Fig .  4 Likelihood curve resulting from the lifetime fit .  The th in lines 
show the central value and the fit error . 

Uncertainties ari s ing from the background subtraction were est imated to be 

±1 . 0  x 10-13  
s .  It was not possible to determine wh ich , if any , of 

the additional tracks in the candidate events came from D decays . Such tracks 

would tend to give smaller 6z values , as determined by a Monte Carlo 

calculation . The relatively small momenta expected for associated D limited 

the pos sible effect on the l i fetime measurement to 6T -1 . 7  x 10-13  

s .  A s  we found n o  direct proof for the exi stence of t h i s  effect , we did not 

change the observed l i fetime , but added the value 1 . 7  x 10-13 

error on the posit ive s ide . The f inal result then was 

( 4 . 8+2 . 1 + 2 . 0 , x 10-1 3 s • -1 . s - 1 . 0 

to the 

keeping statistical and systematic errors separate . Adding them in quadrature 

leads to 
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The order of magnitude of the measured l i fetime i s  strong support of the 

identification of the observed state as the charmed strange baryon A+ . 

The 

measured. 

the only other charmed baryon , whose l i fetime has been 

of three experiments
" )  

with a total of 19 observed average 

events i s  "r (A+) 
c 

( 2 . 2
+0 ·

'
> x 10-11  s .  The 

-0 . 4  
A+ i s  

c 
expected to decay 

(cd -+ 
considerably faster than the A+ , because 

W-exchange 

to A+ 
"r (A+) /.,, (A+) 

c 

processes 

decays . 

are 

thi s  tendency . 

Two 

2 . 5  • >  

su) can contribute to 

theoretical 

and 4 
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A b rief survey of inclusive a s  well a s  exclusive weak d ecays of 
heavy ba ryons i s  given . Pa rticula r emphasis will be put on the 
d iscussion of explici t model estima tes  of wea k ma t rix element s  
and t heir  compa rision with experiment s .  
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1 .  Int roduct ion 

Heavy had rons with open flavou r represen t an interesting system 
whose weak decays are determined by an interplay o f  st rong a nd 
weak interac tion s .  In pa rticular , the su rp rising nonspec ta tor  role 
of t he light  qua rks in cha rmed-meson decays ma kes especially 
inte resting  the  prediction of  lifetimes or decay rates of cha rmed 
ba ryon s .  In  this talk  I want  to give a b rief su rvey of Cabibbo­
favoured inclu sive as well as exclusive weak decays of cha rmed 
ba ryons .  For definit eness I shall consider t he cha rmed ba ryons 
/\ + = c [ u , d ] , Ao = c [ s , d ] , A+ = c [ s , uJ and T0= css with  c 

+ 2 1 )  + ma sses m11+ = ( 2282 - 3 ) MeV/c , �+ = ( 2460 - 1 5 )  
Mev;c2 2 )  �nd m,... = ( 2740 ! 25 ) MeV/c2 � J  which a re expec ted 
to be stable under s t rong and elec t romagne tic  in terac tions . 
Among them t he A+ and To have been de tected recen tly at  t he 
CERN SPS hyperon beam 2 l .  Bot t om ba ryons can be t reated analo­
gously. 

2. Inclusive decays 

Weak decays of cha rmed ba ryons may proceed via t he wea k decay 
c - s ( u  d or v 1 I )  of t he c-qua rk inside the ba ryon , with 
ligh t quarks ac ting as  ine rt  spectators  ( spectator model 3 ) ) and 
by t he annihilat ion process cd -+- su via w-boson exchang e .  
Ca lcula t ing  the  co rrespond ing spec ta tor  a n d  annihila tion diagrams 
one ob tains the life time relat ion 't' ( Bc ) = 't'c x (1 + f1n s ( Bc )L'c1 -� 
Here t:c is the  life time of  the c-qua r k  ca lcula ted f rom the 
specta tor  diag ram and f"'hs ( Be ) t he ra t e  associated t o  the  
annihila tion diag ram . S t raight forward ca lculat ion give s (we se t 
he re cos e c � 1 ) 

r ( c  - all ) = 't'c
-l = [ ( 2f/ + f_2 ) + 2 } c:c ,5 0 . 7  x 

,,..,.. ( 1 ) 

where f ,...,, 2 ,  f = 1/ -{T'_ ,..,., 0 . 7  are the usual QCD shor t-distance - + 
factors of the  e f fective wea k Hamilt onian Hw ' me = 1 . 5  GeV is 
the c-qua rk ma ss and 0 . 7  is a phase space correction fac t o r .  One 
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t hen pred icts  't"'. � 7 • 10-13 sec + ) . For illustra t ion let  us c 
+ consider the /\: deaay. The ra te r n s < A c ) for the nons�ectator  

process /\ + - suu ha s been calcula ted by Barge r et  al  ) in a 
non rela tiv�stic qua rk model , r ns ( /\/ ) = ff cos4 9 cf_2 J 'lf  ( O ) f 2w.�. 

Estimating j 1{ ( 0 ) / 2 f rom E/-/\/ hyper fine mass 
split ting t hey ob ta ined r ( /\ + ) ,,..., 0 . 3 • 1013 sec-1 • This leads ns c 

+ -13 to the lifetime predict ion "C"'( Ac ) �  2 .1 • 10 sec . Mo reove r , 
t he re a re Pauli interference cont ribu t ions due to ident ical 
qua rks in t he f inal state  leading to an e f fective reduct ion 
r ( /\ + ) - o . 7  r ( /I.  + ) and t hu s  to  a somewha t larger ns  c ns c 5 val ue T' < A c+ ) ,..., 2 . 7 . 10-1 3 sec ) . The corresponding expe rimen-
tal va lue is 'LC /\ / ) = ( 2 .3 :�:� ) • 10-13 sec 1 ) . Note that  
nonspectator  ( annihila t ion ) d iagrams cont ribu te to the  nonleptonic /\ + 0 + 0 wea k decays of  the  c 1 A ba ryons but not  t o  A o r  T decays . 
Thu s one expec t s  the following inequalities  for  lifetimes and 
sem ilep tonic branching  ra tios : i )  'Le /\/ . A0 ) < t'( T0 ,  A+ ) and 
ii ) B ( /\ c+ � e+ V x ) � B(A0 � e+ Vex ) <B( A+ .....,.. e+ V eX ) � 

o + 
e 

B ( T  -. e V ex ) � 1/5 = 20 % .  Th is pat tern i s  indica t ed by 
recent expe riment s yielding 't' ( A/ ) <  't"" {A+ ) = (4 .B  :�·� )  • 10-13 
sec 2 > and B {  A c+ -+ e+ V eX )  = ( 4. 5  :!: 1 . 7 )  % • 6 ) B�t t e r  data 
are urgen t ly needed.  

3 . Exclusive de cays 

Exclu sive wea k two-body decays B� _. B� + MK o f  cha rmed 
ba ryons have been recen tly discussed in t he f ramewo rk of the 
MIT-bag model 7 • 8 > . Using cu rren t algebra techniques one re­
p re sent s the ( parity-viola t ing ) S-wave and ( parity-conserving ) 
P-wave amplitudes A and B a s  a sum of so-called commuta tor  te rm s ,  
ba ryon pole t e rms and factoriza ble  cont ributions .  For example 8 ) , 

A = 

1 - {Mot -M,-.) � ,-
( 2 )  

+ ) Since t h e  expression f o r  't" c i s  ve ry sensi t ive t o  a change o f  
me t his a bsolu te p redict ion should n o t  b e  ta ken too se riously. 
The following considerat ions a re ,  howeve r ,  a ssumed t o  give a 
co rrec t picture of  t he rela t ive decay pa t t ern of cha rmed 
ba ryons .  
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whe re Fk is t he meson d ecay constan t , M o<  e tc .  are ba ryon masses , 
I�r a re uni ta ry-spin ma t rix element s and gA a re axial vec to r  
coupling constan t s .  a (!>o< a n d  b� a re baryon-ba ryon mat rix 
element s .v (f-> f Hw

PC ,PVl oc> of the parity-con se rving ( PC )  or pa ri ty­
viola ting { PV ) pa rt o f  fiw· ( Note  that in con t rast  t o  hype ron 
decays the PY-mat rix elemen t s  b are  no longer  negl igible for  
cha rmed baryon decays due  t o  the la rge SU ( 4 )  brea king . )  Finally,  
the facto riza ble term Afac  corresponds to the usual qua rk decay 
( specta t o r )  diagram s .  The quant ities gA and a(!>« , b/30... in eq  ( 2 ) 
a re g iven in terms  of two-qua rk o r  four-qua rk ove rlap integrals , 
respect ively. our estimates based on the use of MIT-bag wave 
functions yield a ra t io l b/a I which is la rge r than t he value 0 .1 
obtained for  hype ron decays but sma ller t han the value 1 ant icipa­
t ed in re f /9/ . Generally , the PV-ma t rix elemen t s  b13()(. lead to 
correc tions a t  the 20 % level in  pa r tial  ra tes .  They ca use , in 
particula r ,  sen si t ive changes in  the asymmetry pa rame te r 0( ,  e . g .  fX ( /\ / � E °K+ ) = -0 . 1  ( b  neglected ) � -0.9 ( b  included ) 8 > .  
Moreove r ,  non-spectator con t ribut ions lead to  la rge di f ferences 
in the A+ a nd A0 pa rt ial ra tes .  Not ice tha t the MIT-bag p redict ion 
for t he ra t io r e /\ + -+ L: 0 Jr + )  ; r  ( /\  + � pK0 ) = 0 . 71 is c c ) consisten t with t he data  of the Fermilab bubble chamber lO • 

Unfortuna t:ly ,  th�
0

absolute  � redict ions ri['/ :i l\ '.JI+ )  = 3 . 8  
a n d  r1 ( /\  c � pK ) = 1 . 7  ( ln uni t s  of 10 s e c  ) a re ,  howeve r ,  
t oo la rge when compa red with  t�e recent data  l ) r c /\ c+ """+ /\ '.Tr+ ) = 
(0 . 26 :g: �j >  and r ( A c+ � pK0 ) = ( 0 .48 :g: �; ) .  This discrepancy 
may possibly be resolved by mak ing use of more realistic hyd rogen­
like bag models with  loca lized c-qua rks11 > .  In  fact , loca lized 
c-qua rk wave func tions are expected to reduce t he size of ove rlap 
integ rals .  Applying a modif ied bag model of this  type we found 
re A / _,. /\ Ji+ ) = 0 . 21 and r e /\ / -+- pK0 ) = 0.1 12 > .  Thus the 

MIT-bag resul t s  a re reduced by about an  orde r of magnitude 
( ra t ios of  ra tes  rema in almost unchanged ) .  This change is wel-

A + f\ + -o corned for  the modes /\ c � 'Jr , pK • To decide whe ther a 
corre sponding suppression of  othe r  decay modes is l ikewise 
welcomed or  not one needs more da ta with  be t ter  statistics .  
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The complex parameter € 
= 

(2 .274 :!: 0.022) expi (43. 7° :!: 0.2°) that measures 
the mixing of K1 (CP odd) and K2 (CP even) in the K0L and K"s states accounts 
for all the CP nonconserving effects that have been seen in the K0 - K0 system 
since the observation of KL-- 7l + 7l- in 1 964 ( 1 ). 

The superweak interpretation of CP violation (2) results solely from a small 
.1 S = 2 interaction (K0 - K0 transitions) giving rise to the small ( £ ) impurity 

of K1 (resp. K2) in the physical KL (resp. KS) state. Another possible source of 
CP violation is the direct decay K2-- 2 7l ( ,1 S = 1 transitions) whose amplitude 

1 a2 1s given by the parameter £ 1 \!2 Im (a) exp / 7l /2 - 8 2 - 8 0) where a0 (resp. 
a2) is the amplitude K0 - 2 n  in the I = 0 (r't,sp. I = 2) final state. 

Models with CP violating phases have been constructed either as a result of 
complex mixing of (u, c, t)L and (d, S, b)L of quarks through the K.M. matrix (3) 
or as a consequence of the exchange of scalar Higgs particle in the K0 - K0 diagrams 
(4). The K.M. predictions still have large uncertainties and range from 1 0-3 to 1 0-2 

and the Higgs contribution to €1/ € has been estimated to be of order -0.05 to - 0.02. 

The experiment E61 7  carried out at Fermilab by the Chicago-Saclay collabo-
0 + -

ration was designed to observe both decays modes KL,S -- 2 7l and KL ,S-- 7l 7l 
whose amplitudes define the ratios : 

0 amp (KL� 2 7l ) 
11 00 = -------0 amp (Ks-2 n ) 

11 +-
amp (KS>-?f 7n 

Where in the superweak hypothesis 11 00 = 11 +- i.e. �' = 0 

Two KL beams were produced in the forward direction by 400 GeV protons. 
A "m long carbon regenerator inserted in one of the beams produced the K�27rdecays 
whereas the free beam produced the KL decays that were observed and accepted 
by our detector over 1 4m of vaccum following the regenerator. The charged tracks 
were analysed in momenta by a drift chamber spectrometer thus allowing the recons­
truction of the invariant mass of the two pions as well as the decay point in the 
vaccum pipe. The 2 7l O modes were triggered on a single conversion of one of the 
4 photons in a 0.1 r.1. lead converter installed at the end of the decay region. The 
e + e pair was then tracked by the spectrometer as well as with a 804 lead glass 
block array together with the 3 photons (Fig. 1 ) .  The vertex position along the beam 



217 

resulted from the best pairing of the e.m. clusters in  the lead glass. The intersection 
of this longitudinal plane with the e + e common path from the conversion point 
to the spectrometer magnet would then delineate in  which beam the decay occured. 
F inally the PT of an event could be measured by the angle between the measured 
momentum of the kaon and the line between target and regenarator. 

The dual beam arrangement is a practical tool which allows to measure in 
the same apparatus both KL and KS decays. The acceptances being the same in 
a given (PK' Z) bin (PK is kaon momentum and Z is the position of vertex) there 
is a large cancellation of both acceptances, live-time, and regeneration power in 
the ratios : 
ROD 

= NOD vaccum/NOO regenerator and R+- = N+- vaccum/N+- regenerator 
Where the N are the numbers of events for each mode. 

Explicitly one has for the neutral mode 

and 
NOD vac = I  E - 2 E ' 1 2 in the vaccum beam 

NOD 
I i Ll mt - t/2 c 2 , 1 2 1.n d b reg = p e + � - E the regenerate earn 

And similarly for the charged mode. 
N+- vac = I E + E ' 1 2 

+- I i '1 mt - t/2 + c + c ' l 2 N reg = p e c c 

The use of a thick regenerator giving p » E 
E ' 

1 - 6 -
E 

Each of the 4 modes has a specific background that must be understood in 
order to be substracted (Fig. 2). This was done in the charged mode by the study 
of Ke 3 and K µ 3 events and inelasticaly produced KS in the regenerator. The main 
background in the KL ---- 2 :n: O mode is from KL ----3 :n: O where photons are lost or 

0 from a single cluster in the lead glass. The KS� 2  71: had a small inelastic component 
tha I: was corrected for. 

After all substractions have been made the total number of events are given 
in Table 1 .  

MODE 

0 KL-- 2 :n: 
0 KS--2 :n: 

+ -KL -+- :n: 7T 
KS -- 7T+ 

:n: -

NUMBER OF EVENTS 

3 1 5 2  :!: 61 

5663 :!: 84 

1 0638 :!: 1 06 

25751 :!: 163 

Table 1 : Events totals for the Chicago-Saclay Experiment. 
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Comparison of data with Monte-Carlo is shown in F ig. 3 and 4. 
Different methods were developed for the analysis in order to extract € '/ € • 

The Monte Carlo free method makes use of the double ratio R = 1 - 6 E '/ € that 
translates directly into the physical quantity € '/ € • Several (PK,Z) bins were chosen 
for dividing the different modes and € '/ € was then measured from a bin to bin 
ratio of ratios. The final result needs a small correction resulting from the dilution 
of KS in the regeneration beam. 

The value obtained is +· - 0.0044 :': 0.0062 
A statistically more powerful! method was also developed for the extraction 

of € ' /  € from the data. It involves a fit of (f - f)/k, which governs the regeneration 
amplitude same for neutral and charge mode, together with € '/ € The phase 
of (f - fl/k and that on carbon are well known (5) and the result of the fit g ives : 
(f - f)/k = PK (-0.61 0 :': 0. 023 ) (charged mode) and (f - f)/k = PK ( - 0. 572 :': 0.07 2 ) 
(neutral mode) in very good agreement with previous results (6) 

The result of the fit on _€_' is then t t I + £ = - 0.0046 - 0.0053 
in good agreement with the result from the double ratio method. 

The systematic errors on this result originate dominantly from uncertainties 
on the different backgrounds and at some lower level from uncertainties in the ratio 
of Monte Carlo acceptances. The overall systematic error has been estimated to 
be 1 . 3 % in the double ratio resulting then as 0.0024 on E'iE • 

The result of this experiment is then 
€ ' + -€- = - 0.0046 - 0.0058 

when we combine the statistical and systematic errors in  quadrature. 
It is consistent with the value reported by the BNL-Y ALE collaboration of 

0.001 7 :': 0.0082 (7). This result does not give full support for the K.M. model which 
still have large theorical uncertainties. 
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Fig. 2 

Schematic diagram of the apparatus. 

Plots of events versus vertex position for KL �7T+ 7T- in  different 
, 

momentum bins. 
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Fig. 3 0 0 0 0 Plots of events versus vertex position for KL� 7T n and KS� n 7T 

Fig. 4 

in different momentum bins. 

Plots of events versus M n° n° for the KL� n° 7T 0  in different 

momentum bins with P/< 2500 (MeV/c)2• The background is shown as 

a solid line. 
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Results are presented for the recent Yale-BNL measurement of the £ ' / £ at the 
Brookhaven AGS . 
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INTRODUCTION 

After twenty years of intense scrutiny, CP violation is apparently still 

well described, if not explained , by the "superweak" hypothesis 1 , in which 

I AS I 2, T-violating transitions between the Ko , i0 states induce CP vio­

lating impurities in the KOL• Kos states . CP-violating effects observed 

in the KO - iO system can be described in terms of one parameter, ! e l = 2 x 

io-3 , which defines the portion of the CP-even state K0 1 found in the pre­

dominantly CP-odd KOL state : KOL « K02 + E K0 1 • The phase of E itself 

is determined from CP conserving considerations arg ( e )  = tan- 1 ( 2 t.m/ rs ) ,  

where Am is the KL - Ks mass difference and rs is the Ks decay rate. 

Despite sensitive searches for effects in other systems , such as the electric 

dipole moment of the neutron or T-odd correlations in nuclear beta decay and 

�3 decays , the observation of CP violation is as yet confined to the 

Ko - i0 system. 

A precise measurement of the relative rates for the CP-violating decays 

KOL + w+w- and KOL + w0w0 in principle provides a test for I AS I = 1 ,  CP­

violating decay amplitudes which result in deviations from the "superweak" 

prediction: n+- = n° 0 = e,  where n+- and n°0 are the ratios of KL to Ks 

decay amplitudes into w+w- and wowo final states . Gauge theory models of 

CP violation are in general constructed to nearly mimic the "superweak" 

predictions by having the dominant contribution to CP violation arise from 

complex terms in the K0 - i0 mixing amplitudes . However ,  there are usually 

additional contributions in the form of direct CP violating I AS I = 1 decay 

amplitudes , parametrized by e ' ,  which are not identical for the weak 

transitions into ww isospin I 0 and 2 final states . One can write 

e '  = ImA2//2 ReA0 exp (i ( w/2  + o2 - o0 ) )  in terms of the ww isospin (I 0 , 2 )  

decay amplitudes Ar and final state interaction phase shifts or • The 

effect of the direct amplitude is apparent from the relations n+- E + e ' 

and n°0 = E - 2e ' ,  yielding R = l n+- l 2J j n° 0 ! 2 = 1 + 6 Re ( e ' / E ) .  It is 

fortuitous that nature has conspired to have arg( e ' )  � arg( e) providing 
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experimentalists with the possibility of detecting a nonvanishing value for 

THE EXPERIMENT 

The Yale-BNL2 group has recently completed a measurement of R and thus 

e ' /e at the Brookhaven AGS .  The experiment is conceptually simple, involving 

a neutral beam passing through the center of a dual spectrometer (Fig . 1 )  

consisting o f  multiwire proportional chambers and scintillation counter 

arrays placed about a spectrometer magnet (61 cm gap , APt = 150 MeV/c) 

followed by a large lead glass array . The detector was simultaneously 

sensitive to charged and neutral decays through different regions of solid 

angle . The relative intensities for Ko + w+w- and Ko + w0w0 decays were 

(/) 
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Q) c o> 0 :2 

E <.> 
- o ­

C\J 

t E 
(\J 

� 

(/) � �I ����t--���� 

..0 �- ����t--���� 
(l. 

\ I 
I 

I 
I 

I 
I 

I <( 

Cl > Q) 
u :2 

0 
� 1£? 

al cC <l 

Figure 1 .  Schematic representation of the detector (elevation view) 
illustrating a KO + w0w0 decay in the non-bending plane. 
Proportional wire chambers are shown as A, B ,  C and D. A 1 lllll 
lead sheet is placed just upstream of the A plane . Scintillation 
counters used to define the trigger are not shown. 
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determined under two beam conditions : first ,  a K01 beam and second, a 

predominantly K0 s beam as afforded by a removable 80 cm long reactor 

graphite (p 1 .7 2 )  regenerator, which was placed with the exit face 1 2 0  cm 

upstream of the beginning of the 1 20 cm fiducial decay volume . 

The determination of R is obtained by taking the ratio of intensity 

ratios R = R1/Rs where R1 I(K1 + n+n-) /I (K1 + n°n°) and Rs = 

I (Ks + n+n-) /I (Ks + n°n° ) .  With neutral ( n°n° ) · and charged ( n+n-) decay 

modes detected simultaneously the measurement is self normalizing . The 

detector acceptance and efficiency also cancels if the ratios are computed 

within KO energy (EK) and decay position (ZK) intervals for which the 

differential intensity variations are small. The beam condition, K1 or 

Kg , was changed several times per shift ,  to reduce possible biases 

associated with long term variations in the detector response .  Trigger and 

veto logic, constructed with lOOK ECL circuitry, was carefully designed to 

avoid dead time biases between the event types3 • 

The detector operated in a zero degree neutral beam line (Fig. 2 ) ,  with 

an acceptance of 3.5 µsr , derived from 28 GeV/c protons incident on a 20 cm 

long copper target . The proton beam dump was situated in the first sweeping 

Figure 2 .  

:0 f"'1 Gl f"'1 z f"'1 :0 � 0 :0 
Schematic representation 

I 
of the zero degree neutral beam line . 
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magnet .  A 3 cm lead plug upstream of the first brass collimator converted 
gamma rays from the target .  In the KOL running mode about 10 12  protons/ 
pulse (< sec ) were put on target generating about 3 x 108 neutrons and 4 x 

106 KO L•  This resulted in about 4 x 106 counts/sec in the large PWC 
upstream of the spectrometer magnet (B ) .  We note that this rate is nearly 10 

times that expected from K decays and neutron interactions in the detector 
region . These rates were found to drop by a factor of 2 when the primary 
beam was steered off target. 

Neutral event triggers were required to have one and only one gamma ray 
(from the �O decays) convert in a 1 mm thick lead sheet at the end of the 
decay volume . In addition the energy deposited in the lead glass array , as 
determined from a fast analog sum, was required to be greater than 6 GeV , 
with at least 1 . 5 GeV deposited in the upper and lower halves of the array . 
Neutral events were required to have 7 GeV < EK < 14 GeV , and 1 GeV < Ei 

< 8 GeV for each of the unconverted gamma rays . The converted pair 
trajectories in combination with the narrow neutral beam (crr � 0 . 5  cm, in 
the decay zone) allowed a determination of the decay vertex ( crz � 13 cm) .  
The energies and positions of the unconverted gamma rays were determined in 
208 elements (SF2,  6 . 5  cm x 6 . 5  cm x 5 1  cm) of lead glass arranged in a 
roughly 90 cm x 90 cm array with a 13 cm x 1 3  cm hole for passing the neutral 
beam. Backgrounds for KOL + z �O due to KOL + 3 �0 were largely suppressed 
by the detection of extra gamma rays outside the lead glass array . This was 
accomplished by lead-scintillator veto counters upstream of the spectrometer 
magnet and an additional small array ( 30 cm x 30 cm) of lead glass ( 8  

elements) downstream of the main array. The 10 cm x 10 cm hole in this small 
array subtended a solid angle from the decay region of only 10-4 sr. 

Charged event triggers required two charged particles on opposite sides 
of the neutral beam as defined by scintillation counters , beginning with a 
set located in a 4 cm high horizontal gap in the gamma converter . The 



228 

charged events were reconstructed from the trajectories found in the 

proportional wire chambers which consisted of 4 arrays : A(X,Y; 2 mm pitch; 

128 wires each) ,  B (X,X'  (in vernier) , & Y; 3 mm pitch; 256 wires each ) ,  C 

(X,Y & e ;  3 mm pitch,  256 wires each) and D (X,X '  (in vernier ) ,  & Y; 3 mm 
pitch; 256 wires each) .  Backgrounds due to Kµ3 decays were largely 

suppressed by vetos from a scintillation counter array behind a 60 cm steel 

wall following the lead glass array. Ke3 backgrounds were largely 

eliminated (on-line) by the electron identification afforded by the lead 

glass array . Charged events were required to have 7 GeV < EK < 14 GeV and 

2 GeV/c < Pi < 8 GeV/c for the charged secondaries . 

Data acquisition was accomplished via our Brookhaven Fastbus system. 4 

This is a 32 bit multiplexed (address/data) system sporting ECL circuitry 

transaction speeds ( • 100 nsec) , logical addressing, and water cooled devices 

(< 70 WATTS ; < 250 IC per card) .  The system consisted of three FASTBUS crate 

segments , two FASTBUS cable segments with three segment interconnects , an 

interface to the PDPl l-44 on-line computer, and about 25 data acquisition and 

control cards . 

Roughly 200 triggers per pulse were processed on-line, with about 3 
events per pulse written to tape.  About 30 tapes (800 bpi) were written 

during the February-March 1 984 run. This event sample includes momentum 

analyzed electrons used for the lead glass calibration . 

RESULTS 

Figure 3 shows the mass plot distributions for events accepted by the 

off-line analysis . Charged events were required to fit ,  in addition to parti-

cle identification criteria, kinematics expected of a two body decay. Events 

were selected with "/" = ( 110/0.75  mr) 2 + ( llpt/20 MeV/c ) 2 < 3, where 110 and c 

llPt measure the acoplanarity and transverse momentum imbalance for the 

event . Neutral events were required to have the topology of a 2w0 event with 

"x� "  (X/2cm)2 + (Y/ 2cm) 2 + ( t.Q 1 /10 MeV) 2 + ( t.Q2/10 MeV) 2 < 10, where X and 
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Figure 3. Measured invariant mass distributions for the four event types . 
Fiducial regions used in the analysis are cross hatched . 

Y are the first moments of energy in the lead glass array , and AQ 1 , AQ2 are 

the differences between the reconstructed and true ,,.o mass for the two best 

gamma pair combinations . 

The final event sample ( cross hatched in Fig . 3) contains 136 1 KOL + 

2,,.0 , 3537 Kos + 2,,.0,  8680 KOL + ,,.+,,.- and 20963 Kos + ,,.+,,.- events . A 

valae for R was found through a statistically weighted mean of values of R 

determined for 42 data bins defined by seven 1 GeV intervals of energy 

(EK) and six 20 cm intervals of the fiducial decay space (ZK) •  This 
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allowed the required cancellation of acceptance factors, despite the 

differences in energy and decay position distribution for the four event 

types . Explicit dependence on Monte Carlo results was not required although 

such calculations agreed with the observed distributions . The background for 

KOL + 2wo , primarily due to KOL + 3w0 decays (and neutron interactions 

with helium in the decay volume ) ,  is found to be 1 7 . 5  ± 3 .0% of the signal (-

30 MeV < AQ < + 45 MeV in Fig . 3) when averaged over the 42 data bins . Monte 

Carlo calculations show that the shape of the 3 w0 background does not vary 

appreciably over different sectors of EK and ZK• Further small correc-

tions of the order of 2% are required for backgrounds in the other modes , for 

incoherent Kg production and for KL dilution of the nominal Kg decays . 

Applying these corrections we obtain R = 1 .010 ± 0 .043 (stat) ± 0 .026 (sys ) ,  

and compounding the errors we find g 'fe:  = 0 . 001'7 ± 0 . 0082 consistent with 

zero, with previous results 5 • 6 , and with the recent value obtained at 

Fermilab7 of g 1 /g = - 0.0046 ± 0.0058 (again, errors have been compounded ) .  

If we permit ourselves to combine these two most recent results (note that 

the systematic errors in the two experiments are dominated by different 

sources ) we find g ' /g = - 0 .0025 ± 0 . 0047, a value which is not in agreement 

with the expectations of milliweak Higgs models ( g ' / g  < - 0.02) or the KM 

6-quark model (g ' / g ) 0 .01 ; for me <  60 GeV/c, TB ) l psec and the bag 

factor B M  1/3 ) of CP violation. a 

This work is supported in part by the U . S .  Department of Energy under 

Contract Numbers DE-AC02-76ER03075 and DE-AC02-76CH00016 
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The two most sensitive experiments currently searching for a neutron elec­
tric dipole moment (ILL , France and LNPI, USSR) are described . The present upper 
limit on the neutron EDM is l du l  S 4x 1o-L5 e . cm at the 90% confidence level . An 
improvement on this l imit by about one order of magnitude is expected in the 
near future . 
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INTRODUCTION 
The existence of an electric dipole moment (EDM) of the neutron would be 

direct evidence of both P and T violation and , by implication ,  GP violation . The 
table below ,  taken from "GP Violation in the Standard Model and Beyond" 1 )  shows 
a few theoretical 

Model 

STANDARD (3 generations) 
MORE HIGGS DOUBLETS 
HORIZONTAL INTERACTIONS 
LEFT-RIGHT SYMMETRIC MODELS 
SUSY 

d n 
< 1 o-30e . cm 
(0 . 3-1 . O)x 1 o-25e . cm 
> 1o-28e . cm 
3x 1 o-27e .m 
< 1o-25e . cm 

predictions for the value of the neutron EDM , dn . The present experimental upper 
l imit : \ dn \ < 4x1 o-25 e . cm at the 90% confidence level has already eliminated 
some calculations .  Improving this limit by one order of magnitude will exclude 
some more calculations and further constrain some models '  parameters , especially 
if a non-zero value of d is measured . n 

THE EXPERIMENTS 
One experiment is situated at the Institut Laue-Langevin (ILL) , Grenoble , 

France and the other at the Leningrad Nuclear Physics Institute, Gatchina , USSR. 

The two experiments have important common features . They both use ultra­
cold neutrons (UCN) , neutrons that are so slow (v � 6 m/s) that they are reflec­
ted by many material surfaces for all angles of incidence and can therefore be 
contained in a neutron bottle for many seconds . They both use, also , the princip­
le of magnetic resonance to detect shifts in the Larmor precession frequency of 
the neutron in a static magnetic field B when an electric f ield, parallel or 0 -+ + -+ antiparal lel to B0 , is applied . Since hv = -µB •B - dn · E ,  the shift in the preces-
sion frequency on reversing the direction of the electric f ield is �v = 4 \ dn \ E/h , 
provided B0 remains constant . 

The apparatus set up at the ILL by the Harvard-Sussex-RAL-ILL collaboration 
is shown in f igure 1 2) . The storage volume consists of a BeO cylinder 25 cm in 
diameter and 1 0  cm long separating two Be plates , one of them being grounded and 
the other kept at ± 1 20 kV . A coil is used to generate a steady f ield B0 perpen­
dicular to the Be plates , which is usually set at 10 mgauss corresponding to a 
neutron precession frequency of 30 Hz . The magnetic f ield is monitored by 3 Rb 
optical pumping magnetometers scattered about the storage volume . Surrounding 
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200 r---.--,,----.-------.-----....-----� 
FIVE LAYER HUHETAL SHIELD 

1 
OSCILLATING MAGNETIC FElD FREQUENCY (Hz)-

29,S 29,6 29,7 29,8 

Fig. 1 Fig. 2 

the whole is a 5-layer mu-metal shield ensuring a high uniformity and time 
stabil ity of the field . 

Ultra-cold neutrons from a water converter at 320K are brought to the ex­
periment via a Ni-coated glass guide and are directed towards a transmission 
polarizer. At the entrance of the change-over system the UCN density is 
� 1 . 5 UCN/cm3 . The density of polarized UCN in the storage volume is allowed to 
build up for 1 0  sec and reaches the value of 0 . 2  polarized UCN/cm3 detected by 
the counter . The neutron valve is then closed and an oscillating magnetic field 
applied for 2 sec in order to flip the spins from the B 0  direction into the 
perP'endicular plane where they are left to precess for typically 80 sec . During 
this storage time the number of UCN decays exponentially with a time constant 
of 70 sec because of losses due to collisions with the wal ls . Meanwhile the 
change-over system has switched over allowing the neutrons in the guide tube 
out side the storage volume to fall down into the 3He proportional counter . A 
second 2 sec burst of oscillating f ield coherent with the first one is applied, 
the neutron valve is opened and the neutrons with the right spin-state diffuse 
past the polarizer into the detector . At resonance ,  i . e .  when the frequency of 
the oscillating f ield is exactly equal to the average neutron precession fre­
quency , the net effect of the two pulses is a 1 80° flip of the spin and so very 
few neutrons are counted. A typical resonance curve is shown in figure 22) . After 
a counting time of 1 2  sec an adiabatic 1 80° spin flip coil is energised and the 
neutrons which couldn ' t  previously pass through the polarizer are also counted 
for 1 2  sec . The storage volume is then filled again to start another cycle .  

In practice the resonant frequency i s  determined b y  counting neutrons at 
the half-height , first on one side then on the other of the center valley of the 
resonance curve , as these are the points of greatest slope . Such pairs of neutron 
counts are accumulated for approximately one hour, then the direction of the 
electric field is reversed and more pairs of neutron counts accumulated , and so 
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Fig. 3 

on . In the data analysis one looks for a correlation between the resonance 
frequency and the direction of the electric field ;  the analysis of the data 
collected so far has yielded the result d = (-3 . 2  ± 3 . 5) x l o-25 e . cm or 

25 n 
l dn l < 8x 10- e . cm at the 90% confidence level .  At present the experimental sen-
sitivity is l imited only by counting statistics, as no systematic errors have 
been detected . During the last half of the data taking period the neutron density 
available was down by a factor of 4 on the value mentioned earlier. 

The experimental set up at Gatchina is shown schematically in f igure 33) . 
UCN are confined in two chambers , 55 cm in diameter and 7 - 1 0  cm h igh , with 
oppositely directed fields of about 1 5  kV/cm. It is a "continuous flow" type 
spectrometer, i . e .  the UCN simply diffuse from the input to the output guide spend­
ing on average some 5 sec in the chambers . The stab ility of the 28 mgauss uniform 
static f ield is achieved by using a 3-layer magnetic shield .  In addition , 
Helmholtz coils and a fluxgate are used to compensate for fluctuations in the 
external field, while a Cs optical pumping magnetometer is used to lock the field 
inside the shield to a constant value. 

A neutron guide extracts UCN from a liquid hydrogen moderator and trans­
ports them towards the entrance of the spectrometer where the UCN density is 
2 UCN/cm3 . A transmission polarizer then selects one spin orientation . The coil 
wound around the input guide superimposes an oscillating magnetic f ield on a 
static inhomogeneous f ield and flips the spins adiabatically through 90° . Thus 
the neutrons wander through the chambers precessing in a plane perpendicular to 
the direction of the static fields B0 , E .  On leaving the chambers they are sub­
jec ted to another adiabatic 90° spin flip. There are two sets of two detectors so 
that the neutron counts from the upper and lower chambers can be monitored in­
dependently . A combination of analysis polarizers and 1 80° spin flippers enables 
both spin components to be monitored simultaneously on two different detectors . 

Frequency shifts are detected by setting the frequency to its resonance 
value and introducing a ± 90% phase difference between the two adiabatic spin 
flips , which amounts to working on the points of steepest slope of the UCN 
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count vs frequency curves shown in f igure· 44) . 
The sign of ± 90° phase difference is reversed 
every 1 00 sec and the electric f ield polarity 

is reversed every 200 sec ; hence a basic set 
of measurements lasts 400 sec . Again , the 
principle of data analysis is to look for a 
correlation between the resonance frequency 

and the electric f ield 
ment led to the result  
l dn l < 4 x 1 0-25 at  the 

direction . This experi­
-25 d = (-2±1 ) x1 0  e . cm or n 5)  90% confidence level • 

In this type of experiment there are 
3 major sources of spurious EDM signals . The 
+ + v x E effec t ,  whereby a neutron travelling 

with velocity v in an electric f ield E experiences a magnetic f ield proportional 
+ + to v x E ,  was the main reason for abandoning beam experiments in favour of UCN 

storage ones where the effective v is much smaller . For the ILL experiment the 
; x E effect contribution to the EDM signal is estimated at � 1 0-27e . cm,  but this 
could be as much as 1 0-25e . cm for the Gatchina experiment.  Leakage currents are 
another source of spurious signals since currents leaking from the high voltage 
plate to the grounded one will produce local magnetic f ields which would be 
correlated to the electric field direction . At ILL , the leakage current is kept 

under 50 nA, ensuring that any contribution to the EDM signal is < 1 0-26e . cm. The 

leakage currents probably exceed 1 00 nA at Gatchina , where higher currents are 
perhaps tolerable because of partial cancellation of spurious f ields in a double 
chamber arrangement .  A third source of spurious signals are any changes in the 

static magnetic field correlated with the high voltage polarity . In the ILL set­
up three Rb magnetometers are used to monitor the field and check that its con-

-25 tribution to the EDM signal is � 10 e . cm. In the Gatchina set-up a real EDM 

signal will have opposite signs on the upper and lower chamber whereas a signal 

due to fluctuations in the magnetic field will  have the same sign in both cham­
bers . On the whole, we bel ieve that the two apparatuses have similar intrinsic 
sensitivities but that the ILL ' s  is less suj ect to systematic errors . 

PROSPECTS 

Both teams are now working at improving their equipment . At ILL new UCN 
sources are being developed and by the end of 1 985 the UCN flux available should 
be 50 - 200 times greater than that used towards the end of the last data taking 
period . The magnetometers , which measure 'the field only 4 - 5 times more accu­
rately than the neutrons themselves ,  are being rebuilt in order to reduce their 
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noise . With these improvements the error on the EDM should be brought down to 
� 3 x 1 0-26e . cm by the end of 1 986 . At Gatchina more radical changes are under 
way : the continuous flow spectrometer has been replaced by a storage bottle type 

+ + experiment , most likely in an attempt to overcome v x E effects . This should re-
sult in a gain in sensitivity of a factor 2 - 3 . A superconducting shield will 
be used to achieve the required increase in time stability of the magnetic field. 
Improvements in the liquid hydrogen UCN source should enhance the flux by a 
factor of 5 - 6 and it is therefore expected that the error on the EDM will de­
crease to � 2x1 o-26e . cm in one or two years ' time .  
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The Kobayashi-Maskawa (KM) model of CP violation requires a large phase in the 

quark mixing matrix in order to agree with present data.  The question of 

whether CP violation is in some sense maximal is discussed . As a result of the 

large phase there should be large CP-violating effects observab le and these are 

shown uniquely to occur in the B0 -B0 system. 
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Twenty years after the discovery of CP violation there sti l l  is only one 

CP-violating effect that has been measured. The effect is  given by the 

parameter E with a magnitude of 2 . 3 x 10 - 3 • Thus empirically CP violation 

appears to be a small  effect . Here we wish to look at the pos s ibility that 

in some sens e CP violation is large and that there may be large effects 

observab le (in princip l e ,  at least) in other processes . 

The most conservative model of CP violation is that of Kobayashi and 

Maskawa (KM) who ascribe all  CP violation to a phase in the quark mixing matrix 

within the standard SU (2)  x U ( l )  electroweak theory. Recent data on B decays 

leads to the conclusion that in order to obtain a large enough value for E in 

this model it is  necessary that the phase be larg e .  This leads u s  to the 

question whether the phase is 90° , corresponding in some sense to maximal CP 

violation . As we shall  see this question cannot be phrased unambiguously and 

probably has a negative answer when posed in the most straightforward way . A 

more interesting question is whether the mass matrix in some sense violates 

CP maximally and this is  possib l e .  

Given the large phase in the KM matrix it is  natural to ask whether 

this leads to large CP violating effects in some cases . It is easy to identify 

the processes where this is possible;  they turn out to be in B0 decays . 

Unfortunately the proposed experiments are extremely difficult . 

It is convenient on purely empirical grounds to expand the KM matrix in 

powers of a parameter \ ,  which is equal to the Cabibb o angle .  To order \ 3 

( 
vud v us 
vcd v cs 
vtd vts 

From the rates of 

\ 

A 

p 2 + 
T]

2 � 

Vvb) 
v b 
v:b 

( H'i' > 
-\  1 - \2/ 2  

A\ 3 ( 1-p -in ) -A\2 
semi - l eptonic K and B decays 1 l  

. 22 

1 ± 0 . 2  

0 . 3  

A\ 3 (p-in)  

) 
A\2 

( 1) 

(2) 

The phase convention I use emphas i zes the fact that CP violation enters only 

at the order \ 3 . A reduction of the uncertainty in the lifetime of B mesons 

wi l l  help to constrain A, although there remains a theoretical uncertainty that 

may be 10% in A .  The observation o f  the decay b + uev would allow a determina­

tion of p 2 + n2 . Any additional information on the parameters must come from 

analyzing CP-violating effect s . 2] We assume throughout only three generations ; 
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discussion. 3 ] 
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The standard evaluation of £ using the box diagram is wel l approximated 

for mt around 45 Gev by4 ] 

(3)  

Whi le there are some uncertainties relative to strong-interaction corrections 

in this evaluation, by far the main uncertainty concerns B which parameteri zes 

the matrix element 

where SL ' d L are left-handed quark field operators . The value B = l corresponds 

to the insertion of the vacuum in a l l  possib le ways as originally done by 

Gai l l ard and Le e . 5 1  The bag model gives I B I o f  the order o f  one-third but i s  

very sens itive t o  bag model parameters in part because V and A contributions 

cancel . The use of the soft pion approximation p lus SU (3)  provides a relation6 l  

between B and the rate for the 61=3/2 K+ decay yielding B =l/3 . This approxima­

tion is precarious because the expansion parameter is CMi<: /A) 2 where A is of 

the order of lGev so that one is at the mercy of numerical coefficients . Using 

SU (3)  x SU (3)  chiral perturbation theory Mark Wise has calculated the correc­

tion to this approximation and found it to be 100% because of a large numerical 

coefficient . 

the expansion 

is invali d  in 

(Note that soft pions plus SU (2)  is much more reliable  because 

parameter is (M /A) 2 . )  His conclusion is that the approximation 
7] 1T 

this cas e .  

Even with B = l  i f  w e  set A=l  and Mt=45Gev the values of n and p are highly 

constrained. From Eqs . (2) and (3) we have 

n 0 . 4  to 0 . 55 

p -0 . 4  to 0 . 2  

(4) 

The corresponding values of the phases of the corner elements of the KM matrix 

are 

I phase of vub l 45° to ll0°  

I phase of vtd l 15°  to  30°  

Thus the phase of Vub ' which is the same as the phase 8 in the Maiani 
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representation of the KM matrix, can be 90° but the phase of Vtd 
cannot . 

In order to treat al l three generations symmetrically in the parameteriza­

tion of the KM matrix we have suggested the following formB] 

v exp i (H
l + H

2 + H3) 
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It is easy to show that by a choice of phase convention one can set two of 

the ¢i equal to zero but that the combination 

(5) 

(6) 

is invariant . 91  Our form Eq. (1)  is reproduced by choosing ¢1 
0 and 

sin 8 1 = \ 

8 = A\2 
2 

i<li = 8 e
i¢ 3 8 3e 3 

(7)  

A\ 3 (p - 1/2  + in)  

Of course ,  Eq . (5) is exactly unitary whereas Eq . ( 1 )  is only unitary to order 

\3 . A natural way to define maximum CP violation is to choose the invariant 

phase ¢ as ±90° ; this requires p=l/2 ,  which is inconsistent with the solution 

(4) , and is barely consistent with the constraint (2) . Thus we conclude that 

the most straightforward unambiguous criterion for maximum CP violation of 

the KM matrix is probab ly not satisfied. Gronau and Schechter and independently 

Roos 9] have suggested an alternative 
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v = 1T 
ij k 

where (i , j , k) represent some permutation of (1 , 2 , 3) and the result now 

depends on the ordering because the H
i do not commute ,  As a result the 

relation between e3e
i¢3 and p is not that of Eq. (7) but depends on the order­

ing with (p - 1/2) in Eq . (7) rep laced either by p or (p - 1) , The condition 

for maximum CP violation is therefore ambiguous corresponding either to p=O 

(phase V
lh 

= 90°)  or p=l (phase Vtd 
90° ) , The first of these is consistent 

with present data . 

The mass matrix itself is more fundamental than the KM matrix , Our 

empirical knowledge of the mass matrix is much less than that of the KM 
matrix, however. It is nevertheless interesting to consider possible forms 

for the mass matrix with the idea of maximal CP violation in mind . One 

possibility suggested by Stech1 D] has the following form 

(8) 

where Mu is the up mass matrix in diagonal form, k is a number, and M
1 is an 

antisymmetric hermitean matrix.  This form of M
1 

may be considered as the 

assumption of maximal CP violation because M
1 

has only imaginary elements . 

This means that all the quark mixing is associated with a CP-odd term in the 

mass matrix.  This is quite similar in spirit to our previous assumption that 

� = 90 ° in Eq. (6) corresponding to all  ¢i = 90° . A detai led calculation shows 

that Stech ' s  assumption can be satisfied if 

p z 0 

Thus this version of maximal CP violation predicts p close to zero which is 

consistent with present empirical constraints .  

An alternative considered by Michael Shin1 1 ] and collaborators can be 

based on the ansat z 

(9) 

(10)  

with M0
, M1 having the Fritzsch form 
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M 0 

0 
0 
0 

0 

0 
b : ) 0 

a 

0 

a 

0 
0 

0 

0 
0 

The i in the form of M
u 

represents Shin ' s  assumption for maximal CP violation , 

This can be shown also to correspond to p : 0 .  

Since the KM matrix appears t o  have a large CP-violating phase we now 

turn to the question of where this phase could produce large CP-violating 

observables . We note first that a CP-odd intensity term must be proportional 

to 

(11 )  

The reason is that if one of the e ' s, say ek ' is chosen equal to zero it is 

possible by a choice of phase convention to set � = ¢ k but clearly ¢ k is 

meaningless if ek = 0. The CP-violating effect is given by (I/R) where R is 

a CP- even intensity. In order to get a large CP violating observable it is 

necessary that R also be of order A6 . On the other hand if R is of order A
n 

with n <  6 ,  the CP violating effect i s  of order A 5-n . 

To i l lustrate what I mean let me first look at the K0 system . The decay 

amp litude in terms of quarks is dominated by 

s + u + u + d ( 1 2) 

which is CP-even in our phase convention . The CP-violating effect c is wel l ­

described b y  the K0-K0 mixing due to the box diagram ; 

(CP-odd) Box 
c = 

(CP- even) Box 

Let us look at one side of the box diagram . There are CP-even contributions 

from int�rmediate u or c quarks proportional to 

(13a) 

On the other hand the CP-odd contribution from the intermediate t is propor­

tional to 

* 
Im (Side) - ImVdt Vst 

(1 3b) 

It fol lows that 



E • 
Im (Side) Re (Side) 

Re(Side) Re(Side) 

- 3 2 2 , 3  x 10 A n 
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(14)  

Thus the small  value of E in the standard mode l as given in Eq . (3) is due to 

the smallness of the mixing angles given by the factor \ 4  rather than the 

smal lness of the GP-violating factor n .  [ Eq .  (13) is s lightly mis leading 

because the dependence on quark masses is missing ; actually the numerator 

factor \6 should be multiplied by ln (mt/mc) 2 and there is an additional term 

in the numerator of order A4\ 1 0 (mt/mc) 2 ; for mt _ 45Gev the qualitative conclu­

sion is unchanged . ]  

A simi lar analysis for the heavier analogues of the K0 is shown in 

Table 1 .  I t  i s  seen that there are two systems , (db) and (tu) , for which the 

GP-violating effects are of order 1 ,  that i s ,  A0 , Note that in all cases 

Re(Side) Im (Side) -A2A6 ; the large GP-violating effects come when all terms 

contributing to Re (Side) are of order A 3 .  The two examples can be identified 

by inspection looking at Eq. ( 1 ) . In order for these effects , which are 

associated with the mass matrix. to be useful , it is necessary that the two 

mass eigenstates can be distinguished during the meson ' s  lifetime . In the 

case of the K0 this can be done in two different ways . Because rs /' "> rL it 

is possible to obtain a beam of pure KL to study . Also because 6m - rs it is 

possible. to observe the effects of osci llations before the Ks has disappeared . 

TABLE 1 

Box diagrams for K0 -K0 mixing and analogous systems , Products of KM elements 

contributing to the real or imaginary part of a side are indicated, When all 

intermediate states give the contributions of the same order the symbol is 

used; this i s  the case for Re (Side) for & 0  and Tu. For the other cases two 

intermediate states give the same order and the other is different ; in these 

cases j ust one intermediate quark is noted. 

K0 (ds) 

ilo (db) 

ils o CSi>) 
0 °  (cu) 

T u (tu) 

Tc (tc) 

Re (Side) 
* 

V V - \ cd cs 
* 3 vj bvj d  -AA 
* 

vtbvts -AA2 
* 

v v cs us - A  
* 

Vt/uj -A\ 3 

* 2 vtbvcb -A\ 

Im (Side) 

* 
vtdvts 'nA2\ 5  

vtbvtd
*

· nA\ 3 

V V 
*- nA\4 ub us 

V V 
*

-nA2\ 5  cb ub 
* 3 vtbvub - nA\ 

V V 
*

-nA\4 td cd 

E/n 

A2\ 4  

\2 

A2\4 

\2 
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In the cas e of the heavy quark systems one expects 6 f, the difference in the 

two de,cay rates , to be small  1 2 l compared to the mean rate r so that one 

cannot separate the eigenstates . Thus the main hope is to find a system for 

which 6m/ r is large enough to see effects generated by osci l l ations . In 

Tab l e  2 rough orders of magnitudes for 6m/ r are given . It is c lear that the 

systems involving the t quarks are hopeles s ,  since the l i fetimes are very 

short due to the large mass whi l e  6m is of order mb
2 Thus the system (db) 

is unique ly s i gnaled as the p lace to look for large CP-violat ing effects .  

TABLE 2 
Average decay widths and mass di fferences for K0 and analogue systems . Values 

of 6m, except for the K0  system are rough estimate s ,  based (except for the D0 
system) on s cal ing from the K0  cas e .  

r(sec- 1) 6m (sec- 1) 6m/ r = x 
K o 1 0 1 0 s 1/2 10 1 0  1/2 

B d 0 10 1 2  - J. 6mt 2 - 2 · 10 1 1  0 . 2  

B S 0 1 0 1 2 -,\ 4mt 2 _ 3 .  10 1 2  3 
D o  2 1 0 1 2  - 109  - 10- 3 
T 10 1 9  - !. 6mb 2 _  109 10- 1 0  u 
T 1 0 1 9  - J.4mb 2 _ 101 1 1 0 - 8  c 

What CP-violating effects can we look for? 1 3 ]  Returning to the K0 
system we note there are two di fferent kinds of experiments that depend on 

+ + 
K0 -K0 mixing : ( 1 )  The charge asymmetry in KL->TI_e_v depends on Re E .  (2)  The 

Fitch-Cronin effect 

l n+- 1  

on the other hand depends primari ly on the magnitude of the mixing parameter 

E .  This last statement real ly depends on the phase convention
'
we use in which 

the decay ampl itude ( 1 1 )  i s  real . In the case of the B 0 -B0 system for the 

favored decays (amp l i tude -AJ. 2)  

b + c + u + d ( 1 4a) 

b + c + c + s  ( 14b) 

the decay amp litudes are also real . If we now calculate the mixing parameter 
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EB we find i t  is almost purely imaginary . As a result the CP-violating charge 

asymmetry in semi- leptonic B decays which depends on Re EB is extremely smal l ,  

whereas analogs o f  the Fitch-Cronin experiment can show larg e ,  passibly maximal ,  

CP violation .  

What are these experiments ?  They involve decays t o  final states which are 

CP eigenstates and were first analyzed by Sanda and c o l l aborators ! 4 ] 1 5 ] The 

ideali zed experiment involves the associated production of b+b and by observing 

b (b) decay at t=O tagging 13° ( B 0 ) . One then looks for the decay into a CP 

eigenstate such as �Ks 0 (CP odd) or D + D+Ks 0 (CP even) . The decay probabi lity 

disp lays an osci l l at i on for the 13° case given by 

Prob (± ) const [ 1 ± sin sin (Lim) t] e - r t ( 16a) 

tan 8/2 = n/ ( 1- p )  ( 16b) 

where (±) corresponds to the CP eigenvalue of the final state . From Eq . (4) 

the ampl itude of the osci l lation sin e i s  expected to be between 0 . 5  and 0 . 85 ,  

thus close t o  the maximum possib l e .  The CP violation is a l s o  shown b y  the 

reversal of the ± s ign on the right hand s ide of Eq . ( 16a) when B0 is rep laced 

by B0 • Without seeing the time dependence a measure of CP violation is given 

by the total rate asymmetry l 4 ]  

(B o  
-+ ± )  - rci3° -+ ± )  ( l  7a) r± (B 0 -+ ± )  + r (B° -+ ± )  

± (Lim/ r) s in ( 17b) r± 
1 + (Lim/ r) 2 

Whi le l\m has a large range of uncertainty (due to the prob lems of evaluating 

the analogue of the parameter B for the B0 system) reasonable parameters yield 

the result r ± . 10 to . 15 ,  thus 20 to 30 percent of the maximum possib l e .  

Unfortunately these experiments involve exclusive decays any one of which i s  

l ikely to have a very l o w  branching ratio . 

So far we have consi dered CP-violating effects that are associated with 

mass mixing , in particular, B0 -B0 mixing . In s o  far as CP vio lation can 

entirely be blamed on mixing there is no way of distinguishing the KM model 

from a superweak mode l .  As i s  we l l  known, in the K0 system a distinction occurs 

because the KM model predicts a difference between n ± and n00 (described by 

the parameter £ 1 )  whereas these are equal in the superweak mode l .  The 

difference is associated with the existence of CP-violating decay amplitudes , 

in particular, those associated with penguin graphs . This CP-violating effect 
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is 0f the same orde·r A 4 as the mass matrix effect ; however, for dynamical 
reasons (the �I = 1/2 rule, the smallness of penguins) we expect £ 1 /£ to be 
of the order 10-3 to 10-2 . In the B0-ii° system the situation is different . 
For the favored decays corresponding to the CP-conserving quark amplitudes 

( 14) there are no interfering CP-violating amplitudes unti l  you go to order 
A1'4 . Thus for the most probable decays CP-violating effects in the decay 
amplitude are of order 1'2 and may be further suppressed for dynamical reasons . 

It is possible, however, to obtain large CP-violating effects in B decay 
amplitudes by looking at unfavored B decays for which the amplitude is of 
order A1' 3 instead of A1'2 •  At the quark level there are five possibilities 
shown in Table 3 .  Let u s  first look at the same experiment w e  have discussed 
before described by the parameter r± defined by Eq . ( 1 7a) , but now with the 
final states being of the form nn . Then Eq, (17b) no longer holds because 
in our phase convention the predominant decay amplitude (A in Table 3) 
violates CP.  The difference in the result for r± for this unfavored decay 
from the result for favored decays shows clearly that the theory is not 
superweak . 

Effects due to CP-violating decay amplitudes can also show up in if 
decays . 1 5 ] 1 6] Two conditions must be met in this case : ( 1) More than one 
quark amplitude must contribute or else the CP-violating phase can be 
rotated away ; (2) Final state interactions must be significant or else the 
effects wil l  vanish as a consequence of CPT invariance . For example in the 
decay B+nn 

TABLE 3 
UNFAVORED B DECAYS 

Quark Amplitude Coupling Typical Final States 
A .  b + u + u + d A\ 3 (p-in) nn 

B .  b + c + c + d A\3 [ ,, c .  b + t + t + d A\ 3 (l -p+in) DDn 

D .  b + c + u + s A\ 3 DK• 
E .  b + u + c + s A\ 3 (p-in) DK0 

the dominant quark amplitude A may interfere with penguin graphs induced by 
B and C. This can cause a rate difference between B++n+n°  and B-+n-n ° .  The 
interference between D and E can produce rate differences between 

B and 
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These experiments seem even more difficult than those based on B0·B° mixing . 

Furthermore whereas r± depends only on the KM matrix parameters (by Eqs . 

( 1 7b) and ( 16b) assuming �m/ r is measured) the rate difference between B+ and 

B- depends on complicated dynamical calculations . Another example in which a 

large GP-violat ing effect is possible is the highly suppressed decay B+K+nn. At 

the spectator level this requires the quark amplitude b+u+s+u of order AA4 ,  but 

there exist non-spectator contributions (penguins , for example) of order AA2 

as b+t+t+s . Thus it may turn out that the two amplitudes are comparable 

yie lding large CP violation but a very low branching ratio , 

We have emphasized here the unique role of the B0 -B0 system in testing 

the large GP-violating phase the KM model seems to require . It should , of 

course ,  be emphasized that it is quite possible that the KM model does not 

provide the explanation of CP violation in K0 decay, The observation of a 

large GP-violation in a system for which the KM model predicts a small effect 

would obviously be extremely important and therefore it is equally important 

to study those systems . 

This work has been supported in part by the U . S .  Department of Energy . 
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An ambiguity in the definition of the concept of maximal CP vio l ation in the 
standard model is resolved by identi fying in the quark mixing matrix U a re­
phasing - invariant quantity � - All lowest order CP vio l ating amplitudes become 
maximal for � ;  n/2 when l uus l , I Ucb l , l uub l are fixed . A model of the 
quark mass matrix is presented , in which the maximal CP phase is correlated with 
the quark mass spectrum . The mixing matrix is comp l etely determined in terms o f  
quark mass ratios in exce l l ent agreement with experiments .  
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Up to now the only manifestation of CP violation in nature is the observed 

CP impurity in the neutral kaon system . In the standard SU ( 2 ) xU ( l )  three 

generation model the CP impurity parameter £ is proportional to 

sine
1 

sine2 sine
3 

sine,  the product of the sines of the three mixing angles S
i 

and of the CP violating phase o of the Kobayashi -Maskawa (KM) matrix
1)

. With 

the measurements of the very small angles e2 and e
3 

it became evident tha t ,  to 

account for the measured value of £ ,  6 must be quite large, possibly as large as 

rr/2 .  This raises the interesting possibility of maximal CP violation, an extension 

of the separate maximal P and C violations exhibited by the weak interactions . 

The concept of maximal CP violation suffers , however, from an ambiguous 

definition . To this ambiguity and to some resolution I wish to address this 

tal k .
2 ' 3) 

shal l also discuss some models  of the quark mass matrix which may 

give rise to maximal CP violation . 

The K-M matrix is a unitary matrix U which relates the quark mass eigen­

states to the weak eigenstates .  I t  may b e  described i n  terms o f  three angles and 

a phase in many different ways . In principle each of these different descriptions 

may be used to define maximal CP violation when the corresponding phase becomes 

"maximal" ,  i . e .  an odd integer product of rr/2 . Moreover , there is another 

apparent ambiguity rel ated to the freedom of phase convention for the quark 

fields .
4) 

As an example,  it may seem that U would describe maximal CP viola­

tion (in a given phase convention) if it were to have large real diagonal 

elements and small pure imaginary off-diagonal element s .
5) 

But it is obvious 

that this particular form is modified when choosing a different phase convention 

for the quark fields . 

Any plausible definition of maximal CP violation requires the use of a 

phase which is independent of one ' s  phase convention . We start by proving the 

existence of such a phase and by identifying i t .  

The quark mixing matrix is a 3x3 unitary matrix , which i n  general may b e  ex­

pressed in terms of 3 angles (S
ij

) and 6 phases (Bi ' �ij
) ,  i < j = 1 , 2 , 3 : 

u (1 )  

where w
ij 

i s  a complex rotation in the ij plane , e . g .  
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1 ) (2) 

The most general phase transformation on the six mass eigenstates may be written 
in terms of six phases ai , yi (i = 1 , 2 , 3) in the form : 6) 

i (a2-y2) ) 
(e

-ial 

-ia2 e 
e
i (a3-Y3) U e ) 

(3) 

Since the three differences ai - aj are not mutually independent , two things 
become immediately obvious : 

a. One of the six phases of U is unavoidable,  which just reproduces the 
original argument of Kobayashi and Maskawa. 7) 

b .  There is  one combination of the three phases $ij ' namely 

(4) 

which is invariant under al l phase transformations on the quark fields .  

Physics i s  independent o f  one ' s  phase convention. Therefore all physical 
quantities must depend on the sum of phases $ rather than on the values of the 
separate phases $ij " Since in Eqs . ( 1 ) ( 2) each of the separate phases 
e±i$iJ' mu�tiplies sij = sineij ' $ wil l  always appear in the product 
s12s23s13ei$ All CP violating amplitudes (in strange , charmed ,  b-like and 
t-like systems) are proportional to the imaginary part of this product . This 
proves a general theorem that any CP violating amplitude must be proportional to 
s

12s23s
13sin$ . 8) As it turned out from measurements of the two mixing angles 

e23 and e
13 , this product is extremely small (<10-4) even if sin$ is as large 

as it could possibly be. 
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It is instructive to mention the origin of the invariance property of 

sl2s23sl3sin $ :  

� )  
Being the imaginary part o f  the trace o f  the m1x1ng matrix, this product is in­

variant under the nontrivial unitary phase transformations given by the para­

meters ai . 

The invariant phase may be generalized to any number of generations in a 

rather straightforward manner .
2

•
9) 

Here we shall restrict our attention to the 

presently realistic case of three generations focussing on the question of 

maximal CP violation . The latter concept may be naturally defined by 

$ ; (odd integer) ; (6) 

However, an immediate question comes up as to other possible definitions of in­

variant phases . For instance, if instead of Eq . (1) one defines the mixing 

matrix in an Euler-like manner (as done originally by Kobayashi and Maskawa7l ) 

(7) 

the invariant phase becomes 

(8) 

An alternative definition of maximal CP violation besides Eq . (6) may then be 

$KM ; (odd integer) n/2 .  Since in the representation of Eq . (7) $KM is the only 

phase-convention-independent CP viol ating parameter in the Lagrangian, it may in 

principle provide a legitimate definition of maximal CP violation . 

To single out one of the possible definitions we shall have to go beyond 

general considerations of the quark mixing matrix .  An assumption will b e  made 

that the underlying theory of quark masses mixing and CP violation does not single 

out one generation when introducing the phase .  Thi s eliminates $KM o f  Eq . (8) 
which singles out the first generation . 

The above assumption leaves us with presentations such as Eq . (1) , which 

treat all three generations on equal footing . There are altogether six products 

of the three w . .  written in different orders . To first order in al l e . . these 1] 1] 
six presentations become identical . However , empirically the three eij 

of 

Eq. (1)  may be represented by different powers of a small parameter - the Cabibbo 

angle : 10l 
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(9) 

When these empirical observations are taken into account it is found2) that the 
six orders devide into two equivalence classe s .  The first consists of 
w23w12w13 , w23w13w12 

l l) and w13w23w12 in all of which Eq. (9) holds . The 
magnitudes of the above-diagonal elements of U are essentially independent of 
the GP violating phase .  The presentations of the second class

12) are basically 
the hermitian conjugates of the above (with mixing angles -ei j ) . Here the three 
below-diagonal elements are given approximately by the sines of the mixing 
angle s .  The above-diagonal elements have more complicated expressions and, 
moreover , depend crucially on the corresponding GP-violating phase � · . It is 
a matter of simple algebra

3
) to show that the choice � ·  = n/2 would lead to 

r = i uusucb/Uub l < 1 . Since experimentally this ratio is larger than one , this 
class is ruled out (by GP conserving observables O as a viable definition of 
maximal GP non-conservation. 

An alternative presentation was recently suggested\
3

) in which the product 
of wij was made symmetric in the order by using the complex rotation group 
generators . Maximal GP violation in this scheme requires r < 2 ,  which is barely 
consistent with present observations . This possibility i s ,  however ,  ruled out 
by the value of £ .

1
3) 

We may therefore conclude that maximal GP violation as a viable choice of 
nature , consistent with our assumption that the phase does not single out one 
generation, must be based on the class of presentations of Eq . (1) and is des­
cribed by Eqs .  (4) , (6) . In this presentation all (lowest order) GP-violating 
amplitudes are approximately proportional to i uusucbuub l sin� .  When fixing the 
magnitudes i uus l '  J Ucb l and i uub l this product is obviously maximized at 
� = n/2 .  Since experiments do focus on these three GP conserving observables , 
GP amplitudes become numeri cally largest with this definition of maximality. Any 
other definition of maximality, which sometimes may already be ruled out by 
these GP conserving observables , would lead to smal ler GP violating amplitudes . 
An amusing example is �KM = n/2 , which with the (unrealistic) choice r � 

(corresponding to s2 = 0 in the KM notation) would mean no GP violating 
effects at all . 

With the above definition of maximal GP violation one is tempted to search 
for an underlying theory of the fermion masses , which may explain the origin of 
the possibly maximal phase � = n/2 as wel l  as the empirical values of the three 
mixing angles e . . . 1] One may hope to be able to express all the four KM 
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parameters in terms of the given quark masses . Two such schemes have recently 
been studied, independently motivated by grand unified SO(lO) theories . Here I 

wish to briefly discuss the salient features and limitations of these two models . 
I shall also present a scheme which combines the two models into a single more 
predictive framework , which correlates the maximal CP phase with the quark mass 
spectrum. The reader is referred to the original work for more detai l s .  

One o f  these schemes is  based on complex Fritzsch-type up and down quark 
mass matrices : 14) 

M l a ' I 
l b ' I 

( 10) 

This model uses six real parameters ·and two phases to describe the six quark 
masses and the four KM parameters . The three mixing angles eij and the CP 

phase <!> may be expressed in terms of quark mass ratios and the two extra arbi­
trary phases�6) The empirical values of the mixing angles1 ) and the theoreti­
cally most acceptable values of the quark masses15 constrain these two phases . 
These constraints indicate the interesting possibility that <!> � n/2 . 16) However, 
due to the two extra parameters neither the CP phase nor the mixing angles may 
be determined uniquely in terms of quark mass ratios alone . Very recently a 
model was suggested, 17) in which the two phases in the Fritzsch-type quark mass 
matrices were produced to correspond to <!> � n/2 .  

A second model , proposed by Stech, 18) assumes a real symmetric form (S) for 
the up quark mass matrix Mu, whereas the down quark matrix Md is made up of a 
piece proportional to Mu and a pure imaginary antisymmetric part (A) : 

(1 1 ) 

This model contains (after diagonalization of Mu) seven parameters and al lows 
expressing the three mixing angles and the CP phase in terms of given quark mass 
ratios and a single arbitrary parameter . The three relations among the four KM 
parameters are consistent with the measured values of the mixing angles . Using 
the latter as input leads to a maximal CP phase <!> � n/2 . However, here again 
the KM matrix cannot be completely determined in terms of quark masses alone . 

A model of the quark mass matrices , suggested by R. Johnson, J .  Schechter 
and myself, 19) incorporates both the Fritzsch-type and the Stech schemes simul-
taneously. This is achieved by choosing the matrices S and A (with A

13 0) in 
Eq. (1 1) to be of a Fritzsch-form . This model has six parameters , just as many 
as there are quark masses , and consequently the KM matrix is completely 
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determined in terms of quark mass ratios . Using the theoreti cally most accept­

able values of the latter, the three mixing angles are predi cted in exce llent 

agreement with their measured values . An interesting aspect of this scheme is 

that it predi cts maximal CP violation . The maximal CP phase is correlated with 

the quark mass spectrum . It follows from the anomalously smal l u quark mass : 

m u - << md 

m c 
m s 

In particular, in the limit 

CP violation . 

m + 0 
u the model predicts rr/2 

(12)  

and no strong 

Final ly, maximal CP violation may be the support by which the standard 

model will stand the test of CP violation . The cal culation of the CP impurity 

parameter E within the standard KM model is still in agreement with experiment�) 

The most uncertain factors in the calculation are l uub l and the theoretical 

estimate (B) of the K0-K0 matrix element . 20) A crucial test of the model 

relies on measuring a nonzero value of [ Uub l , not too far below the present 

experimental bound , and on a better theoretical determination of B .  The lower 

these two parameters are pushed (and the lower the values of mt and l ucb l )  

the closer the model gets into j eopardy . Maximal CP violation � = rr/2, for 

which E is maximized, has the best chance to survive . 
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B0El° MI XING PERSPECTIVES 

Jul iet Lee-F ranzini 
SUNY at Stony Brook , Stony Brook,  NY , USA 

ABSTRACT 

The p�rspect ives for measu�i ng m1x1ng i n  the B system , for no rmal (bd) , 
st range (bs)  and excited B ' s  ( B  ) a re reviewed. One needs to weigh the relat ive 
merits of us i ng copiously produced normal B ' s  at the T ( 4S)  with thei r 
anticipated minute mi xing ,  aga i nst usi ng st range B ' s  possibly produced 
i nf requently at the T ( 5S) which however are exp�cted to mix 1 00% . Enhance d 
mi xing is also expected near the threshold of B B production, but the magnitude 
of the enhancement is not suffi ciently large to compensate for the decreased 
hadronic cross section. Experiments at accelerators which a re not predominantly 
"B-factories" are also considered. The prognosis reached is that we will not 
see def i nitive results until  � Moriond 89 . 
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INTRODUCTION 

The present pape r,  whose purpose is to cry&tal gaze the pe rspectives of 

measuri ng B0B° mi xing in the near future , is organized i n  three sections. I n  

the f i rst a seri es of terms are defined such that one can disc uss the "standard 

model"  predictions for mixing in the B-meson system , and the dependences of such 

predictions on various pa rameters i nclud i ng the B decay constant (fB ) ,  mass of 

the top quark (Mt ) ,  the B pa rameter (BB ) and the K-M matrix elements.  After 

obtai ning some most optimistic values for mixing for the various B-mesons (Bd ' s ,  

mesons contai ni ng a b-quark and a l ight anti quark , Bs ' s ,  mesons contai ni ng a 

b-quark and a strange ant i quark ,  B* • s ,  exci ted B-mesons of ei the r variety whose 

t ransition to the ground state B-mesons is via a photon) , one indicates where 

these mesons are most l i kely produced in greatest profusion and estimate a most 

optimum si gnal to background ratio.  Due to the smallness of said ratio , the 

t radi tional method of measuring mixing by count i ng excess same sign dileptons 

needs to be supplemented by those where the B (ness)  or B(ness ) of a BB pai r  i s  

known, posing st ringent requi rements on  the B reconstruction efficiency o f  a 

detector. The second sect ion closes with a forecast of 1 989 for when 

"B-factories" such as CESR and DORIS are l i kely to have def i nitive results. The 

thi rd sect ion exami nes some prospects of see i ng B08° mi xing at other types of 
accelerators , i nclud i ng non e+e- machi nes such as TEV-I , TEV-II and SSC. The 
conclusion is that they will have to be second generation expe riments at these 

accelerators , and will not yield def initive results in the near future. 

B0So mixi ng can be pa rametrized by a quant ity x (=6M x 'B ) which is the 
product of the computed mass difference 6M of the mass eigenstates M 1 and M2 , 

and the measured B-meson l ifetime , 'B · We have assumed that ,1 =,2='B • that i s ,  

6 r  i s  ve ry small and thus is negl igi ble . Pais and T reiman1 )  have def i ned the 

following mixing pa rameters i n  terms of the pa rtial rates of a B0 (So ) changing 

i nto a So (B0 ) or remai ni ng a Bo (B° ) after creation: 

r=f (B0+8° } / r (B0+B0 ) ;  r= r (B°+B0) ; r (B°+8° ) .  

For small CP violations r and r are = equal , and us i ng 6r<<6M ,  we w rite 

r=[ (6M/ r ) 2J / [ 2 + (6M/ r ) 2 J = x2/ [ 2+x2J .  
S i nce the - B0 and B° are produced togethe r,  the " experimentally" measured mixing 

pa rameter r2 is given by2) , 

r ( B0+B0 ) r C8°+B0 ) + r (So+B° ) r (B0+8° ) 

I n  terms of r and r, 
r2 = [r+ r] /[r+ 1 + rr+ r] 
For BdBd mi xing ,  x<< 1 , 

r2 = x2/ [ 1 +2x2J = x2 . 
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Traditionally r2 is usuall y  wri tten in terms of sums of same sign dileptons 

where one of the two leptons acquired a "wrong" sign due to mixing , divided by 

the total number of dileptons: 
r2 = [ 1+1+ + 1-t-]/[1+1+ + 1+1- + t-t+ + 1-1- ] 

because one hi storically tags the B (nes s )  of a a0 by the sign of the lepton from 

i ts semileptonic decay. Specifically , if we define the S° to be (db ) ,  a0+t+ vX 
and S°+1-vX . However , in the case of B ' s  (unl ike the case for D' s ) ,  wrong sign 

dilepton can arise from the semileptonic decay of the daughter heavy quark ( D' s )  

a s  can be seen from the following decay chain: B°+D++t+ and a0+D-+t- .  Thi s  

compli cation is always present in using lepton sign for B (ness ) tagging , and i s  

minimi zed at different machines b y  restricting the kinematic regions examined to 

favor leptons from direct B semiletponic decays . 

STANDARD MODEL PREDICTIONS 

In the standard model tiM is calculated using " box diagrams" which involve 

K-M matrix elements3 ) . Following Gilman and Hagel in' s notation4 > , we write: 

where nQCD=0 . 85 as calculated by Hagelin3) , f8 is the decay constant of the B ' s  

and a8 parametri zes the l'iB (ness )=2 ampl i tudes . The Vtq ' s  are the quar k-mixing 

matri x elements which in terms of the or iginal K-M angles are given by5 l , 

vud vus 
vcd vcs 
vtd vts 

where c , = cos e, . s , = sin e, etc. 

To obtain xq ( =d , s )  one mul tipl ies the appropr iate tiM with the measured 

l i fetime of the meson. In the following we di scuss the present knowledge of 

some of the quant ities which enter in the expression for xq and how they affect 

the predicted values for the mi xing parameter r2 • 

Masses 

Two kinds of masses enter in the evaluation of xq , that of the decaying 

mesons containing the b quark (M8 • s ) ,  and that of the top quark (Mt ) .  The 

former (which are qu i te well known) enter quadratically in the expression for 

r2 while the latter ( ironically considering its uncertainty )  enters in the 

fourth power . The mass of the Bd is measured by CLEO to be 5. 272 ±0 . 003 . 
Gev6l . The mass difference between a*s and B ' s  was measured by CUSB to be 50±4 



262 

Mev7 > . The mass difference between Bs and Bd can be inferred e i ther by using 

the E i chten-Gottfri e d  mass spl i tting formulae8 )  or taken to be the same as the 

F-D mass difference , both methods give Ms-Md-1 03 MeV . For the mass of the top 

quark , the best at present that one can do is to take the cent ral value f rom the 

40 to 60 GeV range given by UA 1 9 ) . 

Lifetimes 

In the past year the l ifeti me of the Bd has been remeasured by several 

groups . At thi s workshop we heard ove r four new determinations 1 0 l  f rom whi ch 

P .  Cooper has obtained an "on line" ( using my pocket calculator) best fit  of 

'a of 1 . 1 6±0 . 1 8  psec.  Assuming the val i di ty of the spectator model , the 

l ifet ime of the heavy meson cannot depend on the flavor of the l ight spectator 

quark. We thus expect the Bd's and Bs ' s  to have ve ry similar l i fetimes . 

B-Parameter 

While  infinite cont roversy surrounds the cont ri bution of long distance 

effects to the �S=2 ampl itudes paramet ri ze d  by BK
1 1 l , the consensus i s  that due 

to the massiveness of the b-quark the �B ( ness ) =2 ampl itude i s  well represented 

by the vacuum insertion values , i . e .  , Ba= 1 . 

Decay Constants 

In the non relativistic approximation where f8
2= [ 1 2 l w C O l l 2 J/Mb and w ( O )  is  

the wave funct ion at  origin of the bound bq state , the weak decay constant 

fa can be interpreted to give a measure of the s i ze of the B meson1 2) . In the 

same approximation the mass difference between a* and B (hyperfine splitt ing due 

to one gluon exchange ) can be expressed as: �M= [ 32�as l w< oJ l 2J / [ 9MbmqJ 1 3 l . Using 

the measured �M7)  and as
1 4 l  ( - 0 . 2) , and the mq value favored f rom spectator 

model studies 1 5 · 1 6 ) of 1 50 MeV , one find fa to be -200 MeV , a value not very 

different f rom the theo ret i cal estimates obtained using potent ial models ,  QCD 

sum rules and Bag models ( ranging f rom 1 20 to 1 40 Mev1 2 l . One sees that much 

unce rtainty surrounds f8 , as we saw f rom the the discussion at thi s workshop 

whe re we could not even agree on the appropriate value for mq to insert into the 

non relat ivistic f8 formula. 

The decay constant f8 enters to the fourth power in r2 , and is  one of the 

crucial pa rameters to be determined in  the B system . In princi ple one could 

obtain it  f rom measuring the rate of B�Tv whi ch i s  propo rt ional to f8
2 and 

l vub l 2 , thi s rate is expected to be woefully small (=1 0-5 ) .  Leve ille1 7 l , i n  the 

1 982 Moriond Heavy Flavors Workshop ,  had made an estimate of the effects of W 

exchange and gluon enhance d diagrams whi ch cont ribute only to the a0 hadroni c  
decay rate and obtained the result that the ratio of the charged B ' s  to neut ral 

B's semi leptoni c de cay rates is ( f8 in GeV ) :  

BR±/BR0 = [ 1 +2. 2 1 Vub/Vcb l 2+ 1 . 2fa
2J / [ 1 +2. 2 1 Vub/Vcb l 2 J 

F rom our current knowledge of the quark mi xing mat ri x ,  the above expression 
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reduces to BR±/BR0=[ 1 + 1 . 2f8
2J (= 1 . 05 for f8=200 MeV ) .  Therefore I expect that 

this type of meas ur ements will event ually yield a better estimate of f 8 . For the 

present , I will adopt f8= 1 60 MeV for pre dicti ng r2 . 

K-M Matrix Elements 

From i ns pection of the K-M matrix 

l vtb
2v�d

2 1 = 1  (c 1 s2s3-c2c3e io l2 1 l s1 s2 l 2 
= s1

2s2
2 • 

J vtb
2v�s

2 1 = 1  (c 1 s2s3-c2c3e i o )2 j I <c1 s2c3+c2s3e- io l = <s2
2+ s3

2+2s2s3coso ) 

As I reported at last year ' s  Moriond meeting1 8 l the mixing matri x  elements 

can be expresse d i n  terms of the B l i fetime and semileptonic decay parameters as 
J vcb l =  { [ BR (B+Xev ) / ,8 J x [Kcb/ (1 +R8 ) J } 1 12 where 

R8=r (B+Xu�v)/ f (B�Xc�v) and Kcb = (2 . 35 ± 0 . 1 3 ) x 1 0- 1 4  sec from fitting the CUSB 
B a-decay spectrum. Using the world  average val ue for the BR (B+e or µ , vX )  of 

(1 1 . 8±0 . 35±0 . 75 ) % ,  I obtai ned: 

l vcb l 2=(2 . 78±0.1 8 ) x 1 0- 1 5sec/ [ (1 +R8 ) ,8 J ,  

J vub J 2=R8 (1 . 23±0. 09) x 1 0- 1 5sec/ [ (1 +R8 ) ,8 J .  

S i nce s3= 1 Vub l ! s 1 , s3 = [ 3 . 5• 1 0-S sec1 12 J ls1 x [ R8/ (1 +R8 ) ,8 ]=0. 0238 

for T=1 . 1 6  psec , s 1 =0 . 231 ±0. 0031 9  and R8=0. 03 [ the 90%c . 1 .  l 6 , l 8 l ] .  

I 1 2 2 2 2 2 2 . From Vcb = c 1 c2 s3 + s2 c3 +2c1 c2s3s2c3c0 , one obtai ns 
s2= J Vcb l [/(1 -8 . 06R8s0

2 l -2 . 84/R8 c0 J , by us i ng c 1 =0. 9737±0. 002520l . 
I n  f igure 1 we show this relation evaluated for o=O to n ,  the curve i s  for 
R8=0. 03 and i;he l i ne for R8=0 . We note that s2 i s  bounde d between 0. 022 and 

0. 047 for o =0 to about 1 05° and between 0. 047 and 0 . 070 for 0> 1 05°. 

For opt imistic estimates , I use the val ues of s2 and s3 obtained from 

R8=0 . 03 and o=n obta i ni ng J vtb
2v

*
td

2 1 =2 . 6x 1 0-4 and l vtb
2v

*
ts

2 1 =2. 1 x 1 0-4 • Note 
that the latter is =8 times larger than the former . 

D2 

0
o m � oo OO �O �O �O IBO IOO 

8 

Figure 1 s2 vs o ,  the allowed region i s  shade d. 

Predi cted Mixing Parameters 

In s ummary , xq=770 x (f8/0. 1 6) 2 (B8/1 ) 2 (Mt/ 45 ) (t8/ 1 . 1 6 l l Vtb
2v

*
tq

2 J and 
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For Bd : xd=0. 2; rd=0. 02; r2 , d=0. 04. 

For Bs : xs= 1 . 66; rs=0. 58; r2 , s=0. 58. 

Note that mi xing in  the Bs is at least 15 times larger than in the Bd system. 

Non-standard models ,  for ex. Gronau and Schechter 21 l • s , allow for the 

possibil ity that xd= 1 , hence rd=0. 33 and r 2 , d=0. 38. 

The above val ues of r ' s  are der ived us ing the relat ionship between r and x 

which only apply to B0B° produced in an odd L state , as for example in T ( 4S )  

decays where n o  B* • s  are produced. B igi and Sanda22l noted (and L.  Wolfenstein 

clar ified for me ) that when the B pairs are in an even L state , 

r= [ 3x2+x4 J l [ 2+x2+x 4J , yielding: rd , even=0. 06 , three time larger than for the 

odd L case. 

One does not gain much us ing Bs 
* • s  because rs was so large to begin with,  

i . e .  rs , even=0. 67 (as compared to 0. 58) . 

The B pair  would be in an even L state if they are produced near a B*B ( or 

BB* l threshold where the B* decays into a Y and the ground state B meson , at 

higher energies all partial waves enter and the enhancement d ue to the L-even 

states is d i l uted. Therefore exper imentally one searches for evidence of the 
* onset of B production and hope that the cross sect ion is fortuitously large. 

B0B° MI XING AT B FACTORIES 

Present Status 

Two accelerators in ·the world today , CESR and DORIS , are dubbed 

B-factories , not because they produce the most B ' s ,  but because they prod uce 
mos tly B ' s. CLEO has detected 1 62 known sign dilepton pairs out of =50 , 000 

produced BB pairs. They determine the amount of mixing by dividing the number 

of same sign dileptons by the total dilepton count 23l . They see 34 l i ke sign 

dileptons which can be fully accounted from parallel and cascade decays. The 

interpretation of these results depends on the ratio of the l i fetimes of the 

ne utral and charged B ' s  ( present l imi ts are 0 .25  to 2. 9 )  and on their relative 

production in T ( 4S )  decays. Assuming 6 : 4  production CLEO obtains -2. 6±4. 6 

excess same sign dileptons , or less than 6. 1 at 90% confidence level . For equal 
semileptoni c BR' s ,  the 90% c. 1 . upper l imit is  =30% , for l i fetime ratios 

( B0/B ±) less than 0. 58 they can not rule o ut complete mi xing. 
F uture Prospects 

The above i l l us trates the difficulties i nvolved in  measuring BB mixing 

using the dilepton method at the T ( 4S ) .  The r esonant cross section there i s  

= 1  nb ,  whi ch i s  some 30% o f  the total hadroni c  cross section. N o  B* s are 
produced24l , and only about forty percent of the B pairs produced are neutral . 

Therefore one is trying to measure a ( 2-4 ) %  mi xing effect from 1 5% of the 



hadronic events . One poss ible tack is 

to hunt for possible sources of 

resonant B* and/or Bs product ion . 

F igure 2 shows the CUSB scan at CESR 

above the T ( 4S )  r egion25) . The top 

f igure shows Rvisible for all hadronic 

events , the bottom figure i s  Rvis for 

events which passed a thrust cut , note 

the suppressed zero in both figures . 

Both show compl icated structures , 

whi ch survive the thrust cut ( BB 

events are less " thrusty" than 

cont inuum events ) and therefore are 

r esonance associated . The tall peak 

on the left of the figures is the 
T ( 4S ) , which l ies below the 

B* product ion threshold24 l . S ince the 

mass difference between B and B* is 

=50 MeV and the mass di fference 

between the strange and normal B ' s  are 

expected to be =1 00 MeV ( see sect ion 

on masses ) , 6 thresholds ( indicated by 

arrows in figure 4 ) : Bd (u )Bd (u ) ' 
-* * -* -

Bd (u )B d (u ) • B d ( u )B d (u ) • BSBS , 
* - * --* B SBS , B SB S ' occur wi thin the w 

range of 1 0 . 55 and 1 0 . 85 GeV . 

Furthermor e ,  all potential 

models2 6 )  indicate that three higher T 
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resonances , T ( 4S ) , T ( 5S) and T ( 6S) are 3.0 

expected to be present in the W range 

1 0 . 5  to 1 1 . 5 GeV . The question is 

whether one is fortunate enough to 

have the resonance poles and the 

thresholds r elated in such a way as to 

have strongly enhanced product ion of 

s pecific decay channels , as for ex . 

in the case of the T ( 4S )  decaying 

exclusi vely into Bd (u )Bd (u ) ' s .  

CUSB has performed an analysis  of 

their data by performing a coupled 
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F igure 3 CUSS Computation 

superimposed over data . 
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channel calculation using the E ichten et a127) potential model , assuming only 

four T (nS ) states and the six thresholds . In figure 3 the CUSB computed curve 

is shown superimposed over their data , the agreement between them is remarkable , 

espec iall y  considering the simpl ifying assumptions made . In the top half of 

figure 4 the separate contribution from each T resonance is shown . Note that 

aside from the major peak the T ( 4S )  has two secondary peaks due to the opening 
-l! * -l! 

of the Bd ( u )B d (u )  and B d (u )B d (c )  channels .  What is not shown i s  that i n  

fact the T ( 4S)+Bd (u )
B

d (u )  ampl itude i s  negl igible for W= l0 . 62 to 1 0 . 73 GeV . 

Therefore at W=l0. 62 GeV , at the f irst secondary peak of the T ( 4S ) , the BdBd are 

produced only in an L=even state (thus the mi xing effect is expected to be three 

times larger ) .  However , at 1 0 . 62 GeV , the resonant cross sect ion is = 1 /5th of 

that at the T ( 4S )  peak , or =6% of the total hadronic cross secti on .  Therefore 

it is not clear that one would lose rather than gain by running at the tail 

rather than on peak of the T ( 4S ) . 
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A more promising prospect is to look for Bs production .  The CUSB 

decomposi tion (shown in the bottom half of f igure 4) indicates that 1 /4 of the 

total resonant cross section above =1 0 . 8  GeV results in Bs ' s .  I n  particular , 

the narrow peak of the T ( 5S)  is apparently due to the B*
sB"s decay channel ( see 

figure 5 bottom) and whose cross section is = 1 /8th that of the T ( 4S)  peak (see 

f igure 5, top ) . S ince r2 , s  is at least 1 5x larger than r 2 , d , one could 

conce i vably try to measure mi xing at T ( 5S)  peak . I t  is still a very difficul t 

experiment because while the expected mixing is = 1 00% , only ( 2- 3 ) %  of the total 

hadronic events produced at that energy decays into the desired channels (states 

containing BsBs ' s ) .  

Using Tagged B ' s  
S ince the dilepton method i s  particularly vulnerable to backgrounds of 

wrong sign leptons from non mixing sources , despite the notorious difficulty in 

reconstructing B ' s ,  we consider the advantage o f  using B (ness ) tagged events in 

mi xing measurements . This method has been used extensively in the D0D° mixing 

searches . I deally , one full y  reconstructs one of the B ' s  through its hadronic 

decay modes , ( say it is a B0) , then one can predict the sign of the lepton (or 

kaon) in the decay of its partner (the 8° ) and check whether it has undergone 

(CP)  change . At the T ( 4S) , one further gains using reconstructed B ' s  since one 

removes cont inuum D events which are 60% of all D' s ,  and one removes charged B 

pairs which are =60% of all B pairs . The signal to background ratio from using 

the two methods are summari zed below . 

Table Maximal mixing signal : Number of events per T ( 4S) decay.  

Method Signal Background/Signal 

dielectron , Ee> 1 GeV 1 0-2 1 30 % 
di  electron , Ee> 1 . 5 GeV 4 x 1 o-3 55 % 

dilepton, Ei> 1 GeV 4 x 1 0-2 1 �  % 

dilepton , Ei> 1 . 5 GeV 1 . 6x 1 0-4 37 % 
tagged B ,  Ei> 1 GeV 3 . 3 x 1 0-2x E  8 % 
tagged B ,  Ei> 1 . 5 GeV 2 . 1 x 1 0-2 x E  2 % 

------------------------------------------------------------ -----------

E = B reconstruct ion eff iciency 

We can make an estimate of how many events one could collect per year . 

CESR now del ivers > 1 pb- 1 / day with three bunches in the ring. With the 

ant icipated machine upgrade of going to 7 bunches and implement ing µbeta 

insert ions , CESR expects to del iver =3-5 pb- 1 /day. The branching ratio of 
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B ' s�decay modes wi thout v ' s is approximately 48% . Thus one expects ( 0 . 7to 

1 . 5 ) x 1 06x E  reconstructed B-mesons per year . The question is what i s  E? CLEO, 

using only low multipl icity,  charged f inal states and the "M (D11 ) -M (D* )11 tri c k ,  

achieves a n  E o f  0 . 03%28) . Mark I I I , using full particle ident ification and high 

multi plicity f inal states , achieves an E for D reconstruct ion of �1 0%29) . At 

CESR , if one had superb low energy photon energy resolut ion , one could also add 

the "M(DY)-M(D )"  trick . Therefore , despi te the higher B multipl icity ,  with an 

ideal detector at CESR one may reach B reconstruction efficiencies of the order 

of 3% to 1 0% ,  yielding 50 , 000 to 1 50 , 000 reconstructed B ' s  per year ! 

What are the requirements for such an ideal detector? In track1ng it must 

have high efficiency and high resolution over 411 sol id angl e ,  which impl ies a 

superb central drift chamber . In electromagnetic calorimetry it must have high 

efficiency , excellent energy resolution over a wide range of photon energies , 

and complete 411 coverage , which implies it must res ide inside the magnetic coi l . 

In particle identification it must have full 11/K separation up to 2 . 5  GeV . A 
detector which purports to fulfill these requirements is being designed and 

constructed at CESR .  It is called CLEO-II .  The em calor imetry is done with $1 5 

Mill ion of Cesium Iodide crystals surrounding time of flight counters , central 

trackers , encased wi thin a superconducting magnetic coil 30) . 

A real istic forecast for 1 988 is to use a reconstruction effi ciency of 2% 

during CLEO-II ' s  learning per iod , and an integrated luminosi ty of 5000 pb-1  for 
the f irst year (or 1 07 BB events ) .  Then 80 , 000 neutral B ' s  will have been 

reconstructed , half of which will have a charged K, 22% of these will have the B 

partner decaying semileptonically.  In summary ,  we expect 8 , 800 reconstructed 

neutral B ' s  wi th K± and the ir B partner decaying semileptonically with Ei> 1  GeV , 

which for 1 00% mi xing would yield 4 , 400 events , or some 90 wrong sign K-� final 

states (with some seven background events ) for 2% mixing. This would certainly 

consti tutes a definit ive measurement .  

BOB° MIXING A T  OTHER MACHINES 

I .  At H igher Energy e+e- Machines 

A new trick suggested by R. Barlow31 )  at this workshop is to supplement the 

dilepton method at high energy e+e- machines such as LEP and SLC by measuring 
the deviation of the observed asymmetry from the one predicted by 

Glashow-Weinberg-Salem and attributing it to mi xing. My question is if such a 

deviation were found , would the interpretation be uni que? It would be an 

interesting resul t in any cas e .  

I I .  A T  TEV-I , TEV-I I ,  • • • • .  ssc 
TEV-II 
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At TEV-I I there is  certainly no di rth of B product ion . In fact it is a 

true B-factory . The problem is ident ifying the B ' s  amongst the infinite number 

of other parti cles produced . One needs a good fast trigger , precise vertex 

reconstruction , short dead time and the ability to accept high incident flux 

[ = 1 06/sec] in the detector . One prototype of such a design which capi tal izes on 

the relatively long B l i fet ime is descr i bed to me by Jean Slaughter 32) . Thi s  

design proposes their high resolution streamer chamber as the vertex detector 

( i t  has enough length for tracks to separate so one could reconstruct vertices ) ,  

to be followed by a magnet then by TRD' s and em calorimetry. The trigger (TRD) 

ask for pT>1 GeV , tracks are then searched for i n  the calor imeter . They assume 

50 nb B production cross sect ion at 800 GeV , for a 1 000 hour run will  obtain 

21 8 BB tri ggered hologram pictures . While  it  would not be sufficient to measure 

mi xing , a second generation exper iment of this type seem hopeful . 

TEV-II 

J .  Rosner33 ) has computed the ( pp+QQ+other parti cles ) cross sect ion at pp 

coll iders . The rates are reasonable to consider measur ing BB mi xing at TEV-I . 

In the following we di scuss a prototype set up des igned by P .  Franzini 34 l  

within the DO calor imeter35)  which is  not in  the original proposal but could be 

added on later . At TEV-I ,  Is= 2 TeV , cr (bb)=0 . 25 µb . Assuming a luminosity of 

1 03°1sec/ cm2 this impl ies =20 , 000 BB/day .  In the rapidity range I Ybt l < 1 . 5  and 

for Pt ( b ) >1 5  GeV , one can collect =300 dimuons from BB semileptonic decay ,  or 

30 , 000 µµ ' s/ 1 00 days at full TEV-I luminos ity. YcT= 1 mm , therefore we assume a 

vertex detector with vertex resolut ion =50µm (or 1 5µ in space ) .  Impos ing that 
the two B decay lengths each be greater than 200 µ and that they be azimuthally 

separated by 45° ( cleanl iness cuts ) reduces the above numbers to =5000 µµ 

events/run. 

The event i dent if icat ion would r equire :  a) two vertices , b) two muons 

identified by eight dE/dx measurements in 6-8 nuclear interaction lengths of 

uran ium l i quid  argbn calorimeter , c )  two muons with distinct vert ices , d )  two 

well measured momenta in magnetized iron . The backgrounds which come from 

sequential decays , punch through from fast prompt pions ( =0 . 3% in DO ) are 

r emoved by vertex association . Stat istical analyses used to i solate the BB 

signal ( Pt to B di rection cut s )  will di lute some the measurement , mi xing to a 

few per cent is detectable .  

SSC 

As long as one is crystal gazing ,  it should be mentioned that at high 

energies BB mixing can be measured , in pr inciple , considerably better at the SSC 

using a dedicated detector for this purpose.  One  such prototype 

design36 l  involves a two armed spectrometer , each arm containing vertex 

tracking , TRD' s for electron ident ification and trigger , followed by tracking 
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chambers and calor imetry . One sure forecast i s  that we won' t hear results from 

them at Morion 1 98 9 .  

CONCLUSIONS AND EXHORTATIONS 

The obv ious conclusion is that def initive BB mi xing measurements are 

d i fficul t  because of the smallness of the expected effect . Nevertheless , the 

experiments should be done not only " because it COULD BE there ! " ,  but one could 

also be lucky and find a large effect and go beyond the "standard model" . At 

the very leas t , this provides a new way to measure fB . Moreover , CP v iolation 

effects are expected to be on the order of 1 0-4 , 1 0-5 from virtual transitions 

in both the Bd and Bs systems . One has to go to exclus i ve channels (on mass 

shell , B0!s0�f+X processes where f is a common final state for Bo and 8° and X 

s tands for other parti cles ) 22l to perhaps detect CP v i olat ion . Therefore the 

more practice one has in reconstructi ng B ' s ,  the better the future prospects . 

Therefor e ,  Good l uc k  to CLEO and ARGUS , and Good Hunting to Everybody.  
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We summarize the constraints for the mixing angles and the GP-violating 
phase and discuss their implications for the e: •  /£ ratio, which is at the 
edge of the KM model prediction. The extension to an eight quark model 
is briefly discussed. 
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Basic Constraints 

During the past two years considerable progress was made in the deter­

mination of the charged current couplings . In fact the accumulated infor­
mation allows us to pose precise questions on the origin of the mixing 

angles and CP non-conservation of K0 and other meson decays . 

In the standard model the couplings are defined by the equation 

ijiu V 'I'd cii ;; t]L r vud v vub 

[: 
L KM L us 

I 
vcd v vcb ( 1 ) I t cs 

I vtd vts vtb L L 
The determination of the above matrix elements draws from many experiments 

described below. 

1 ) From beta decay one determines the ratio 

(G
v

/G l = I v d i { 1 + oR} µ exp u ( 2 )  

where GV is the vector coupling occuring in O+ ->- 0+ transitions , and Gµ the 

Fermi coupling constant measured in µ-decay. The quantity oR represents 
the radiative corrections whose contributions are essential . The most accu­

rate values come from the ft-values of At26 and 014 • The average value1 ) 

over many nuclei is 

o. 9733 ± 0.0024 (3 ) 

2) From strange particle decays there are two independent determinations 

of Vus The first is from K ->- nev where only the vector current contri­
butes.  An extensive study of this process gives the value2 • 3 )  

[ vus l = 0. 220 ± 0 .002 (4 ) 

An alternative determination of Vus is fran hyperon decays . Here there are 

many decays , the range of extrapolation in q2 is smaller, but there are 

contributions from vector and axial couplings . The experimental colleagues 
have done a x2-fit of their data and obtained4) the very precise value 
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l vus l = 0 . 2 3 1  ± 0. 003 (5 ) 

Obviously with the small errors, equations ( 4 )  and ( 5 ) are not compatible. 
At the moment it is hard to pinpoint the origin of this difference, but 
for lack of better ideas I shall use a range of values 

(6) 

which spans both reactions. Future analyses must also include new results 

on neutron life-time and l:- + n + e + v decay. 5 ) 

3) Results on the B-meson decays provided a crucial link by measuring the 
absolute value of the Vcb element. The weighted average of the data pre­
sented at this workshop is6) 

- 1 2  ' s  = ( 1 . 20 ± 0. 1 7 )  x 10 sec 

and the branching ratios 

Br (b + uev) :; o . o4 CLE07 ) 
Br (b + cev) 

:> 0. 045 CUSBB) 

giving a ratio for the matrix elements lvub j 
vcb [ 

:; 0 . 1 4  

The absolute value of the element is determined from the decay rate (or 
together with studies of the leptonic spectrum) 

( 7 )  

(8 )  

(9) 

I v cb I = 0 . 053 ± 0 . 004 (10)  

There is some theoretical uncertainty on this value coming from corrections 
to the decay formulas and this could bring the total error to 1 5 % .  Evi­
dently the percentage error in Vbc is considerably bigger than in the pre­
vious two elements . 

The results in equs . ( 3 ) , (6) , (9 )  and ( 10) together with the unita­
rity of the KM matrix restrict all elements as follows 
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I o. 973 ± 0 . 002 0. 226 ± 0 . 009 

-o. 226 ± 0 . 00 9  0 . 05 3  ± 0 . 004 

Two other elements were independently determined in neutrino experi­

ments9 ,  1 ,  1 0 )  

0 . 25 ± 0 . 04 

0. 9 ± 0 . 1 

( 1 1 )  

( 1 2 ) 

and are consistent with the values given in eq. ( 1 1 ) . Finally the values 

for Vud ' Vus ' Vub and Vcb do not use the unitarity of the KM matrix and 

they are useful in models with more quarks where the matrices are larger. 

I must also admit that I have been more conservative on the errors than 

other authors ,  but even the larger errors do not crucially affect the rest 

of the article . 

The mixing matrix can be parametrized in terms of three angles , the 

real parameters of 0 ( 3 ) , and a phase factor which cannot be eliminated by 

redefining the phases of the quarks fields or the overall phase of the 

amplitud�s .  The angles generalize the Cabibbo angle and the phase produces 

CP non-conservation in several processes. Kobayashi and Maskawa 1 1 )  were 

the first to make this observation in the standard mode l .  

There are several parametrizations o f  the flavor mixing matrix. Some 

authors prefer to use the original parametrization of Kobayashi-Maskawa ,1 1 )  

others pr'efer a form introduced by Maiani 1 2 ) and still others a form intro­

duced by Wolfenstein. 1 3 )  The physics of course remains the same no matter 

which parametrization is used. Each of the parametrizations has its advan­

tages .  For instance the matrix introduced by Wolfenstein expands the matrix 

elements in terms of a small parameter A = sin8 c and determines the remaining 

structure by the unitary nature of the matrix, but at this time there is 

no deeper theoretical understanding on the origin of a small expansion 

parameter. Maiani ' s  parametrization has the advantage that it is easy to 

incorporate the experimental results in equ. ( 1 1 ) . The small values of the 

off-diagonal elements justify a small angle approximation where the matrix 

takes the form 
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case sine 8 

-ySe i o  -sine io ( 1 3 )  VKM C
e ye 

- S+yee -io -se-e -io 
y 

with I s l : l vub j and I Y J : l vcb l · The experimental results are now summa­

rized by the relations
1 4 ) 

sine c 0 . 226 ± 0 . 009 

0 . 049 s y s 0 . 057 

8 s 0 . 008 

( 1 4 )  

Since phases are important for the rest of this article I discuss them 

in some detai l .  It is possible to change the phase of the elements in 

eq. ( 1 3 )  by redefining the phases of the quark field s .  For instance , 1 4bl 

-u d - - - -io �L VKM �L : [u c te ] sinS 

cosS 

ia -see -y 

-io 
Se 

y 

d 

s ( 1 5 )  

This change modifies the phases o f  the decay amplitudes and o f  the mass 

matrices, but physical observables are invariant to these changes . In fact, 

we need two measurements in order to determine if CP violation originates 

in the mass matrix or the decay amplitude . 

Once a phase convention is adopted we can trace its effects through 

Feynman diagram and determine the imaginary parts of amplitudes. Finally, 

one of the phases in the problem can be identified with the overall phase 

of the hadronic states, i . e . ,  we can use ! K0> and I K0> or new states de­

fined through a U ( l )  transformation 

Later on, we shall find these properties useful in discussing the K0 
system. 

( 1 6 )  
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Constraints from the K-mesons 

The results summarized in eqs . ( 1 4 )  are incomplete in two respects 
(i) the angle S is not bounded from below and 

(ii)  there are no limitations on the phase 6 .  
In order to limit these parameters it i s  necessary to consider the CP­
violating parameters of the K0 system. The mass difference �M = M -M 1 5)  Ks Kr. 
will not be used because as demonstrated by several authors it re-
ceives a substantial contribution from long distances and we do not know 
for sure which fraction of the mass difference can be attributed to the 
box diagrams . 

The g parameter, however ,  which measures the deviation of KS and KL 
from CP eigenstates ,  originates from diagrams where W ' s  and heavy quarks 
(charm and top) are exchanged and a short distance dominance is very plau­
sible . The off diagonal elements of the mass matrix acquire an imaginary 
part with 

( 1 7 )  

Since the first row o f  ( 1 3 )  is real an imaginary part for the disper­
sive part of the mass matrix is produced from couplings to heavy quarks .  
They can come either from the box diagrams (fig . 1 )  or from Penguin like 
diagrams ( fig . 2 ) . 

s d s d 

-1�1 l:J 
a 

F ig . 1 F ig . Z  

Box Diagrams Penguin Diagrams 



The effect of the Penguin diagrams is relevant to the discussion of the 

£ ' -parameter . They can also occur in the decays 
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K + 211" ( 18 )  

where lonq distance contributions are also important. Their effect to 1 £ 1 is 

an overall phase � ·  which can be eliminated by a U ( l )  transformation de­

fined in equ. ( 1 6 )  • Then 

ImM1 2  1 
(M M > + 0 < 1s. s £ ' /£ ) 

L- S exp 
( 1 9 )  

The last term, i n  view o f  the experimental value reported for £ ' /£ , is 

small and will be neglected . The term ImM1 2  comes from the box diagrams 

with the formula 

121 £ 1 .. 

2 + m  c 

x 

giving an accurate approximation for mt � 60 GeV and with 

(20) 

Most of the terms in this expression were already defined , except for BK 
which is defined in terms of the matrix element 

( 2 1 )  

T]�s are QCD correction factors . Given that the mass mt i s  between 40 and 

60 GeV we can limit the ranges of the other parameters . Fig. 3 shows the 

range of BK which is allowed by the data. Alternatively, if we select 

values for mt = 40 and y = 0 . 057 , as suggested by the data , and set BK = 1 ,  
then S = l vub [ and o are restricted to lie in the shaded region of fig. 4 .  
Obviously for S = [ vub l = O there i s  no CP violation . When the BK factor 
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is decreased, the Shaded area moves upwards. We shall use these regions 
later for the predictions of E ' / E .  It is also evident that the main uncer­
tainty is the BK factor for which I refer to other theoretical talks. 16) 

Recent results 

In the decays 

(22) 

the final states can have isospin zero or two and the transition amplitudes 
are denoted by A0 and A2 • When CP is conserved a relative phase between 
the amplitudes is produced by final state interactions through the phase 
shifts o0 and o2 • Using again the U ( l )  transformation of equ. ( 16 ) we can 
make the A0 amplitude real , then CP-violation is controlled by the para­
meter 

e: '  - i 
Im:2 ei ( o2-oo) 

0 
( 23 ) 

This parameter is obtained from the measurable quantities n+- and n00 de­

fined as 

n -
<11+11- 1 IK1,> £ + e:: ' + (smaller) +- <11+11- 1 I Ks> terms 

n -
<110110 1 I�? E - E '  + (smaller) 00 <7ro'ITo l I Ks> terms 

Two measurements were reported at this Workshop 

E '  /E = -0 . 0046 ± 0 . 002 4 (syst. ) ± 0 . 0053 (stat. ) 
(Chicago-SaclayJ 17 ) 

e: ' /E = +o . 00 1 7 ± 0. 0084 (stat. + syst. ) 
(Yale-BNLJ 18) 

( 24) 

(25) 

( 26 ) 

Evidently these measurements are consistent with zero ( superweak theory) 
or small positive or negative values.  
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Beyond the final state interactions a relative phase between A0 and A2 
is produced by the Penguin diagrams (fig. 2 ) . As discussed at the end of 
the first section the phase occurs in diagrams with heavy intermediate 

states where a short distance expansion is justified . It is generally 

accepted that the Penguin diagrams are enhanced19) relative to other dia­
grams and was also argued20) that the value for E ' /E should be large and 
measurable . In the Wu-Yang convension the phase is transfered into the A2 
amplitude by applying the U ( l )  transformation already mentioned . Then 

A is real 0 

E ' /E - 15 . 5� 

and (27 ) 

This much is general. In the rest of this section I will describe the re­
sults of computing the penguin diagrams for 3 and 4 generations and then 
compare their predictions . 

The extension to more generations introduces in fig. 2 additional 
heavy quarks in the intermediate state . The heavy quarks decouple and their 

end effect is to modify the structure of the charged current coupling by 

introducing additional angles . For instance, the final expression2 1� with 
the standard assumptions, is 

1 . 4 GeV3 
(28)  

The angles S,  y and the phase o
1 

are those used earlier . The new angles cr ,  
T and the phase o2 are new angles21 ' 22)  introduced by the new generation. 
Finally, the dominant operator is 

(29) 

with indices a and S denoting color and the subscripts (V-A) and (V+A) the 
chiral structure of the operators .  A major uncertainty is still the value 
of the matrix element for this operator. 

In the limit cr = T = o the fourth generation decouples and equ. (28)  

reduces to the standard result. When the sign of the matrix element is cho­
sen such that it constructively interferes with the rest of the �I = 1/2 
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amplitude ( AI = 1/2 enhancement) , then E ' /E is positive. The matrix element 
is calculated either by a vacuum insertion method or by a combination of 
current algebra and the bag mode l .  For the value 

( 30) 

the present ranges of S , y  and o 1 restrict the ratio as follows 

0 . 008 < E ' /E < 0 . 0 1 2  ( 3 1 ) 

It has been pointed out2 3 ) , however ,  that the recent calculations allow 
values for the matrix element smaller by a factor of three . In addition 
factorization gives24 ) a similar result. Thus I believe that the lower 
bound 

0 . 002 < E ' /E ( 3 2 )  

is more realistic . 

In four generations there are three more mixing angles and two new 
phase s .  We studied2 1 ) this model with the intent not to derive bounds for 
the mixing angles, but rather to find some typical solutions characterizing 
the different predictions for E ' /E .  We found solutions which satisfy all 
previous constraints and in addition the predictions for s ' /s are in the 
range of the measurements in equ. (26) . Whereas s ' /s is positive definite 
in the six quark model ,  the eight quark model can account for negative 
values and should be considered seriously if the experimental value for 
s ' /s is restricted to lie below the bound in equ . ( 3 2 ) . 

Outlook 

In the Moriond meeting in 1 980 Jim Cronin asked which measurements 
were useful order to determine the elements of the Kobayashi-Maskawa 
matrix . The answer at that meeting was25 ) 

"A crucial input, which is still 
missing , is the absolute normalization of a matrix element in the second 
or third row of VKM. Two measurements are very relevant to the determina­
tion of the angles in the charged currents . The first involves the decay 
chain of the b-quark : Which decay is the dominant 

b + c or b + u  and by how much? 
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The second concerns the mixing phenomena of states with heavy quark s ,  like 

o0-ri°, Bd-iid and Bs-iis . "  We saw in this Workshop that some of these goals 

have been achieved and the KM-matrix is precisely known , except for a lower 

bound of the Vub element whose importance can not be overestimated . 

Today we are in a position to pose precise questions . The following 

is a shopping list to occupy us for the next few years 

i) It is very likely that theorists will obtain better estimates of matrix 

elements quadrilinear in the fermion fie lds , like BK and Q
6

• Such an 

advancement will make a precise measurement of E 1 /E even more imper-

tant. 

i i )  A measurement of l vub l = S is important because a zero value implies 

that CF-violation in the KM model is excluded . 

iii) We need better identification of Bd and Bs decays , as well as their 

decay properties, 26) mixing properties, time development and CP-viola-

tion . 

iv) A magnitude of Vtb less than one requires additional quarks . 

v) The easiest search for a fourth generation is a heavy lepton26 ) with 

mass "' 60 GeV . 

Finally we need a deeper theoretical understanding for the origin of too 

fermion mass matrices ,  which in turn determine the quark masses and mixing 

angle s .  
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Fig. 3 :  Allowed range for BK as a function of mt . 

Fig. 4 :  Allowed ranges for the angles S and c for y 
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THE NEUTRON ELECTRIC DIPOLE MOMENT IN THE STANDARD MODEL 

J .  0 .  Eeg 
Institute of Physics , University of Oslo 

I give a short review of Neutron Electric dipole calcula­
tions based on the assumption that the only source of CP­
violation is the Kobayashi-Maskawa phase . The numerical esti­
mates for the biggest contributions are in the range c io-32 
to 10-30) e · cm ,  depending on quark model parameters . 
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1 .  Introduction. I will give a short review of calculations on the Neutron 

Electric Dipole Moment (NEDM - or "DEMON") in the Standard Model . That is , it 

is assumed that the only source of GP-violation is the Kobayashi-Maskawa (KM) l )  

pha s e .  Results o n  experiments and more exotic GP-violating models are covered 

by other speakers . 

At three level fermions do not have electric dipole moments (EDM) . But 

higher order diagrams in electroweak theory generate a GP-violating piece of 

the electromagnetic current for the neutron 

( 1 )  

where Dn is the NEDM and ljin the Dirac-field for the neutron . Within the 

KM-model l )  contributions to NEDM always have the form 

( 2) 

where e is the electric charge , GF the Fermi coupling constant , and 

(3) 

In ( 3) Si = sin6i and Ci = cosei , ei ; i  = 1 , 2 , 3  being the generalized 

Gabbibo angles of the KM-model .  o is the KM phase angl e .  D
n in ( 2) has dimen­

sion mass in third power and is otherwise dependent on the specific mechanism 

for NEDM . The results obtained for the biggest contributions are of order 

I 3i_ I - 10-32 to 10-30 ( 4) e · cm 

depending on the specific choice of quark model with appurtenant parameters . 

(4) corresponds to io-16 to io-18 in Bohr magnetons . 

There are in general two main mechanisms for NEDM : a) An EDM for a single 

quark can be generated through higher loop diagrams in electroweak interactions . 

b) The NEDM can be generated by interplay of two or more quarks in the neutron. 

In the following a brief survey of quark diagrams for NEDM and the corresponding 

estimates will be given. 

2 .  EDM for a single quark . Typical lowest order loop diagrams generating an 

EDM of a single quark are shown in Fig . 1 (Note that one loop diagrams for 

diagonal transitions like d _,. yd and u _,. yu are not GP-violating) . While 

individual diagrams of this type give Z ) contributions to NEDM of order i o - 3 1  
(- in the units of eq. 4 - )  , it was  later shown 3 ) that the sum of all pure 
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electroweak diagrams ( like Fig . l a )  is zero . With a gluon interaction added as 
in Fig . lb , one obtains 4) 

a 
D - e G 2 F m ( c )  s 

n F KM u , d  7l" 
m 4 ttJ (5 ) 

where m (c)  denotes the constituent quark mass for u- and d-quarks , and as is u , d  
the strong coupling constant . m 4  symbolizes a product ( o f  fourth order) of q 
quark masses involving GIM factors like (m� - m�) and (� - m2s ) .  Numerically 
one finds from (5 ) a NEDM of order 10- 34 in the same unit as in (4 ) . This is 
far below the experimental l imit - 10- 2 5 .  

u. 
w 
( a.) 

u. 

( b )  
Fig . 1 .  Electric dipole moment of a single quark . (a)  Pure 

electroweak diagram . (b ) Same diagram as la with 
gluon interaction added.  

3 . NEDM due to electroweak interplay of two or three quarks in the neutron . The 
NEDM can also be generated by a non-diagonal one-loop CP-violating electroweak 
transition , d 7 ys say ,  combined with W-exchange between two quarks , as visual­
ized in Fig . 2a . This mechanism has  been considered by several authors 5 , 6 , 7 ) , 
and the numbers ob"tained are in the range 10-32 to 10-34 depending on the 
assumptions . Interpreting the quark diagram in Fig . 2a as a pole diagram on 
baryon leve l ,  as in Fig . 2b, one finds an exp ress ion for the NEDM of the form7 ) 

D - e n 
m � 1 � (0)1 2 (QMP) l , 

Fig . 2 .  ( a )  NEDM generated by a d 7 ys loop combined with 
W-exchange between two quark lines . (b) Same diagram 
as in 2a intepreted as a pole diagram on baryon leve l . 

(6 ) 
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where t.M is the strange to non-strange baryon mass difference , j�(O) l 2  is the 
square of the wave function at the origin , and (QMP) 1 symbolizes quark model 
parameters . 10-34 seems to be 6 • 7 ) the best estimate obtained for NEDM within 
the mechanism shown in Fig . 2 .  

LI. +-------'---.--+-d. w w 

(o.) (b) 
F i g .  3 . Diagram f o r  NEDM due t o  interplay of three quarks 

in the neutron. (a)  On quark level . (b) Intepreted 
as a pole diagram on baryon leve l .  The cross within 
the circle ( square) represents the penguin interac­
tion (ordinary W exchange) .  

Then it was realized 8 , 9 )  that if the y in Fig . Za is replaced by a 
virtual gluon (G) (subsequently attached to another quark line ) , thus making a 
penguin diagram , one gains a factor - 102 to 103 . The y has then to be emitted 
from another quark line , l i ke in Fig . 3a .  Intepreting this quark diagram in 
terms of baryon poles , as  in Fig . 3b , one obtains8) 

( 7 )  

where (QMP) 2 is a factor containing quark model parameters . (Note that i n  order 
to obtain a NEDM , one of the intermediate strange baryons must be a negative 
parity resonance ) .  From (7 ) Gavela et a l . 8) made the estimate 10-3 1  to lo-3° 
for NEDM , which is the biggest one obtained within the KM-model .  One should 
note that two loop diagrams for ud -> duy of the type in Fig . 4a are partly 
included in (7 ) .  Namely , when the horizontal intermediate quark lines in Fig . 
4a have quark momenta � 1 GeV , Fig . 4a can be intepreted as a pole diagram as 
in Fig . 3b .  

The diagram in Fig . 4a can also be intepreted as an ordinary Feynman dia­
gram potentially containing short distance effects lO) . The horizontal quark 
lines in the box loop are then expected to have quark momenta between - 1 GeV 
and Mw before the GIM-mechanism is taken into a ccount . Considering CF-violating 
Feynman diagrams for ud -> duy, y can also be emitted inside the penguin loop 
in Fig . 4b 3 , lO , l l l . Elementary processes like d ->  q ' yG ( q ' =  s ,b )  and u ->  qyG 
(q = c ,  t) we have baptized "photopenguin" lO) . They can in the limit Mw -> oo 



(b) 
Fig . 4 .  Two loop Feyman diagrams for NEDM due to interplay 

of two quarks in the neutron . (a ) Containing an ordinary 
penguin loop . (b ) Containing a photopenguin loop . Note 
that also ( s , b )  quarks can enter the (photo)penguin loop 
and ( c , t) quarks the upper part of the box loop . 
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be represented by the triangle diagram 12) . One must also take into account 
diagrams like those in Fig . 4 ,  but with crossed gluon ( G) and W lines . These 
latter diagrams can not be intepreted in terms of baryon poles like in Fig . 2b 
and 3b . The sum of a l l  Feynman two loop diagrams for ud 7 duy can be written 
as a CP-violating effective interaction which gives a contribution to NEDM of 
the form lO) 

D - e n G 2 F as n ( �2 ) F KM �  ""n ffi'Z c 1Bag ' (8)  

where IBag is an integral over b a g  wave functions corresponding t o  the 
hadronic quantity 1 �(0) 1 2  in (6)  and ( 7 ) . For individual diagrams , 
Qn(�2/mq2 ) terms a re p resent . But after the two - fold GIM-mechanism (- one in 
the box - and one in the penguin loop) has been taken into account , we are left 
with contributions - Qn(mb 2 /me 2 ) which we call  "relics of short distance 
effects" lO) . The numerical estimate obtained from (8) is 10-32 . 

The diagram 4b has recently been interpreted and calculated as a pole 
diagram ( li ke in Fig . 2b) and the following NEDM obtained l l ) . 

a D - e G 2 F s 
n F KM n 

1 
=-z -m c 

1 
m-z t 

i t(�j 4  . (QMP)3 , 

which gives the numerical estimate - lo-32 to 10-3 1 .  
( 9 )  

4 .  Conclusion . The biggest contributions to NEDM within the KM model comes from 
diagrams like those in Figs . 3 and 4 .  It should ,  however ,  be emphas ized that 
the "long distance" contributions ( 7 )  and ( 9 )  obtained by Gavel a  et a l .  8 • l l )  

and the "short distance" contribution ( 8 )  obtained b y  Eeg & Picek lO ) are com­
plementary . Although the contributions ( 7 )  and (9)  contain short distance 
effects through the penguin loop and W-exchange , they are cruically dependent 
on long distance effects due to intermediate baryon poles . For this reason ( 7 )  
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and ( 9 )  contain l�(O ) f  2 in second power,  while ( 8 )  contains the corresponding 

quantity !Bag in first powe r .  Thus the "long distance" contributions ( 7 )  and 

( 9 )  are more model dependent than the "short distance" contribution (8) . If 

j � (O ) l 2  is overestimated l O , l3)  in Refs . 8 , 11 and !Bag is underestimated l l )  

in Ref . 1 0 ,  then both "long" and "short" distance contributions are roughly o f  

the same order o f  magnitude 10-32 to 10-3 1 (Howeve r ,  the " long distance" contri­

bution from 4a is bigger than from 4b , while the opposite is the case for 

"short distance" contributions lO) ) .  

In conclusion, the value of NEDM within the KM model is - 10-32 to 10-30 , 

that is , at least five order of magnitude below the experimental value . This 

result i s  welcome in the sense that it keeps the KM value of the NEDM well 

separated from the corresponding values obtained in more exotic models like 

Left-Right symmetric- and Higgs-exchange models , which give bigger numbers . 
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We present here a review of experimental upper limits on o0o0 transitions 
( mixing ) .  A new upper limit obtained with the BCDMS spectrometer will be discuted in 
more details and compared to the expected value from the standard six quarks model. 
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Kobayashi - Maskawa matrix and CP violation in K°K0 syst811 

The mixing of quarks through the weak interaction is described by a unitary 

matrix V ij 
conventionally known as the Kobayashi - Maskawa matrix which can be 

parametrised by 3 angles and l phase 6 possibly related to CP violation. 

It is remarkable that so far the only CP violation observed is still the 

originally observed system of Ks - KL in 1964 1 ) . 

0 0 . Am The available experimental informations on the Ks Kl, mas difference and the 
CP violation parameter e do not constrain 6 .  

Am i s  given by the relation 2 ) : 

where \ = vid V•is 

e is given by the relation 3 )  

I mt - me I = 2 ---
m c 

Since 6 is closely related to the CP violation phenomenology , the confirmation of 
the Kobayashi - Maskawa model must come from the observation of CP violation in 
other system. 

Theoretical predictions on n•o• system 

The box graph calculation of Am and e in the K°K0 system can be adapted for the 
heavy quark o•o0 system. 

The transition matrix M
12 

and the absorptive amplitude r
12 

of o•o• transitions 

are given by the following relation 2 ) : 

2 "\i where v v�� ci vi 
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indices i ,  j run through the d ,  s allowed channel 

I 
± , i,j  (8 ± 16 )  

where positive and negative sign gives the contribution of W emission and w exchange 

graph . A
ij 

and c
ij 

are expressed in terms of quark ' s  mass m
e

' m
d

, m
s

' m
u

; D meson and 

W boson mas s .  

The mass difference t.m and the width difference 61" are given by the relation 2 ) 

t.r L',m - i - = 

2 
[ r r"' � 1 / 2  

2 (M - i __!1_) (M"' - i __!1_) 12  
2 

12  2 

The dependence of 6 upon t.m and tir is shown in the figure 1 .  

a )  computed value of r ( D 0 )  is found to be compatible with the experimental 
4 )  

measure 

b )  the total width of the D meson is much larger than t.m and tir : as the D0 

decays are cabibbo favored, the life time is much shorter than the oscillation 

period , so that there is no observable interference . 

The mixing parameter r (D) and the experimental signature of D0ii0 transition 

The experiments do not measure directly t.m or tir but the mixing parameter r ( D )  

which i s  the probability that a n °  state should evolve into a jjo state . 

The D0 meson can decay into hadronic or semi leptonic final states like D 0 -+ K
-

x 
+ -

and D0 -+ e v
e

x '  if a D0D0 transition occurs we can expect forbidden final state such 
+ --

as D0 -+ K x and D0 -+ e v
e

x .  The experiments measure the fraction of such forbidden 

channels i .  e .  

r {D) 
D0 _._ anything 

The mixing parameter r ( D )  is related to t.m, 61" and r 2 ) 
2 (t.m) 2 + <t.r) 

r (D) :fl: 2 

In the standard Kobayashi-Maskawa framework , we expect 
-3 

r ( D )  < 10 . 
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Previous experimental results 

A )  + - + -e e collider : in e e interaction , the experiments study the charmed 

particle prediction via the D0D0 pair production or inclusive n* production. In the 

D0D0 channel , the normal final state obtained by the decays of both D • s is : 

+ -e e D o 5 0  

L L: :+1T- ,  

K 1T 
-+- :5° -+- K+ TT-

The signature of a n°D0 transition is a (K+K- ) K+ final state where the (K+w-) system 

comes from a D meson. 

Alternatively , the decay cascade of a n* is 

+ -
n"'+ 

e e x 
L 1T+Do 

t + -1T K 
50 -+- + -K 1T 

The signature of a n°ii0 transition is a w+ ( K+w- ) final state where the (K+w- ) 

system comes from a ii• decay and the mass of the w+ (K+w-) system is the n•+ mas s .  

A s  shown by table l ,  no significant signal has been found i n  e + e - interactions . 

Some of the experiments give upper limit at 90 % CL on the mixing parameter r ( D ) . 

B) Hadroproduction 

• The ACCMOR collaboration S J  studies the nii pair production and the inclusive n* 

production in 'If-
Be interaction with a 200 GeV 11-

beam. They search for e+K- and 

e -K + pairs . In a statistic of 60 n* and 320 D ,  they obtain an upper limit of 7 % 
on r (D ) .  

• A beam dump experiment 6 )  performed at Fermilab in 1982 loolts for charmed 

particle pairs produced in w-Fe interaction. D0D0 transitions are detected as 

final states with lilte sign dimuons . They have l µ+µ+ and 2 µ-µ- events , while 

154 µ+µ- are observed .  The same sign dimuon events are consistent with the 

expected background from w/K decays , which gives an upper limit on r(D) of 4 . 4  % 

at 90 % CL .  This experiment gives at present the best limit in n°ii0 miXing. 
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C )  PhotoprO!l.uction 

An experiment 7 l performed at Fermilab in 1979 with a 50 GeV incident photon 

beam has reported the observation of inclusive n•+ and n•- production and decays . 

Their statistic is based on 200 D but no enhancement was observed in the �+ ( K+�- ) 

channel .  They correspond to an upper limit on r ( D) of 11 % at 90 % CL .  

D )  Neutrino scattering 

In neutrino-Iron or Neon interaction , a D0 can be produced by the diagrarnrn 

u 

In the presence of 0°5° transitions , the v beam induces µ-µ- ( e- )  final states µ 
and v induces µ+µ+ { e+ ) final states . As summarized in table 3 like sign dileptons µ 
has been observed in several counters experiments and in a few bubble chamber 

experiments . However , the situation is unclear mostly because of large 

uncertainties in sUbstracting background in counter experiment and because of poor 

statistic in bubble chamber experiments . 

E) Muoproduction 

These experiments measure the production of additional muons in the interaction 

of muons with nuclei. If D0D0 transitions occurs , like sign dimuons are obstained 

when both D '  s decay sirnileptonically. 

For instance + µ N + µ (D 0 ,  D+ • • •  ) (D0 , 
l 

a) EMC B) observe 2 ,,;µ+µ+ and 1 µ+µ-,,- final states in muon-Fe interaction at 

250 GeV . They deduce an upper limit of 20 % on the mixing parameter r ( D }  with 90 % CL. 

b) We present now , the result of our study of wrong sign dimuons in deep 

inelastic interactions of 200 GeV muons with a carbon target obtained in the BCDMS 

spectrometer . 
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Apparatus an4 data tak,ing : The experiment was performed at the CERN SPS muon 

beam. The apparatus 9 l  is a 50 m long toroidal iron magnet , centered on the beam axis 

and instrumented with scintillation counters and multiwire proportional chambers to 

detect the scattered muons . The central hole of the magnet contains a 40 m tong 

carbon target . 

The data presented here were obtained with µ. + and µ. - beams of 200 GeV energy , and 

are selected from a data sample that was used to study electroweak effects in deep 

inelastic muon-nucleon scattering lO ) .  The total number of incoming muons is l . 75 

1012 , corresponding to an integrated luminosity of 9 . 17 1039 cm2 . The spectrometer 

magnetic field was reversed with each change of the beam polarity in order to always 

focus muons of the same sign as the incoming beam muon towards the spectrometer 

axis . 165 canctidate events with two wrong sign ( defocused) muon tracks were found in 

the raw data sample ; the interacting beam muon escapes , in general , through the 

central hole of the spectrometer without being detected. Of these candidates ,  114 
were retained as good events after visual scanning by physicists. To ensure a good 

momentum determination , each track was required to have at least 4 points in each of 

the two projections recorded by the MWPC ' s .  To suppress spurious triggers from 

hadronic punch-through and to allow a computation of the acceptance , the 

reconstructed muon tracks had to fulfill the trigger requirement of the experiment . 

Since the spectrometer is designed to measure focused tracks but has a poor 

acceptance for defocused muons which rapidly escape the magnet volume , these cuts 

reduce the final data sample to only 17 events. 

background from rr/K decays : The main background in the selected data sample is 

due to ordinary w and K decays . It is computed with a Monte-Carlo programm which 

simulates the multiplicities charged w ' s  and K ' s  in the final state , their distribu­

tions in transverse momentum P
T

, and their fractional energy z as measured by the 

EMC 
ll l . The simulation taJtes into account the correlation between these variables 

and the asymetry between tr+ and 1T production. Primary hadrons are allowed to decay 

in the target region before entering the iron toroids ; the development of hadronic 

showers due to secondary interactions inside the carbon target is ignored. we also 

neglect the effect of K0 , vector meson ( p ,  "" t/l) and strange baryon ( A ,  l: )  

production. Decay muons are tracked throught the detector , simulating multiple 

scattering and energy loss ; they are reconstructed and the events are selected in 

exactly the same way as the experimental data. We find a background from double 

hadron decay of 15 . 5  ± 2 . 8  events which is compatible with the 17 events observed. 

The figure 2 indicates a good agreement of the kinematic distributions of 

experimental data and simulated background , justifying a posteriori the above sim-
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plifications . we gain additional confidence in this simulation proc:ramm from the 

good background description which is observed for other multimuon topologies as 

shown in table 4 .  

Production of cc quarks pairs : to compute the acceptance of the apparatus for 

muon pairs from charmed qualts decays , the kinematics of cc pairs was calculated in 

the framework of the photon gluon fusion 12 ) model as in our study of muons pairs at 

200 GeV energy 13 > .  The gluon distribution G ( � )  and the QCD parameters of the 7GF 

model were taken from the EMC adjustements of their open charm data 14 ) . 

Upper limit on D0D0 transitions : We use the total difractive charm production 
- +l 9 

cross section of u ( cc )  = 6 . 9_1 : 4 nb measured by the BFP collaboration at 209 GeV 

beam energy 15 ) which is in good agreement with the EMC result u ( cc ) = 9 . 8  ± 3 . 3  nb 
at 250 GeV 14) when the difference in beam energy is taken into account . We then 

assume the c quark to fragment with aqual probabiity in charged and neutral D ' s 16 ) , 
i .  e .  a cross section of u ( D0c ) = 3 .4 nb for the production of o0D0 and D0D- pairs . 

With the known semileptonic branching ratios of the n° ( 5  % ) and the D± ( 19 % ) 17 ) 

this corresponds to an effective cross section for µ. pair production of u (D0c ) x 

B:
1 

= 20 pb . To this , we assign a global systematic error of % 50 % which accounts 

for the quoted error of the charm cross section , the uncertainty of the charged to 

neutral D production ratio , and a possible contribution of F and A
c 

production to 

the measured charm cross sections . Assuming a flat fragmentation function of the c 

quark in the cc c .m. system , we find an acceptance for wrong sign dimuon final 

states of A =  ( 2 . 9  ± 0 . 3 ) x 10-13 • The use of the other fragmentation functions com­

patible with EMC open charm data 14 ) , i . e .  flat fragmentation or fragmentation like 

exp (-3 . 6  z) in the laboratory frame , has only little effect on our acceptance ; on 

the basis of such studies , we estimate a systematic error of the acceptance calcu­

lation of 15 % .  The signal which we should expect for an ( unphysical ) mixing 
- - 2 probability P ( D0 +-+ D0 ) = 1 is L x u ( D0c ) x �

l 
x A = 542 ± 60 events , where the error 

accounts for the Monte-car10 statistics of the acceptance calculation and a 

systematic uncertainty of the luminosity calibration. Figure 3 shows the simuated 

distribution of the sum of transverse momenta of muons from double charm decays . 

Since the shape is very simular to the corresponding spectrum of hadronic 

background , we calculate the upper limit in the mixing probability directly from the 

statistical error on 17 events and find r ( D )  E P ( D0 +-+ DO"} < 2 . 5 % at 90 % CL .  
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Conclusions 

l) COrnbining all experimental upper limits summarized in taoles l and 2 we can 
extract new upper limit on probal:lility transitions , we find r ( D )  = P (D0 +-+ D0 ) < 
l . 90 % at 90 % CL. The limit on o0ii0 mixing is still far aoove the prediction of the 

standard six quarks model but rules out alternative mOdels in which the mixing is 

predicted to be larger 
18)  

• 

2 )  From the expression which connect the mixing parameter r ( D )  to the mass and 

Width difference Of the 0°0° system we can deduce , if t.f' << f the expression Of the 

mass difference Of the 0°0° system 

We have 

2 
2 2 r r 

&n # --
1 - r 

If we take the average value of the o0 life time 
4 )  

-ti" 
T (D 0 )  = - # ( 3 . 6  ± 0 . 3 5) 10-l3 

r 
We find t.rn < 0 . 36 10

-3 
eV with 90 'I; CL .  

sec . 

This can be compared with the measured K°K0 mass difference of 0 . 352 x l0
-5 

ev . If we 

report this upper limit on figure l we see that we cannot use this experimental 

information to put constraints on o .  
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experiments e ( D )  experiments 

MARK I 0 . 18 Ref . 6 )  
MARK II  0 . 16 Ref . 7 )  
TASSO 0 . 23 EMC 
ARGUS 0 . 12 BCD MS 

r ( D )  

0 . 044 
0 . 11 
0 . 20 
0 . 025 

TABLE 1 .  Upper limit obtained 
by experiments at e+e- collider . 

TABLE 2 .  Upper limit obtained 
by other kind of experiment . 
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Experiments Beam Number of like Cuts ( GeV )  Expected backgr . r ( D )  
sign dimuons from 7t/K decays 

v µ  ( 290±17 ) µ-µ- 207±33 4 . l:t2 . 2  
CDHS - p

ll 
> 6 . 5  

v ( 53±7 )µ+µ+ 31±7 4 . 2±2 . 3  µ 

Reference 19) 
vµ ( 149±20 )µ-µ · pµ > 5 97±24 7±4 

( Fermilab ) 

15 ft BC - Pµ > 4 +15 
( Ne , H2 )  vµ 4 µ+e+ and 1 . 1  13 

Reference 2 0 )  Pe > 0 . 4  -9 

GGM BC R,i >4. 5  and 
( propane-freon ) 10 µ- e- p >0 . 5  4 . 1  20±11 

v e 

Reference 2 1 )  7 µ-e- !ti >4 . 5  and 2 . 1  22±12 
p >0 . 8  
e 

BEBC � 9 µ-µ- } >4 and 7 0 . 22 ( • ) 
( WA 59)  5 µ+µ+ l >3 7 0 . 12 ( • ) 

22 ) 
µ 

3 ��4 and 1. 7 0 . 06 ( • ) Reference v JJ+e+ 
e >0 . 8  

e 

TABLE 3 .  Experimental results from neutrino scattering. 

r ( D )  is just the ratio ( number of like sign dimuons ) / ( opposite sign 
dimuons ) .  It ' s  not claimed by the authors to be D0ii0 mixing. 

( • ) upper limit at 90 % CL .  

Kinematic range of  muons arising 
Type from 11/K decays (J - a MC seen 
of  transverse 

multimuons momentum (J 
o ther chan. momentum 

Oppo site sign 
dimuons 1 0  to 60 GeV 0 . 3  to 3 GeV 0 . 14 pb 0 . 14 pb 

+ -µN -+ (µ ) µ  µ X + 0 . 0 2  pb - .:!:. 0 . 0 1  pb 

Same sign 
10-

3 1 0-
3 pb dimuons 1 0  to 4 0  GeV 1 .  6 to 3 GeV 3 . 7  pb 4 . 8 

+ + + 
+ 0 . 8  µ-N -+ µ-µJC - 1 0-3 pb + - 0 . 6  1 0-3 pb 

Single 
defocused 40 to 80 GeV 0 . 6  to 4 . 5  GeV 0 . 8 2  pb 0 . 8 1  pb 

+ µ+ x µ-N -+ + 0 . 4  pb + 0 . 1 7  pb - -

Wrong sign 
10-

3 
1 0-

3 pb d imuons 1 0  to 60 GeV 0 . 5  to 3 GeV 1 . 85 pb 1 .  7 
± .... µ+ µ:;; x 0 . 6  1 0-

3 pb 0 . 3  1 0-
3 pb µ + + - -

TABLE 4 
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The lower bound on E '/E  is obtained by deriving an upper bound 
on the K-w trans ition amplitude of the penguin operator via QCD sum 
rules . The uncertainties which enter into this and alternative cal­
culations are discussed . 

+Permanent address 



306 

* 
Our starting point is the lower bound on E '/E  derived recent-

ly by Gi lman and Hagelin3)  using the measured B lifetime 

The first parenthesis on the r . h . s .  is the lower bound on the 
product of Kobayashi-Maskawa (K-M) �rameters given as a function 
of the B-meson li fetime TB ' the K0-K0 mixing parameter B and the 
top-quark mass mt . The bound increases with increasing TB ' but in­
creasing B and mt decreases the bound significantly . 

The second parenthesis is the QCD "renormalized" Wilson coef­
ficient of the penguin operator , calculated by using the renormali­
zation group techniques in the leading log approximation4 • 5 > . 

The third parenthesis in ( 1 )  is the matrix element of the 
penguin operator . The calculation of the matrix element is subject 
to uncertainties due mainly to our lack of knowledge of the true 
hadronic wave functions . It may be estimated by using the vacuum 
saturation or directly calculated in quark models6 • 7 >  (bag model , 
oscillator mode l ) . In our approach we derive the bound on the 
matrix element by using the techniques of QCD sum rules 8 >  . We 
start9) with a K + 2 w transition amplitude 

apeng (Ko + w+w- ) K j-- ( /2  GF cos ecsin ec ) Re c 5 w 
x { < w+ J <95 J K+> + < w+ JO�c ) I K+> }  ( 2 )  

obtained via soft-pion limit (PCAC ) . The second term i n  ( 2 )  arises 
from the commutator of the normal-ordered operator 0 5 with an axial 
charge Q5 

( 3 ) 

the last term being the so-called anomalous term6 > . Its matrix 
element is given by 

(1 - ( 4 )  

and i s  sensitive to the choice o f  current quark masses. 
The coefficient K in ( 2 ) , which takes care of the continuation 

to the physical momentum, is obtained under the assumption that the 
momentum dependence is quadratic in meson momenta . At the physical 
* For recent reviews on the subject, see refs . 1 and 2 .  
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point, K is given by 

K = 

where k and p are momenta of w and K ,  respectively , in the matrix 
elements in (2 ) .  

In our approach , we put the bound on the matrix element by 
relating it to the two-point function 

which gives the bound in the form 

where I F (O) I = <w + l <9  5 1 K+> can be viewed as the value of a scalar 
form factor F (t) at t=O which is a real analytic function in the 

( 5 )  

( 6 )  

( 7 )  

2 1l 2 complex t-plane with a cut (mK+m ) � t < m .  The function ur (Q ) is 
2 w -

obtained from the � (q ) by saturating the absorptive part , Im � (t) , 
by lowest hadronic states . It follows from QCD that � (t) obeys a 
dispersion relation defined up to an arbitrary polynomial in a2=-q2 

of degree four at most .  To get rid of this arbitrariness , we actual­
ly work with 't ca2 > which is a fifth derivative of � (q2 ) with 
respect to q2 • 

In calculating the bound , we make an Ansatz for the spectral 
function 1 Im � (t) and then calculate 'r ca2 > w 

l Im � ( t) =sum of low-energy hadronic contributions w 
+ QCD-continuum • 

The last term in ( 8 )  is given by the asymptotic behavior of 

( 8 )  

l I m  � ( t) which can be obtained from the QCD calculation of � (q2 ) .  w 2 2 2 Obvious ly , <;:' (Q ) -+ '!=° (Q > as QCD for large Q .  However ,  since the 
bound in ( 7 )  grows as (Q2 ) 5� , it i s  not very restrictive for large 
Q2 • Therefore , one also needs to calculate the first term in ( 8 ) . 

This we do by making use of the following Ansatz : 

( 9 ) 

this corresponds to summing a class of hadronic contributions which 
are leading in the l/Nc expansion plus some nonleading contribu­
tions , but not all the subleading one s .  

The upper bound obtained can b e  significantly improved under 
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certain assumptions about the analytic structure of the F (t) . F (t)  

should be i )  polynomially bounded (and this is proved from QCD) and 

i i )  should have no zeros in the complex plane . Unfortunately , we 

have no control of the second requirement , although it is a usual 

Ansatz in the calculation of form factors . 

It turns out S) that the low Q2 behavior for ijJ (Q2 ) is complete­

ly saturated by w and K contributions at the point Q2 where the 
20 

bound is optima l .  Besides , the asymptotic part at Q0 is completely 

negligible . This enables us to factori ze out the vacuum-saturation 

result for the matrix element : 

( 10) 

* 
By numerical evaluation of the integral I in ( 10) we find that 

( 1 1 )  

The bound ( 1 1 )  i s  independent o f  the values o f  quark masses , or any 

other input parameter except mw and mK . From ( 1 1 )  the following con­

straints are obtained : 

( 1 2 )  

Obvious ly , the lower limit i n  ( 1 2 )  i s  obtained by subtracting two 

large numbers and i s  therefore sensitive to the approximations used . 

Fortunately , both normal and anomalous matrix elements are propor­

tional to 11t �and , consequently , the sens itive quark mass depend­

ence is factori zed out .  This virtue is not achieved in quark model 

calculations . Besides , the Nc dependence , at least in the asymptotic 

limit , is  also factorized , and being given by the factor ( l -N�2 ) ,  it 

amounts to a correction of about 10% . 
2 - 1 2  Numerically , w e  find that with B = 3 '  T B 

= 0 . 9 x lO sec , 

mt 40 GeV and Im c5 = 0 . 1  

I .L I  £ - 4 � S x lO , ( 1 3 )  

i . e .  an order o f  magnitude smaller than the Gilman-Hagelin result in 

ref .  3 .  

* 
For the bounds on the other operators that contribute to the 
K + 2w amplitudes ,  see ref .  10.  
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D i s c u s s i o n :  The following comments are in order : 

i )  Current quark mass dependence . In their paper
3 ) Gi lman and 

+ 1 '0 I + Hagelin used the bag estimate of < w  v 5 K > of ref . 6 ,  but neglect-

ed the anomalous term, which was estimated by Donoghue et a 1 . 6 >  to 

be rather sma l l .  In expression ( 4 )  they used the unusually large 

values of current quark masses obtained via bag model calculation . 

In our approach we use the running quark mas ses at l Gev2 obtained 

from the QCD sum rules : ms = 160 MeV , md = 1 1  MeV and mu = 5 MeV . 

Using our values of quark mas ses + anomalous term would reduce the 

Gi lman-Hagelin estimate by a factor of three . 

i i )  Continuation to the physical point . There is some ambiguity 

as to what value to use for ( k • p )  in eq . ( 5 ) , since kw = PK · Of 

course , the � of matrix elements in ( 2 ) should exhibit the � 

momentum dependence ,  which cancels the factor (k • p )  in K ·  Unfortu­

nately , this cannot be extracted explicitly from the calculation . 

We have cons istently used ( k • p )  = m� , which gives K = 0 . 9 2 3 .  If  

there were no continuation , K would be equal to 1 /2 . 

i i i )  µ dependence . The Im c5 has been calculated by summing up 

the leading logs via the renormalization group equation4 1 5 >  and 

depends on the choice of the renormali zation point µ .  This µ depend­

ence should cancel with a µ dependence of the matrix element. How­

ever , the latter cannot be calculated in quark models . In our ap­

proach, we could exp licitly calculate the µ dependence for the 

asymptotic � (q2 ) ,  but not the µ dependence for low Q2 • Although the 

µ dependence of Im c5 is rather modes t ,  it is still a serious source 

of uncertainty , as was explicitly shown recently by Buras and 

siominski8 >
. 

Finally , we would like to point out that all ambiguities dis­

cussed above may be avoided i f  one combines the e ffective chiral 

lagrangian technique with the QCD-duality approach of ref .  1 2 .  It 

has been succes sfully applied1 3 )  to the calculation of the parametei 

B and may also be applied to the calculation o f £ '/£ . The work on 

this is in progress 1 4 >
. 
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Following some introductory remarks reviewing the current status of the KM 
model in the study of CP-violations , we consider prospects for observing CP­
violating effects in rare kaon decay modes . The K + yy mode provides an illus­
tration. Then the separate matter of attempts to determine the B-parameter is 
addressed. Emphasis is placed on recent developments on this topic . 



312 

( i) CP-Violation in Rare Kaon Decay Modes 
In the twenty years since CP-violation in the kaon complex was discovered, 

a number of theoretical mechanisms have been proposed. Among them are superweak, 
Higgs , KM mixing, left-right symmetric, etc . In the following we shall restrict 
ourselves solely to KM mixing (i . e . , CP +->- o = O) . However ,  the author must ad­
mit to a growing feeling that CP-violation is a more pervasive phenomenon than 
commonly thought and may well enter the fabric of theory at more than one loca­
tion. 

CP-violations in KTITI interactions are expressible in terms of two complex 
numbers, E and £ 1 • In magnitude £ 1  is no more than a few thousandths of E [data 
presented at this Conference implies £ 1 /E = (-2 . 6  � 4 . 8) x 10-3 ) ,  where J E J  � 
2 . 3  x 10-3 • Physically, £ can feel the presence of CP impurities in the kaon 
mass matrix and the K + (TITI) I=O decay amplitude , while £ 1  probes I=2 TITI decay. 

Next , recall how the KM-angle o, which is restricted to the heavy-quark sec­
tor of the weak-mixing matrix, can affect KTITI physics . There are the ' box­
diagrams ' ,  which are believed to be the dominant contributors to ImM12 which 

I cc 
BOX PENGUIN 

itself is thought to dominate other contributions to £ ,  and the ' penguin ' dia­
grams which contribute to £ 1 • One numerical analysis yields the results1 )  
1 £ 1  � 4s1s2s3s0B/0 . 33, I E ' I � s1s2s3s0P/40, where B i s  the much discussed B-
parameter (see the second part of this report) and P = <n+n- l o  I K>/ (0 . 43 Gev3> peng 
is a KTITI penguin matrix element in units of a bag model estimate . If these es-
timates are not unreasonable , then a value of £ 1 /E at the level of a few parts 
per thousand is a natural consequence of the model . Clearly however the tiny 
values of s2 , s3 imply that o must not be too far from TI/2 and/or B must not be 
too small if the KM model is to remain a candidate as the sole source of CP­
violation . At any rate even if the KM model of CP-violation is not yet ruled 
out , it is nonetheless true that the KTITI CP-violating effects are almost en­
tirely 1 £-physics ' which in turn is 'mass-matrix physics ' .  

Is this always the case? Let us consider rare kaon decay modes such as 
K + yy , K + nny , K + TIVV etc . for which it might be possible to observe CP­
violating effects which are not directly associated with the mass matrix . Cor­
respondingly let us characterize CP-violations in such experiments in terms of 
two parameters , E which we define to arise solely from the mass matrix, and E 
which is defined to represent any ' other ' source. Of interest is the ratio c/£ . 

Such a study is not motivated by intellectual curiosity alone . After a 
high level of activity in the late 1960 ' s ,  there was a relative lull in experi­
mental studies of kaon decays in recent times . An exception is of course the 
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effort to measure E 1 /E as motivated - by the work of Gilman and Wise . 2 1 However 
advances in beam energy and detection technology have led to a revived interest 
in the subject and a number of experiments are either in the proposal stage or 
even underway. 

For the rest of this section we concentrate on K + yy transitions . The Re­
view of Particle Properties lists BR(� + yy) 
< 4 .  x 10-4 . 

-4 ( 4 • 9 ± O. 4) x 10 and BR (Ks +yy) 
If KS + yy predominantly arises from the TITI intermediate state, 

then f (KS + yy) /f(� + yy) = 2 so that roughly a factor of 102 improvement is 
needed in the KS + yy branching ratio before a signal will be seen. 

In kaon decay the TITI final state can have only CP = +l .  The yy final state 
is richer in that both CP = ±1 configurations can occur . Thus even if CP-viola­
tion is absent , the KS and � components of K0 will decay separately into the 
CP +l ,-1 yy final states . The associated photon polarization vectors occur 
as t(l) •t(2) for CP +l and t(l) x t(2) •p(l) for CP = -1 . Corresponding to 
these are the Lorentz invariant combinations of field operators Fµv

Fµv and 
E 0FµvFaf:I respectively (denoted hereafter as FF and FF) . Let us concentrate in µva" 
the following on the FF amplitude, which can in principle give rise to interest-
ing CP-violating effects. We begin by defining a �yy phenomenological Lagran­
gian, L(�yy) = ( g/�)KLEµvaf:IFµvFaf:I The associated decay width is f (�yy) = 

2 g �/TI.  From the measured �-lifetime and � +yy branching ratio , we thus infer 
the empirical amplitude 

( 1 )  
A venerable description for this process has been the pseudoscalar-meson 

pole model, which we depict as )( kc �< 
lf 

In this approach, the � mixes weakly with a spinless meson which then propagates 
and finally decays into a pair of photons . Other contributions to � +yy are 
of course possible but in view of our limited time, we focus our attention here 
on this one mechanism. The yy decays of TI0 , n, and n '  can be read off from ex­
perimental data . For the weak mixing vertex we can use a chiral SU (J) Lagrangian 
(see part (ii) of this report) , with the experimental K +TITI amplitude as input , 
to determine the � �n° , n transitions , and separately , the quark-penguin 
approach to characterize � +n' . One concludes from all this that the model can 
do a reasonable job of reproducing the experimental amplitude . The n-pole is 
dominant (due to enhancement from the small energy denominator) , followed by the 
TIO pole , with the smallest contribution being the n '  pole . Roughly speaking the 
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10
-g amplitude arises from a 10

-7 weak-mixing factor and a 10
-2 propagation and 

photon-decay factor . 
CP-violation can occur in the � +n '  amplitude . It is convenient to ex­

press this transition as 3 l  

<n ' I Hw l�> = / t F<n° 1 Hw l �> ( 2 )  

where we 
ameter i; 
tion. We 

ignore no -ns mixing , 
= ImA /Re A 

0 0 
and f is 

ref er the interested 

F - 1 - 3f - 3il; (l-f) contains 
the fraction in K +TITI due to 
reader to Ref . 3 for details .  

violation in the FF two-photon state i s  given by 
A (Ks +FF) 
A(� +FF) CF £ + £ 

the CP-violating par-
the penguin interac-

A measure of CF-

(3) 

where the contribution to £ comes from the CF-odd impurity in KS . As indicated 
above , our simple pole model for � +yy contains a contribution to E arising 
from the KL +n '  vertex and we find 

lf l � 1 (1-f)f � 30 �· ( 4 )  
i .e .  there is no fir = 1/ 2  rule suppression here . 

The phenomenology of CF-violation in radiative kaon decays has been worked 
out in Ref . 4 .  For the K +yy system, CF-violation can manifest itself via inter­
ference and/or circular polarization effects . For example detection of circular 
polarization in yy decay of a pure � beam would be an unambiguous signal for 
CF-violation. However , in this case the effect would be predominantly £-physics. 
Details will be pres�nted in a future publication . In conclusion then, we are 
in the process of carrying out a study of CF-violations in rare kaon decays with 
an emphasis on 'non-£ '  physics . We have seen how such effects can be relatively 
larger in K +yy than in K +nn . Although experiments on this subj ect are not 
likely to be simple, the time has come to seriously address the subj ect .  

(ii) Current Status o f  the B-Farameter 
The ' B-parameter ' is defined as 

<K0 1 artsarLµs l i0> 
B <K0 i <lrµsdf s l K0> L Lµ vac 

(5) 

where rµ 
= yµ (l +y5) and the subscript ' vac ' denotes evaluation in the vacuum L -

saturation approximation. Thus B is a dimensionless number, whose determination 
involves a �S= 2  local four-quark operator . 

There have been many purely theoretical attempts to calculate B ,  including 
bag , oscillator, lattice , dispersion relation, sum rule, etc . methods . Values 
with which the author is personally acquainted cover a distressingly wide range , 
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-0 . 4  < B < 3 . To usefully constrain models of GP-violation, B would need to be 
known with substantially more precision. This state of affairs is not entirely 
surprising. B is dependent on quark wave functions within hadrons . Unfortun­
ately QCD , the model of strong interactions , has not yet attained calculational 
status . 

Several years ago an alternative determination, relying upon experimental 
data , was carried out . 5 ]  The chain of reasoning proceeded as follows . First we 
infer the K- +rr-rr0 amplitude from the associated decay rate, then employ current 
algebra to find the K0 +rr0 matrix element , and finally use SU (3) to obtain the 
B-parameter . A somewhat novel feature of this analysis is that the SU (3) quan­
tities of interest transform as members of a 27-plet . 

The method just outl ined yielded the value B � 0 . 33 , substantially below 
the vacuum saturation estimate .  Two crucial assumptions underlay the calcula­
tion - the momentum dependence of the current algebra extrapolation from K- +rr-rr0 
to K0 +rr0 and the SU(3) relation between K0 +rr0 and K0 +K0 • 

At this point we momentarily digress to cast this phenomenological deter­
mination in the language of ' chiral Lagrangians ' .  These are quantities which 
allow the chirally symmetric interactions of the light mesons to appear in a na­
tural and almost automatic fashion. In our case the ' field variable' is U 
exp (i1·¢fF) where t,¢ are the eight SU(3) matrices and pseudoscalar fields re­
spectively and F is the pseudoscalar meson decay constant (we take F=Frr) .  Under 
chiral transformations of SU (3)L x SU (3)R, U transforms as U +LUR+. It is useful 
to define Xµ =U3µU

+ which transforms as (8L , 1R) .  Interactions involving the 
pseudoscalar mesons and transforming as (27L , 1R) under thiral SU(3)L x SU (3)R 
are then given by 

L (2 ) = g(2 ) C (� 8 2
6
7 )Tr(A , XµAJ. X

µ) (6) 27 27 }_ j L 

where the C-symbol is an SU (3) Clebsch-Gordan coefficient . This Lagrangian des­
cribes a hierarchy of vertices involving two or more pseudoscalar mesons . The 
coupling constant gi�) can be fixed from the K- +rr-rr0 width and the evaluation 
B � 0 . 33 then follows upon direct calculation . This determination is entirely 
equivalent to the ' phenomenological ' method described earlier -only the language 
is different . 

The chiral Lagrangian formalism is convenient for analyzing uncertainties 
in the B � 0 . 33 determination . Several possibilities come to mind . For example , 
L�;) is not the unique Lagrangian transforming as (27L , 1R) .  There are an infin­
ity of others , containing more derivatives than the two in L�;) . Their ampli­
tudes contain higher powers of particle momentum p relative , presumably, to some 
scale A appropriate to chiral symmetry . It was shown recently , 6 1  at least for 
fiI = 1/ 2  transitions , that �/A < l .  Hence it is unlikely higher order Lagran-
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gians would affect the B � 0 . 33 value appreciably . 7 ] 
The type of correction j us t  considered involves the momentum dependence of 

the meson amplitudes . It is also possible to consider the effect of SU (3) sym-
b k .  b . 1 .  d ' 1 ' d . L (2) Th . metry rea 1ng y computing amp 1tu es to one- oop or er 1n 27 . 1s matter 

is somewhat subtle in that each chiral Lagrangian is nonrenormalizable, and thus 
is typically analyzed only in the context of ' tree-approximation ' .  Indeed power­
law corrections appear in the one-loop calculations , and these renormalize par­
ameters occurring in the higher-order Lagrangians jus t  discussed . However lo­
garithmic corrections also appear , and their effect is to modify the tree-level 
amplitudes . Such corrections do not generally change the qualitative nature of 
the tree-level results . For example , the one-loop logarithmic correction to the 
tree-level result for the pion decay constant is about twelve per cent in mag­
nitude . 

The one-loop logarithmic corrections to the chiral determination of the B­
parameter have recently been computed . B J  They turn out t o  b e  surprisingly large, 

55 "'K 2 "'K 2 
B = 0 . 33 ( 1  - - (--) 9.n (-) ) (7 ) 6 4TTf11 µ 

where f11 � 130 MeV and µ is the renormalization scale . The value µ � 1  GeV is 
chosen in Ref .  8 .  I f  so , the correction i s  o f  the same order a s  the tree-level 
result and the chiral perturbation theory is seen to break down in this case . 

We would seem to be back where we started as regards a meaningful attempt 
to pin down the elusive B-parameter ! Certainly this is so if the chiral pertur­
bation theory is stopped at second order . Perhaps ,  however ,  a leading-log sum­
mation to all orders would ameliorate the large radiative correction and thus 
render a reliable estimate of B .  Time will tell ,  a s  always , with the B-param-
eter . 
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ENERGY DEPENDENCE OF THE K0-K0 PARAMETERS THEIR REDE! 

BEHAVIOUR AND LONG- VERSUS SHORT-DISTANCE PARTS 

I .  Picek 
Rudjer Boskovic Institute , Zagreb , Croatia , Yugoslavia 

0 0 If the recently re�rted energy dependence of the K -K para-
meters is true , the K0-K system turns out to be an even more 
special system than found previously .  Speci fically , it might signal 
some new physics mani fested by a change in the f lat Minkowski 
metric .  Also , such Redei behaviour gives insight into the relative 
importance of long- versus short-distance contributions to the 
matrix elements related to the Ko-Ko parameters .  In view of this 
possible valuable information , an independent experimental check on 
the reported energy dependence is strongly encouraged . 
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The neutral K0-K0 meson system has p layed a distinguished 

role in particle physics in the past twenty years . There is no 

evidence for any other CP measurement that could be comparabl�with 

the accuracy of measurement in this system . Moreover , the K0-K0 

system seems to provide somewhat unexpected additional information , 

the recently reported energy dependence1 )  (table 1 )  representable 

in the form 

y 
= 

EK 
m ( 1 )  

This result conforms to "the Redei behaviour " obtained previously2 >  

for some weak particle decays , provided weak interactions have a 

special metric originating from the Higgs sector of the standard 

model .  In fact , the change in the Minkowski metric 

(2a) 

with a simple deviation xµv characterized by a single parameter a , 

Xµv = diag ( a ,  a / 3 , a/3 , a / 3 )  , ( 2b) 

gives the Redei behaviour of weak decaying particle lifetimes . 

However , the Redei coefficients bx � 10-5 
in table 1 ,  although 

rather sma l l ,  exceed by many orders of magnitude the values expect­

ed in the particular model of Lorentz non-invariance2 • 3 l . 

As well as indicating a deviation from Lorentz invariance , 

eq . ( 1 )  might also signal the sensitivity of the K0-K0 system to 

interactions with some new , otherwise unobserved fields . The analy­

sis of ref .  1 indicates the interaction with a C-even tensor field 

(which agrees with the model of Lorentz non-invariance ) .  Whatever 

" new physics " might exi st in the K0-K0 system, we suppose that it 

manifests itself by the change in the Minkowski metric (eq . 2 ) . 

For example , such a change in the flat Minkowski metric g may 
4 )  

µv 
stem from strong gravity • The same effect might_..Eesult from some 

other , yet unknown mechanism ,  relevant to the K0-K0 system. We 

therefore take under scrutiny
5 >  

a whole c lass of models character­

ized by ( 2 ) , in ordeE_to extract some information on both the "new 

physics" and the K0-K0 system. 



319 

The parameters of the K0-K0 system , being typical hadronic 
quantities , suffer from a common "disease " .  The share of short­
(SD) versus long-distance (LD) contributions to these quantities is 

poorly known . Here we show that the Redei behaviour might be help­
ful in shedding light on the relative importance of SD and LD ef­
fects . In this respect , we start from the existing experience in 
calculating the Ks + 2n matrix element , in order to extract the 
parameter a in ( 2b ) . In this treatment, the SD (vacuum saturation) 
part, which �xhiEiEs_tge_R�d�i_b�hev!o�r , is extracted from the 
total amplitude . The SD amplitude (where the penguin mechanism is 
important6 ) ) 

implemented by ( 2 ) ,  takes the form 

"' 2 2 2 cS0 ( 2p -k -q ) (3a)  

( 3b )  

-8 Since the SD contribution (ASD = ( 1 3 . 25±5 . 3 ) x l0 1:1c) gives only 
a part of the measured amplitude (A = +77 . 8 x 10- 8 mK ) '  the total exp -
amplitude also contains the long-distance part dLD ( for which there 
is no reliable calculation at present) , 

ARedei 
tot 

Then, matching the expression for the Ks + n+n- lifetime5 >  

[1 -

with the second row of table 1 ,  we obtain 

-6 a =  ( - 3 . 90 ± l . 9 8) x l0 

( 4 a) 

(4b)  

( 5 )  

Once we have estimated a ,  which should b e  universal for the K0-K0 
system, we can evaluate the LD and SD parts of the quantities from 
table 1 ,  as given in table 2 . 

For example , the KL-KS mass difference 6m contains the purely 
SD contribution 6m. calculated in terms of the quark box dia-

? )  nox 
gram and the LD non-box dispersive contribution parametrized by 
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Table 1 .  K0-K0 parameters and their Redei behaviour1 ) 

Parameter 

TS 
- 10 ( 10 sec) 

tan 4'+-

Energy dependence at 
Fermi lab energies 
( 30 � Ek � 130 GeV) 

0. 557 
+0 . 03 6  

0. 880 

+0 . 01 5  

2 . 1 4 

1 . 276  
+0 . 4 99 

106 b x 
- 8 . 48 
+2 . 89 

1 .  77 

±.0 . 90 

-2 . 01 

+0 . 86 

-33 . 7  
+ 1 2 . 3  

Table 2 .  so and LD parts of the K0-K0 parameters 

Parameters related 
to x

0 
in table l 

Am = 0 . 5 57 
( 1010 li sec-1 ) 

SD part LD part 

aSD 0 . 907 bLD = -0 . 3 50 

- - - - - - - - - - - - - - - - - -+ -A (KS + ir ir ) 
3 I 12 CSD = 1 5  d = 73 . 3  

( 10 nl 2sec -1 ) LD 

+ -A (KL + ir ir ) 

( 103 fil /2sec- l /2 ) 

a quantity 08> 

where 

Am = (Am) box + ( Am) LD , 

( Am) box B ( Am) VSA box 

(6a)  

( 6b )  

While the factor B i s  estimated to be of the order o f  one , the 

value of D is not reliably calculable. Let us quote the values from 



refs . 9 and 10,  respectively : 

-0 . 7  < D < 3 , 
D = 0 . 10 .± 0 . 4 1  
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(7aJ 

( 7b)  

The Redei behaviour of the SD part 611\i has already been cal-- ox 3) 
culated in the vacuum-saturation approximation : 

2 
VSA GF 2 2 2 2 4 2 l 

611\iox = 6w 2  mccos ecsin ecfK'°K [1 + 3 a ( y - 4i] . 

Then the full mass difference has the form 

[ 4 2 1 J 6m = aSD 1 + 3 a ( y - 4l + bLD 

4 aSD 2 � (aSD + bLD) [l + 3 a + b ay ] • 
SD LD 

Substituting ( 5 )  in (9) and matching it with the measured curve 
( table 1 ) ,  we obtain the first row in table 2 .  

( 8 )  

( 9 )  

Similarly , the last row i n  table 2 corresponds to the amplitude 

( 10 ) 

A common feature of the result.!_given in table 2 is that the SD and 
LD matrix elements for the K0-K0 parameters are of equal importance . 
Using table 2 to calculate the quantity displayed in ( 7 ) , we obtain 

D ., 
6mSD (1 - t:iil°°") � -0 . 6 3 , 

which is in the range of ( 7a ) , but contradict.!_ ( 7b) . 
To summarize , we have considered the K0-K0 system to i llustrate 

the role which the Redei behaviour might have in providing addition­
al information about some physical quantities and , s imultaneously , 
in shedding light on the possible new physics beyond the standard 
model .  There are already two interrelated subjects at the border of 
the standard model :  

i )  explanation o f  CP violation 
i i )  the Higgs sector. 

In view of i ) , the Redei behaviour in the K0-K0 system (to 
which CP violation has so far been restricted) might open a new 
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window onto the physics behind CP violation . 
As regards i i ) , the existing attempts to parametri ze CP viola­

tion rely on the arbitrariness in the Higgs sector of the standard 
model ( e . g .  the standard Kobayashi-Maskawa model is due to the 
arbitrariness in the Yukawa Higgs couplings ) .  It has been noticed2 • 3 )  

that another freedom left over i n  the Higgs kinetic term , namely 
the freedom to perform the trans formation ( 2 )  without spoiling 
gauge invariance , may result in the Redei behaviour . However ,  the 
presently reported1 )  Redei behaviour does not fit in with the model 
of refs . 2 and 3 .  Faced with this situation , we encourage an in­
dependent experimental check on the reported energy dependence . 
Only an independent confirmation of the Redei behaviour would allow 
one to draw firm conclusions about its origin and consequences . 

I would like to thank J . O .  Eeg for useful discussions and 
H . B .  Nielsen for continuous interest.  
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ABSTRACT: A recent calculation of the factors B ,  D defined by the formula : 
�m = B ( om) + D (�m) , where �m is the �-KS mass difference and om 
is the result of the box diagram in the vacuum approximation , is 
presented . Results are B = 1 . 05 ± 0 . 15 and D = 0 . 10 ± 0 . 4 1 .  
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Long range , i . e .  low mass , effects in the K0-K0 system are twofold : first of 
all they appear in the evaluation of the famous B factor that relates the full box 
diagram calculation of the K0-K0 matrix element to the vacuum approximation1) ; se= 
condly, they are present in the so-called dispersive contributions2) obtained by 
inserting low-lying states between two l\S=l weak non leptonic hamiltonians Hw . In 
this paper I shall consider the �-KS mass difference which is related to the real 
part of the K0-K0 matrix element , but similar effects appear also in the imaginary 
part that governs CP violations in the kaon system3) . 

To begin with , we write the fol lowing formula for the �-KS mass difference 
Lim: 

(1) 

(llm)LD contains the long-distance dispersive contributions to Lim and is usually 
parametrized as follows : 

(llm\n = D Lim (2) 
As for the box diagram contribution, in a six-quark scheme , including QCD corre= 
ctions4) one has 

-o l\S=2 o (llm)BOX = 2 Re< K I Reff I K > = 

2 2 2 2 -6/27 -o 1 - - µ I o GF MW I ( 16rr ) (a ( µ ) ) F (xj ,ej ) <K syµ ( l-y5)d s y  ( l-y5 )d K > 

2 2 2 -6/27 2 2 GF/ (6rr ) (a(µ ) )  F (xj , ej ) B fK � � 
(3) 

where a (µ2) is the strong coupling constant , the B factor ( B=B (µ) )  will be defined 
below, fK= 163 MeV , 

2 2 F (xj , ej ) = Re (  Ac S (xc) n1+ At S (xt) n2+ 2 AcAt S (xc ,xt ) n3) (4) 
xj = m�/� , Ai V�dvis ( Vij are the elements of the KM matrix5 ) ) and the func= 
tions S are given by: 

S (x) x ( 1/4 + 9/4 ( l-x)-1-3/2 (1-x)-2) +3/2 x3/ (x-1) 3 lnx 
-1 -2 xixj ( ( l/4 + 3/2 ( 1-xi ) - 3/4 ( 1-xi) ) lnxi/ (xi-xj ) + 

-1 -1 (i++j ) - 3/4 (1-xi) ( 1-xj ) ) 

(5) 

(6) 

The QCD coefficients nj are given by n1�o . 7  ( for 
n1 �o . 8  ) ,  n2 � 0 . 6 ,  n3 � o . 4 ;  other coefficients 
hypothesis ,  experimentally acceptable, that s ine3 

A�lOO MeV ; for A�2oo MeV one has 
are as follows (by making the 

2 2 2 4 Re At � s1 c1 s2 

� 0 
Re A c 

and sin82<< sine1) 
2 2 2 \ � sl cl s 2 (7) 

where sj = sinej and cj = cos8j . Assuming s2� 0 . 1  (it may be smaller ,  but termj 
containing s2 contribute by less than 15% to the final result) , we obtain 

-15 (llm)BOX � 3 . 2 · 10 B (8) 
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where we have used mt � 40 GeV and me 
experimental value of �m we obtain 

1 . 5  GeV, By using Eqs . ( 1 )  and (2) and the 

(9) 

Eq , (9 )  represents an experimental constraint on the values of the parameters 
B ,  D; we shall now summarize results of a calculation of these parameters6 ) , l) 

based on dispersion relations (D .R . ' s ) and hadronic phenomenology .  In order to 

compute B we consider its definition 

where ( J6-i7 
µ syµ( l-ys ) d  ) 

B = M I  �AC 

M =< Ko J : J6-i7 (0)Jµ6-i7 (0) : J Ko> µ 

(10) 

(11) 

is the full matrix element and �AC is obtained by inserting the hadronic vacuum 

between the two currents 

(12) 

As for the full matrix element M ,  we proceed as follows : we evaluate the currents 
• + + in two different space-time points :  x ,  y such that x-y = ( 0 ,  n /µ ) where n is 

a unity vector, µ is the onset of the scaling ( µ � 1 GeV) and an average over spa= 
tial directions is understood . This procedure is allowed owing to the precocity 

of the short-distance behaviour . The result is S) : 

where the function j 0 (x)= (sinx)/x cuts off the integral for large momenta and 

T (q) = gµv ( T (q) + � (q) ) conn µv µv 

(13) 

T
µv(q) Id4x exp (iqx) <K0 1 T (Va

µ (x) Va (0) ) I K0> (14) v conn 
�µv(q) Jd4x exp (iqx) <K0 1 T (Aa

µ (x) Aa (0) I K0> v conn 
(a = 6-i7) . The tensors T and � can be decomposed in invariant amplitudes 

2 2 µV µv 
Tj (q , v  =pq) and T . (q , v ) that obey unsubtracted D .R .  ' s .  The reason is that,  as= 

. � . 
2 I I < suming Regge behaviour for fixed q and v ->«> , one has a68=2 0) < O, because a 

6S=2 Regge traj ectory is exotic and one faces a situation similar to the n+-n° , 

61=2 electromagnetic mass difference9) , As a consequence ,  the D .R .  ' s  will be sa= 
turated by a few low-lying poles : n° , n ,  w, p0 , �  , The relevant form factors can 
be extracted from hadronic phenomenology , while the exact value of the µ parameter can 
be fixed by the 61 = 3/2 amplitude in the K+nn decay; notice that B (µ ) ·  (a(µ2

) )-6127 

should be independent on µ ( we shall discuss this point later) , 

An analogous calculation of A312 ( K+nn ) was performed some time ago8) and 

recently improved 6 ) ; it must be s tressed that ,  if one uses PCAC and Current Al= 
gebra , one reduces to the calculation of a matrix element of the type<n l o312 1 K> 
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which is similar to (11) , As a matter of fact this argument has been used , toge= 

ther with SU(3) flav syrrnnetry , to give an estimate of B lO) ; however one may ex= 
pect important SU (3) flav breaking effects in the pseudoscalar octet and this is 
why our calculations for K+n and K0+ K0 transition amplitudes contain syrrnnetry 

breaking, 

Our results can be summarized as follows : 
-8 -8 1) The value µ� 0 . 8  GeV gives A312 (K+nn ) = 0 , 84 • 10 GeV (exp . : A312= 0 . 86 ·10 

GeV) ; with the same 
um 8) one obtains 

value of µ and using a Regge parametrization for the continu= 

-7 2 . 7 · 10 GeV) . 

-7 for the 61=1/2 amplitude : A112= 2 . 5 · 10 GeV (exp . : A112= 

2) The factor B=B (µ) turns out to be in the range 

0 . 9 < B < l . 2  

for µ in the range 0 . 5  - 1 . 2  GeV; in the same range of values of µ also 

( 15 )  

2 -6/27 . . - 2 -6/27 (a(µ ) )  is rather independent on µ , so that B= B (µ) · (a (µ  ) )  � 1 . 4  is 
�pproximately) µ -independent ll) ;notice that for larger values of µ this is not 

true , which is not surprising as our calculated B (µ) depends on some assumptions 
on the form factors which turn out to be accurate only for moderate values of q2 

An approach similar to the one described above can be used to estimate the D 
factor in Eq . ( 2) 7) . We write 

(16) 

where (omj )LD is the long-distance contribution to the self energy of Kj ( j=  L,  S) , 
and introduce 

2 where rj (�) 

self energy functions IT . (s) normalized as follows : 
J 

Re 2 rrj (�) 2 � omj 
Im 2 rrj (�) 2 - � rj (�) 

r .  is the K .  width. IT . (s)  satisfies an unsubtracted DR 12) : 
J J J 

Re IT .  (s)  
J 

l/n PI ImITj (s ' ) / (s ' -s)ds ' 

In the case of �· Eq . ( 1 8 )  reduces to 2 
Re rrL (s)  E l aK_ 

l 2/ (s-m2) + 
n --i. n n l/n P �;m ITL (s ' ) / (s '-s)  d s '  

9mTI 

(17) 

(18)  

(19) 

wher me is the mass of the charmed quark which is an adequate energy scale for 

long distance contributions , the sum runs over the low mass mesons n = n° , n  , n , 
p0,w and 

( 20)  

The continuum contribution in (19) can be evaluated using a smooth form-factor 

describing the decay of an off-shell kaon into three pions ; we get 



011\. I = - 0 . 02 ± 0 . 01 ---r;-l 3rr 
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(21) 

which is  rather small as compared to the experimental 15L- KS mass difference (its 
-3 magnitude is  determined by the ratio r (�+3rr ) /r S� 10 ) 

�m I rs = o . 48 ± 0 . 02 (22) 

The pseudoscalar meson contribution can be calculated by using a technique similar 
to the one employed in the evaluation of the B factor.  One finds 

<n 8
1 Hw 

I K0> 

<n 0
1 Hw 

I K0> 

I n> 
I n' > 

cose I TJ 8> - sine 

sine I TJ 8> + cos8 
TJ > 0 TJ > 0 

( 23) 

(24) 

On the other hand the p , w contribution turns out to be negligible and , by sum= 
ming up all the long-distance contributions to the � self energy one obtains 

- 0 . 51 ± 0 . 1 3  (25) 

where the quoted error takes into account experimental uncertainties on e and an 

overall normalization uncertainty on the matrix elements (23) . 

Finally we consider the KS case ,  Eq . (18) becomes 

Re II S (s) = 1/ rr P  J�t II S (s ' ) / (s ' -s )ds ' (26) 
4m2 

We identify rs (s)  = -1 /IS im IIS (s)  with the deca� width of an off-shell KS into 

two pious ; thus we have [ s -4m2 }1/2 2 rs(s )  = canst 2 I F ( s ) I 
s 

(27) 

where the constant is fixed by the normalization condition rs (mi) =rs and F (s )  is 

a form factor. Using an old suggestion by Nishij ima13) , we suppose that F (s )  be do= 
minated by an l=O scalar resonance ,  having mass � and width rR: 

F ( s )  = canst I <mi - s - i rR �) (28) 

Data on I=J=O rrrr phase shift can be fitted by such a resonance with mR� 800 MeV and 
2 14) • 2 l/l a width (a= 0,3 GeV , b=0 ,8 )  given by : rR=l/ (2�) (1-4mrr

/s) (a+bs) .  Using such 
assumptions we obtain the result ( the error arises from uncertainties in the fit; 
our integral converges rapidly so that uncertainties arising from the region 

/;:; = ( 1 GeV, m ) are negligible) c 
oms/rs ! 2rr� - 0. 56 z 0 .07 ( 29)  

Summing up results contained in Eqs , (25) and .(29) we obtain the result 
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(tim) LD/rs + 0 .05 + 0 . 20 (30) 
which gives 

D = 0 . 10 + 0 .41  (31 )  
In  conclusion the D parameter turns out to be rather small ,  owing to a cancel= 

lation between the long distance contributions to the self energies of � and Ks . 

D contains a large error that cannot be reduced at the present level of develop= 
ment of the theory; nevertheless Eq . (31)  is able to give some informations ; for 
example it excludes too small values of B if the constraint (9) has to be implemen= 
ted . Let us finally mention some other calculations :  the result (31) is compatible 
with the findings of Ref . ( 15) , where, however , the assumption of SU(3) chiral sym= 
metry may introduce large uncertainties ; our method of dealing with the 2n continu= 
um has been also used by Bigi and Sanda16) , but their parametrization of the 2n 

phase shift lead to large errors in D; finally,  a recent calculation by Penning= 
ton 17) of the 2n contribution gives a result sensibly lower than our outcome (29) : 
such a smaller value is obtained by assuming a subtracted DR instead of Eq . ( 26 ) , 

which in our opinion is not justified. 
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Exact renomalised expressions for f lavour-changing quark self-energy, 
flavour-changing quark-gluon vertex function and flavour-changing quark-photon 
vertex function are presented within the framework of standard SU(3) c x SU(2) 
x U ( I )  theory with six quark flavours. Applications to physical processes 
such as nonleptonic decays of neutral kaons , f lavour-changing radiative decays 
and the e lectric dipole moment of neutron are discussed. 
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I .  Introduction 

The standard SU(3) C x SU(2) x U ( J )  theory is now firmly established after the 

observation of gluon jets
1 ) and discovery of the W and Z weak bosons. 2)  There 

is ,  however,  a particular aspect of the theory that still  remains a mystery, 
namely the mixing of quark flavours. 3) With six quark flavours ,  the f lavour 
mixing can be parametrized with the 3x3 Kobayashi-Maskawa (KM) mixing matrix. 4) 

Besides three mixing angles e 1 , e2 and e3 , the KM matrix also contains a phase 
angle o that would give rise to CP violating effects in a natural way. One 

consequence of this flavour mixing is  the neutral conversion of quark flavours , 
h f k d k . h d '  1 S )-7)  . h h . . sue as rom a s-quar to a -quar , e1t  er irect y ,  or wit t e em1ss1on 

of a gluon6) ,S) ,9)  or a photon. 9) , I O) Although such conversions are prohibited 
at the tree leve l ,  it is nevertheless possible at high orders in the weak 

coupling constant g .  

In order t o  probe into the finer details o f  the standard theory, i t  is  
necessary to carry out accurate calculations of these flavour-changing (FC) 
neutral transitions . We present here the exact calculations , to order g2 , of 

the FC quark self-energy , 7) FC quark-gluon vertex6) and FC quark-photon vertex, 
in the unitary gauge . I I ) The top-quark mass is not assumed to be small compared 
to M . w Although the expressions are derived for s + d  transitions , they are 
however quite general , and are easily adaptable to other FC transitions , 

II .  Direct Flavour Conversion 

The Feynman diagram for the s + d self-energy is as shown in Fig . I . The 
calculation is straight forward . 7) The self-energy is renormalized so that the 

the renormalized self-energy [R(p) vanishes when one of the external quark is on 
mass-shel l . 5 )  For p2 << M 2 , we obtain7) 

w 
GF 2 2 2 

--2 { (p -md -m )pL+mdm (-pR-lmdR+m L) }Ge 412� s s s 

where L ,  R ! ( I  ± y5) and 
2 2 2 io 2 2 -2c 1 s 1 c3 (mu -me ) /Mw + s 1 s2 (-c 1 s2c3+c2s3e ) (Ct+2mc /Mw ) 

- ! µ2 { ( 4-µ2 ) ( 1 -µ4) +µ2 {9-4µ2+µ4) £nµ2 } / ( l -µ2) 4 ,  µ = mt/Mw 

( I )  

( 2 ) 

(3) 
As expressed in Eq . ( I ) ,  [R is important only when both external quarks are 

far off mass-shell , and is thus applicable to processes involving the K-meson. 
It is especially suitable for calculating the K0 + vacuum transition amplitude , 
<O J H J K: 0>, 7) , J 2) which can occur via an internal s + d conversion as depicted in w 
Fig. 2 .  Approximating the Kqq binding by an effective constant y5 coupling , 
we obtain 
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(4) 

where M is the relevant QCD renormalization point , and is taken to be 2 GeV. We 
can use Eq.  (4) to estimate the contribution to the �I = ! amplitude , a1 , 
decays that arises from K 0 + vacuum transition. 
have 1 2) , 7 )  2 
a ,  

2 
i m 

( I  - �2) <0 I Hw l K o> $ -
2f/ � 

-9 4 x 1 0  GeV 

2 Using PCAC analysis ,  we 
of K0 

(5) 

This is at least two orders of magnitude smaller than the experimental value of 
3 . 53 x I 0-7 GeV. Our result therefore disagrees with that of McKellar and 
Scadron. 1 2 )  

0 Using pion PCAC, we can give an estimate of �+ 'IT transition amplitude 
<'!T0 IH)�> in terms of <O IH)i<0 > ,  1 2) • 7) 

<TI0 IH I�> =  -1 - <O IH I K.0> ,; 5 x 1 0- I O GeV2 w /2f'IT w 
The � + '!To amplitude can be used to relate � + -ry to 11° + yy be assuming 

. 1 d . 1 2 ) . 7) pion-po e ominance , 
o I o l I 2 2 1 2 r (� + yy) = f ('IT  + yy) <TI Hw �>/ (TI\ -m'IT ) 

(6) 

(7) 
This is again too small when compared to the experimental value of 0 . 945 x I 04s- I . 
We therefore conclude that �+ yy cannot be explained by pion-pole dominance . 7) 

I I I .  Flavour Conversion with One Gluon Emission 
Figure 3 shows the Feynman diagram for the FC quark-gluon vertex , or the 

penguin vertex. The vertex function r a (p,k) is renormalized by requiring that µ 
Ward-Takahashi identity is satisfied by the renormalized quantities : 6) 

kµ r�µ (p ,k) = gs ! A
a{ ER (p) - ER (p-k) } .  

We give here the on-shell vertex function6) for the case k2 < <  M 2 : w 

(8) 

a gsGF 2 rRµ (on-shell) = --2 ! Aa{G (k \( - k y )L + iGBcr k" (mdL+m R) } (9) 
41z'IT 2 A µ µ µv s 

where 
GA = jc l s l c3�n (mu

2/mc
2) + s l s2 (-c l s2c3+c2 s3e

io ) {At - �tn(mc
2/Mw

2) }  ( 1 0) 
I 2 2 2 io I 2 2 GB = z<'l s l

c3 (mu -me ) /Mw + s l s2 (-c l s2c3+c2s3e ) (Bt - 2"1c /Mw ) ( I I )  
I 2 2 2 4 2 4 2 2 4  - TI{µ ( I-µ ) ( 1 8- 1 1 µ  -µ ) - 2 (4- 1 6µ +9µ ) tnµ }/ ( I -µ ) ( 1 2) 
I 2 2 2 4 2 2 2 4 - t;\1 { ( I -µ ) (2+5µ -µ ) - 6µ �nµ } / ( I -µ ) ( 1 3 )  
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Our expressions , Eqs . ( 1 0) - ( 1 3 ) , agree completely with the calculation of 
Deshpande and Nazerimonfared . 9) It is noted that GA dominates over GB because 
the ratio of At - �£n(mc

2/Mw
2) to Bt - i mc2/Mw2 is about 70 at mt = 40 GeV. 

The main application of the FC quark-gluon vertex is in the penguin diagram8) 
as shown in Fig. 4. The effective Hamiltonian for the penguin diagram is 

asGF - a - µ a - �� GA (dy Lj\  s) (uy j \  u + . . .  ) 
12" µ 

( 1 4) 

The contribution of the penguin diagram in the electric dipole moment of neutron 
has been estimated previously. 1 3) Our new expression for GA allows us to improve 
On th; s  est;mate . 6) H h · · 1 1 °  h f 40 G L L owever, t e improve is on y s ig t ;  or mt = eV, we 

get only a factor of 1 . 2 over the old estimate . Thus the contribution of the 
penguin diagram to the electric dipole moment remains of order l 0-30 e-cm or 
1 0-32 e-cm, depending on the specific mechanism. 1 3) 

The penguin diagram also contributes to the parameter � given by6) 

� Im (K0+ 211) I Re (K0 + 211) 
-4 Im GA/Re GA � - 5 . 60 x 1 0  for mt 

This gives a value for s ' /s of6) 

s'  Is = 2 . 75 x 1 0-3 for mt = 40 GeV , 

40 GeV 

which is in agreement with recent experimental values of 
- 0 . 0046 ± 0 . 0053 ± 0 . 0024 1 4) and + 0 . 00 1 7  ± 0 . 0084 . 1 5) 

IV. Flavour Conversion with One Photon Emission 

( 1 5) 

( 1 6) 

The Feynman diagrams for the FC quark-photon vertex 
in Fig. 5 .  l l ) Renormalization is performed by requiring 
quantities satisfy the Ward-Takahashi identity. l l ) For 
vertex function is given byl l )  

r (y) (p ,k) are as shown 
µ 

that the renormalized 
k2 << M 

2
, the on-shell w 

eG 
f (y) (on-shell) = �{G(y) (k �-k2y )L  + iGB(y

) oµvk
v (mdL + m R) } 

Rµ 412" A µ µ s 
where 

.. ,.. At and Bt are as given in Eqs . ( 1 2 ) and ( 1 3) , and At and Bt are given by 

( 1 7) 

At = �2
I c1 -µ

2
> c1 4-4 1 µ

2
+2 1 µ

4
> + 2µ

2
c4-1 6µ

2
+9µ

4
) �nµ

2
} 1 c 1 -µ

2
)

4 czo> 

(2 1 )  
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Equations ( 20) and (2 1 ) for At and Bt are different from those obtained by 
Deshpande and Nazerimonfared . 9) Since our calculation is performed in the 
unitary gauge in which only observed particles are present , we are confident that 
our expressions are the correct ones . 

From Eqs .  ( 1 8) and ( 1 9) , we can see that G�y) is more dominant than Giy) . 
In fact , for mt = 40 GeV , 

ImG(y) /ImG(y) � 20 A B ( 22) 

But for the emission of real photon, only Giy) contributes because the G�y) term 
vanishes .  Real photon emission processes are therefore strongly suppressed. 

+ -This is well illustrated by comparing the decay rates for s -+ dy and s + de e • 

The computations are straight-forward , and we obtain 
r ( s -+ dy) � (cxG 2 / 1 28114)m 5 1 GB

(y) 1 2 � F s 
r ( s -+ de+e-) � (cxG// 1 536116 )ms

5 1 Gly) l 2 
7 x I 0- ! 5 eV 

2 x 1 0- l l eV 

(23) 

(24) 
where we have assumed that the ST de+e- decay occurs via an intermediate virtual 
photon which subsequently decays into e+e- . The decay rate of 2 x I 0- 1 1  eV for 
s -+de+e- appears to be in the right ball-park for describ ing the decay l:+ -+ pe+e- : 

f (l:+-+ pe+e-)expt < 6 x 1 0- l l eV 
But the rate of 7 x 1 0- ! 5 eV appears to be too small for describing the FC 
radiative decays of L+ , �0,  � and n 
f (l:+-+ py)expt (0 . 99 ± 0 . 1 1 ) x 1 0-B eV 

r (=:0+ A0 ) ( I . I ± I .  I )  x I 0-8 eV y expt 
r (=:o-+ l:oy) < expt 1 . 6 x 

r c=: - -+ l:
-
y) expt < 4 .  8 x 

r (n --+ ::
-
y)expt < 2 . 5  x 

1 0-7 eV 

1 0-9 eV 

1 0-8 eV 

(25) 

( 26) 

But we are reminded that the FC radiative decays of these strange hyperons also 
receive contribution from the penguin diagram such as Fig. 6. This diagram will 
give a more dominant contribution to the radiative decay because the gluon 
involved at the penguin vertex is in the virtual state , and is therefore 
enhanced. To obtain a rough estimate of the magnitude of this contribution, we 
merely replace G�y) in Eq. (23 ) by GA. The resultant estimate is 

-9 f (sq + sq y)penguin � 2 x IO eV 

which comes quite close to the experimental decay rates. 

(27 ) 
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It is interesting to speculate on the possibility of bare top-flavour 
production from the process 

+ - * e e + y + tc. 
A quick estimate gives a cross-section for such a process of 

(28) 
For E = 30 - 40 GeV, a � 1 0-9 pb ,  which is probably too small to be measurable. tot 
The possibility of electro-production of bare top-flavour by the process 
e u + e t 
via one virtual photon exchange is even less likely because of the further 
suppression. 

Let us now turn to the CP violating effects arising from the sdy vertex. 
Besides the pengiun diagram contribution, the electric dipole moment of neutron 

1 . ' b  . f d '  • 7 1 6) h '  h . 1 h d a so receives contr1 ut1on rom 1agram of Fig. , w 1c 1nvo ves t e s y 
vertex. Such contribution gives 1 6) 

where 
3 x 10-3 GeV 

Using our expressions for Bt and Bt ' we obtain , for mt 
D � l 0-33 e-cm. n 

40 GeV, 

(29) 

(30) 

(3 1 )  
This i s  improved by one order of magnitude , but i s  still smaller than the penguin 
contribution. 

We have argued previously that the FC radiative decays of strange hyperons , 
and possibly those of K-mesons ,  might be accounted for by processes involving 
the sdy vertex or the sdg vertex. If this is so , we would then be in a position 
to estimate the CP violating effects in such decays . For FC decays that involve 
a virtual photon ,  the relevant quantity for measuring the CP violating effect is 
ImG ( y) /ReG ( y) A A ' 

rmc!_r> /ReG!_y) . � s x -1 0-4 • (32) 
It is therefore too small an effect . For decays involving a real photon, we 
have seen that it is the pengiun diagram involving the penguin vertex that gives 
the dominant c;.ontribution. The relevant quantity here is ImGA/ReGB ' which is 
again � 1 0-4 The CP violating effects in FC radiative decays of strange 
particles are therefore too smal l  to be observable . 
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V. Conclusion 
We have presented exact calculations of Flavour-changing quark transitions ,  

which involve direct conversion of flavour , or  conversion with the emission of  a 
gluon or a photon. Estimates are made on the contributions of these transitions 
to various processes . Direct flavour conversion i s  used to compute the i0 + 
vacuum transition amplitude and is found to be too small to explain the �I 
rule or the Ki, + yy decay. The gluon-emitting flavour conversion is applied to 
the penguin diagram. It is found that the penguin contribution to the electric 
dipole moment of neutron remains at 1 0-30 e-cm or I 0-32 e-cm. It also gives an 
estimate of 2 . 7S x I 0-3 for the parameter £1 / £  which is in agreement with recent 
experimental values .  Photon-emitting flavour conversion is applied to various 
processes. Flavour-changing radiative decays of strange particles appears to 
be explanable in terms of the flavour-changing quark transitions . But the CP 
violating effects in such decays are estimated to be too small to be measurable. 
Photon-emitting quark flavour transition gives a value of I 0-33 e-cm to the 
electric dipole moment of neutron , which i s  still smaller than the penguin 
contribution . Finally, the possibility of bare top-flavour production from the 
processes e+e- -+ tC or e-u +e-t i s  shown to be very unlikely. 
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�I=J RULE , HEAVY QUARKS , AND CP VIOLATION 

D. G. SUTHERLAND 
UNIVERSITY OF GLASGOW , GLASGOW Gl2 SQQ 

ABSTRACT 

The �I=! rule for K decays is discussed in an approach emphasising long 
distance aspects of the matrix elements . Large contributions from t quark 
states are found necessary . Consequent discrepancy with the KM model for CP 
violating amplitudes is explained. The relationship to the standard short 
distance estimates is discussed . 
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I present a brief account of a recent attempt with Pham1) to understand the 

6I=l rul e in K decay . The relevance of this to the Workshop is that , upon 

using improved experimental and theoretical input , we find much sharper di sagree­

ment with data in the KM model of CP violation than in previous analyses . 

Our motivation derived from dissatisfaction with the orthodox treatment s of 

the 6I=l rul e .  The original calculations2) of hard gluon correcti ons gave an 

enhancement of only �5 as opposed to experimental �22 of 6I=l over 6I= 'l12 ,  while 

the hopes expressed for penguin operators introduced by svz3 > seem unfulfilled . 

Recently several authors4) have estimat ed ,  with perturbat ive estimates of c5 , 

that only 10-20% of the 6I=l amplitude comes from penguin operators . Guberina 

has discussed here a hadronic sum rule and concludes also that penguin operators 

do not adequately explain the 6I=l rule .  

I t  i s  disturbing that after 25 years we still cannot understand the 6I=l 

rule for K decay . Furthermore , as similar operators appear in est imates of E ' ,  

doubt i s  cast on these b y  our failure . Our feeling was that the most serious 

omission in the usual analysis was the effect of soft gluons . An interesting 

paper is this spirit by Nardulli et . al . 5 )  argued that the 6I=i rule could be 
* 

attributed to the K Regge Pole in the weak virtual Compton amplitude - clearly a 

soft effect . 

Our treatment differs in several respects from that of Nardulli et . al . ,  

but it shares the essent ial feature of focussing on the relatively low q2 

behaviour of the virtual Compton amplitude . 

short distance analysis we discuss below. 

The relation of this to the usual 

We make essential use of the chiral SU(3) x SU (3) result that 

<rr(p) I H . I K (k)>« p . k6 ) Any momentum independent piece should vanish with m • 
WK * s 

It is not clear how the SU(3) invariant and momentum independent K contribution 

can satisfy this and we believe it contributes only to the Krr mixing, which 

should be rotated away , and not to the K+rrrr amplitude . We see no such reason 

to rotate away p . k  piece , and we compute this by inserting intermediate 

I ll> in the chiral limit with vector dominance for <rr l J  1 11> .  + 1 6I=i + -l , µ 
We find <rr IL� I K  >=2 G sine cose p . k  f-xl . 3 , for i=l ; x (-0 . 07) 

WK F c c rr * 
the main contributions colling from interaediate rr ,  K, vacuum , w and K 

states 

for i=� 

states 

with very small additions froa higher 

appear in the currents) . One sees a 

�20 , though one should be aware that 

states (thus far only 3 light quarks 

large enhance-nt of 6I=l over 61=� by 

the I=� amplitude involves cancellat ions 

and is very sensitive to assU11Ptions on input; it may al.so receive substantial 

contributions from llixed weak and isospin violating effects . 
+ 1  6I=i 1 + The magnitude of <rr � K > can be estiaated as 

2-
i

G sine cose f2p . k  x 3 froa r (K + rr+rr-) and a soft pion theorem with a corr-
F 7) c c rr s 

action from final state interactions of the pions . Before comparing this 
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with our estimate above , we should include the effects of hard gluons , though 

we expect (froa eg . refs . 2) and 6)) that these will be modest . Since our 

emphasis is on soft gluons we accept our treatment of hard gluons may be approx­

imate, but we do not believe this should lend to serious errors . 

where 

where 

and 

We use a method similar to one discussed by Wilson� ) Write 

T(J (x)J (0) = E C (x) 0 + R(x) µ v n n n 
R(x) is a remainder + 0 as x + O, to obtain a sum rule 

fd4q c• (q) - E � (q) <A l o I B>) = o 
AB n n n 

M (q) = <A i fd4x eiq�(J (x) J,,Co> I B> AB µ v 

�n(q) = f d4x eiqxCn (x) 

We hope that the rapidly converging integral (as a reflection of precocity of 

scaling) gives a good approximation i f  we cut off the integral at moderate 

qmax ' around 2 GeV. say, so that 

(1) 

(2) 

(3) 

(4) 

Jqmaxd4q MAB (q) = � �n(qmax) <A l on l B> (5) 
0 "' "' 

Since the operators o1 , o
5 

and 06 have similar ratios Ci (qmax)/Ci (�) � 0 . 7  for 

q � 2 GeV , we can relate the short distance result to our long distance esti-max 
+ I 

�I=i l + i mates to obtain <rr �K K > � 2- GFsin8ccos8cf;p . k  x 1 . 9 
Thus we find a discrepancy of 50% with our est imated phenomenological value 

above . Several attitudes to this can be adopted . One might try to reduce 
"' 

qmax toql GeV , but the change in en induced is largely compensated by a reduct ion 

in J maxd4q M (q) - a nice feature of our approach . Our feeling was that o AB 
the discrepancy was too l arge to be due to chiral symmet ry breaking, but a recent 

calculation9) of the <K+ l o4 1 rr+rr0> in chiral perturbation theory finds 50% corr-
ections as discussed here by Golowich. Until a similar calculation is made and 

assessed for the �I=! amplitude , we cannot rule out chiral symmetry breaking as 

the source of discrepancy . As in the orthodox treatments 10> there is only approx­

imate matching of long and short distance effects and this is made worse by the 

appearance of o
5 

and 06 for which the soft gluon corrections to the perturbative 

operators can not be taken as local operators when only u quarks appear in the 

loop�l) 

Thus from phenomenology we are probably not forced to have a larger contri-

bution from heavy quarks than the orthodox % 10% penguin es timate . We do not 
believe , however, that it is consistent with our treatment of the long distance 

effects for light quarks to take this estimate . Rather we calculate the 
* * * 

effects of D, D intermediate states using F and D dominance of the currents . 
* 

Of course , larger uncertainties enter here , especially for the D intermediate 

states, but we note that a similar model seems rather successful! in describing 

D semi-leptonic decays , as discussed here by Stech . We then obtain an almost 
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total cancellation (of GIM type) with our previous three quark contribution. 

Only modest short distance enhancement is expected (see below) . 

Within the KM model we are left with only the possibility of including the 

effect of states including t quarks . A calculation analogous to that for D ,  
* * 

D intermediate states gives a contribution % mt2 l u  tsutd l /cosecsinec of that 
* 

from the D ,  D states . With present data on the 3 generation KM model we find 
+ -� � (40 ± 8) GeV is needed to fit KS+ n n rate . In our estimates we general-

* 
ised the model of Stech and collaborators and the errors from this e . g .  T 

dominanc e ,  at least out to q2 � �2 , are hard to assess and are probably no 

smaller than those from the KM mat rix elements .  Nevertheless it i s  gratifying 

that our central mass estimate is close to that reported here by UAl collabor­

ation. 

Before discussing further these uncert ainties and the relation of these 

est imates to the short distance analys is , we show how we encounter a serious 

disagreement with data if our estimates are even approximately valid . Since 
+ -the KS + rr rr amplitude is essentially all due to intermediate states with t 

quarks , 1 E - 1 �10-5 requires a KM phase o�O(l0-4) .  In consequence the box dia­
-3 gram gives E <<E . i 1 (=2 . 3  10 in modulus) provided only that the B para-m empir ca 12) meter is �0(1) as indicated by bounds of Guberina et . al .  Thus we have a 

situation where , in the standard notation13) , S/E >>l .  m 
It is known that this can be made compatible with data on E '/ E  if large 

dispersive correction to the box diagram occurs ; in the notation of Wolfenstei�3> 

D<-10 is required . In ref . 1 we took the view that this might allow agreement 

with the KM model . This was based on a related calculation by Dupont and Pham14) 

which found D % -6 in a model and thereby gave agreement with the earlier data 

on E / E .  As we now explain, we now believe , on re-analysis a nd  on using new 

data on E '/ E ,  that D -2 is very unlikely and thus the 3 quark KM model is in 

strong disagreement with dat a .  

There are three element s i n  our re-analysis and all t e nd  to increase D .  

The most important i s  the use of the final state interaction correction7 ) in 

I �I=! estimating <K �K I rr> . This reduces the magnitude of D by � 3 .  Secondly the 

positive contribution to D from 2rr intermediate state s ,  while still rather 

uncertai��) is probably 0 ( 1) rather than negligibly smal l .  Finally the SU(3) 
I �I=! violation in <K HWK I M> , (M=rr , n , n ' )was probably as large as feasible and the 

use of a nonl inear chiral Lagrangian1
6) with SU(3) breaking give l o l  much 

smaller than in Ref .  14) .  To avoid confusion we emphasise that these remarks 

apply to D within the KM model only, and not to D within the multi-Higgs models 

of CP violation discussed here by Sanda and by Pham. 

Is there a relatively modest change in the standard model that would 

restore agreement with data or are we forced to new physics such as that dis-
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cussed here by Mohapatra and Gerard? One possibility might be a fourth gener-

ation of quarks , but we do not find this very plausible, since it would require 

apparently very conspirational cancellations of the imaginary parts of t and t '  

contributions . 

Because of the importance of our conclusion, it behoves us to explain 

further the assumption underlying it and its connection with the short distance 

approach . Repeating our use of the sum rule of Wilson8) for heavy quarks , we 

expect only o5 and 06 penguin operat ors to be signific ant . The coeffic ient 

functions will be modified by soft gluonic effects , but , for c or t in the loop , 

the penguin operators are still effectively local four fermion operators . 11) 

Usually these soft gluonic modificat ions seem to be taken small , but we are lead 
to doubt this from the sum rule. Note that for heavy quark Q of mass mQ it is 

appropriate to take �ax
%mQ on the ground that only then can scaling be expected 

from the current s containing Q .  Consequently w e  expect only a most enhancement 

(� 1 . 2) from hard gluons . 

Our other assumption of vector dominance for heavy vector mesons is hard to 

just i fy but it appears reasonable and to have some support from semi-leptonic D 

decay as well as being testable in T decay Theoretically QCD sum rules might 

be used to investigate this . While uncertain for T decay , we recall that its 

validity of D decay would leave us with a lack of underst anding of 61=1 rule in 

the st andard model i f  the T contribution is small . 

It seems worthwhile to give a diagrammatic interpretation of the difference 

from the usual approach. The soft gluons in the diagram build the resonances 

in the intermediate state and in the formfactors . 

w 
d 

u u 

As discussed by I sgur and Llewellyn Smith!7> it appears that soft effects in the 
� wavefunction are much larger than the perturbative effects at q2� few Gev2 and 

we believe a similar effect is at work here ; further study of this for heavy 

quarks , perhaps in a Bethe-Salpeter equat ion approach , could be helpful . 

Gali!8 > has recently put forward a similar explanat ion of the 61=1 rule in 

terms of a heavy quark in interaction with soft gluons . His approach is an 

effective theory and he makes no calculation of the size of the effect and does 

not treat CP effect s ,  so that it is di fficult to compare with our approach . A 
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treatment with affinities to ours has been advocated by Donoghue
19) 

and implement­

ed recently by Eeg�O) 
They use bag model states and we feel uneasy on the 

chiral properties of such calculations . 

Finally we stress again the dramatic conflict with the standard model that 

arises in our attempt to explain the �I=l rule.  We emphasise that this i s  not 

a conflict dependent on delicate details . If our calculation is even approxi­

mately correct ,  the conflict persists .  We feel that serious efforts t o  justify 

or to vitiate our computation are , therefor, required , 
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IN MODELS W I TH S PONTANEOUS CP V I OLAT I ON AND 
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The re s u l t  1 E ' / E1 � . 0 5 in mo d e l s  w i t h  s p o n t a n e o u s  CP 
v i o la t i on wi t h  n tura f l a v o r  con s e r va t i on was obt a i n e d  u s i n g  
t h e  v a c uum s a t u r a t i on a p p r o x i ma t i o n .  T h i s  a p p r o a ch h a s  b e e n  
c r i t i c i z e d  as t h e  va cuum s a t u r a t i on a p p r o x i ma t i o n ,  a s  us e d  
h e r e ,  d o e s  not s how any r e mnant o f  c h i ral  S U ( 3 )  x SU ( 3 )  
s y mme t ry .  As s u mi n g  that th i s  obj e c t i o n  i s  re l e van t , ( i . e .  chi r a l  

Ie r t u r ba t i on t h e o ry converges  f or ma t r i x  e l e me n t s  in  q u e s t i on ) ,  
E 1 / E I " . 00 6  wa s o b t a i n e d  f o l lowing wi s d om of ch i r a l  
y mme l r y . I t  is p o i n t e d  out tha t  the lat t e r  ca l c u la t i on 

i gn o r e s  n- n ' mi x i n g .  I f  the mi x i n g  i s  i n c l u d e d  I E ' / El � . 0 1 6  
r e s u l t s . Whi le th i s  i s  too  l a r ge co mpa r e d  to e xpe r i m  n t a l  
r e s u l t ,  i t  i s  n o t  p os s i b le to  p u t  a t he o re t i ca l  e r r o r  o n  t h i s  
re s u l t . As t h e  va l i d i t y  of va cuum s a t u r a t i on a p p r o x i ma t i on i s  
a n  i mp o r t a nt q ue s t i on ,  a s e r i ous a t t e mpt to u n d e r s t and the 
pre d i c t i on o f  chi r a l  pe r t u r b a t i on theory is  wo r t hwh i l e .  

Wor k  supported i n  pa rt by the Department o f  Energy under Contract 

G rant Number DE-AC02- 8 1 ER40033B . 000. 
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At this  t i me ,  the ori gin of CP vi o lat i on is comp l e t e ly 

open .  Grand uni f i e d  theories  or  super symme t r i c  the ories  whi ch 

incorporate  a me chanism f or generating  baryon asymme t ry may 
lead  to the explana t i on of phenomena obse rved in K me son  

d e cay s .  One migh t ,  howeve r ,  search f or theories whi ch 

accommodate  CP vi olation wi thin  the con t e xt of the SU ( 2 )xU ( l )  

e l e c t roweak gauge theory .  In this  case  vari ous p o s s i b i l i t i e s  

a n d  the i r  consequences  can b e  mapped  as shown in F i g .  1 

Spontaneous CP v i o l a t i on in SU(2)  x U ( l )  gauge t heory 

NFC in H i ggs sector 

1 
r.i i n i l"l.;rr/• three 1-< i ggs dou b l e t s  
R e a l  K /'I. ma t r i x3 
Leacs to �oo l a rge va l ue for c ' /c 
On : I C- 2_..e Cl"I 
mH = 1 :- - 30: GeV 

FIG. I .  

Superweak model 
three H i ggs dou b l e t s  
Z3 syrrrne t ry i n t roduced 
� · /� ���!As�e��-)6�hc:�pe r i ment 

n 
mH ( JO r) TeV 

J, breakdown of perturbation theory? 

sector 

No extra syrrr.ie tr.,  i n t rc;: ... ce;:: 
n i n i"'u-2 t._.o �1iacs cc..r:: l e ! �  
ma i n  fea ture : two s::; ... rces c f  
CP v i ol a t i on :  H i ggs eachan:;e + 
K 11  mechan i sm ;  other pred i :: t 1 ons de;>end on 
deu i  ls of mode l 

As i t  can be s e en in F i g  1 ,  va cuum saturat i on 
approximat ion ( V S A )  us e d  to eva luate  <K0 1 H I K0) mat r i x  element 
lea d  to the pre d i c t i o n 2 

. os 
( 1 ) 

for t he s pontane ous CP violation with natural f lavor c onserva­

tion ( NFC ) • Res ult  of recent  experimental  mea surements 3 are 

£ ' / £ - . 00 4 6  + . 00 53 + . 00 2 4  C h i ca go - S a c lay  
+ . 0 0 1 7  ± . 00 8 4  Yale - BNL , ( 2 )  

The pre d i c t i on s e e ms to contra d i ct experime n t s .  I n  t h i s  t a l k ,  
I s h a l l  briefly re view various  con t ri bu t ions to  t h e  subj e c t  
with  main empha s i s  in  e xposing  a l l  a s sump t i ons whi ch goes i n t o  
the  pre d i c t ion . 
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I .  S pontane ous CP vi o la t i on and NFC .  
Spontaneous symme t ry breaking is extreme ly e l e gant in that 

there i s  natural  exp lana t i on f or symme t ry break i ng and avoid 
havi n g  to int r o duce such breaking by hand . To i l lu s t ra t e  thi s  
f or CP v i o l a t i o n ,  I wi l l  consi der a s i mp le example : Cons i der a 
H i g gs po tent i a l  

whe re three s c a l a r  f i e l d s  •Pi ,  �2 , and �3 have be en introduced 
and the s p e ci f i c  f o rm may be due to s o me d i s crete symme t ry .  
I f  i a .  v e 1 ,  

V - 3 µ  v2 + 3 >.v4 + v4 c [ cos ( 2 a1 - a2- a3 ) +cos ( 2 a2- a1 - a3 ) 
+ cos  ( 2 a3 - a1 - a2 ) ) . 

Thi s po t e n t i a l  has a minimum at a 1 -a 3 ,  a2 - a3 =  2 11  3 + 2n11 .  

( 4 )  

Non- t r i v i a l  pha s e  "i wi l l  lead t o  observa b l e  CP vi o la t i on . I f  
one wi s he s  to cons i d e r  a mo d e l  wi th l ight  s ca la r  pa r t i c l e s  
( "' 1 0GeV ) ,  t h e  t rans i t i on s d  + � +sd must be avoi ded as i t  w i l l  
predi c t  la rge i\M f o r  K °K0 sys t em .  Thi s can be achieved by , for 
examp l e ,  coupl ing only � l  to down qua rks and �2 to up quarks : 

1 
� g i j  d i Ld j Rv e i "1 + 

+ 1 gi j  diL  dj RHl + 

whe re we have wr i t ten �i 0= 

2 g ij u i Ll.\.j Rv e i "2 

2 -g ij uiLU.j R 
1 g 

H o  

ij ' 2 and g ij 

( 5 )  

are  re a l  as re qu i red  by the cond i t i on for  spont aneous CP 
vi o la t i on, E q .  5 has two import ant consequen ce•: ( 1 ) The pha se  
in the  ma s s  ma t r i x  can be  e limina t e d  by the ro ta t ion 
dj R+e-i "1 dj Rfj R+ei "1 uj R • Thus the re s u l t i ng KM 
mi xing ma t r i x  is rea l .  ( 2 )  The H0 coup l ings  to quarks are 
propor t i onal to corre s ponding ma ss ma t r i x .  Thus in t e rms of 
ma s s  eigens t at e s , H 0  coupl ing is d iagonal  s d + � 0 +sd  t rans i t i on 
i s ,  t h e r e f o r e ,  avo ided .  
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I I .  E ' / E  
Diagona l i z i n g  the mas s  ma t r i x  f o r  the K 0 -K0 sys t em  we obtain in 

the Wu-Yang phase convention 

and 

where 

E 1 
72 

we note that 

+i 11 I 4  e 

i ( o 2- o0 ) ImA2 i 
T2 e --A 0 

A0 I A 0 j e i l; 
ii; where the phase e ari s es f r om the complex KM angles in the 

( 6 )  

( 7 ) 

( 8 )  

( 9 )  

coe f f i ci ent of o 5 and 0 6 operators res pons i b l e  for the �I = 1 / 2  
trans i t i on .  Rotating the phas e  j K 0 ) +e-i l; I K 0 )  to  comply wi th the 
Wu-Yang pha s e  conven t i o n ,  the expre s s ion f o r  E be come s 5 

1 i 11 / 4 E = 212 e 

and 
Im M l 2 
Re M l 2 

whe re we have used the 
M l 2 ( M l 2 ) SD 

Im M l 2 
Re M l 2 

( 1-D )  

+ D 

no ta t ion 

+ 21; 

Im (M l 2 ) S D  
Re (M l 2 ) S D  

I m( M l 2 ) LD  
Re ( M l2 ) LD 
6 

+ D ( M l 2 ) LD 

( 1 0 ) 

( 1 1 )  

( 1 2 )  
I t  has l ong been as sumed that the l ong dis tance con t ri but i on 
( M 1 z ) LD wa s re a l  in the Wu-Yang phase  convention , i . e .  ha d a 
phas e  -2 1; in the pe r tu rba t i on expans ion wi t h  the KM ma t r i x .  We 
parame t r i ze the devia t i on f r om this by in t r o du c ing an e xt ra 

parame t e r  7 K :  
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and obtain 
1- D 
2T2 £ + 2 i; + m D 

1 - D  
( 1 4 )  

where £ m 
Im (M1 2 > s D 
Re ( M 1 2 > s D 

The va lue of £ '  is no t af f e c t e d  by these con s i de ra t ions . 
ing the phase r o t a t i on explained above ( 9 ) , we obt ain 

Perfo rm-

£ . 
£ 

I I I .  Pre d i c t i on : 

20 ( 1- D )  ( em + 2 1;  + 
D K l 1 -D  

( 1 5 )  

In the Higgs mo de l ,  the dominant cont r ibut ion t o  ImM 1 2  and 
ImA0 comes f r om F i gs 2 a ,  and 2 b ,  respe c t i ve ly .  

FIG. 2. 

s c , u  :-1 E-
d c,u 

d 
s 

,;» - .::, , ' I C,U \ 

�i � d 
Q----------@---- Q b 

The s e  int e r a c t i ons have be en compu t e d  and the ma t r i x  elemen t s  we re 
e s t imated  us ing VSA with a result 2 

e I em > 1 .  ( 1 6 ) 

This result was subs equen t ly che cked by repla cing VSA by the MIT 
bag mo d e l  for ma t r ix element eva luat ion 9 • With Eq . 13 , Eq . 1 

naturally f o l lows f r om E q .  1 5  i f  D .:::: 0 and K ::= O .  Dupont and Pham 
has rai s e d  an obj e c t ion to using VSA in eva lua t i ng the ma t r ix 
e l ement dep i c t e d  in Fi g . 2 b .  they point o u t  t h a t  t he e f f e c t i ve 
hami l t onian from Fi g 2b has the trans f o rma t i on  prope rty  

H "'- ( 8 , 1 )  + ei � ( 3 , 3 )  
under chiral SU ( 3 )  x S U ( 3 ) .  Furthe rmore ,  the ma t r ix e l ement 
(K 0 1 ( 3 , 3 ) 1  lf 0> vanish in the symme t ry limi t .  Perturba t i on expans i on 
i n  the symme t ry breaking parame t e r  shou l d  le ad  to a re s u l t  for 
(K0 1 ( 3 , 3 ) ,  lf 0> which is cons i de ra b ly sma l l e r  than that obtaine d  
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using the VSA. At p r e s e n t ,  conve rgence of s u ch expan s i on f or the 
ma t r i x  element  under  cons iderat i on has not be en ve r i f i e d .  In  fac t  
there a re s ome examp le s  of ma t r ix e lemen t s  f or whi ch the chira l  
per turbation expans i on di ve r g e . 1 1  I t  may be  tha t the  re s u l t  
ob tained by summing the chiral per turba t ion expans i on is c l o s e r  t o  
the re s u l t  o f  heu ri s t i c  V S A  than to i t s  le a ding term .  

For now ,  howe ve r ,  I s ha l l  s t i ck to the con t en t i on of Dono ghue 
and Hol s t e in 1 2 who emphas i z e d  the po int  made by Dupont  and Pham and 
e s t imated E ' / E  taking into a ccount of the suppre s s i on f a ct or f or 
(K 0 1 ( 3 , 3 ) J 11 ° > .  They e s t i ma t e  

(K0 1 ( 3 , 3 ) J 11 °  or n8 > � (K0 J ( 8 , l ) J 11 °  or n8> x t :k ) 2 
(Ko I ( 3 '  3 )  J no > (Ko J ( 8 ' 1 )  J no > 

( 1 7 )  

whe re ns and n o  are oc tec t  and s i n g l e t  component of n , 
r e s p e c t ive ly .  The f a c t o r  (Mk / A ) 2 whe re A = lGeV is intro duced in 
order to have an exp r e s s ion whi ch van i s h s  in the chi r a l  limi t .  
I n  s p i te of the suppre s s i on f a ct or i n  E q .  ( 1 7 )  whi ch decrea se s  
previous e s t ima t e  o f  � by  the  f a c t o r  (Mk / A ) 2 , Em in Eq . 1 5  does 
not play an impor tant  role in re ducing the va lue for  E ' / E . Not e ,  
however that E q .  1 7  leads t o  

Im (M l 2 ) n > Im (M l 2 ) 2 11 '  11 0 ' n a 0 
( 1 8 )  

whi le the same can not be said for  the rea l  par t s .  Donoghue and 
Hol s t e i n  claims tha t n0 con t ri bu t i on  to (M 1 2 ) LD le ads  to a 
suf f i ci e n t ly large K s o  that 

E ' / E � - . 0 0 6  
w i t h  about a f a c t o r  o f  3 e r r o r  i n  bo th di r e c t i on s . F re're , Hage l i n  
a n d  I have s t udied t he s a me e f f e ct whi le w e  were in Mori ond l a s t  
year . 7  Ou r  re s u l t  is 

. 0 1 6  ( 1 9 )  
wi th about a f a c t o r  of 3 error i n  bo th dire c t ions . 

The d i f f e rence in our r e su l t  and that of Re f .  1 2  is that they 
have iden t i f ie d  n 0 wi t h  n ' ( 9 5 8 ) and ignored n- n '  mixi n g .  
I V .  Conclusion .  

The vacuum s a t u ra t i on approxima t i on leads t o  a c l ean 
predi c t i on , Eq . ( l ) .  Wi th thi s  as s umpt ion the mode l  wi t h  spontaneous 
CP viola t i on and natural f la vor c on s e r va t i on is ruled out . The 
vacuum sa tura t i on  approxima t i o n ,  howeve r ,  i s  not con s i s t en t  wi th the 
con s t rai n ts f rom chiral SU ( 3 )  x SU ( 3 ) s ymme t ry .  I t  may b e  t hat when 
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chiral per turbat i on s e r i es is summe d , the heuri s t i c  vacuum 
sa tura t ion re s u l t  may be recovere d .  Within the framework of chi r a l  
perturba t i on t h e o ry ,  E ' / E tu rns o u t  to b e  anywhere f r om . 00 2 "' . 0 45 . 
The re is no pre di c t i o n .  I t  is however a vi ab l e  wa rning against 
a ccep t ing the conc lus i on drawn f r om the analysis using va cuum 
saturation approxima t i o n .  It is extreme l y  important to unde r s t and 
the predi c t i ons and l i mi t a t i ons of chiral perturba t i on theory in the 
K me s on sy s t ems .  

Re f e rences and Foo tno t e s  
1 .  G . C . Branco and A . I . Sanda ,  Phys .  Rev. �. 3 1 7 6  ( 1 9 8 2 ) .  
2 .  A. I .  Sanda , Phy s .  Rev .  D 2 3 ,  2 6 4 7 ( 1 9 8 1 ) ; 

N . G . Des pande Phys .  Rev. �, 2 654 ( 1 9 8 1 ) .  
3 .  For the re s u l t  of bo th experiment s ,  see K .  Nis hikawa , lec ture 

gi ven in XXII  Interna t i onal Conference in H i gh Ene r gy Phys i c s ,  
Leipzi g ,  1 9 8 4 edi t e d  by A. Meyer  and E .  Wi ecz orek .  

4 . S .  Weinbe rg ,  Phy s .  Rev. L e t t .  l.!_, 65 7 ( 1 9 7 6 ) ;  
G . C .  Bran c o ,  Phy s .  Rev .  Let t .  �. 50 4 ( 1 980 ) .  

5 .  F .  G i l man and M . B .  Wi s e ,  Phy s .  L e t t .  �. 8 3 ( 1 9 7 9 ) .  
6 .  L .  Wo l f e n s t e i n ,  Nuc l .  Phy s .  B l 60 ,  5 0 1  ( 1 9 79 ) ;  

C . T . H i l l ,  Phys . L e t t .  �, 2 75 ( 1 9 8 0 ) .  
7 .  J . M .  Fre'r e ,  J .  Hag e l i n ,  and A. I .  Sanda , Phy s .  Let t .  1 5 1 B ,  

1 61 ( 1 9 8 5 ) .  
8 .  D .  Chang ,  Phy s .  Rev .  �. 1 3 1 8  ( 1 98 2 )  has di s cu s s e d  a 

p o s s i bi i ty that D is l a r ge and nega t i ve .  
The va lue o f  D<- 2  ne e d e d  seems t o  b e  rul e d  ou t .  I .  Bigi and 
A . I .  S anda ,  Phy s .  L e t t .  1 48 B ,  205 ( 1 9 8 4 )  M . R. Pennington 
DTP / 8 5 / 2  pre print us e d  more re cent n n  phase shi f t  to obtain 2n 
con t ri bu t i on  to D2 n = . 4 6  + . 13 .  

9 .  J . F .  Donoghue , J .  Hage l i n ,  and B . R .  Hol s t ei n ,  Phy s .  Rev .  �. 

1 9 5  ( 1 9 8 2 ) .  
1 0 .  Y .  Dupont and T . N .  Pham Phys . Rev .  D 2 8 ,  2 1 69 ,  ( 1 98 3 ) .  
1 1 .  J .  B i j nens ,  H .  S onoda and M . B .  Wi s e ,  G a l t .  68- 1 1 9 3 .  
1 2 .  J . F .  Donoghue and B . R . Hol s t e i n ,  UMHEP - 2 1 3 .  





ABSTRACT 

s ' / £  I N  THE H IGGS BOSON EXCHANGE MODEL OF CP  VIOLATION 

T . N .  PHAM 
Centre de Physique Theorique* de l ' Ecol e fol ytechnique 
Pl ateau de Pal ai seau - 9 1 128 Pa l a i seau - Cedex - France 

353 

Recent analyses of s ' /£  in the Higgs boson exchange model of CP vio­
lation is reviewed and discussed . In this model ,  SU(3) x SU(3) chiral SY1]!Dletry 
suppresses the direct CP violating K,. + 211 amplitude but not the K0 -K° mass 
matrix which gets most of the contribu�ion from the n ' - pole and higher interme­
diate states . This reduces considerably previous estimates of £ 1 / E  which could 
still be made compatible with present data barring strong cancellations between 
various dispersive contributions . 

* Laboratoire Propre du CNRS n° 1 4  
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The physics of the Higgs model of CP violation 1 has been discussed 
by several authors2-6 in the pas t .  Recently there has been attempt to make a bet­
ter estimate of E' /E in this model . In this talk , I would like to discuss a new 
estimate of E 1 / E  by Donoghue and Holstein7 • I .shall put particular emphasis on 
the constraints imposed on the KL + 2rr amplitude by Current Algebra and chiral 
symmetry which play an important role in our understanding of the physics of K 
decays . This has been overlooked in the past and has only been s tressed recently 
beginning with the works of Dupont and myself5 •8 • It turns out that , in the Higgs 
model ,  the direct CP violating � + 2rr decay is suppressed relative to the 
K0 - K° transition so that E 1 / E  can be considerably smaller than previous es­
timates unless there are cancellations between various contributions to the 
K0 - K° mass matrix . As details of the model are given by Sanda in the preceding 
talk, I shall concentrate on the physics of CP violation in K decays . Following 
standard analysis9 , we have 

E '  
E 

where 

E m 

t; 

+!.. ) 20 
21; 

E. + 21; m . 

Im<K0 1£w lK°> 
Re < K0 1£w lK°> 

Im< rrrr (I=O) 1£w iK0> 
Re < rrrr (I=O) l£w iK0> 

( I ) 

(2) 

(3) 

The ratio E /t; is a measure of the importance of the transition mass m matrix relative to the direct interactions . The new measurements of E 1 / E  at 
Fermilab reported here by the Chicago-Saclay and by the Brookhaven-Yale groups 
give respectively 

E ' / E = -0.0046 ± 0.0053 

= +0.00 17 ± 0.0084 
(4) 

which implies a very small value for t;/ E and tells us that CP - violating ef-m 
fects are almost exclusively due to the llS = 2 KS - � transition .  We seem to be 
closer than ever to the super weak mode1 10 • On the other hand both the Kobayashi­
Maskawa (KM) mode1 11 and the Higgs model predict a nonvanishing value for E 1 / E  , 
the latter however qualitatively produces a larger E 1 /E than the KM model . 
Before getting to the Higgs model ,  it is useful to note that the estimate of 
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£ 1 / £  in the KM model is also subjected to large uncertainties , mostly due to 
I lack of a correct explanation for the I'll = 2 rule in nonleptonic K decays and 

the KM model could be in.difficulty as discussed by Sutherland at this meeting . 

In the Higgs model ,  the main contribution to the CP violating Ko - K° 
transition comes from the dispersive part5 ( the so-called long distance part) , 
the short-distance part or the box diagram makes only a small contribution to 
£. Is as found2 by Deshpande and Sanda and subsequently by Donghue , Hagelin and m 3 Holstein • The dispersive part is given by 

(5) 

Expanding (5) in terms of intermediate states we have 4 • S, 12 

(6) 

where n runs over the single particle intermediate states (n° , n , n '  etc • . •  ) as 
well  as the (2n , 3n) continuum. We see immediately from (6) that <ffi l s is of the 
order 0 ( 1 ) . The Higgs model is then clearly not of the superweak theories and qua­

litatively , seems to be incompatible with experiment . However a careful estimate 
shows that the n° , n, n ' terms make a larp,e contribution to £. Is as 

5 m 7 pointed out by Dupont and myself More recently, Donoghue and Holstein have rea-
nalysed £ ' / £  and showed that the real source of enhancement for £m/s is the 

suppression of the CP - violating K + Zn in the chiral symmetry limit and £ '  /£ 

can be made compatible with data for 

the CP violating l'IS=l Penguin 

£''IS= ! 

1n /s � s - 10 To show 

transition operator is of 

ifdR cr a 
)JV \a SL F\JV 

this,  notice that 
the form 2 ' 3 

( 7) 

( f is the strength of the s + d + gluon transition and Fa is the gluon field )JV 
strength tensor) which is a left-right operator and transforms as a (3 ,3) repre-
sentation under SU(3) x SU(3) • As pointed but by Dupont and myself ,  the matrix 
�lement of £�S= l have a momentum independent piece which behaves as the usual 
meson mass term and can be diagonalised away5 From an effective Lagrangian stand 
point, they are given as 

u '  7 (8) 
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in the standard non-linear realization of chiral symmetry. M takes the exponen­
tial form 1 3 

M exp (2if <f>) , f f- 1 f "" m  11 11 11 

q, .  
( <I> � 1' .  -1: )  

i 1 ,,..2 

u] and v6 are proportional to the divergences of the vector and axial vector 
currents and are changes of the strong interaction Lagrangian induced by a small 
SU(3) x SU(3) rotation. Hence by the same rotation these momentum independent 
(3 ,3) terms can be eliminated without affecting other terms by any appreciable 1 4  amount 

Thus the K + 211 , K - 11 and K - 11 transitions vanish in the chiral 
symmetry limit .  Explicit calculation shows that cancellations indeed occur � For 
example in the K + 211 amplitude , the direct term v6 is cancelled by a �S= l 

term induced by the chiral invariant K + 1111K transition foi_lowed by a K +vacuum 
amplitude which comes also from v6 • 

However the matrix elements of £�S= l can also have a momentum depen­
dent part given by7 • 15 

£
M= l 

which cannot be rotated away and give rise to K + 211 amplitudes of the order 
O (k2/A2) relative to the momentum independent terms . The suppression of the 

(9) 

K + 211 amplitudes well as the K0 - 7To and K0 - 11 transition leaves the n ' -pole 
* and higher intermediate s tates ( o , S etc • . .  ) as the dominant contribution to 

the dispersive part of the K0 - K° transition. In particular the K0 - n ' tran­
sition can be written as 

( I O) 

which cannot be rotated away and give a K011 1 mixing much larger than the � 211 
amplitude . Hence 

A quantitative estimate for �/ �m is more difficult . However if we 



assume that A <><  l GeV as in the case of the derivative coupling (3 ,3) mass 
term1 5  for SU(3) breaking effects in fK/fTI , 

Donoghue and Holstein gives7 

E I 
- <>< - 0 .006 E 

which is still consistent with present data. 

then a rough estimate by 

357 

( 1 1 )  

I f  we now include Tl - Tl ' mixing and other SU(3) violation effects in 
the K0 - TI 0 and K0 - Tl mixing, then the TI 0 ,  Tl and Tl 1 po le terms tend to can­

cel out resulting in a small value for Em The extent of this cancellation de­
pends on the way various SU(3) breaking effects are handled . If such a cancel-

* 
lation does occur then higher intermediate states (e . g .  S , o , E ,K ,  etc • • •  ) must be 
included . These contributions , like the n '  - pole terms , do not vanish in the 

chiral symmetry limit and could give a large contribution to E'm in the same way 

as the Tl 1 - pole terms . In any case Em I�  can be large . Because of the large 
theore ti cal uncertainties, it is too early to rule out the Higgs model at the mo­
ment but the situation may change with a more precise measurement of E 1 / E  in 

the near future . 

I thank A. Sanda, D .G .  Sutherland, L. Wolfenstein for useful discus­

sions L. Oliver, Tran thanh Van and the organizers of this workshop for the 

warm hospitality at Moriond . 
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£ ' /£ ,  the �KS mass difference and the neutron electric dipole moment are 

calculated in a minimal left-right symmetric gauge model .  A distinctive feature 

of the model are the constraints on quark masses and mixing angles implied by 
CP invariance of the Lagrangian. For �2 in the several TeV range the model 
satisfies all experimental constraints .  £ ' /£ may be negative and is  found to be 

less than 1 0-2 in absolute magnitude . 

*) Partially supported by "Fonds zur Forderung der wissenschaftlichen Forschung" , 
Project Nr. 5444 . 
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I .  CP Violation in the Standard Model 

In order to mot ivate our work1 l  let me summarize very briefly the theoreti­

cal and phenomenological status of CP violation in the standard model with three 
fermion generations . 

The mechanism of breaking CP explicitly via complex Yukawa couplings pro­
vides a possible parametrization, but not a fundamental understanding of CP 

violation. The situation is much improved in models with spontaneous CP violation 
where both the gauge symmetry breaking and CP violation have a common origin. In 

addition, such a scenario is almost unavoidable2> if  the Higgs fields are en­
visaged as composite fields in an underlying purely fermionic gauge theory. 

To implement spontaneous CP violation the scalar sector must be enlarged 
beyond the single Higgs doublet of the standard model . Moreover, if we insist on 
spontaneous P violation as well we also need a larger gauge group , the minimal 
extension3l being SU(2\ x SU ( 2 )R x U( I ) .  

Much of the current theoretical activity in this field is due to two recent 

measurements of E ' /E :  { (- 4 . 6 ± 

( I .  7 ± 

5 . 3 ± 2 . 4 ) • 1 0-3 

-3 8 . 4 )  • I O 

Chicago-Saclay4l 

BNL-Yale5> • 

Using the constraints on weak mixing angles implied by the measured bottom life­
time and the upper bound on the semileptonic branching ratio R = r (b + uev) /  
r (b + cev) one finds6> that the standard six-quark model is  still compatible 
with experiment . However ,  with only a l ittle imagination the following two 

possible problems for the standard model may be foreseen: 
i) E problem: even allowing for reasonable long-distance contributions E comes 

out too small for mt 2_ 50 GeV and R < 0 . 0 1 . 

ii)  E ' /E problem: the standard model predicts6l a positive lower bound E ' /E � 
.t 0 . 00 2 .  

I I .  Spontaneous CP Violation in Left-Right Symmetric Models 

Gauge models based on SU (2\ x SU(2)R x U ( I ) have the attractive feature3l of 

allowing for spontaneous P and CP violation already with a minimal Higgs sector 

consisting of a single scalar multiplet 
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( I )  

coupling to quarks . CP violation i s  due to the Higgs phase a =  arg (<��>0<��>0 ) . 

From a complete classification?> of P and CP invariant Yukawa interactions 

(2) 

for three generations one concludes that P invariance implies hermitian Yukawa 

coupling matrices r ,  � with a certain choice of phases whereas the additional 
requirement of CP invariance leads to the following two cases. 

a) Manifest CP : r , � are symmetric so that the ieft- and right-handed mixing 
* matrices may be chosen to obey � = KL• but there are no further constraints on 

the quark mass matrices . A general analysis of CP violation in such models can 

be performed in the small-phase (a) approximation. Bl 

b) Non-manifest CP : The concept7> of non-aligned P and CP transformations allows 

for a single additional model with coupling matrices 

0 h i h2 r diag(g l , g2 ,g3) 
� i -h i 0 h3 (3) 

gi '  h .  real 1 -h2 -h3 0 

In the following, only this specific model will be considered which possesses the 
distinctive property that P and CP invariance alone give rise to the following 
constraints1 > • 7> for quark masses and mixing angles .  

i )  s2 
I 

md ( l  m s 
(4 ) 

ii)  � � K;': except for h2 = 0 which corresponds to the unique model from 
horizontal symmetries . 9> 

iii)  (5) 

implying mt � �mcJ-
mS' This approximate relation is due to the small mix­

ing parameters s2 , s3 in contrast to the much bigger s 1 which allows for 
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me >> msmu/md . 
iv) The left-right mixing angle �LR is determined as 

(6) 

We have performed detailed calculations of the effective j 6S j  = 1 , 2 inter­
actions including QCD corrections (for previous work cf .  Ref .  I ) .  The QCD 
corrections turn out to enhance the effective weak Hamiltonians and they are 
larger than in the standard model for two reasons : four-quark operators with 
bigger anomalous dimensions are involved and there are larger masses (�2, �iggs ) 
in the theory. For the numerical calculations we take �S = 200 MeV for four 
flavours . To evaluate quark operator matrix elements between hadronic states the 
vacuum insertion technique is used throughout . 

Turning first to j 6S j  = 2 ,  one finds in contrast to the standard model a 
tree-level contribution induced by neutral Higgs exchange . In the minimal model 
under consideration the Higgs couplings are uniquely specified in terms of quark 
masses and mixing angles and only the Higgs mass � enters as an additional free 
parameter . -At the one loop level , the effective j 6S j  = 2 interaction is dominated 
by the usual box diagrams with left- and right-handed gauge bosons and with Higgs 
bosons being exchanged . 

The real part of the j 6S f  = 2 K°K0 transition amplitude determines the �KS 
mass difference 611\s • Unlike in the case of manifest left-right symmetry3> with 
� = �· the genuine left-right contributions to 611\s have the same sign as 
6rni�P and therefore increase the standard model prediction. Keeping in mind 

THEORY EXP . possible long-distance contributions we require 611\s _::_ 2 •611\s leading to the 
lower bounds 

M > 2 . 2  TeV , --w2 - � > 8 . 6  TeV • ( 7 )  

The j 6 S j  = I effective Hamiltonian is mainly determined by w 1 and w2 ex­
change and QCD corrections must again be included . The dominant contributions are 
proportional to the left-right mixing angle �LR' 

To calculate E , E 1 we fix mt (mt ) 35 GeV and consider three values of the 
- -4 -free parameter p : =  h2/h 1 corresponding to R � JO (p = 0) and R � 0 . 005 ( j p j  

= 1 /2 ) . For such small values of R the standard model mechanism is clearly in­
sufficient to explain CP violation. For given �2 , � we determine the allowed 
values of the Higgs phase a which yield ETHEORY = EEXP ± 30% to account again for 
possible long-distance contributions to E. For such a we then calculate both 
e ' /e and the neutron electric dipole moment dn including both10) one-loop and 
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exchange contributions to dn . Typical results are displayed in Figs . I ,  2 with 
� = 15 TeV. The absolute values for E 1 /E and dn increase somewhat with � but 
the limiting values for � + 00 are not too much different from the one� shown in 

the figures . 

III .  Conclusions 

The following conclusions apply a priori only to the specific model (3) ,  

but as far as the CP violating aspects are concerned they remain true for a 

generic minimal left-right symmetric model with spontaneous CP violation. 
l )  Left-right symmetry provides an attractive scenario for CP violation. 
2) Spontaneous P and CP violation may imply constrained quark mass matrices .  

3 )  Left-right contributions enhance the standard model value for 6�S in the 

specific model under consideration . 
4 )  In contrast to the standard model ,  the correct value of E can be obtained even 

with mt < 50 GeV, R < 0 . 0 1  if �2 is in the several TeV range . 
5) E 1 /E may have either sign and I E ' /E I  < 1 0-2 

6 )  The neutron electric dipole moment satisfies the experimental upper bound1 1 > 

4 • 1 o-25 e . cm, but it may reach the same order of magnitude. 
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We show that in the left-right symmet r i c  models of CF-v iola­
t ion w i th 3 generat ions , £ ' vanishes in the l imit of the 
Kob ayashi-Maskawa ang le s3 = 0 and WL-WR mix ing t = 0 • Th i s  
model would appear t o  be 5etter sui ted for the descript ion of CP­
violat ing phenomena , if the upper limits on the branch ing ratio 
for b + Ue V ( Wh i ch i S  proport ional to S� ) as Well as £ 1 / E keeps 
g e t t i ng sma l ler . 
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1 .  Introduct ion 

Eve n though the phenomenon of CF-v iolat ion was d i scovered 
nearly twenty years ago , its ori g i n  rema i ns a mystery. W i th the 
advent of gauge theories , it was rea l i zed that for two generat ions 
of quarks and lepton s ,  the V-A g auge i nterac t i ons are always CP­
conserv i ng . 1 , 2  In ref .  l and 3 it was proposed th at the CF-viola­
t ion may have i ts orig in in yet unobserved new phys ics such as 
possible rig ht-handed weak curren t s .  On the other hand , Kobayashi 
and Maskawa2 proposed that the V-A g auge interactions can accomo­
date CF-non-conservation for three generations of quarks and lep­
tons . The Kobayashi-Maskawa model , has become the focus of a 
g reat deal of theore t ical act i v i t ies , fol lowing the d i scovery of 
the b-quark and the T-l epton , that ind i cated the e x i stence of the 
third generat ion . 

The KM model is described by the fol lowing Lagrang i an :  
/' - .!.<l + -

°" wK - - w PL Y UKMNL + h . c .  
1 2  µ L µ 

where P ( u ,  c ,  t , • • •  ) and N = ( d , s ,  b ,  • • •  ) and 

-s lc 3 

( l )  

( 2 )  

w i th Si = s i n e i and C i = cos e i • Of the three ang les the f i rst 
one , e1 is  the Cab ibbo ang l e  and is  de termi ned to be . 2 29 . The 
recent re sults on the b-quark l i fet ime and decays4 have impl ied 
considerab le restrict ion on the other ang les e 2 and e 3 • More 
quan t i tativel y , 5 one f i nd s .  

and 

- 1 2  
s� + s� + 2s2 s3c 6 = 4 x10 -3 ( 10 

Tb
sec . ) B ( b + c )  

-3 - 1 2  " 3  x 10  ( 10 sec . / Tb ) 

s� = 4 x l0- 2 ( 1 0- 1 2  sec . / Tb ) • B ( b  + u )  

< l0-3 ( l o- 1 2 sec . / Tb ) 

( 3 )  

( 4 )  
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Here we have used the experimental informat ion that the ratio 
r = B ( b  + u ) /B ( b  + c )  is less than 5 % . The impl icat ions of eqn . 
( 3 )  and ( 4 )  for CP-violat ion have been extensively studied in 
l i terature ( for orig inal refe rence s ,  see re f .  5 ) .  A consensus 
seems to be emerg ing that unless the �S = 2 hadronic mat r i x  ele­
ment ( the B-parameter ) is  larg e ,  the mag n i t ude of the CP-v iolating 
parame ter e ( e  � 2 . 3  x 10- 3 ) ,  can not be understood for the s3 
parameter less than 1% ( or r < . 0 1 ) .  Thu s ,  if rexpt gets smaller 
than 1 %  there must be new contr ibut ions to CP-v iolat ion in K0-
decays . 

A second pre d i c t ion of the KM model i s  that the rat i o  e ' /e is  
bigger than6 ( 2- 3 )  x l o- 3 , al though uncert a i nt ies e x i st here too . 
The most recent experimental search for e ' /e has led to the re s u l t  

£ ' / £ = ( - 4 . 6  = 5 . 3  = 2 . 4 )  x 1 0- 3  
• ( 5 )  

I t  is  thus clear that , i f  experimental val ue of e ' /£ goes below 
2 x l o- 3  or so the KM model w i l l  be ruled out and o ther sources 
for CP-v iolat ion must be looked for . The reason for th i s  lower 
bound on e ' / £ is the fact that in the K-M model both £ '  and £ par­
ameters owe their origin to a common source . 

I n  th i s  lecture , we arg ue that the le f t-righ t  symme tric model 
of CP-v iolation provides a natural framework for accomoda t i ng 
arb i trar i l y  sma l l  £ 1 / £ as we l l  as a smal l  val ue of the parameter r 
wh i l e  at the same time expl a i n i ng the magn i t ude of the £-para­
mete r .  This happens because £ 1  and £ rece i ve dominant cont r i b u­
t i ons from d i f fe re nt source s :  £ arises from the right-handed c ur­
rents whereas e'  owes i t s  or ig in to the s3-parameter of KM-model 
as wel l  as the left-right m i x i ng . 3 , 7 The model requ i res an upper 
bound on the WR-mass of about 65 Tev .  

2 .  CP-Violat ion and Left-Right Symmetry 

I t  was suggest.ea in re f .  3 that CP-v iolat ion is assoc i a ted 
primari l y  with the V+A currents . Thi s  general idea has two 
imme d i ate conceptual advantag e s :  

( a )  the sma l l ness o f  CP-v iolat i ng parame ter e , & '  , etc . 
gets rel ated to the suppress ion of V+A curre nts , i . e .  

2 e , e •  " < mw /mw ) ( 6 )  
L R 



368 

thereby expl a i n i ng why £ and £ ' are sma l l . 

( b )  The gauge interact ions can be CP-violat ing even for two 
generatios of fermions . Thu s ,  the mag n i t ude of CP-violating is  
not dependent on the m i x i ng ang l e s  of the third generation wi th 
the f i rst two . 

Furthermore , the sources of £ and £ 1 can be separa ted from 
each other . 

Let us start our d i scussion by wr i t i ng down the mod i f ied 
charge current i nteract ion in the l e ft-right symmetric mode l s :  

f LRS ig L + - ig R + -� wk = w µ , LPy µ ( l + ys ) U KMN + 
2 1

-
2 

wµ , Rpy µ ( l- ys ) VN 
2 12 

( 7 )  

The appearance of the second and th ird terms in eqn . ( 7 )  are 
characteristic of the l e ft-right synmme tric models and is d ue to 
the fact that under the gauge group , S U ( 2 ) L x SU ( 2 ) R x U ( l l s-L the 
quarks and leptons a�e assigned to doub l e ts in a l e f t-right symme ­
tric manner . 8 , 9 The th ird term that mixes the left and right 
g auge bosons ari ses when the Higgs mechanism generates mass for 
the fermions . The gauge coupl i ng s  in ( 7 )  gL and gR are equal due 
to l e f t-right symmetry. 

We now di scuss the quest ion of phases in the mi x i ng matr ices 
UKM and v .  This coun t i ng has been carried out in the l i tera­
turel 0  , 1 1 and it depends on the struct ure of the quark mass 
matrices Mu , d · Two d i s t inct cases arise from the constraints of 
l e ft-right symme try . 

Case A .  Hermi tean Quark Mass matrice s :  

( 8 )  

S ince a hermi tean mass ma trix is  d i agona l i zed by uni tary 
transformat ion s ,  the mix i ng matrices of the l e f t  and right-handed 
sectors are identical and one ob t a i ns 

( 9 ) 

Thi s  case is cal led mani fest le ft-right symmetry .  
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Th is arises in l e f t -righ t-symme tric g rand u n i f  ied models such 
as SO( lO ) or from spontaneous CP-violat ion . 10  In  th is case 

* 
V = Ku UKM Kd ( 1 0 )  

where K u and Ka are d i agonal unitary matri ces . Thus the real 
m i x i ng ang les are the same in the left and right-handed c urrent s ,  
wh ich hel ps keep the number o f  real m i x i ng parame ters same a s  i n  
the KM mode l .  B u t  d ue to the presence o f  Ku , d ' it has more CP­
v iolating phases than the KM model . For ins tance , for two genera­
t ions , Ki ' s  are 2 x 2 matrices and there are three non-trivial 
phases . For three generat ions , th i s  number goes up to six . 1 2  I t  
there fore fol lows from this tha t ,  even if  the third generat ion was 
completely decoupled from the fi rst and second , there would be CP­
v i o l at i on in weak interact ions . In fac t ,  the model of re f .  3 only 
used two generations of fermions , to generate CP-v iolat ion . I n  
this lect ure , we w i l l  d i scuss the model with three generations and 
study its propert i es . This model has six phases but we wil l see 
that if  the le ft-right m i x i ng term is neg lected , there are only 
two of l'lhom appear in the CP-v i o l a t i ng K0 + 211 decay proce sse s .  
O f  them one i s  the K M  phase o , l'lhose e f fect on £ and £ ' are 
control led by the KM m i x i ng ang les s2 and s3 . I f  s3 t urns out to 
be sma l l er than l o - 2 d u e  to the fact that r becomes sma l ler than 
lo -2 , the e f fect of this phase on £ and £ ' w i l l  be insig n i f i cant 
and then only one phase will govern the £ parameter in Ko decay . 

To start our d i scussion ,  we write ( i n eqn . ( 7 ) )  

v = 

and replace c + ce i y Thus , 
physical ph ases in quest ion .  
CP-violating effects in to two 

* 
UKI'1 

( 11 ) 

a1 , a2 , e1 , e 2 , o and Y are the s i x  
We d i v i de our general d i scussion of 
parts . In the fi rst part ( sec . 3 )  

we let c + O and in the second part , we take the nonvanishing c 
into account . 
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3 .  CF-Vi ol a t i on without Le f t-R ight M i x i ng :  ( �  = O J  

The e f fe c t i ve AS = l Ham i l toninan receives two contrib ut ions : 
WL , WR exchange graphs shown in f i g . l and Peng u i n  d i ag rams invol­
v i ng both WL and WR bosons as shown i n  f ig . 2 .  The f i rs t  k i nd of 
con t r i b u t i o n  leads to a AS = l Ham i l toni an , .,w · 

( 1 2 ) 

( 1 3 ) 

·rhe peng ui n  d i ag ram con t r i b u t ions comi ng from f i g . 2 g ive r i s e  to 
the e f f e c t i ve AS = 1 Ham i l to n i an Hp : 

H - a - a a2 ( µ ) 
p = 12 GF [ u y µ A u + d yµ A d ]  � 

i ( l31 - e2 J m� 
x [ { sLy µd L  + ne sRy µd R }  I A qR.n 2 q= u , c , t  µ 

2 2 { - i o- i ( e1 - 13 2 l + i o -+ c2 s1 s2 s3 .e.n me /mt -e sLyµ dL + e ( 1 4 ) 

I f  we separate each o f \c\w and \=Ip into two par t s ,  deno t i ng the 
parts i n  curly b rackets i n  eqn . ( 1 2 ) and ( 1 3 ) b y P\ ( o ) and M ( o ) anrl (I) p 
the remainder as H �  and F\ � , we can w r i te the e f fect ive As = 1 

weak Ham i l tonian Hwk into two parts : 

- H ( o ) 
wk + H '  wk 

where H ( o ) = H ( o ) + H ( o ) · H '  = H '  + H '  - wk w p ' wk w p 

( 1 5 ) 

( 1 6 )  

S epara t i ng i t  into par i t y  conserv i ng and pa r i t y  viol a t i ng pieces 
denoted b y  s < 0 l and p ( o ) , one can show that CF-conserv i ng 
s ( o ) and p ( o ) CF-v i o l a t i ng pieces s ( o ) and p ( o ) pieces s a t i s fy the + + 
fol lowi ng r e l at ions : 



and 

[ I  s < o l  J 3 , -
. . ( . a a ) S ( o )  - 1  ns1n .. 1 - .. 2 + 

1 1 3 , P�o ) l • i ns i n ( l31 - 132 > Pio )  

These rel a t ions were called !so-conj ug at e  re lat ions3 and 
imply spe c i al relat i ons between the A I  = 3/2 and A I  = 1/2 , 
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( 17a ) 

( 17b )  

Ko + 2 tt  and 3 tt  amp l i tudes . For our purpose , i t  s u f f ices to note 
that , eqn . [ 1 7b ) impl i e s  that , 

I mA2 ImAO 
ReA2 

= ReAO 
( 18 ) 

This leads to c '  = O Th i s  poi n t  was noted 3 to hold exactly in 
the case of two generat ions as is  obv ious from eqn . ( 1 2 )  and ( 1 4 )  
by setting s3 = O = s2 • Comi ng to the case of three generat ion s ,  
we note that if  we s e t  s3 = O ,  Hp and H� vanish and eqn . ( 1 7b ) 
hol ds and we get c '  = O ( of course , in the l im i t  of vanish i ng � ) 
and yet the third generat ion is no� f u l ly decoupled . Th i s ,  we 
b e l i eve , is an important new resul t ;  clear l y ,  the th i rd generation 
is not totally decoupled from the f i rst two as is  evidenced by the 
ob served decay mode b + cev ; on the other hand , b + uev has not 
been observed yet . Therefore , it may very well be that s3 is very 
small ( even much less than lo -2 ) in  wh ich case KM model wi l l  be 
inadequate to explain CP-violat ion . The l e f t-right model then has 
j ust the right property to expl a i n  £ as we wi l l  see below. Le t  us 
proceed to the calculat ion of £ and c '  • To calcul ate £ , we 
need ImM1 2 • The AS = 2 e f fe c t i ve operator rece i ves contr ibut ion 
from WLWL , WLWR and WRWR as wel l  as the neutral Higg s exchange 
d i agram s .  Neg lecting the Higgs contr ibut ions and keeping te rms to 
order n , we get l 3  

ImM 1 2  

2 
GF 2 2 2 [ 

1 2 tt 2 s 1F K'11KmcB 2s 2s 3 s o { -n l + 

2 2 
{ + 8 p ( mw /mw ) ( 131 - 132 ) 1 + R.n 

L R 

n 2K 

XC } 

2 2 mt mt -z + n 3 tn 2 me me 

x I LR J ( 1 9 ) 

where ILR represents the QCD correc t ion to the L-R box graph esti-
mated to bel 4  about 3 for AQCD • 100 Mev . p is d e f i ned by 

< K0 / sLdRsRdL / K0> = p<K0 / sLy µd Ls Ly µd L / K0> • we take a d igression 

here to remark tha t ,  real part of Ml 2  a l so receives a contrib ution 
from the box graph , wh ich has opposite sig n to the LL box graph 
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and must there fore be less than it in mag n i t ude . This sets a 
lower bouna l 5  o n  the mass of the right-handed WR-boson o f  about 
2 . 8  Tev ( after QCD e f fects are taken into accoun t .  

From eqn . ( 1 9 ) ,  i t  fol lows tha t ,  if  the mass o f  WR i s  not too 
heavy, the second term can dominate under certain ci rcumstance s .  
For i nstance i f  s3 < . 0 2  correspon d i ng to B ( b + u ) /B ( b +c )  < l o-2 ,  
then even for s 0 � l , the f i rst term can not account for the 
mag n i tude of £-parameter i f  B � 1/2 • In  th is case ( lett ing 
s3 � O )  , we f i nd , for pB � 8 

E " ( l . 4 ) 1 0 3 s i n ( f:!1 - f:!2 ) ( � /mW > 2 • 
L R 

Two po ints are worth not i ng here : first tha t ,  as cla imed 

( 2 0 )  

ear l i e r ,  E + 0 as mwR + m 

ond l y ,  for s in ( f:! 2- f:! 1 l " l  
. 78 x  3 10 mwL " 6 5  Tev • 
of the WR-boson . 

this re l a t i ng P and C P-violat ion ; sec­
, to expl a i n  E , we must have mw < R 
Th is prov ides an upperbound on the ma ss 

Le t  us now proceed to the d i scuss ion of E ' • For this pur­
pose , we need to calcul ate ImA0/ReA0 and ImA2/ReA2 • This can be 
done by looki ng at eqn . ( 1 5 ) ,  ( 16 ) ,  ( 1 2 )  and ( 14 ) and we get , 
( assumi ng Peng uin domi nance for the real part ) 

where 

ImA0 R.n m�/m� 
-R�- � s i n ( f:!l- f:!2 ) + s 2s 3 s o ·  2 2 2 

f 

eAo R.n me/µ + s2 R.n 

) I - a - a I o < ww ( I = O  sy µ ( l +y5 ) A  d Eqy µ ( l-y 5 ) A  q K > 

Re < w w ( I=O l j H��) j K >  

T h i s  impl ies tha t ,  for s3 < . 0 1  

2 2 f + O ( ns 3 ) 
m t/µ 

( 2 1 )  

( 2 2 )  

( 2 3 ) 

I t  is clear that E ' / E in th is case can be of arb i trar i l y  smal l  
mag n i t ude and e i ther sign ( by ad j ust i ng sign o f  s 0 ) .  

Thu s ,  i f  E 1 / E  continues to escape detection and the b -decay 
to u-quarks also i s  t i ny ,  the l e f t-right symnme tric mod e l s  pro-
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vides a more natural framework too expl a i n  the various CP-viola­
tion parame ters wi thout relying on unknown hadronic parameters nor 
long d i stance ef fects . 

4 .  Effect of WL-WR m i x i ng 

So far in our d i s c uss ion of CP-v i olat ion in left-right symme­
tric mod e l s ,  we ignored the e f fect of WR-WL m i x i ng parameter � • 

This parameter is experimental ly known to be smal l : l 6  � � 1 0 -2 

I ts e f fect on the AS = 2 trans i t ion operator is sma l l . We , there­
fore , focus on its ef fect on the AS = 1 operator . In the presence 
of WL-WR m i x i ng g raphs as in  fig . 4 ,  the HwK in eqn . ( 1 5 )  gets 
mod i f ied to the following form : 

( 2 4 )  

where 

8wK , LR 

+ simi l a r  terms ( 2 5 )  

The Peng uin d iagram contributions in this case are neg l ig i b l e . 
The fi rst th ing to note is that HwK , LR doe s not sat i s fy the iso­
conj ugate re lations in eqn . ( 1 7 ) . There fore , it  w i l l  make d i f­
ferent contributions to ImA0/ReA0 and ImAe/ReA2 as fol lows : 

and 

where 
< 2 w ' I j H PV j K0 > WK , LR 

From th i s ,  we f i nd that 

e: '  
e: 

( 2 6 )  

( 2 7 )  

( 28 ) 

( 29 )  
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Several po ints are worth not ing in th is expre s s ion ; fi rst 
that even in the l imit of s3 + 0 , £ 1 / £  is non-van ishing and is 
proportional to � and we get : 

� s i n ( y+ e1 - e2 > w •  x 
111 0 3 s i n (  e1 - e2 > 

£ ( 3 0 )  

where x denotes the hadron ic factors . I f  all phases are assumed 
-4 to be of the same orde r ,  we expect £ 1 / £ � w� � 5 x 10 for x of  

order 1.  This value can , however ,  be tuned down by arb i trary 
amount without effecting any other physics by " d i a ling" � to 
smaller val ue s .  In fact any sign can a l so be ob tained for £ ' / £  

An important po int to note here is that in the l imit o f  
� + O , the electric d i pole moment o f  the neutron has the same 
val ue as in the Kobayashi-Maskawa model and is extreme ly sma l l , 
( d e 

� lo- 3 0  ecm ) . However ,  for � * O , new contributions of the n 
type shown in fig . 5 to d e arise . 3 , 7  These and the Higgs contri­n 
butions have been extensively studied in re f .  17 and one f i nds for 
WL-WR m i x i ng contribut ion : 

an = 
GFe 

si n ( y+ e1 - e2 > 
3 1211 312 � mq 

a 10- 2 1  � sin ( y+ e1 - e2 ) ecm ( 3 1 )  

From eqn . ( 3 4 )  and ( 3 6 ) ,  we see that , for S3 0 ,  

( 3 2 )  

where h '  i s  a hadron ic factor of order l to 1 0 . For the pre sent 
upper l im i t  on £ '  of about l o-6 , we f i nd ,  dn � ( lo- 2 5- 1 0- 2 6 ) ecm . 
Thu s ,  £ ' and d n get l i nked to each other and could provide a test 
of this,  model of CP-v iolat ion . 

5 .  Constraints o f  Spontaneous CP-Violat ion 

It is  known that in  the left-right symme tric mode l  with the 
minimal set of Higgs bosons , 1 8  i . e .  t r iple ts AL ( 3 , l , + 2 ) + 
AR ( l , 3 , + 2 ) and one mi xed doub let + ( 2 , 2 , 0 )  , i f  the Lagrang i an i s  
assumed to b e  CP-conservi ng prior to spontaneous b reakdown , then 
there can be a mi nimum where < +> a i ag = ( � ,  � · e i a) wh ich breaks 
CP-symmetry spontaneously.  I t  h as been shown by Chang l l  that , i n  
t h i s  case a l l  phases in the weak current ,  i . e .  y , a1 , a2 , e 1 , e 2 and 
o can be expressed in terms of this s i ng le phase a , mak i ng t h i s  
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model more pred i c t ive . For instance , the KM phase 6 is g i ve n  by1 1  

m s 2+s 3 mt 6 = r s i n  a �  (-- ) { l  + s 3 ( s 2+s 3 ) iii } · ms s3 c 
( 3 3 )  

S ince i; = r n  , ( '(' = '/:: ' /� ) g i ven i; and 11 , r can be determined . 
All other phases ( except y ) are a l so related in a simi lar manner 
to r sin a • The phase y is  d i rectly proport ional to a ( i . e .  
Y = a ) • 
WR m i x i ng 

In this c ase all CF-violat i ng effects arise from the WL­
effect and leads to a lower bound on £ ' / £ : 

£ I 
£ 

i;s i n ( y+�l- �2 ) r n  s i n a  w • x  • wx -'-,....------- wx 

( 3 4 )  
me Using f ( mc , ms l • m • 10 and x • 1 0 .  There are also QCD enhance-

ment effects in & ' sof order 3 to 4 and put t i ng all these together , 
we conclude that , we expect £ ' / & • l o- 4  to lo-3 . 

Another point of interest in th i s  model is that , if we assume 
r << l o- 1 , we expect the KM phase o << l in wh ich case , & is dom­
i nated completely by the right-handed contrib ut i on regardless o f  
t h e  mag n i t ude o f  s3 • 

6 . Conc l us ion 

I n  concl us ion , two crucial tests for the KM model are : ( a )  
d iscovery of b + ue v decay with B ( b+uev ) /B ( B+cev )  � . 0 1 and ( b )  a 
nonvanishing pos i t i ve & ' / &  � l o-3 . Both these are within the 
reach of current experiment s .  Should ei ther of these predict ions 
of KM model run i n to confl ict w i th experiment , a viable a l terna­
t ive is  prov ided by the left-right symme tric model with mw < 65 

R 
Tev , w i th a small le f t-right m i x i ng ,  i; • & ' /  £ is correl ated with 
s3 and i; and could take e i ther s ign where & is dominated by the 
right-handed current e f fects and goes down l i ke ( mw /mwR

) 2 . 
Observa tion of & ' / & would then pred i ct ob servab le eYectric dipole 
moment of the neutron , wh ich will cons t i t ute a test of the 
model . 

I wish to thank D .  Chang for many d i scuss ions on CP-viola-
t ion . 

F ig ure Capt ions 
Fig . 1 .  Typical box graph contribut ion to 6s 

in g auge theories . 
2 matrix element 
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F ig .  2 .  Tree level Feynman d i ag ram involving WL R exchange that 
contrib utes to As = l weak Hami l toni an . ' 

F ig . 3 .  Typical Peng u i n  d i ag ram contribution to As = l weak Ham­
i l tonian . 

F ig . 4 .  Typi cal left-right WL-WR mi x i ng contribut ion to A s  = l 
weak Ham i l tonian . 

F ig . 5 .  Typical WL-WR m i x i ng contribution to electri c  d i pole 
moment of the neutron . 
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The new measurements of c ' /£ require an interesting hierarchy among the vacuum 
expectation values present in the three scalar doublet model with natural flavor 
conservation and spontaneous CP breaking. 
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The possible ways to implement CP breaking in an SU( 2 ) L x U ( l )  electroweak 

model with n scalar doublets can be classified according to the nature of this 

breaking ( i . e .  whether spontaneous ( SCPB) or explicit ) and the properties o f  the 

neutral scalar sector with respect to flavor violation ( i . e .  whether the principle 

of natural flavor conservation ( NFC)  is extended to the non gauge sector or not ) .  

Table 1 :  Classification o f  the various CP violation sources 

n NFC SCPB Sources 

1 Yes Yes 

Yes No 
+ 

w-
L 

2 Yes Yes 

+ 
Yes No w-

L 
+ 

No Yes-No WL '  HO 

+ 
>2 Yes Yes w 

Yes 
+ + 

No WL '  w 
+ + 

No Yes-No WL '  H- , HO 

In the minimal model with only one scalar doublet responsible for the 

SU( 2 )L x U ( l )  breaking and the fermion masses, one needs complex Yukawa couplings 

to ensure an ( explicit ) CP breaking. As we know this Kobayashi-Maskawa ( KM )  mech­

anism
1 )  

could fail to reproduce the CP violating parameters € and € 1 /€
2 )

. It i s ,  

therefore, o f  importance t o  look for a simple extension o f  the standard model with 

a new CP breaking mechanism . 

The introduction of a second scalar doublet allows such a new mechanism if 

we release the scalar sector from the NFC constraint
3 l

. In this case , CP violation 
+ 

is carried by both charged gauge bosons WL and physical neutral scalars H 0 •  How-

ever the latter have to be rather heavy ( 5-10 TeV ) in order to avoid too large 

a tree-level contribution to the K 0 -K 0 mass difference 8M. The CP violation due 

to scalar exchange is therefore superweak and implies a positive sign for € 1 /€ ,  

as i n  the standard model . The presence o f  free Yukawa parameters does not allow 

definite predictions about the magnitude of the various CP violating quantities4 l
. 

From Table 1 the most interesting candidate seems therefore to be a three scalar 

doublet model
s ) 

with NFC and SCPB such that all CP violating processes are induced 

by charged scalar H
± 

exchanges
6 l

. 
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In this model , NFC is ensured by requiring that each quark charge sector coup 
les to only one scalar doublet and we obtain the following Yukawa interactions : 

M ij 
( u o ,  (jo ) i {-d- doj L R 1J 1 

Mij 
. �1 + � u�J ¢2 } + h . c .  

1J2* 
( 1 )  

where ui i s  the vacuum expectation value (u .e .u . ) associated t o  the doublet �i 
( i  = 1 , 2 , 3 ) . At this stage, the Yukawa couplings for the leptons are not specified 

* 
while the down and up quark mass matrices Md , u  are proportional to 1J1 and 1J2 re-
spectively . The constraint of NFC obviously implies that all the Yukawa couplings 
in Eq. ( 1 )  can be reexpressed in terms of the fermion masses and the KM mixing 
matrix K, in the physical basis for the quarks. In particular , for the interac­
tions with the physical charged scalars H+ (a = 1 , 2 )  we obtain a 

The remaining free parameters in Eq .  ( 2 )  arise from the diagonalization of the 
3 x 3 charged scalar mass matrix by means of an unitary matrix UH characterized7 ) 

by three angles and one phase oH : 

( ::: ) [) ( 3 )  

where G+ i s  the Goldstone boson associated t o  WL+ . However , the unknown ya and 
Ya couplings are related to the various u . e . u .  ' s  as follows : 

with u _ ( E  u2 ) 1/2 = 2-3/4 
G-1/2 

i F 
' 

( 4 )  

The constraint of SCPB means that C P  violation is only induced by  complex 
u . e .u ' s :  
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ia . e 1 ( 5 )  

From Eq . ( 1 )  w e  conclude that the K M  mixing matrix K is orthogonal ( oKM = 0 )  since 
the phases associated to the u . e .u . ' s  u1 and u2 are rotpted away by a simple re­
definition of the right-handed down and up quark fields respectively .  A careful 
analysis of the scalar potential V indicates that these phases can be spontaneously 
generated by the following self-interaction coupling : 

( 6 ) 

After the minimalization of the· potential , we indeed obtain:  

( 7 )  

which simply relates the unique C P  violating phase oH t o  the relative phase be­
tween U1 and u2 . From relation ( 7 )  we conclude that the model is still CP invariant 
in the limit of degenerate physical charged scalar masses (M1 = M, ) .  

We are now in position to compute the short-distance ( SD ) B ) charged scalar 
contribution to the off-diagonal element M1 2 of the K 0-K0mass matrix. Naively the 
main contributions come from the scalar-gauge boson ( H-W) exchange box-diagrams 
which only contain two ( small ) Yukawa couplings . 

a )  SL 

dL 
b )  SL 

.. 

.. 
dL 

L L 
R 
- - - -

a 

f� 
a 

d L 
• 

S R 
d L 

: 
SL 

* Ya 

Fig . 1 :  H-W exchange diagrams in the limit md 0 .  Crossed diagrams are understood. 
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However the contribution to the imaginary part of M1 2 (Fig .  la )  is GIM suppressed 
and , in addition, vanishing in the limit where the external momenta are neglected 
(we mark this latter suppression with a black dot ) .  It is ,  therefore,  of relevance 
to consider also the scalar-scalar . ( H-H ) exchange box-diagrams. 

a )  

b )  

c )  

+ 

+ 

+ 

2 * I Ya l  'V b  

Fig. 2 :  H-H exchange diagrams in the limit md = o .  Crossed diagrams are understood. 

Let us now estimate the ratio E ' /E defined as follows :  

E '  /E l 
20 SD H SD ; 

Im M1 2 + 2 � ReM1 2 
( 8 )  

where Im  A� is the imaginary part of the ( fi I  = 1/2 ) K-decay amplitude arising from 
the Penguin diagram with charged scalar exchange. I f  we assume order-one scalar 
couplings in ( 2 ) , namely ( 4 ) : 

( 9 ) 
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all the diagrams ( Figs. 1-2 ) contribute with the same weight4 • 9 ) and we recover 
the usual resultlO ) : 

which implies : 

2 �H Re MSD >> Im MSD s 1 2  1 2 

llM -0 .05 --S-D 2Re M1 2  

(10 )  

( 1 1 )  

Moreover R e  M;� i s  dominated b y  the standard W-W exchange diagram which turns out 
llM to be smaller than -z for a Bag factor B smaller than 3/2 .  This is clearly incom-

patible with the experimental measurementll )  of £ 1 /E :  

( £ ' /£ )  = ( -4 .6  ± 5 . 3  ± 2 . 4 )  10-3 • exp ( 1 2 )  

How could we  increase Im M;�? A first and obvious possibility consists in  
increasing the value of Im ya to  enhance the contribution of the diagram in Fig . 
la. However , in this case , we obtain too large an electric dipole moment for the 
neutron (d ) .  On the other hand , if we increase the value of I V  I ( see Fig. 2b ) n a 
then , we are in conflict with llM ( see Fig . lb ) .  So the unique way to consistently 
decrease I E ' /£ I is to assume a large value for the Re Ya ( Re ya = ( 102 ) )4 • 9 ) . 
In this limit , we find that Im M;� is mainly induced by the diagram of Fig. 2a 
while the contribution to Re M;� is still dominated by the diagrams of Figs . lb 
and 2a in such a way that 

Im MSD >> �H ( SD ) 1 2  s 2 Re M1 2  • ( 1 3 )  

This implies that £ ' /£ ,  whose sign is  determined by the sign of sin (o 1 -o2 ) ,  is 
compatible with the experimental result ( 12 ) .  Moreover the K0-K 0 mass difference 
llM can be reproduced without having to invoke large long distance effects. 

Table 2 :  Values of £ ' /£ ,  dn and (llM )SD/llM ,  for M1 = 2 5  GeV 

B M2 ( GeV) E ' /E . 10' d . 102 5 (llM )SD/llM ( f uij  , I U2f , fU 3I ) ( GeV) n 
l 58 -5 . 9  -1 . 3  1 . 3  ( l ,  7 1 ,  174) 
2/3 66 -6. 2 - 1 . 3  0 . 9  
1/2 74 -5 .6 - 1 . 2  1 . 1  ( l . 2 ,  56, 180 ) 
1/2 106 -5 .6  - 1 . l  1 . 1  
1/3 106 -5 . 2  -LO 1 . 8  ( l .  7 '  41 ,  183 ) 



From Eq .  (4 ) we derive that Re ya = 0 ( 10' ) and Im Ya ' I Ya j 
lowing hierarchy among the u . e .u .  ' s  ( see Table 2 ) :  
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0 ( 1 )  require the fol-

( 14 ) 

which is shielded from large radiative corrections by the NFC condition . The 
hierarchy j �I << 1 is suggested by the existing mass spectrum for the heavy quarks . U2 Indeed , the KM mixing matrix structure provides us with an intriguing picture for 
the Cabibbo-like mixing angle dependence on fermion masses and strongly supports 
the idea of an almost unmixed third generation . In the three scalar doublet model 
(see Eq .  ( 1 ) ) ,  this decoupling implies : 

I�  ( 1 5 )  

if we  assume same-order Yukawa couplings for the members of the generation. More­
over , the u . e . u ' s  presented in Table 2 suggests order-one Yukawa couplings for 
this heavy generation . In this model , the various u . e .u .  ' s  fix therefore the typ­
ical scales12 )  for the SU ( 2 ) L x U ( l )  mass spectrum: 

O(u, ) 

O(u2 ) ( 16 )  

We conclude that SU ( 2 )L x U ( l )  is mainly broken by the u . e .u .  of the scalar doub­
let ¢, uncoupled to matter fields and the lepton sector only couples to ¢1 at the 
tree-level . This nicely illustrates how important new experimental informations 
on CP violation are for an analysis of the unknown scalar sector of the electro­
weak model . 
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A supersymmetric extension of the Kobayashi-Maskawa mechanism to strong interac­
tions gives interesting predictions for the CP violating parameters E and s ' /s .  
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In N = 1 supersymmetric Yang-Mills theories1 ) , the spin 1 gauge particles 
(weak w

+
, gluon G ,  • • • ) have fermionic partners (wino Q ,  gluino G, . . .  ) while the 

spin 1/2 matter fields ( quark q, • • •  ) are associated with scalar companions ( squark 
q, • • •  ) . This well-known "correspondence principle" implies new gauge couplings 
in the supersymmetric extension of the SU ( 3 )c x SU ( 2 ) L x U ( l )  standard model .  Let 
us first consider the charged weak gauge coupling : 

gw uo Y do w
+ 

L µ L µ ( 1 ) 

where internal indices are understood . In the physical basis for the quarks,  we 
obtain 

( 2 )  

where Uu and Ud are the unitary matrices which diagonalize the u p  and down quark 
mass matrices Mu and Md respectively .  The product Uu Udt is the so-called Kobayashi­
Maskawa ( KM )  mixing matrix K. From the "correspondence principle" , supersymmetry 
( SUSY )  induces the new gauge coupling 

( 3 )  

which can also b e  rewritten i n  terms of the physical squarks and quarks a s  follows : 

( 4 )  

where Du is the unitary matrix needed to  diagonalize the up  squark mass matrix. 
We therefore observe a slight departure from the usual weak interactions if Dq 

is di fferent from Uq . However , the appearance of Dq modifies the usual picture 
of the strong interactions . Whereas the strong coupling of quarks to gluons is 
flavor-blind , namely 

gs 
qO Yµ qO G = gs q Yµ q Gµ µ ( 5 )  

the one associated to the gluino is in general not :  

gs qO* qO c gs q
* Dq uqt q c ( 6 )  

I n  a class of models based o n  N 1 supergravity1 ) , SUSY is softly broken 
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and the down squark mass matrix reads 

( 7 )  

where m
,/, 

i s  essentially the gravitino mass, A i s  the order-one coefficient in 
front of the Yukawa-like soft-breaking terms and c, generated from radiative cor­
rections2 ) , is a measure of the one-loop flavor violation induced by the charged 
Higgs sector .  If we try to diagonalize this mass matrix by means of the matrix 
Ud , we obtain : 

2 
+ cKt ! A l m,;2Md 

( 
m
3 ;2 1 + Md M K 

) 
u 

� ( 8 )  
2 

+ Md !Al m,/, Md m, ;, l 

where M d denote the diagonal up and down quark matrices respectively .  The squark u ,  
mass matrix ( 8 )  i s  obviously not diagonal i n  the flavor-space . We , therefore , have 
to consider Dd t Ud and we conclude ( see Eq. ( 6 ) )  that there are flavor as well 
as CP violations in strong interactions which are also controlled by the KM mixing 
matrix and the magnitude of the parameter c. The latter is of order-one2 )  in mod­
els where SU ( Z )L x U ( l )  is broken via radiative corrections. Moreover it is nega­
tive, a consequence of the fact that the top is the heaviest quark .  From ( 8 )  this 
requires mt � ( -c )- 1 /2 m3 ;2 in order to keep color and electric charges unbroken. 

Let us now briefly review the predictions of the supersymmetric extension 
of the KM mechanism . First of all , the off-diagonal element M of the K0-K0 mass 1 2 
matrix gets an additional contribution from the gluino-squark exchange box-dia-
gram . 

s w d 

_·_ o ____ � d w s 

+ 

�: Box-diagram contributions to the nS 

s G .. r p nppqpn n n  1 
d • 

I I ..... - 1  1 q q , I I 
• I 9 A A 2 A 2 2 ° 21 • 
d � s 

2 matrix element M 1 2 • 
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The experimental value of the K0-K0  mass di fference fiM provides us with a constraint 
3 )  o n  the real part o f  M 1 2 • This only corresponds to a weak bound o n  the squark 

and gluino masses . 

40  

0 2 5  s o  7 5  100 125 150 175 200 
GLU I NO MA S S  ( GeV }  

�: Bounds on squark and gluino masses. The region above the broken curve is 
allowed by fiM and the shaded region is ruled out by experiments. 

On the other hand , the imaginary part of M1 2 , responsible for the CP violating 
impurity E in the K 0-K0 mass matrix gives r ise to an important improvement4 )  with 

respect to the standard model. 

> ., 
C> 

-
E 

35 / 
I 

30 I 

25 I 
I 

20 

I 

/Ord inary 

0.8 1 .1 

B =  0.33 

1 .4 1.7 2.0 
i: 6 ( 1 0-12 sec > 

fi.9:..__l: The lower bound on the top quark mass as a function of the B-lifetime for 
40 GeV squark and gluino masses ( A = 3 ,  c = -1 ) .  

For reasonable masses of squark and gluino (-40 GeV ) ,  the experimental value of E 
allows for a 40 GeV top quark even if the Bag parameter B is one third of its value 
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predicted by the vacuum insertion approximation.  This of course allows more free­

dom than in the ordinary theory , in spite of the smallness of the KM mixing angles 

'1-2 and <t, . 

The CP violation in the (�S = 1 )  K-decay also gets an additional contribution 

due to the appearance of the supersymmetric Penguin,  namely the Pengluino5 ) . 

,.,. 
w q - ... d 5 

� + + 

�: Penguin and Pengluino contributions to £ ' .  

24 

20 

1 6 
.., 
b 1 2  
w :-- 8 CrJ 

O t--��___;;__...;.a....;..;.�--"' 
- 2 L-..._..._..._..._..._L-..._L......1 

0.6 1 .0 1 .4  1 .8 2 .2 
-12 T8 ( 10 sec ) 

G 
� IG 

�: £ ' /£ as a function of the B-lifetime for a top quark mass equal to 40 GeV . 

This in fact reflects the freedom we gain in fitting the E parameter which allows 
smaller values for the KM CP violating phase o .  Let us note that one can even mimic 
the superweak CP violation feature ( £ '  = 0 ) .  But is it a surprise in the frame-
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work of a super (electro ) weak model? 

To sum up , the extension of the KM mechanism to the supersymmetric 

SU( 3 )
c x SU ( 2 )L x U ( l )  model certainly helps the electroweak theory which is con­

fronted to drastic experimental constraints . SUSY , however , introduces additional 

CP violation sources6 ) . 

A first important CP violating phase can be induced if the soft-breaking A 

parameter turns out to be complex , A =  I A I  ei� . In such a cas e ,  an electric di­

pole moment o f  the neutron ( EDMN) arises at the one-loop level
7 )  

(Fig.  6) and ob­

viously dominates over the three-loop contribution appearing in the standard KM 

model . 

�: One-loop gluino-squark contribution to EDMN. 

The experimental bound on the EDMN provides us therefore with a rather strong con­

straint on the magnitude of the �-angle
7

• 3 ) : 

( 9 )  
The smallness of this angle leaves t h e  KM predictions presented before almost un­

changed
3 )

. Let us also point out that in a large class of models,  the A parameter 

arising from the so-called hidden sector of the theory ( responsible for the local 

SUSY breaking ) is naturally real . 

Another CP violating phase is induced by the wino-Higgsino mixing. However , 

the weak and Yukawa couplings associated with these new fermions imply too small 

a value of EB ) or too large of value of I E ' /E j 9 l .  

These additional sources o f  CP violation being unable t o  substitute for the 

KM mechanism, we conclude that : 

SUSY NEEDS KM, BUT IS I T  MUTUAL? 
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Improved searches for rare processes in muon decay have substantially improved existing lim­
its, but no evidence for any non-standard behavior has been found. The result of a recent sensitive 
search for right-handed currents indicates that the ratio (V+A)-amplitude/(V-A)-amplitude '.S 
0.029. This experiment also imposed new limits on non-standard couplings and on the energy scales 
where lepton substructure and family symmetry breaking effects might manifest themselves. 
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Although muon decay has been studied extensively for more than 30 years there have been 
several interesting new experiments during the last year or two. I have chosen to subdivide these 
new experiments into two classes: (1 )  standard decay (e.g. µ+ -+ e+v,vµ), where the objectives were 
to improve our understanding of the Lorentz structure of the interaction, to search for right handed 
currents, and to search for lepton substructure, and (2) searches for rare processes such as the 
decays µ+ -+ e+"{, µ+ -+ e+e-e+, µ+ -+ e+ + f (f is an axion-like scalar) and the conversion process 
µ- + (A,Z) -+ e- + X, where the goals were to explore new physics. 

These and the other new results can be summarized by the somewhat disappointing statement 
that nothing unusual was seen. An LBL/TRIUMF /Northwestern collaboration found no evidence 
for right-handed currents. No evidence was seen for S, T or P couplings nor was there any indica­
tion that leptons have substructure below a composite mass scale of 2400 GeV. No experiment has 
found any evidence for any of the rare processes mentioned previously. The present limits on the 
relevant branching ratios are: 

B.R. (µ+ -+ e+e-e+) :::; 2.4X l0-12 
B.R. (µ- + (A,Z) -+ e- + X) :::; 2 X 10-11 

B.R. (µ+ -+ e+ + f) :::; 6 x 10-5 

B.R. (µ + -+ e + + "!) :::; 1.7 X 10-10 

(SIN)21 

(TRIUMF)31 

(LBL/rRIUMF /NW)41 

(PDG World Average) 

Despite the lack of unexpected new results it is important to realize that the frontiers continue 
to be pushed back significantly, and that possible subtle deviations from expectations based on the 
Standard Model may only manifest themselves experimentally as measurements of ever increased 
refinement and precision are made. I think the recent muon decay experiments constitute very 
meaningful steps in that direction. Other experiments at TRIUMF, LAMPF and SIN are underway 
to further improve this situation. 

As an illustration of the present generation of muon decay experiments I would like to discuss 
in more detail our Search for Right-Handed Currents in Muon Decay at TRIUMF.11 In particular I 
will present the current (essentially final) status of the results and discuss their significance in terms 
of right-handed currents, limits on non-(V,A) couplings, the existence of axion-like scalars, and lep­
ton substructure. 

When we embarked on this search all weak interaction experiments were consistent with a 
pure (V-A) interaction. They still are. However, an admixture of up to 13% (V+A)-amplitude also 
fit  the data. Equivalently the right-handed gauge boson, WR, had to be at least twice as massive as 
its standard left-handed counterpart, WL. In the meantime, theoretical analysis of the K1°-K2

° mass 
difference strongly suggests that M(WR) > 1 .6 TeV.51 However, such analyses are at least weakly 
model-dependent and therefore an independent measurement is useful. Furthermore, the only pre­
vious measurement made in the late l960's yielded a result which was 2 standard deviations away 
from the pure V-A prediction. 

The method used in our search was to study the decay µ+ -+ e+v,vµ for fully polarized muons 
when the positrons are emitted with maximum energy; i.e. when x = p,/p,(max) 9" l. One pro­
duces fully polarized µ+ from pion decay at rest, stops them in a non-depolarizing target, and then 
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looks for x = 1 positrons emitted in a direction opposite to that of the muon's spin. By angular 
momentum conservation these positrons must have negative helicity. This is forbidden for a pure 
(V-A)-interaction, and therefore any such positrons would signal the presence of a (V+A) interac­
tion. Unfortunately the finite energy and angular acceptances of the apparatus allow tails of the 
(V-A) positron distributions to be detected as well, and suitable extrapolations are necessary to 
cleanly isolate the (V+A)-contribution. 

The shape of the expected V-A spectrum is shown in figure l. It can be written: 

----- ()( 
x2dxd( cosO) 

Here tr-0 is the angle between Sµ and p,; p, 1/, 8, e are the usual muon decay parameters, and p µ is 
the polarization of the muon. 

When x =  1 ,  d2f 
ex { 1 - o

p
e p µCos0 } . dxd(cosO) 

For a pure V-A interaction e = 1 ,  p = 8 = 3/4, P µ = 1 .  When cosO = 1 the rate vanishes. In the 
experiment we measure P µoe/ p. In a separate experiment with the same apparatus we were also 
able to make an improved measurement of the parameter 8. 
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Fig. l. Positron momentum spectrum from 
completely polarized µ+ decay at 
rest for a V-A interaction. 
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The experimental method had three essential ingredients: 

(1 )  A 100% polarized µ+ beam. This was done by using the so-called surface muon beam at TRI­
UMF. The basic idea is to first produce positive pions with 500 MeV protons. The pions of 
interest stop and decay into muons near the surface of the production target. These fully 
polarized muons are then transported by a system of magnets and quadrupoles to the stopping 
target without depolarizing them. 

(2) Stopping the muons without .depolarizing them. To do this thin metal foil targets (Al, Au, Ag, 
Cu) were used. A longitudinal magnetic field, B II "°"" 1 . lT, was usually applied as an addi­
tional safeguard against depolarization. Alternatively the longitudinal field could be replaced 
by a weak transverse magnetic field (B j_ � 100 gauss) which was used to precess the muon 
spins. The data taken in this mode were used both for purposes of calibrating the x = r �dge 
of the decay spectrum and for a largely independent measurement of P µt;,o/ p based on the 
magnitude of the µSR precession amplitude. 

(3) Determining the momentum and angle of the decay positron with good resolution. To do this 
we used a focusing spectrometer with momentum resolution (�p/p "°"" 0.002). The absolute 
calibration of the spectrum end point was based on the spin precessed data discussed in (2). 

The experiment is essentially complete. Preliminary results obtained with the longitudinal 
field configuration have been published,61 and the more recent µSR analysis has been submitted for 
publication71 and reported at last summer's Leipzig Conference.41 An example of the shapes of the 
spin-held and spin-precessed data near x = 1 is shown in figure 2. The characteristic oscillations in 
the rate of detected positrons as a function of time for the µSR data is shown in figure 3. Here the 
exponential decay with µ+ lifetime has been factored out. 

0.94 0.96 0.98 
1 '"  p(e+l /p(e+lmat 

1000 

IOOO 

1.00 

Fig. 2 .  Distributions (uncorrected for accep­
tance) in reduced positron momen­
tum with the µ+ spin (a) precessed 
and (b) held. 
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In the space available here it is not possible nor appropriate to describe in further detail either 
the experimental method or the various systematic checks that played essential roles in these meas­
urements. The interested reader is referred to the references just cited.6'71 

Let me turn next to the results. It is important to note that the (V +A) limits obtained in this 
experiment are only valid if the mass of the heavy right-handed neutrino is less than about 10 
MeV /c2. Our result P /f,6/ p ;::: 0.9966 (90% CL) places the following limit on the contribution of a 
possible (V+A) interaction to muon decay: 

(V+A) Amplitude :S 0.029 
(V-A) Amplitude (90% CL). 

In terms of mass limits on a right-handed gauge boson which could mediate such an interac­
tion it is necessary to introduce two parameters--a mass and a mixing angle. This is because the 
mass eigenstates (W1,W2) are not necessarily the same as the charged gauge boson eigenstates 
(WL,WR). 

Writing W1 = WLcos<;- WRsin<; and W2 = WLsin<; +  WRcos<;, we find M(W2) 2: 470 GeV/c2 if 
<; is constrained to be zero whereas M(W2) ;::: 400 GeV /c2 if <; is free. 

In general the Lorentz structure of the interaction admits the possibility of S, T, and P cou­
plings in addition to the dominant V-A term. Let us write 
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Then the results of this experiment can be used to obtain the following limits: 

(1)  If the interaction is (V-A) + T (no S and P) (GT + G� )2 � 0.027. 
(2) If the interaction is (V-A) + S + P (no T) (Gs - Gp' )2 + (G� - Gp)2 � 0.054. 

With the same apparatus we obtained an improved value for the muon decay parameter 6. If 
only (V,A) couplings contribute to muon decay 6 = 3/4. Deviation from this value would signal 
something new, and can be used to further constrain S, T, and P contributions. Our very prelim­
inary result is 

6 = 0.748 ± 0.004 (statistical) ± 0.003 (systematic). 

This should be compared with the world average value 6 = 0.755 ± 0.009 listed in the latest Parti­
cle Data Group compilation. 

The fact that our value of P ,,Ef>/ p is very close to 1 can be used to set a limit on the mass 
scale above which composite lepton structure might manifest itself.81 If leptons are composite there 
should be a contact interaction contribution to the Lagrangian describing muon decay. Following 
Peskin let us write 

L = Lv-A + Lcontaet 
where Lv-A is the usual V-A Lagrangian, and 

Lcontact = g2/A2{ 111(v,,L1"µL)(eL/µv,J + 11.J..v,,RJ"µR)(eR/µv,R) + 1l3(v,,LJ"v.J(eR/µPR) 

+ 11ieL1"µL)(v,,R1,,v,R) + 11s(v,,LµR)(eLv,R) + 116(11,,Lv,R)(eLµR) 

+ 117(11,,RµL)(eRv,J + 118(11,,Rv,J(eRµLJ} 

Here g is a coupling constant of hadronic strength, A is the mass scale for compositeness, and the 11i 
are couplings of order unity. This is the most general SU(2)X U(l) invariant contact interaction. 
Using this Lagrangian to calculate the decay rate near x = 1 and cosO = + 1 we find 

4 2 [ 2 l 1 - Q p = 2 
[ 620 l _L 1122 + 1132 + !!2. � 0.0034 p " A 41T 4 

or that A2 > (3050 GeV)2£ [ 1122 + 11l + !!2. 2 ) . If we make the not unreasonable assumption 
41T 4 

2 that !1T = 2.1 and 11i > 0.2, then A 2: 2400 GeV. This value of A should be compared with limits 

deduced from other experiments using the same kind of model: 

Experiment A lower limit 

(g-2), � 30 GeV 
(g-2),, � 750 GeV 

e+e- -> e+e- � 2000 GeV 

Finally we use the vanishing of the rate at x = 1 and cosO = +1 to set a limit on the energy 
scale at which flavor symmetry could be spontaneously broken. The specific familon model dis­
cussed here is due to Wilczek.91 Suppose muons could decay via the mode µ+ ...... e+ + f,,., where f,,, 
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is an axion-like scalar called the familon. The contribution to the Lagrangian can be written: 

L'lL = f- Ji"!pe8/µe· 
µe 

and the branching ratio is 

Here F µe is the energy scale at which flavor symmetry is spontaneously broken. 

Because µ+ -+ e+ + f is isotropic it should cause monoenergetic positrons to be emitted at 
x = 1 and cosfJ = 1 .  We see no such peak, and consequently set the limit: 

r(µ+ -+ e+ + f) � 6 X 10-6. 
r(µ+ -+ e+vv) 

This translates to Fµe 2': 6.5 X l0g GeV (90% CL). 

I think this example illustrates how muon decay experiments address a variety of issues of 
current interest in particle physics. It would be nice if one of these days a new generation of even 
more refined measurements would actually show some unpredicted behavior and thereby allow us to 
probe the next level of understanding of elementary processes. 
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SEARCH FOR HI GGS IN UPSILON DECAYS WITH CUSB 1 . 5t 
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ABSTRACT 

We have searched for Higgs produced via the reaction T+H+Y in a sample of 
400, 000 decays . No monochromatic photon l ines are observed . We obtain upper 
l imits for Higgs product ion in T decay which are lower than the minimal standard 
model prediction for H iggs' masses in the range 2 to 5 GeV . 

The search for Higgs scalars in radiative decays of heavy vector mesons was 

f irst suggested by Wilcze k1 )  and Weinberg2 )  in conj unction with the possible 

existence of the "axion" , a very light Higgs postulated to avoid the problem of 

strong CP violation3 ) . The decay rate for V+Y+H, where V is a 1 bound state of 

a heavy QQ pair is given in terms of the two muon rate by r ( V+Y+h ) / r ( V+µµ) = 

GnMQ
2/ ( �/2 ) x { 1 -Mri

21Mv
2 l x2 exhibiting the coupling of Higgs to the quark mass 

MQ . x is unity in the standard model where only one physical , neutral H iggs 

state survives . For mode�s wi th more Higgs' , where the two f ields �1 and 

�2 correspond to two neutral physical H iggs states , x=<�1 >!<�2> is unknown, 

where <�> is the f ield vacuum expectation value . Moreover i f  x i s  the factor for 
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up-like quarks , the same factor , or its inverse,  appears for down-like quarks 

depending on the particular model . Interest in the search for Higgs ' in T (and 

w) decays was stimulated by supersymmetric models in which it appears natural to 

have H iggs ' with a few GeV mass4 ) . The above formula for r gives , for the case 

of T decays , BR( T+H+Y)  = 2 . 5 x 1 0- 4 ( 1 -MiJ2!89 . 5 ) x2 , MH in GeV. Tantal izing 

experimental results were presented sometime ago by the Mark III 

collaboration5 ) , suggesting the existence of a Higgs candidate of 2.2 GeV mass , 

hastily christened � ( 2. 2) .  More recently the Crystal Ball collaboration reported 

evidence6l  for T+Y+X ,  with a branching ratio around 0 . 5% and an x mass of 8 . 3 

GeV . This state , named � .  was also considered as a possible candidate for the 

H iggs ' vacuum . The CUSB collaboration had also searched for T+Y+X with null 

result7 ) . They obtain an upper l imit for the branching ratio of =0. 1 %  for H iggs ' 

masses between 2 . 5  and 5 GeV and from a new analys is8 l  a limit of = 0 . 2% for 
M=8 . 3  GeV . One should note that if � and � were indeed H iggs' they require 

x2 factors of > 1 0  and > 1 00 respect ively .  

It clearly appears worthwhile to reexamine the whole s i tuation , both with 

respect to whether these objects exists at all and are indeed H iggs mesons , and 

improve the sensitivity of H iggs searches unt ill the standard model branching 

ratio is reached . This in general requires vastly increased statistics and 

improved detector performance . CESR provided us last fall with 400 , 000 T' s ,  the 

largest single sample collected to date and we significantly improved the 

performance of CUSB over part of its coverage. CUSB has underway an upgrade 

program (CUSB I I )  which consists of inserting a cylindrical array of bismuth 

germanate , BGO , 1 2  radiation lengths ( A0 ) thi c k ,  subdivided into 2x36x5 elements 

in e , •  and r .  Since only a fraction of the BGO crystals were available to us in  
Summer '84 ,  we  installed a partial array covering 1 1 0  degrees in  • and only 8 

Ao thick. Also thin scintillator were installed in front of all BGO and NaI 

sectors of the detector to provide addi tional charged particle veto . The whole 

BGO array is supposed to improve the CUSB energy resolution by as much as factor 
3 . 5 .  The l imited array used gave us an improvement of • 2 . 3 , consistent with the 

limited thickness and coverage . We wish to point out that at 4 . 7  GeV ( electron 

from Bhabha scattering) we have measured a resolution aE/E of 1 % .  This is the 
best resolution achieved yet by any detector in actual running of a high energy 

physics experiment . This partial upgrade is called CUSB 1 . 5 .  

I n  the analysis  of the data collected we arranged the photon search codes 

so that for 1 /4 of the soli d  angle photon energies are measured in BGO. The 

collected sample is equivalent therefore to 1 00 , 000 upsilon decays having their 

decay photons detected in BGO and 300,000 in NaI.  Because of the superior 

resolution in BGO , the present sample is equivalent to 530 , 000 upsilon decays 
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collected w i th the old CUSB detector . The search codes used with the present 

data are mostly adaptation of the ones used previously. In addition to 

clustering and isolation criteria used to reject merged �o we require that the 

shower centroids measured in the four BGO layers and the 5 NaI layers agree 

within the expected spread . This requirement is very eff icient in removing 

shower contaminated by other close-by photons and nuclear interactions , 

parti cularly in BGO , because of true proj ect i ve boundar ies and absence of 

a zimuthal cracks and is responsible for di fferent shape of the photon spectra at 

high energy . 

Figures 1 and 2 show most of the inclusive photon spectra form T decays 

( including � 1 5% continuum events ) as observed in BGO and NaI . 
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Both spectra are smooth , featureless and in good agr eement with what one expect : 

mostly photons from �o decays with small contaminations from hadronic 

interactions . In the absence of any monochromatic signal one cannot prove the 

existence of any Higgs • . Worse yet one cannot disprove their exi stence ei ther 

and all that ' s  left is to give upper l imits for B R ( T+Y+x ) at some confidence 

level , l i ke 90% . F i gures 1 and 2 do not show fine details . The data has been 

however scrut inized in fine detail and fi tted in various energy regions with 

polynomials plus gaussians with the proper , energy dependent , resolution given 

by: aE/E•0. 0039/'IE for NaI and by aE/E•0 . 001 8/ 'IE for B GO .  No s i gnal (pos i t i ve 

or negative )  of significance greater than one standard deviation is observed in 

this way . Nor i s  a one standard deviation signal ever observed at the same 

energy in the two samples . Figure three shows an example of such f i ts where a 
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negat ive signal of 47±51 counts is observed at 1 090 MeV , corresponding to 

Mx=8300 MeV . Since the spectra are so smooth we feel it is appropr iate to apply 

the procedure descr ibed to the locally averaged count . This is equivalent to 

computing the error of the (vanishingly small ) area of the gaussian as 

oN( counts )=[ ( counts/MeV ) x oE (MeV ) x3 . 7 J 1 12 • F inally the 90% C . L .  upper l imit to 

the branching ratio is given by BR<oN x 1 . 65/NT/E where E i s the (energy 

dependent )  photon finding efficiency . Note that it is common practice to use 

2 . 3 6  and 1 . 28 instead of 3 . 7  and 1 . 65 respectively resulting in upper limits 

which are opt imistically lowered by a factor 0 . 62 .  The results of this negative 

labor are shown in figure 4. For the first time upper l imits lower than the 

minimal standard model predictions have been obtained for masses between 2 and 

5 . 5  GeV. Strictly speaking , the computed limit applies to 

BR( T+Y+X) xBR ( X+anything detectable) . 
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For Higgs' of coventional properties and the data analyzed , the second BR is 

unity. The present data were collected with a trigger threshold of •500 Mev and 

we used very loose event selection criteria , essentially satisfied by the 

presence in the detector of two energy clusters or one energy cluster plus one 

track. It would indeed be quite feasible for the completed CUSBII detector and 

with modest running at the improved CESR to reach the standard model level for 

masses up to 7-8 GeV . Results in this mass range would be of significance to 

supersymmetric models with very light H iggs whether they are found or not .  

Concerning the 1; ( 8 . 3) our l imit for its B R  i n  T decays i s  0 . 09% . Conversely had 

the branching ratio been •0.5% as claimed by the Crystal Ball we should have 
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observed a signal of 660±72 counts while we observe -40.  Our upper l imit for � 
production in T decay is �o. 02 % .  Scal ing only according to the c- and b-quark 

mass ratio our l imit is more than an order of magnitude less than the BR 

obtained by Mark I I I . Scaling from T to $ is of course a bit murky . 

In conclusion H iggs scalars still elude us , at least for very low masses . 

The standard model expected BR value has j ust been passed and it is possible to 

do still better in T decays . 
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Searches are reviewed and s uggested for certai n  types of new neutral parti ­
cles . ( a )  Extra Z ' s  are expected i f  the el ectroweak group i s  extended beyond 
SU(2 ) x U ( l ) .  Masses above 1 40 GeV/c2 are ri pe for expl orati on. (b) Neutral 
heavy leptons above 2 GeV/c2 are possibl e  in a wi de range of contexts . 
( c )  Hi ggs bosons beyond the fi rst doublet can be produced at tree l evel i n  Z0 
decays , with an i ntri nsi c rate of r (Z0 -.. v� )/2  for each such "extra" doublet.  
Extoti c e e- and pp events are di scussed i n  the l i ght of these l ast two ( and 
other) poss i bi l i ti es .  
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I .  INTRODUCTION 
At present the " standard "  SU(2) X U ( l ) el ectroweak model describes a weal th 

of data in quanti tati ve detai l .  But are we sure it is the who le  story, even at 
energi es accessi bl e  today? In th i s  brief rev iew I wi sh  to make the case for neu­
tral particl e searches as the most effecti ve way of probing beyond the standard 
model wi th the comparati vely modest means at our di sposal wi th in  the next decade . 
Neutral particl es are the most e lus ive i ni tia l ly ,  but the ir  signatures may be the 
most spectracular when fina l l y  identi fied .  We shal l be concerned wi th only a few 
exampl es .  

A .  Extra Z ' s  are expected whenever the el ectroweak gauge symmetry i s  l arger 
than SU(2 ) X U ( l ) .  They affect l ow-energy el ectroweak phenomena i nd i rectly,  and 
can be searched for di rectly in high-energy col l i der data . The mass range Mz •.'.'.. 
1 40 GeV/c2 i s  open for hunti ng . 

B .  Neutral heavy l eptons are a l so expected i f  the el ectroweak group i s  l a rg­
er than SU(2 ) X U ( l ) .  They correspond to right-handed neutri nos . Searches for 
such objects al so are capabl e of di scovering heavy fourth generation neutrinos 
and mi rror neutrinos (coupl i ng right-handedly tA> el ectroweak SU(2 ) L ) .  Wide gaps 
exi st in our knowl edge about neutral heavy l eptons above 2 GeV/c2 . 

C .  H iggs bosons beyond the mi nimum number (one needed in SU(2 )L X U ( l ) )  can 
be produced copiously in Z decays if they are members of doubl ets , tri pl ets. or 
higher representati ons of SU(2 ) L . Many model s predict such bosons ; the only ques­
tion is whether they are l i ght enough to be seen in Z decays . 

D .  Photi nos ( supersymmetri c partners of the photon ) are expected to be 
emi tted i n  almost al l processes in which supersymmetric partners of ordi nary par­
ticles are produced . Some of the s ignatures for neutral l eptons or new H i ggs bo­
sons are rel ated to those for photi nos . 

In Sec . I I  we motivate the i ntroduction of new neutral particl es ,  concentrat­
i ng on neutral l eptons and H iggs bosons. Sec. I I I  i s  devoted to searches for 
heavy neutral l eptons via heavy fl avor pToduction in beam dumps,  and via z0 de­
cays . Thi s l eads us to a di scussion of exoti c events (Sec . IV ) ,  parti cul arly 
from the CELLO and UAl col l aborations . The events found by UAl cons i sti ng of one 
or more jets and l a rge miss ing transverse momentum, if not due to conventional 
background sources , suggest the exi stence of neutral parti cl es wh i ch escape the 
detector.  One c l ass of possi b i l i ties i nvol ves the decay of z0 to (seen particle 
[s] ) + (unseen particle  [s ] ) .  Tests of thi s  hypothes i s  ( i ncl udi ng production of 
vi rtual z0 • s  i n  present e+e- experiments ) are mentioned in Sec . V. A final  sec­
tion summarizes . 

I I .  MOTI VATIONS 
A.  Extra U(l ) .  In SU(2 ) L X U ( l ) y , the el ectri c charge Q i s  wri tten as the 

sum of I 3L and Y/2 , both of whi ch are gauged. The resulting  mi xtures are the 



photon and a "standard" Z 0 •  If ,  i nstead,  one wri tes 
Q = I 3L + I 3R + ( B-L )/2 , 
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( 1 )  

where B and L are baryon and l epton numbers , and gauges I 3L ' I 3R' and B-L separ­
ately,  the resul ting mi xtures are y ,  Z 0 ,  and a new boson Z . Th i s  boson couples x 
(when the Z0 i s  affected l i ttle  by mi xi ng with it )  to a charge 

Q = _l_ [5I3R + 3 ( I 3L - Q ) ] .  (2 )  x llO 
The Z can be as l i ght as 1 40 GeV/c wi thout having notably affected l ow-energy x 
electroweak phenomena . At this  mass , i t  probably woul dn ' t  have been seen di rectly 
yet ,  but woul d be accessible  i n  future CERN or Fermi l ab searches . We refer to a 
recent revi ew1 ] for further di scuss ion of thi s  boson ; for present purposes i t  i s  
mainly o f  i nterest wi th regard t o  ri ght-handed neutri nos , di scussed bel ow. 

B .  Neutral heavy l eptons N are expected i n  several contexts . They are al l 
abl e to mi x with ordi nary neutrinos ve ' vµ , and vT , and then can decay by conven­
tional neutral - and charged-current processes , such as N + e-ua , N + v uu , and so 
forth . I f  neutral -current decays are not suppressed, one expects2 • 3] 

B ( N  + vvv) � 1 0% _ B (N  + t t ' v )  � 20% 
B ( N  + v + hadrons)  � 20% B (N  + £ + hadrons)  � 50% (3) 

Speci fi c  types of neutral l eptons i ncl ude the fol l owin g :  
1 .  Ri ght-handed ' neutrinos N suffice to cancel anomal ies when I 3L ' I 3R' and 

B-L are a l l  gauged. A fermion generation then consi sts of ( u ,  d, e ,  v ) L and 
( u ,  d, e ,  N ) R. If only I 3L and Y were gauged, NR coul d be omitted. A typi cal N 
mass only has to be l ess than � Mz /g,  where g i s  the gauge coup l i ng of Zx to 
NN . It coul d be much l ess , though� Ri ght-handed neutrinos can be ei ther of 
Di rac2-5 J or Majorana 5 •6]  type . In the former case , the neutri no mass m can 
vani s h  whi l e � i s  free . In the l atter,  (mv MN) 1 12 i s  a typi cal Di rac ma�s .  
:t (MeV to GeV) . 

2 . Fourth generation neutrinos7] v4 bel ong to conventi onal SU(2 ) L doublets 
( v4 , L- ) L ' and are produced in Z0 decays : B ( Z0 + v4v4) � 6% . The GIM mechani sm 
ensures that the i r  neutral -current decays are s uppressed. 

3 . Mi rror neutrinos8] of ri ght-handed hel i ci ty belong to an SU(2 )L doublet 
( vM, L- ) R. Aga in , B (Z0  + vMvM) � 6% , but the GIM mechanism i s  now frustrated,  
and neutral -current decays occur. 

C. Hi ggs doublets beyond the fi rst are expected i n  a wi de range of theories , 
s uch as SU(2 ) X U ( l )  X U ( l ) ,  techni col or,  s upersymmetry, or compos i te-Hi ggs mod­
e l s .  A complex doublet contains  two charged and two neutral (scal ar and pseudo­
scal ar) bosons . In a one-doublet model , the charged bosons become the l ongi tud­
i na l  components of w± , the pseudoscal ar becomes the l ongitudinal component of Z0 , 
and only  the scal a r  remains as a distinct parti c le .  In a model with more than 
one doublet , both the sca l ar S _and pseudosca l a r  P of the addi ti onal doublets .are 
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physi cal parti c les . A tree-l evel Z0-S-P coupl ing  exists , wi th 

r ( Z0 + SP)  = } r(Z0  + vv} z 90 MeV (4)  

for each addi tional doubl et , as  l ong as the decay i s  ki nematical ly al l owed. 9 , l O] 
Thus , the decays of Z0 can be a copious source of nonstan.dard Higgs boson s .  

D .  Photinos and other supersymmetri c partners of ordi nary neutral particles 
can be produced copiously i n  pai rs when energies approach typical supersymmetry­
breaki ng scal es .- Th i s  is thought to be poss ib le  at the CERN pp col l i der. 1 1 ] 

I I I .  NEUTRAL LEPTON SEARCHES 
We concentrate here on searches devoted to those SU (2 )L-singlet l eptons 

wh ich mi x weakly with ordi nary neutrinos and must be produced via this mi xi ng.  
More di rect searches are poss ib le  when these l eptons are not SU (2 ) L singlets ; 
these are di scussed i n  Secs . IV and V .  

A.  Beam dump l i mi ts .  The copi ous production o f  heavy quarks i n  hadronic  
experiments ( �  1 0 1 5  c , c  and  1 0 1 2 b ,b i n  a typical  fi xed-target beam dump experi ­
ment at Fermi l ab or the SPS ) permi ts the search for new heavy l eptons N in such 
decays as c + sNt,  b + cNt .  The N production rate i s  proportional t o  the square 
of a vt-N mi xi ng ampl itude UNv . One searches for the subsequent decay of N 
downstream of the beam dump . tLarge mi xing amp l i tudes i mply short l i feti mes , re­
quiring the detector to be as close as poss ib le  to the beam dump. The l i feti me 
has been esti mated : 3] 

TN z (5 x 1 0- 1 2s )  I U l -2 ( MN/ 1  Gev) -.s · 2 , ( 5 )  

i f  neutral current decays are al l owed ( l eading t o  the branchi ng ratios ( 3) ) .  
Sl i ghtly l onger l i fetimes are expected for fourth generation neutri nos , whose 
neutral -current decays are s uppressed. A typi cal  val ue of U is ( Di rac mass)/MN , 
where the numerator may range from MeV to tens of GeV i n  speci fi c  mode l s . 2] 

The CHARM beam dump experiment1 2 ] pl aces a 35m l ong detector 480 m down­
stream of a dump i n  whi ch we estimate3] 1 0 1 5  o± mesons to have been produced by 
400 GeV/c protons . The branching ratio for o± + N�± can be cal cul ated i n  terms 
of I UN 1 2 • The absence of a si gnal for N decay i n  the detector then al l ows one 
to exclOde the verti ca l ly shaded region in Fi g .  1 . 1 3] Hypothetical addi tiona1 
l imi ts obtained from an " i deal dump" experiment3 are shown by the di agonal ly 
shaded regi ons . Here the protons are assumed to have p=800 GeV/c , and the de­
tector i s  pl aced only 50 m from the dump , but al l other parameters are the same 
as in the CHARM e�peri ment. A l a rger I U \ 2  range can be excl uded via charm decay , 
and an analys is  i n  terms of b .... cN·t a l l ows one to excl ude MN val ues up to 
2} - 3 GeV for certain ranges of mi xi ng parameters . 

B. Rare Z or W decays can act as a source of new neutral l eptons mi xed with 
ordinary neutrinos through the processes Z + ( Nv or vN) , or W + N£.  The rate i s  
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again  proportional to I U l 2 . (The rare Z decays only produce neutral leptons in  
thi s way if  neutral -current coup l ings are not s uppressed by the GIM mechani sm) . 
As an example  of the MN- I U l 2  range access ib le  to such searches , we show in Fi g. l 
contours of B ( Z  + Nv or vN)Pd ' where Pd i s  the probabl i ty of detecting  a secondary 
vertex due to N decay between 1 00 µm and 2 m from the Z producti on poi nt. 1 3] (We 
assume Z to be produced at rest , as in e+e- col l i s ions . Longi tudinal  motion , as 
in pp col l i s i ons , doesn ' t  change the argument much . )  Even the observation of one 
rare Z decay in 1 00 ( BPd= l 0-2 ) can provi de useful i nformati on , si nce weak uni ver­
sal i ty upper l imi ts on I UNv 1 2  are around 15% (the accuracy to wh i ch the , l i fe­
time has  been meas ured1 4J ) . T  For I UN ' l 2and I UN 1 2 ,  the upper l imi ts are 
around2-4J 1 0-2 , requi ring observati�� of one ��re decay in 1 000 to set useful 
bounds . Very simi l ar arguments apply to rare W decays . 1 3] If level s of BPd=l0-6 
can be exami ned ( th i s  shoul d be possib le  for Z ' s  at SLC or LEP ) , neutral leptons 
above MN=lO  GeV wi l l  be accessible  vi a thi s techni q ue for a substantial  range of 
1 u 1 2 . 

I V .  EXOTIC  EVENTS 
It is useful to consi der unusual events as i l l ustrations of the types of 

parti cl e searches that are possible  at p resent . We di scuss j ust two : the CELLO 
2µ+2 jet event , 1 5] and events wi th unbal anced p� obtai ned by UAl . 1 6 ] 

-8 IO 0.5 0.7 1.5 2 3 5 7 10 15  
MN, ( GeV )  

FIG 1 .  �ompari son o f  regi ons i n  heavy l epton mass ( MN ) and square of mi xi ng am­
pl i tude ( I U l 2 ) excl uded or excl udable  by beam dum p andirare-Z de� searches . 
The shaded regi ons correspond to beam dump. experiments . Region IlIIIll : al ready ex­
cl uded from D :.. Ni , NH . . .  ( see cal cul ation of Ref. 3 based on data of Ref. 1 2 ) .  
Regi on rz:zl: excl udab1 e  from D + Ni ,  Ni+ . . .  i n  an " i deal " beam dump experiment 
Ref. 3) .  Region � :  excl udable from b + cN8- in an " i deal dump " experi ment . 
Sol i d  l i Re :  a ( b )= 10- 3 1cm2 ; dashed l i ne :  a ( b )= l0- 32cm2 • The contours , l abeled 
by detection probabi l i ties BPd= l 0-2 , l o-4 , l 0-6 ,  l 0-8 ,  correspond to rare-Z-de­
cay searches , i n  whi ch a decay i s  detected between i1 =l OOµm and i2=2m from a Z 
produced at rest .  
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A. The CELLO col l aboration1 5]has reported an event obtained at /S=43 . 45 GeV 
consi sti ng of two muons , each approximately back-to-back wi th a jet of about 1 0  
GeV ,  and with l i ttle mi ssing  energy. Interpretations1 7] incl ude the fol lowi n g :  

1 .  Quantum el ectrodynami cs , such as e+e- + y *y* + µ\-qq , was ori gi nal ly 
deemed an unl i kely source of the CELLO event . As more h i gh-energy data are gath­
ered wi thout a repetition of i t ,  it becomes less s ingul ar.  

2 . Sca l a r  neutri nos coul d be produced in pai rs from a vi rtual Z,  but with 
a s 3  threshol d  factor that makes them i mprobable in the CELLO experi ment. 

3 . Leptoquarks 1 8 • 1 9] of :;: 20 GeV coul d i n  princi p le  decay to µ + (jet ) .  
They can al so be produced i n  pai rs i n  p p  col l i s i ons ; data on pp + µ+ µ- + (jets )20] 
may be capable of setting l i mi ts on them. 

4 .  Neutral leptons1 5 •2 1 ] cou ld  be produced i n  pai rs , via a vi rtual Z ( for 
weak i sodoublet members ) or a l i ght ,  weakly coupled Zx ( for ri ght-handed neutri n­
os ) .  Thi s l ast poss i bi l i ty looks less  l i kely in  view of new data22 •23] whi ch show 
no unusual e+e- peaks below the Z0 • The mass of each µ + jet combi nation i s  com­
patible  with 20 . 5  ± 1 GeV/c2 • Each jet must be interpreted as an unresolved 
quark-antiquark pai r .  Simi l a r  events shoul d occur in  further PETRA data now be­
ing obtai ned at IS 44=GeV,  but have not appeared so far .  Si gnatures i n  pp + µ+ i 
+ jets )20] shoul d be vi s i bl e ,  and are di scussed further in Ref. 2 1 .  

B .  The UAl col l aboration publ i shed evi dence for events wi th mi ss ing  trans­
verse energy oppos i te one or more jets , based on 1 983 data . 1 6 ] Some properties 
of these events are summari zed i n  Table  1 .  

TABLE 1 .  UAl monojet properties from 1 983 data 

Event E T(jet ) to EM �(j ,toEM) 
( GeV) ( GeV) ( GeV/c2 )  

A 7l a )  66±8 1 30± 1 6  
B 48 59±7 106±1 2 

jet c 52 46±8 97±1 7 
D 43 42±6 85±1 2 
E 46 41±7  87±1 4 
fb)  39 34±7 73±14 

I Ge) 44 40±6 84±6 y H 54 40±4 93±5 

a )  µ of 4 6  GeV/c i ncl uded. 
b) consi stent with W + TV c) coul d be W + ev 
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Suggestive features of the 1 983 data incl ude a preponderance of jet ( E
T

) and mis­
sing  (�EM) transverse energies i n  the 40-60 GeV range and of transverse masses 
<mr> in the 80- 1 00 GeV range , and a tendency for the jets to be "skinny , "  wi th 
l ow effecti ve masses and charged particle  mul ti pl i ci ties (nch.::_4 ) . 

The 1 984 run finds s i mi l ar events , at about the same rate . The total i nte­
grated l umi nosi ti es were 1 1 3  nb-1 for the 1 983 data and about 280 nb-1 (on tape) 
for the 1 984 sample .  In  about 2/3 o f  this l ast samp l e ,  four monojet and four di ­
j et events have been reported. 2 3] These events have missing  transverse energies 
rather simi l ar to those of Tabl e 1 .  The jet energies and total transve rse masses 
appear to be more spread out. 

Some i nterpretations of these events i ncl ude the fol l owing .  
1 .  Cal o ri meter l eaks , though frequently di scussed ,  appear not to  be  a seri ­

ous probl em for UAl . However ,  a cross-check by UA2 woul d be quite heipful . Some 
statement for energeti c  monojets24] (say ,  above 50 GeV) or dijets mi ght be poss i ­
ble ,  even though the UA2 cal orimeter does not cover the ful l sol i d  angl e .  

2 . Z + jet(s) , fol l owed by Z + vv , i s  consi dered unl i kely both on experi ­
menta1 25 ] and theoreti ca1 26] grounds . More data on v is ib le  h i gh-p.L Z decays (to 
e+e- or µ+µ- ) wi l l  be avai l able  soon . 

3 . W + Tv decays woul d l ook l i ke some monojet candi dates . The observed 
events ( p� '."._ 40 GeV/c) are more energeti c than expectati ons for W + Tv 

(<pi > � 28 GeV/c) .  Quanti tati ve di fferences of opin ion exist regarding thi s  back­
ground. 1 6 • 27] It can probably be reduced s ubstantia l ly by choosing  events wi th 
nch.::_4 and mr > mw· 

4 .  Supersymmetry provi des several possible  expl anations for mono-and di jets 
wi th mi ssing pi. Pai rs of 40 GeV gl ui nos28 •29] woul d decay to photinos and vi s i ­
b l e  jets , giving transverse momentum i mbal ance some o f  the time.  Pai rs o f  40 
GeV squarks29] woul d gi ve sti ffer and s ki nnier monojets than gl ui no pai rs .  A 1 00 
GeV squark3o-32Jq produced off a sea of 5 GeV gl ui nos g via the reaction (e . g . )  
q g  + q g  coul d decay via q { l OO)+ yq , though this woul d not be i ts dominant decay . 
The quarks in thi s l ast process woul d yiel d monojets wi th a Jacobian peak struc­
ture ,  poss ib le  smeared out by the dynamics of quark fragmentati on .  33J The pro­
duction of 5 GeV gl ui nos in pai rs wi l l  contri bute addi tional events wi th jet ( s )+ 
mi ssing  pi , whose structure i s  expected to be disti nct from q + yq . Speci fi c de­
tai l s  are j ust now being  worked out . 32] 

5 .  Leptoquarks of 40 GeV ,  1 9] produced i n  pai rs and decaying to q + v , can 
yiel d i denti cal si gnatures to squarks of 40 GeV decaying to q + y .  

Monojets , both i n  ol d and new data , appear to have l ow effecti ve masses and 
charge mul t ip l i ci ties .  Thi s  trend ,  i f  confi rmed ,  coul d suggest they are l i ght , 
col o r-s inglet objects . I f  not T ' S ,  what cou l d  they be? There are several models  
i n  whi ch they a re products of unusual Z0 decays : 
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or  
6 .  Z0 + pai rs of neutral heavy l eptons ; 34-36] 

7. Z0 + pa i rs of sca l ar part icles . 1 0 •36 •37] 

These suggestions can be tested q ui te soon , as we now show. 

V .  UNUSUAL Z0 DECAYS 
Two types of Z0 decays can lead to interesti ng s i gnatures whi ch are al ready 

vis i b 1 e ,  severa 1 years before the advent of "Z0 factories " at SLC and LEP .  
A .  Z0 + NN , where N i s  a neutral heavy lepton , can occur wi th a 6% branch­

ing ratio  i f  N i s  an SU(2 ) L i sodoublet member. A fourth-generati on neutri no or 
mi rror neutri no sati sfi es thi s cri teri on . For the l atter,  the branchi ng ratios 
(3 )  are expected.  I f  one N decays to vvv and the other to v is ib le  parti cles , an 
event wi th unbal anced transverse momentum can resul t . 34 • 35 ] 

The effecti ve mass of the part icles seen i n  UAl monojets woul d s uggest 
MN � ( few GeV) i f  thi s mechanism is to explain  the monojets . One woul d expect a 
Jacobi an peak for N + £ + (hadrons ) ,  corresponding to hal f the monojet events , 
on the bas i s  of the rati os ( 3 ) . Thi s  model predicts 

B ( Z0 + [seen N] + [unseen N] ) 
� 6% x 2 x ( 0 . 9 )  x ( 0 . 1 )  � 1 %  ( 6 )  

Only hal f these wi l l  l ook l i ke two-body Z decays s i nce B (N  + £ + hadrons ) � 0 . 5 .  
Thus a )  neutral l eptons probably cannot explain  al l the UAl monojets un less more 
than one lepton fami ly is i nvol ved,  and b) a search for "monojet" decays of Z0 
shoul d be sens i t i ve at the B(Z0  + monojet) � 1 /2% level to r ule  out even the most 
prominent heavy-lepton poss i bi l i ti es .  One shoul d see fi nal states ri ch in lep­
tons , whi ch does not seem to be the case for the typi cal UAl events wi th mi ss ing 
P.L.. 

B .  Z0 + SP decays , where S and P are scal ar and pseudoscal ar members of 
each new Hi ggs doubl et , are expected wi th a typi cal rate of ¥' (z0 + vv)  � 90 MeV ,  
o r  branching ratio  o f  about 3% for rz = 3 GeV ,  a s  menti oned i n  Sec. I I .  A model 
whereby thi s  process can account for the UAl monojets has been constructed. l o ] 
The pseudoscal ar P wei ghs a few GeV and gi ves the jet ; the scal ar S escapes 
unseen , l i ving  a least a nanosecond. It i s  probably l i ght (�  200 MeV) and weak­
ly coupled to fermions . I f ,  i nstead, S were requi red to give the jet and P to be 
very l i ght and escape , the decay S + PP woul d be ki nemati cal ly a l l owed. One then 
woul d expect B (S  + PP) � 1 00% , so S woul d escape too . 

One woul d l i ke a natural way to keep S and P l i ght and weakly coupled to 
fermions .  One exampl e ,  probably not min imal , may be an SU(2 ) L x SU( 2 ) R x U ( l ) B-L 
mode1 38] wi th charge assi gnment ( 1 ) ,  i n  whi ch Hi ggs fi e lds transform under 

1 1 1 - 1 SU(2 ) L x SU(2 ) R as (2 , 2) ( conventional ) ,  (2 , 0) (new) , and (0 , 2) (new) . 
The l ast two don ' t  couple  d irectly to fermi ons except vi a mi xi ng ,  but the (} , 0) 
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can be produced in ,Jai rs in Z decays . 
What are some early s i gnatures of unusual Z0 decays? l�e sha 1 1  menti on two . 
c .  e+e- + Z0 ( v i rtual ) + ( any) reacti ons are accessib le  at present PEP and 

PETRA energies and l umi nos it ies .  The cross secti on for production o f  any final 
state f via a vi rtual Z i s  

+ - ) a ( e e + Zvi rt + f = 

G M r  s F z z 2B( Z  + f) ( l -4x+8x 2) ,  
12 (Mz2 -s )  

( 7) 

where rz=3 GeV,  x=si n 2 e=0. 22 , Mz=94 GeV ,  and GF=l . 1 66 x 1 0- 5 Gev- 2• Thi s  i mpl i es 
the event rates shown i n  Table 2 . 

a / B  
( pb )  

Assumed 1 
!L dt(pb - } 
Events : 
B= 1 % :  
B= 6% 

TABLE 2 . Events obtai nabl e vi a vi rtual Z0 decays 
,_ -

at e e machines . 
PEP PETRA TRISTAN 

( IS = 29 GeV) ( IS  = 44 GeV) ( v'S  = 60 GeV) ( IS =  70 GeV) 
6 1 9  61  1 48 

200 1 00 1 00 1 00 

1 2  1 9  61  1 48 
72 1 1 2 366 888 

The Mark I I  detector, as an examp l e ,  has accumul ated 220 pb - l at IS =  29 GeV i n  
four years of running.  Thi s  has enabl ed it  to perform useful searches for Z0 de­
cays to heavy neutral leptons39] or other unusual final states40 at a l evel of 
B (Z  + f) of a few percent or l es·s . 

I f  unusual Z0 decays were responsible  for the UAl monojets , one woul d see 
"spread-out" unbalanced jets at PEP or PETRA ( s ince Ejet here may not be so much 
l arger than mjet ) . These woul d be di stri buted as l +cos2e* ( for fermions ) or  
s i n2e* ( for bosons ) ,  where e* i s  the angl e wi th respect to the beam. It appears , 
i n  fact , that for a wi de range of jet masses around 5 GeV, unusual Z0 decays al ­
ready can be ruled out as a source of the UAl monojets by a search at Mark I I . 40] 

D. Angul ar and p� di stri butions i n  pp col l i s i ons .  In  pp  col l i s ions , though 
the Z0 i s  movi ng ,  the distri buti on i n  l aboratory angl e e and transverse momentum 
p� of i ts decay products sti l l  reflects the underlying e* di stri bution : l +cos2e* 
for fermions ( not di stingui shing  particle  and anti particle )  and s in2e* for bosons .  
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Here e* is  the angl e of the Z0 decay product in  the parton-parton center of mass . 
For two-body Z0 decays , the exact shape of the Jacobi an peak wi l l  reflect the 
spin of the decay products . 36 ] Two e-p.L di stri butions are compared i n  Fi g. 2 . 
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FIG .  2 . Di stri butions i n  l aboratory angle e and transverse momentum p.L of decay 
products i n  pp + Z0 + a )  NN ( fermi ons ) ,  b) SP ( bosons ) ,  at IS = 630 GeV. Struc­
ture functions and other assumptions are described in Ref. 36 .  

VI . PROSPECTS AND CONCLUSIONS 
Many i nteresti ng effects (CELLO event , radi ati ve Z decays , "noisy" Z0 ' s ,  

jet-jet mass bumps , h igh-transverse-momentum W ' s ,  to name a few) present i n  1 983 
data appear i n  1 984 to have been tai l s  of conventional distributi ons . 22 •23] So 
far,  the UAl mono-and dijets wi th mi ssing p.L remai n  potenti al si gnatures of new 
phys i cs .  They are i n  urgent need o f  confi rmati on from some other source . We 
have suggested some searches that may bear indi rectly on the monojets , but are of 
interest in the i r  own ri ght . 

Search for new heavy Z ' s  wi l l  rely i n  the next couple o f  years both on pre­
cision tests of SU(2 ) x U ( l ) (as i n  electroweak asynmetri es ) and on di rect 
searches , whi ch may be possib le  up to nearly Mz ' = 400 GeV at the Fenni l ab col l i d-
er.  

Neutral heavy l eptons can be produced in pai rs at many e+e- machines , up to 
MN = 35 GeV at TRISTAN. Si gnatures such as monojets or µµ + (jets ) at pp 
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col l i ders are useful in looki ng for these objects . Improved beam-dump experi ­
ments are possib le .  There exi st wi de gaps i n  experimental bounds , whi ch are only 
j ust now starti ng to be fi l l ed .  

New Hi ggs bosons wi l l  be vi s i bl e ,  i f  they are l i ght enough and are not 

SU(2 ) L singlets , i n  the decays Z + ( scal ar)  + ( pseudoscal ar) . Each such i sodoub­

let beyond the fi rst corresponds to a partial  wi dth r ( Z  + SP)  � 90 Me V ,  or hal f 

the wi dth for a neutrino species . Whether Nature makes use of thi s  i nteresti ng 

source of spinless parti cles remains to be seen . 
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SEARCH FOR THE TOP QUARK IN W-DECAY 

Aachen - Annecy ( LAPP ) - B i rmingham - CERN - Harvard - Hel s inki -
Imperial Col l e ge , London - Queen Mary Col lege , London - Kiel -
NIKHEF , Amsterdam - Padua - Paris ( Co l l .  de France )  - Riverside -
Rome - Rutherford App le ton Lab . - Sac l ay ( CE N )  - Vi c toria -
Vienna - Wi sconsin C o l l aboration 

presented by 

Peter Erhard 
I I I . Phys . Ins t . A ,  ·RWTH Aachen 

A c l e ar si gnal is observed for the produc t i on of event s  
contai ning an i so lated lepton and two or more j e t s .  Six events 
with exac tly two j e ts have an e ffec t ive mass around the mass of 
the charged IVB and are cons i s tent wi th a hadronic decay of the 
W .  Rates and features of the events are incompat ib le with charm 
and beauty produc tion.  They are , howeve r ,  c ons i s tent with the 
proc e ss W - tb , fo l l owed by t - b l v ,  where t is the sixth quark of 
the Cabibbo current . I f  thi s is indeed so , the mas s of the top 
quark is bounded between 30 and 50 GeV/c2 • 
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1 .  Introduc t i on 

In the running period o f  1 98 3  w i th an integrated lU!Jlinos i ty 

of 120 nb- 1 , the UAl Collaborat ion has rec orded 68 events with 

e v decays1 )  of the charged Intermediate Vec tor Boson ( IVB ) , 

and
e

a more restric tive sample of W - µ vµ decays2 )  ( 14 event s ) . 

The charged IVB i s  expec ted to c ouple to charge 2 / 3  quarks and 

to the Cabibbo-rotated charge 1 / 3  quarks with the same strength 

as to leptons . From the number of ob served decays to e lec trons , 

taking into account detection effi c i ency and c o l our fac to r ,  we 

expect that ( 2 55±30 ) w - udc and the same number of w - c sc mus t 

also have been produced in the same runnipg period.  

Unfortunate ly , the detect ion of the se decays i s  made very 

difficult by the presence of a large QCD background . 

The decay w+ - tbc ( and also w- - tbc ) '  howeve r ,  where ( tbc ) 

i s  the thi rd weak i so spin doublet of quar�s ,  c an prov i de a c l e an 

signature , i f  the t-quark decays semi l eptonic ally : 

l= ( e lectron , muon ) 

Since previous , unsuc cessful searches for the t-quark in e+e­

c o l l i ding beams3 )  have establ i shed a mass l imi t of mt � 22 

GeV/c 2 , the t-quark wi l l  be re latively s l ow in the laboratory , 

and the angl es between decay particles  wi l l  be large . The se 

events wi l l  contain two j e t s ,  an i s olated l epton, and some 

I 2 
. mi ssing ene rgy . For mt = 40 GeV c the number of event s i s  

reduced by a factor of 0 . 7 1 with re spec t  t o  massless quarks , 

giving a total of ( 1 8 1±20 ) w - tbc decays from our data sample . 

As suming a semi leptonic branching rati o  of 1 / 9 , as expected from 

naive quark and lepton counting , we expect ( 20 ± 2 . 2 )  e l ec trons 

(both si gns ) and an equal number of muons . Wi th the cut s 

necessary to ensure good lepton and j e t  ident i fication and to 

enhance the si gnal above the background ( ET ( bc ) > 8 GeV ; 

ET (bc ) > 7 GeV ; pT ( l ) > 1 2  GeV/c ) we arrive at ( 4 ± 0 . 3 )  events 

in each leptonic channel ,  before geomet rical and track i so lat ion 

cut s .  In order to separate thi s smal l signal from the background 

ari sing from ( bb )  and ( c c )  produc t i on ,  a parallel analys i s  mus t 

be pe rformed to ext ract the properties and magni tude of thi s 
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background from the data. 

2 .  The e l ec tron samp le 

E l ec tron i denti fi c at i on in the UAl detec t or4 )  is based on 

the measurement of momentum ( p )  from the magnetic curvature in 

the central detec tor and on ab sorp t i on in the 2 7 x0 of a 4 n  

lead/scintil lator c alorime t er hodoscope segmented four time s  in 

depth , fol lowed by a hadron c al orime ter ,  in which only a smal l 

re s i dual energy Ehad i s  expec ted . Each of the four segments of 

the lead/scint i l ator c al orime ter cells i s  read out by four 

independent photomul t i p l i ers in a way that permi t s  the 

determinat i on ,  by pulse divi s i on ,  of the centro i d  of the energy 

deposi t i on in two orthogonal direc t i on s . 

In the c ase of the decay W - e ve
1 ) , very generous selec t i on 

crite ri a  were suffic i ent to obtain an e ssent ial ly pure event 

sample , namel y :  

( i )  a charged track of pT 7 GeV/c , of pro j ected length > 30 cm 

and at least 20 di gitizing s ,  

( i i )  an energy deposi ti on of ET> 1 5  GeV in two adjacent EM 

c e l l s , 

( i i i ) a  match within 5 SD b e tween the impact of the track and 

the centroid of the energy depo s i t i ons in the c al orime ter,  

( iv )  an energy depos i t i on Ehad<600 MeV in the subsequent 

hadronic calorimeter,  

( v )  elec tron i solation ,  namely n o  more than 1 0% o f  the 

e lectron energy i s  al l owed for any addi ti onal energy 

deposi ted in a c one around the elec tron track 

L1 R= ( L1 '1 2 + L1 '1' 2 ) 1 / 2 , where 'I' i s  the azimuthal angle 

measured in radians and '1 i s  the rap i di ty ,  

( vi ) n o  j e t  back-t o-back i n  <p w i th re spe c t  t o  the e lec tron 

within 30° . 

In thi s way , we have detected 49 w - eve decay s ,  comple tely 

background free and satis fying the addit i onal c ondition L1 Em > 1 5  

GeV . The se events give u s  an i deal elec tron c al ib rati on sampl e  

f o r  the present s e arch .  
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Howeve r ,  as soon as the l imi tation on the j e t  ac tivi ty and 
the missing-ene rgy requi rement are dropped , we find a much 
larger sample of pre sumab ly heavi ly c ontaminated event s .  
Requi ring the elec tron transverse energy ET > 1 2 GeV and 
tightening the Ehad condi tion to Ehad < 200MeV leaves us wi th 1 5 2  
event s .  A first reduc t i on of the sample can be achi eved b y  
removing photon conversions in the b e am tube and in the wal ls o f  
the central detec tor . These events c an eas i l y  be recogni zed,  b y  
scanning o r  program , by looking for tracks which have a smal l 
minimum distance D from the e l ec t ron track . As one can see from 
fi g .  1 ,  there is a large peak c entered around D=O , mostly from 
track pairs having charges of oppos i te si gns . App lying a cut on 
D at 3 a ,  forty-three conversi ons are removed .  

The remaining 109 event s  are s t i l l  largely contaminated by 
mul tiple part i c le overlap s , namely j e t s  wi th one charged 
energe tic hadron and one or several n° • s  simulating the EM 
behaviour . In order to el iminate thi s  background , we rai se the 
electron transverse energy threshold to 15 GeV and make use o f  
the ful l re j e c t i on power of the detec t o r ,  demanding 

( i )  a good match between momentum measurement and the energy 
deposition in the c alorimeters , I ( 1 /p ) - ( 1 /E ) I <  3 a ,  

( i i )  a good elec tromagnetic shape in the energy deposit ion i n  
the four E M  segment s ,  charactarized5 ) by X � < 20 , 

( i i i ) a  stricter isolat ion requirement for the electron track , 
namely that the 2: PT of a l l  other tracks and the energy 
deposi ted in al l c al orimeters 2: ET be less than 1 GeV in a 
cone of L1 R(0 . 4  around the track . 

Thi s  new selec t ion leads to twelve event s ,  namely seven events 
with elec trons and one jet and five events wi th at least two 
j e t s .  Forty-four out of the forty-nine W events survive these 
cut s . One c an compare the dis tributions of 2: ET versus X � for 
the calibrat i on sample of w - e ve decays ( fi g .  2a) , the sample of 
single j e t s  ( fi g .  2b ) ,  and the sample of events with at least 
two j e t s  ( fi g .  2c ) .  Whi le both the ) 2 jet events and the w-e v 

2e 
events have a c leanly isolated electron and sma l l  values of X R' 
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the single j e t  events are more widely distribut e d ,  indicating 

that they are not truly i s o l ated . We concentrate on the five 

events with ) 2 j e t s . The ir e l e c t ron propert i e s c l osely resemb l e  

the ones of t h e  W cal ibration sample ( fi g . 3 ) . 

The shape of the QCD background is obtained from an i so lated 

,..o + ) 2 jet data sample . In fig . 4 E�ut , the transverse energy 

component of the ,..o perpendicular to the p lane formed by the pp 

axis and the h i ghest ET j e t  ( j l )  i s  p lotted as a func tion of 
* * 

-cos 9j 2 . The angle 9 . 2 is between the average ( pp )  b e am 

axis and the lowest E� j e t  ( j 2 )  in the ( ,..o j l  j 2 )  re st frame . 

The five e l e c t ron + ) 2 j e t  events ( fi g .  5 )  are al l contained 
out * 

within a region RI = (  ET > 8 GeV ,  I cos 9 j 21 < 0 . 7 3 ) , whereas 

the maj ority o f  background QCD events l i e  in the complement ary 

region RI I .  Comparison of shape with the Ko lmogorov t·est give s a 

proab i l i ty that the QCD background events have a distribution 

ident i c al to the five e l e c tron + ) 2  jet events of 5 . 2 * 10-4 , 

which corresponds to a 3 .  5 u differenc e . 

To determine the ab so lute magni tude of the background from 

,..±+ 2 j e t  even;t-s , we use a ,..±+ j e t  data sampl e  and e s t imate the 

probab i l i ty that a ,..± satisfies the i s o l ated e-l ectron select ion 

c r i teria. Of the 1 69 ,..± + )  2 j e t  events original ly selec t e d ,  68 

sati sfy the e l e c tron trigger requi rement of ET > 1 2 GeV . The 

probab i l i ty that these charged p i ons fake an i so l ated elec tron 

is estimated to be 1 . 5 * 10-3 ( based on test beam measurement s ) , 

yiel ding a total of 0 . 1  backg round events6 ) . 

3 .  The muon sampl e  

The set o f  cuts used to arrive at a samp le of i s olated muons 

with one or more j e ts is as fol lows : 

( i )  a track i n  the muon chambers w i th a matching track in the 

central detec tor , having PT > 1 2 GeV/ c , pro j ected length 

)40 cm , and at least 30 digitizings , 

( i i )  i so lation , namely LPT < 0 . 1  pT ( µ. ) , LET < 0 . 2  pT ( µ. ) , 

where the sum extends to al l tracks and cal orime ter h i t s  

in a cone o f  .d R  ( 0 . 4 .  
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Forty event s  survive these cut s .  The dominant source o f  
background comes from the decays o f  p i ons and kaons in the 
central detector drift vo lume . In the c ase of s l ow kaons , parent 
and daughter tracks may form a kink in the track digitizings in 
a configuration which is reconstruc ted as a single fake 
hi gh-momentum track . After visual scanning and re j e c t i on o f  
obvious K - µ v µ decays , and an enhanced i s o l at ion requi rement o f  
n o  j e t  within a distanc e d R= l around t h e  muon w e  are left w i th 
twelve event s ,  seven with one j e t , four w i th two j e t s ,  and one 
with three j e t s .  Agai n ,  we concentrat e on the ) 2  j e t  even t s .  

The residual decay b ackground has b e en determined from a 
- 1  5 nb data sample c o l lected w i th a l ow threshold ( ET > 1 5 GeV ) 

j e t  trigger.  This trigger requirement i s  satisfied by the five 
muon + ) 2  j e t  event s .  We wish to e stimate the probab i l i ty that 
decaying hadrons pass our track-qual i ty cuts and are 
reconstructed w i th PT > 1 2  GeV/ c . The background rate is then the 
convolution of thi s  probab i l ity ( pe r  decaying hadron ) w i th the 
measured pT spectrum of the 5 nb- l samp l e . For a mixture of 50% 
p i ons and 2 5% kaons , the probab i l i ty is typically 4 * 1 0- 5  for a 
hadron with a pT of 8 GeV/c to be recons truc ted with pT > 1 2 
GeV/ c .  

We find that the corresponding numbe r  o f  decay muon + ) 2  j e t  
events i s  0 . 4 ,  giving less than 0 . 1  background events for 
I a* I 0 8 I f "  5 Eout * cos uj 2  < • •  n i g .  T i s  p l o t ted versus cos o j 2  for 
the five muon + ) 2  j e t  events and the five e l e c t ron + ) 2  j e t  
event s .  Of the four muon + two j e t  event s ,  o n e  event i s  most 
likely a QCD background eve�t since the l owest ET jet l i e s  c l ose 
to the beam axis wi th cos oj 2  =0 . 9 3 .  This event i s  removed from 
the data samp l e . 

4 .  Backgrounds due to beauty and charm pair produc tion 

Having conc luded that the signal events are indeed events 
with genuine l eptons , we wi l l  now consider the possib i l ity that 
they are due to the semi l eptonic decay of b-quarks or c -quarks . 
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Events with the topol ogy o f  the signal events oc cur i f  the 

lepton is the leading part i c l e  ( thus suppressing the i so lat ion 

ve to ) and another central j e t  i s  produced by h i gher-order QCD 
proc esses , name ly 

gg - gb5 ( gc c ) ,  

qq gbb ( gcc ) ,  

qg - qbb ( qcc ) .  ( 1 )  

In order to estimate thi s type of background,  a direct 

me thod has b een use d ,  which re l i es on i so lati on and topology to 

distinguish si gnal from background. To thi s purpose event s  

containing a muon of pT > 1 2 GeV/c and a t  least one j e t  of ET 8 

GeV have been selec ted inc l usively . In order to evaluate the 

effect of the i so lation cut , we have neglected all part ic l e s  

within a c o n e  of '1 R= l around the muo n .  Event s with a c l ear 

two-j e t  topol ogy out side thi s c one have been selected and 

carefully scanned .  In addi tion to the known , isolated event s ,  1 7  

other events have been foun d ,  i n  whi c h  the muon i s  accompanied 

by hadronic act ivi ty . These events have all  the prope rties 

expected from the QCD background processes ( 1 ) , name ly : 

( i )  the h i gher ET j e t  tends to be back-to-back with the muon 

in the transverse p l ane , M p ( µj 1 ) "" 1 80 ° , 

( i i )  the s o ft j e t  i s  sharply c o l l imated around the incoming 

beam directions I cos 1J �2 1 "" 1 ,  as expected for gluon jets  

from init ial state brems strahlung ( fi g  6a) . 

The se dis tributi ons are c ompletely di fferent from the ones for 

the i so lated events ( fi g ,  6b ) , which are broader in '1 � ( µj l )  and 
* 

flat in cos 1J j 2 . The probab i l i ty that the two samples have an 

ident ioal sourc e ,  i s  3 * 10-4 , equivalent to a 3 . 6  SD e ffec t .  

Therefore we conc lude that b and c associ ated processes cannot 

be the ori gin of the ob served signal . 

5 .  Interpretati on of the events 

To examine the physical origin of the s i x  events with an 
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iso lated lepton and two j e t s  ( one of the event s  i s  shown in fig .  

7 ) , we have p lotted i n  fig s .  8 ,  9 the invariant mass o f  the 

system cons i s ting of the lepton , the j e t s ,  and the transverse 

component of the neut rin o .  A peak is ob served at a value 

corresponding to the W mass , indic ating that the event s  are 

compatib le with a new , semi l eptonic decay of the W partic l e .  

I n  order t o  test the hypothesis that the events are due to 

W -tb decays , we evaluate the invariant mas s of the sys tem 

consi s ting of the lepton , the transverse c omponent of the 

neutrino , and one of the j e t s  ( fi g .  9 ) . Choosing the 

lower-energy j e t , we ob serve a peak around 40 GeV/c 2 , whereas 

the sys tem with the higher ET j e t  has a b roader dis tribut ion 

extending to higher mass value s .  We prefer the choice of the 

lower-energy j e t , because Mont e Carlo studies have shown that 

this is the right choice in the maj ority of W - tb even t s .  The se 

dis tributi ons di ffer strongly from those for non-i solated muons 

and two central j e t s  ( l c os o�2 ) 1 , 0 . 8 ) , which are flat for both 
J • 

four-body and three-body mas s c ombinations ( fi g .  1 0 ) . 

The decay hypothe s i s  w - tb with mt "' 40 GeV/c 2 de scribe s al l 

kinemat ical dis tributions7 )  very wel l ,  as shown in fi g .  1 1 .  We 

quote a sys tematic error of ± 1 0  GeV/c 2 in the evaluation of 

masses from jets,  primari ly due to unce rtant i e s  in the 

reconstruc t i on of jet energi e s .  Therefore the iso lated lepton + 

2 jet events are compatible wi th w - tb decays , with a top quark 

mass between 30 and 50 GeV/c 2 . Combini ng the number of the se 

event s ,  the number of w - e ve decays , and the Mont e Carlo 

det ermined detection effi c i enc y ,  we evaluate a top semi leptonic 

branching ratio of 0 . 23±0 . 09 .  

6 .  Conclusions 

A c lear si gnal is observed for the produc t i on of events 

containing an i sol ated lepton and two or more jets.  These event s 

are not due to trivial non-l eptonic background . Six event s with 

exactly two jets  have an e ffec t ive mas s around the mass of the 

charged IVE and are consi stent with a hadronic decay of the W .  
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Rates and features of the event s are incompatible with charm and 

beauty produc tion.  They are , howeve r ,  cons i s tent wi th the process 

w - tb , fol lowed by t - b l v ,  where t i s the sixth quark of the 

Cabibbo current . If thi s is indeed so , the mass of the top quark 

is bounded between 30 and 50 GeV/c 2 . 
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Figure Captions 

F i g .  1 :  Iden t i ficati on of no conversi ons 
The minimum di s tance D ( at the point where the tracks 
are paral lel ) betwe en the energetic elec tron candi date 
and the neare s t  track in the drift p lane of the central 
detector i s  shown normalized by the error on thi s 
quantity .  

F i g .  2 :  Electron i solation 2 5 ) . 

F i g .  3 :  

F i g .  4 :  

F i g .  5 :  

F i g .  6 :  

F i g .  7 :  

The elec tron qual i ty parame ter XR i s  shown as 

a func t i on of the energy accompanying the electron in a 
cone of .1 R <;; 0 .  4 around the track . This i s  shown for 
a) w - e v e event s ;  b) e + single _j et  event s ;  c )  e + > 2 

j e t  events . 
Electron qual i ty 
The quali ty of the electrons in the e + > 2 j e t  sample 
( shaded ) is c ompared with the control sample of W - e v e 
decays . The quality vari ables shown are : a) the matching 
between the momentum me asurement and the energy 
deposi t i on in the cal orimeters ; b )  the qual i ty of the 
matching between the track measured in the cent ral 
detector and the di rec tion measured by pulse divi s i on i n  
each of the four segments of the e . m .  c alorime ter;  c )  an 

over-all qual i ty parame ter X� 5 ) measuring the 

electromagnetic shape of the longi tudinal 
shower profi le and the pulse sharing between the 
di fferent cal orime te r sample s ;  d) the energy deposi ted in 
the hadron cal orime te r behind the electromagnetic showe r .  
Measured shape of expected QCD background extracted from 

n O + > 2 jet event s .  The transverse energy component of 

the i so lated n° perpendicular to the plane formed by the 
out pp axi s  and the h!ghe st-ET jet , ET* 

i s  plotted as a 

func t ion of cos Oj 2 • The angle O j 2  i s  between the 

average beam axi s  in the three-body re s t  frame and the 
lowest-ET jet ( j 2 ) . 

As fi g .  4 ,  but for the isolated elec tron + > 2  j e t  events 
( open c i rc l e s )  and the i solated muon + > 2 jet event s  
( ful l c i rc le s ) . 
Lepton + 2 j e t  event shape for a) the non-i solated muon 
sample , and b )  the i so lated e l ec t ron and i so lated muon 
sample s .  The angle in the transverse p l ane between the 
lepton and the h i ghest ET j e t , .1 � ( l j l ) , is shown as a 

* 
func t i on of cos o . 2 ( see fig.  4 ) . The curves show the 

8 )  J 
expec tati ons for ( a ) QCD background events from proc e s s  
( 1 ) , and ( b )  w - tb events wi th a top qua_rk mass mt = 40 

GeV/c 2 • 
Graphic display of c al orime ter c e l l s  ( ET > 2  GeV ) and 

charged tracks ( pT > 1 . 5  GeV/c ) ob served in the UAl 

detector for event 7443/509 , a W - t5 candidate . a )  
general view , b )  vi ew looking along the beam direction 
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Fig.  8 :  Four-bo dy ve rsus three-body mass dis tribut ion for the six 
W - t5 candi date event s .  The e ffec t ive mass of the lepton , 
the l ower-ET j e t , and of the transve rse c omponent of the 

neutrino is plotted against the mass of the lep ton , 
two-j e t ,  transverse neutrino sys tem . The curve s show the 

expec ted9 ) dis tribut i on ,  taking into account the 
expe rimental resolution . 

F i g .  9 : The two solut i ons for the three-body mass distribut ion 
m ( l vTj ) .  The mass o f  the sys tem with the higher 

ET j et m ( l vTj 2 )  i s  plotted against the mas s of the system 

c ontai ning the lower ET jet m ( l vTj 2 ) . 

Fi g . 1 0 :  As fi g .  8 ,  but for the non-i solated muon event s ,  in which 

the l ower-ET jet i s  central ( ! cos o; 2 l < 0 . 8 ) . 

Fig. 1 1 :  Kinematic distribut ions for the six w - t5 candi date s ,  

compared wi th theoret ical expectati ons7 ) for a top mass 

mt = 40 GeV/c 2 • ( a )  Mass di s tributions for ( i )  the lepton 

two- j e t  system m ( j l j 2 1 ) ;  i i )  the lepton highest-ET sys tem 

m ( j l l ) ; and ( i i i )  the lepton l owest-ET jet sys tem m ( j 2 1 ) .  

( b )  Transverse mass d i s tribut ions defined in ref . 7 ) :  ( i )  
2 2 2 2 -2  1 / 2  

mT ( l ) ,  mT ( l )  = � + mb - 2mw ( mb + bT ) , where 

5T is the transverse momentum of the highe s t  ET j e t ,  

( i i )  mT ( 2 )  = mT ( bl , v ) ,  where mi ( c v ) = ( c� + vT ) 2 

2 0 2 2 1 / 2  - ( £T + �T ) and CT = (£T + m
e

) . 

( i i i ) mT ( 3 )  = mT ( bb l ; v ) . 
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We discuss the question of top flavour production at the pp collider 
energy - first the theoretical expectations based on various top pro­
duction mechanisms, and then their comparison with the top candidate 
events recently reported by the UAl experiment. 

*on sabbatical leave from Tata Institute of Fundamental Research, 
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Theoretical Expectations 

There has been a good deal of interest over the past two years on the 
question of heavy flavour (particularly top) production at the pp colli­
der l-lO) . The main points of interest are ( 1 )  what is the most effective 

signature for heavy flavours - especially top; and (2)  what sort of event 

rates does one expect? 

The best way to look for heavy flavour events is to look for large pT 
electrons or muons coming from their semileptonic decay. I shall often ge­
nerically call them electrons. Let us recall that the Kobayashi-Maskawa 
favoured decays are T + Bev, B + Cev and c + Sev. It has been long recog­
nized 1 1 )  that for electron PT 15 - 20 GeV the dominant contributions 
should come from heavy flavours - charm, bottom and a possible top in the 
mass range of 30 - 40 GeV. Each of these is expected to be over an order of 
magnitude larger than the W and the electromagnetic contributions. 
However , bottom and charm contributions are expected to be somewhat larger 

than top and hence a serious background to a possible top signal. Several 

ways to distinguish the top from the lighter flavour contributions have 
been suggested over the years ;  but it is generally recognized now that the 
best signature for top is provided by the track isolation criterion, first 
suggested in ref. 1 .  

For the semileptonic decay Y + evx, if the parent mass "\ i s  signifi­
cantly larger than the electron pT (as in the case of top) then it should 
come out as an isolated electron; and if the parent mass is significantly 
smaller ( as in the case of bottom) then it should emerge together with the 
decay hadron jet X within a very small angle. 

/j\ j 

Y � e v X 

2 2 � - m  
< ___ x << 1 e X 

p p  
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The reason is simply that the ex invariant mass must be less than the pa­
e rent mass ,  which is easily satisfied for top (in.r >> pT) .  But for bottom 

(� << p;) it means that the opening angle << 1 rad for px of a few GeV. 

For a more quantitative estimate, let us do a simple calculation for 

electrons coming at 90° - i.e.  in the transverse direction. For the 3 body 

decay Y + evx, the electron decay momentum in the Y rest frame is = my/3. 
e And the large pT cut ensures leading particle configuration for the elec-

tron, where both the electron decay momentum and Y production momentum are 

alligned in the transverse direction. Thus the electron lab. momentum is 

simply related to its decay momentum by a boost in the transverse direc-

tion, i . e. 

This leads to entirely different configurations for a 40 GeV top and a 

bottom decay. 

y 

T 40 20 16 -2 - 10 

B 5 20 30 5 - 4/3 

A pe of 20 GeV corresponds to a Py of 16 GeV for top and 30 GeV for bottom, 

which means that the other two decay particles carry very little (in fact 

negative) momentum along the electron direction for top but a significant 

positive momentum (- 5 GeV) for bottom. In contrast, their momenta in the 

perpendicular direction ( = h/3 • �/3 ) is quite large for top decay and 

only - 4/3 GeV for bottom. Thus for top decay the hadron jet and the neu­

trino should emerge roughly perpendicular to the electron ; whereas for 

bottom decay they should emerge within roughly 1 5° of the electron. And 

what is true for bottom is of course even more true for charm. We shall 

see that these features are borne out by detailed calculation involving 

a variety of heavy flavour production mechanisms. 3 • 4>  

As we have just seen, large pT electrons correspond to heavy flavour 

production at large pT , where perturbative QCD should hold. The relevant 

production mechanisms are flavour creation, by quark-antiquark and gluon­

gluon fusion (Fig. la) ; and flavour excitation, where a perturbatively 
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evolved heavy quark is stripped off by the hard scattering process (Fig. 

lb) . 1 2 )  We shall consider 2 models for the heavy quark distribution func­

tion - (I)  a soft distribution function, as given by perturbative QCD1 2  

and (II) a hard one , as assumed by Barger et ai. 1 3 )  to account for the 

diffractive charm production data. The latter is a phenomenological model. 

To see the uncertainty in these production mechanisms we shall ccmpute the 

flavour creation contribution for fixed a and structure functions 
2 2 2 s 2 2 

(Q Q
0 

= 10 GeV ) as well as those evolving with quark mass (Q = 4�) .  

For the flavour excitation models the minimum t (which is expected to be 
2 1 2 2 of the order MY from perturbative QCD) will be varied between 2mY and �· 

Finally we consider the heavy flavour production from W decay (Fig. le) , 
which should have no major uncertainty, given the phenanenological input 

of the K factor ( = 2) . 

Model 

Fl.Cr. 
Fixed - Evolved 

Fl. Ex. I 
Fl. Ex. II 

1 2 2 
-to=2� - my 

w + cs ,  TB (K=2)  

No. of Events-Fe 
FE 

(L=lOO/nb) w 

c 

. 26 - . 30 

. 28 

. 44 

.OS 

" 25 
" 

5 

B T (40) 

. 60  - . 25 . 35 - . 03 

• 
35 . 1 5  - .03 

. 36 . 25 - . 08 

. 03 - .04 .03 - . 04 

" 25 " 3 
" " 

3-4 3-4 

Table I. Charm, Bottom & Top cont. to p; > 1 5  GeV cross-section (nb) 

We see from Table I that the flavour creation contribution has typi­

cally a factor of 10 uncertainty for top of mass 40 GeV. The flavour exci­

tation contribution for top lies in the same ball park as flavour creation, 

and similarly for the lighter flavours. The weak production of top is ccm­

parable to the conservative estimates of flavour creation and excitation, 

which correspond however to the canonical choice of model parameters. For 

a total luminosity of loo events/nb, characteristic of the presently avai­

l.able collider data, one expects at least 10 top events and a top to bottcm 

(or charm) ratio of 1 to 5. We shall see below that ( 1 )  unlike the event 
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rate , the distinctive configurations of top events are quite model indepen­

dent; and (2)  they can be used to suppress the bottom and charm background 

by two orders of magnitude without affecting the top signal. 

Fig. 2 shows the distribution in the azimuthal opening angle between 

e and x. Irrespective of the production mechansim, the bottom and charm 

decay electrons are always accompanied by the decay hadron jet within an 

azimuthal angle of 1 5°, whereas they come out with a large opening angle 

of � 90° for top. Fig. 3 shows the distributions in the corresponding ope­

ning angle in the event plane. The bottom and charm decay electrons are 

always accompanied by the decay hadron jet X within a rapidity interval of 

0. 3 units whereas for top the relative rapidity could be anywhere up to 

1 . 5  units. Thus the lighter flavour background can be effectively sup­

pressed by making sure that the electron is isolated to within a A� of 

± 1 5° and ATJ of ± .  3 units. They can simulate such an isolated electron 

only if the decay jet X is soft. However,  only about 3 - 4 % of bottom and 
x charm events give a pT < 2 GeV (Fig. 4) . Thus ensuring the accompanying pT 

to be less than 2 GeV in the above cone (which corresponds to the isolation 

cut of the UAl expt. 14) ) should convert the 1 to 5 disadvantage for top to 

a 5 to 1 advantage .  To confirm the top signal, of course, one must see the 

decay hadron jet of PT 8 GeV coming out at a fairly large angle with 

respect to the electron. Although the bottom and charm events can simulate 

such an extra jet through hard gluon emission, it further suppresses the 

rate by an order of magnitude resulting in a net background � 1 % of the 

expected signal. lo) Thus an isolated electron plus two j ets constitutes a 

pretty unambiguous signature for top. The instrumental background - i . e. 

hadrons misidentified as electrons and muons coming from �, K decay in 

flight - are also estimated to be at the level of a few percent of the 

signal, thanks again to the track isolation criterion. 

The azimuthal separation between the electron and the opposite side 

jet �ej can be used as a further check on the top signal (Fig. 5 ) . Whereas 

they emerge essentially back to back for bottom and charm, the top decay 

events can show a greater deviation from the back to back configuration 

because of its large Q value. This may be translated into the aplanarity 

parameter P
e 

t = pT
e sin � . , which is bounded by m__/2 ( i . e. ,; 2 GeV for the OU eJ 5 )  Y 

lighter flavour background) .  With precise measurement of missing pT , the 

neutrino PT distribution relative to the electron can also be used as an 

additional check (Fig. 6 ) . For top the neutrino pT perpendicular to the 
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electron is large , and in the parallel direction it can take both positive 

and negative values. For bottom (and charm} the perpendicular PT is small 

and the parallel pT is positive definite. The BB flavour creation followed 

by simultaneous semileptonic decays can sometimes simulate a missing pT 
antiparallel to the electron8}  (dot-dashed line} ; but there is still an 

appreciable difference between the top and the bottom configurations. Fi­

nally the installation of the UAl vertex detector, should enable one to 

identify the 2nd jet as a bottom jet, as expected from top decay. 

Table II. Model Independence of 
UPPer ( lower} entries 
relevant for electron 
sult. 

Average Flav.cr. 
Value 

e 20. 7- 20. 6  
PT 1 6 . 3- 1 6 . 2  

T - j 3 1 . 7- 30. 8 pT (�pT) 2 6 . 4- 2 5 . 4  

x 1 1 . 5- 1 1 . 3  
PT 1 1 . 9- 1 1 . 6  

v ii 4 . 0- 3 . 6  
PT 2 . 8- 2 . 4  

\J.L 6 . 4- 6 . 3  
PT 6 . 9- 6 . 7  

<l>ex 
75° - 770 
82° - 84° 

<j>ej 
1 60° - 1 59° 
1 47° - 1 46° 

MT (e\JX) 28. 4- 28. 5  
28. 3- 28. 4 

MT (e\JXj ) 9 2 . 4- 9 1 .  3 
85. 7- 84. 5  

0 
Ile- 0 

Top Events Configuration (mT = 35) . 
correspond to p� � 1 5 ( 10) , 
(muon) events4. mT = 40 gives similar 

Flav.Ex. I W + TB 

20. 2- 2 1 . 4  20. 5  
16. 3- 1 7 . 9  1 6 . 5  

26. 8- 34. 1 27. 9  
2 5 . o- 33.0 2 5 . 9  

9 . 5- 1 1 .  3 9 . 7  
10.8- 1 2 . 3 1 1 .  3 

2 . 0- 4 . 8  2 . 4  
2. 1- 5. 1 2 . 6  

6 . 4- 7.0 6 . 5  
6 . 8- 7 . 5  7 . 0  

ao0 - 67° ao0 
a2° - 67° a2° 

159° -161° 1 59° 
1 50° -1 55° 148° 

28. 8- 27 . 8  29.0 
28.2- 2 7 . 5  2 8 . 8  

66. 8- 78 . 7  69. 1 
63. 4- 7 6 . 6  65 . 9  

0 0. 3 
0 0. 4 

c.:. ·--
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Table II shows that all the kinematic quantities for top events are 

practically independent of the production model and choice of model para­

meters. The evx transverse mass shows the Jacobian peak near the parent 

top mass, which can be used to estimate it. For W + TB events, there is a 

Jacobian peak in the overall 4 body (evXj ) transverse mass near �· But 

this may not be able to distinguish the weak from the strong production 

events since the latter also show peaks in the same region. Similarly the 

weak production has a finite electron positron asymmetry; but the effect 

is too small to be able to distinguish the weak from the strong production 

events , at least with the present statistics. By far the best distinction 

between the different production mechanisms is provided by the opposite 

side jet topology. For flavour creation, the 3 body decay of the recoiling 

T is expected to sometimes simulate an additional j et1 resulting in a lep­

ton plus 3 jets. One expects no such events for weak production or flavour 

excitation. (For flavour excitation, the associated T is expected to emerge 

along the beam line ; but some of its decay fragments should show hits in 

the forward detectors. ) 

In summary: ( 1 )  Isolated large pT electrons and muons provide effec­

tive signature for a top particle of mass � 40 GeV. Demanding the accompa­

nying pT to be < 2 GeV, within a cone of "1$ ± 1 5° and i'ln = ± 0. 3 ,  reduces 

the total bottom and charm background to less than half the size of the 

expected top signal. (2)  To confirm the signal , of course, one must see the 

decay hadron jet X, emerging at a moderately large angle with respect to 

the electron, in addition to the opposite side j et. ( 3 )  Further tests are 

provided by the azimuthal correlation between p� and p; (opposite side 

jet pT) as well as between p� and p� (missing pT) .  (4)  Top mass can be 

estimated from the Jacobian peak in the evx transverse mass. (5)  The oppo­

site side jet topology can distinguish between the different production 

mechanisms. 
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Comparison with the UA1 Data 

Table III. No. of isolated lepton .plus n-jet events, 
with p; ;, 15  GeV and p� ;, 8 ( 10) GeV 

No. of No. of Pred. Events (mT=40) 
j ets (n) W-+- TB Flav.cr. Flav.Ex. I 

1 1 • 1  ( 1 · 7 )  · 6  ( 1 •0) 1 • 6  ( 1 · 9) 

2 2 · 6  (2•0)  2 • 6 ( 2 • 8) 2 · 8  ( 2 • 5 )  

3 - 1 · 6  ( 1 ·  1 )  -

4 - · 2  ( • 1 )  -

No. of 
Exptl. Events 

-

6 

3 

-

Table III compares the 6 isolated lepton plus 2-jet events and 3 iso­

lated lepton plus 3-jet events , recently reported by UA1 (the latter have 

not been subjected to as detailed a background analysis as the former) , 14)  

with the corresponding predictions from various top production mechanisms 

with canonical choice of model parameters. 1 5 )  The W -+- TB rate , which is 

fairly reliable, can account for about half the observed lepton plus 2-jet 

events , but no lepton plus 3-jet event. Hard gluon radiation can give an 

extra jet; but the rate is about 10 % - i . e .  < 0 . 3  event. The flavour crea­

tion rate is less certain; but the predicted ratio of 2 to 3 j et events 

( � 2 : 1 )  should be quite reliable. If one assumes the 3 lepton plus 3-j et 

events to be genuine top events and allows for a fluctuation of at most a 

factor of 2 ,  then at least half the lepton plus 2-jet events should come 

from flavour creation. The flavour excitation has of course even a larger 

uncertainty; but one already sees from comparing the other two with data 

that there is not a very large room for flavour excitation. Within the un­

certainties, it can be anywhere between O and the listed value. 

One sees from Figs. 7-1 1  that the kinematic distributions of the 6 

lepton plus 2-jet events are in reasonable agreement with the theoretical 

expectations for top from either production mechanism - weak or flavour 

creation1 5 )  (see also refs. 1 6 , 1 7 ) . The 3 lepton plus 3-jet events are also 

compatible with the flavour creation predictions. The azimuthal separation 

between the lepton and the hardest j et shows a broad backward peak as ex­

pected from either production model of top (Fig. 7 ) . Fig. 8 shows the 
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corresponding lepton pout distribution. One may note that all but one event 

have pi > m /2. The hardest jet p distribution agrees with the theoreti-out B T 
cal expectations (Fig. 9) , bearing in mind a 20 % uncertainty in the jet 

pT measurement. The distribution in mass of the 3 body system - lepton, 

lower PT jet (j 2) and missing pT (VT) - shows the characteristic peak at 

mT � 40 GeV, again in agreement with either production model (Fig. 10) . 

There is however an uncertainty of ±10 GeV in the mass measurement arising 

from that of the jet pT measurement, which simplies mT = 40 ± 10 GeV. The 

corresponding mass distribution of the overall 4-body system, m ( i j 1j 2vT ) ,  

peaks around mW as expected from the weak production model (Fig. 1 1 ) .  One 

should note however that the flavour creation contribution also peaks in 

the same region. The difference between the two peak positions is compa­

tible with the measurement uncertainty of ±10 GeV; and even the apparently 

substantial difference between the two widths can not be discriminated by 

the present data at a l a  level. In any case, an equimixture of the two 

contributions would give a perfectly satisfactory bit. 

In summary: The kinematic features of the 6 isolated lepton plus 2-jet 

events from UAl are in good agreement with the theoretical expectations of 

a 40 ± 10 GeV top, for either weak (W � TB) or strong (flavour creation) 

production mechanism. The 3 isolated lepton plus 3-jet events are also 

compatible with the flavour creation prediction. The relative size of the 

two contributions may be estimated from the event rate as well as the re­

lative number of 2 to 3 j et events. Both seem to suggest roughly equal 

contributions from the two mechanisms to the lepton plus 2-jet events. 
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Figure Captions 

1 .  Typical (a) flavour creation and (b) flavour excitation contribution to 
heavy flavour production. (c) Heavy flavour production via W decay. 

2. Relative azimuthal distribution between the electron and the decay ha­
dron jet X for charm, bottom and top. The normalizations correspond to 
the canonical choice of model parameters. The solid, long dashed and 
short dashed lines correspond to flavour creation, flavour excitation 
model I and weak production . The flavour excitation model II gives si­
milar distributions . 3 

3. Relative pseudorapidity distribution between the electron and the decay 
hadron jet X for charm, bottom and top, with the line convention of 
Fig. 2 and free normalization. 

4. Decay hadron jet PT distribution for charm, bottom and top, with the 
line convention of Fig. 2 .  The flavour excitation contribution for 
charm (not shown) is very similar to the flavour creation. 

5 .  Relative azimuthal distribution between the electron and the opposite 
side jet $ej for bottom, charm and top, with the line convention of 
Fig. 2 .  

6. The missing PT (�) distribution (a) parallel and (b) perpendicular to 
the electron in the flavour creation model (other models give similar 
result) . The effect of the simultaneous semileptonic decay of the anti­
bottom is shown by the dot-dashed line. 

7. Comparison of weak (W) and flavour creation (FC) model predictions with 
the distribution of the isolated lepton plus 2-jet events in $tj - azi­
muthal angle between lepton and the hardest jet. The isolated 1 
lepton plus 3-jet events (arrows) are also compared with the correspon­
ding flavour creation prediction (dashed line) . The same conventions 
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are followed in the following figures .  

8 .  �istributions i n  p!ut - lepton momentum normal to the beam and hardest 
Jet plane. 

9. Hardest jet pT distributions . 

10. Mass distribution of the 3-body system - lepton , softer j et ( j 2 ) and 
missing pT (vT) .  

1 1 .  Distribution in the overall 4-body mass m ( lj 1 j 2vT) [ 5-body mass 
m ( lj 1 j 2j 3vT) for the lepton plus 3-jet events ] .  
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Abstract 
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The presentati ons  at the F i fth Morlond Workshop on Heavy Quark s ,  Fl avor 
Mi x i ng ,  and CP V io lat i on ( La P l agne, France, January 13-19, 1985) are 
sunmarl zed. The tab l e  of contents l s  as fol lows : 
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I .  I NTRODUCTION 

The task of th1 s  report i s  to sunmar1 ze the many exce l l ent contri buti ons to 

thi s  workshop. As 1s usual l y  the case, a sunrnar1 zer carr1es th1 s  through i n  

accordance wi th bi ases based on h i s  o r  her personal experi ence. Th1 s case 1s no 

excepti on ,  and shal l beg 1 n  by exp l 1 c1 tly stat i ng a b1as of my own, a bi as 

1 nf l uentia l  1n my wanti ng very much to part1 c1 pate i n  thi s meeti ng . 

At present Fermi l ab 1 s  beginn1ng the experi mental program w1th i ts new 

superconducti ng acce l erator, the Tevatron. There ex i st several fi xed-target 

experiments devoted to the subject matter of thi s  workshop. Beyond them, 

bel i eve there exi sts much future potent1 al  i n  thi s  f 1 e l d--al though any future 

generat1 ons of experiments are sure to be qu1te di ff i cu l t .  Herei n l 1 es the 

problem: Ferm1 l ab--and the experimental communi ty i tsel f--must project i ts p l ans 

wel l  i nto the future. The quest i on of program bal ance--i n  part1 cul ar, 

f i xed-target experiments versus col l 1 d i ng-beam faci l 1 t i es--becomes an i mportant 

one . I t  i s  not only the l aboratory prior 1 t1 es and those of the nati onal fund i ng 

agenci es that enter, but those of the physi ci sts themsel ves : i s  there the 

interest ,  and espec1a l ly  the necessary manpower , i n  the communi ty to do thi s  

k i nd of work? And underlyi ng a l l  these quest i ons i s  the most 1mportant one: how 

i mportant are the phys i cs goa l s  themse lves? The phys1 cs goa l s  are the subject 

of thi s workshop, and one wh1 ch therefore espec i a l l y  commands my i nterest. 

Th1 s sunrnary wi l l  be d i v i ded 1 nto three parts : "What ' s  New? " ,  "Why i s  A l l 

Thi s Bei ng Done? " ,  and "What Next? " .  

I I .  WHAT ' S  NEW? 

We c lass 1fy th1 s sect1on accord i ng to quark type, beg i nn 1 ng w1 th the 

heav i est, and endi ng with the l i ghtest .  

A.  Beyond the Top 

A l as ,  nothi ng experimental was reported to thi s  meet i ng. We perhaps must 

awai t the TeV I col l i der--or l ater--for that. However, ·there seems to be a 
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rev i val  of i nterest i n  the 4th generation by theorists . 1] As best as I can te l l ,  

thi s comes from two sources . The fi rst i s  the dimi ni shed confi dence i n  "na i ve 

SU( 5 ) "  ( proton-decay i s  behi nd schedu l e )  whi ch argues for no more than 3 

generati ons . The other i s  the squeeze (more l ater) on the parameters of the 

Kobayshi -Maskawa matri x  from measurements of B l i fetime ,  e ' /e ,  b � u l v ,  and mt . 

There may need to be a pos i t i on of retreat for the standard model . An extra 

generation, wi th i ts extra degrees of freedom, can provide thi s .  

B .  Top Quarks 

There i s  as yet nothi ng new experimental ly on the status of the top from 

the l atest SppS runni ng period .  Both Erhard2 l and Roy3 l di spl ayed confi dence i n  

the i nterpretat i on of the ori g i nal events as bei ng evi dence of t quark 

producti on ,  wi th Roy emphasi zi ng that roughly hal f  o f  the s i x  events cou l d  be 

from strong producti on of tt.  Meanwhi l e  theori sts4 l  anti ci pate wi th pl easure the 

observat i on of toponi um . + -i n  e e col l i s i ons at LEP. I n  Europe the emphas i s  

natura l l y  rests on i nterpretati on o f  LEP-i nduced phenomena .  However, SLAC ' s  SLC 

wi l l  be there sooner, and may be occasi ona l ly obl i ged to run below the Z0 if i ts 

klystrons have troubl e  l i vi ng l ong enough under the hi gh-powered operati ng 

condi ti ons requi red of them. Toponi um searches (even wi th poorer resolution)  

woul d  then be an especi al ly attracti ve way to pass the time.  The method of 

choi ce woul d  seem to be to look for non-col l i near events from s i ng l e-quark 

decays of topon i um as wel l as from open tt producti on . Any di sconti nu ity i n  

phenomenol ogy ( even wi thout resol uti on of i nd i v i dual l evel s )  i n  oni um vi s-a-vis  

open tt producti on wi l l  be of  spec i a l  i nterest for that appl i cation. 

C .  Bottom Quarks 

There i s  no shortage of rather fresh data on bottom. These data may be 

c l as s i f i ed i nto several categori es :  
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1 .  Onium properti es 

Other than the absence5 ] , 6 ] of T ( l S )  decay i nto r p l us h i ggs,  I d i d  not 

d i s cern much new news on properti es of T ( nS ;  n � 3) . But major news ex i sts 

beyond the 4S, where much structure i n  the total cross-secti on ( Fi g .  1 )  i s  

observed7 l at CESR . At the mi n imum the 5S and 6S seem to be seen , with perhaps 

more l eve l s  present. Ono8l prefers an i nterpretation whi ch i nc l udes a "hybri d "  

QQg state ( string vi brati on? )  whi l e others c l ai m  such a state i s  not necessary. 

In general ,  i t  must be agreed by al l that coupled-channel analyses i nvo l v i ng the 

open BB, BB* channe l s  as wel l as the usual "theori sts "' bb channel are 

mandatory. Thi s l eads to uni tari ty correcti ons9 l to level s and potential as 

wel l .  am l oath here to suggest any cri t i cal  judgment. The job is in good 

hands and needs some maturati on. 

T(4S ) 

6 .0 

5.5 
T(5S) 

R T(6S) t 
5.0 

++*t l 
4. 5 

l I r 10.5 10.7 10.9 I I . I 
Cente r  o f  M ass E nergy (GeV ) 

F ig .  1 .  Total e+e- cross-secti on i n  the energy region at and above T (4S ) .  ( From 
Ref. 7 ) .  



460 

2 .  B* ' Br 

Al ong wi th the 55 and 65 resonances has come the observation of r-rays 

c l early associ ated wi th producti on of B* (J = 1-) ·and i t s  rad i a;ti ve decay i nto 

B. The mass di fference10l 

M(B*)  - M ( B )  52 ± 2 ± 4 MeV 

i s  a va l ue not unwel come to theori sts. 11 1 

3. Semi l eptoni c  B decays 

Wh i l e  there i s  nothi ng very new here , the wel l -establ i shed data on 

B ' O ,O* l v  ( wi th l i tt l e  i f  any exci tati on of charm states more mass i ve than O* )  

i s  most important i n  establ i shi ng expected part i a l  semi l epton i c  wi dths . The 4% 

l i mi t on r ( b'u ) /r ( � )  i s  l i kewi se central to much of the mater i a l  of thi s  

workshop. Si nce both measurements , a l ong with t�ose of the B l i fetime, impact 

d i rect ly on the experimental determi nati on of the Kobayashi -Maskawa parameters , 

i t  i s  c l ear that improvement of these measurements remains  of h i gh priority.  

4 ._  Inclusive decays B � D , D* + "W" 

While not given much emphasis at the workshop , CLEO measurement s l Z ]  of D ,D* 
inclusive spectra at the T ( 4 S )  are o f  special interest . They indicate 

consis_tency with a "factorizat ion" model 

B ' D , D* + virtual W 

L hadrons 

with the mass-spectrum of virtual W the same as that of the lv1 system produced 

in semileptonic decays. For the record ,  Fig. 2 shows a sketch of that spectrum. 

Simulation of the non-leptonic event s under this hypothe s i s  shows cons i s t ency of 

event properties ( e . g. , multiplicity) with this mode l . These observations are 

especially relevant to properties of exclusive decays of charm and bottom 

1 3 ] 
mesons , as analyzed by Bauer & Stech. 
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Fig.  2 . Expected mas s-spectrum of "vi rtual W" i n  B -+ 0 , 0* + "W" decays . 

5. Exclusive B-decays 
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Ir is a happy c ircumstance that, with such a large parent mas s ,  exclus ive B 

decay channels have been found , 1 4 ]  such aa 

4 . 2  ± 4 . 2  % 

1 3  ± 9% 

Alao noteworthy is the determination of 

2 . 1 ± . 6  ± • 5% 

by indirect means utilizing the s.pecial kinematic pro.perties. of D* cas.cade decay 

and BB production at the T( 4S ) .  The limit 

f(B -+ Jj>x) < 1 . 6% 

may po.rtend1 5 ] amall branching ratios for exclusive channe ls such. as 
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6. B l i fetime 

By now there are ( at least) 5 measurements of the B-l i fetime16] i n  e+e­

col l i s i ons at PEP/PETRA energ i es .  Al l of them rely on a stati sti cal analys i s  of 

many events , i . e . , a shi ft from zero of an impact parameter di stributi on by an 

amount sma l l compared to the wi dth but the resul ts are consi stent wi th each 

other. Peter Cooper has at thi s  meeti ng combi ned the newest resul ts ,  g i v i ng a 

wei ghted average of impres s i ve accuracy: 

TB = ( 1 . 26 ± O . lg )  x lo-12sec. 

Nevertheles s ,  res i dual d i scomfort ex i sts . A cyn i c  may poi nt out that 

experiments wi th better reso l ution tend to g i ve smal ler val ues for the l i fetime. 

Peter Cooper has k i ndly anal yzed the data as function of a6, the resol uti on i n  

impact parameter. The resu l ts are shown i n  F i g .  3 .  F i ts l i near i n  a6 

extrapol ate to a l i fetime val ue ( 0 . 79 ± 0 . 23 )  x l0-12sec . A super-cyni cal  f i t  

constrai ned to TB = O at a 6  = O i s  not rul ed out ei ther. These fanci ful 

excursi ons probably should not be taken too seriously. But a few i ndi v idual 

bubb l e-chamber qua l i ty events wi th "vi sual " B-decays wou ld be very reassuring.  

,...... u ., "' 
Q. 

f...a:l 

3.0 .----..----.--.----.---.--..---..-----. 
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8 - L i fet i me S u m m a ry 
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� Hadrons 

0 .__o�.-1 --'---o·. 3--..._-o •. 5_�--o�. 7-� 
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F i g .  3 .  B- l i fetime versus i mpact-parameter resolution a,. 
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0 .  Charm Quarks 

1 .  0 decays 

Appropri ate to thi s  mounta i n  setting ( except , a l a s ,  for the pauc i ty of new 

snow) was the aval anche of new 0-decay properti es provi ded by1 7] the Mark I I I  

group at SPEAR. Thi s experimental aval anche was met by a theoreti cal one of 

Bauer & Stech ,13 1 who provi ded a cata l ogue of predi cti ons whi ch seem to work 

quite wel l  ( cf Tab le  I ) ;  to whi ch we return l ater . The systematics of 0-decays 

i s  reachi ng a new l evel of maturity. 
Tab l e  

A samp l er o f  predi cted F and 0 decay branching rati os ( from Ref . 13 ) . 

Cabi bbo Al l owed Cabi bbo Suppressed 

o0 � K *- + o0 � l)OI 0 . 55% p 9 . 2% 

ll ' "' 0 . 55% 

F+ � ll/ 6 . 7% 1)1) 0 . 1% 

ll ' P+ � . 7% 

K+K°* 4 . 9% O+ � K+K°* 0 . 7% 

K+*j(o* 4 . 3% K+*j(o 1 . 5% 

i<°K+* 1 .  9'.ll K+*j(o"t' 0 . 9% 

K°K+ 3 . 6% 

+P + 8 . 1% 

'" + 3 . 2% 

2 .  F and F* 

At l ong l ast,  the c l ouds of uncertai nty surroundi ng exi stence and mass of F 
seem to have l i fted and both the TPC at PEP and ARGUS at DORI S  see evi dence18 1 

for F* � F + r with 

* { 139.5  ± 8 . 3  ± 9. 7 MeV TPC 
MF - MF = 

144 ± 9 ± 7 MeV ARGUS 
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Aga i n  ( s i nce F*-F � 0*-0 )  these resul ts are h ighly agreeabl e  to theori sts . 

A l so important i s  the exi stence ,19 ] wi th estimated branchi ng ratio  4 ± 3% 

( the error estimate i s  mi ne a l one ) ,  of the decay F+ � ,T+. The uncertai nty i n  

branchi ng rati o  occurs because only aB(e+e- � F � 'T ) i s  known, whi l e  

+ - + -a (e e � F+ . . •  )/a(e  e � O+ . • •  ) i s  known only by the i nhabi tants of Lund . I t  

wi l l  be n i ce to remove the uncertainties .  Mark I I I  eventua l ly shou l d  be abl e  to 

do the job. 

3 .  0-0 M i x i ng 

New l imits on 0-0 mi x i ng come20 1 from an i nteresting source: deep i ne l ast ic  

muon scatteri ng v i a  

The phenomenon 

i s  wel l - i nterpreted i n  terms of charmed meson pai r-production.  Hence the mi x i ng 

phenomenon can be l imi ted wi th rel at i vely l i tt l e  uncertai nty; the resu lt  i s  

r (O )  a(OO)+a(OO) 

2a(OO )  
< 1 . 8% ( 90% ) 

Thi s  l imi t wi l l  make more d i ff i c u l t  the i nterpretati on of v-i nduced 

same-s i gn di l eptons v i a  pai r  producti on of charm. 

4 .  Fragmentations c � O,F  + . . .  

On the dynamical s i de, impress i ve progress has been made i n  determi n i ng the 

fragmentati on functi on of charmed quarks i nto mesons--both O* and F* . 

Examp l es from ARGUS are presented21 ] i n  Fi g .  4. Such quanti tati ve 

determinations wi l l  be extremely important i n  a l l observati ons whi ch need the 

connecti on between dynamics at the charmed-parton and the charmed-meson l evel s .  

These i n c l ude l eptoproducti on processes a s  di scussed above. 
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A mi s s i ng pi ece of the puzzl e  i s  the fragmentation functi on of c ( and/or 
b ! ! )  i nto charmed baryons; maybe the i ncreased l umi nos i ty of z•  factori es l s  
needed for such a study. 

0.4 I A r g u s  
C\I > 4) 
� 
.Q 0.2 ::l 

bl � � �  
"' 

0.2 
Fig.  4 .  Fragmentation f¥n�tion for C � O*, as i nferred21 l from i nc l u s i ve 0* 

producti on i n  e e anni hi l at i on .  

5 .  Producti on of A+(usc) and T0( ssc) 

Hadroproduct1on of the charmed baryons A:sc ( 2460±1 5 )  and T�sc ( 2740±25 )  by 

hyperon beams22 l has been surpri s i ngly "easy" ; the producti on i s  d1 ffractive and 

rel at i vely copious ( aB for A+ i s  quoted to be -5 µb( ! )  for xF>0 . 65 ) .  A 

l i fetime23l  for the A+ 

+2 . 9  1 3 TA = 4 . 8 x 10- sec 
-1 . 8 

i s  a l so quoted , whi ch hel ps di spel doubts hel d  by the i ncredu l ous  casual 

observer. 

6. Li fetimes of D Mesons 

Entries to the compendi um of D l i fetimes were reported here by h i gh 

resol uti on rapi d-cycl i ng bubbl e  chamber experiments at SLAC24 l and at CERN. 25 ) I 

shal l not attempt here to rev i ew the s i tuati on other than poi nting out that 

there i s  observed i n  each experiment a l ong- l i ved o0 ( 55 x 10-13 sec and ( 28 ± 

9) x 10-1 3 sec respect i vely) . My own response to those i s  pl acid  discomfort. 
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7 .  0,F -+ cl> .. 
The , .. channel offers great opportunities for compari son of production 

ratios of F+ and o+ i n  a bi as-free way. In general the s i gnal strength i s  

( +  .. ) 0+ [ a ( O+) +l/2a ( o+* ) ] 
( cl> .. ) F+ � [ a ( F+ )+a ( F*+ ) ] 

B ( O+-+cl> .. + )  

B ( F+-+c!> .. + )  

As al ready menti oned, Lund trad i t i on puts ( cs) / ( al l charm) -1;7 , rather 

* * l arge, l eadi ng to a 0 /F rat i o  of somewhere between 4 and 2 , depend i ng upon the 

fraction of feedthrough v i a  parent o* producti on ( and al ways assuming o0;o+ � 

o0*;o+* � 1 ) .  The rat i o  of branch i ng rati os , on the other hand , favors the 

Cabi bbo-al l owed F over Cabi bbo-forbi dden 0 .  The o+ -+ , .. + branching rat i o  i s  

measured to be 0 . 6%,  whi l e  that for F i s  estimated , as menti oned ear l i er ,  to be 

a few percent. It i s  therefore reasonabl e  to expect comparabl e  , .. mass peaks at 

F and 0 .  If the F -+  , .. branchi ng rat i o  i s  wel l -determi ned, and i f ,  i n  a gi ven 

experiment, the 0*/0 rat i os can be determi ned v i a  the cascading tri ck,  the 

production rati os can be obtai ned i n  a splendidly bi as-free way. 

1 4  

12 
� 10 
., � 8  
0 � .. 
e s  
:> 

z 
4 

All K K v  Charm Candidates N A l l + NA32 mo"' Very Preliminary! i 
� 25 o's 

F i g .  5 .  Very p�el imi n�ry NA11/NA32 (ACCMORi data i nd i cati ng hadroproduct1 on of 
both F and O , wi th decay i nto , .. .  
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As yet, experiment shows no uni versal behav1 or .  In e+e- col l i s i ons F+ , and 

not D+, 1 s  seen. 26 ] At CERN, the NA11/NA32 data i ndi cates27 l ( Fi g .  5 ) ,  as yet 1 n  

only  the most prel imi nary way, comparabl e D +  and F +  s i gnal s .  At Fermi l ab ,  a 

strong\\b1 bbo-forbi dden D+ � 41>11+ s i gnal ( - 240 s 1 gnal events ! )  has been seen28 l 

( Fi g .  6 ) �th no trace of an F+. However, the experiment was des i gned to search 

for nc � 4'4'· wi th a spec i al 1 zed mul ti -K± tri gger. The samp l e  i s  so badly bi ased 

by the tr1 gger that the exper1mental 1 sts ne1 ther dare to quote D cross sections 

nor F/D rati o� . There i s  c l early someth i ng 1 nteresting here to pursue further. 

This  s 1 tuation is 1 ndi cati ve of the abysmal status of our understand1ng of 

the dynami cs under lyi ng hadroni c product i on of charm. Thi s  i nc l udes 

norma l i zati on ,  energy dependence, beam dependence , xF dependence, A-dependence, 
* 

F/D rati os , D /D rat1os , baryon/meson rat i os ,  chann-anticharm correl ati ons 1 n  

produced phase-space--almost everyth1ng.  The s 1 tuation i s  not hopeless .  There 

1 s  good reason to bel i eve that in a few years these questi ons wi l l  be wel l  

resol ved . The LEBC program2g ] __ 1 nc l ud i ng the1 r new exper1ment at Ferm1 l ab--1 s  a 

good examp l e  of the progress to be expected. 
400.--....-.....-�.--....-.....-�.--..,.-....,..�,........, 

"' � > • " "' 200 
0 0 ' . -� c .... 

100 

O'---'--'-�'---'--'-�'---'--'-�� 1.6 1.8 2.0 2.2 2.4 2.6 
Mass (<fnr* ) [ GeV/c21 

F1g. 6. Observation28J of Cabi bbo-forbidden D+ � 41>11+ decay i n  hadroproducti on. 
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E .  Strange Quarks 

Is the s trange quark heavy? Hardly,  a l though the + i s  sometimes consi dered 

to be i nci pi ent oni um. But s quarks have much to do wi th CP and hence thi s 

workshop. 

Beautifu l measurements of the CP-v i o l ating parameter E ' /E were 

presented30J , 3l J -

' { - . 0046 ± . 0053 ± . 0024 
E -

E + . 001 7 ± . 0084 

Chi cago-Sac l ay 

Yal e-BNL 

These l i e  bel ow the prev i s i oned standard-model expectati ons--al though , as we 

di scuss l ater, standard-model theory can sti l l  acc0111110date the resu l ts .  

Cabi bbo theory of semi l eptoni c  � S  = 1 decays are a prototype of what one 

mi ght hope for i n c ( and b ? )  decays . As revi ewed by J . M .  Gai l l ard here, the 

experimental s i tuation i s  i n  excel l ent condi tion.  Thi s i s  especi al ly  the case, 

gi ven the new measurement32 l at Fermi lab of the el ectron asynmetry in pol ari zed 

E- beta decay. Thi s measurement ( F i g .  7 ) removes a serious d i screpancy between 

theory and experiment. 

-0.4 

-0.8 

0.4 0.8 

Fig .  7. Measurement32] of electron asynmetry parameter in polarized E- a decay. 
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F. Others 

In terms of quark content, the neutron def i ni tely does not qual i fy for 

admi ssion to thi s  workshop. Neverthe l es s ,  i ts el ectron dipole  moment--if 

any--does. 

d < n -

The measurements33 ] are espec i a l ly beauti ful . 

{ -2 ± 1 )  x 10-25 e-cm Leni ngrad 
-25 ( -3 . 2 ± 3 . 5 )  x 10 e-cm, I LL 

It i s  a pi ty that nature does not honor these efforts wi th somethi ng other 

than a nul l measurement. It is up to us therefore to provi de the honors so 

we 1 1 -deserved. 

We heard from Steiner34 l of other beauti ful , a l beit  nul l resul ts i n  

searches for anoma l i es i n � decay. Especi al ly impressive t o  me was the l imi t 

pl aced on � -.. e + f, wi th f a  conjectur�d axion-l i ke "fam1 l on" . The l imi t on 

i ts decay constant i s  

9 Ffami l on � 6 x 10 GeV 

low energy muon decay i s  prob i ng dynami cs at an extraordi nary energy sca l e .  

I I I .  WHY I S  ALL THIS BEING DONE? 

To this  question there are many good answers , which  we c l assify starting 

from the more mundane and l eadi ng to the more profound: 

A .  Strong Interacti ons and Hadron Structure 

Heavy-quark bound states have gi ven us a s impl e  pi cture of hadron structure 

and confinement. Oni um  i s  the simplest case. One might expect, therefore, the 

tt system to be c l eanest. It i s  thus i roni c35 l  that the greatest res i dual 

uncertai nty in the QQ potenti al sti l l  l i es at the shortest di stance ( Fi g .  8) . 
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V l R )  

ONO! 
Richardson 
Buchmuller I/Ir log r) 

Tye 

-4 

0 0.05 0.1 0. ' 5  

F i g .  8 .  Theoreti cal model s35 ] for the toponi um potent i al . 

The l ow lyi ng level structure of toponi um wi l l  test mode l s ,  

R fm 

not QCO 

fundamental s .  Measurements of as and how i t  runs are pos s i b l e ,  however, from 

study of decay wi dths.  

The overa l l properties of onia are i n  qui te good shape i n  general , 

al though , as al ready menti oned , the 5S-6S region of ( bb) and the 3S-4S region of 

cc, diffi cul t regions , are ferti l e  areas . These are al so curi ous puzzles,  e . g . , 

the rati o f ( $ ' ->'lfp ) /f ( $...,,.p )  � .02 di scussed by Kar1 . 36 l But there ought to be a 

better answer. 

2• Q1Q2 

The other pure heavy-quark mesons ,  such as tb, tc, ts, be, bs, are a l so 

i nteresting.  Bs ( bs)  shou l d  not be too hard ; why not be? The properti es of these 

states deserve to be ful ly documented. 37 1 Thi s i s  gai n i ng s i gn i f i cance as the 

spectroscopic as wel l as decay systemati cs mature. We can guess production 

rati os . But what are the optimal detecti on s i gnatures? 
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3. 

� 

As di scussed by Ri chard,38 ] these mesons are especial ly cha l l enging: the q 

i s  more rel ativ i stic  than i n  mesons made of l i ght quarks.  I t  appears that, 

whi l e  hyperfi ne structure is in reasonabl e  condi tion,  h i gher exci ted states need 

work. One might wel l  atta i n  experimental i nformation about hi gher ( e . g . ,  

p wave) exci tati ons of D and F before l ong.' 

4. QQQ and QQg baryons 

Thi s  must be the dream of QCO l atti ce theori sts, etc . I n  the absence of 

l i ght-quark correcti ons,  

!!!f!lQQl = ] [ (A)] m(QQ) 2 l+f M 

and the function f shou ld  be cal cu l able  from fi rst pri nciples.  Seei ng the ttt 

and bbb appears hopel ess . Even seei ng ccc is margi nal at best. But, gi ven the 

observation a l ready of ( s sc ) ,  the ( sec) must be regarded as accessible  in the 

l ong run ,  perhaps aga i n  in hyperon beams : 

a(tn�ssc) _ a (tN-+( scc)+ • . •  ) _ 10-2 ? ?  
a ( t�ss s )  a ( tN�( ssc) + . . .  ) 

Thus, as wi th mesons ,  the systemati c s  of QQq baryons--and QQQ baryons as wel l  

( they shou l d  be an eas i er case) --deserve a ful l expl i cati on .  Up-to-date wi sdom 

on these states,  whi ch shou l d  i ncorporate the recent, remarkabl e  progress i n  the 

"QCD-i nspi red" understandi ng of S = 0 , 1 baryons and thei r exci tati ons , 39] wou l d  

be most wel come. 40 J Thi s shoul d  i ncl ude the gross l evel structure, fi ne and 

hyperfi ne i nterval s  and candi dates for narrow exci tations wi th characteri sti c 

decays to the ground state. ( How about, e . g . , (QQ ) *q � QQq + w+w-, wi th ( QQ ) * a 

radial  exci tati on? ) 
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5 .  Qgg baryons 

Most of the experimenta l action probably wi l l  rema i n  with the Qqq baryons . 

Many potenti al -model approaches for these, as di scussed by Taxi l , 411  exi st.  

Thus far, general gui del i nes exi st v i a  l evel -orderi ng theorems . However, these 

are based on two-body i nteractions,  whi ch i n  a wor l d  of QCO stri ngs ( despi te 

good arguments for the approx imate val i d i ty of a two-body potentia l  approach ) 

may sti l l  hold surpr i ses . C l early the next steps wi l l  requ ire s tronger 

i njecti ons of good data on ( qqc)  baryons . 

6 .  QCO dynami cs 

We have a l ready menti oned the centra l problems. Other than the question of 

baryon production ,  e+e- dynamics i s  i n  rather good condi t ion .  For 

hadron-i nduced processes , everythi ng needs work. I f i nd espec i a l l y  urgent the 

question of di ffracti ve mechani sms , promi nent at the I SR and i n  the A+ and T0 

producti on , and occas i onal ly c l aimed e l sewhere. 52 1 But contrary evi dence, 

especia l ly from di rect-l epton product i on experiments , a l so ex i sts. 43 l If the 

di ffracti ve mechani sms seen in A+ and T0 production are uni versal for i nci dent 

baryons , the "devi l ' s pi tchfork" di ssoci ati on mechani sm menti oned by Brown22 l 

( Fi g .  9) woul d  seem to provi de a reasonab l e  gauge for estimati ng yields .  Some 

guesses are g i ven i n  Tab l e  I I .  

F i g .  9 .  "Di ffraction-di ssoci ation" or " f l avor exci tation"  di agram for 
producti on of l eadi ng baryons conta i n i ng heavy quarks .  



473 

B. E l ectroweak Propert i es 

1 .  Bread-and-butter SU(2 )xU( l )  tests 

As the energy scale i ncreases , espec i al ly in e+e- processes , weak effects 

enter more promi nently.  The angular asymmetry reported here44l i n  BB production 

at PEP and PETRA i s  a typ i cal example .  Toponi um pol ari zation , 45 1 as discussed 

by Kuhn , i s  another. Al l these tests are fundamental , so fundamental in thi s 

day and age that an experimental d i sagreement wi th theory woul d  be a real 

shocker. 

Tab l e  I I  

Some guesses for production cross-secti ons of l eadi ng baryons contai n i ng heavy 
quarks {�s = 40 GeV ;  x > 0 . 4 ) by i nc i dent hadrons . The substi tuti on c � b may 
cost a factor -100 i n  cross-section at thi s energy. 

n , p  i nc i dent 

I:- ( dds)  500 µb 

E- ( dss ) 25 µb 

-g ( s s s )  0 . 5  µb 

Ac ( cud ) 50 µb 

A (cus )  2 .5  µb 

T ( css )  100 nb  

( ccd) 10 nb 

( ccs ) 500 pb 

( ccc )  3 pb 

2 .  Weak decay dynamics 

11 i nci dent 

50 pb 

5 µb 

0 . 5  µb 

5 µb 

500 nb 

50 nb 

20 nb 

500 pb 

10 pb 

I:- i nci dent 

50 µb 

2 µb 

10 nb 

3 pb 

K- i nc i dent 

500 µb 

50 µb 

5 µb 

5 µb 

500 nb 

5 nb 

10 pb 

It  is grati fying that , g i ven the chal l enge of new data on D and B decay 

properti es ,  a theoreti cal response13 l  exi sts whi ch may suff i ce to meet the 

cha l l enge. The approach, wel l -supported from fi rst pri nci p les , boi l s  down to 

s imply cal culat i ng ,  modul o  smal l i sh correcti ons and addi t i on s ,  the ampl i tude for 
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M -; M '  + "W" 

L_ ., p ,  • • •  

wi th rel atively sma l l corrections from qq anni h i l ation,  "color-rearrangement" 

terms ( i . e . , Fi erz-transformed 4-fermi on coupl i ngs ) and mundane f ina l -state 

i nteractions. Whi l e  - such a pi cture is not out of l i ne with QCD expectati ons , 

addi ti onal phenomenol ogical  tinkeri ng may be , not unexpectedly,  i n  order. 

Fi gure 10 shows a general compari son of observed with cal cul ated branchi ng 

ratios.  A very l arge col l ection of channe l s  has been ca l c u l ated by Bauer and 

Stech , and a samp l e  is gi ven in Table  I .  Not-as-yet observed modes with l arge 

branching fractions ,  e . g . , D -;  K*p ,  awa i t  testi ng .  

A s  menti oned before , the "factori zati on" pi cture seems a l so t o  work wel l  

for B-meson decays . I t  i s  important to sharpen thi s  asserti on ; steady progress 

can be expected on this  from CESR and DORI S .  

A n  outstandi ng probl em rema i ni ng i s  to genera l i ze the apparent successes i n  

i nterpreti ng D,  F ,  B meson decays to  the decays of  baryons conta i n i ng heavy 

quarks.  Thi s  may be qui te nontr i v i a l ; j ust  hyperon non l eptoni c  decays 

( espec i a l l y  p-wave) have res isted theoreti cal  anal ys i s  more than thei r meson i c  

counterparts . A l so ,  the observed decay modes o f  A+ {AK-.+.+) and r°( =-K-.+.+ ) ,  

whi ch wou l d  seem to require assi gnment of s i zeable  branchi ng rati os ( for reasons 

of norma l i zati on of producti on cross-secti on ) ,  do not seem to me to i nv i te an 

easy i nterpretati on in terms of "factori zation".  

I n  addit ion to the need for a thorough analys i s  of Qqq baryon decays , an 

equa l ly thorough study shou l d  be made of decay modes of Q1Q2 mesons ( e . g . ,  bs, 

cb, ts, tc) ; they are now amenabl e  to sound theoreti ca l  attack v i a  the 

successful methods used for 0, F ,  and B. Such mesons wi l l  someday be seen; we 

shoul d  know now the most favorabl e  s i gnatures . 

Thi s  remark a lso  app l i es to QQq baryons . In addi t i on to the fact that such 

baryons wi l l  be observed, the theoreti ca l  properti es of these systems ( as wel l 

as QQQ baryons ) might be s impl er and hel p  shed l i gh t  on the i r  counterparts 

conta i n i ng more l i ght quarks . 
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D0 Decoys D+ Decoys 

10% 

+ + + + • 
• ... ... ... :<: .. ·� ·� ·� f:!lll:: .. 

Fig .  10.  Compari son of predi cted13 ] and measured branch i ng ratios of 0 mesons. 

3. Oetenni nation of the Kobayashi -Maskawa parameters 

The detenni nation of the elements of the Kobayashi -Maskawa mi x i ng matrix  i s  

c l early a very fundamental i ssue ( a l though,  I think,  not a s  fundamental a s  those 

of the quark mass matri x ,  from whence they come . 46 ] ) Clearly the l imi ts on ! Vbu l 

should  be pushed i f  at a l l  possible; the l everage there on constraining the 

standard pi cture of CP violation i s  as great as improvi ng l imi ts on £ 0 /£ .  Both 

study of the end point of the semi l eptoni c-decay spectrum and the search for 

exclusive unchanned B-decay channe l s  can be pushed further ( a l though nul l  

results for the l atter are more difficult to i nterpret ) .  

4 . Weak -mi xi ngs 

The standard model predi cts very smal l OD mi xi ngs . Neverthel ess ,  i t  was 

encouraging to hear that reaching the ec
4 - 10-3 level of sensi t i v i ty47 l i s  not 

out of the question i f  one can obta i n  a c l ean samp l e  of o* • s  and measure 

r(O* � ,.+01 
r(o* � ,.+oi 
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The soft w+ tags the charm quantum number of the parent.  To get an adequate 

sampl e  may requi re not only the standard o* k i nemati c  tri c k ,  but a l so c l ean 

vertex i nformation. Wei l harrmer suggests use of hadron beams in f i xed target 

experiments for meeting these speci f i cati ons . 

The best system for study of BB mi x i ng seems to be48 l the Bs ' i nvi t ing long 

runs at T ( 5S ) .  I t  l ooks to be a l ong and arduous task to reach the expected 

sens i ti vi ty. 

However, for both BB and OD systems , one shou l d  keep in mi nd that much of 

the i nterest in the measurement l i es i n  the poss i bi l i ty of severe di sagreement 

of experiment wi th theory: this  phenomenon seems ( i nsti ncti vely) to me to be 

sens i ti ve to unexpected effects. Hence experimenta l i sts shou l d  not be hung up 

on the parameters suggested by the standard model ; the effect should  be 

energetica l ly searched for i n  a l l  accessib le  channel s  at al l leve l s  of 

sens i t i v i ty. 

5 .  CP v io lat ion 

As emphasi zed by Wo l fenste i n ,49 1 probably the best way to improve our 

knowledge of CP v io lation is to conti nue push i ng on the KK system: i t  is an 

exqui s itely sensiti ve channel . At the workshop vari ants goi ng beyond the 

standard phenomenol ogy were di scussed. 

a) Measurement of q+-o at Fermi l ab ,  poss ib ly to the 10-3 l evel ,  is 

underway; theori sts therefore shou l d  anti ci pate a result  and quote the i r  

pred i ct ions.  I t  wi l l  be  good fortune i n  that experiment to  see CP v i o l ati on in  

the mass matri x .  Dev i ations to my knowl edge are expected i n  general to be 

smal l -- ! heard nothi ng to the contrary at thi s workshop. 

b )  K5 
L 

� yy i s  being examined in f i ne detai l by Gol owich. 50 1 The returns 

are not a l l  i n .  In  particu l ar, what i s  the measurement t o  b e  done? Photon 

pol ari zat ions? Or r ( K�y) /r (K�+.- ) as functi on of proper time? 

c )  Other options .  There are i deas for using LEAR, as  d i scussed in  Turlay ' s  

tal k .  These sti l l  l i e  within the K°K0 system, but compl ement the usual  methods 

and may a lso attack the K � 3w system. 



Vari ous i deas are extant at Fermi l ab ,  such as improvi ng T-vi o l ation l imi ts 

1 n  I a-decay, or searchi ng for T-violat.ion i n  : 0  and §°0 decays by comparing 

the i r  asynmetry parameters a:aA. However, the quest i on i s  whether there l s  any 

hope that these effects are large i n  compari son wi th e ' ( n0-6 ! ) ? One w.ould seem 

to need a AS = 1 .effective interaction whi ch for some reason ( selection rules, 

dynamical suppres.s i.on , etc . )  i s  h.l ghly suppressed i n  the K
L ,K

S system but not 

tn the baryon system. do not know of such an opti on.  

d)  CP 1Liolatton in the Bd:Jd system.: Wolfenstein49 l  and Sanda51 l argue thi s  

l s  a n  optimal channel where .CP v i o l at i ng effects may b e  large ( -20% ) .  However, 

one needs to compare parti al widths of Bd and Bd i nto exc l us i ve f inal states 

whi ch are CP ei genstates, e . g. ,  

Bd ->  q.KS 

Thts i s ,  c l early, not at al l easy, if at a l l pos s i b l e .  (More about th i s  later . )  

6.  Searches beyond the standard model 

To expl ore phenomena beyond the standard model , as wel l  as to understand 

once and for a l l the ori gi n  of mass and of CP v i o l ation,  the method of choi ce i s  

hi gher energy. But i n  the meantime there ex i st many opportuni t i es .  Possi b l e  

foci of effort are h i ggs ( and/or axi ons ) and supersymmetry. We aga i n  cata l ogue 

by quark : 

a )  Beyond the top : The most acces s i b l e  4th generation parti c l es may be the 

l eptons . Searches52 l for the charged l epton i n  W decay and the neutral one 

everywhere ( beam dumps? ) are appropri ate . 

b )  IQ.p. If open channel s  

t -> bh+, etc . 
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exi st ,  they wou l d  be sensati onal sources . For neutral h1 ggs , the c l as s i c  method 

v i a  oni um rad i at i ve decay 

( tt )  � r + h0 

i s  wel l  sui ted53 ] to a top mass of 40 ±10 GeV. 

c) Bottom. Because of the l ong b-quark l i fetime, bottom decays are 

beauti fu l  ways to search for rare phenomena ;  branchi ng ratios are enhanced . 

Al so, anoma l ous BB mi x i ng may be another sens i ti ve measure of new phys i c s .  

d )  Charm. Aga i n ,  the OD mi x i ng phenomenon, because i t  i s  expected to be 

smal l ,  may be a sensi ti ve means of see i ng a surpri se.  

e )  Other. There are of course a vari ety of rare de£ays of K ,  µ ,  etc . whi ch 

are a ri ch source of pos s i b l e  surpri ses . 

7 .  Comments o n  theoreti cal  mode l s  o f  C P  v i o l at i on 

In thi s  workshop, consi derabl e  time was devoted to -the status of the theory 

of CP-v i o l ati ng effects . Thi s i s  as good a pl ace to comment on thi s  subject as 

anywhere . However ,  I am hardly expert enough to di stingu i s h  boxes from penqui n s  

and can only v i ew the subject a s  a n  outs i der. I n  terms of status of the model s ,  

however, some thi ngs seemed c l ear to me: 

a )  Standard (Kobayashi -Maskawa phase) model : 54 l The model appears 

embatt l ed ,  a s  the data on e ' /e ,  b � u l v ,  and mt constrai n ever more ti ghtly the 

phenomenol ogy. Theori sts ' hubr i s  on how wel l  the d i ffi cul t parts of the 

phenomenol ogy coul d be control l ed ( the parameter B i n  part i cu l ar )  has l argely 

di sappeared , and the old sense of humi l i ty in the face of computat i onal 

d i ff i cu l ty has re-emerged. Based on the evi dence presented at thi s  workshop5 5 l  

o n  how real ly embatt l ed theori sts ( those defendi ng the H i ggs model s )  respond, i t  

seems to me that new l imi ts on • ' /• or modest i mprovements i n  boundi ng Vbu wi l l  

not destroy the KM pi cture. New pos i t i ons of retreat wi l l  be constructed. 

Instead there remai ns the asserti on that in the KM pi cture i t  i s  probable that a 

measurement of nonvani s h i ng • ' /• i s  wi th i n  experimental reach--but never at the 

90% confi dence l eve l . 
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b )  Higgs model . 56 ) The generic  pred i ct i on for these mode l s  i s  that • ' /• i s  

As understand i t ,  thi s  occurs because i ntri n s i c  AS = 2 l ocal operators 

whi ch i nduce CP v i ol ation are i n  thi s model strongly suppressed . This  l eaves 

i teration of AS = 1 CP v i o l ation v i a  l ow-mass i ntermedi ate states as the source 

of AS = 2 mi x i ng .  The consequence i s  that • ' /• is l argely determi ned by the 

Wu-Yang phenomenol ogy a l one . Efforts to push down the generic  pred i ction fol l ow 

two l i nes : one i s  to expl oi t--rather radi cal ly--the aforementi oned uncertai nties 

i n  strong-i nteraction effects . The other ( wh i ch I f i nd more attractive) i s  

tuni ng parameters of the model a s  di scussed by Gerard. 57 ) Thi s seems not 

unnatural i n  the l i ght of hi ggs model s58 ] of UAl monojet phenomena ( Z "  � h1h2 ) .  

c )  Left-right synmetri c model s  . 59 1 By defaul t ,  these appear to me 

ascendant. The parametri zation of CP  v i o l at i on in these mode l s  is suff i c i ently 

flexi b l e  that they can accommodate vani shing • ' /• and Vbu " There are some 

estheti c arguments goi ng for them as wel l .  Neverthel ess , i t  woul d  be n i ce to 

have some posi ti ve i ndi cators that thi s  i s  the ri ght di recti on to pursue . So l i d  

ones seem hard to f i nd .  

I n  summary, measurements s o  far have tested the el asti ci ty o f  the vari ous 

model s .  Thi s i s  i ndeed a very useful test; the result  i s  that they are quite 

el asti c .  Aga i n ,  whi l e • ' /• i s  an obvious parameter to i mprove, so a l so i s  Vbu · 
We may hope to see i n  the not-too-di stant future a consi derably more constrai ned 

s i tuati on . 

I V .  WHAT NEXT? 

I n  l ooki ng at the future, a l l  wi l l  agree that a primary goal i s  to 

understand the ori gi n of mass and mi x i ng s ,  a l ong w i th the CP phenomenon . The 

means for doi ng thi s  must i nc l ude the push to h i gher energy. In add i t i o n ,  i t  

wi l l  be of great importance to exami ne at much greater depth the phenomena at 

exi s t i ng energ i es . In add i t i on to the d i scovery potenti al i nherent i n  such a 

" l ow-energy" program, i t  a l so provides the sol i d  base of i nformation v i tal i n  

i nterpreti ng what i s  goi ng o n  a t  the hi gher energ i e s .  
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A. Faci l i ties 

Among the hi gh-energy faci l i ties , proton-anti proton co l l i ders wi l l  hold the 

l ead i n  energy-sca l e  for a l ong time .  Anti c i pation o f  new-parti c l e  producti on 

i n  pp col l i s i ons i s  a common pastime . 60 l Espec i a l ly rel evant for thi s workshop 

i s  the remarkabl e  yi e l d  of soft D* ' s  in g l uon jets , of order61 l one 0*/jet when 

Pi exceeds -20 GeV . Thi s cou l d  imply62 l enormous heavy quark yi e l ds at these 

col l i ders , wi th a favorabl e  s i gnal /noi se rati o.  

For examp l e ,  the TeV I co l l i der wi l l ,  in  a run wi th J.!t'dt = l036cm-2 , 

produce of order 107 jets wi th pi > 20 GeV . Thi s i s  a spl end i d  source of 

charmed hadron s ,  one whi ch may even have decent s i gnal /noi se .  Li kewi se, usi ng a 

sca l i ng argument , one mi ght anti c i pate of order one B* per jet for pi> (mb/mc ) 

20 GeV � 70 GeV . There wou l d  be over a bi l l i on such jets produced per year at 

an SSC . 

These yi e l ds are much greater than what e+e- col l i ders provi de .  The Z0 
factori es do promi se to i ncrease by a factor of at l east 100 the yi e l d  of heavy 

quarks . Al so the sophi sti cation of the new detectors at LEP and SLC i s  much 

greater (or at l east ought to be , con s i deri ng the money bei ng spent on them) 

than what now ex i st s .  Hence these faci l i ti es shou l d  b e  superb, not on ly for 

top-quark stud i e s ,  but for charm and bottom as wel l .  And, of course, SPEAR and 

DORIS/CESR wi l l  continue to produce addi ti onal c l ean new res u l t s ,  wi th the mai n  

l imi tation simply bei ng i ntegrated l umi nos i ty.  ( If onl y  e+e- machi nes cou l d  

make a great l eap forward i n  l umi nos i ty! ) 

HERA seems to me less competi t i ve for heavy-quark phys i cs .  However , 

di scovery potenti a l  i s  hi gh--espec i al l y  i f  the mass scal e rel evant to the 

monojet phenomenon i s  �150 GeV .  

Thi s  l eaves fi xed-target machi nes ( admi ttedly my preoccupation)  as a 

rema i n i ng source--and i t  i s  a ri ch one .  In every Tevatron s pi l l  ( once a 
8 -mi nute ) , about 10 bb pai rs are produced i n  the beam dump. That i s ,  of course, 

hardly the poi nt :  signa l s  are general ly buried i n  heavy background . 

Neverthel es s ,  the l ong-range potenti a l  may be extremely good, as refinement of 
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technique and better knowl edge of product i on properti es and decay s i gnatures 

become avai l ab l e .  I wi l l  c l ose w i t h  a very specul at i ve examp l e .  

B .  Can One See C P  V i o l ation i n  the 8-B Sys tem?? 

We al ready menti oned the method suggested by Sanda,6 31 as di scussed i n  the 

workshop by Wol fenste i n . 491 Upon comprehendi ng the prospects , the fi rst question 

to ask i s  "Shoul d  one even try? " In what fo 1 1  ows , we assume the answer to thi s  

h i ghly nontri v i a l  query i s  "Yes " .  We then ask how many BB pai rs are needed to 

do the job. For measuri ng 

r(B � f . s . )  - r(B � f . s . ) 
sum 

to «20% or so we need at l east 100 B and 8 decays to "f. s . " ,  whi ch stands for 

an exc l us i ve final state whi ch i s  a CP ei genstate. In addi tion, the fl avor 

( b-number) of the spectator must be tagged i n  order to l abel the parent B (B) . 
Thi s gi ves , very roughly ( and optimi sti cal ly? ) ,  for the bookkeepi ng 

102 stat i stics ( no background subtracti on ! ! )  

102+2 decay branchi ng ratios B � OX 
L v  

101 efficiency in tagging spectator. 

101 geometri cal  and reconstruction effi c i ency( ! )  

Th i s  impl i es we need a t  least 108 produced bb quarks per experiment--probably 

out of reach of LEP/SLC, but perhaps not SSC . 

Fi xed-target experiments are at l east thi nkab l e  ( not for now, but maybe i n  

1992±4 ) . W i th a 50 n b  producti on cross secti on and 1014 i nteracti ng protons per 

experiment, one can produce 108 bb pai rs for study. To get 1014 i nteracti ng 

protons into a powerfu l open-geometry spectrometer req u i res high  rates. At the 

Tevatron a 50 MHz i nteracti on rate ( one i nteraction/RF bucket ) transl ates i nto a 

reasonabl e  2000 hours of runni ng to accllllUl ate the 101 4  i nteracting protons .  

Whi l e  running at 50 MHz may seem over-optimi stica l ly h i g h ,  data acqui si t i on and 
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process i ng rates even h i gher are contemp l ated for open-geometry detectors at the 

SSC. 

What about the other numbers? Are they conservati ve or optimi stic? The 

cross-secti on may be conservati ve64 1 by a factor 10-100. Al so, there may be, 

for a canny choice of beam, k i nemati c reg i ons where Bd producti on domi nates Bd 
( and v i ce versa ) ,  so that the taggi ng requi rement mi ght be fi nessed. On the 

other hand, the factor 104 for decay branch i ng ratios can hardly be avoided; i t  

may be mi l dly optimi s t i c .  And by present standards the factor o f  10% for 

detection and reconstruction eff i c i ency may l ook wi l dl y  optimi stic.  However ,  to 

do thi s  j ob at a l l  requi res great advances i n  techno l ogy. It i s  reasonabl e  to 

pos i t  for thi s  purpose a spectrometer wi th ful l acceptance, reso l ution , parti c l e  

i dent i f i cation , soph i sti cated vertex detection , and advanced on- l i ne tri gger 

process i ng capabi l i ty--somethi ng nonexi stent today. Thus I do not know how to 

bal ance optimi sm w i th pessimi sm i n  these estimate s .  

Shou l d  one thi nk about fol l owing such a path? I don ' t  know. A dec i s i on to 

do so requi res a better understandi ng of how far spectrometer technology, etc . 

can be pushed. It needs better physi cs i nputs as wel l :  understandi ng of B 

production rates and dynami c s ,  of B spectroscopy and of B decay rates and 

branching ratios . A l l of thi s  shou l d  be known better i n  a few years . 

But the real deci s i on to fol l ow such a path must come from those who wou l d  

do the work. The task is a very l ong and arduous one and , even for those who 

wou l d  have doubts , the homework shou l d  be done. That a l one l eaves a lot to do 

for everyone. 

V. THANK YOU 

Thank you to Tran Than Van and the organizers for another exce l l ent Mori ond 

meeti ng. Al so thank E .  Paschos and L. Ol i ver for hel p  in prepari ng thi s  

manuscript. 
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