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The low-PT region of secondary pions, the sea and valence quark distributions in the

projectile and the target, and rapidity correlations among secondary pions are investigated

in interactions of 50-GeV/c m with nuclear emulsion placed in a strong magnetic field.

The existence of a sharp peak in the .region of Pz (0.12 (GeV/c) for positive and nega-

tive pions in the forward and backward hemispheres in the center-of-mass system is ex-

plained on the basis of resonance formation. The production of secondary pions is ex-

plained on the basis of the quark-antiquark-recombination model. We have used the

valence and sea quark distributions in the pion for explaining the m+/m. ratio. We find

an enhancement in the number of sea quarks with an increase in nuclear-target size.

Single-particle and two-particle inclusive rapidity distributions have been studied. The
rapidity-difference distributions and the normalized correlation function R have also been

investigated. It is found that no positive correlations among secondary pions are evident

at this primary energy.

I. INTRODUCTION

Interactions with nuclear targets at high energies
has become a topic of considerable interest in re-

cent years. The reason for this interest is mani-

fold. Such a study will provide information about
the space-time evolution of hadronic final states.
%e can understand how the h-h interaction is
modified by the presence of other nucleons in the

target. The role of the nucleons in multiparticle
production processes can also be gauged in these
interactions. The quark structure functions of the
projectile and the target can also be determined.
In this paper, we study the low-PT spectra of the
secondary particles, the sea and valence quark dis-
tributions in the projectile and the target, and fi-
nally the correlations among the secondary parti-
cles at 50 GeV/c tr interactions with emulsion
nuclei. The justification for this kind of study is
given in the following paragraphs.

The production of resonances has played a dom-
inant role in high-energy interactions. It is, there-
fore, natural to explain all the interaction charac-
teristics in terms of the resonant states. A parame-
ter of singular importance in high-energy interac-
tions is the low transverse momentum (PT) of the

secondary particles. Its uniqueness lies in its
strong damping and invariant distribution with

respect to the primary energy and kind of primary
particle. Due to its invariant characteristics, it was

considered to be an uninteresting parameter. How-

ever, in the last few years, attempts have been

made to relate the low-PT behavior to the mecha-
nism of particle production. An interesting work
on this aspect is that of Yen and Berger' who have
shown that the steep forward peak in Pr can be at-
tributed to the decay of nucleon resonances pro-
duced peripherally. It would be quite interesting to
explain the low-PT behavior at different primary
energies following this prescription. This approach
is all the more attractive since even the large-PT
behavior has been accounted for on the basis of the
formation of clusters (generalized resonances).
Hence, there exists a possibility of developing a
unified approach to the low- and high-PT phenom-
ena.

Recently the quark-antiquark-recombination
model of Das and Hwa has been applied success-
fully to single-particle inclusive hadron production
in the low-Pz region. According to this model
a valence quark (antiquark) picks up an antiquark
(quark) from the sea to form a meson at low PT.
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The recombination of quarks and antiquarks from
the sea accounts predominantly for the production
of mesons in the nondiffractive low-PT region.
Duke and Taylor have used this recombination
process to explain the production of various had-
rons in p-p collisions. The model has been exten-

sively applied by Biswas et al. for determining
valence and sea quark distribution functions of the
pion in rr p interactions at 200 GeV/c. DeGrand
and Miettinen have predicted the cross section of
secondary pions produced in association with a
massive dilepton pair on the basis of this model.
Until now low-PT meson production in hadron-
nucleon interactions alone has been studied on the
basis of the recombination model. It would be in-

teresting to apply this model to hadron-nucleus in-

teractions also.
The existence of correlations among the secon-

dary particles produced in nucleon-nucleon or
nucleon-nucleus interactions at high energies has

been clearly established in the last few years by a
number of investigators. Correlations and cluster
production has played a dominant role in under-

standing the basic features of multiparticle produc-
tion in high-energy interactions. Experiments at
Fermilab and CERN ISR have found correlations
to be nonzero and positive over some regions of the
phase space. Correlations are present because the
secondary particles are the decay products of a
mass of nuclear matter called a cluster, produced
at the point of interaction. The idea of the in-

dependent emission of clusters is applied in under-

standing the observed positive short-range two-

particle rapidity correlations in the central region.
Most of the investigations on correlations have

been carried out at very high energies ( & 100
GeV/c). In an earlier work at cosmic-ray energies
(0.1 —2600 TeV), some of us have shown the
dependence of cluster size and strength of correla-
tion on primary energy. It was found that with in-
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FIG. 1. PT distributions of positive secondary pions in (a) backward and (b) forward hemispheres and of negative
secondary pions in (c) backward and (d) forward hemispheres in m N interactions. The forms of the solid lines which
represent best fits to the data are described in the text and their values are given in Table I.
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creasing primary energy the correlations among the
secondary particles become stronger and the size of
the cluster also becomes larger. It would be in-

teresting to investigate whether positive correla-
tions are present in interactions at lower energies.

The experimental details of the present work are
given in Sec. II. In Sec. III A, the low-transverse-
momentum distributions are studied for three
classes of events, namely, (i) n~ =0, 1, (ii) nI,

=2,3,4, and (iii) ni, )8, where nI, is the heavy-

prong multiplicity. The PT distributions of posi-
tive and negative pions have been studied separate-
ly. The distributions have been further studied for
forward and backward hemispheres in the center-
of-mass system which is essentially the projectile
fragmentation region and the target fragmentation
region, respectively. We find an existence of a
sharp peak for Pr &0.12 (GeV/c) for all the
three classes of interaction. This characteristic is

explained on the basis of decay of nucleon reso-
nances produced peripherally. We have also ob-
tained information about sea and valence quark
distributions in the pion and in the emulsion nu-

clei. Our sea and valence quark distributions in
the pion compare well with those obtained by
Biswas et al. and our sea and valence quark dis-
tributions in the emulsion follow the same form as
those of Duke and Taylor. In Sec. IIIB, the de-
tails of the recombination model at small x
(x &0.5) are given. We also discuss the various
m.+/~ ratios as functions of x in Sec. III 8.
These m+/m ratios are well explained on the basis
of the recombination model. In Sec. III C, we in-

vestigate the existence of correlations in these in-

teractions. We find that no positive correlations
are evident among the secondary particles at the
level of statistics of the present experiment. This
result is consistent with an earlier paper where the

TABLE I. The values of the slopes which are the best fits to the data are given for positive and negative secondary
pions produced in forward and backward hemispheres for the three classes of interactions. A is the value of the sharp
slope, whereas B is the value of shallow one. The values of g per degree of freedom (DOF) for A and B are also given.

Reaction
Backward hemisphere

g /DOF B X'/DOF
Forward hemisphere

g /DOF B g /DOF

Figs. 1(a), 1(b)
~ N~m++ anything
Figs. 1(c), 1(d)
m X—+m + anything
Figs. 2(a), 2(b)
n. CNO~~+ + anything
Target mass=CNO mass
Figs. 2(c), 2(d)
~ CNO m++ anything
Target mass=proton mass
Figs. 3(a), 3(b)

CNO~m + anything
Target mass=CNO mass
Figs. 3(c), 3(d)
m CNO —+m. + anything
Target mass=proton mass
Figs. 4(a), 4(b)
n AgBr —+m+ + anything
Target mass=AgBr mass
Figs. 4(c), 4(d)
m AgBr~m+ + anything
Target mass=proton mass
Figs. 5(a), 5(b)

AgBr~~ + anything
Target mass=AgBr mass
Figs. 5(c), 5(d)
m AgBr —+m. + anything
Target mass=proton mass
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dependence of correlations on p
'

ryrima energy had
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n. %e discuss below the various
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cussed.

II. EXPERIMENTAL DETAILS
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50-6 V/c n meson beam under a p
ic field having a strength of aboutout 170 kG atnetic ie av'

The ulsed magneticthe Serpukhov accelerator. e p
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tween the F coordinates, and a=dip angle of the
track.

Using the above relations, the effective value of
the magnetic field (H,rf) has been calculated. The
curvature of the primaries has been measured. The
value of (H,rt ) comes out to be = 167.5+3.54 kG.
The relative error on the momenta measurements
is comprised of the errors due to magnetic-field in-

tensity and distortions in the emulsion. Again, the
error in D is due to the Coulomb scattering and
the emulsion distortion. The Coulomb scattering is
quite small compared to the scattering due to the
strong magnetic field and hence its contribution
can be neglected. It has been shown by Tolstov
and Shabratova" that as a first-order approxima-
tion the distortion correction may not be taken into

f' l s -100account in the case of strong magnetic fields—
kG for the particles of momenta & 50 GeV/c in

BR-2 emulsion (present stack). However in order
to minimize the thstortion effects we have adopted
the following criteria in the selection of interac-
tions. (i) The interactions lying in the middle pelli-
cles of the emulsion have been chosen and hence
the interactions lying within the 50 pm from the
emulsion surface or 50 pm from glass side have
been discarded. (ii) The cutoff limit on the edges
is taken to be 5 grids all around.

The criteria for selection of tracks for measure-
ments are as follows. (a) The available projected
length should be greater than 500 pm. (b) Tracks
which suffer more than one nuclear scattering at
consecutive points less than 400 pm apart have not
been considered. (c) Maximum possible track
length is followed up. (d) The track segments ly-

ing within the 50-pm region either from emulsion
surface or from glass surface have been discarded.

101

(a) BACKWARD HEMISPHERE

1T CN0~1T + anything
-N dPT' TARGET MASS= CNO MASS

—10
1

FORWARD HEMI SPHE R E
TI CNO ~ 1T+ anything
RGET MASS = CNO MASS

10 ..—0 —10

—1
10

—2
10

(
Ndp 2

I I I I I I I I I I I I I I I I I I I I I I I

c ) BACKWARD HE'Ml SPHERE
Ti CNO = 11 + anything

TARGET MASS=PROTON MASS

t

It it
it

it -&& ~

it t t

'''' 10'
(d ) FORWARD HEMISPHERE

TT CNQ —11 Manything
T MASS=PROTQhf MASS

10 —100

it
-- 10

—1

Ig

—2

—1
10

it -- it

—2
10

I «
0.40.0 O. 2

10I I t I I I I I I I I I I I I I I I I I I I I I I I I I

0.6 0.8 1.00.4 0.6 0.8 0.0 0.2
P [(cev/c) j

condar ions in (a) and (c) backward and (b) and (d) forward hemispheres inFIG. 3. PT distributions of negative secondary pions in a an c
the tar et mass is equal to CNO mass whereas in c an e arge() () g

been taken equal to proton mass. The forms of the solid lines which represent est i s o e
text and their values are given in Table I.



26 STUDY OF LOW Pr-SPECTRA, SEA AND VALENCE QUARK. . . 2207

The charges of the shower particles were deter-
mined with the following criteria in mind. (I) All
the produced secondary particles are singly
charged. (2) The primary particles have negative
unit charge.

Following the aforementioned criteria, the total
number of events selected for measurement were
found to be 846. The number of events having

n~ ——0, 1, nI, ——2, 3,4, and n~ )8 are found to be
233, 171, and 302, respectively. The average mul-

tiplicity of the events in the above three cases is
5.6, 7.1, and 10.7, respectively. These three type of
interactions can be assumed to belong to nucleon,
CNO, and AgBr targets, respectively. As is usual
in emulsion experiments, events with n~ ——0, 1 have
been assumed to be interactions with single nu-

cleons of the target. This classification has been
followed in an earlier work. ' The n~ ——0, 1 events

are either due to collisions with pure H nuclei or
due to collisions with the heavy emulsion nuclei.
In the latter type of collisions, since the events
have zero or a very small momentum transfer to
the nucleus, the interactions are effectively with a
single nucleon and the rest of the nucleus remains
a spectator during the collision. The production of
fast secondary particles takes place only in the ini-
tial hadron-hadron collision. The larger the value
of n~, the larger is the contribution of nucleons to
the collision process. The value of n~ reflects the
number of nucleons that have participated in the
interaction. Again, it has been shown earlier' that
events with nI, & 4 have been considered to be
hadron —light-nuclei (CNO) interactions. In order
to ensure a high percentage of light-nucleus in-

teractions in the sample, events with n~ ——5, 6, and
7 have not been taken into account, since such
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events could also come from collisions with heavy
nuclei. Events with n~ & 8 are clearly interactions
with AgBr nuclei. ' This paper is based on the
largest statistics of the data at 50 GeV/c in nuclear
emulsions reported so far.

III. RESULTS AND DISCUSSION

A. Low-transverse-momentum distributions

In Fig. 1 the transverse-momentum distributions
of secondary positive and negative pions are plot-
ted, for backward and forward hemispheres in the
center of mass of pion-nucleon systems, respective-

ly. In each of the four cases, a sharp peak
[exp(APr )] is clearly indicated for Pr &0.12

(GeV/c) and a shallow peak [exp(BPT )] is ob-
served for Pr & 0. 12 (GeV/c) . The values of A

and B which yielded the lowest X are given in
Table I for each case. The solid lines in the distri-
butions are the best fits to the data. The values of

and g /DOF for the exponential curves for dif-
ferent distributions are also given in Table I. The
method adopted for calculating 7 values is the
same as followed in an earlier paper. ' lt is evi-

dent from Table I that the values obtained have a
fairly good confidence level.

In earlier work, ' we observed a similar sharp
peak [exp( 24PT )] for—PT &0.12 (GeV/c) and a
shallow peak [exp( —3.1PT )] for PT &0.12
(GeV/c) for charged pions in 22.8 GeV/c proton-
nucleon interactions. Akerlof et al. ' and Ratner
et al. ' have also observed similar sharp peaks.
Akerlof et al. ' have observed a sharp forward
peak [exp( —15PT )] for PT &0.12 (GeV/c) and a
shallow peak [exp( —2.8Pr )] for PT &0.12
(GeV/c) for charged pions in 12.2 GeV/c p-p col-
lisions. In the work of Akerlof et al. ' the trans-
verse momentum is measured at a fixed value of
the longitudinal momentum (PI ——0.6 GeV/c),
whereas in this paper the PT distribution is given
for all values of longitudinal momenta. We have
also distinguished between the pions produced in
the forward and backward hemispheres. The ex-
periments of Ratner et al. ' give a sharp forward
peak [exp( —10Pr )] for low PT values of p-ositive

pions in 500, 1100, and 1500 GeV/c p-p collisions.
The transverse-momentum distributions for the

secondary positive pions produced in the forward
and backward hemispheres in the reaction
m CNO~m++ anything are shown in Fig. 2. In
Figs. 2(a) and 2(b), the target mass is taken to be

equal to the average value of CNO mass for calcu-
lating the value of y, in order to distinguish the
secondary pion, whether it is in the forward hemi-

sphere or in the backward hemisphere. In Figs.
2(c) and 2(d), the target is taken as a proton for
calculating y, . Similarly, Fig. 3 showers the trans-
verse-momentum distributions for the negative
pions produced in the reaction m CNO —++
+ anything, for forward and backward hemi-

spheres and for target mass taken as the average of
CNO mass and proton mass. In each case, there is
a sharp peak and a shallow one. The values of the
slopes are given in Table I. The solid lines
represent the best fits to the data.

In the forward hemispheres, comparing the dis-
tributions in Figs. 2(b) —2(d) in the case of positive
pions and in Figs. 3(b) —3(d) in the case of negative
pions, we find that the form of the distributions
are exactly the same. This means that the basic
features of nucleon-nucleus interactions are nearly
similar to those of nucleon-nucleus interactions.
This result can also be understood from the fact
that at high energies the Lorentz factor does not
change appreciably from the primary collision to
the secondary collisions, as all these collisions in-
volve low momentum transfer (soft collision).
Baroni et al. ' have calculated correlation func-
tions in proton-nucleus interactions at 300 GeV/c
assuming the target as a proton. All these factors
show that we are justified in considering the target
nucleus as a nucleon for calculating the Lorentz
factor y, . Moreover, considering the nucleon-
nucleus interactions from a "microscopic" point of
view according to the Field and Feynman pic-
ture, one valence quark from the projectile scatters
elastically from only one valence quark in the tar-
get. If this were not so, there would be a cascade
of secondary particles for exceeding the observed
experimental multiplicity in such interactions.

Figures 4 and 5 show the transverse-momentum
distributions for positive and negative secondary
pions in forward and backward hemispheres in the
m. AgBr interactions. For calculating the Lorentz
factor y„ the distributions are drawn for two
cases, (i) where target mass is equal to the average
of AgBr mass and (ii) where target mass is equal
to proton mass. As in the CNO case it is found
here also after comparing the distributions in Figs.
4(b) —4(d) in the case of positive pions and in Figs.
5(b) —5(d) for negative pions that the form of the
distributions remains the same even when the
AgBr mass is replaced by proton mass. In each
case, there is a sharp slope and a shallow one, the
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values of which are given in Table I. The solid
lines represent the best fits to the data. Thus,
nucleon-nucleus interactions behave essentially as
nucleon-nucleon type of interactions.

Yen and Berger' have explained the sharp for-
ward peak in the PT distributions of hadrons as
due to the decay of peripherally produced nucleon
resonances. The peak in the low-I'T region is due

TABLE II. Various valence quark distributions and the total valence-quark momentum in
the pion are shown. Field-Feynman and Dao et al. distributions are from Refs. 20 and 23,
respectively. The sea quark distribution is of the form F,=A (1—x& ) from which various
values of A are calculated for different N applying the given constraint on total sea momen-
tum.

Valence quark
distribution in

pion F„(x~)

Total Constraint on A A A A

valence-quark total sea-quark for for for for
momentum f„momentum f, %=5 %=6 %=7 N=8

( ~ )V xi(1 —xi)
( —,6 )V x)(1—x) )'

Field-Feynman (Ref. 20)
Dao et al. (Ref. 23)

0.40

0.29

0.32
0.42

0.60

0.71

0.68
0.58

1.02
0.87

1.19
1.02

1.36
1.16

1.53
1.31

0.90 1.05 1.20 1.35

1.07 1.25 1.43 1.61
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FIG. 6. The 7T /7T ratio R as a function of —x in the emulsion (backward hemisphere) in 7T interactions with the
average mass of emulsion nuclei. The solid curve represents the model prediction discussed in the text.

to the small Q values of the resonances and the
large ratio of resonance mass to pion mass. Re-
cently, Whitmore has also explained the PT spec-
tra of m, E, , and A by assuming them to be the
decay products of p, K~(890), and X(1385) using
the Monte Carlo simulation technique. ' The im-

pressive agreement with the experiment shows the
strong contribution of resonances. We find a peak
in the low-Pz- region not only for forward pions
but also for backward pions. This has been ob-
served for both positive and negative pions. In the
present interactions, the nucleon resonances are

probably produced both in the forward as well as
in the backward directions. It would be quite in-

teresting to verify if the low-PT distribution of
pions produced in different targets at different pri-

mary energies can also be described by the above

approach.

B. Recombination model in the central region

The secondary hadrons (pions) can be produced
via two processes: (a) A scattered valence quark
(antiquark) may pick up an antiquark (quark) from
the sea or (b) the quarks and antiquarks from the
sea alone may recombine to produce a hadron.
The possibility of valence quarks fragmenting into
more valence quarks and then being available for
recombination among themselves or with sea
quarks is discounted, because at low transverse
momentum Pr & 1 GeV/c) and in the low-x region
(x (0.5) for which our data is available, the colli-
sion is "soft" and hence practically no valence
fragmentation takes place. Valence fragmentation
takes place in "hard" processes only. Das and
Hwa have shown that valence-quark fragmenta-
tion cannot contribute more than about l%%uo of the

TABLE III. Values of g /DOF for N in 7T N, 7T CNO, and 7T AgBr interactions, for
various distributions obtained from different valence quark distributions and sea quark dis-

tributions as prescribed in relation (2) in the text. Field-Feynman and Dao et al. distribu-
tions are from Refs. 20 and 23, respectively.

Valence and sea — x1(1—x1) — x1(1—x1) Field-Feynman Dao et al.3 15 2
4 16

distributions and and and and
in the pion Fs(x1)=A (1—x1) Fs(x1)=A (1—x1) Fs(x1)=A(1—x1) Fs(xi)=A (1—x

Reaction N g /DOF N g /DOF N g /DOF N g /DOF

7T CNO
AgBr

2.546/5
3.213/6
6.736/5

1.792/5
2.616/6
6.091/5

1.395/5
2.361/6
6.013/5

3.733/5
4.149/6
7.227/5
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proton, the ratio of these integrals become approxi-
mately -F„(x)Fq(0)/F~(x)F„(0) -u (x)/d (x),
which is consistent with the observation of Ochs.

In the backward hemisphere, we followed Duke
and Taylor in determining the distribution func-
tions. For the functions F„(x)=xu (x) and
F~(x) =xd (x), we used the Field and Feynman
valence quark distributions plus the sea quark dis-
tributions of Duke and Taylor. This has been
achieved by subtracting the Field-Feynman sea dis-
tributions from their fits to xu (x) and xd (x) and
adding the sea distributions of Duke and Taylor.
All the sea quark (u, u, d, and d ) distributions are
of the form F„,(xi ) =q, (1—xi )", as determined by
Duke and Taylor in p-p collisions. Also, the
momentum fraction carried by the various partons
in the proton in our case is taken to be the same.
Although our target is composed of emulsion nu-
clei and not of protons only, even then these
valence and sea distributions explain the ~+/~
ratio very well.

In the forward hemisphere (that is, in the pion
fragmentation region) we followed the work of
Biswas et a/. in evaluating the valence and sea
quark distribution functions. As the valence quark
(antiquark) distributions in the pion are not well

determined, we assume four different forms of the
valence distribution functions (Table II). The first
two forms have been suggested by Biswas et al. '
The third distribution represents the Field and
Feynman parametrization for the pion valence
quark distributions, which approaches a constant
value at large xi. Dao et a/. have calculated the
pion valence quark distributions for dimuon pro-
duction in m.-p interactions assuming a Drell-Yan
process, which has been considered as the fourth

function. Each assumed valence quark distribution
is normalized so that

1

J [F„(x,)/x, ]dx, =1,
and the total momentum fraction f„carried by the
valence quarks is given by 2 F„(x&)dx&. The

0
details of the valence quark distributions and the
total valence momentum fractions f„are given in
Table II. The distributions for each of the sea
quarks and antiquarks (d, d, u, u ) in our analysis
is assumed to be of the form F, =3 (1 —x i) . For
determining the m+/n. ra.tio 8 as a function of
Feynman x, the ratio of integrals in relation (2) is
evaluated using the aforementioned sea and valence
quark (antiquark) distributions. Since there is
practically no valence fragmentation in low-PT re-
gion (PT & 1 GeV/c) according to Das and Hwa,
the positive pions in the forward hemisphere (pion
fragmentation region) will come from the recombi-
nation of quarks and antiquarks from the sea only,
whereas the secondary negative pions will have the
contribution of two valence quarks (d and u ) from
the incident vr There. fore, in relation (2), both
the functions F„and F& in the numerator are of
the form F, =3 (1—xi ), whereas in the denomi-
nator one is the sea quark function and the other is
one of the four assumed valence quark functions.
Both A and N are varied to obtain the best fits to
the data for the m+/m. ratio R. However, A and
1V are not determined arbitrarily, but are evaluated
according to the momentum sum rule. The
momentum fraction carried by the sea quarks is
& 1 f„as the mo—mentum fraction attributed to
valence quarks is f„. Neglecting the insignificant
momentum contribution of strange sea quarks in
the pion, we have the momentum constraint that

TABLE IV. Values of P /DOF for single- and double-exponential distributions for different types of inclusive in-
teractions.

Distribution type

dn/dr =He
B X'/DOF

dn /dr =He '+ Ce
B C D y2/DOF

~ N ~m+m + anything
n N m.+~+ + anything

N ~m m + anything
~—CNO~w+w + anything
m CNO~m+m+ + anything
m CNO~m m + anything
m AgBr —+m+m + anything
m AgBr —+m.+sr+ + anything
m AgBr —+m m +anything

2.1+1.0
1.8+1.1

2.0+1.1

2.2+1.1

1.9+ 1.1

1.9+1.0
2.3+ 1.0
2.5+1.0
2.4+1.1

2.2+0. 1

1.8+0.2
2.1+0.2
2.4+0.2
2.1+0.2
2.0+0. 1

2.4+0. 1

2.6+0. 1

2.7+0.2

20.8/24
8.9/19

20.2/20
24.1/24
16.8/20
8.8/22

25.3/24
16.3/23
30.8/22

1.9+1.0
1.4+1.2
2.1+1.2
1.4+1.5
2.0+1.2
2.0+1.2
2.2+1.0
2.5+1 1

2.5+1.3

2.2+0.2
1.8+0.6
3.0+0.7
3.1+1.2
2.7+0.7
3.0+0.6
2.4+0.2
2.9+0.3
3.4+0.7

0.2+0.2
0.4+0.5

0.15+0.4
0.9+0.9
0.1+0.2
0.2+0.3
0.1+0.4
0.1+0.4
0.15+0.5

2.1+0.4
1.9+0.6
0.2+0.8
1.9+0.9
0.1+0.7
0.4+0.4
2.4+0.3
0.7+0.3
0.6+0.6

20.8/24
8.9/19

16.0/20
23.7/24
15.5/20
5.7/22

25.3/24
14.8/23
27.9/22



26 STUDY OF LOW Pr-SPECTRA, SEA AND VALENCE QUARK. . . 2213

1

f, =4 J F,(xi)dxi

=4A/(N+1) .

The values of the constraint on total sea momen-
tum f, and A for N =5, 6, 7, and 8 are given in

Table II for different valence distributions.
Following the above-mentioned procedure, we

evaluated the valence and sea quark distributions
in the pion in m. N, m CNO, and m AgBr in-

teractions. The valence and sea quark distributions
have also been evaluated in the target in the back-

ward hemisphere taking the average mass of the
emulsion nuclei which is -73.

Effects of resonances in secondary pion distribu-
tions in the proton fragmentation region has been
studied by Roberts, Hwa, and Matsuda. They
observe that the model of Das and Hwa is still ap-
plicable if the contribution of resonances is taken
into account. Biswas et al. have studied their dis-
tributions in two different ways, (a) by neglecting
resonance production and (b) by subtracting the es-

timated resonance contribution to inclusive pion
distributions. They find that their valence plus sea
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FIG. 9. Rapidity-difference (r) distributions of
charged secondary particles produced in ~ N interac-
tions for (a) m+m. , (b) ~+m+, and (c) m ~ adjacent
pions in ordered rapidity space. The solid curves in (a),
(b), and (c) are the predictions of single exponential dis-
tributions given in Table IV.
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FIG. 10. Rapidity-difference (r) distributions of
charged secondary particles produced in ~ CNO in-
teractions for (a) m+~, (b) ~+m+, and (c) n. m. adja-
cent pions in ordered rapidity space. The solid curves in

(a), (b), and (c) are the predictions of single-exponential
distributions given in Table IV.
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quark distributions obtained from the model fall
somewhat below the experimental points in the
former case. According to Duke and Taylor, if the
resonances, which contribute more strongly to the
m. +/m ratio at small x, are taken into account,
then only the magnitudes and shapes determined
for the sea distributions will change. In other
words, this is supported by Van Hove, who has
suggested that the hadrons produced in the central
region (low-x region) mainly result from hadroni-
zation of the excited gluon sea. This means that
resonances in the low-x region come from the ex-
cited gluon sea, thereby changing only the magni-
tudes of the sea distributions and not the form
which remains as I', =A (1—x I ) . Considering
these factors, we have not subtracted the resonance
contribution to the pion distributions, and have
evaluated the sea distributions for the low-x region
(x (0.5) for which our data is available. Again,
we are justified in considering the whole of the
low-x region (0.0(x (0.5) for the reasons given
above.

Figure 6 shows the experimental distribution of
the ~+/m. ratio 8 as a function of x in the back-
ward hemisphere. The secondary pions considered
here are produced from all the nuclei of the ernul-

sion at small x (x (0.5). Values of R have been
combined for all the emulsion nuclei in order to
augment the statistics. Hence, in this target frag-
mentation region we are studying the m+/m ratio
for the average mass of all the emulsion nuclei.
This ratio can be well explained on the basis of the
recombination model. The solid line in Fig. 6
represents the theoretical distribution obtained fol-
lowing the method adopted by Duke and Taylor.
The sea distribution which gives the best fit to the
data in our case is F, =0,80(1—x& ). The momen-
tum fraction carried by various partons remains
the same as in the case of Duke and Taylor. The
X /DOF for the distribution is 0.998/5, which
gives a fairly good confidence level. It can be con-
cluded here that the various valence (u, d) and sea
(u, d ) distributions in proton obtained by Duke and
Taylor can also be successfully applied to explain
the secondary pion production from the larger
emulsion nuclei.

The m. +/m ratios R as a function of x in the
forward hemisphere (pion fragmentation region) in
m N, m. CNO, and m AgBr interactions are given
in Figs. 7(a) —7(c), respectively. In Fig. 7(a), we
fitted the four different distributions obtained from
each of the four different forms of valence quark
distributions combined with the sea distribution of

the form A (1—x& ) to the ~+/n. data in m. X
interactions as prescribed by relation (2). The de-
tails of the valence and sea quark distributions are
given in Table II. The value of X and consequent-
ly of A is varied to obtain the best fit. The magni-
tudes of 3 for different values of N which saturate
the momentum sum rule in various distributions
are also shown in Table II. The values of X thus
obtained from the best fits and the values of 7
and X /DOF for each distribution are given in
Table III. The various lines in the figure represent
the best fits to the data for which the X values are
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FIG. 11. Rapidity-difference (r) distributions of
charged secondary particles produced in m. AgBr in-

teractions for (a) n.+m, (b) m+m. +, and (c) m ~ adja-
cent pions in ordered rapidity space. The solid curves in

(a), (b), and (c) are the predictions of single-exponential
distributions given in Table IV.
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FIG. 12. Two-particle inclusive rapidity distributions in the c.m. system for all combinations of secondary pions pro-

duced in interactions (a) m N~m. +m + anything, (b) m N~m+m. + + anything, and (c) m. N~m m. + anything, as a

function of single-particle rapidities.

the lowest. Similarly, we obtained the best fits to
a+/~ data in the pion in m CNO and w AgBr
interactions which are shown in Figs. 7(b) and 7(c),
respectively. The values of N obtained from the
best fits and values of 1 and X /DOF for each
distribution in these cases are also given in Table
III. It is evident from the X /DOF values that all
the theoretical fits to the data have a fairly good
confidence level.

The value of N is 5 or 6 in m N interactions as
well as in m. CNO interactions, but it increases to
7 or 8 in the case of m AgBr interactions when we
consider different model parametrizations as
prescribed by relation (2) (Table III). This can be
explained as follows. The interaction time in-

creases with the increase in target size, because the
valence quarks of the projectile have to traverse a
longer distance in the larger nucleus. A larger
number of quark-antiquark pairs are produced in

the sea because of the longer time available. These
quarks and antiquarks recombine to produce secon-
dary mesons, thereby giving higher multiplicity in
hadron-nucleus interactions. Now as the total
momentum fraction of sea quarks f, is constant in

hadron-hadron and hadron-nucleus interactions,
this fraction of momentum is distributed among a
larger number of sea quarks reducing the individu-
al share of momentum of each sea quark to very
small values. Therefore in hadron-nucleus interac-
tions the sea distribution will fall sharply with an
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FIG. 13. Two-particle inclusive rapidity distributions in the c.m. system for all combinations of
duced in interactions (a) m CNO —+m+m + anything, (b) m CNO~m+n. + + anything, and (c)
~ CNO —+~ ~ + anything, as a function of single-particle rapidities.
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increase in x. Hence, we can conclude that the
value of X is directly proportional to the number
of sea quarks produced in an interaction.

It can be seen from Table III that each of the
four distributions obtained from various valence
distributions combined with sea distributions give a
good description of the data. Since the difference
among the four model predictions is very small, it
would need high statistics to establish a sharp dis-

tinction between the various models. Our low-

event statistics forbids us to achieve this purpose.
It would, however, be interesting to study the sea
and valence quark distributions in nuclear targets
and make a comparative study of the models in a
high-statistics experiment.

C. Correlations among secondary particles

In this paper, in order to display the inclusive
distributions we choose the rapidity variable

] E +PLY=—ln
2 E —PI

where E and PL are the energy and the longitudi-

nal momentum of the secondary pion. The two-

particle normalized correlation function is usually
defined as

0;„d 0./dy)dy2
R( Y„Y2)= —1,

(do ldy, )(do /dy, )

NTN2( Yt, Y2) —1
N i( Yi )N i( Yq)

where NT is the total number of inelastic events in
a particular interaction, Nq( Y„Y2) is the number
of pairs of tracks with rapidities Y~ and Y2, and
N

~ ( Y~ ) and N ~ ( Y2 ) are the number of secondary
particles with c.m. rapidities Y& and Y2, respec-
tively.

Figure 8 shows the single-particle inclusive
rapidity distributions of secondary pions produced
in three types of interactions, namely, (a) rr N, (b)

m CNO, and (c) m AgBr interactions, respective-

ly. The solid line shows the positive-pion distribu-
tion whereas the dashed line shows the negative-

pion distribution. The distributions in all the three
cases are narrow and sharply peaked, lacking a pla-
teau in the central region. This is so, because no
correlations are evident among these secondary
pions. The narrowness of the distributions is ex-
pected due to the low primary energy. It is seen
that in all three cases the negative-pion distribution
is slightly shifted toward higher values of rapidity
than the positive-pion distribution. This may be
because of the contribution of the incident negative
pions which have not been taken out of the data.
From Fig. 8, it is evident that the peak of the dis-
tributions shifts toward lower values of rapidity
with the increase in target size. Also, an increas-
ing percentage of secondary pions populate the
lower values of rapidity, that is in the backward
hemisphere, with the increase in target size. These
results are in agreement with the model of Capella
and Krzywicki. They suggest that dN /d Y in-
creases appreciably with v in the central region as
well as in the fragmentation region of the nucleus,
where v is the average number of subcollisions and
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FIG. 14. Two-particle inclusive rapidity distributions in the c.m. system for all combinations of secondary pions pro-
duced in interactions (a) m. AgBr~m. +n. + anything, (b) ~ AgBr —+m.+m++ anything, and (c) m AgBr~m m

+ anything, as a function of single-particle rapidities.
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can be regarded as effective target mass. The v
dependence is negligible in the fragmentation re-

gion of the projectile. The maxima of the rapidity
distribution moves toward smaller values of rapidi-
ties with an increase in V. This is because the
average energy of a subcollision is decreasing with
an increase in the average multiplicity which is
proportional to v. Thus we find that all these
features which are present in our data can be ex-
plained well on the basis of this model.

It has been shown that the existence of correla-
tions can be determined by means of rapidity-
difference distributions. In another paper we sug-

gested a model-independent method of determining
the strength of correlation and cluster size and its
dependence on primary energy. If there is in-
dependent emission of secondary pions and hence
absence of correlations, the rapidity distribution
will be narrow and a sharply peaked one. The
rapidity-difference distribution for such pions can
be explained by the single exponential distribution
of the form

dn, /dr =de

This view is supported by Quigg, Pirila, and Tho-

(a) lT N ~ET Tl + anything (a) 1T CNO ~ Ti 1I + anything
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FIG. 15. The two-particle correlation function R
plotted as a function of the difference between the rapi-
dities of the two pions in the reactions (a) n. N
—+~+a + anything, (b) m N~m+m++ anything, and
(c) n. N~m m. + anything.

FIG. 16. The two-particle correlation function 8
plotted as a function of the difference between the rapi-
dities of the two pions in the reactions (a) ~ CNO
~n.+m + anything, (b) m. CNO~m+m+ + anything,
and {c)m. CNO~m m + anything.
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mas who have suggested that a single exponential
behavior of the rapidity-difference distribution es-
tablishes the production of uncorrelated particles,
preferably with large gaps (r). Deviations from
the exponential behavior at small rapidity gaps
demonstrates the existence of short-range positive
correlations. If a double-exponential distribution
of the form

dn/dr =He "+Ce

fits the data well, this would mean that there is
production of correlated particles from the decay
of clusters (explained by the first exponential term)
over and above the background of independently
emitted particles described by the second term.
Thus a sharp peak at small values of the rapidity
difference indicating strong two-particle correlation
can be understood. This behavior is also in agree-
ment with the multiperipheral model proposed by
Snider in which the secondary particles are the
decay products of the clusters formed at the ver-
tices in a multipheripheral chain.

In order to determine the best theoretical curve
which would fit the observed rapidity-difference
distributions, single- and double-exponential distri-
butions were tried using an IBM 360 computer.
Various values of the parameters were tried in the
equations. It was found that both the equations
yielded nearly the same value of 7 . The method
adopted for calculating 7 values is the same as
followed in an earlier work' in which dependence
of cluster size and strength of correlation on
inelasticity in cosmic-ray interactions was studied.
The value of X and X /DOF for single- and
double-exponential curves for different distribu-
tions are given in Table IV.

Figure 9 shows the two-particle rapidity-
difference (r) distributions of adjacent secondary
pions, ordered in rapidity space produced in m. X
interactions. Figure 9(a) shows the rapidity-
difference distribution of adjacent ~+m combina-
tion. Figures 9(b) and 9(c) show the distributions
for adjacent ~+a.+ and m m combinations,
respectively. It is clear from Table IV, that both
single-exponential distributions and double-
exponential distributions for these three cases yield
approximately the same value of 7 /DOF. Hence
it can be concluded that no correlations are evident
at the level of statistics of the present experiment.

Following the same procedure, the two-particle
rapidity-difference distributions were calculated for
adjacent combinations of m+~, m+~+, and m m

in m CNO and m AgBr interactions and are

(a) tT Ag Br = H TT + anything
0.

-Q.8-

I I I I I I l I I I
-1.2

—4 0 —2.0 0.0 2.0 4.0
(b) Tt AgBr ~TT TT + anything

Q.Q-

w Q.4-

(z-0.8—

—1 2— I i I i . i l

—4.0 -2.0 0.0 2.0 4.0
(c) Tt AgBr ~Tt TT+ anything

-0.4—

-0.8-

4.0-4.0 -2.0 0.0 2.0
Y2 —91

p y1
=-2+ 1

ay1 = 0+1
y1 -+2+1

FIG. 17. The two-particle correlation function R
plotted as a function of the difference between the
rapidities of the two pions in the reactions (a) n. AgBr
—+m+m + anything, (b) m AgBr ~~+a.+ + anything,
and {c)m. AgBr ~~ m. + anything.

shown in Figs. 10 and 11, respectively. The curves
represented by the solid lines are the predictions of
the single-exponential distribution whose parame-
ters are given in Table IV. It is evident that the
single-exponential distributions can well explain the
behavior of particle production in all the cases.
Hence, it can be concluded that no correlations are
evident at the level of statistics of the present ex-
periment.

Two-particle rapidity distributions and normal-
ized correlation function R have been used by vari-
ous investigators to study the existence of short-
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range positive correlations among secondary ha-
drons in high-energy interactions. Following this
alternative approach we investigated the existence
of correlations in these interactions. Figures
12(a) —12(c) show the two-particle inclusive rapidi-

ty distribution for particle combinations of ~+~
~+a.+, and ~ ~, respectively. It is observed that
d n/dY~ dYz peaks around Yz —Yi -0. The
shapes of these two-particle distributions are not
any narrower than that of the single-particle
rapidity distributions, thus signifying the absence
of correlations. In Figs. 13 and 14 are shown
two-particle rapidity distributions of secondary
pions produced in m. CNO and m AgBr interac-
tions, respectively. Here also the shapes of the dis-
tributions are similar to their respective single-
particle distributions, thus showing the absence of
correlations in these interactions. In the case of
m AgBr interactions the peaking shifts a little
backward and is not around Yz —Y& -0. The ex-
planation for this shift is similar to that for
single-particle rapidity distributions discussed ear-
lier.

Next, we study the behavior of the normalized
correlation function R as a function of the rapidity
separation Yz —Yi for different values of Y&. In
Figs. 15(a)—15(c), we show the correlation func-
tion R plotted against Yz —F& for particle combi-
nations m.+m, m+m+, and ~ m, respectively, for
m %interactions. Similarly, Figs. 16 and 17 show
the plot of correlation function R as a function of
rapidity separation Yz —Y~ for different values of
Y& in a CNO and ~ AgBr interactions, respec-
tively. The value of R in all the cases is below
zero and does not follow any pattern. Thus, no

short-range positive correlations are evident in
these interactions. It must be remarked that there
is an inherent difference between the correlations
among the like and unlike pairs of pion. The
correlations among unlike charged particles are
dynamical in origin but those among like charged
particles are due to the Bose-Einstein effect. This
has been discussed by Whitmore and Kenney. '

Following the three approaches as described
above, it is clear that no positive, short-range
correlations are evident among the secondary parti-
cles produced in light and heavy nuclear targets at
a primary energy of 50 GeV/c, at the level of
statistics of the present experiment. This result is
not totally unexpected. It is in agreement with the
earlier work by some of us where we have shown
the dependence of strength of correlation on the
primary energy. As the primary energy decreases
the correlation strength also decreases, reaching a
point where it is absent. It has been shown ear-
lier that the strength of correlation increases with
multiplicity. Although the average multiplicity in
the present interactions is much larger (=10.7) for
AgBr than for nucleon target (=5.6), yet the corre-
lations have not been observed for both types of in-
teractions. This points to the conclusion that it is
not the multiplicity but the primary energy that is
the dominant criterion for the existence of correla-
tions. The determination of correlations at several
energies above 50 GeV/c would enable one to find
the value of the primary energy at which correla-
tions set in. This kind of investigation would be
interesting in order to understand the dynamics of
cluster formation, which would lead to a better
understanding of multiparticle production.
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