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ABSTRACT

Extracted beams and fixed target facilities at future colliders (the SSC
and the LHC) may be (respectively) impaired by economic and 'ecological'’
considerations. Neutrino and muon physics in the multi-TeV range would
appear not to be an option for these machines. We partially reverse this
conclusion by estimating the characteristics of the '"prompt" v, ve, Vg
and p beams necessarily produced (for free) at the pp or pp intersections.
The neutrino beams from a high luminosity (pp) collider are not much less
intense than the neutrino beam from the collider's dump, but require no
muon shielding. The muon beams from the same intersections are intense
and energetic enough to study up and uN interactions with considerable
statistics and a Q°-coverage well beyond the presently available one.

The physics program allowed by these lepton beams is a strong advocate
of machines with the highest possible luminosity: pp (not pp) colliders.

INTRODUCTION

The interactions of muons and muon-neutrinos with nucleons have not been experimentally
studied with beams of energy in the TeV range. The véhPinteractions have been analysed in
detail only at energies characteristic of B-decay. Not a single Vo has ever been seen to
interact in a detector. These are sufficient reasons to justify a Ve vu, v, "program'’ at

any future high energy facility, but one can say even more.

Much of the interest of vy and y-scattering physics resides in the study of the deep
inelastic nucleon structure functions Fi(x,sz. Their measurements in light nuclei (H, D)
are still statistically limited. In heavier targets (such as C and Fe) errors in F, are
dominated by systematics and errors in XF? are both statistical and systematic. In neutrino
experiments the systematic errors are dominated by the imprecision of hadron calorimetry,
and would decrease with energy as E~%. Errors in the measurement of the Q?-evolution of the
non-singlet structure function xF; jeopardize the cleanest tests of QCD. Very little is
known about the ratio UL/GT. No experiments measuring p - vy transitions have been per-
formed. Besides testing conventional expectations, lepton scattering at higher energies
could also reveal '"nonstandard" physics: right-handed currents, new particle production,

substructure of quarks and/or leptons, etc.!), Clearly much remains to be done in neutrino

and muon physics.

Two high energy hadron colliders are now seriously discussed?). The American SSC would
be a 20-on-20 TeV pp collider, for which we shall assume a luminosity £ = 10°% cm~? s-!.
The BEuropean LHC, to be placed atop LEP, may be a pp or pp machine. We shail assume the LHC
beam energy to be 8 TeV, and the luminosity to be 10%*® (10°') cm™? s~! for the pp (pp) options.

We allege in this paper that the production and prompt decay of charmed particles at
the collider's intersection points is the source of energetic and highly collimated lepton
beams, whose interest for physics is not negligible. The geometry and origin of these beams

*) A preliminary version was also included in the 'Workshop on Fixed Target Physics at the
SSC", Texas, 1984.
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are shown in Fig. la,b, respectively. In Chapter II we derive the main characteristics
(total flux and average energy) of the prompt lepton beams and compute the expected event
rates at a hypothetical "standard" detector. In chapters III and IV we compare the neutrino
and muon beams produced in the collider mode with the neutrino beams from a beam-dump, and
with future ep facilities, respectively. Crucial to our considerations is an estimate of
charm production cross sections at TeV energies. Our estimates are explained in detail in
Appendix A. In Appendix B we predict the shapes of neutrino and muon beams as a function
of energy and angle, and we estimate the evolution of the muon beam as it traverses an iron

or soil shield.

Fig. 1 a) The colliders' intersections (here 6) as a source of lepton beams. b) Charm (C)
origin of the lepton beams at a collision point.

PROMPT LEPTON BEAMS FROM THE INTERSECTION POINTS OF
FUTURE pp _(pp) COLLIDERS

At the very high energies we are contemplating, the charm production cross-section O

is expected to be a good fraction of the total or pp cross-section o We shall argue
pp t gu

in detail in Appendix A, on the basis of an approximate universal scalinztlaw of particle
production, that GC/OtOt > 10% is a very reasonable conservative estimate of charm production
at these very high energies. Most of the produced charmed particles (all but the very high-
Py ones) fly and will decay within the straight sections of the beam plpe To be convinced
of this, assume charm to be produced with a Feymman-x distribution (1 - x) with n somewhere

in between 0 and 5. The average energy of a charmed particle is EC = Ep/(n4-2) and, hence,

gth for m_ ~ 2 GeV, 1. = 5 x 107'% secs is

de=yCT & (12 w)(Ef/8T€V> (nig) (1)

Approximately 10% of charmed particle decays contain an (eve) pair in the final state,

another 10% contain a (uv ) pair. The production fraction of each penetrating 'prompt"
lepton (u, Ve OT vu) is thus 0.1 oc/otot > 0(1%) of the total collision rate. It is on this
fairly efficient way of making two lepton beams (a "leftwards' and a '"rightwards' one) per

collider intersection, that we shall capitalize.
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The prompt lepton beams are naturally highly collimated. Let <Pr> be the average
transverse momentum of the produced charmed particles. Their average production angle is
ep = <pT/EC> = (n+~2)<pT>/Ep. The average lepton angle 84 in a typical ''three-body' semi-
leptonic charm decay is of order (mc-mK)/(ZEC), with e the K or K" mass. Hence, the
average lepton to proton beam angle is of the order of

0276, +6; = _‘[<ﬁ§ + (Mg =mp )/ (%} @

For <pp> = 1 GeV and n = 3

O« (0.7 mraols) (STe\//EP) (3)

The angular shape of the lepton beams is discussed in more detail in Appendix B.

The "'contamination' in the prompt lepton beams from the decays of other heavy flavors,
such as beauty, is quite negligible: the beauty production cross-section is only a small
fraction of the charm production cross-section. More surprisingly, the contamination from n
(or X) decay is also likely to be small at all lepton energies but the uninterestingly low
ones. To be convinced of this, assume the leading-charged-pion x-distribution to be (1- x)nﬂ,
with n_ close to 4. The typical decay length of these pions is

de=yCT, Epc (a.e-lo"se¢s> & T ks ( 6 )( Ee )

T (ng+2) My Net2 /\ETeV

To estimate the contamination of leptons from m-decay in the '"prompt' lepton beam, let L be
the length of the colliding straight sections (after flying forward for L meters the pions
will hit some material in the accelerator or the walls of the tunnel, and be lost as a
source of hard leptons, see Fig. 1b). The ratio R of hard leptons from pions and charm is

of the order

Netd

[ Nt
¢ JBR.(C-—#,&\’)f) \ 6

\
/ (5)

For oc/otot = 10% and even for a very long straight section with L = 74 m, R is of order 10%.
It goes without saying that in the SSC, whose tunnel is not predetermined, theorists see no
reason not to make a couple of diametrically opposed straight beam-tube sections be several
kilometers long (a small fraction of the SSC's circumference!). These collision points would

then be copious sources of (u,vu) from m decays and ve's from K decays.
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We proceed to argue that no muon shielding preceding a neutrino experiment is necessary:
all one needs is some 100 meters of soil to absorb the hadronic and electromagnetic showers
from the primary collisions. Let N be the number of interaction regions in the collider.
Consider a neutrino experiment placed somewhere along one of the 2N neutrino beams that the
collider is tangentially producing for free. In a conventional neutrino experiment each
machine burst produces zillions of muons that would completely blind the apparatus, unless
efficiently absorbed and/or deflected. The muon and neutrino beams from a collider, on the
other hand, are practically DC beams. Let the collider, for definiteness, be a pp machine
with 2 = 10°% cm™® s7!. Assume Opor o be of order 150 mb®). The rate of pp collisions is
thus 1.5 x 10%/s. If (OC/OtOt) BR(c - uvX) is 1%, the muon rate is 1.5 x 10%/s. [For a
15(150) ns spacing between bunches this would correspond on average to one incoming muon
every v 40(4) beam crossings.] Surely a neutrino detector can stand this rate of single
muons and could even be triggered by them, should one decide to sacrifice Ve physics
[neutrinos are unfortunately not '"‘tagged" since the parent charmed particle momentum is
not measurable]. The magnitude and shape of the incoming muon flux, as well as the u - N
interactions and the high-Q* u > u interactions in the 'neutrino' detector also offer in-

teresting physics potential.

Let us now estimate the average v and u energies in the prompt beam, and the event rates
to be expected in conventional-size detectors*). The main source of uncertainty in the
shape of the fluxes is the longitudinal momentum distribution of the parent charmed particles.
For D(D) production the least biased data are the ones from the LEBC-EHS collaboration“),
that "visually' measured charm production in pp collisions at vs = 26 GeV. Within rather
limited statistics, no significant difference in the x-distributions for D and D was observed,

and the cross-section was found to be compatible with the form*)

de -apr ne [.8+08

22 e (1-x)'g
d x cl,p:‘ ' ’ (1.0 6.3) GeV >

(6)

e
i

oot

The smaller n is, the harder the x-distribution of the charmed particles, the 'better" (more
energetic and interactive) the v and p beams. In what follows we shall refer to a conserva-
tive choice n = 2 as our "optimistic' expectation for a D(D) x-distribution, and to n = 3 as
the "pessimistic'' choice. We shall assume F’'s to be produced with the same distribution as
D’'s. The present experimental information on AC production is even less satisfactory than
the one on charmed mesons. Charmed baryons are candidates for a ''leading particle effect"
since they may contain two of the parent proton's valence quarks. The qualitative exper-
imental indications are indeed that Ac's are harder than D's, with an exponent n compatible

with 1, or even smaller, as suggested by certain theoretical models®). Our "optimistic"

#) The muon flux is degraded in energy and spread in angle as it crosses the hadron shield,
an effect that we shall estimate in some detail in Appendix B. For an introductory esti-
mate we shall assume the shield not to be much thicker than 25 kg/cm?® (100 meters of soil
or 30 meters of iron). In this case the muon flux is not seriously affected by its passage
through the shield.
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(""pessimistic'’) assumption for the AC x-distribution is n = 0.5 (n = 1). The lepton fluxes
also depend on the assumed production cross-sections and leptonic branching ratios. Table 1
summarizes the '"optimistic' (fairly conservative) and ''pessimistic' inputs used in our extra-

polations to higher energies.

Table 1

Parameters of our models of charm production

o(h) | o) o(F) o F >ty

D,D,F A -~ - =
n( }| n( C) o(D+D) | o(D+D) | o (F) o(D7) | F -~ all

Optimistic 2 0.5 0.5 0.5 1 2%

Pessimistic 3 1 0.25 0.25 1 1%

In addition, we adopt the following semi-leptonic branching ratios for charmed particle

decay®):

BR(D—eyX) ~10% (D=2+1") ()
BR (AC-> eV,}() ~ 5% (7b)

BR(F— ev,X) ~ I5% (70)

The D and AC branching ratios are central experimental values, while the assumed BR(F) is
the one expected from both ''spectator' and "annihilation' decay mechanisms. To estimate
BR(F ~ TVT) we combine the measured lifetime with the theoretical expression for the purely

leptonic decaye):

BR(F>Tv )= M(FoTw) T, 5 T=(261;3)100 s

=0.8
2 Q Z\2
P(F>Tv,) = O : ( ”&)
( t) Iz ‘FF mF mr , m; ®
) 2
BR(F--1“&)— (1.7 fg'z\ 072 (Fsmoohe‘v’)

The average v(%i) energy in a semi-leptonic "quasi-three body' decay, c¢ - s&v, of a high
energy charmed particle is approximately EC/B. The average energy of our lepton beams in
D,AC,P + 2uX decays is thus <E> = Ep/(3n+6). In the decay of i fast F' into r+vT the
average vT(T) energies are (1% m%/m%)EF/Z. In the subsequent T > ¥ _+ ... decay the average
neutrino energy is approximately ET/S. Thus F''s produce vT's (GT'S) with an average frac-
tion 0.09 (0.3) of their energy. The expected average energies (in TeV) of the different
lepton beam components are given in Table 2 for the choices Ep = 8, 20 TeV and for our two
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models of charmed particle x-distributions. The quoted values are within 20% of the naive
estimates we just made, and come from more careful analytic and Monte Carlo calculations to

be described in Appendix B.

Table 2

Average energies (in TeV) of the various components of
the neutrino and muon beams

+ + + + -
13*11‘ I_)»vu,ve Ac+”+ Ay > v, F_+vT F_+r_+vT
D>y |D~>v ,v H F >V |F »>1 »>v
ue T T
opt. 0.54 0.62 0.87 0.99 0.18 0.63
LHC
pess. 0.44 0.49 0.72 0.82 0.14 0.50
opt. . 1.36 1.55 2.18 2.47 0.45 1.58
SSC
pess. 1.09 1.24 1.82 2.06 0.36 1.26

We proceed to estimate the total lepton fluxes and event rates. Let Utot(qc) be the
total (charm production) cross-section, let (€ (%) denote a particular charmed particle
(lepton), and let £ be the luminosity. The lepton flux is

| Ge ¢ (¢€) leptons ’
¢L - Zz 5;°t< )( G, >BR ((I:—D,C) cecond )

Gtot (4

Here, the factor } reflects the fact that this is the flux in one of the two beams emitted

by each interaction point. To estimate Opor WE use the fit?)

Gyt = [383 +0.5Ln"(s/5.)] mb | s,= 116 GeV* 10

which predicts o = 145(173) mb at LHC (SSC) energies. With our estimate OC/G > 10% to

tot tot ~

be defended in Appendix A, we obtain

@gﬁ @o G‘G-(d?) BrR(C ">/€) (11a)
c
@O(LHC) = 7.?:'0"06 (i/lozs WQSec.‘) (11b)
.iné
éo(SSC) = 8‘5:1 10 (i/’oss m‘l SCC.,) (11c)

Let us now concentrate on the number of interactions produced by the neutrino beams. The
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total (charged plus neutral-current) neutrino cross-sections per nucleon should at the
*
relevant energies still be given by the approximate expression )

*n -35 4 Es
G, (L >E G, =|8c. =~ (——— (12)
v\ 3 N s 10~ om TeV
where we have used sin? ew nv 0.21. The number of neutrino interactions per centimeter per

second in a detector whose transverse dimensions are larger than the beam width (recall the
small divergence of the beam) is

At - oM [0, (8) o) dey

dxdt
g Na ('0-35W2> <Ey> @\r

(13)

IR

where p is the target density and NA (nucleons/gr) is Avogadro's number. To be specific,
consider an L = 25 meters-long detector of average density p = 5 gr/cm®, exposed to the

beam for a "working year" of Y = 107 seconds. The number of interactions in this detector,
estimated from Egs. 7 to 13 and Tables 1, 2 is given in Table 3. These estimates are obtained
with the following o(€C)/o. ratios, implied by Table 1:

G(D,B, A, F*,F)

(
G, (

J | _L _L A ] |

| { __) " .o
3 | AR TS pessimishc

The ©° leptons produced by charged current t-neutrino interactions should at these high
energies be visible with a detector of modest granularity. At the LHC, and in our '‘pessi-
mistic" model the average decay path of a T+ is 0.7 cm, if it is produced in the chain

F>5 »1 , and 2.5 cm if it comes from F'oo> ot > v >1'. For art the decay lengths

T
are 0.6 cm in the chain F' - Vo T “and 2.0 cm for F » 1 - v T . At SSC energies,

these numbers would increase by the machines' energy ratio ~ 20/8.

We have mentioned that for a sufficiently short hadron shielding the prompt muon flux
is practically unmodified. The shape of the u (u ) fluxes is 51m11ar to that of ¥ (vu)
Thus, as in Table 3, we can easily estimate the number of u~ >V, or u e—vu charged current
interactions in our standard detector in a standard year. The result is given in Table 4.

Another obviously interesting quantity is the number of high momentum transfer p - u
scattering events in our standard detector. We call an event '"interesting' if it occurs

*) The quoted ratio of v to V cross-sections is somewhat smaller than the one measured at
present energies. To obtain it, we have used the Q®-dependent structure functions of
Duke and Owens’) and we have set E, v 0.5-1 TeV.
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with a momentum transfer Q® > Q3 ~ 100 GeV®: the approximate upper limit for which good
data already exist. The total cross-section of interesting events for incident energy Eu

is, in the conventional notation, and upon neglect of weak effects:

zm,.E,,, !
_ 2 d@* F () A
G(E}‘)Ja%a} = AT fl o { ok x = (l+ (1-y) )
Qo Q:/oszE/,,
8 2 / ImpE
~N STk F (o) — —r K (14)
3 =7 e b &>
-33 .\ [ 100 GcV") 2m,E, , -1 2my, (1ITeV)
~ (210 77 om (“"""‘ n —* £ P
( ) Q" ]z - 100 GeV*

In the above estimate, we have used Fgw%O) ~ 0.4 [with N = (p+n)/2] and the fact that (1-y)?
The number of interesting muon events in our standard detec-
Clearly, the rates of Table 5 are fairly

approximately averages to 1/3.
tor in a ''year" of Y = 107 s is given in Table 5.
large. For a dedicated muon experiment, a target much smaller than our "standard" (p = 5 gr/cm?,

L = 25 m) neutrino detector may well suffice.

Table 5

Number of "interesting' (Q® > 100 GeV?) events for conventional
electromagnetic muon scattering in the same conditions as in Tables 3 and 4

w57 from D ut > u" from FF AT Total
u >y fromD)| (=u »u from F) from A, w H T
opt. 2.1 x 107 1.6 x 107 1.3 x 107 | 5.1 x 107 | 3.8 x 107 | 8.9 x 107
Hie pess. 2.6 x 107 9.6 x 10° 7.9 x 10% | 4.4 x 107 | 3.6 x 107 | 8.0 x 107
opt. 3.5 x 107 2.6 x 107 2.0 x 107 | 8.1 x 107 | 6.1 x 107 | 1.4 x 10°
. pess. 4.4 x 107 1.6 x 107 1.3 x 107 | 7.3 x 107 | 6.0 x 107 | 1.3 x 10°®

III.

All of the above considerations refer to pp machines with £ = 10°%® cm-? s-'. A Pp
option is likely to have a two orders of magnitude smaller luminosity; all of our estimated
event rates would accordingly decrease by a factor ~ 100. The prompt ''free' lepton beams

are a good physics reason to aim at the pp option for a collider.

COMPARISON OF THE "'FREE'' v-BEAMS WITH BEAM-DUMP GENERATED ONES

It is interesting to compare the properties of our "free' neutrino beams with the neu-
trino beam that could be generated in the beam dump with which the same collider facility is
Let d be the number of times per day that the collider's beams are
Let N_(N-) be the number of protons (anti-

necessarily equipped®).
dumped, before proceeding to a new refilling.
protons) dumped each time. Let Ny be the number of bunches of the collider. We shall nor-
malize our forthcoming considerations to the parametersz) listed in Table 6. The extracted
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Table 6

Educated guesses of some parameters of future colliders

d N N. N
P P B
(rp) 3 2.5 x 10'° 3564
LHC
(Pp) 3 2.5 x 1013 5 x 10! 108
SSC  (pp) 3 7 x 1013 6000

p's (p's) must be blown up before hitting the dump. If the cone that the blown-up beams form
has an aperture of ~ 1 mrad or less, the neutrinos from the dump are sufficiehtly well
collimated to do experiments with. The c.m.s. energy in the collisions of the extracted
particles with the nucleons in the dump is /s v 122 (194) GeV at the LHC (SSC). The laboratory
energy distribution of the produced charmed particles (and prompt lepton beams) is the same
as that of the particles produced at the pp (pp) collision points. (This is Feynman-x scaling,
broken only by scaling violations in the fragmentation functions, presumably not very impor-
tant for diffractively produced particles). What should be very different at lower c.m.s.
energy is the charm multiplicity UC/GtOt' We shall estimate in Appendix A Oc/Otot to be of
order 2.3% (3.4%) at /s = 122 (194) GeV. Given the approximate equality in shape of the
beam-beam and beam-dump generated neutrino fluxes, the simplest way to compare the two beams

is to compare the normalization of the fluxes, without reference to a particular detector.

The number of leptons of type % produced by all of the dumped Np protons is

NL ~N Ge > G (c) :BR(Q-’,C)E N G,
t

(15)

where we have counted only the most energetic leptons, produced in the decay of the charmed
particles created in the "first generation' proton interactions in the dump. The time-
averaged ratio of the beam-dump flux to the beam-beam flux of Eq. (11) is given by

~1
@L (beam dumr) = 365 o N G; I (éé G Ge
@L (bew-bcm) ) 107' secs T G, e lbol, 2 tot Gt |bb (16)

Substituting the parameters of Table 6 and the quoted cross-section ratios, we obtain

3

23 -2 -
w) < 28 (2‘;) My 0™ om" s ') (LHC) (17a)
By (bb) 2.5-10° £ |

a3
N 107 om*s” SsSC
o (5 [FE) <9
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This means that, on average, the beam-dump v-beam is ~ 3(10) times more intense than the
beam-beam v-beam in the pp versions of the LHC (SSC). In the pp version of the LHC this
intensity ratio would increase to ~v 0(300): The beam-beam generated beams are in this case

of rather low intensity. The transverse size of the beam-dump generated v-beam at a detector
is bound to be bigger that what could be achieved with a beam-beam generated beam. For a
sufficiently wide detector, the number of v interactions per year can be estimated by multi-
plying the numbers in Table 3 by the corresponding flux ratios of Eq. (17). The result of
this exercise for the total number of neutrino interactions per year in our standard

(o = 5 gr/em, L = 25 m) detector is 1.7 x 10° (1.2 x 10%) at the LHC in our optimistic
(pessimistic) model. With our assumption Np(ﬁp) = Np(pp), these numbers apply to the pp
version of LHC as well. At the SSC, the number of interactions is an order of magnitude
larger, to wit 1.8 x 107 (1.3 x 107). It would clearly be nice to be able to afford this
more expensive version of neutrino beams. An interesting remark concerns the number of
neutrino interactions per extracted bunch in our standard detector. To obtain it, divide

the mumber of interactions per year by 365/m (days in a physicist's year), by 3 (the assumed
value of d: dumps a day) and by Ng» specified in Table 6. The results are of the order of 1,
36 and 7 for the pp, Pp versions of the LHC, and for the SSC, respectively. In the last two
cases we may have been comtemplating too large (!) a neutrino detector, unless one can extract

the beam by fractions of a bunch.

The beam-dump generated beams have, in spite of their favorable intensity, several
short-comings that we now discuss. A first, easily solvable problem of the beam-dump gener-
ated beams is the following. The decay length of a charmed particle at the relevant energies
is of order 12 cm (30 cm) at the LHC (SSC), see Eq. (1). This is larger than an interaction
length Ly in a solid target of density p:

fe,; = (Gcw S N, )-“‘ Tom (Sgc:f)( gc{ng!) (19)

Thus, the first few interaction lengths of dump ought to be made of thin, well separated
slabs, to let the charmed particles decay.

A second (unsolvable?) problem concerns the number of hard muons Nu produced per extracted

bunch:

le 0" (LHC, pp)

MmN Ze Canempy v | 531 (4,5 fon )
M Tt 4.0 107 (SSC . PP) (19)

These numbers are so enormous that a costly muon shielding (or several kilometers of soil)
are certainly necessary downstream of any v-detector. In addition, many slow muons are
generated by the decay of ''slow' secondary pions in the dump's interslab spaces. Detailed
physics with these abrupt spills of muons is certainly out of the question. A possible
solution may be to ''dump' the beam on an internal gas-jet target.
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Another interesting question is the comparison between the necessary beam dump that
we have just discussed and a hypothetical 'dedicated' beam dump experiment. Let the collider
be operated as a dedicated proton accelerator for Nh hours/day, and let these protons be
dumped in the dump. Assume the collider to accelerate protons in this mode at a rate of
N = 10t p/minute, where "D'' stands for "dedicated to dumping'. The ratio of dedicated (D)

to necessary (N) neutrino fluxes from the dump is

g0 (25 IO'Z/NP) Lkc

q)m ND

Iy _ 3y _F 3 (20)
N = z‘, b N ;‘l

@v d 107" p's min 30 ( 1.10 /NP) SsC

For our standard choices of parameters, a one hour a day dedicated running produces 80(30)
times more neutrino events at the LHC (SSC) than the necessary beam dump. The total numbers
of neutrino events per standard year per standard detector for N =1 (and our other
"standard" choices of parameters) is summarized in the following table. Clearly the dedicated

Table 7

Comparison of the numbers of neutrino events
(per standard year and detector) in various scenarios

Necessary | Dedicated

Beam-beam beam dump | beam dump

opt. | 6.2 x 105| 1.7 x 10° | 1.4 x 10°

LHC (pp)
pess. | 4.6 x 10%| 1.3 x 10° | 1.0 x 10°

opt. | 1.9 x 10°| 1.8 x 107 | 5.4 x 10°

SSC

pess. | 1.4 x 10%| 1.3 x 107 | 3.9 x 10°

beam dump is the best (though most expensive) option for neutrino physics, while the beam-
beam generated muons are the only useful ones for physics (unless an extremely slow extraction

of protons is feasible).

COMPARISON OF THE COLLIDER'S MUON BEAM WITH OTHER FACILITIES

The very intense prompt muon beam from a collider can be used for the study of p-nucleon
scattering at large Q*, as indicated in Table 5, that refers to total number of events with
Q% > 100 GeV2. Since Q? is a measure of the '"depth' to which the interacting particles are
analyzed, it is also interesting to compare different facilities in terms of expected cross-
sections and number of events in various ranges of Q®. The results of such a comparison are

summarized in Fig. 2, which we proceed to explain.

In Fig. 2a we compare the cross-sections for e+p > e+X and qu’+ u+X scattering in bins
of Q* [N\ = (p+n)/2]. The (ep) results refer to the parameters of the HERA machine and those
of a hypothetical ep collider in the LEP tunnel (Ee = 100 GeV, Ep = 8 TeV). The cross-
sections for the (quﬁ results are averaged over the "pessimistic' prompt muon fluxes that
we have computed for the LHC and SSC machines in Appendix B. All calculations include the
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Fig. 2 Unpolarized neutral current cross-sections and event rates at various facilities.

weak and electromagnetic effects of the standard SU(2) x U(1) model and employ the Q*-

dependent structure functions of Duke and Owens”) .

extend to higher values of Q? than those of the "secondary'" uXN collisions since the center

of mass energy of the former is higher.

that the "effective luminosity'' of the uN collisions on a sufficiently long target is very
high. This is shown in Fig. 2b, where we compare number of events in Q%-bins for a standard

The cross-sections for ep colliders

This effect is partially compensated by the fact

year of running (107 secs). The ep event rates are obtained with a luminosity of 10%% cm
P

whereas the pN results correspond to a pp luminosity of 10°° cm

target (p=5 gr/am®, L = 25 m).

hadron shield, which may diminish the rates by a factor of two.

Fig. 2b are clear.

events.

target experiments are definitely complementary to the ones at a collider.

SUMMARY AND CONCLUSIONS

“2 57! and our "'standard"
We have not reduced the muon flux by the effect of the
The conclusions from
The dedicated ep colliders are superior in terms of possible statis-
tics at the highest values of Q?, the most interesting domain for possible "new physics''.
But the high statistics of pN scattering at lower Q® may permit the search for very rare
Also, nuclei are unlike protons, muons may be different from electrons, and fixed
We have argued that the ''free" prompt muon and neutrino beams from future pp colliders
We believe

are sufficiently intense, energetic and collimated to be of interest to physics.

-2

S

-1

b
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that their potential ought to be considered when choosing the characteristics of these machines.
The most obvious example is the choice between pp and Pp options: we vote for pp.

The physics that can be explored with the prompt muon beam from a pp collider compares
favorably with that of approved or hypothetical ep colliders, at all but the highest values
of Q® > 1000 GeV?, as can be seen in Fig. 2b.

The "'free'" neutrino beams are energetic and intense enough to deserve utilization, but
the more expensive beams from beam dumps equipped with muon shielding are considerably more

intense, as can be seen in Table 7.
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APPENDIX A

CHARM PRODUCTION CROSS~-SECTIONS

Our estimates of prompt lepton fluxes depend linearly on the total cross-section 0. for
charm production in pp (Pp) collisions at vs = 0.1 to 40 TeV. Unfortunately, both the exper-
imental and the theoretical scenario on charm production even at the energies available in
today's accelerators are fairly confusing. The situation (as of July 1983) is sumarized ®)
in Fig. 3. The data are spread over more than an order of magnitude and are sometimes incon-
sistent. The theoretical modelsl°), though allegedly inspired in the same theory (QCD), show
a similar or even larger spread. A glance at Fig. 3 suffices to imagine what the spread of
the theoretical predictions would be, if they were to be extrapolated two or three orders
of magnitude up in energy, to the regime of interest to us. We are faced with an interesting
situation in which we can neither trust theory nor heavily rely on experiment. Our naive

way out is explained in this Appendix.
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Fig. 3 Summary of experiments and models of charm production in pp collisions (from ref. 9).
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In Fig. 4 we have summarized some data for the multiplicities <n,> = o(pp ~ i)/ctOt of
different particles i = ﬂ,K,D,ﬁ,AC in pp collisionsll), n, = o(pp ~ i)/ctot. The few data
points on charm multiplicities that are shown are either directly measured in pp collisigns,
as for the ISR data, or extracted from measurements in nuclear targets with an assumed A’3
dependence (as advocated by Halzen®) whose "data' we have borrowed). The trend of multi-
plicities as a function of energy <ni(s)> for particles of different masses follow curves
that are not dissimilar. To make this statement more precise, we have drawn Figs. 5 and 6.
Fig. 5a shows fits of the form!t) <ny(s)> = a; + b, Ins + CiS%’ for i =, K*, p. The most
naive expectation based on dimensional analysis would be that the production cross-section for
a particle of mass m; is proportional to m{z. That this is approximately correct at high
energy becomes apparent in Fig. 5b, where we have plotted mi<ni(s)>. Obviously this expec-
tation camot be correct close to the different production thresholds S%H. Moreover,

mio(pp > i) is dimensionless, and may be expected to be a function of a dimensionless variable.
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Fig. 4 Particle multiplicities as a function of energy in pp collisions (7,K,p,p and ch from
ref. 11).



17 -

10° g
< T oz
§ g CIRIa= 222573
E a) A F
L -3
i VoL b)
07 = 10
[ logyy (s/1 GeV?) logye (s/1 GeV?)
1073 I ] | | | 103 ] | ] | I
12 16 20 24 28 32 36 12 16 20 24 28 32 36
10° ¢
- 0
> E
W -
= L
N L
&
V0l exp. fits
& F ——— extrapolation
10-3
logyy [(sAsTHl/mz,I
107 I ] I I 1 1 I I
T2 3 4 5 6 1 8 9 10
Fig. 5 a) Fits to some of the particle multiplicities of Fig. 4. b) Multiplicities times

the square of the produced particle's mass.

¢) Same as (b), plotted as a function of the

variable defined in Eq. (Al).
Vs in GeV
c 10 20 50 100 500 103 5 I103 1(:‘ 5 1|o‘
T [ T T T I
s 3 L 5 10 50 100 500 10 5103 10*
T 1 T T T T T T T
1 3 5 10 102 500 103
T T I
10°
r% 10! Oror
- - 0
CR: "D (e*e)” LHO) (SSC)
A c
v -
& [
1072
L * A D
r sDD
10'3:—
10 102 103 10 10° 108 107 108 10°
x= (s-spy)/m?

Fig. 6 Comparison of pion, strange particle
terms of the approximate scaling law of Egs.

and charm multiplicities in pp collisions in
(Al).



- 18 -

In Fig. 5c we ''cure' these problemsg) by plotting m§<ni> as a function of x = (s- S%H)/mi.
The multiplicities <> that in Fig. 5a were displaced by orders of magnitude in the vertical
and/or horizontal directions have now considerably coalesced, and show a striking similarity
in their shape. We have "detected" a rough universal scaling law for the production cross-

)

sections in pp collisions of particles of different masses

me; (pp>i) ~ F(x)

X=X, = (&-Sey)/ M

(A1)

where f(x) is a particle-independent universal function, normalized by construction to vanish
at threshold: f(0) = 0. Clearly, this scaling law could not be expected to be better than it
is: we compare particles with specific charges, neglect all reference to resonances, spin,
isospin, etc. But the scaling law'?), when extended to charm production in the next paragraph,
is presumably better (it is at least more predictive) than what is shown in Fig. 3.

In Fig. 6 we apply the previous considerations to ''total" cross-sections for pion produc-
tion, strange particle and charmed particle production. The curve labelled "n" is '
(?3)m§[<n(ﬂ+)> + <n(n7)>], we have estimated the m° multiplicity to be the average Of mt
and 7 multiplicities. The curve labelled "S" is (?&)m§<n(K+)>, an estimate of the total
strange particle production multiplicity, multiplied by mé. The estimate is based on a
simple counting of the three-body (i.e. pp -+ pAK") and four-body channels (i.e. pp - ppK+K')
that are dominant at relatively low energy. The points for Acﬁ and DD production are those
of Fig. 4, multiplied by mﬁ and plotted in terms of the corresponding x (see Eq. Al). The
points labelled "C'" are underestimates of total charm cross-sections: the sum of the aver-
ages of the KCD and DD points in the same Figure (we have neglected F production, that in
our naive world would be v } of D production: there are two types of F's and four types of D's,
and mp mD). The point labelled D(e+e_) is a guesss) based on the measured D multiplicity
in e'e” annihilation well above threshold, and transferred to a pp energy scale by assuming
seff(pp) " <x2>s(e+e_). The dashed line labelled (7§)<nch> is an estimate of the pion mul-
tiplicity at very high energy, and corresponds to a fit containing a (log)? term. The dotted
line is an extrapolation of the lower energy fit to the pion multiplicity, whose dominant
term at high energy is a simple logarithm. A recent measurement of 3<nch>/2 by the UAS
collaboration is also shown. In estimating charm production at future colliders we shall
conservatively use the dotted line. It corresponds to values of Gc/dtot of 11% and 13% at
the LHC and SSC collider energies, respectively. The values of oc/ctot at the same machine's
beam-dump fixed target energies are 2.3 and 3.4%. Notice that our extrapolation in energy
of the charm production cross-section is a very long shot. But in the sense of our scaling
law in terms of x s/mi, the extrapolation from the UA5 point (for which m, = mﬂ) to the

x-values relevant to charm production at future colliders, is much more modest.

We conclude that a 10% charm production "efficiency' at future colliders is a conser-

vative estimate, that is unlikely to be wrong by more than a factor of 2 to 4, either way.

*) Here we shall not dwell on possible improvementslz) of these naive expressions (e.g. the

substitution of m; by the transverse mass in the definition of x) nor on the comparison
of mi<ni> for different reactions (PP, TP, YP,VP e vs)



- 19 -
APPENDIX B
NEUTRINO AND MUON FLUXES

In this Appendix we give more detailed results for the prompt lepton fluxes as a func-
tion of energy and angle. The corresponding average energies are used in Chapter II to esti-

mate the number of events per year in a standard detector.

Let c(x), with x = EC/E , by the Feymman-x distribution of a given charmed particle in

pp(pp) collisions. We adopt normalized distributions of the form:
n
cx) = (I=x) [(n+1) (B1)

Let L(y), withy = EQ/EC’ be the longitudinal momentum distribution (in an "'infinite"
momentum frame) of a given lepton ¢ in the decay ¢ » & + X (& =V ,ve,u). For a '"'three-
body'" fundamental decay such as ¢ ~ u+vus and in the approximation mg/mé << 1 the normalized

shape of L(y) is

3

Z“Gyz + by for L=p, e (B2a)

L(y) =

3
s _3\/2 + :1;_>, {ior A= vr,yé (B2b)

We do not give here the exact expressions for mg # 0, which are more cumbersome. Let
zy = EQ/Ep be the longitudinal momentum fraction of the lepton in the chain pp+ X'+ c(c+2+X).
The normalized flux of the lepton beam is then

AN '
SN = ) cod) Ly) d(ze-xy) dxdy (B3)

dz, o

for which it is easy to obtain explicit analytical expressions. A good approximation of the
effects of m_ # 0 is to introduce the quantity g = mé/@né—ln;) and make the following correc-

tions to Eq. (BZ)

2,{5 _ 6/33>’2 . L‘_P‘ty.B foﬂ' ,€=/LL,€ (B2c)
Liy) = |
T T P S

We compute the normalized total fluxes of a given lepton type by suming the individual fluxes
we just described (that correspond to a particular charmed particle D, F, AC) with the assumed
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relative weights of particle production given in Table 1. We have checked the above analytical
results against a Monte Carlo calculation (with m, = 2 GeV, m, = 0.5 GeV) that proceeds along
similar lines, and which we shall heavily rely upon for the computation of the angular spread

of the beams.

Figure 7 exhibits our results. The neutrino fluxes are presented as szN/dzv or Ede/dEv,
which is a measure of the distribution of events as a function of energy. The muon fluxes
are shown as dN/dzU. The calculation of the v, fluxes proceeds along similar lines and
involves an extra convolution (or Monte Carlo step) in the case of the ''fast secondary" vT's,
F - GTT(T > vTX). We do not give the (rather obvious) details of this calculation. It is
clear from Fig. 7 that the lepton fluxes are still considerable at energies that are a good

fraction, say 40%, of the machine energy Ep'
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Fig. 7 Neutrino and muon fluxes as a function of z = E(lepton)/E(proton).

In Fig. 8 we give Monte Carlo results for the angular spread of the lepton beams, as a
function of the angle 6 between the lepton momentum and the proton beam direction. For neu-
trinos we show Ev(ev)dN/d cos 6 which represents the event distribution at a detector, as
a function of angle, while for muons we give dN/d cos eu, a measure of the number of muons
in the beam as a function of angle. We investigate various assumptions on the x-distribution
of the parent charmed particles and use a Gaussian Pr distribution with pp> = 1 GeV. Even
if <pp> were to be doubled, the beam divergence is of order 1 mrad. At 100 meters from a
collision point these beams could be intercepted by a target of very modest transverse dimen-

sions.
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Fig. 8 Angular shapes of neutrino and muon fluxes corresponding to <pp> = 1 GeV.

The shape of the muon beam given in Fig. 7 refers to muons as they come from a collider's

But the muons are degraded in energy and intensity as they cross the
We have estimated these effects, but not the

A fair approxi-

mation to the energy loss of a muon in a material of density p and atomic number of weight

(z,A) is given byl“)

_dE _2F(_8 Hev Te
_J;“'R(’+bE/‘)"T<S(Hzo))['z'lzam (1+26u/ o7y )

(B4)

Muons with TeV energies are more than minimum ionizing, due to the effects of bremsstrahlung,
pair creation and nuclear interactions. Eq. (B4) is an approximation to what is theoretically
and experimentally known about these effects. Let EL be the energy of a muon that has trav-

elled a distance L through a certain material. On the average the original energy E, of that

muon is, according to Eq. (B4)

(B5)

£ (6) = L[0esE) e -1]

Let dNo/dE, = ¢(E,) be the original muon flux. The muon flux after an L-meter voyage through

a dense medium is

ol N
o E.

= Q§o ( Eio(EEL) ) 69 (EEL )

(B6)
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in Fig. 9 we show the percentage of produced muons

mox max

E
Ny (L) L AN, f A, )

= ol E
N,,a.*(o) o - OLEL Ie) d'Eo

that survive after a voyage of L kilometers in typical soil material (p = 2.5 gr/cm®, Z = 10,
A = 20). Since the beam is narrow and the original flux of muons is of the order of 10%/s
(for £ = 10%% cm~2 s-!), problems of radiation safety cannot simply be forgotten. Because
of statistical fluctuations that we have not taken into account, the number of muons at
relatively large L is underestimated in Fig. 9. Figure 10 exhibits the shape of the muon
flux after different depths of soil. The results are given in terms of energy (rather than
energy fractions) for the LHC and the SSC, since Eq. (B4) does not exactly ''scale". Again,
the high energy tails of these distributions are underestimated, as a result of the neglect

of fluctuations.

In Fig. 11 we show the shape of muon fluxes after a modest number of meters of iron, a
possible material for a hadron shield. For L < 100 meters, the extra angular spread of the
beam should be smaller than its natural width. This time we give results in terms of a
scaling variable Z rather than the actual energy for the two machines. For the ''short"
iron shields we are considering the breakdown of scaling implied by Eq. (B4) is negligible
in the comparison of SSC and LHC energies. As can be seen from Fig. 11, the muon beam is

still quite intense after a few tens of meters of iron shield.
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Fig. 9 Fractional number of muons as a function of depth as they travel in soil.
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