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Correlations among the produced particles in interactions of 800-GeV protons with nuclei in pho-
tographic emulsion provide evidence for nonindependent production of the secondary particles. As-
suming particle production in clusters, the analysis implies an average multiplicity of about 3

charged particles per cluster.

I. INTRODUCTION

This paper reports a study of proton-nucleus interac-
tions based upon an exposure of nuclear photographic
emulsions to an 800-GeV proton beam at the Fermilab
Tevatron. The analysis of the single-particle spectra has
been reported previously,! and here we concentrate on
the correlated two-particle spectra. For this analysis we
include also the lower-energy data obtained in previous
emulsion exposures to proton beams. The study of corre-
lations in particle spectra can provide information on the
fundamental particle production mechanisms in high-
energy hadron-nucleus interactions. The dependences of
correlation strengths on projectile energy, target mass,
and target fragmentation provide constraints on the vari-
ous models that have been developed to describe such
collisions. These include the additive quark model,? the
dual parton model,? the coherent tube model,* the hydro-
dynamic model,’ the multichain model,® and the quark-
string model.” Correlations among the produced parti-
cles should be seen in any model which allows for pro-
duction of clusters, whether those clusters arise through
uniform fragmentation of color tubes/strings or through
some other mechanism. In our analysis the first three
models mentioned above are used because they provide
published predictions which are readily comparable to
our experimental results.

In the additive quark model, the proton-nucleus in-
teraction is treated as a superposition of multiperipheral
quark-quark interactions. Hadronization of the slower
quarks in this multiperipheral ladder may occur inside
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the nucleus leading to some cascading. In the dual par-
ton model, a color-exchange phenomenon splits each in-
teracting nucleon into a quark-diquark system. The pro-
jectile diquark interacts with the target nucleon valence
quark, and the projectile valence quark interacts with the
target nucleon diquark. In multiple collisions, other
struck target nucleons interact similarly. In these super-
position models, long-range correlations among the pro-
duced particles arise because of fluctuations in the num-
ber of interacting quarks (or diquarks).®

The coherent tube model is a collective model (like the
hydrodynamic model) in which each of the quarks of the
incident particle interact independently with a coherent
tube of target nucleons. The size of this tube is deter-
mined by the quark-nucleon cross section. The number
of interacting quarks and nucleons fluctuates in each
event and must be averaged over in the calculation of the
correlations.

The paper is organized as follows. Section II contains
a brief description of the experiment and data analysis.
In Secs. III-VI the results of the correlation analysis are
presented. Section III discusses the long-range correla-
tions, Sec. IV the two-particle short-range correlations,
Sec. V the analysis of the pseudorapidity gap distribu-
tions, and Sec. VI the correlations in two angular vari-
ables. A summary and conclusions of this study are
given in Sec. VII.

II. EXPERIMENTAL DATA

The data sample analyzed consisted of 1718 inelastic
proton-emulsion nucleus interactions at 800 GeV. The
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data were obtained by scanning the emulsions using, typi-
cally, 500 power magnification under a microscope. For
each inelastic interaction the trajectories of the produced
particles were measured with a precision of =1 um in
each of the spatial coordinates. Each trajectory was
characterized by two angular variables, the emission an-
gle 6 and the azimuthal angle ¢. As usual for emulsion
experiments we use the pseudorapidity variable
n= —In(tan6/2), where 6 is the measured emission angle
of the produced particle in the laboratory system. For
this data set, the average number 7, of produced relativ-
istic (8>0.7) particles was 7, =20.02%£0.29, and the
dispersion D of the multiplicity distribution was
D =11.98+0.25, as discussed in Ref. 1.

The integrated two-particle correlation function® f, is
related to the moments of the multiplicity distribution by
f,=D?*—#,. If the particles were emitted independently,
i.e., if the multiplicity spectrum followed a Poisson distri-
bution, f, would be zero. For our data f, is large and
positive (f, =124+11) which suggests that there are par-
ticle correlations in the data and indicates that the angu-
lar correlations between the produced particles should be
examined.

One of the advantages of an emulsion detector is the
ability to study simultaneously target fragmentation and
particle production. In the usual terminology, protons
knocked out of the target nucleus (which are identified by
their range and ionization) are denoted by n, and less en-
ergetic, singly or multiply charged target fragments by
ny. It has already been demonstrated that n, is related to
the average number ¥ of intranuclear projectile-target nu-
cleon collisions.” Thus, the data may be separated into
samples with a fixed number of intranuclear collisions by
fixing n,. This permits the final state to be treated as a
superposition of ¥ projectile-nucleon collisions.

III. LONG-RANGE-CORRELATION STUDY

In a hadron-nucleus collision each quark-quark or
quark-diquark interaction is assumed to give rise to a
cluster of particles. It is the fluctuations in the number of
such interactions (i.e., in the number of clusters) that
gives rise to the observed long-range correlations.

To search for these we have examined the correlations
between particles produced in different pseudorapidity in-
tervals. In particular, we have examined the forward and
backward multiplicities ny and ng, respectively. The for-
ward and backward pseudorapidity regions were defined
in the pp center-of-mass (c.m.) system, i.e., np=n;
(Me.m.20) and ng=ng (9., <0). For an 800-GeV pro-
ton incident on a proton at rest, 7. ,, =0 corresponds to
7=23.72 in the laboratory system.

In Fig. 1 the observed dependence of the average num-
ber of particles produced in the forward (backward) re-
gions is shown as a function of the actual number of par-
ticles in the backward (forward) hemisphere. Similar
data'® for pp collisions at the same c.m. energy (V's ~39
GeV) are included for comparison. Assuming a linear re-
lationship, one finds that

fip=(0.3140.03)ny +(5.7+0.4) (1)
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FIG. 1. Average number of particles produced in the back-
ward (forward) region vs the number in the forward (backward)
region. (@)7Az vs ngp; (A)Ap vs ng. The dashed-dotted line
represents pp data for both 71z vs ny and 7y vs ng.

while
fig=(0.861+0.07)n+(3.2£0.8) . (2)

The slopes in these equations are referred to as the long
correlation parameters. Their values indicate a strong
correlation between the backward-produced particles and
the forward-produced particles, but only a weak depen-
dence exists in the opposite case. A similar effect was re-
ported for proton-nucleus interactions at lower energies'’
but no such correlations were observed in pp collisions,
where there is a symmetry between the forward and
backward regions. This may indicate that the strong
dependence of 7i; on ny in proton-nucleus interactions is
due to multiple collisions of excited hadronic matter in-
side the target nucleus. In addition to this asymmetry be-
tween the forward and backward hemispheres, the corre-
lations observed for proton-emulsion collisions are
stronger than those observed in pp data. Our result for
the long-range correlation strength, b =0.8610.07, is
much larger than the value for pp data,'® b =0.15, at the
higher CERN ISR energies of Vs =62.8 GeV.

Information about the number of particles produced in
the forward and backward hemispheres for three incident
energies is summarized in Table I. It is evident that the
relative numbers 7 /fig of particles produced in the two
hemispheres are constant over the energy range 67-800
GeV. Furthermore, the relative fraction of particles pro-
duced in each hemisphere scales with energys; i.e., the ra-
tio is approximately constant when divided by 7. This
indicates that 77y and 7fiz depend on energy in the same
way as 7i,; i.e., they are proportional to In(s) (Ref. 1).
Note, however, that the number of particles produced in
the backward hemisphere is larger than in the forward
hemisphere at all energies.

To investigate the range of the forward-backward
correlations, well-separated pseudorapidity windows Anp
and A7y were used, rather than averaging over the entire
hemisphere. The range of the correlations was deter-
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TABLE I. Number of particles produced in forward/backward hemisphere.

Energy

(GeV) '_IB ﬁF ﬁF/ﬁB ﬁg/ﬁs ﬁp/ﬁs
67% 5.31%£0.14 4.50+0.09 0.85%0.03 0.57£0.02 0.48+0.01
200° 7.19£0.21 6.2910.10 0.87+0.03 0.57+0.02 0.45+0.01
800° 10.79+0.35 8.85+£0.29 0.82+0.04 0.541+0.03 0.44+0.02

?Alma-Ata—Cracow-Dubna-Leningrad-Moscow-Tashkent—-Ulan Bator Collaboration, Institute of Nuclear Physics, Cracow, Re-

port No. 787/PH, 1972 (unpublished).

®Alma-Ata-Leningrad—Tashkent Collaboration, E. V. Anzon et al., Yad. Fiz. 22, 787 (1975) [Sov. J. Nucl. Phys. 22, 407 (1975)].

‘Reference 1.

mined by dividing the available pseudorapidity intervals
in each hemisphere into windows of width Ay =1 unit.
The long-range correlation parameter was recalculated as
the separation between windows increased. Figure 2
gives the slope of the dependences of 7iz on np and 7 on
ny as the window separation increases from O to 4 pseu-
dorapidity units. It is evident that the strength of the
correlation is reduced by looking only in the narrow
(Anp=1) pseudorapidity windows. Although the stronger
correlations are of short range, between the adjacent win-
dows with O separation, some long-range correlations ex-
ist for separations out to about 3 units of pseudorapidity.
In order to compare our results with the dual parton
model, the data were analyzed with asymmetrically
chosen windows separated by 1.5 units in pseudorapidity,
as suggested in Ref. 3. The forward region in the pp c.m.
system was assumed to be the range 0.25<7n. ., <1.25

while the backward region was taken to be
—2.25<m. m < —1.25. With these choices the long-
range correlation value was determined to be

b =0.41+0.03. The dual parton model predicts the
long-range correlation parameter to increase with energy,
since it depends on the dispersion D which increases with
energy. In addition, the model predictions are dependent
on target mass. Some specific predictions are, for a “Ca
target, b =0.20 at 200 GeV and b =0.36 at 1000 GeV;
for a 13!'Xe target, b =0.27 at 200 GeV and b =0.56 at
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FIG. 2. Long-range correlation parameter (b) vs separation

in pseudorapidity: ()7 vs ng; (A)Aig vs np. Lines are to guide
the eye.

1000 GeV. The average atomic mass number of an emul-
sion target is 70, so our data at 800 GeV should lie be-
tween the “°Ca and the '3!'Xe model predictions at 1000
GeV. Therefore our value of b =0.41£0.03 is consistent
with this model.

The dual parton model assumes that the slope b is re-
lated to the number of particles emitted in a cluster by

_ ﬁéﬁ , 3)
where

Dip=ngng —fghp , @)

Dip=nm.ag , (5

and 71, is the average number of particles per cluster.
From our data a value of 7i, =3.0911. 6 is obtained.

IV. TWO-PARTICLE CORRELATION FUNCTION

The normalized two-particle correlation function is
defined as

P2(11,7,)
R,(n,m)=—""T"—""-1.0, (6)
2= (1)
where
1 do
pn(m)-a dn M
1 di
(Mpn))=———"7, (8)
P2\ o dndn,

and p; and p, are the single- and two-particle densities,
respectively. Practically, R, can be obtained from the
counted number of single particles and number of parti-
cle pairs as

Nina N2 (11,712)

Ry(mpmy)= N, ()N (11,) -1, )
where N, is the total number of events in the sample,
N, (7,) is the total number of particles at 7, summed
over all events, and N, (7,,7,) is the total number of par-
ticle pairs with one particle at 1, and the other at 7, in
the same event, summed over all events. If there is no
correlation between particles produced at 7, and 7, then
pz("]l,nz):p1(7]|)P1(772) and Rz('fh,'r]z):(). A nonzero
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FIG. 3. Correlation function R,(%;,m7,=m,) vs 7, for 800-
GeV data. The line is to guide the eye.

value of R, means that particle production is a correlated
phenomenon.

The plot of R,(7;,1m7,=7,) as a function of 7, in Fig. 3
shows that the probability of producing two particles
close together in 7 is large even out to values of =35,
which is near the edge of the central pionization region.
Figure 4 presents R,(n,7,) vs (9,—mn,) for different
values of 7,=2.75, 3.75, and 4.75, which span the central
region. For these three cases, the particle correlation
function is positive and constant in the backward hemi-
sphere, while in the most forward region, where energy-
momentum conservation is expected to impose a negative
correlation, the produced particles are indeed anticorre-
lated.

Figure 5 shows R,(7n,,7,) as a function of 1, —m, for
proton-nucleus collisions at 67, 200, 400, and 800 GeV.
For each energy, 77, was chosen to be the laboratory pseu-
dorapidity of a particle emitted at 90 degrees in the
equivalent pp c.m. frame. The features and correlation
strengths are similar for all four energies. Thus, whatev-
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FIG. 4. Correlation function R,(%,m;) vs (9,—7,) for
different 7,: (@)n,=2.75; (0)n,=3.75; (A)n,=4.75.
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FIG. 5. Correlation function R,(7,,7,) for four different en-

ergies: (O) 67 GeV, (A) 200 GeV, (@) 400 GeV, (X ) 800 GeV
data.
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er mechanism is responsible for the correlations is con-
tributing to the final multiparticle state over this entire
energy range.

Figure 6 compares R,(7,,7,) for the 800-GeV data
with the results from pp data'? at nearly the equivalent
center-of-mass energy. In contrast with the proton-
nucleus data, the pp data are seen to be symmetric about
zero and are consistently below the proton-nucleus data
throughout the central pseudorapidity region. This indi-
cates again the importance of multiple collisions in the
target.

Figure 7 shows R,(7,,7,) as a function of the number
of grey tracks n, for our 800-GeV data, as well as for the
additive quark model (dashed line) and for the coherent
tube model (solid line). The correlation strengths for the
data are seen to decrease as the number of projectile-
target nucleon collisions increase. This is to be expected
in the additive quark model since particles should be-
come less correlated if there are many interactions inside
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FIG. 6. R,(n,,7m,) for proton-proton data (O) and proton-
emulsion data (O), with 7,=3.75. The lines are only to guide
the eye.
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FIG. 7. Correlation function R,(n,,7,=7,), vs n, for

7,=3.72 in the laboratory system, compared to the additive
quark model (dashed line) and the coherent tube model (solid
line).

the target. In the coherent tube model R, decreases with
n, because the formation of hadrons from different quark
tubes takes place independently, thereby ‘“washing out”
the correlation. This model is a better fit to the data for
ng <3, corresponding to few collisions within the target,
while the additive quark model is better for n, > 3. Al-
though both models explain the data reasonably well
within the uncertainties, neither reproduces the small dip
observed at n, =0.

V. GAP DISTRIBUTIONS

Instead of studying the probabilities of producing par-
ticles at specified 7 values, some authors have proposed
looking at the pseudorapidity “gaps” in the secondary
particle distributions.!> One may calculate a “gap distri-
bution” for events of fixed multiplicity n by counting the
number of gaps of size r =%; | —7; between adjacent
particles, which are ordered in increasing values of 7
(M, <M2< *+* <7,). It has been shown!?® that the rapidi-
ty gap distributions for independently emitted clusters
can be represented by P(r)=exp(—p#n, r) for small r,
where p is the density of clusters in pseudorapidity, and
n. is the average number of particles per cluster. At
large r, P (r)=exp(—pr).

Adamovitch et al.'* have generalized this method by
skipping k particles and calculating a gap distribution for
fixed values of k, i.e., r(k)=%; ., . ,—n;. For gaps con-
taining k particles (charged gaps) it was found'® that the
position of the peak r,, of the gap distributions P(r,k)
depends on the cluster multiplicity and cluster density as
Fmax =Kk /[pA. +(2k —1)/2k].

In Figs. 8 and 9 the pseudorapidity gap distributions
for both charged (k540) and uncharged (k =0) gaps are
presented. The k =0 case has a different shape from the
higher-order k distributions, as is seen in Fig. 8(a) where
the gap distributions for k =0, 3, and 10 are shown for
the 800-GeV data. The k =0 distribution shown in Fig.
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FIG. 8. (a) Gap-length distributions for k =0, 3, and 10 for
events with n, =20. The k =0 distribution extends to higher
values as r goes to zero. The curve for k =0 is a fit to an ex-
ponential. The curves for the k =3 and 10 distributions are fits
to sixth-order polynomials. (b) Gap-length distribution for
k =0 summed over all values of n,. The slope of the solid line
for small r is 3.07%0.2, while for large r the slope of the dashed
lineis 1.240.1.

P(r)

8(a) is best fit (¥2/DF=0.03) to an exponential curve for
small r:

P(r)=(0.4610.13)e ~(3:3£0.2r (10)

which implies pz, =3.31+0.2. Figure 8(b) illustrates the
behavior at both large and small r for the case k =0,
summed over all values of n,. The slope of the exponen-
tial distribution for large r (r > 1.2) is 1.2+0.1 which is
the cluster density. This value is slightly larger than the
previously reported value'® of p~1. When particles are
widely separated, then the particle separation should be
equal to the average cluster separation from which we
deduce the minimum cluster separation to be the point
where P (r) assumes its large r behavior. In this case, the
maximum cluster size is seen to be r =1.2.

From the position of the peaks of the charged gap dis-
tributions in Fig. 8(a) we find prn,=4.07£0.21 and
pii,=3.0510.11 for kK =3 and 10, respectively. Evalua-
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FIG. 9. (a) Gap-length distribution for 200-GeV data for FIG. 10. (a) Number of pairs produced with | Ay | <0.2 vs

k =0 and fixed multiplicity n, =14. The curve shown is a fit to
an exponential. (b) Gap-length distribution for 400-GeV data
for k =0 and fixed multiplicity n, =16. The curve shown is a fit
to an exponential.

tions of the cluster multiplicity summed over all n; for
distributions with k =0, 1, 2, 3, 4, 5, and 10, yield an
average value of pfi, =3.35+0.44. We find then that
fi, =2.8%0.5 using our experimentally determined values
of 1.2£0.1 for the cluster density in pseudorapidity.

The calculated k =0 gap distributions for 200- and
400-GeV proton-emulsion data are presented in Figs. 9(a)
and 9(b). Again using an exponential fit with a value of
p=1.2 from the 800-GeV data, the cluster multiplicities
are, respectively, 7,=2.35£0.15 at 200 GeV and
fi, =2.1610.16 at 400 GeV. Consequently, it appears
that the cluster size is approximately the same at all three
energies.

VI. PAIR PRODUCTION

The spatial distribution of the produced particles was
examined in order to search for close pairings of the
secondaries. The distribution of the azimuthal separation
dN /d (A¢) of two particles emitted close to one another
in pseudorapidity is shown in Fig. 10(a). There is a
significant peak at A¢ < 30°, with 334 pairs/bin being ob-
served above the uniform level of 1790 pairs/bin, as

separation in azimuthal angle ¢, in A¢=>5° bins. (b) Number of
pairs produced with 0.3< | Ay | <0.4 vs separation in azimu-
thal angle @, in A¢=5° bins.

determined by the average number of pairs measured for
A¢ > 30°. The excess of close pairs can be measured in
terms of w =N ;. /N,, where N; is the number of pairs
with A7 <0.2 and A¢ <30° above the uniform level, and
N, is the total number of pairs in the analyzed sample.
For the 800-GeV data w is equal to 3%. The large peak
at small A¢ disappears if particles are produced far apart
in pseudorapidity, as illustrated in Fig. 10(b) for
0.3< |A7n| <0.4. In comparison, there have been
several reports of close pairing of secondaries in nucleus-
nucleus collisions,!” with w values up to about 10%,
significantly above the present results.

VII. SUMMARY AND CONCLUSIONS

The correlations between the particles produced in
800-GeV proton-emulsion interactions have been studied
and compared with lower-energy proton-emulsion data,
with pp data, and with available model predictions.

The observed long-range correlations are significantly
stronger than the correlations observed in proton-proton
data, and they agree with the dual parton model predic-
tions. Using this model and the measured value of the



long-range correlation parameter b, an average cluster
size of about 3.1 particles is indicated. This value is con-
sistent with results from the analysis of the pseudorapidi-
ty gap distributions, which yield a cluster size of about
2.8 particles, the average from the analysis of the distri-
butions for gaps with k =0, 1, 2, 3, 4, 5, and 10. The
k =0 gap distribution in Fig. 8(b) shows the cluster range
to be < 1.2 units of 7. Since the long-range correlations
shown in Fig. 2 extend to at least 3 pseudorapidity units,
it appears that correlations may exist between clusters.

The two-particle correlation function R, is positive ex-
cept in the extreme projectile-fragmentation region.
Furthermore, in the backward hemisphere, R, is much
larger than in pp interactions. This probably reflects mul-
tiple scattering of the projectile in the target. The fact
that R, is essentially the same for 200- and 400-GeV
proton-emulsion collisions, where ¥ is the same, supports
this conclusion. A comparison of R, vs n, with the addi-
tive quark model and coherent tube model shows that
both models are roughly consistent with the data.

The experimental multiplicity distribution indicates
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positive correlations among the produced particles. It
can be described by a negative-binomial distribution!
(NBD) which Giovannini and Van Hove!® have shown is
consistent with the idea of cluster production. In this
picture, when 7 >> K, a parameter of the NBD (K =3.22
for our data), the number of particles per cluster is

n,~n/[K In(a/K)]+1/[In(K /7)] , (11)

which results in 77, =2.8510.07.

To conclude, we have presented strong evidence for the
production of particles in clusters in proton-nucleus col-
lisions. If independent cluster emission is assumed, the
800-GeV data consistently imply a size of =3 charged
particles per cluster and on average 6-7 clusters are pro-
duced per interaction.
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