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Pseudorapidity distributions of charged hadrons produced in p-p and Pb-Pb collisions at LHC energies were measured by the
CMS and ALICE Collaborations, respectively. An improved Tsallis distribution in the two-cylinder model is used to describe the
pseudorapidity spectra. We consider the rapidity shift at the longitudinal direction in the geometrical picture of the collisions. The
calculated results are in agreement with the experimental data. The gap between the projectile cylinder and the target cylinder
increases with the centralities. The rapidity shifts in the cylinders also increase with the centralities.

1. Introduction

The Large Hadron Collider (LHC) at CERN has been built
to research the properties of matter produced in high-energy
collisions [1, 2]. It will study proton-proton collisions at a
center-of-mass energy of 14TeV and heavy-ion collisions
at a center-of-mass energy of 5.5TeV, which are much
higher than the maximum collision energy at RHIC. An
environment of high temperature and density is formed
in such high-energy collisions, which lead to a significant
extension of the kinematic range in longitudinal rapidity
and transverse momentum [3–5]. The investigation of the
particle production in proton-proton and nucleus-nucleus
collisions at LHC energies is helpful for understanding the
statistical behavior of particles and production mechanism.
The multiplicity and pseudorapidity distributions of final-
state particles can be used to test different theoretical models
and ideas. In the central rapidity region, the multiplicity of
charged particles produced in the high-energy collisions is
an important observable and can give the basic attribution
of quark-gluon plasma (QGP) produced in the collisions.
Proton-proton collisions at 7 TeV produce about 70 charged
hadrons integrated over the full rapidity space, including
the unmeasured region. The study on the pseudorapidity
distribution of charged hadrons, 𝑑𝑁(ch)/𝑑𝜂, helps us to

understand the production mechanism of major charged
hadrons.

The relativistic diffusion model (RDM) [6] has made
some valuable attempts in describing and predicting pseudo-
rapidity distribution of charged hadrons produced in heavy-
ion collisions at SPS, RHIC, and LHC energies. Differ-
ent phenomenological models of initial coherent multiple
interactions and particle transport have been introduced to
describe the production of final-state particles in Au-Au
collisions [7, 8]. In the analysis of the experimental data, one
statistical distribution gained prominence with very good fits
to the data measured by the STAR [9] and PHENIX [10]
Collaborations at RHIC and measured by the CMS [11] and
ALICE [12] Collaborations at LHC. With Tsallis statistics’
development and success in dealing with nonequilibrated
complex systems in condensed matter research, it has been
utilized to understand the particle production in high-
energy collisions. Recently, in order to describe transverse
momentum spectra, an improved Tsallis distribution which
satisfies better the thermodynamic consistency was proposed
[13]. As the collision energy increases to LHC, which is
much higher than the maximal collision energy at RHIC, the
kinematic range in the longitudinal direction will increase.
In this work, we consider the rapidity shift of the interacting
system and use the improved Tsallis distributions to analyze
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the pseudorapidity distribution functions in p-p and Pb-Pb
collisions at LHC energies as measured by the CMS and
ALICE Collaborations.

2. The Improved Tsallis Distribution
and the Rapidity Distribution

In the framework of Tsallis statistic, more than one version
of the Tsallis distribution is used to discuss the transverse
momentum distribution of final-state particles produced in
high-energy collisions. The improved form of the Tsallis dis-
tribution can naturallymeet the thermodynamic consistency.
The quantum form of the Tsallis distribution succeeded in
description of the transverse distributionmeasured byALICE
and CMS Collaborations. According to the framework, the
momentum distribution is given by
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where 𝑝, 𝐸, 𝑇, 𝜇, 𝑉, and 𝑔 are the momentum, the energy,
the temperature, the chemical potential, the volume, and the
degeneracy factor, respectively, and 𝑞 is a parameter char-
acterizing the degree of nonequilibrium. For zero chemical
potential, a rapidity distribution is
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where 𝑃𝑇 is the transverse momentum. The distribution
function is only the rapidity distribution of particles emitted
in a considered emission source at the fixed rapidity. In
𝑦-space, the longitudinal location of the source needs to
be taken into account. Therefore, for the fixed emission
source with rapidity 𝑦𝑥, the rapidity distribution of produced
particles is given by
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Generally speaking, the parameters 𝑇 and 𝑞 are obtained by
fitting the transverse spectra measured in the collisions. In
[13], the values of 𝑇 and 𝑞 taken for the calculations are about
0.07GeV and 1.1, respectively.

In order to describe the rapidity shift, we introduce the
geometrical picture of the two-cylindermodel [16]. In the lab-
oratory reference system, the projectile cylinder is in the posi-
tive rapidity direction and the target cylinder is in the negative
one, with rapidity ranges [𝑦𝑝min, 𝑦𝑝max] and [𝑦𝑡min, 𝑦𝑡max],

respectively. On both sides of the two cylinders there are
leading particles appearing as two isotropic emission sources
with rapidity shifts 𝑦𝑃 and 𝑦𝑇, respectively. So, in the final
state, the normalized pseudorapidity distribution is
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where 𝑘𝑡, 𝐾𝑡, 𝐾𝑝, and 𝑘𝑝 are the contributions of the
target leading particles, the target cylinder, the projectile
cylinder, and the projectile leading particles, respectively. For
symmetric collisions p-p and Pb-Pb, 𝐾𝑡 = 𝐾𝑝 = 𝑘, 𝑘𝑡 = 𝑘𝑝 =
1 − 𝑘. The pseudorapidity distribution can be expressed as
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The pseudorapidity distribution can be calculated by a
conversion between the pseudorapidity distribution and the
rapidity distribution. In the case of 𝑝 ≫ 𝑚0, the rapidity 𝑦
and pseudorapidity 𝜂 are approximately equal to each other.
However, the condition of 𝑝 ≫ 𝑚0 is not always satisfied.The
conversion between the pseudorapidity distribution 𝑑𝑁/𝑑𝜂
and the rapidity distribution 𝑑𝑁/𝑑𝑦 is
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where a Jacobian of the transformation is
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3. Comparison with Experimental Results

Figure 1 presents the pseudorapidity distributions of charged
particles produced in p-p collisions at √𝑠𝑁𝑁 = 2.36 TeV and
7TeV. The symbols represent the experimental data of the
CMS Collaboration [5] and the curves are our calculated
results. The parameters used in the calculations are taken
to be 𝑦𝑝max = 4.562 ± 0.140, 𝑦𝑝min = 0.224 ± 0.009 and
𝑦𝑃 = 4.480 ± 0.127 and 𝑦𝑝max = 5.146 ± 0.170, and
𝑦𝑝min = 0.254 ± 0.011 and 𝑦𝑃 = 4.760 ± 0.159, respectively.
The parameter 𝑘 is taken at the same value 0.432 ± 0.012.
The 𝜒2 per degree of freedom (dof) are 0.454 and 0.612,
respectively. The calculated results are in good agreement
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Figure 1: (Color online) The charged particle multiplicity 𝑑𝑁ch/𝑑𝜂 in p-p inelastic collisions at √𝑠𝑁𝑁 =2.36 TeV and 7 TeV. The symbols
represent the experimental data measured by the CMS Collaboration [5]. The curves are our calculated results.
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Figure 2: (Color online) The charged particle multiplicity 𝑑𝑁ch/𝑑𝜂 for different centrality bins in Pb-Pb collisions at √𝑠𝑁𝑁 = 2.76 TeV.
Experimental data of the ALICE Collaboration [14, 15] are shown by the scattered symbols. Our calculated results are shown by the curves.

with the experimental data.The rapidity shifts𝑦𝑝max−𝑦𝑝min in
the cylinders for 7 TeV are larger than that for 2.36 TeV. So is
the gap between the projectile cylinder and the target cylinder
2𝑦𝑝min.

Figure 2 shows the pseudorapidity distributions of
charged particles produced in Pb-Pb collisions with different
centralities at √𝑠𝑁𝑁 = 2.76 TeV. The values of centralities are
shown in the figure. The symbols represent the experimental
data of the ALICE Collaboration [14, 15] and the curves
are our calculated results. The value of 𝑘 is 0.421 ± 0.010.

The other parameters 𝑦𝑝max, 𝑦𝑝min, 𝑦𝑃, and 𝑁𝑐 obtained by
fitting the experimental data are given in Table 1 with 𝜒2/dof.
From these values, we find that the 𝑦𝑝max and 𝑦𝑝min increase
with the increase in the centralities. In otherwords, the length
of the double cylinder and the distance between the two
cylinders increase with the increase in the centralities. The
maximumvalue of𝜒2/dof is 1.156.One sees that the calculated
results approximately agree with the experimental data for
all concerned centralities. The dependences of the different
parameters on the centrality class are given in Figure 3.
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Figure 3: (Color online)The dependence of the different parameters on the centrality class.The symbols represent the parameter values used
in Figure 2. The solid lines are fitted results.

Table 1: Parameter values corresponding to the solid curves in Figure 2.

Centrality 𝑦𝑝max 𝑦𝑝min 𝑦𝑃 𝑘 𝑁𝑐 𝜒
2/dof

0–5% 3.965 ± 0.050 0.126 ± 0.004 5.060 ± 0.040 0.420 ± 0.050 15200 ± 400 0.925
5–10% 3.925 ± 0.040 0.123 ± 0.002 5.028 ± 0.030 0.420 ± 0.050 12350 ± 240 0.805
10–20% 3.841 ± 0.030 0.114 ± 0.004 4.971 ± 0.030 0.420 ± 0.050 9200 ± 180 0.778
20–30% 3.736 ± 0.050 0.108 ± 0.004 4.865 ± 0.040 0.420 ± 0.050 6080 ± 140 1.156
30–40% 3.678 ± 0.040 0.098 ± 0.002 4.791 ± 0.050 0.420 ± 0.050 3950 ± 80 0.718
40–50% 3.585 ± 0.030 0.089 ± 0.003 4.721 ± 0.050 0.420 ± 0.050 2405 ± 68 0.627
50–60% 3.533 ± 0.020 0.082 ± 0.002 4.671 ± 0.020 0.420 ± 0.050 1340 ± 46 0.644

By fitting the data, the function relations between the differ-
ent parameters and the centrality class are determined:

𝑦𝑝max = −0.902𝑐 + 3.984,

𝑦𝑝min = −0.089𝑐 + 0.129,

𝑦𝑃 = −0.841𝑐 + 5.079,

𝑁𝑐 = 17580.5𝑒
−𝑐/0.251

− 600.4,

(8)

where 𝑐 and 𝑁𝑐 denote the centrality and a normalization
constant, respectively. The values of 𝜒2/dof are 0.819, 0.652,
0.736, and 0.441, respectively.

4. Discussions and Conclusions

In the above comparisons, we have investigated the pseudora-
pidity distributions of charged hadrons produced in p-p and
Pb-Pb collisions at LHC energies. In [13], the improvedTsallis
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distribution which satisfies the thermodynamic consistency
was proposed to fit the experimental data. However, it can
only treat the transverse momentum spectra, but not the
rapidity (or pseudorapidity) distributions. As the collision
energy increases to LHC, which is much higher than the
maximal collision energy at RHIC, the kinematic range in the
longitudinal direction increases obviously. For the pseudora-
pidity distributions of charged hadrons, the rapidity shifts of
emission sources in the interaction system have to be taken
into account, which requires consistently the geometrical
picture of the collisions. It is not difficult for the two-cylinder
model to describe particle production in the rapidity space.
We implemented the improved Tsallis distributions in the
two-cylinder model and applied it to description of the
pseudorapidity distributions. The calculated results are com-
pared with the experimental data from the CMS and ALICE
Collaborations. The calculated results are in agreement with
the data, and the parameter dependence on the centrality is
obtained. The gap between the projectile cylinder and the
target cylinder increases with the centralities. The rapidity
shifts in the cylinders also increase with the centralities.

The two-cylinder model was developed from the fireball
model, which is suggested in heavy-ion collisions [17]. At
the longitudinal position, the projectile cylinder and target
cylinder are assumed to be formed in nucleus-nucleus (or
proton-proton) collisions. At intermediate energy, the two
cylinders overlap totally, and the interacting system is in fact
described by a single cylinder model. At high energy, the two
cylinders overlap partly. At ultrahigh energy, there is a gap
appearing between the two cylinders. In the rapidity space,
the projectile cylinder and target cylinder are defined to lie in
the rapidity ranges [𝑦𝑝min, 𝑦𝑝max] and [𝑦𝑡min, 𝑦𝑡max], respec-
tively. It is expected that a thick double cylinder is formed
in nucleus-nucleus collisions and a thin double cylinder is
formed in nucleon-nucleon collisions. The collision picture
is very intuitive and accessible.

In conclusion, the experimental pseudorapidity distri-
butions of charged hadrons produced in p-p and Pb-Pb
collisions at LHC energies have been described by the
improved Tsallis distributions in the two-cylindermodel.The
calculated results show that the rapidity shifts 𝑦𝑝max and
𝑦𝑝min increase with the increase in the centralities, whereas
the contributions of the projectile and target cylinders to
the pseudorapidity distributions do not change obviously
with the increase in the centralities. The length of the
projectile cylinder or the target cylinder increases and
the gap between them increases with the increase in the
centralities.
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