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The multiplicity and transverse energy distributions in high-energy nucleus-nucleus collisions are described by a geometrical model, namely the participant-spectator model. The
calculated results are compared and found to be in agreement with the experimental data
on Au-Au collisions at the RHIC energy and Pb-Pb collisions at the SPS energy.
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I. INTRODUCTION

Relativistic nucleus-nucleus collisions have been studied very intensively in recent
years. Increasing the projectile and target mass numbers and incident energies increases
the possibility of the formation of a new phase of matter, namely the quark-gluon plasma
(QGP) [1]. The analyses of the experimental results using the high-energy heavy-ion beams
of the Dubna Synchrophasotron, BNL-AGS, CERN-SPS, and BNL-RHIC have opened up
a new area of interest in the field of heavy-ion interactions [2,3].
In relativistic nucleus-nucleus collisions, it is highly important for us to analyze the
nuclear geometry. The overlapping part of the two nuclei in collision is called the participant and the other part is called the spectator. For the purpose of studying multiparticle
production, e.g. the multiplicity and transverse energy distributions, it is useful to calculate
the number of participant nucleons.
In this paper, we use the participant-spectator model [4] to explain the multiplicity
and transverse energy distributions. As the first step, the number of participant nucleons
are calculated. Then the multiplicity and transverse energy distributions in Au-Au and
Pb-Pb collisions at high energy are obtained.

II. NUMBER OF PARTICIPANT NUCLEONS

We assume that the incoming direction of the projectile is the coordinate axis z
and the reaction plane is the coordinate plane xoz; then the reference frame fixed on the
projectile is established. Let AP and AT denote the mass numbers of the projectile and the
target, respectively, and b denote the impact parameter. At a fixed b, the nucleon numbers
http://PSROC.phys.ntu.edu.tw/cjp
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in the projectile and target participants are
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respectively, where RP = r0 AP is the projectile radius, RT = r0 AT is the target radius,
and r0 = 1.2fm. The parameter ρ in the equations is the Woods-Saxon shape of nucleon
number density distribution [5]. For nuclei with A P , AT > 16, we have
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respectively, where ρ0 is the normalized constant and c = 0.545fm [5]. If we regard the
nucleon number density distribution in a heavy nucleus as an even one then ρ = 3/(4πr 03 ).
The total number of participant nucleons in both the projectile and target nuclei can be
given by
n = n P + nT .

(5)

The BNL-RHIC has accelerated gold nuclei, and the CERN-SPS has accelerated lead
nuclei. In order to study the multiplicity and transverse energy distributions in Au-Au and
Pb-Pb collisions, Figure 1 presents the relationship between the participant nucleon number
n and the impact parameter b for Au-Au collisions (lower two curves) and Pb-Pb collisions
(upper two curves). The continuous curves are the results corresponding to the WoodsSaxon shape of the nucleon number density distribution in nuclei. The dashed and dotted
curves are the results of the even distribution. One can see that the n − b relationships
corresponding to the two distributions for the same collision process are similar.

III. MULTIPLICITY DISTRIBUTION

We assume that the multiplicity (Ni ) distribution contributed by the i-th nucleon in
the projectile and target participants is


1
Ni
fN (Ni ) =
,
(6)
exp −
hNi i
hNi i
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FIG. 1: Relationship between the participant nucleon number n and the impact parameter b in
Au-Au and Pb-Pb collisions.

where
hNi i =

Z

Ni fN (Ni )dNi

(7)

is the mean value of the multiplicity contributed by the i-th nucleon. Then the multiplicity
(N ) distribution at a fixed b is given by


X

Y
Z Y
n
n
n
dσ
N
σN n−1
, (8)
=σ
exp −
fN (Ni )δ
Ni − N
dNi =
dN (b)
(n − 1)!hNi in
hNi i
i=1

i=1

i=1

where σ is the experimental cross-section measured in the final state. The distribution
described by the right side of Eq. (8) is called an Erlang distribution. For comparison
between the theoretical result and experimental data, we have to integrate Eq. (8) over b.
Then the multiplicity distribution in the final state is
Z RP +RT
dσ
2
dσ
=
db.
(9)
2
dN
(RP + RT ) 0
dN (b)
In the calculation of the multiplicity distribution in this paper, we use the Monte
Carlo method, since Eq. (8) has a too large n to calculate (n − 1)! and N n−1 in central
Au-Au and Pb-Pb collisions. According to Eq. (6), the multiplicity contributed by the i-th
nucleon can be obtained by
Ni = −hNi i ln Ri (1),

(10)

where Ri (1) is a random variable distributed evenly in [0,1]. At a fixed impact parameter
b, the multiplicity is regarded as
N =−

n
X
i=1

hNi i ln Ri (1).

(11)
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FIG. 2: Multiplicity distribution of negative charged particles produced in Au-Au collisions at
√
s = 130A GeV. The circles are the experimental data quoted in Ref. [6] and the curves are our
calculated results.

Considering the random selection of b, then the various n are obtained. Going one step
further, the various N can be obtained. The multiplicity distribution is finally obtained by
the statistical method.
Figure 2 shows the multiplicity distribution of negative charged particles produced in
√
Au-Au collisions at s = 130A GeV. The circles are the experimental data quoted in Ref. [6]
and the negatives with pT > 100 MeV/c and |η| < 0.5, where pT and η denote the transverse
momentum and pseudorapidity, respectively. The thick continuous and dotted curves are
our calculated results, corresponding to the Woods-Saxon shape and the even nucleon
number density distribution, respectively. The three thin curves are our calculated results
for three different centrality cuts. In the calculation, we take hN i i = 0.785. The calculated
results corresponding to both nucleon number density distributions are in agreement with
the experimental data. For both calculated results, there is a little difference in the knee
part. In the other parts, both calculated results are almost the same.
The multiplicity distribution of charged particles produced in Pb-Pb collisions at
158A GeV is given in Fig. 3. The circles are the experimental data quoted in Ref. [7] and
the charged particles with 2.35 < η < 3.75. The thick continuous and dotted curves are
our calculated results, corresponding to the Woods-Saxon shape and even nucleon number
density distribution, respectively. The three thin curves are our calculated results for three
different centrality cuts. In the calculation, we take hN i i = 1.780. The calculated results
corresponding to both nucleon number density distributions are in agreement with the
experimental data. For both calculated results, there is a little difference in the knee part.
In the other part, both calculated results are almost the same.
Figure 4 presents the multiplicity distribution of γ-like clusters produced in Pb-Pb
collisions at 158A GeV. The circles are the experimental data quoted in Ref. [7] and the
γ-like clusters with 2.8 < η < 4.4. The thick continuous and dotted curves are our calcu-
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FIG. 3: Multiplicity distribution of charged particles produced in Pb-Pb collisions at 158A GeV.
The circles are the experimental data quoted in Ref. [7] and the curves are our calculated results.

FIG. 4: Multiplicity distribution of γ-like clusters produced in Pb-Pb collisions at 158A GeV. The
circles are the experimental data quoted in Ref. [7] and the curves are our calculated results.

lated results, corresponding to the Woods-Saxon shape and even nucleon number density
distribution, respectively. The three thin curves are our calculated results for three different
centrality cuts. In the calculation, we take hN i i = 1.242. The calculated results corresponding to both nucleon number density distributions are in agreement with the experimental
data. For both calculated results, there is a little difference in the knee part. In the other
part, both calculated results are almost the same.
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IV. TRANSVERSE ENERGY DISTRIBUTION

What we did in Section 3 is also suitable for the investigation of the transverse energy
distribution. We assume that the transverse energy (E T,i ) distribution contributed by the
i-th nucleon in the projectile and target participants is


ET,i
1
fET (ET,i ) =
,
(12)
exp −
hET,i i
hET.i i
where
hET,i i =

Z

ET,i fET (ET,i )dET,i

(13)

is the mean value of the transverse energy contributed by the i-th nucleon. Then the
transverse energy (ET ) distribution at a fixed b is obtained from
dσ
=σ
dET (b)

Z Y
n
i=1

fET (ET,i )δ

X
n
i=1
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n
ET,i −ET
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i=1
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(14)

The transverse energy distribution in the final state is
Z RP +RT
dσ
2
dσ
=
db.
dET
(RP + RT )2 0
dET (b)

(15)

In the calculation of the transverse energy distribution in this paper, we use the
Monte Carlo method. The transverse energy contributed by the i-th nucleon is given by
ET,i = −hET,i i ln Ri (1).

(16)

At a fixed impact parameter b, the transverse energy is regarded as
ET = −

n
X
i=1

hET,i i ln Ri (1).

(17)

The transverse energy is finally obtained by the statistical method.
The neutral transverse energy distribution in Pb-Pb collisions at 158A GeV is presented in Fig. 5. The circles are the experimental data quoted in Ref. [8] and the neutral
particles with 1.1 < η < 2.3. The thin continuous and dashed curves around the data are
our calculated results, corresponding to the Woods-Saxon shape and even nucleon number
density distribution, respectively. One can see that a difference between the calculated results and the data exists in the region of E T < 20 GeV. In order to improve the calculated
results, we have to increase dσ/dET to dσ/dET + 200ET−3 in the region of ET < 20 GeV
for the events with n < 20. The improved calculated results are given in Fig. 5 by the
thick continuous and dotted curves, which correspond to the Woods-Saxon shape and even
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FIG. 5: Neutral transverse energy distribution in Pb-Pb collisions at 158A GeV. The circles are the
experimental data quoted in Ref. [8] and the curves are our calculated results.

nucleon number density distribution, respectively. The three thin curves are our calculated
results for three different centrality cuts. In the calculation, we take hE T,i i = 0.275 GeV.
The improved calculated results corresponding to both the nucleon number density distributions are in agreement with the experimental data. For both improved calculated results,
there is a little difference in the knee part. In the other part, both improved calculated
results are almost the same.

V. DISCUSSIONS AND CONCLUSIONS

√
The parameter hNi i is related to the cut condition. For Au-Au collisions at s = 130A
GeV (Fig. 2), the cut condition is the negatives with p T > 100 MeV/c and |η| < 0.5. For
Pb-Pb collisions at 158A GeV (Figs. 3 or 4), the cut condition is the charged particles
with 2.35 < η < 3.75 or the γ-like clusters with 2.8 < η < 4.4. It is obvious that the cut
condition for the Au-Au collisions is tighter than that for the Pb-Pb collisions. This means
that the parameter hNi i has a small value in the case of the Au-Au collisions. As the basic
multiplicity distribution, Eq. (6) is normalized to 1 for the i-th nucleon in the projectile
and target participants. In our calculation, we have taken the parameter hN i i to be not
related to i.
It seems that a uniform distribution over the impact parameter is assumed. In fact,
the distributions for different impact parameters are different due to different n. As the fold
of n exponential distributions, the Erlang distribution in Eq. (8) has really different forms
in the case of different impact parameters (or different n). As the first approximation, the
values of hNi i (or hET,i i) for different b have been taken as the same, for a given interacting
system and cut condition.
In the calculation of the multiplicity and the transverse energy distributions, we have
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regarded the i-th nucleon as an energy source emitting particles. The multiplicity or transverse energy distribution for an energy source can be regarded as an exponential distribution
[9]. The special form of fluctuations in Eq. (10) [or (16)] is the Monte Carlo simulation
formula of an p
exponential distribution. If we use the typical Gaussian fluctuation, e.g.
Ni = hNi i + σi −2 ln Ri (1) cos[2πRi (2)], where σi and Ri (2) denote the distribution width
and a random variable in [0,1], respectively, the calculated results can fit the tail part of
the concerned experimental distribution, but cannot fit the low and middle multiplicity (or
transverse energy) regions.
We investigated the emissions of nuclear fragments [10] and relativistic singly charged
particles [11] in our recent work [10,11]. In the geometric picture, the relativistic and nonrelativistic nuclear fragments with charge ≥ 2 are produced in the projectile and target
spectators, respectively. The relativistic non-proton singly charged particles are produced
in the participant, and the relativistic protons are produced in both the participant and
projectile spectator. The singly charged particles with non-relativistic energy are produced
in both the participant and target spectator regions in the case of intranuclear cascade
collisions, or produced in the target spectator in the case of evaporation. The particles
concerned in the present work are mainly relativistic singly charged or neutral particles.
They are produced in the participant.
Nuclear geometry plays an important role not only in the fixed target experiment
but also in the collider experiment. The multiplicity and transverse energy distributions
in nucleus-nucleus collisions at the CERN-SPS and BNL-RHIC energies can be described
by the consideration of nuclear geometry. In the calculation, one parameter hN i i or hET,i i
is used for the normalized multiplicity or transverse energy distribution. For the WoodsSaxon shape and even nucleon number density distribution, there is a little difference in the
knee part of the calculated results. In the other part, both calculated results are almost the
same. We hope to study the multiplicity and transverse energy distributions at the Large
Hadron Collider (LHC) energy (about 11A TeV) in the near future.
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