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Measurements have been made of inclusive 525 GeV x interactions in emulsion. The results
are compared to proton-emulsion and lower energy pion-emulsion data. Average multiplicities of
relativistic shower particles increase with increasing energy, although with a somewhat steeper slope
above 60 GeV than at lower energies. The ratio (n, )vi(n, ) 1.1 over the energy range 60—525
GeV. The ratio of the dispersion in the multiplicity distribution to the average multiplicity is the
same for proton and pion collisions in emulsion, and is independent of projectile energy. The shape
of the shower particle multiplicity distribution does not vary signiScantly with energy, and KNO
scaling appears to hold over the energy range 60—525 GeV. The shower particle pseudorapidity
distributions are independent of the beam energy in the target and projectile fragmentation regions,
and both the pseudorapidity and multiplicity distributions agree reasonably well with the FRITIQF

model predictions for 525 GeV pious. The dependence of the shower particle multiplicity (n, ) on

the number of heavy tracks N& approaches saturation as the total shower particle energy becomes
a siguiScaut fraction of ~s, aud the pseudorapidity distributions shift toward smaller (rl) with

increasing numbers of grey aud black tracks at 525 GeV. Neither the average number (Nz) uor

the multiplicity distributions of the heavily ionizing tracks vary signi6cantly with energy, and the
normalized angular distributions of grey and black tracks are independent of the type of projectile
or projectile energy.

PACS uumber(s): 13.85.—t, 25.75.+r, 25.80.Hp

X. INTRODUCTION

Photographic emulsion, with its excellent spatial res-
olution and high efBciency for the detection of charged
particles over the full solid angle range, is especially suit-
able for studies of high energy interactions. The pres-
ence of heavy nuclei in the target allows the possibility
of significantly more complicated (and correspondingly
interesting) processes than in the collision of a projec-
tile with a single target nucleon. With a heavy target,
a projectile may interact with multiple target nucleons,
providing a snapshot of the time development of the in-
teraction process. The multiple collisions may lead to the
high energy densities required, for example, to create a
quark-gluon plasma, especially in heavy ion interactions
[1]. Studies of high energy nucleus-nucleus interactions
are, so far, consistent with a superposition of individual
hadron-nucleus collisions [2]. This conclusion, however,
relies on a detailed understanding of the hadron-nucleus

interaction processes over a wide range of primary ener-
gies.

Previous experiments on hadron-nucleus collisions
have been reviewed by Fredricksson et al. [3]. We have
now extended this series of measurements to pions at
525 GeV, the highest available fixed target energy, and
present the 525 GeV results here together with a com-
parison with earlier pion and proton results [4—12). The
experimental procedures are summarized in Sec. II. In
Sec. III, the average shower particle multiplicities and
dispersions are given as a function of energy, and the mul-

tiplicity distributions are compared to both phenomeno-
logical distributions derived &om lower energy data and
to a negative binomial and log-normal distribution. The
shower particle pseudorapidity distributions are also dis-
cussed in Sec. III. Section IV is devoted to the study
of multiplicity and angular distributions of the heavily
ionizing particles in emulsion. The correlation between
particle production and &agmentation of the target nu-
cleus are discussed in Sec. V. Finally, we summarize the
results and present our conclusions.
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II. EXPERIMENTAL PROCEDURE

Stacks of BR-2 emulsion pellicles of dimension 20 cm
x 10 cm x 600 pm were exposed to a 525 GeV m' beam
at Fermilab (Experiment No. E667). The beam was di-
rected parallel to the surface of the emulsions. Primary
interactions were found by along-the-track scanning of
the processed emulsion plates under high magni6cation.
A total of 1750 inelastic interactions were obtained af-
ter excluding f'rom the sample 138 coherent events using
the method described in Ref. [13]. The measured mean
free path A = 40.8 6 1.0 cm agreed well with an optical
model calculation [14] of A = 40.0 cm performed with the
known chemical composition of emulsion as input, and is
somewhat shorter than A = 44.5 + 0.3 cm obtained f'rom

the parametrization of Carroll et aL [15].
Interactions were analyzed by studying the tracks

emitted &om the interaction vertices. These tracks were
classified according to the commonly accepted emulsion
experiment terminology: n, is the number of shower
tracks created by fast particles (P & 0.7) with ionization
I & 1.4Ip, where Ip is the ionization due to relativistic
particles ( 27 grains per 100 pm in this experiment); Ns
is the number of grey tracks with 1.4 Ip & I & 10 Ip (i.e.,
recoil protons in the kinetic energy range 26 & E & 400
MeV, with a small number of heavier hydrogen isotopes
and a few percent adiruxture of low-momentum pions);
Nq is the number of black tracks with I & 10Ip (singly or
multiply charged target fragments with ionization greater
than that of a 26 MeV proton).

For the 525 GeV pion analysis, we have made the grey-
black identification by measuring the particle range. A
26 MeV proton, leaving in the emulsion a track with
I 10Ip, has a range of 3 mm. Thus, we have used
as a criterion that if a track has residual range & 3 mm,
it is black. Grey tracks have range & 3 nUn. It should
be pointed out that not exactly the same criteria have
been applied during the analyses of the other data sam-
ples used in this work for comparison, where the classi-
fication into grey and black tracks has sometimes been
obtained by visual inspection of the track to determine
the ionization. Fluctuations in the observed ionization
can then lead to uncertainties in the grey-black identi-
fication. Given the possibility of systematic differences
between grey and black track identification in difFerent
data samples using range and ionization measurements,
we make no attempt to study the grey and black track
energy dependences separately. We do, however, consider
the comparison of the number of heavily ionizing tracks
Na, where N~ = Ns+ Nq, among ddferent data sets. The
Ns and N& tracks are considered separately only in those
cases in which the results are not sensitive to the possible
biases in N~ —N~ separation.

In each event, the polar angles 1st of all shower tracks
with respect to the incident particle direction were
recorded. Particular attention was given to the small-
est angle shower tracks emitted in the very forward di-
rection (8 1 mrad). The angular measurement of
these tracks was made with respect to an appropriately
chosen noninteracting beam track, with an accuracy in
the angular measurement of 0.1»»ts of pseudorapidity

(g = —ln tan e/2). Angles of black and grey tracks were

also measured in each event, with an estimated accuracy
N & 1'

We have compared the 525 GeV data with the predic-
tions of the Lund Monte Carlo event generator FRITIOF

[16].A sample of 10000 minimnm bias events were gener-
ated with FRITIOF using the known chemical composition
of BR-2 emulsion.

III. RELATIVISTIC PARTICLES

A. Multiplicity distributions

The mean values (n, ) and the dispersions D(n, ) =
((n2) —(n, )~)i~~ are given in Table I for 67—800 GeV
protons and 60-525 GeV pions interacting in emulsion

[4—12]. Figure 1 shows the mean charged multiplicity
of secondary particles (n, ) as a function of the beam
energy in the lab frame Ei b for these high energy mini-
mum bias z and p interactions in emulsion, together with
a compilation of data at other energies &om Fredriksson
et al. [3]. A fit of the form (n, ) = a + b ln Eiab is shown
for the high energy points in Table I, where the values
of the parameters a and b are given in Table II. The
slopes of the fits to the high energy points are clearly
steeper than the trend of the lower energy data. Above
100 GeV, the proton-induced reactions produce (n, ) sys-
tematically higher than for pions at the same beam en-

ergy: The ratio (n, )~/(n, ) calculated &om the param-
eters in Table II ranges from 1.07 at 67 GeV to 1.15 at
525 GeV. The dispersion is plotted as a function of (n, )
for the pion interactions in Fig. 2, where the observed
D(n, ) = (0.14 6 0.33) + (0.57 6 0.03)(n,). The ratio
D/(n, ) is constant at all energies for both protons and
pious, as shown in Table I.

Figure 3 shows the multiplicity distributions for 60,
200, 300, and 525 GeV minimum bias z-emulsion in-
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FIG. 1. Average multiplicity vs projectile energy for pion
and proton interactions in emulsion. The lines represent fits
of the form a+ 5 ln EI b to the data points above 60 GeV from
Table I. Low energy data are taken &om Refs. [3—13j.
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TABLE I. Multiplicity data for shower particles.

Projectile

p
p
p
p

Energy
(GeV/nucleon)

525
300
200
60
800
400
200
67

Number of
events
1750
2115
5785
788
1750
854
2595
1183

15.93 + 0.22
14.22 + 0.18
12.22 + 0.09
8.58 + 0.18
19.83 + 0.29
17.30 + 0.37
13.84 + 0.16
9.34 + 0.16

9.06+ 0.15
8.32+ 0.14
7.13+ 0.07
4.94+ 0.14
12.10+ 0.19
10.72+ 0.35
8.32k 0.14
5.63+ 0.17

D/(n, )

0.57+ 0.01
0.59+ 0.01
0.58+ 0.01
0.58+ 0.02
0.61+ 0.01
0.60+ 0.10
0.60+ 0.01
0.62+ 0.06

teractions. The lowest energy distribution (60 GeV) is
the most sharply peaked; with increasing energy, the po-
sition of the nutximum increases, the distributions be-
come wider, and the tails grow larger Fi.gure 4 shows
a comparison of the measured 525 GeV shower par-
ticle multiplicity distribution with the results of the
FRITIoF simulation. The distributions agree reasonably
well (y /NDF = 2.07). The average shower particle mul-
tiplicity of the Monte Carlo events was 15.91+ 0.16, in
excellent agreement with the measured value of 15.93+
0.22.

Multiplicity distributions at different beam energies
are conveniently compared using the Koba-Nielsen-
Olesen (KNO) parametrization [17]. If scaling is valid
at high energies, then there exists an energy-independent
function @(z) satisfying

Q(z) = (n, ) P(n. ) = (n.)o„/o;.(,
where z = n, /(n, ) is the shower particle multiplicity
normalized by (n, ), P(n, ) is the probability of finding
n, charged particles in the final state, o„is the cross
section for the production of n, charged particles, and
o;,i is the total inelastic cross section. KNO scaling
has been reported previously in proton-emulsion (E~ b &
800 GeV [7]) and pion-emulsion (E~sb = 60—300 GeV
[8]) interactions, although the evidence for KNO scaling
in pA interactions is still rather approximate, and the
shape of the KNO function seems to depend on the mass
number A of the target [3]. Since less is known about the
multiplicity distributions from x—A collisions, we have
undertaken a systematic study of these distributions for
the emulsion target.

Figure 5 shows a plot of @(z) as a function of z for vr-

emulsion interactions at 60, 200, 300, and 525 GeV. The
data points corresponding to the different beams fall on
top of each other, indicating that scaling occurs at all
energies, although the statistical error bars in Fig. 5 may
hide small differences among the distributions. The sit-
uation may be similar to the hadron-hadron case where
KNO scaling appeared to hold through the energy range

2 & Qa & 60 GeV but was clearly violated at higher en-
ergies. Whether the same is also true for hadron-nucleus
collisions renuLins to be verified.

Several forms of Q(z) have been used previously. In
Ref. [8] the 60—300 GeV multiplicity data were found to
be well represented by the Slattery function

@(z) = (az + bz + cz' + dz ) exp( —fz).
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In order to test whether the same functional form is a
good representation of the 525 GeV data as well, we

present in Fig. 6 the @(z) versus z plot of the 525 GeV
data The best fit parameters for pion-induced reac-
tions at 525 GeV are a = 0.95 + 0.27, 5 = 35.36 6 5.11,
c = —7.87 + 1.37, d = 0.97 +0.27, f = 3.69 6 0.18, re-
sulting in y /NDF = 0.90. In the same diagram the fit
to the 60—300 GeV z' data of Ref. [8] and the corre-
sponding fit to the 525 GeV data are shown as separate
bands. The width of the bands corresponds to varying
the individual fit parameters until Zz/NDF increases by
1. Overlap of the bands would indicate validity of KNO
scaling in the energy range 60—525 GeV. Since the bands
in Fig. 6 do not overlap completely, we have performed a
Kolmogorov-Smirnov test to determine whether the data
sets are consistent with a single distribution function, viz.
Eq. (2). We find a significance level of ~ 80'% indicat-

b

7.84 + 0.28
9.79 + 0.28

Projectile
—5.62 + 0.64
—8.59 + 0.62

TABLE II. Fit parameters for (n, ) = a + 5 ln E~~b.

x'/le F
6.74

jp 0.86

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

6 8 10 12 14 16 18 20

FIG. 2. Dispersion D(n, ) for 60, 200, 300, and 525 GeV
pious. Smooth line is straight line St; open circles represent
values calculated from negative binomial St [Eq. (4)].
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FIG. 3. Shower particle multiplicity distributions for

60—525 GeV pions.
FIG. 5. Q(z) vs z for 60—525 GeV pions.

ing that the difFerence between the 525 GeV data and
the 60—300 GeV fit is not statistically significant.

We have also compared the measured multiplicity dis-
tributions to a negative binomial (NB) distribution

(n, + k —1)! (n, )"'k"
n. !(k—1)! ((n, )+k) +~ (3)

with two free parameters (n, ) and k [18]. The parameter
k is related to the dispersion D by

D 1 1

(n. )z (n )
k' (4)

Note that for k = 1, the NB distribution becomes a sim-

ple Bose-Einstein distribution while k ~ oo leads to a
Poisson distribution. At high energies, where (n, )/k»
1, the NB approaches a I' distribution in the scaled vari-
able z = n. /(n, ):

kk
(n,)P„= z" 'exp( —kz),

where k must be independent of energy if KNO scaling
is to be valid. In Fig. 7 we show P(n, ) as a function of
n, for the 525 GeV data. The solid line is the result of
the negative binomial fit to the data after excluding the
first two bins which may be slightly contaminated with
diffractive events. The fit parameters for pious at 60—
525 GeV and protons at 67—800 GeV are listed in Table
III. The y /NDF indicates that the fits to the individual
measured distributions are generally satisfactory. In all
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FIG. 4. Measured shower particle multiplicity distribution
for 525 GeV pions (~) compared to the predictions of the
Monte Carlo code FRITIOF.
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FIG. 6. Q(z) vs z for 525 GeV pions. The two bands rep-
resent Sts to the 60—300 GeV s' data of Ref. [8] and the 525
GeV data of the present work. The width of the bands corre-
sponds to varying the individual St parameters until X /NnF
increases by 1.
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FIG. 7. P(n, ) vs n, for 525 GeV pious, together with fits to
negative binomial and log-normal distributions [Eqs. (3),(6)j.

cases, the values of (n, ) and D/(n, ) obtained from the
fitting are wit»n ~ 10%%uo of the corresponding measured
values in Table I, and (with the possible exception of the
60 GeV pion and 67 GeV proton points) the fitted values
of k are consistent with a constant value. The values of
the NB dispersion, calculated from Eq. (4) and shown as
open points in Fig. 2, are systematically 4% below the
best-fit straight line.

A log-normal (LN) distribution for a discrete probabil-
ity distribution,

ability function that has a simple and appealiag physi-
cal interpretation: It arises in a multistep cascade pro-
cess where each step multiplies the previous outcome —a
property that gives a natural connection to parton cas-
cades during hadronization. LN distributions have been
shown to describe protoa data at all available energies
(although it has sometimes been necessary to use three
fitting parameters instead of just two), including those
of the highest energy pp interactions at +s = 900 GeV,
where the NB distribution does not give a good fit [20].
Since nuclear targets are more suitable thaa protons for
the space-time development of a cascade process, it seems
reasonable to try a LN parametrization for the present
pion-nucleus data as well. The dashed curve in Fig. 7 is
the result of such a fit to the 525 GeV pion data (after
again excluding the first two bins); the fitted parame-
ters are given in Table IV. At 525 GeV we obtain an
excellent fit (y2/NDF = 1.22), although at all energies
the measured average shower multiplicities are somewhat
closer to the NB than to the LN calculation, and the NB
distributions give somewhat better fits than do the LN
distributions. The phenomenological expression Eq. (2)
and the negative binomial expression Eq. (3) therefore
both provide excellent fits to the 525 GeV shower parti-
cle distributions, and the two-parameter log-normal form
Eq. (6) is only slightly inferior. However, the distinction
between the NB and LN forms could depend on the sta-
tistical size of the measured sample. In the largest data
sets, 200 GeV pions and protons in Tables III and IV,
the NB distribution appears to be preferred.

ms+ ~
1

P„ 1 ( (lnn —p)')
exp

i

—
i

dn,
no 2n.

n —i

n, &0,

with

(n, ) = exp(y, + 02/2)

aad

D = (n, )[exp(02) —1]'i2

has also been suggested as a simple parametrization of
multiplicities in minimum bias hadron-hadron interac-
tions [19,20]. This is a two-parameter statistical prob-

B. Pseudorapidity distributions

In Fig. 8 the shower particle pseudorapidity distribu-
tions are shown for inclusive events produced by pions
at 60, 200, 300, and 525 GeV. Anzoa et aL [ll] have

reported the presence of a two-peaked structure in the
pseudorapidity distribution for 200 GeV pions. El-Nadi
et aL [21] have also presented evidence for a bimodal
pseudorapidity distribution; they see an effect for 340
GeV pions but not at 200 GeV. This effect does not occur
in our other data samples —and particularly aot at 525
GeV. Furthermore, the effect was aot seen in the work

by Babecki et aL [8] with 200 GeV pions. The 200 GeV
bimodal peak reported by Anzon et aL [11] appears to
be an experimental artifact. The 200 GeV pion pseudo-

TABLE III. Parameters obtained from 6tting with negative binomial distribution.

Projectile Energy
(GeV)

525
300
200
60
800
400
200
67

15.54+ 0.21
13.95+ 0.18
12.23+ 0.09
8.38+ 0.19
19.57+ 0.30
17.19+ 0.41
13.84+ 0.17
9.24+ 0.18

4.50+ 0.25
4.05+ 0.21
4.26+ 0.14
5.05+ 0.59
3.11+ 0.15
3.03+ 0.23
3.59+ 0.17
4.23+ 0.38

0.54+ 0.01
0.56+ 0.01
0.56+ 0.01
0.56+ 0.02
0.61+ 0.01
0.62+ 0.10
0.59+ 0.01
0.58+ 0.07

49.14
51.08
112.04
23.43
76.50
33.48
45.10
25.30

&/(n ) X' Number of
points

53
49
49
26
66
50
48
30
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Projectile Energy
(GeV)

7r 525
7r 300
7r 200
7r 60

800
400
200
67

0.61+ 0.01
0.63+ 0.01
0.58+ 0.01
0.62+ 0.02
0.71+ 0.01
0.74+ 0.03
0.66+ 0.01
0.61+ 0.02

61.99
82.65

269.29
34.70
99.54
48.30

100.63
61.32

2.64+ 0.01
2.53+ 0.01
2.40+ 0.01
2.05+ 0.02
2.83+ 0.02
2.72+ 0.02
2.51+ 0.01
2.14+ 0.02

0.56+ 0.01
0.57+ 0.01
0.53+ 0.01
0.54+ 0.02
0.63+ 0.01
0.66+ 0.02
0.59+ 0.01
0.56+ 0.02

16.40+ 0.19
14.75+ 0.17
12.70+ 0.14
8.93+ 0.20
20.73+ 0.43
18.94+ 0.40
14.58+ 0.17
9.94+ 0.23

p
p
p
p

TABLE IV. Parameters obtained koln Stting with log-normal distribution.

0 (n, ) D/(n, ) y Number of
points

53
49
49
28
66
50
48
30

rapidity distribution shown here is that of Babecki et aL
There is a clear indication of limiting fragmentation in
the target &agmentation regloI1 'gIab ( 1, where the dis-
tributions corresponding to the four beams overlap. The
maximum pseudorapidity increases with energy, however,
and the height of the plateau grows approximately as
ln EIab (Fig. 8, insert). The former is a kinematic effect,
while the latter is a dynamical effect expected to arise
&om scaling violation in the central region [22,23]. The
measured 525 GeV pseudorapidity distribution is in good
agreement with the FRITIGF prediction, as shown in Fig.
9

In Fig. 10 the projectile &agmentation region is exam-
ined by making a translation to the projectile rest frame
USlDg

The plots in Figs. 8 and 10 can be summarized as fol-
lows: The pseudorapidity distributions of charged parti-
cles produced in 60—525 GeV x-emulsion interactions are
approximately independent of the beam energy in the
target &agmentation region (III b ( 1) and the projectile
&agmentation region (r/ & —4). Thus, the energy de-
pendence in dN/dri is manifested mainly in the rise and
broadening of the central pseudorapidity region.

Finally, the energy dependence of the average (II), the
dispersion D„,and the ratio D„/(II) for 60—525 GeV pi-
ons is compared to 67—800 GeV protons in Fig. 11. The
(ri) and D„increase with incident energy while D„/(rI)
seems to decrease slightly. The pion behavior is essen-
tially the same as that for high energy proton interac-
tions.

—1
II —rhab /beam —rhab tanh /3& (8)

IV. HEAVILV IONIZING PARTICLES
where P is the velocity of the incident pion. Again there is
an overlap of the distributions, now in the region II & —4. A. Multiplicity distributions
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The multiplicity distributions of the heavy tracks &om
x -emulsion interactions are shown in Fig. 12. Based
on the data up to 300 GeV, Babecki et al. [8) concluded
that the distributions do not vary significantly with the
energy of the primary pion. Similarly, the distributions
of heavy tracks seen in 67—800 GeV proton collisions have
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FIG. 8. Shower particle pseudorapidity distributions in
laboratory frame for 60—525 GeV pions. Inset: Height of
Gaussian 6tted to pseudorapidity distribution vs ln E~ b.

FIG. 9. Measured shower particle pseudorapidity distribu-
tion for 525 GeV pious (~ ) compared to FRITIOF Monte Carlo
calculation.
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FIG. 11. Average value (a), dispersion (b), and the ratio of
dispersion to the average (c) for shower particle pseudorapid-
ity distributions as a function of the incident particle energy.

been found to be essentially energy independent [6]. The
present results show no variation in the heavy track dis-
tribution with pion energy up to 525 GeV. The observed
value of (NI, ) = 7.0+0.2 at 525 GeV is in excellent agree-
ment with the values observed at lower energies (7.0+0.2,
7.0 + 0.1, and 7.1 + 0.3 at 300, 200, and 60 GeV, respec-
tively) .

The ELM group has recently [24] demonstrated the
presence of a saturation effect in (Nq) in high energy
(200 GeV/nucleon) MO and s2S interactions. In Fig.
13 we plot average (Nb) values versus Ns measured for
200 GeV proton and pion collisions, together with 200
GeV/nucleon MO and s~S results. We see evidence of
the same saturation of (Nq) for protons and pious as for
the heavy nuclei. Figure 14 shows the result for 525 GeV
pions, where a simIIar behavior is observed. Since Nq is a
measure of the target excitation, it appears that the same
number of grey tracks Ns (i.e., recoil protons) produces
a similar degree of target excitation independent of the
kind of projectile and the incident energy.

B. Angular distributions

The normalized cos 8 distribution of grey tracks for in-

clusive m -emulsion interactions at 525 and 200 GeV are
shown in Fig. 15, together with the distributions for 200
and 800 GeV protons and 200 GeV/nucleon MO and s2S.
In each case, the distributions are normalized to the to-
tal number of grey particles Ns b q recorded in each sam-
ple. A similar graph is shown for black particles in Fig.
16. The grey track angular distributions are strongly
peaked in the forward direction (cos8 ) 0), while the
corresponding distributions for black tracks exhibit little
forward-backward asymmetry. If the target fragments
are assumed to be predominantly protons whose veloci-
ties are given by a Maxwell-Boltzmann distribution, then
based on a two-step vector model [25] the angular distri-
bution is
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FIG. 13. (Nb) vs Ne for 200 GeV m and p and 200

GeV/nucleon 0 and S interactions.
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(F)„,„

i 4
exp

i

(10)

The forward-backward ratios obtained from Eq. (10) are
compared to the data in Table V, where we also include
(F), (B), and yo. The results for 200 and 800 GeV pro-
tons and for 200 GeV/nucleon isO and S collisions are
also listed in Table V for comparison. In all cases, the
(F)j(B)ratios decrease slightly with increasing projectile
energy, although this decrease may be partially due to the
uncertainties in the grey-black track identification (see
Sec. II). If the black tracks are emitted by a stationary
residual nucleus, we expect an isotropic distribution in
Fig. 16. The curve in Fig. 16 is clearly not Hat, however,
implying P~~ j 0. If the typical &agmentation energy per
nucleon is Eo 6—8 MeV, then Po ——(;,)i~s 0.1 (as-
suming m = m„)and P~~

& 0.01 for the residual nucleus
system which produces the black tracks.

where gs ——P~~/Ps, P~~
is the longitudinal velocity of the

center of mass of the &agmenting system and Po is the
average velocity of the &agments in the center-of-mass
system. The solid and dashed lines in Figs. 15 and 16
are the best fit angular distributions &om Eq. (9) to the
525 GeV and 200 GeV n points, respectively. Two im-

portant conclusions can be drawn. First, the angular
distributions of the grey and black tracks differ in shape,
indicating that these tracks are created by particles orig-
inating &om two different processes: the initial interac-
tion and the subsequent evaporation of the excited tar-
get nucleus. Second, for the same target (i.e., emulsion),
the angular distributions do not depend significantly on
the type of projectile or its energy. Hence, the mecha-
nisms of slow particle production appear to be the same
in hadron-induced and heavy ion-induced interactions at
difFerent projectile energies.

The ratio of the average number of &agments in the
forward to backward hemispheres is given by

2
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FIG. 16. Same as Fig. 15 for black tracks.

V. CORRELATION BETWEEN PARTICLE
PRODUCTION AND FRAGMENTATION OF

TARGET NUCLEI

Figure 17(a) shows the dependence of the average
shower particle multiplicity on N~. As the number of
heavy tracks (i.e., the nnmber of intranuclear collisions

[26]) increases, the number of relativistic particles in-
creases approximately linearly and then tends to saturate
(at least at the highest pion energies). The solid curve
drawn in Fig. 17(a) is the result of a three-parameter
6t to the 525 GeV data, where the kee parameters are
the slope, intercept, and saturation level (n, ) 25.5.
Figures 17(b) and 17(c) show (n, ) for the 525 GeV pious
as a function of N~ and N~ separately. In both cases the
n»mber of relativistic particles tends to bend over near
N~ Ng 8 —12. We note that N~ 8 —12 is approx-
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TABLE V. (E), (B), (F)/(B) and the velocity parameter Xo.

Projectile

p
p

S
16p

p
p

32S
16p

Energy

525
200
800
200
200
200

525
200
800
200
200
200

2.04+ 0.06
1.54+ 0.06
1.98+ 0.07
1.92+ 0.08
2.44+ 0.10
2.50+ 0.17

2.22k 0.06
2.64+ 0.09
2.45+ 0.08
2.94+ 0.10
2.67+ 0.10
2.34+ 0.10

(B)
Grey

0.86+ 0.03
0.58+ 0.03
0.80+ 0.04
0.72+ 0.04
0.91+ 0.05
1.00+ 0.06
Black
1.89+ 0.05
1.97+ 0.07
2.12+ 0.08
2.18+ 0.08
2.06+ 0.08
1.95+ 0.08

+0

0.39
0.45
0.41
0.45
0.48
0.43

0.07
0.11
0.07
0.11
0.11
0.08

(F/B)th

2.41
2.78
2.51
2.78
2.94
2.65

1.17
1.27
1.16
1.29
1.28
1.19

(p'/B) expt

2.37 + O.ll
2.66 + 0.17
2.48 6 0.15
2.67 + 0.19
2.68 + 0.18
2.50 + 0.23

1.17 6 0.04
1.34 + 0.07
1.16 6 0.06
1.35 6 0.07
130 6 007
1.20 6 0.07

imately the same place at which (NI,) tends to saturate
as well in Fig. 14.

In order to understand the saturation in (n, ), we
have estimated the maximum number of produced pi-
ons allowed by energy conservation. In a typical hadron-
hadron interactioa, the fraction of energy givea up by the
leading particle in the collision is given by the inelasticity
k 0.5. The maximum number of pions corresponds to
the limitiag case k ~ 1 where noae of the energy is car-
ried off by the leading particles into either the target or
the projectile fragmentation region, and the entire center
of mass energy +a is available for relativistic particle pro-
duction. Essentially, we consider the limiting case of a
thermodynamic fireball which evaporates to produce an
isotropic distribution of relativistic produced particles in
the center of moment~~ with total energy +a. We write
the invariant cross section
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FEG. 17. (a): Average shower particle multiplicity vs num-
bers of heavy tracks Np, for 60—525 GeV pions. Curve is
straight line St to 525 GeV points arith a saturation at
(n, ) „=25.5. For clarity, the 200 and 300 GeV data points
have been shifted slightly to the left and right respectively.
(b) (n ) vs Ns for 525 GeV pions. (c) (n, ) vs NI, for 525 GeV
plons.

d 0'

Ed, = fi(pt)f2(&)dp'

as a product of a function ft of transverse momentum
and a function f2 of the Feynman z variable z = 2pa/Qa,
where the transverse and longitudinal momenta in the
c.m. frame are related by p&

——pr tan8. If we approxi-
mate fi as an exponential e "' with the same slope n
(i.e., the same (p&) ) for all x, aad set the rapidity equal to
the pseudorapidity tl at high energies, then we can write
the cross section in terms of the crn angular distribution
df /d(cos 8) as

e" i df
d cr = Ae P'

~
~

„dptdg. (12)

/max 'g1 '/max q tl „=—ln, , (13)
2 Ptl+ ~

Particle 1 therefore has longitudinal momentum

~2gy ]
jPE1 I t1 (14)

and total energy

&i = (pti+pei+m. )
2 2 2 1/2

If the velocity P of the produced particle is greater than
0.7, the count of n, is increased by 1. The available c.m.
energy is decreased by Ei and (if the remainiag +~ )
m ) anew pt and rl are chosen (now with a smaller pt
and a new value of I7 ). The process continues, with
values of pt and g being assigned from the distribution
(12), as long as +a ) m .

Since the produced particles are not necessarily aD
charged pious, we allow in the simulation for mo, K

Here A is a normalization constant.
We can now select particles at random with values of

p& and tl chosen according to Eq. (12). The first particle
can have a value of ptI ranging from 0 to Qa/2. The
pseudorapidity can then be chosen in the range
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mesons, pp, and nn using observed particle production
ratios at energies reached at the CERN Intersecting Stor-
age Rings (ISR) [23]. The only remaining adjustable pa-
rameter in the calculation is a, which is tuned so that
the final (pq) = 350 MeV/c. With no additional free
parameters, we can then count up the simulated num-
ber of relativistic secondaries with P ) 0.7, starting with
the initial value +s = 31.4 GeV. For an isotropic c.m.
angular distribution, we find an average saturation level
of relativistic secondaries (n, ) ~ = 31.1, only slightly
larger than the observed (n, ) = 25.5.

This simple kinematic argIIment may partially explain
the observations, but the statistical limitations of the
data set must be recogiIized. It is interesting that, if
the saturation in (n, ) in fact occurs at the point where
no additional c.m. energy is available, then this point is
reached, on average, at numbers of collisions correspond-
ing to Nz 8—12 and NI, 20. The physical mechanism
connecting heavy and relativistic particle production, if
in fact such a connection exists, remains IIIIknown.

Given the correlation of the shower particle multiplic-
ity with the number of heavily io»zing tracks, we also
look at the dependence of the shower particle pseudo-
rapidity distributions on NI, . In Fig. 18 we present the
dependence of the average pseudorapidity (iII b) of the
shower particles on NI, for pion interactions at 60—525
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FIG. 19. 525 GeV pion shower particle pseudorapidity dis-
tributions for difFerent values of N~ and Ng.

GeV. One can see that with increasing NI„the average
pseudorapidity shifts toward lower values for all the pri-
mary energies. However, for large NI, this dependence
levels off. In Fig. 19 we show the shower particle pseudo-
rapidity distributions characterized by different Nz and
N~ values at 525 GeV. We find a similar shift in the
pseudorapidity distributions to the lower II values with
increasing No or Nq No dras. tic change in the shape of
dN/dII distributions is seen with the increase of N~ or
Ns. However, in the interactions with large N~ (Ns), i.e.,
for large number of intranuclear collisions, the distribu-
tions become asymmetric, with more particles produced
at low pseudorapidities.
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FIG. 18. Average pseudorapidity vs Nz.

We have assumed an isotropic angular distribution in the
c.m. in order to maximize (n, ). More realistically, the dis-
tribution has cylindrical symmetry re8ecting the observation
that a fraction of the energy is carried ofF by the leading parti-
cles into the &agmentation regions. If we model a cylindrical
distribution by z&

r,
e&

sin 8, then (n, ) = 2S.2 for
m = 1, 25.8 for m = 1.5, and 22.6 for m = 2. As m increases
&om 0 to approximately 1.5 (i.e., as the distribution moves
from isotropic to cylindrical), the agreement between calcu-
lated and observed average saturation levels becomes even
closer.

VI. CONCLUSIONS

We have compared the results of measurements of 525
GeV z interactions in emulsion with 60, 200, and 300
GeV z interactions and 67 —800 GeV proton interac-
tions in emulsion. Average shower particle multiplicities
continue to follow roughly the same energy dependence
seen at lower energies, with an essentially constant ratio
(n, )~/(n, ) ~ 1.1 over the energy range 60—525 GeV and
with a somewhat steeper slope than at low energies. The
shape of the multiplicity distributions does not vary sig-
nificantly with energy, and the ratio of the dispersion to
the mean multiplicity is constant over the entire energy
range for both pion and proton collisions. The multiplic-
ity distributions are well fit by both the phenomenolog-
ical expression (2) and a negative binomial distribution
(and only slightly worse by a log-normal distribution).
The predictions of the FRITIOF Monte Carlo code agree
reasonably well with the measured 525 GeV m shower
particle multiplicity and pseudorapidity distributions.

The average number of heavily ionizing tracks (NI, ) re-
mains the same at 525 GeV as at lower energies. (NI,)
saturates with an increasing number of grey tracks No
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(i.e., intranuclear collisions), and this efFect seems to be
independent of the type and energy of the projectile par-
ticle. The apparent observed saturation in (n, ) may be
related to energy conservation in the particle production

process. Finally, no indication is seen for any qualita-
tively difFerent behavior in the 525 GeV pion data as
compared to 6O —3OO GeV pions or 67 —800 GeV pro-
tons interacting in emulsion.
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