& 75

FERMILAB-PUB-74-146-E

PI¥R-BC~T74-4

Multiplicity in proton-nucleus interactions at 200 GeV/c

A, GURTU, P,K, MALHOTRA
Tata Ingstitute af Fundamental Researoh Bombay XDOOOE, India

and

S.C. GUPTA, V,K., GUPTA, G,L, KAUL, L.K, MANGOTRA, Y, PRAKASH,
N,K. RAO, M,L, SHARMA
Physics Department, Jamm University, Jammu-Tawi, India

and-

: I.S., MITTRA, P.M, SOOD )
Physics Department, Panjab University, Chandigarh 160014, India

March, 1974



Multiplicity in proton-nucleus interactions at 200 GeV/c

Abstract

Experimental results on multiparticle productidn in
proton-nucleus collisions based on an exposure Of emulsion stack
to 200 GeV/c proton beam at NAL are presented. It is found that
the average charged particle multiplicity <ns> = 13,0 + 0.4,

h
dependence of R__ = <ns>/Knoh>, where <nch> is the charged

D= ((n§>—<n3>2)1/2 = 8,5 + 0.4 and <N, > = 7,3 + 0.2. Energy

particié multiplicity in pp collisions, is investigated in the
range 7.1 to 8000 GeV/c, R, attains a constant value of
1.71 + 0,04 beyond 200 GeV/c and furthermore this value of R,

implies an A dependence RA =_AO'13. Predictions of Rem on
various models are discussed and coﬁpared with the emulsion
data, It is found that even for p-nucleus collisions D
increases linearly with <ns> with about the same slope as for

pp collisions,



Last few yéars have 8een a considerable spurt of interest
in the study of hadron-nucleus interactions, There are a
variety Qf‘reasons for this revival. First and foremost is the
phenomenal success of Glauber theory [1] which has made it
possible to correctly incorporate the muclear effects. The
second reason is‘the realisation that it may be possible to
test the different modék;df multiparticle productioh in hadron-
nucleon coliisions by confronting their predic%ions for
multiparticle'production'in hadron-nucleus colligions with the
experimental data [2-6]. The tﬁird reason is the unique
possibility that hadron-nucleus collisions cffer for studying

the space-time development of the particle production process [E].~

Because of its unique spatial and ionisatibn resolution,
an excellent producer-detector for studying hadron-nucleus
collisions is the nuclear cmulsion (<4> = 73), which isfmainly
composed of Ag, Br, G, N, O, and H, Approximately 719b
(39% in Ag and 32% 4imn Br) of the collisions occur in the heavy
nuclei, Ag and Br, 2596 in the light nuclei, C, N and 0, and

dnly 49b in hydrogen.

In this note we present our results on multiplicity in
proton-emlsion collisions at 200 GeV/c and analyse the
available data in the range of 7.1 GeV/c to 8000 GeV/c to draw
conclusions on multiplicity distribution and models of multi-

particle production,



A stack of Ilford G5 emulsion pellicles was exposed to the
200 GeV/c proton beam at the NAL in September 1972. The emulsion
plates were scanned carefully by the method of area scanning and
events were classified according to the‘associated Nh,_the black
and grey prongs having g < 0,7, and ng, the shower particle

mltiplicity (minium ionising) correSpdnding to g 2 0,7. In

this way a total of 1530 events with N, 2 2 were recorded.

The scanning efficiency for events with Ny 2 2 is found
to be 0,98, The ratio of the number of events with 2 { N < 5 to

that of N_ > 2 is 0,35 + 0,02, compared to 0,38 + 0,03 obtained
by Cuer et al, [j] who obtained their events by the 'along the
track' scanning method. This indicates that our sample of events
with Ny > 2 has neglegible loss, if any, of events with low Ny .
The detection efficiency for shower particles, from a track by
track comparison of two independent assignmeﬁts carried out for

a sample of events, was found to be € = 0,90 + 0,01, In ﬁhat

follows, unless otherwise mentioned, necessary correction has

been applied for the detection efficiency € .

It is interesting to note that the highest multiplicity
observed in an event is ng = 54 (uncorrccted for € ) and this
event has Ny = 18. The highest observed n, for N =2 events
is 23, These numbers may be compared to néh = 22, the highest
multiplicity observed in pp interactions at 205 GeV/c [9]. The

highest observed N is 39 (having ng = 22),



Fig.1 shows the dependence of <n > on Ny at 200 GeV/c,
The data fOr'Nh > 2 is our own while the two points at Nh =0
and 1 have been obtained from Babecki et zl., [8]. As can be
seen, <nS> seems to increase linearly with Nh uéto atleast

Nh = 22, vThe line drawn is the best fitv of thc fornm

S o (1)

(ns> = a N

to our data with N 2 2. The best fit valﬁés are a = 0,63 + 0,04,

=8,5 + 0,2 with X2 = 18,0 for 18 points (16 DOF). The
values of <ns> =8.,5 + 0,2 and 9.1 + 0,2 for Nh = 0 and 1
respectively, obtained from our fit, may be compared with the
corresponding values of 8,51 + 0,38 and 9,03 + 0,59 cbtained
. by Babecki et al. These values may also be compared with
<nch> = 7.64 * 0.17 observed in pp interactions at 205 GeV/c
Eﬂ. ‘This indicates that nuclear effects arc not neglegible
even for Nh = 0 and 1 events, Fig,1 also shows the dependence

of <ng> on N at 7.1 GeV/e and 23.4 GeV/e (0] for comparison

Before we proceed further it should be mentioned that in
order to obtain quantities for Hh > 0, i.,e, for an average
p-emulsion collision, we have used the data* of Babecki et al.
[€] for N, = 0 and 1 and our own for N > 2. For this purpose
we have used 27,4 + 1.2 and 72.6 * 2,2 as percentages of events
with Nh <1 and Nh > 2 respectively; these are weighted averages
of the values obtained by Cuer et al., and Babecki et al,
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*¥ We are grateful to J, Gierula for providing us with n,
distribution for Nh = 0 and 1 events obtained by Babeckl et al,
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Following the procedﬁre outlined above, we obtain the

average charged shower particle multiplicity
> =13.0 + 0.4, .. (2a)
the dispersion

D= (<> - <ns>2)1/2 = 8,5 + 0.4 .. (2b)

and the average Nh

<M> =7.3 + 0.2 e (3)

for Nh > O, l.€, for an average p-erulsion collision, at
200 GeV/c, All possible sources of errors have heen taken into
account iﬁ arrivihg at the above errors. These valucs nay be
compared with <n > = 12,9 * 0.4, <N > = 7.4 * 0.2 [7{] and

o =13.1 & 0.3-Eﬂ obtained in the other 200 GeV/c
 p-emulsion experiments. The weighted means of the three

investigations at 200 GeV/c are <a> = 13.0 % 0.2 and

N> = 17.35 * 0.1,

An important quantity of interest is the ratio of average
multiplicity in emulsion to that in pp collisions,
Ry = <ns>/<nch>, which may be used as a test to distinguish

between different models, Using <n,> = 7.64 * 0.17 at 205
GeV/c [9], we obtain

it

em 1.71 + G, 06 for our data and
Ry, = 1.71 + 0,04 o (4)

for the weighted mean <ns> at 200 GgeV/e.

Fig.2 shows a plot of Rem as a function of Prap from 7.1

GeV/c to 8000 GeV/c. The data used is listed in Table 1, The



values of <nch> for pry { 27.9 GeV/c have been obtained from
the best fit described in Ref. [15] and for 69 GeV/c and 205 GeV/c
from Refs, [16] and [9] respectively. The values of <n,,> for

= 1000 to 8000 GeV/c have been calculated from

Prab
> = - 3.02 + 1,81 (In s), which is the best fit to the
accelerator and ISR data in the range P, = 69.0 GeV/c to
1500 GeV/ec, Thus, one finds that the value of Rem shows a
slow increase in the region of 10 to 68 GeV/c and attains an

essentially constant value of 1.71 + 0.04 in the region of 200

to 8000 GeV/c.,

In order to abstract the A dependence of <ns> at a given

energy, we may express it as
- a
<ns(A)> = <n0h> A

R, = <nS(A)>/<n > = A% ' .. (5a)

ch
where <nch> is the average charged partiole mltiplicity in pp
collisions at the same energy. Using the data in Fig.2 and
averaging over the emulsion composition, we have evaluated the
~exponent o at various energies., We find that ¢ increases from
~0 at 10 GeV/ec to 0,12 at 68 GeV/c, and beyond 200 GeV/c it

attains essentially a constant value of

@ = 0,131 + 0,005 .. (5b)

Thus, not only iS.Rem nearly constant at Plab > 100

GeV/c, its absolute value of 1 71 + 0,04 implies an A dependence

— — —— ———— e, e S g s — o

* The dgta uoed is for momenta %:n GeV/c Ql, 102[1f%
205[9], 3030181, 4050171, 259(19], 510[19 2o 1080119,20],
1498 19 The ISR data of Refs. (19,20 have been appro—

prlately corrected for the fact that they used a constant

value of 63, .(pp) = 32 FRjge have scaled <n., > by 32, 0/6%, (s)
where Sinel?e% 23, 9 g0 849 as given by Morr%gon 21_;r el
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of the type A7 ', which is very slow indeed,

Before we compare the predictions of the different nodels
for Rem? we shall discuss fhe experimental results on multiplicity
distributions in pp and p-nucleus collisions., There has recently
been a great deal of interest in the dependence of
D= (<n§h> - <n0h>2)1/2 on <n_,> in p-p collisions. The first
observation of an important regularity between 1,y and D in
proton-nucleon collisions was made over ten years age by
Malhotra [22] who noted that <n,,>/D a2 right fron 9 GeV/c to
104 GeV/c, This regularity was explered in morc detail by
Czyzewski and Rybicki [23], Malhmguli [24] and
finally Wroblewski [25] who gaVe a more exact linear relation-
ship in the range 4 to 70 GeV/c, Using the data compiled in
Ref, DB] and the more recent NAL data [9,16=18] we have carried
out a fit in the range 12.9 to 405 GeV/c and find that

D=a<n,>+b .o (6a)

a = 0,581 + 0.004, b = -0,558 + 0,007 .. (6b)
with x® = 12.6 for 13 data points.

In order to test the validity of a linear relation of
type (6a) for p-nucleus collisions we have plotted in Fig, 3,
D vs, & > for Ny > O (curve 4), N > 9 (curve B) and pp .
- collisions (cuse C - based on Eq.6).. The data used are
compiled in Table 1. The results of a fit of the type (6a) are

summarised in Table 2. The following observation can be nmade:



(i) the linear relation (6a) is well satisfied by N Z 0 as
well as N > 9 data, (ii) the slope ‘'a' for N > O is

0.63 * 0.02, which is only slightly greater than that for pp
collisions but the intercept'?b}'is apprcelably greater,
resulting in significantly greater D/%ns> for p-emulsion
collisions compared to pp collisions and (iii) the slope for

N, 2 9 is significantly less than that for N > O events,

Similar observations have also been made by Babecki ot al. [8].

While interpreting observation (ii) it should be noted
that emulsion being a composite material, we are dealing with
a sum of four (Ag, Br, CNO, H) different n_ distributions,
Even if the relation between D and <ns(A)> for a p-nucleus
collision was the same as that for a pp collision, the presencec
of four components in p-emulsion collisions would lead to an
increase in the ratio D/<ns>. To estimatc this effect we
calculate <nS(A)> and D, for each component using Eqgs.{(5) and
(6) and adding them appropriately we obtain <> = 12,9 and
D = 17,2 for p-emulsion collisions at 200 GeV/c, This yields
the calculated value D/<nS> = 0,56 for enulsion, which is
- greater than 0,51 for pp data but ruch lower than the observed
value of Q,65 for p-emulsicn collisions at 200 GeV/c (see
Table 1). Thus, we find that the composite nature of emulsion
cannot entirely explain the observed high value of D/<ns>

for emulsion,



In order to understand (iii) we first note that the
gelection N, 2 9 implies that the data is restricted to
collisions in Ag and Br only and furthermore to relatively
central ones, i.e, those in which the number of collisions,
suffered by the incident particle, is relatively large. Clcarly,

such a truncation would lecad tc a high value of <ns> but not

go high D, thus qualitatively explaining the observation (iii)}

Before we consider the predictions of the different
models and confront the same with the experimental data presented
above, it is necessary to calculate < Lém>, the average nunber

of proton-micleon inelastic collisions in emulsion nuclei.

If Pv is the probability of L/ collisions in a nucleus

with atomic weight A, then

Cus o BYR _EmlG e @ heg,
I - £ * e
™ 7(b)
and 63,(4) =2n [ [1-e 1 v an Tee (8)

where 63 and GEn(A) are the p-nucleon and p-nucleus inelastic
bross sections, respectively, and T(b) is the number of mucleons
per unit area in the path of the incident proton at impact
parameter b, For the density distribution of the nucleus, we
have used Wood-Saxon form (with C=1.07 al/3 fr1), which is known

to be a good representation [1]. The & dependence Of <‘LGR
0. 326

so obtained can be expressed as <‘Lh> = 0,716 A for
6y, = 52.0 mb, i.e. at 200 GeV/c, Note that < LJ;> has an energy

dependence since 6, depends on s; we have used Gin(s) as given
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by Morrison [21]. In this way, we obtain < 1/ > = 2,72, at
200 GeV/c (Sin = 32,0 mb), averaged over the emulsion
composition, Note that this value is significantly lower than
3.2 obtained [6] using a uniform density distribution for the

nucleus,

We now consider the predictions of the different models
of multiparticle production in proton-nucleus collisions. In
thé simple cascade model (see e,g, Refs. 3, 5a) one assSumes
that the incident hadron collides successively with a number of
_nucleohs inside the nucleus producing secondary particles at
each collision. Each of the secondaries may in turn saffer
further collisions leading to a build-up of an intranuclear
cascade., It is rather well known'that such a model grossly
overestimates multiplicities and <Nh> in proton-nucleus colli-
sions, particularly at high encrgies, Curve A in Fig,2 shows
the results of a calculation by Fishbane et al. [5a] based on
the multiperipheral model and Glauber theory for the propagation

of the secondary partielés.

‘Attempts have been made to refine the cascade calculation
by taking account of the fact that the secondary particles at
high energies are highly collimated, Different recipes have
been used, OCurve B in Fig.2 presents the results of Artykov
et al, [?Q]‘who have assumed that because of high collimation
'a 1érge number of secondary pértioles interact with one and

the same  intranuclear nucleon', As can be geen thelr predictions
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agree rather well with the data upto about 1000 GeV/c, beyond
which there are indications of disagreement, However, even

this refined cascade calculation leads to far too high values of
<Ny > for pp_, > 50 GeV/c, e.g., at 200 GeV/b the predicted value

is 13.0 + O.6 whereas our experimental value is 7,3 + 0,2,

In the diffractive excitation model the particle
production takes place through the diffractive excitation of the
nucleons (fireballs, novas or isobars). Since each nova decay

leads to <nch>/2 particles, one can easily show that

" < b1>
RA =5 (< L1> +1) - 0,5 25;;3— .. (9)

where the second term is a correction to take account of the
fact that in a nucleus nearly half‘Of the nucleons are neutrons.
Using the value < L@m> = 2,72 obtained above for emulsion, one
finds that R = 1.68 at ZOOAGeV/b. Curve C in Fig.2 represents
the prediction of the Eq,(9). As can be seen there is a very
good agrecment between the predictions and the data, This model
also predicts that inelasticity for p-nucleus collisions showld
be nearly same as for p-p collisions which is in agreement with
observations [?T]. However, it should be pointcd out that the
simple diffractive excitation model fails [24] to explain the
charged particle multiplicity distribution and the observed

energy dependence of <nch>/D in pp collisions,

We next consider the hydrodynamical model due to Landau

[?3]. This model predicts cnergy dependcnce of mulbtiplicity in
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1/4

Pp collisions as <nch> = a s which is in good agreement with
the data [ﬁﬁ]. An extension of this model to a hadron-nucleus
collision implies'that at high enough energies the hadron will
essentially collide with <))A> nucleons at rest, where < Lﬁ?

is the mean number of nucleons contained in the 'tube' traversed

by the incident hadron. After carrying out a rather complex

computation, Belenkij and Landau [?3] give following prediction

Ry = 0.19 .o (iO)
However, since in this model multiplicity grows as s1/4 and for
a hadron-nucleus collision s, = s < bﬁ>, ignoring transverse
motion one expects |

R = < Lﬁ>1/4 = 0,92 70-08 REED

A

0.131+0, 005

which may be compared with the experimental result R,=A ,

given by Eq.(5). It is not clear why (10) and (11) differ so

much even at high energies, It seems to us that there is a

need for a better computation of A dependence of R, on Landau's
model, Finally, we note that Landau's model predicts essentially
the same linear relation between D and ng for p-nucleus collisions

as for PP collisions,

Reoently Gottfried has proposed an energy flux cascade
model [E] for hadron-nucleus collisions, In common with DLandau's
model, this‘model assumes that the energy flux of hadronic matter
is the essential variable that governs the early evolution of the
system, and it is a cascade of this flux, and not of conventional

hadrons, that occurs in a nucleon-nucleus collision, The
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essential difference.between the two models lies in the temporal
structure of the developing state, e.g., whereas in Landau}s
model the expansion phase is relatively slow, in Gottfried's
model the expansion occurs with a rapidity close to that of

the incident particle. An important prediction of Gottfried's

model [6] is that

R =% (< ))A> +2) +0 (1n'1 s) o (12)

A
If we ignore the O(ln_1 s) term which is quite small even at

200 GeV/c, then it implies that R, = 1.57 at 200 GeV/c, Curve
D in PFig,2 represents the predidfion of Bq,(12), We consider
the agreement to be rather good; the slight deviation at 200
GeV/c may imply that transverse motion, which is neglectecd in
arriving at Eq.(12), cannot be altogether ignored at energics as
low as 200 GeV/c, This model also scems %o explain, atleast
qualitatively, features such as low <N > at py, > 200 GeV/e,
near independence of inelasticity of A and the observed nuclear

1n (tan 6) distribution in emulsion at 200 GeV/c [6,7].
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6a
Table 2. Results of fits to Eq. (124) together with QLZ over

nunber of degrees of freedomn,

Ny g - AP ot P A (i B . S S P e s e D T M S (il Sl R O M S S o i A SR o g PV S ] T i S PO W A

——— D A Sy P " o S A b S e S i VTS O S PR el S S S Bt

pp 12.9 - 400 0,581 + 0,004 =0,558 + 0,007 12.6/11

N, >0 7.1 -8x10° 0,63 + 0,02 -0.17 # 0.06 5.8/6
m,>9 7.1 - 3t o 0.49 002 0,05 +0.08 12.8/5
¥xio” ’
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Figure Captions

Dependence of <n > on N at 200 GeV/c, 23.4 GeV/o [10] ana
7.1 GeV/e [ﬁd]t Line shown is the best fit representing

Ba. (1) to our data with N, > 2.

Dependence of Rem On Dy, pe The 200 GeV/c point represents

il

the value obtained by using <ns> 13,0 + 0.2 which is the

weighted mean of the value obtained in this, Cuer et al. [T]

and Babecki et al., Jg€] investigations, Sec- text for

explanations of the curves 4, B, C and D,

Plot of the dispersion D vs. <ns> for Nh > 0, Nh > 9 and

pp data., The lines A, B and C are the best fits represented:
Q.
by Eq. (126) to the data,



<Ng>

PROTON - EMULSION COLLISIONS
" © 200 GeV/c [This work]
24} @ 200 GevV/c [8]

A 23-4 Gev/c [10]

+ 7-1 Gev/e [i0]
20} %

16
12
8 A
4 )

4?_ AAA\AA 4

A

4’.-+++++++*+ + + o+ + +

. i 4 i i 4 i L i 1 1
o) 4q 8 12 16 20 24 28 32




(9/ A09) "4
2 30l &

©
o

¥ —_m__-._

1
o

|
©

<®Pus>/<tu> = Yy



18}

l6—

|4}
Ay i

o N
I T

D= (<n§>-—-<ns>2.)
Q0
l L 3






