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Abstract By employing the Glauber model, we give the centrality dependences of the numbers of participants

and binary nucleon-nucleon collisions in nucleus-nucleus collisions. By taking into account the energy loss of the

participants in their multiple collisions, we then present the pseudorapidity distributions of charged particles

in nucleus-nucleus collisions as a function of beam energy and impact parameter. Finally, we analyze the

centrality dependence of the pseudorapidity of the charged particles in Au+Au collisions at energies from

VSnn=19.6 to 200 GeV. The theoretical results are in good agreement with the experimental observations of

the RHIC-PHOBOS collaboration.
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1 Introduction

The pseudorapidity distributions of charged par-
ticles in heavy-ion These interactions can be obtained
directly from experiments. These then provides a fea-
sible approach for studying the mechanism and pro-
cess of particle production in nucleus-nucleus colli-
sions. According to Bjorken’s theory [1], the energy
density of the initial matter produced by two collid-
ing nuclei is proportional to dN/dy, where N is the
charge multiplicity and y is the rapidity. In addi-
tion, the pseudorapidity distributions are related to
the freeze-out temperature [2, 3] if the matter gen-
erated in a heavy-ion collision is in thermal equilib-
rium at the time of freeze-out. The investigations of
pseudorapidity distributions may help us to find out
the energy density or temperature of the matter ob-
tained in nucleus-nucleus collisions. This is important
for studying phase transition conditions and search-
ing for the quark gluon plasma (QGP). Hence, the
pseudorapidity distributions of charged particles in
heavy-ion collisions are one of the most important
subjects in high-energy experimental and theoretical
investigations.
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In recent years, collaborations at RHIC (Rela-
tivistic Heavy Ion Collider) have made many mea-
surements of pseudorapidity distributions of charged
particles in nucleus-nucleus collisions [4-12]. The
measurements show that, for certain centrality colli-
sions, the distribution exhibits a plateau in the mid-
pseudorapidity region with a depression around n = 0.
With the increase in the centrality (or impact param-
eter), the plateau becomes wide and low. In order
to understand these observations, various theoreti-
cal models have been put forward. Typical examples
include the hydrodynamic model [13-15], the three-
fireball model [16, 17], the thermalized model [2, 3],
the thermalized cylinder model [18], the quark re-
combination model [19, 20] and the transport model
[21, 22]. In our previous work [23], we discussed the
pseudorapidity distributions of charged particles in
Au+Au collisions at /syy=200 GeV. In this paper,
we will generalize our theoretical model to nucleus-
nucleus collisions at any beam energies and centrality
cuts.

The paper is organized as follows. Firstly, by us-
ing the Glauber model [24, 25], we present the ana-
lytic forms for the numbers of participants and binary
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nucleon-nucleon collisions as a function of the impact
parameter in heavy-ion interactions. We then give
the beam energy and centrality dependences of the
pseudorapidity distributions of charged particles in
nucleus-nucleus collisions after considering the energy
loss of the participants in their multiple collisions.
Finally, by making use of the constructed model, we
analyze the experimental measurements of the RHIC-
PHOBOS collaboration in different centrality Au +
Au collisions at energies of \/syn=19.6 to 200 GeV.

2 The numbers of participants and bi-
nary nucleon-nucleon collisions in
heavy-ion collisions

In high-energy nucleus-nucleus collisions, the two
nuclei will penetrate each other. In this process the
nucleons in one nucleus will collide with those of
Here, for the sake of completeness
and later application, we will, based on the Glauber
model, discuss the number of participants and binary
nucleon-nucleon collisions in heavy-ion collisions.

the other one.

2.1 The number of participants in heavy-ion
collisions

The nucleon distribution in a nucleus with mass
number A is usually taken to be a Wood-Saxon dis-
tribution

_ Po
plr)= 1+exp[(r—mo)/al’ (1)

where 7 is the radius of the nucleus and «a is the dif-
fuseness parameter. Different values for these two
constants have been employed in different papers
[26, 27]. po in Eq. (1) is a normalization constant

determined by condition
J p(r)dV = A.
v

Here, we take [27] ro = 1.19 AY® —1.61 A~/3 and
a= 0.54 fm. For Au, A=197, r;=6.65 fm and p, =
0.15/fm3.

From the nuclear density p(r) we obtain the nu-
clear thickness function:

T(s)= Jp(s,z)dz. (2)

This represents the nucleon number in the tube with
unit bottom area located at position s relative to the
center of the nucleus, as shown in Fig. 1.

Let us consider an A-B nuclear collision with im-
pact parameter b (cf Fig. 2). Given that the total
nucleon-nucleon inelastic cross section is ok, it fol-
lows that oy Ts(s—b) is the number of nucleons that

Fig. 1. The tube with unit bottom area located

at position s with respect to the center of the
nucleus.

Og

O x

Fig. 2.
parameter b.

An A-B nuclear collision with impact

a nucleon of nucleus A at position s will encounter
during the process as it passes through nucleus B.
Then the probability that this nucleon survives the
collisions is exp[—oi Ts(s —b)], and the probability
that it undergoes collisions is 1 —exp[—oiT5(s—b)].
Hence,

na(b,s)=Ta(s){1—exp[—oxyTs(s—b)]}

stands for the number of participants in nucleus A
in the tube parallel to the collision axis with unit
bottom area at position s. Similarly, the number of
participants in nucleus B is

n(b,8) =T (s —b){1—exp[—oxyTa(s)]},

and the total number of participants in the considered
tube is

Npart(0,8) = na(b,s)+ng(b,s)=
Ta(s){1—exp[—oiTs(s—b)]}+

Tp(s—b){1—exp|—opnTa(s)]}.

Accordingly, in an A-B nuclear collision with impact
parameter b, the total number of participants is
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Then, for a collision with a certain centrality cut,

NPart (b) = JnPart (b7 S)d28 =
the mean number of participants is given by

de
,\/Tz,% bon/r2 2

J'Npart (b)d?b

Npare (b, 8)dy. — (3)
Jd2b

NPart =

Table 1.
of binary nucleon-nucleon collisions Ny in five centrality cuts in Au+Au collisions at \/snny=19.6, 62.4, 130
and 200 GeV. The values with (without) errors are the results from the RHIC-PHOBOS collaboration [4, 7]
(there are no data for Nxn for \/snn=19.6 and 130 GeV) or Eq. (3) and Eq. (10), respectively.

The regions of impact parameter b, the mean number of participants Npart and the mean numbers

centrality _ _ _ _
.y Y/ s mge e A
0-6 0-3.63 333.5 337412 781.3 — 336.9 335+11 853.8 883+65
6-15 3.63-5.74 257.4 265+11 560.3 — 261.1 266+9 612.3 643+48
15-25 5.74-7.41 186.1 194412 368.5 - 189.5 189+9 402.7 402436
25-35 7.41-8.77 129.9 138+13 230.7 - 132.9 130+10 237.6 240+30
35-45 8.77-9.94 87.8 - 137.7 — 90.2 86+9 150.4 136422
centrality . _ _ _
b N, N N, N
0-6 0-3.63 340.8 340+11 970.7 - 341.5 344+11 994.3 1040+£77
6-15 3.63-5.74 266.0 2754+9 696.1 - 266.5 27449 713.1 762+57
15-25 5.74-7.41 193.9 196+8 457.9 - 194.7 200+8 469.1 483440
25-35 7.41-8.77 136.8 136+6 286.6 - 137.5 138+6 293.6 286+25
35-45 8.77-9.94 93.4 90+5 171 — 94.0 93+5 175.2 164+15

Table 1 shows the mean number of participants
Npae in Au+Au collisions at V/snn=19.6, 62.4, 130
and 200 GeV, respectively, for five centrality cuts.
In the calculations, o¥ is taken to be [6] 33, 36,
41 and 42 mb while the energies change from low to
high. The numbers with (without) errors are the re-
sults from the RHIC-PHOBOS collaboration [4, 7] or
Eq. (3), respectively. From Table 1 we see that the
calculations from Eq. (3) are in good agreement with
the results from the RHIC-PHOBOS collaboration.

| In terms of pp(r), we have another kind of nuclear
thickness function:

Te(s) = Jpp (s,2)dz,
which is normalized according to
JTp (s)d®’s=1.

Obviously, Tp(s) is the probability of finding a nu-
cleon in the tube, as shown in Fig. 1. Then, in an
A-B nuclear collision with impact parameter b, the
probability of a nucleon-nucleon collision in a unit
area with normal direction parallel to the collision
axis has the form

Tp(b) = JTPA(S)TPB(s—b)dQS, (5)

2.2 The numbers of binary nucleon-nucleon
collisions in heavy-ion collisions

In order to get the numbers of binary nucleon-
nucleon collisions, we first divide Eq. (1) by the nu-

clear mass number A: Lo .
which is normalized as

_ Po
7o) = AT opl(r—ro)/al}’ @

JTp(b)dzb: 1.

It is evident that the above equation represents the Then the probability of a nucleon-nucleon inelastic

probability density of the nucleon distribution, that
is, the probability of finding a nucleon in the unit
volume. It certainly satisfies the condition of normal-
ization:

Jpp(r)dV ~1.

collision is Tr(b)oily and the probability of having a
nucleon-nucleon inelastic collision n times is given by
AB

n

P(n,b)= < ) [T (b)on]" [1 = To (b)onn] 7",

(6)
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which meets the normalization
AB
> P(n,b)=1.
n=0

The number of binary nucleon-nucleon inelastic col-
lisions in an A-B nucleus-nucleus collision at impact
parameter b can then be written as

AB
ZnP(n,b)
n=1

> P(n,b)

n=1

Nyn(b) =

where
AB AB
> P(n,b)=Y " P(n,b)— P(0,b) =
n=1 n=0
1—[1-Tp(b)owy]""
and
AB
> nP(n,b) = ABTp(b)oyy. (8)
n=1
Inserting this into Eq. (7), we get
ABTp(b)oily
Nxn(b) = . . 9
YOS e

The mean number of binary nucleon-nucleon colli-
sions in a certain impact parameter region (or cen-
trality cut region) is then given by

Ny (b)d2b

szb

Table 1 shows the mean number of binary nucleon-
nucleon collisions Nyx in five centrality cuts in
Au+Au collisions at /sxy=19.6, 62.4, 130 and
200 GeV, respectively. The numbers with (without)
errors are the results from the RHIC-PHOBOS col-
laboration [7] (there are no data for \/syx=19.6 and
130 GeV) or Eq. (10), respectively. From Table 1
we see that the calculations from Eq. (10) are in
good agreement with the results given by the RHIC-
PHOBOS collaboration.

N = (10)

3 Pseudorapidity distributions of

charged particles in nucleus-nucleus
collisions

In nucleus-nucleus collisions the energy of a par-
ticipant decreases when increasing the number of col-
lisions with other participants. The lost energy is
accumulated in the region around the center of mass
and finally freezes to the measurable particles in the

final state. It is obvious that the total number of
charged particles in a nucleus-nucleus collision is the
sum of those generated in each nucleon-nucleon col-
Therefore, the rapidity distribution of the
charged particles in a nucleus-nucleus collision at im-
pact parameter b can be expressed as the weighted
superposition of the distributions in binary nucleon-

lision.

nucleon collisions:

ANAp(b) & — dNun(y/ 8k b)
=i _;P(n,b)z i , (1)

i=1
where P(n,b) is given by Eq. (6), \/sky is the
c.am.s. energy in the ith nucleon-nucleon collision
and dNyx (\/% , b) /dy is the corresponding rapid-
ity distribution, which in this paper is taken to be
[28]

dNNN(\/SNNv b) o
dy

C (v/snn)
ly(b —yo (M)] ’
A(vaw)
(12)

where A(y/sxn), C (,/SNN) and yq (,/SNN) determine
the width, height and peak position of the rapidity

1+exp

distribution, respectively. They are all functions of
v/Snn, and in this article are taken as

A(y/sxn) =0.034In(,/5xx) +0.472,
C(\ / SNN) = 030911'1(\ / SNN) + 08417
yo(, / SNN) == 070611’1(, / SNN) +0.009.

The relation between the rapidity and the pseudora-
pidity is given by

/P () cosh” s+ m? + pr (b) sinhn]

(v)=3!
=—In
Y 2 /P2 (b) cosh® 1 +m?2 —pr(b) sinhy

(13)

dN (b 2 dNag(b
AB( ): 1— Qm . AB( ) (14)
dn m2.cosh®y  dy

Experimental investigations [29] have shown that
the transverse momentum of the charged particles in-

and

creases as the impact parameter b decreases. Thus,
in Eq. (12) the rapidity distribution of the nucleon-
nucleon collisions depends on the impact parameter
b of the nucleus-nucleus collisions.

Figure 3 shows the pseudorapidity distributions
of the charged particles in p+p collisions at /s=23.6,
45.2 and 200 GeV, counting from bottom to top. The
circles, triangles and solid circles are the experimental
measurements of the UA5 collaboration [30-32]. The
solid lines are the numerical results from Eq. (12). It
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can be seen from this figure that Eq. (12) represents
the experimental observations well.

In the above calculations, the m in Egs. (13) and
(14) is taken to be the mean value of the masses of the
pion, kaon and proton. These three kinds of particles
constitute the overwhelming majority of the charged
particles in the final state with frequencies of about
84%, 12% and 4 %, respectively [29]. The transverse
momentum pr in Eqgs. (13) and (14) takes on the val-
ues of 0.20, 0.25 and 0.35 GeV/c in accordance with
the increasing c.m.s energies.

3.0

2.5

2.0

0.5

Fig. 3.

Pseudorapidity distributions of charged
particles in p+p collisions at /s=23.6, 45.2
and 200 GeV, counting from bottom to top.

The circles, triangles and solid circles are the
results from the UA5 collaboration [30-32].
The solid lines are the numerical results from
Eq. (12).

In order to get the rapidity distribution from
Eq. (11), we need to know the c.m.s. energy in each
nucleon-nucleon collision /siy(i=1, 2---Nxn(b)).
However, the functional relation between \/% and
i is not yet clear. To deal with this problem, we may
first ignore the differences in c.m.s. energy for differ-
ent nucleon-nucleon collisions. Such as in Au+Au
collisions at /syn = 200 GeV, we may just take
\/% = /sxn = 200 GeV for all nucleon-nucleon col-
lisions. Then, from Egs. (8) and (9), Eq. (11) becomes

dN,5(b)

T Ny (b){1—[1—Tp(b)oiiy]* "} x

dNxx (/Snn, b
NN( SNN )7 (15)
dy
where, Tp(b) and Nyn(b) are given by Egs. (5) and
(9), respectively. However, in reality the energies
of participants in different nucleon-nucleon collisions

are different. The smaller the impact parameter, the
larger is the number Nyn(b) (see Table 1) and the less
is the mean c.m.s. energy available for each nucleon-
nucleon collision due to a higher energy loss, and
hence, the smaller is the contribution to the yield
of charged particles. According to this, dN 5 (b)/dy
should decrease with Nyn(b). That is, under the
assumption that the c.m.s. energies in all nucleon-
nucleon collisions are the same, \/% = /5xn =
200 GeV, the actual numbers of nucleon-nucleon col-
lisions contributing to the charged particle yield in
the final state should be less than those listed in Ta-
ble 1 or those given by Eq. (10). Thus, we introduce
an attenuation factor 5(b), which is defined as

B(b) =1+ a(b)[Nan(b) —1], (16)

where a(b) is a free parameter (the only free parame-
ter used in our analysis), which can be fixed by fitting
the experimental data. Then the yield of charged par-
ticles produced in a nucleus-nucleus collision should
be determined by the number of effective nucleon-
nucleon collisions:

Nxn(b)
N (b) = , 17
Bm =5 a7)
and accordingly Eq. (15) should be modified as fol-
lows:
dNag(b)
dy

= NN (O{1—[1=Te(b)owy] "7} x

dNxn(y/snx; b)
_ (18)
dy

For p+p collisions, Nxx(b)= 1, then 8(b) = N (b)
=1. Furthermore, it is known from Eq. (9) that
T,(b) oy =1 in this case. Thus, as expected, the
above equation reduces to the rapidity distribution
for p+p collisions.

Since the functional forms of pr(b) in Eq. (13) and
a(b) in Eq. (16) are at present not clearly known, the
mean charge multiplicities in each centrality cut can-
not be obtained by integrating over the impact pa-
rameter, as we do in Eqgs. (3) and (10). Here we will
adopt a common method, i.e. approximately using
the charge multiplicities at the mid impact param-
eter in each centrality cut (cf Table 1) to stand for
the mean charge multiplicities. Substituting Eq. (18)
into Eq. (14), we can then use it to discuss the pseudo-
rapidity distribution of charged particles in nucleus-
nucleus collisions.

Figure 4 shows the centrality dependences of
the pseudorapidity distributions of charged particles
in Au+Au collisions at /syy=19.6, 62.4, 130 and
200 GeV, respectively. The diamonds, crosses, trian-
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gles, squares and circles are the experimental data of
the RHIC-PHOBOS collaborations [4-6]. The solid
lines are the results from Eq. (14). It can be seen from
this figure that, for all four c.m.s. energies, the theo-
retical results are in good agreement with experimen-
tal data in the different centrality cuts at the central
pseudorapidity regions. However, at large pseudora-
pidity regions, there exist some discrepancies between
the theoretical and experimental results. These dis-
crepancies are understandable since in our calcula-
tions we only take into account the binary nucleon-
nucleon collisions. However, besides binary nucleon-
nucleon collisions, the spectators and leading parti-
cles also make contributions to the final charge mul-
tiplicities, which are mainly situated at large pseudo-
rapidity regions. Therefore, we can expect that, if the
charge multiplicities from both spectators and lead-
ing particles are included, the fitting condition can be
further improved.

The transverse momenta of the three major kinds

of particles, namely pions, kaons and protons, have
been measured in different centrality Au+Au colli-
sions [29]. In the above calculations, the pr(b) in
Eq. (13) and Eq. (14) in each centrality cut is rep-
resented by the mean value of the transverse mo-
menta of these three kinds of particles. The free
parameter a(b) is fixed by fitting the experimen-
tal data. The mean numbers of effective nucleon-
nucleon collisions N determined in this way are
summarized in Table 2. This table shows that, in
each centrality cut, N decreases with the reduc-
Snn=62.4
to 19.6 GeV, N seems to reach saturation. Com-
paring Table 2 with Table 1, one can see that the

tion in the c.m.s energies. However, from

numbers of N& are much smaller than those of Nyy,
and with the decrease in the centrality (or impact pa-
rameter), the reduction rate of Ngif increases. This
means that a participant will lose a great part of its
energy in nucleus-nucleus collisions, especially in cen-
tral nucleus-nucleus collisions.

200 GeV

ANy an/dn (x10%)
o
1

25%—35%

i pEHETI
35%—45%

130 GeV

62.4 GeV

dNjad/dn (x107)

19.6 GeV

Fig. 4. Pseudorapidity distributions of charged particles for different centralities in Au+4Au collisions at

VSnN =19.6, 62.4, 130 and 200 GeV, respectively. The diamonds, crosses, triangles, squares and circles
are the experimental data of the RHIC-PHOBOS collaborations [4-6]. The solid lines are the results from

Eq. (14).
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Table 2. The mean numbers of effective nucleon-nucleon collisions Ngi for five centrality cuts in Au+Au

collisions at /snn=19.6, 62.4, 130 and 200 GeV, respectively.
centrality cuts (%) Ngtif(19.6) Ngtf(62.4) Ngt (130) Ngt (200)

0-6 218 219 254 270

6-15 167 173 198 212

15-25 120 118 139 150

25-35 81 81 92 101

35-45 52 51 59 66

4 Conclusions

By using the Glauber model, we give the central-
ity dependences of the numbers of participants and
binary nucleon-nucleon collisions in heavy-ion colli-
sions. The calculated results are very consistent with
those given by the RHIC-PHOBOS collaboration in
different centrality Au+Au collisions at /syny=19.6,
62.4, 130 and 200 GeV. We then present the pseu-
dorapidity distributions of the charged particles in
nucleus-nucleus collisions as a function of the beam
energy and impact parameter. Owing to the energy
loss of the participants in their multiple collisions, the
contributions to the yield of charged particles from bi-
nary nucleon-nucleon collisions will become less and

less, along with the increase in Nyn(b). To describe
this fact, we introduce an attenuation factor 3(b)
and use the effective number N (b) to replace the
real Nyn(b). As a result, the charge multiplicities in
nucleus-nucleus collisions are expressed as a weighted
superposition of those in effective binary nucleon-
nucleon collisions. The distinguishing features of our
model are a few free parameters (only N (b) or a(b)
or (b)), straightforward from the physical picture
behind and simple in its mathematical treatment. In
analyzing the centrality dependence of the pseudora-
pidity distributions of charged particles in different
centrality Au+Au collisions at /syy =19.6, 62.4, 130
and 200 GeV, we find that the theoretical model is in
good agreement with the experimental observations
of the RHIC-PHOBOS collaboration.
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