
PHYSICAL REVIEW C 83, 014001 (2011)

Pseudorapidity distributions of charged particles in p- p̄ or p- p collisions at high
energies and predictions at ultrahigh energies

Jian-Xin Sun,1,2 Fu-Hu Liu,1,* Er-Qin Wang,1 Yan Sun,3 and Zhu Sun3

1Institute of Theoretical Physics, Shanxi University, Taiyuan, Shanxi 030006, People’s Republic of China
2School of Engineering, Shanxi Datong University, Datong, Shanxi 037003, People’s Republic of China

3School of Physics and Electronic Science, Shanxi Datong University, Datong, Shanxi 037009, People’s Republic of China
(Received 7 June 2010; revised manuscript received 17 November 2010; published 31 January 2011)

Pseudorapidity distributions of charged particles produced in p-p̄ or p-p collisions at different energies were
reported by the UA5, UA1, P238, CDF, and ALICE collaborations. A multisource ideal gas model is used to fit
the experimental data in this paper. According to the parameter values obtained from fitting the data, we find
different linear relationships between different parameters and logarithmic center-of-mass energy. A prediction
for the pseudorapidity distributions of charged particles produced in p-p̄ or p-p collisions at the higher Large
Hadron Collider energies is given.
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I. INTRODUCTION

The Relativistic Heavy Ion Collider (RHIC) in the United
States and the Large Hadron Collider (LHC) in Switzerland
have been built, respectively, to research the properties of
produced matter in collisions. The LHC was originally
designed to accelerate two protons up to total energy of
14 TeV [1–3]. In December 2009 the LHC achieved already
2.3 TeV, which broke the record of 1.8 TeV set by the Fermilab
in United States. Such high-energy collisions offer us the
opportunity to research the Higgs and dark matter [4–6], as
well as the particle statistical behavior at ultrahigh energy.
The multiplicity and pseudorapidity distributions of particles
can be used to test different theoretical models and ideas [7].
High-energy nucleon-nucleon and nucleus-nucleus collisions
are of great help in understanding the particle statistical
behavior, production process, interaction mechanism, and
related phenomenon in high-density and high-temperature
states.

Several collaborations have researched p-p̄ or p-p col-
lisions over an energy range from 53 to 1800 GeV. They
are the UA1 (p-p̄ collisions at 540 GeV [8]), UA5 (p-p̄
collisions at 53, 200, 546, and 900 GeV [9]), P238 (p-p̄
collisions at 630 GeV [10]), CDF (p-p̄ collisions at 630 and
1800 GeV [11]), and ALICE (p-p collisions at 900 GeV
on the November 23, 2009, during the early running stage
at the LHC [12]). The UA5 and ALICE, respectively, did
research work on two different normalizations: nonsingle
diffractive (NSD) and inelastic (INEL) p-p̄ or p-p collisions at
900 GeV [9,12]. In fact, the NSD and INEL collisions have a
constant normalization of the cross section [9,12]. Following
our recent investigation [13] and analysis of the experimental
data with the multisource ideal gas model [14–17], we find the
deviation between the two normalizations being less than 6%.

The rapidity distribution dNch/dy and the pseudorapidity
distribution dNch/dη of charged particles are very important
quantities for the study of particle production mechanism in
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high-energy nucleon-nucleon and nucleus-nucleus collisions.
Both dNch/dy and dNch/dη can be used to measure the
temperature and density of the quark-gluon plasma (QGP)
[18–20]. They reflect the most particle contribution in heavy-
ion collisions and also demonstrate the effects of parton
shadowing, particle rescattering, and final-state particle in-
teractions. The study of dNch/dy and dNch/dη in p-p̄ or
p-p collisions provides baseline and reference for heavy-ion
collisions. At ultrahigh energies hot dense matter might be also
created in p-p̄ or p-p collisions.

According to our recent investigation [13] finished in the
framework of the multisource ideal gas model [14–17], the
experimental data of particle pseudorapidity distributions in
p-p̄ or p-p collisions measured by the above five collabo-
rations [8–12] are analyzed in this paper. We can give the
variation law of different parameters from the investigation
and predict the pseudorapidity distributions in p-p̄ or p-p
collisions at the higher LHC energies.

II. THE MODEL

The participant-spectator picture is a base of nucleon-
nucleon and nucleus-nucleus collision theories and many
other theoretical models, such as the LEXUS model [21], the
nuclear fireball model [22,23], the QMD model [24–27], the
Glauber model [28], the two-component model [29,30],
the threshold model [31,32], the HSD model [33–35], the
nuclear overlap model [36], the multisource ideal gas model
[14–17], and so on. In the frameworks of multisource ideal gas
model and nuclear geometry theory, each nucleus goes straight
in collisions. The overlapping parts of the two nuclei are called
the participants, which consist of many emission sources to
produce particles. The residual parts of the two nuclei are
called the spectators in which many emission sources are
excited to emit nuclear fragments.

According to the multisource ideal gas model, a projectile
cylinder and a target cylinder are produced when the pro-
jectile and target pass each other. Our analysis shows that
the overlapping extent of the two cylinders decreases with
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the increase of collision energy. In the ultrahigh-energy region,
the distance between the two cylinders increases with the
increase of collision energy. In the laboratory reference system,
we assume that the projectile cylinder is in the positive rapidity
direction and the target cylinder is in the negative one, with
rapidity ranges [yP min, yP max] and [yT min, yT max], respectively.
The projectile cylinder and target cylinder are assumed to be
a series of isotropic emission sources with different rapidity
shifts. On both sides of the two cylinders there are leading
particles appearing as two isotropic emission sources with
rapidity shifts yP and yT , respectively. 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.

According to the increasing direction of the rapidity
coordinate scalar, we divide the collision system into four
parts. They are the target leading particles (TL), target cylinder
(TC), projectile cylinder (PC), and projectile leading particles
(PL), respectively. To give a clear picture for understanding
the definitions of variables and parts, different rapidity shifts
for different parts in rapidity space are given in Fig. 1,
where panels (a), (b), and (c) denote the situations of
complete overlap, part overlap, and separation, respectively.
It is expected that the colliding energy corresponding to the
situation of separation is higher than that of overlap.

In the rest frame of a considered emission source with
rapidity yx in the TL, TC, PC, or PL, the pseudorapidity
distribution of the produced particles is given by [37,38]

f (η, yx) = 1

2cosh2(η − yx)
. (1)

If yx = yP (yT ), the expression above can describe the
pseudorapidity distribution of the projectile (target) leading
particles. Mostly, yx distributes equably in [yP min, yP max] or

FIG. 1. (Color online) Relative positions among the TL, TC,
PC, PL, and their rapidity shifts in rapidity space. Panels (a), (b),
and (c) correspond to complete overlap, part overlap, and separation,
respectively. The overlapping region in Fig. 1(b) is blue.

[yT min, yT max]. In the final state, the normalized pseudorapidity
distribution can be expressed as [39]

f (η) = kT

2cosh2(η − yT )
+ KT

2(yT max − yT min)

×
∫ yT max

yT min

dyx

cosh2(η − yx)
+ KP

2(yP max − yP min)

×
∫ yP max

yP min

dyx

cosh2(η − yx)
+ kP

2cosh2(η − yP )
. (2)

In this expression, kP , KP , KT , and kT denote, respectively,
the contributions of PL, PC, TC, and TL. Obviously, they are
normalized to 1. For a symmetrical collision system, as given in
our previous work [13], there are simple relationships among
these parameters in Eq. (2). Generally, for a given normalized
pseudorapidity distribution, some of kP , KP , KT , kT , yP min,
yP max, yT min, yT max, yP , and yT are free parameters.

We use the Monte Carlo method to calculate the pseudora-
pidity distribution. According to the different contributions,
the emission sources distribute randomly in the PC range
[yP min, yP max], TC range [yT min, yT max], PL region, or TL
region. Considering the particles emitted isotropically in
the rest frame of the emission source, as in the Maxwell
ideal gas model, the three components (Px , Py , Pz) of
particle momentum obey Gaussian distributions with the same
deviation σ . We have

Px =
√

−2lnR1cos(2πR2)σ,

Py =
√

−2lnR3cos(2πR4)σ, (3)

Pz =
√

−2lnR5cos(2πR6)σ.

The emission angle and pseudorapidity are then given by

θ = arctan

√
P 2

x + P 2
y

Pz

(4)

and

η = −lntan

(
θ

2

)
, (5)

respectively. In the final state, the pseudorapidity of particles
produced in the two cylinders can be expressed as

ηT C = (yT max − yT min)R7 + yT min + η,

ηPC = (yP max − yP min)R8 + yP min + η.
(6)

The pseudorapidity of leading particles can be expressed as

ηT L = yT + η,

ηPL = yP + η.
(7)

In the expressions above, R1, R2, R3, R4, R5, R6, R7,
and R8 are all random variables in interval [0,1], y and η

are approximately equal to each other at high energy, and σ

does not affect the calculated result owing to its disappearing
in Eq. (4).

In the above discussions, there is an approximation of y
and η, which is strongly dependent on the particle momentum.
In Eq. (3), if we use a given σ for the particles produced
in the cylinder regions (or a pion mass for those particles
and a temperature parameter) and another σ for the leading
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particles (or a proton mass and another temperature parameter)
as well as the definition of y, then a non-negligible systematic
uncertainty may be introduced. In our previous work [40], we
distinguished y and η in Au-Au collisions at the RHIC energy
by using a given σ . In fact, in the midrapidity region the
difference between the two distributions is obvious, and in the
forward region the difference between the values of y and η is
obvious. We see that, considering the leading particles, another
two parameters have been introduced in distinguishing y and
η. In the present work, in the case of using an approximation of
y and η, the main advantage is that a simple formula [Eq. (2)]
could be obtained.

There is an assumption that the system of the model
generated is isotropic and the momenta of particles are gener-
ated randomly. Especially, the three components are assumed
to obey Gaussian distributions with the same width. It is
expected that the present model cannot predict other quantities
such as particle momentum distributions and correlations.
If we assume that Px and Py obey Gaussian distributions
with different widths and different nonzero average values,
then a Rayleigh-like distribution and an anisotropic azimuthal
distribution can be obtained to describe, respectively, the
transverse momentum distribution and other quantities such
as elliptic flow [41].

III. COMPARISON WITH EXPERIMENTAL DATA

Figure 2 shows the pseudorapidity distributions of charged
particles produced in INEL p-p̄ collisions at the center-of-
mass energy

√
s = 53, 200, 546, and 900 GeV. The solid

circles with the error bars represent the experimental data with
the statistical errors measured by the UA5 Collaboration [9]
and the open circles are symmetrical reflection at the mid-
pseudorapidity η = 0. The curves are our calculated results

FIG. 2. (Color online) The pseudorapidity distributions of
charged particles produced in INEL p-p̄ collisions at

√
s = 53, 200,

546, and 900 GeV. The solid circles represent the measured data
with the statistical errors of the UA5 Collaboration [9] and the open
circles are symmetrical reflection at the mid-pseudorapidity η = 0.
The curves are our calculated results with the multisource ideal gas
model.

with the multisource ideal gas model. For the solid curves
shown in Figs. 2(a)–2(d), the corresponding parameter values
obtained by fitting the experimental data are given in Table I
with the values of χ2 per degree of freedom (χ2/dof).
From these values we conclude that the yP max (–yT min)
and yP min (–yT max) increase with the increase of collision
energy. In other words, the length of the double cylinder
and the distance between the two cylinders increase with the
increase of collision energy. The other parameters are likely
stable to be constant values, which means that the leading
particle contribution to pseudorapidity distribution is nearly
an invariable probability. From the figure we know that by
using three rapidity shifts (such as yP min, yP max, and yP )
and one contribution (such as KP or kP ) as free parameters,
the multisource ideal gas model describes the pseudorapidity
distributions of charged particles produced in INEL p-p̄
collisions over an energy range from 53 to 900 GeV. We notice
that the considered energy range covers the RHIC energies.
Especially, the 200 GeV equals exactly one of the RHIC
energies at which the data of p-p collisions is available and
comparable.

To study the change trends of pseudorapidity distribution
when applying different distributions for the momentum
components, we recalculate the result in Fig. 2(a) by different
widths for Px , Py , and Pz distributions. The dotted curve
corresponds to the result of the Px distribution width being
two times the width of Py (and Pz) distribution, and the
dashed curve corresponds to the result of the Px distribution
width being half of the width of Py (and Pz) distribution.
The corresponding values of χ2/dof are 0.890 and 0.300,
respectively. We see a small effect of different distributions.
In fact, the main effect on the pseudorapidity distribution is
produced by the length of the double cylinder, the distance
between the two cylinders, and the contributions of leading
particles.

The pseudorapidity distribution of charged particles pro-
duced in INEL p-p̄ collisions measured by the UA1 Collabo-
ration at

√
s = 540 GeV [8] is presented in Fig. 3. The symbols

and curve have the same meanings as those in Fig. 2. By fitting

FIG. 3. (Color online) The pseudorapidity distribution of charged
particles produced in INEL p-p̄ collisions at

√
s = 540 GeV. The

symbols and curve have the same meanings as those in Fig. 2, but the
experimental data with the systematic errors are taken from the UA1
Collaboration [8].
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TABLE I. Parameter values corresponding to the solid curves in Figs. 2–6.

Figure Energy (GeV) Collisions yP max = −yT min yP min = −yT max yP = −yT KP = KT kP = kT Nc χ 2/dof

2(a) 53 p-p̄ 2.700 ± 0.100 0.080 ± 0.009 3.950 ± 0.050 0.415 ± 0.003 0.085 ± 0.003 7.200 ± 0.450 0.174
2(b) 200 p-p̄ 3.150 ± 0.080 0.120 ± 0.005 3.900 ± 0.030 0.410 ± 0.002 0.090 ± 0.002 17.500 ± 0.750 0.142
2(c) 546 p-p̄ 3.470 ± 0.050 0.148 ± 0.003 4.100 ± 0.020 0.415 ± 0.001 0.085 ± 0.001 25.800 ± 0.800 0.048
2(d) 900 p-p̄ 3.600 ± 0.060 0.170 ± 0.005 4.250 ± 0.030 0.410 ± 0.002 0.090 ± 0.002 29.800 ± 0.900 0.082
3 540 p-p̄ 3.400 ± 0.090 0.140 ± 0.005 4.500 ± 0.100 0.415 ± 0.005 0.085 ± 0.005 26.000 ± 0.850 0.120
4 630 p-p̄ 3.650 ± 0.080 0.150 ± 0.005 4.620 ± 0.050 0.415 ± 0.002 0.085 ± 0.002 28.100 ± 0.850 0.017
5(a) 630 p-p̄ 3.470 ± 0.050 0.162 ± 0.003 4.100 ± 0.050 0.410 ± 0.003 0.090 ± 0.003 28.500 ± 0.900 0.331
5(b) 1800 p-p̄ 3.850 ± 0.009 0.200 ± 0.002 4.000 ± 0.050 0.410 ± 0.002 0.090 ± 0.002 37.500 ± 0.950 0.105
6(a) 900 p-p̄ 3.550 ± 0.050 0.170 ± 0.002 — 0.500 ± 0.000 — 31.520 ± 0.950 0.093
6(b) 900 p-p 3.550 ± 0.050 0.170 ± 0.003 — 0.500 ± 0.000 — 29.900 ± 0.900 0.280

the experimental data, the obtained parameter values are given
in Table I with the value of χ2/dof. Although the collision
energy for Fig. 3 is only 6 GeV, less than that for Fig. 2(c),
the difference between the two figures seems to be existent.
However, the UA1’s research proves that the two experimental
results are consistent within the error range [8]. We see that
the multisource ideal gas model with four free parameters
describes the pseudorapidity distribution of charged particles
produced in INEL p-p̄ collisions at 540 GeV, which is higher
than the RHIC energies.

Figure 4 gives the pseudorapidity distribution of charged
particles produced in INEL p-p̄ collisions measured by the
P238 Collaboration at

√
s = 630 GeV with |η| ranging from

1.5 to 5.5 [10]. The symbols and curve represent the same
meanings as those in Fig. 2. By fitting the experimental data,
the obtained parameter values are given in Table I with the
value of χ2/dof. From the figure we know that the multisource
ideal gas model with four free parameters describes the
pseudorapidity distribution of charged particles produced in
INEL p-p̄ collisions at 630 GeV.

The pseudorapidity distributions of charged particles pro-
duced in INEL p-p̄ collisions measured by the CDF Collab-
oration at

√
s = 630 and 1800 GeV with |η| ranging from

0 to 3.5 [11] are shown in Fig. 5. The symbols and curves

FIG. 4. (Color online) The pseudorapidity distribution of charged
particles produced in INEL p-p̄ collisions at

√
s = 630 GeV. The

symbols and curve represent the same meanings as those in Fig. 2,
but the experimental data with the statistical errors are taken from the
P238 Collaboration [10].

represent the same meanings as those in Fig. 2. By fitting
the experimental data in Figs. 5(a) and 5(b), the obtained
parameter values are given in Table I. From the figure we know
that the multisource ideal gas model with four free parameters
describes the pseudorapidity distributions of charged particles
produced in INEL p-p̄ collisions at 630 and 1800 GeV.

For the interactions NSD at
√

s = 900 GeV, the pseudora-
pidity distributions of charged particles measured by the UA5
Collaboration in p-p̄ collisions with |η| = 0–2, and by the
ALICE Collaboration in p-p collisions with |η| = 0-1.6 [12],
are shown in Fig. 6. The symbols and curves represent the
same meanings as those in Fig. 2. For the two curves in
Figs. 6(a) and 6(b), the corresponding parameter values are
given in Table I. In the calculation, the rapidity shift of leading
particles is not available owing to their zero contribution in the
narrow distribution. We see that the parameter values of the two
interactions are almost the same. The difference for the two
interactions is mainly in the normalization coefficients. From
the figure we know that the multisource ideal gas model

FIG. 5. (Color online) The pseudorapidity distributions of
charged particles produced in INEL p-p̄ collisions at

√
s = 630 and

1800 GeV. The symbols and curve represent the same meanings as
those in Fig. 2, but the experimental data with the statistical errors
are taken from the CDF Collaboration [11].
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FIG. 6. (Color online) The pseudorapidity distributions of
charged particles in NSD p-p̄ or p-p collisions at

√
s = 900 GeV.

The symbols and curve represent the same meanings as those in
Fig. 2, but the experimental data with the statistical errors are taken,
respectively, from the UA5 and ALICE collaborations [12].

describes the pseudorapidity distribution of charged particles
produced in p-p̄ or p-p NSD process at

√
s = 900 GeV.

From the above parameter values, we obtain the depen-
dences of these parameters on ln

√
s in Fig. 7. Different

symbols represent the results of different collaborations as
marked in the figure. The parameter values obtained in
Fig. 6 are not included in Fig. 7 owing to the narrow
pseudorapidity distribution and unavailable contribution of
leading particles. The solid lines denote the linear relationships
between these parameters and ln

√
s and can be expressed

as yP max = –yT min = (0.326 ± 0.023)ln
√

s + (1.415 ± 0.144),
yP min = –yT max = (0.033 ± 0.003)ln

√
s – (0.055 ± 0.016),

yP = –yT = (0.086 ± 0.094)ln
√

s + (3.650 ± 0.583), KP =
KT = –(0.001 ± 0.001)ln

√
s + (0.418 ± 0.006), kP =

kT = (0.001 ± 0.001)ln
√

s + (0.082 ± 0.006), and Nc =
(8.496 ± 0.273)ln

√
s – (27.046 ± 1.696). The corresponding

FIG. 7. (Color online) The relationships between different pa-
rameters and ln

√
s. Different symbols represent different parameter

values obtained from different experimental collaborations. The
solid lines denote the linear relationships between the considered
parameters and ln

√
s.

FIG. 8. (Color online) The predicted pseudorapidity distributions
of charged particles in INEL p-p̄ or p-p collisions at the LHC
energies (5.5, 10, and 14 TeV). The solid curves denote the calculated
results with the multisource ideal gas model and the dotted curves
denote the error ranges obtained by considering the error propagation
of all the parameters.

values of χ2/dof are 0.016, 0.096, 0.327, 0.009, 0.042, and
0.037, respectively.

We could calculate the different parameter values in p-p̄ or
p-p collisions with the laws above when the energy rises up to
5.5, 10, and 14 TeV at the LHC. The results are expressed as
yP max = –yT min = 4.219, 4.414, and 4.523; yP min = –yT max =
0.228, 0.247, and 0.258; yP = –yT = 4.391, 4.442, and
4.471; KP = KT = 0.413, 0.413, and 0.413; and kP = kT =
0.087, 0.087, and 0.087. The normalization coefficients Nc

are 46.130, 51.209, and 54.068, respectively. The predicted
pseudorapidity distributions of the charged particles at the
LHC energies are shown in Fig. 8. The solid curves denote
the calculated results of the multisource ideal gas model.
The dotted curves denote the error ranges of the calculated
results. In the calculation of the error ranges, we use the error
propagation law described in a textbook on the probability and
statistic in experimental physics [42]. All the parameter errors
are considered in the propagation.

We point out that the χ2/dof for an accurate physics model
should on average be close to one. The present values in
most cases are systematically smaller. This usually implies
that the errors on the data are too large or that the system is
overdetermined. In our opinion, the real situation is that large
relative errors are used in the present work. In fact, the errors
are taken to be half the size of the symbols in cases where the
error bars are smaller than half the size. Thus, a smaller χ2/dof
can be obtained. The main free parameters in the present work
include three rapidity shifts (such as yP min, yP max, and yP )
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FIG. 9. (Color online) The variation trends of χ2/dof on
different parameters by refitting the experimental data presented in
Fig. 2(a). The symbols represent the taken parameter values and the
corresponding χ 2/dof values. The solid curves are to guide the eye.

and one contribution (such as KP or kP ) of the cylinders and
leading particles. All of them are very sensitive to the data.

To show how the χ2 distribution varies with the fit
parameters, in Fig. 9 we give the variation trends of χ2/dof
on different parameters by refitting the experimental data
presented in Fig. 2(a). In the refitting process, we take more
than 10 values for one parameter and let others be the most
acceptable values. The symbols in Fig. 9 represent the taken
values of the concerned parameter and the corresponding
values of χ2/dof. The solid curves are to guide the eye. We see

that the fit is sensitive to the data and the parameters. When
we do the fit, as given in Ref. [9], only the statistical errors in
the data are quoted.

IV. CONCLUSIONS

With the multisource ideal gas model we have studied the
pseudorapidity distributions of charged particles produced in
p-p̄ or p-p collisions at different energies and compared
the calculated results with the experimental data of five
collaborations. From the comparison we see that the calculated
results are in agreement with the experimental data. From
the variation tendency of these parameters we know that
the length and distance of the two cylinders in rapidity
space increase with the increase of collision energy, and the
contributions of the leading particles and other parts to the
pseudorapidity distribution are invariable probabilities. We
draw the conclusion that the rapidity shifts of the two cylinders
are linearly related to ln

√
s. Moreover, we predict the results

of collisions at the LHC when the energy increases to 5.5, 10,
and 14 TeV, which will be tested in the near future. We have
got sufficient reasons to believe that the multisource ideal gas
model is eligible.
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