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The energy dependence of charged-hadron production in relativistic heavy-ion collisions is investigated
in a nonequilibrium-statistical relativistic diffusion model (RDM) with three sources. Theoretical
pseudorapidity distributions are compared with Au + Au data at RHIC energies of

√
sN N = 0.13 and

0.2 TeV, and computed for Pb + Pb central collisions at LHC energies of 2.76 and 5.52 TeV. The central,
nearly equilibrated source arising from gluon–gluon collisions becomes the major origin of particle
production at LHC energies. The midrapidity dip is determined by the interplay of the three sources.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

With the advent of first results from heavy-ion collisions at LHC
energies of

√
sN N = 2.76 TeV in central Pb + Pb collisions [1,2],

a new perspective on this area of research opens up. The strong
gluon field that is present at these high energies determines the
dynamics of the collision and the details of particle production
even more decisively than in Au + Au collisions at RHIC energies
of 0.13 and 0.2 TeV, where quark–gluon interactions are still more
important in the particle production process than gluon–gluon col-
lisions.

The first and simplest observable to be determined experimen-
tally is the charged-particle multiplicity density at mid-rapidity in
central Pb + Pb. There are many theoretical models predicting this
value with varying accuracy (see [3,4] at the maximum LHC energy
of 5.52 TeV, and [1] at 2.76 TeV). However, the experimental ALICE
result of 1601 ± 60 [2] at 2.76 TeV is obtained from a straightfor-
ward extrapolation of the midrapidity values at RHIC energies with
log(

√
sN N ).

More specific information can be expected from the detailed
shape of the pseudorapidity distribution of produced charged
hadrons at η-values further away from midrapidity, which will be
available experimentally in the near future. The decomposition of
the distribution function (dN/dη)(η) from the underlying physical
ingredients such as quark–gluon vs. gluon–gluon interactions will
be of particular interest.

E-mail address: wolschin@uni-hd.de.

In this Letter an analytically soluble nonequilibrium-statistical
RDM-model [5,6] that successfully describes pseudorapidity distri-
butions for produced hadrons at RHIC energies is used to predict
these distribution functions at LHC energies. The model relies on
three sources for charged-hadron production, with the midrapidity
source associated with gluon–gluon collisions, and two forward-
centered fragmentation sources arising essentially from valence
quark–gluon interactions.

It has been shown in [7–9] within the relativistic diffusion
model (RDM) that at RHIC energies of 0.13 TeV (0.2 TeV) the
midrapidity source generates about 13% (26%) of the produced par-
ticles in a 0–6% central Au + Au collision, whereas the bulk of the
particles is still produced in the two fragmentation sources. At SPS,
and low RHIC energies of 19.6 GeV the effect of the midrapidity
source is negligible [9].

In the asymmetric d + Au system at 0.2 TeV there is also a size-
able midrapidity source containing 19% of the produced particles
for 0–20% central collisions [10]. Particle creation from a gluon-
dominated midrapidity source, incoherently added to the sources
related to the valence part of the nucleons, had also been proposed
by Bialas and Czyz [11]. There exist also many other models which
assume a central source such as the dual parton model [12,13], or
the quark–gluon string model [14]. The RDM provides an analytical
framework to investigate the interplay of central and fragmenta-
tion sources.

For asymmetric systems, the central source is shifting in ra-
pidity space with increasing centrality, whereas for symmetric
systems it remains at midrapidity 〈η〉 = 0. The shape of the
dN/dη-distributions at different centralities is very sensitive to
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the detailed balance of the underlying distribution functions, and
the excellent agreement with the d + Au PHOBOS-data [15–17] at
0.2 TeV lends credibility to the three-sources model also for sym-
metric systems where the details of the distribution functions are
less specific.

Within the RDM, I investigate in this Letter the energy de-
pendence of the three sources for particle production in central
collisions of symmetric systems, and provide predictions at LHC
energies. The energy range considered here for the three-sources
model covers RHIC energies of

√
sN N = 0.13 and 0.2 TeV in Au +

Au collisions, the presently accessible LHC energy of 2.76 TeV in Pb
+ Pb collisions, and the maximum LHC energy of 5.52 TeV.

The model is considered in Section 2, the calculation of pseudo-
rapidity distributions of charged hadrons at RHIC and LHC energies
in Section 3, and conclusions are drawn in Section 4.

2. Relativistic diffusion model

In the Relativistic Diffusion Model, the rapidity distribution of
produced particles emerges from an incoherent superposition of
the beam-like fragmentation components at larger rapidities aris-
ing mostly from valence quark–gluon interactions, and a compo-
nent centered at midrapidity that is essentially due to gluon–gluon
collisions. All three distributions are broadened in rapidity space as
a consequence of diffusion-like processes.

The time evolution of the distribution functions is governed by
a Fokker–Planck equation (FPE) in rapidity space [6] (and refer-
ences therein)

∂

∂t

[
R(y, t)

]μ = − ∂

∂ y

[
J (y)

[
R(y, t)

]μ]

+ ∂2

∂ y2

[
D y · R(y, t)

]ν
(1)

with the rapidity y = 0.5 · ln((E + p)/(E − p)). The beam ra-
pidity can also be written as ybeam = ∓ymax = ∓ ln(

√
sN N/mp).

The rapidity diffusion coefficient D y that contains the microscopic
physics accounts for the broadening of the rapidity distributions.
The drift J (y) determines the shift of the mean rapidities towards
the central value, and linear and nonlinear forms have been dis-
cussed [18,19,6].

The standard linear FPE corresponds to μ = ν = 1 and a linear
drift function

J (y) = (yeq − y)/τy (2)

with the rapidity relaxation time τy , and the equilibrium value
yeq of the rapidity. This is the so-called Uhlenbeck–Ornstein [20]
process, applied to the relativistic invariant rapidity for the three
components Rk(y, t) (k = 1,2,3) of the distribution function in ra-
pidity space

∂

∂t
Rk(y, t) = − 1

τy

∂

∂ y

[
(yeq − y) · Rk(y, t)

]

+ ∂2

∂ y2

[
Dk

y · Rk(y, t)
]
. (3)

Since the equation is linear, a superposition of the distribu-
tion functions [5,21] using the initial conditions R1,2(y, t = 0) =
δ(y ± ymax) with the absolute value of the beam rapidities ymax,
and R3(y, t = 0) = δ(y − yeq) yields the exact solution. In the solu-
tion, the mean values are obtained analytically from the moments
equations as

〈
y1,2(t)

〉 = yeq
[
1 − exp(−t/τy)

] ∓ ymax exp(−t/τy) (4)

Fig. 1. The Jacobian dy/dη for 〈m〉 = mπ and average transverse momenta (bottom
to top) 〈pT 〉 = 0.4,0.6,0.8,1.2,2 and 4 GeV/c.

for the sources (1) and (2) with the absolute value of the beam
rapidity ymax, and yeq for the local equilibrium source which is
equal to zero only for symmetric systems. Hence, both mean values
〈y1,2〉 would attain yeq for t → ∞, whereas for short times they
remain between beam and equilibrium values. The variances are

σ 2
1,2,eq(t) = D1,2,eq

y τy
[
1 − exp(−2t/τy)

]
, (5)

and the corresponding FWHM-values are obtained from Γ =√
8 ln 2 · σ since the partial distribution functions are Gaussians

in rapidity space (but not in pseudorapidity space).
The midrapidity source has mean value zero and hence, comes

close to thermal equilibrium with respect to the variable rapid-
ity during the interaction time τint . I use the notion Req(y, t) for
the associated partial distribution function in y-space, with Neq

ch
charged particles, cf. Table 1. Full equilibrium as determined by
the temperature would be reached for τint/τy � 1. The fragmen-
tation sources do not reach 〈y1,2〉 = 0 during the interaction time
and hence, remain far from thermal distributions in rapidity space,
and do not fully equilibrate with the central source.

3. Pseudorapidity distributions

If particle identification is not available, one has to convert the
results to pseudorapidity, η = − ln[tan(θ/2)] with the scattering
angle θ . The conversion from y- to η-space of the rapidity density

dN

dη
= dN

dy

dy

dη
= p

E

dN

dy
	 J

(
η, 〈m〉/〈pT 〉)dN

dy
(6)

is performed through the Jacobian

J
(
η, 〈m〉/〈pT 〉)

= cosh(η) · [1 + (〈m〉/〈pT 〉)2 + sinh2(η)
]−1/2

. (7)

The average mass 〈m〉 of produced charged hadrons in the cen-
tral region is approximated by the pion mass mπ since pions rep-
resent by far the largest fraction of produced charged hadrons, in
particular in the midrapidity source where the transformation has
the biggest effect.

The dependence on the mean transverse momentum 〈pT 〉 is
illustrated in Fig. 1. Due to the Jacobian, the partial distribution
functions differ from Gaussians. In the actual calculations, I use
〈pT 〉 = 0.3 and 0.4 GeV at the respective RHIC energies of 0.13
and 0.2 TeV, and 〈pT 〉 = 0.6 and 0.7 GeV at LHC energies of 2.76
and 5.52 TeV. The values at LHC energies should be updated once
measured pT -distributions become available.

The dependence of the diffusion-model parameters on incident
energy, mass and centrality at RHIC energies has been investi-
gated for various systems in [8,9,24]. In particular, the centrality
dependence seen in the RHIC data is exactly reproduced [8,9]. The
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Table 1
Three-sources RDM-parameters for 0–6% Au + Au at RHIC energies (upper two lines) and for 0–5% Pb + Pb at LHC energies (lower two lines). See Fig. 2 and text for the
extrapolation of the time parameter τint/τy to LHC energies. Widths and particle numbers denoted by ∗ are extrapolated linearly with log(

√
sNN ). At RHIC energies the

nonequilibrium sources from quark–gluon interactions with particle content N1,2
ch dominate. At LHC energies the local equilibrium source from gluon–gluon collisions with

particle content Neq
ch is the major origin of particle production at midrapidity. Experimental midrapidity values (last column) are from PHOBOS [22,23] for |η| < 1 at RHIC

energies and from ALICE [2] for |η| < 0.5 at 2.76 TeV.
√

sNN (TeV) ybeam τint/τy 〈y1,2〉 Γ1,2 Γeq N1,2
ch Neq

ch
dN
dη |η	0

0.13 ∓4.93 0.89 ∓2.02 3.56 2.64 1837 560 547 ± 55 [22]
0.20 ∓5.36 0.80 ∓2.40 3.51 3.20 1887 1349 645 ± 65 [23]
2.76 ∓7.99 0.67 ∓4.09 4.2∗ 6.8∗ 3660∗ 11075 1601 ± 60 [2]
5.52 ∓8.68 0.66 ∓4.49 4.6∗ 7.5∗ 4120∗ 14 210∗ 1860∗

Fig. 2. Dependence of the diffusion-model parameters for heavy systems (central Au
+ Au at RHIC energies, central Pb + Pb at LHC energies) on the center-of-mass en-
ergy

√
sNN according to [9]: Quotient of interaction time and relaxation time for

sinh- and exponential (dashed) extrapolation (upper frame); width of the periph-
eral sources including collective expansion (middle frame); effective width of the
midrapidity source (lower frame). The results are for charged-hadron pseudorapid-
ity distributions, with extrapolations to LHC energies. The dots refer to the fit values
at RHIC energies of 19.6, 130 and 200 GeV. The time parameters at LHC energies of
2.76 and 5.52 TeV have been averaged between the two analytical extrapolations.

parameters are shown in Fig. 2 and Table 1 as functions of the c.m.
energy in central collisions of Au + Au, and in an extrapolation to
Pb + Pb at LHC energies. The difference between these two sys-
tems is very small since the diffusion-model parameters scale with
the extension of the system like A1/3, which differs only by a fac-
tor of 1.02.

The time parameter τint/τy is displayed as function of center-
of-mass energy in the upper frame of Fig. 2, with a functional de-
pendence on the beam rapidity ybeam and hence, on energy given
by τint/τy ∝ ybeamNpart/ sinh(ybeam) as motivated in [24], whereas
the dashed curve assumes an exponential dependence that yields
a broader distribution function, see Fig. 8 in [24] for a detailed
comparison of the two limiting cases. At LHC energies of 2.76 and
5.52 TeV for Pb + Pb I use in this prediction intermediate values
between the two analytical extrapolations, as shown by the black
squares in Fig. 2 with values given in Table 1.

The partial widths (FWHM) as functions of energy within the
RHIC range for Au + Au are displayed in the middle and lower
frames of Fig. 2 for both fragmentation and midrapidity sources.
Here the widths are effective values: beyond the statistical widths
that can be calculated from a dissipation–fluctuation theorem [25]
within the RDM, they include the effect of collective expansion.
The values at RHIC energies are resulting from a χ2-minimization

Fig. 3. Calculated pseudorapidity distributions of produced charged particles from
Au + Au collisions (bottom) at

√
sNN = 0.13 and 0.2 TeV for 0–6% central colli-

sions in comparison with PHOBOS data [22,23]. The analytical three-sources RDM-
solutions are optimized in a fit to the data. Distribution functions for 0–5% central
Pb + Pb collisions at LHC energies of 2.76 and 5.52 TeV are shown in the upper
part of the figure, with the lower-energy result adjusted to the recent midrapidity
ALICE data point [2]. Dotted curves are without the Jacobian transformation. The
corresponding parameter values are given in Table 1.

with respect to the data that corresponds to the time evolution up
to τint: The integration is stopped at the optimum values of τint/τy ,
Γ1,2,eq , and Neq

ch ; the explicit value of τint is not needed.
The normalization is given by the total number of produced

charged hadrons that is taken from experiment if available, or ex-
trapolated in case of predictions at higher energies. Hence, the
model contains five parameters for symmetric systems, and six pa-
rameters for asymmetric systems. It provides an analytical frame-
work to calculate the distribution function, and to draw physical
conclusions.

The charged-particle distribution in rapidity space is obtained
as incoherent superposition of nonequilibrium and central (“equi-
librium”) solutions of (3)

dNch(y, t = τint)

dy

= N1
ch R1(y, τint) + N2

ch R2(y, τint) + Neq
ch Req(y, τint). (8)

The results for pseudorapidity distributions of produced charged
hadrons in central Au + Au collisions at two RHIC energies are
shown in Fig. 3 in comparison with PHOBOS data [22,23]. In the
χ2-minimization, the three-sources model yields excellent agree-
ment with the data. Here the overall normalization is taken from
the data, and the fit parameters are the time parameter (that de-
termines the mean values 〈y1,2〉), the widths Γ1,2,Γeq , and the
number of produced particles in the central source Neq

ch .
At RHIC energies, the multiplicity density at midrapidity has

still a substantial contribution from the overlapping fragmentation
sources. At 0.13 TeV, the contribution from the three sources at
η = 0 is about equal, at 0.2 TeV the midrapidity source is larger
(58%), but the fragmentation sources still contribute 21% each.
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Fig. 4. Pseudorapidity distributions of charged hadrons in 0–5% central Pb + Pb col-
lisions at LHC energies of

√
sNN = 2.76 and 5.52 TeV. The underlying theoretical

distributions are shown for 2.76 TeV. Their shapes are not significantly modified
by the Jacobian. The size of the midrapidity dip is determined by the interplay
of central (gluon–gluon, dashed; without Jacobian, dotted) and peripheral (valence
quarks–gluon, dash-dotted) distribution functions. The midrapidity value is almost
completely determined by particle production from gluon–gluon collisions at LHC
energies.

It should be mentioned that there exist detailed microscopic
calculations of fragmentation sources from gq → q and qg → q
diagrams by Szczurek et al. [26,27] for pion production in proton-
proton, and nucleus–nucleus collisions at SPS and RHIC ener-
gies. These processes are also responsible for the observed differ-
ences [28] in the production of positively and negatively charged
hadrons, in particular, pions. An extension of these calculations to
LHC energies is very desirable.

Within the 3-sources RDM, we had presented predictions at
LHC energies of 5.52 TeV in [24] that were included in [3,4]. The
total number of produced charged hadrons had been extrapolated
with log(

√
sN N ) to obtain 26.5 ∗ Npart at 5.52 GeV, with the num-

ber of participants Npart . Based on this assumption, the calculated
RDM-pseudorapidity distribution function turned out to underesti-
mate the midrapidity result that is expected using the recent ALICE
2.76 TeV data point [2] by a factor of 2.7.

I have now chosen to adjust the RDM parameters such that the
ALICE midrapidity value at 2.76 TeV is reproduced, 1601 ± 60 [2]
(1584 ± 4(stat.) ± 76(sys.) in [1]). On this basis, the RDM distribu-
tion functions at 2.76 and 5.52 TeV can be calculated.

With the extrapolation of the time parameter and the partial
widths Γ1,2,eq from Fig. 2, plus corresponding extrapolations of the
number of produced particles in fragmentation and central sources
as functions of log(

√
sN N ) given in Table 1, the results are shown

in Fig. 3. The main uncertainty is in the extrapolation of the par-
ticle content of the fragmentation sources since the content of the
central source is essentially fixed by the ALICE midrapidity data
point. The calculation at 5.52 TeV is performed based on an extrap-
olation of the multiplicity density at midrapidity with log(

√
sN N )

that yields dN/dη 	 1860 at midrapidity.
At LHC energies, the overall scenario changes even more in fa-

vor of particle production from the midrapidity source. The bulk of
the midrapidity density is generated in the central source (93%),
there is only a small overlap of the fragmentation sources at
midrapidity as shown in Fig. 4.

In a comparison with calculations at LHC energies that do not
include the Jacobian transformation as displayed by the dotted
curves in Figs. 3, 4, it is evident that the midrapidity dip structure
is essentially determined by the interplay of the three sources for
particle production, and only marginally influenced by the trans-
formation from y- to η-space at these high energies. The central
distribution including the Jacobian has no dip at LHC energies, but

only a slight reduction in absolute magnitude at midrapidity, as
shown by the dashed curve in Fig. 4.

The smallness of the fragmentation sources at midrapidity is
in qualitative agreement with results of a microscopic model that
we had developed in [29] to investigate net-baryon distributions
at LHC energies. In that approach, the net-baryon yield at large ra-
pidities is calculated from the interaction of valence quarks with
the gluon condensate in the respective other nucleus. Extending
the model to the midrapidity region [30], a net-baryon midrapidity
density dN/dy(y = 0) 	 4 is obtained at 5.52 TeV, corresponding
to a midrapidity density of 12 valence quarks – as opposed to a
total of 1248 valence quarks in the system. Hence the charged-
hadron production from valence quark–gluon interactions at LHC
energies can be expected to be very small in the midrapidity re-
gion.

4. Conclusion

Based on the description of charged-hadron pseudorapidity dis-
tributions in central collisions of heavy symmetric systems at RHIC
energies in a nonequilibrium statistical model, I have presented
predictions of pseudorapidity distributions of produced charged
hadrons for central Pb + Pb collisions at LHC energies of 2.76
and 5.52 TeV. These rely on the extrapolation of the transport pa-
rameters in the relativistic diffusion model (RDM) with increasing
center-of-mass energy.

In a three-sources model, the midrapidity source that is asso-
ciated with gluon–gluon collisions accounts for about 93% of the
charged-particle multiplicity density measured by ALICE at midra-
pidity in Pb + Pb collisions at 2.76 TeV. The fragmentation sources
that correspond to particles that are mainly generated from va-
lence quark–gluon interactions are centered at relatively large val-
ues of pseudorapidity (〈η1,2〉 	 〈y1,2〉 	 ∓4.1) and hence, these
contribute only marginally to the midrapidity yield.

Since the Jacobian transformation from rapidity to pseudora-
pidity space is close to 1 at LHC energies due to the large mean
transverse momenta, the size of the midrapidity-dip in the pseu-
dorapidity distribution function is essentially determined by the
relative particle content in the three sources, not by the Jacobian.
Small corrections of the extrapolated values for the number of pro-
duced particles in the fragmentation sources may be required once
the measured distributions become available from CMS, ATLAS and
ALICE at both LHC energies.
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