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The recent results in
ffiffiffi
s

p ¼ 2:76 TeV Pbþ Pb collisions at the Large Hadron Collider (LHC) reported

by the ALICE collaboration shows that the power-law energy-dependence of charged hadron multiplicity

in Pbþ Pb collisions is significantly different from pþ p collisions. We show that this different energy-

dependence can be explained by inclusion of a strong angular-ordering in the gluon-decay cascade within

the color glass condensate (or gluon saturation) approach. This effect is more important in nucleus-

nucleus collisions where the saturation scale is larger than 1 GeV. Our prescription gives a good

description of the LHC data both in pþ p and Pbþ Pb collisions.
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I. INTRODUCTION

The recent LHC data on hadron production in proton-
proton (pp) and nucleus-nucleus (AA) scattering [1–5]
shows that gluon saturation that follows both from the
BFKL Pomeron calculus [6] and from the color glass
condensate (CGC) approach [7–10], gives an adequate
description of the high energy scattering in QCD. The
model based on the gluon saturation was able to predict
the hadron production at

ffiffiffi
s

p ¼ 7 TeV [11] (see also
Ref. [12]) and the experimental data both for pp [1] and
AA collisions [4,5] confirmed the basic qualitative predic-
tions of this approach [13,14]. However, the recently re-
ported data from the ALICE collaboration [4] on hadron
production in AA collisions also demonstrated that we are
far away from the high precision quantitative description.
For example, the model that predicted 7 TeV data for
pp scatterings and which also describes HERA and
RHIC data, failed to describe the multiplicity in AA colli-
sions [15] with the same accuracy. This fact cannot be
considered as discouraging since AA collisions are more
complicated QCD problem and moreover the other model
calculations, based on the same ideas, were somehow
able to describe the data [13,14,16]. Nevertheless, this
gives rise to a question that whether despite of considerable
progress in theory during the past two decades we are ready
to give a reliable prediction in the framework of the high-
density QCD.

In practice, our theoretical description of hadron-hadron
and nucleus-nucleus scatterings is based on two main
ingredients: Balitsky-Kovchegov (BK) nonlinear equation
[10] and kt factorization [17,18]. However, the BK equa-
tion is not complete since it does not take into account the
correct (nonperturbative) behavior at large impact parame-
ters and, because of this, it leads to the violation of the
Froissart theorem, see Ref. [19] where this problem dis-
cussed in detail. A practical consequence of this is the fact
that we may not be able to guarantee the accuracy better

than �20% (if not worse) [20–22] from the application of
the BK equation. Having said that, the recent application of
the BK equation to the description of HERA data looks
promising indeed [23]. On the other hand, the kt factoriza-
tion is not reliable for dense-dense system scatterings
[24–26] and, strictly speaking, we cannot apply this facto-
rization neither to proton-proton nor to nucleus-nucleus
scatterings at midrapidity. Therefore, we are doomed to
build models trying to get a feedback from the experimen-
tal data for a theoretical breakthrough.
As a first attempt toward understanding of the new LHC

data on nucleus-nucleus collisions, one may compare the
experimental data with the principal qualitative predictions
of the gluon saturation. The cornerstone of such predic-
tions is the fact that the multiplicity in pp and AA colli-

sions are proportional to Q2
s / s�=2 [6,15,17,18,27], where

Qs is the saturation scale, s is the center-of-mass energy
squared per nucleon pair and � is free parameter to be fixed
with other experiments like DIS at HERA. This indicates
that the energy dependence of multiplicity in both pp and
AA collisions should be the same, assuming that the atomic
number or A dependence of the saturation scale is factor-
izable from energy. This simple property is in accordance
with RHIC data [15,27,28]. However, the new ALICE data
shows that multiplicities in pp and AA collisions have a
different energy power-law behavior (see Fig. 1). Thus,
at first sight, it looks as if that one of the principal feature
of high-density QCD is violated. In this paper, we will
argue that indeed the recent LHC data on AA collisions atffiffiffi
s

p ¼ 2:76 TeV has already opened up a new QCD regime
which requires further theoretical understanding than pre-
viously thought. Here, we shall give a simple explanation
of the different energy behavior of the hadron multiplicity
in AA and pp data at high energy based on the gluon
saturation (or the CGC) scenario.
In the CGC approach, the hadron production goes in

two stages: production of gluons and subsequently the
decay of gluon-jet (or mini-jet) into hadrons. Therefore,
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the multiplicity of the produced hadrons at pseudorapidity
� can be calculated as a convolution of these two stages,

dNh

d�d2pT

/ dNGluon

dyd2pT

� NGluon
h ðEjetÞ; (1)

dNh

d�
/ �sQ

2
s � NGluon

h ðQsÞ; (2)

where the first part dNGluon

dyd2pT
gives the gluon jet production

yield at rapidity y (in pp or AA collisions) computable in
the kT factorization scheme [17,18], and the second term
NGluon

h is the average multiplicity of hadrons in the gluon

jet with a jet energy Ejet (see Secs. II and III). The symbol

� indicates a convolution, that is, integrals over variables
with possible weight factors included.
The kinematics look simpler in the center-of-mass of the

produced gluon in which two gluons with the mean trans-
verse momenta of the order of Qs and the fraction of
energy x1 ¼ x2 ¼ Qs=

ffiffiffi
s

p
collide, producing the gluon

which moves in the transverse plane with the value of its
momentum of the order ofQs. Equation (2) up to a possible
logarithmic correction, can be simply obtained by a di-
mensionality argument based on the CGC picture in which
the multiplicity of the gluon jets is proportional to �sQ

2
s

where �s is the effective area of interaction [27]. Notice
that the typical transverse momentum in Eq. (1) is of the
order of the saturation scale Qs.
The crucial ingredient which is essential to explain the

different energy dependence of the multiplicity in pp from
AA collisions originates from the experimental data for jet
production in eþe� annihilation [35–38], namely NGluon

h is
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FIG. 1 (color online). The energy behavior of charged particle
pseudorapidity per participant pair for central AA and nonsinglet
diffractive pp collisions. The energy dependence can be de-
scribed based on the saturation picture by s0:11 for pp and s0:145

for AA collisions. The saturation (CGC) curve for pp collisions
is taken from Ref. [11]. The saturation curve for the AA
collisions was calculated from Eq. (9), having incorporated the
effects of gluon jet angular ordering which is important when
the saturation scale Qs > 1 GeV; see the text for the details.
The total theoretical uncertainties in the saturation model cal-
culation is about 7% (not shown here). The experimental data
are from Refs. [1,3,4,35,29–34]. The data from the PHENIX
collaboration denoted by PHENIX 1 and 2 can be found in
Ref. [34].
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FIG. 2 (color online). Right: The mean charged hadron multiplicity of unbiased gluon Ng
h and quark Nq

h jets in eþe� annihilation, as
a function of the jet energy. For gluon jet, we show experimental data obtained by two different methods, jet boost algorithm and
subtracting multiplicities in two-jet q �q events from three-jet q �qg events [36,37]. The experimental data for quark jet production in
eþe� annihilation are taken from Ref. [35]. The energy behavior of Ng

h can be described by E0:6�0:7
g for Eg � 0:85 GeV. Left: The

ratio of the mean charged particle multiplicities between unbiased gluon and quark jets as a function of scale. Various theoretical
predictions [45] based on perturbative QCD (pQCD) are also shown in the plot. The plot in the left panel is taken from Ref. [37].
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almost constant at energies of the gluon jet less than about
1 GeV but starts to increase with the energy of the gluon jet
larger than 1 GeV, see Fig. 2 and Sec. III. For proton-proton
collisions, the value of the saturation scale is smaller than
1 GeVand consequently NGluon

h does not give an additional

energy dependence, while for nucleus-nucleus scatterings

at high energies the saturation scale QsðAÞ / A1=3QsðpÞ
(A is the atomic number) is larger than 1 GeV and NGluon

h

increases leading to an additional non-negligible power-
law energy dependence. This extra contribution accounts
for the gluon-decay effect before hadronization and is
missing in the kT factorization.

The paper is organized as follows: In Sec. II, we intro-
duce the missing gluon-decay cascade effect in the kt
factorization. We also show that the observed power-law
energy dependence of multiplicity in pp and AA collisions
at the LHC is fully consistent with the saturation picture by
inclusion of the gluon cascade angular-ordering effect. In
Sec. III, we generalize the kt factorization in order to
incorporate this effect, and present our numerical results
for the charged hadron multiplicity both in pp and pA
collisions. As a conclusion, in Sec. IV we highlight our
main results.

II. THE ENERGY-DEPENDENCE OF CHARGED
HADRON MULTIPLICITY

The kT factorization [17,18,39–42] includes gluon emis-
sions between the projectile and target, and also gluon
radiation in the final initial-state from the produced gluons.
The kT factorization accounts for the BFKL type gluon
emissions, namely, the parent gluon emits a cascade of
gluons with their longitudinal momenta kþi being progres-
sively smaller while the transverse momenta kTi of the
parent and emitted gluons are the same. This leads to an
angular ordering in the cascade shown in Fig. 3

pþ > kþ1 > kþ2 > . . .> kþn ;

pT � kT1 � kT2 . . .� kTn;

�1 < �2 < �3 < . . .< �n:

(3)

However, the other contribution of the gluon decay, in the
final initial-state, before hadronization, stems from the
kinematic region outside the BFKL emission regime where

both emitted gluons are collinear to the emitter. In this
kinematic region, the angle between the gluon (quark) and
the decay gluon �i is small and the main contribution of
gluon-decay has an opposite angular ordering to the BFKL
type gluon emissions given in Eq. (3), see Fig. 3,

pþ > kþ1 > kþ2 > . . .> kþn ;

pT � kT1 � kT2 . . . � kTn;

�1 > �2 > �3 > . . .> �n:

(4)

This angular ordering means that a gluon in a fully devel-
oped cascade can only emit inside a cone defined by the
momenta of its first two immediate predecessors, similar to
the well-known Chudakov effect in QED [43]. It is a well-
established fact from jet observables (especially at small
momentum fractions z ¼ Phadron=Ejet) that soft and col-

linear logarithms summed by the modified leading loga-
rithmic approximation (MLLA), together with angular
ordering reproduces the most important features of QCD
cascade [36–38,44]. This combined with the local parton-
hadron duality (LPHD) also gives quantitative predictions
for hadron multiplicity and spectra in eþe� and ep colli-
sions over the whole momentum range down to momenta
of a few hundred MeV [38,44]. The MLLA contains sys-
tematically next-to-leading logarithmic corrections and
incorporates single and double-logarithmic effects in the
development of parton cascades [38,44].
One should note that although the MLLA angular-

ordering kinematic region is quite important at the gluon
(quark) decay stage, but it does not lead to the large double
log contribution in the total cross-section and it contributes
to the self-energy of the quark and, therefore, to the run-
ning QCD coupling in the case that we integrate over all
produced gluons. Therefore, this kinematic region is not
included in the kT factorization formula and has to be
considered separately, namely, summing of these double
log for the gluon jet decay leads to the extra term NGluon

h in

Eq. (1) which can be calculated within the MLLA ap-
proach. On the other hand, the effect of propagation and
interaction of the produced jet in the gluonic medium with
the BFKL angular ordering and its saturation effect have
been already taken into account in the kT factorization. It is
well known that the gluon decay probability can be factor-
ized from the rest of cross section in eþe� ! q �qg reaction
[44]. This is the essence of the factorization given in
Eq. (1). Therefore, one may extract information about the
gluon-decay stage in the MLLA region from gluon jet data
in eþe� collisions.
In order to verify Eq. (2), we need to know NGluon

h .

As we already mentioned, one may calculate the charged
hadron multiplicities in the gluon jet NGluon

h ðEjetÞ in pQCD

within the MLLA scheme [38,44]. In order to obtain the
energy dependence of the function NGluon

h , we use directly

experimental data forNGluon
h ðEjetÞ in the eþe� annihilation.

1 MLLA emission2 3

1 BFKL emission2 3

FIG. 3. Angular ordering in the gluon cascade in the MLLA
(�1>�2>�3> . . .>�n) and the BFKL (�1<�2<�3< . . .<�n)
regime.
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Unfortunately, such data are limited to high gluon jet
energy Ejet > 5 GeV [36,37], see Fig. 2. For lower energy

Ejet < 5 GeV, we construct the hadron multiplicity of

gluon jet from the corresponding multiplicity of quark-jet

NQuark
h where we have experimental data [35]. It is well

known that in the double log approximation, the ratio of
the multiplicities in quark and gluon jets is equal to

NGluon
h =NQuark

h ¼ CA=CF ¼ 9=2 [38,44]. However, the

higher order perturbative corrections significantly suppress
this ratio at low energies of the jet making it close to one
[37,45–47], see Fig. 2 (left panel). One can see from Fig. 2
that NGluon

h is constant at about Ejet < 1 GeV and it grows

as a power of Ejet at higher energies. From the available

eþe� collisions data shown in Fig. 2, we found that the
energy dependence of the mean charged particle multi-
plicity of gluon jet can be approximately described by

hNGluon
h i / E�

jet; with � ¼ 0:6� 0:7

for Ejet � 0:85� 1 GeV:
(5)

It is essential to stress again that such behavior also follows
from the theoretical estimates in the next-to-next-to-next-
to-leading order (3NLO) pQCD [45–47] in the MLLA
scheme [38,44].

It is well known that the saturation scale has the follow-
ing energy (or x) behavior [6–8,10,48–51]:

Q2
sðxÞ ¼ Q2

0

�
x0
x

�
� / s�=2; (6)

where the saturation scale Q0 is fixed at an initial value x0.
We assume that the typical energy of the gluon jet Ejet is of

the order of average saturation scale. Now, using Eq. (2)
and Eqs. (5) and (6) we obtain

dNh

d�
ðppÞ / Q2

s / s�=2 ¼ s0:11; (7)

dNh

d�
ðAAÞ / Q2

s � ðEjet / QsÞ0:65 / s�=2þ0:65��=4 ¼ s0:145;

(8)

where we assumed that the saturation scale for pp colli-
sions is Qs < 1 GeV and for AA collisions we have
Qs > 1 GeV. In the above and the following we take for
the parameter �, the average value �� ¼ 0:65 from Eq. (5)
and Fig. 2. In Eq. (7), the average value of � ¼ 0:11 in the
effective saturation scale for pp collisions can be obtained
from kt factorization results given in Ref. [11] or by a fit to
the available data for nonsinglet diffractive inclusive had-
ron production in pp collisions shown in Fig. 1. Then, the
power-law behavior given in Eq. (8) for AA collisions
comes naturally without any extra freedom. In Fig. 1, we
show that the energy power-law scaling given in Eqs. (7)
and (8) leads to a very good description of experimental
data both in pp and AA collisions, including the recent
ALICE data in AA collisions at 2.76 TeV.

III. CHARGED HADRON MULTIPLICITY
IN THE IMPROVED kt FACTORIZATION

In this section, we shall investigate how the saturation
model predictions based on the kt factorization [17,18] will
change by the inclusion of the angular ordering effect in
the gluon jet decay cascade. Motivated by previous sec-
tions, we postulate that the missing effect of gluon jet
decay cascade can be effectively incorporated into the kt
factorization in the following way,:

dNh

d�
ðAA or ppÞ ¼ C

�s

Z
d2pTh½�	 d�

Gluon

dyd2pT

ðAA or ppÞN Gluon
h ð �QsÞ; (9)

where h½�	 is the Jacobin transformation between y and � [27]. The impact-parameter dependence of the formulation
allows us to calculate the average area of interaction �s via the geometrical scaling property [11]. The gluon jet cross
section in AA (or pp) collisions can be obtained from [17]

d�Gluonðy;pT ; �BÞ
dyd2pT

¼ 2CF�sðpTÞ
ð2�Þ4

Z B2

B1

d2 ~B
Z

d2 ~bd2 ~rTe
i ~pT 
 ~rT r

2
TN

G
A;pðx1; rT ;bÞr2

TN
G
A;pðx2; rT ;b�Þ

p2
T�sðQA;pðx1; bÞÞ�sðQA;pðx2;b�ÞÞ

; (10)

where x1;2 ¼ ðpT=
ffiffiffi
s

p Þe�y, pT and y are the transverse-
momentum and rapidity of the produced gluon jet. The
vector ~B is the impact parameter between the center of two
nuclei (or two hadrons in the case of pp collisions), ~b and
~b� ¼ ~b� ~B are the impact parameter between the inter-
acting nucleons with respect to the center of two nuclei
(or hadrons). A given centrality bin corresponds to a range
of the impact-parameter �B 2 ½B1; B2	 of the collisions. We

extended the kT-factorization by introducing a running
strong-coupling �s [11]. In the above, the amplitude NG

A;p

is defined as [17]

NG
A;pðxi; rT; bÞ ¼ 2NA;pðxi; rT ;bÞ � N2

A;pðxi; rT; bÞ; (11)

where NA;pðxi; rT; bÞ is the dipole-nucleus (for index A) or
dipole-proton (for index p) forward scattering amplitude
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with rT and ~b being the transverse dipole size and the
impact parameter of the scattering, respectively.

In Eq. (9), N Gluon
h is the average hadron multiplicity in

the gluon-jet decay in the MLLA region and can be ob-
tained from experimental data in eþe� reactions [35–37].
Using Eq. (5) and assuming that typical transverse mo-
mentum of the gluon jet is approximately equal to the
average saturation scale �QA;p at a given centrality and

kinematics, we define

N Gluon
h ð �QA;pÞ ¼ C0

( � �QA;p

0:85

�
0:65

for �QA;p � 0:85 GeV;

1 for �QA;p < 0:85;

(12)

with a notation,

�QA;p ¼
�Q2

A;pðx1; bÞ þQ2
A;pðx2; b�Þ

2

�
1=2

: (13)

The normalization factor C0 in Eq. (12) can be absorbed
into the parameter C in Eq. (9) which relates the produced
gluons to the final-state hadrons based on the Local Patron-
Hadron Duality principle [38], assuming that the final-state
hadronization is a soft process and cannot change the
direction of the emitted gluon jet further.

The impact-parameter dependence in the kt factorization
is not trivial and a prior is not obvious if it can be factor-
ized. Here, we are interested to study the effect of
new N Gluon

h term in the kt factorization Eq. (9). To this

end, we employ the b-CGC saturation model [52] which
gives a good description of inclusive hadron production in
pp collisions at the LHC [11]. In this model, the size of
proton naturally changes with energy [11]. This model
effectively incorporates all known saturation properties
driven by the small-x nonlinear evolution equations [51]
including the impact-parameter dependence of the dipole
amplitude [53]. This model describes very well the HERA
DIS data at small-x [51,52,54] and direct-photon produc-
tion [55]. The extension of this model for the case of
nuclear target was introduced in Ref. [15] which also gives
a good description of RHIC multiplicity data. The dipole-
nucleon forward scattering amplitude in the b-CGC model
[52] is defined as

Npðx; r; bÞ ¼
(
N0

�
Z
2

�
2ð�sþð1=	�YÞ lnð2=ZÞÞ

for Z � 2;

1� expð�Aln2ðBZÞÞ for Z> 2;

(14)

where we defined Z ¼ rQpðx; bÞ, Y ¼ lnð1=xÞ and

	 ¼ 
00ð�sÞ=
0ð�sÞwhere 
 is the LO BFKL characteristic
function. The parameters A and B are determined
uniquely from the matching of Np and its logarithmic

derivatives at Z ¼ 2. The proton saturation scale is
given by

Qpðx; b0Þ ¼
�
x0
x

�
�=2

exp

�
� b02

4ð1� �crÞBCGC

�
: (15)

Based on the universality of the saturation in the CGC
framework, the corresponding dipole-nucleus dipole am-
plitudeNA can be obtained from Eq. (14) by only replacing
the proton saturation scale by that of the nucleus,

Q2
Aðx; bÞ ¼

Z
d2 ~b0TAð ~b� ~b0ÞQ2

pðx; b0Þ; (16)

where TAðBÞ denotes the nuclear thickness. The above

definition leads to Q2
A � Q2

pA
1=3 which is consistent with

basic idea of saturation [6,7,56]. We use for the nuclear
thickness the Wood-Saxon parametrization [57]. The pa-
rameters �, �cr, N0, x0 and BCGC are obtained from a fit to
the DIS data at low Bjorken-x x < 0:01 with a very good

2=d:o:f: ¼ 0:92 [52].

Numerical results and discussion

The number and density of participant at different
centralities are calculated based on the Glauber formalism
[58], assuming �inel

nn ¼ 64:8, 58.5 and 42 mb forffiffiffi
s

p ¼ 5:5, 2.76 and 0.2 TeV, respectively [59]. Following
Refs. [11,15] in order to regularize the divergence of the kt
factorization, we introduce a gluon-jet-mass mjet. We are

now ready to confront the improved kt factorization Eq. (9)
with experimental data. First, notice that the nuclear
saturation scale defined via Eq. (16) can be in principle
different with exact one up to a factor of the order of one.
A change of QA ! 1� 1:5QA brings about 0–7% increase
in the hadron multiplicity obtained from Eq. (9) at high
energies. We have only two free parameters, the prefactor C
and the gluon jet mass mjet, which are determined at

low-energy for a fixed centrality. The main source of
uncertainties in our approach is due to the assumption
that gluon jet mass mjet and the normalization prefactor C
do not change with energy, rapidity and centrality.
Unfortunately, due to limited available data in AA colli-
sions at various high energies, we cannot verify if this
assumption is correct and therefore we should take into
account possible uncertainties associated with this
assumption. We use RHIC data at

ffiffiffi
s

p ¼ 200 GeV around
midrapidity to fix our only free parameters mjet and C.
Unfortunately, as it is obvious from Figs. 1 and 4, the
experimental errors in the data points taken for fixing these
unknown parameters is rather large. We checked that in the
case of AA collisions, mjet � 0:12� 0:14 GeV is consis-

tent with RHIC data within error bars. The experimental
errors in the charged hadron multiplicity in Auþ Au
collisions at

ffiffiffi
s

p ¼ 200 GeV (shown in Fig. 1) may induce
an uncertainty as large as 7� 9% in the value of the
parameter C.
In Fig. 1, we show the energy dependence of the charged

hadron multiplicity at midrapidity (labeled with saturation)
obtained from Eq. (9) both for pp and AA collisions.
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The proton saturation scale Qp in the b-CGC model

Eq. (15) is rather small and varies very slowly with energy,
e. g. for central collisions and midrapidity at

ffiffiffi
s

p ¼ 14 TeV
and pT ¼ 1 GeV, we have Qp ¼ 0:8 GeV. Therefore, in

the case of pp collisions for our interested range of energy
considered in this paper, the contribution of N Gluon

h term

in the improved kt factorization Eq. (9) is negligible and
the charge hadron multiplicity obtained via Eq. (9), shown

in Fig. 1, coincides with the results given in Ref. [11]
without the presence of N Gluon

h term. However, in the

case of AA collisions, the nuclear saturation scale defined
by Eq. (16) can be QA > 0:85 GeV and consequently
N Gluon

h term in the improved kt factorization Eq. (9) is

important. The inclusion of gluon-decay angular-ordering
effect via N Gluon

h in Eq. (9) does not noticeably affect our

prescription at RHIC due to our freedom in fitting mjet and

C parameters to the same data (at
ffiffiffi
s

p ¼ 200 GeV) while it
increases the charged hadron multiplicity about 20–25% at
the LHC energies in AA collisions. Notice that the impact-
parameter dependence of condition given in Eq. (12) limits
the contribution of N Gluon

h term at various energies and

centralities. Overall, the improved kt factorization results
of Eq. (9) shown in Fig. 1 agree very well with both pp and
AA data at the LHC and also RHIC, including the recent
ALICE data for AA collisions at 2.76 TeV.
In Fig. 4, we show pseudorapidity dependence at RHIC

energies
ffiffiffi
s

p ¼ 130 and 200 GeV in 0–6% Auþ Au colli-
sions, and also for the LHC energies

ffiffiffi
s

p ¼ 2:76 and
5.5 TeV in 0–5% Pbþ Pb collisions. In our calculation,
the number of participant at 5.5 TeV for 0–5% centrality is
approximately Npar ¼ 385. Our prediction for dNAA=d�

obtained from Eq. (9) at midrapidity for 0–5% Pbþ Pb
collisions at 5.5 TeV is 1897� 133. It is seen in Fig. 4 that
as the energy increases the peak of rapidity distribution at
forward (backward) becomes more pronounced due to the
saturation effect. This effect has been also observed in
Refs. [11,60] in the case of pp collisions.
In Fig. 5 (right), we show the scaled pseudorapidity

density ð2=NparÞðdNAA=d�Þ at midrapidity where Npar is

the number of participant for a given centrality. The recent
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-6 -4 -2 0 2 4 6
η

0

200

400

600

800

1000

1200

d
N

ch
/d

η

0-6% data (Product: 1)
6-15% data  (Product: 1.3)
15-25% data (Product: 1.85)
35-45%  data (Product: 4.25)
Saturation (CGC)

Au+Au  0.2 TeV PHOBOS

0 50 100 150 200 250 300 350 400
N

par

2

4

6

8

10

12

2
(d

N
ch

/d
η

)/
Ν

p
ar

Au+Au 0.2 TeV PHOBOS  (Product: 2.08)
Pb+Pb 2.76 TeV  ALICE (Product: 1)
Saturation (CGC),  2.76 TeV (Product:1 )
Saturation (CGC), 5.5 TeV (Product: 0.87)
Saturation (CGC),  0.2 TeV (Product: 2.08)

FIG. 5 (color online). Right: The scaled pseudorapidity density as a function of number of participant at midrapidity for AA
collisions at 0.2, 2.76 and 5.5 TeV. Left: The pseudorapidity distribution at RHIC 0.2 TeV at different centralities. Both theoretical
predictions and experimental data show gluon saturation-driven scaling property. We also show in the plots the corresponding
normalization product factors. The experimental data are from the PHOBOS [61,31] and ALICE [5] collaborations.

EUGENE LEVIN AND AMIR H. REZAEIAN PHYSICAL REVIEW D 83, 114001 (2011)

114001-6



ALICE data [5] at 2.76 TeV AA collisions reveals interest-
ing scaling property, namely ð2=NparÞðdNAA=d�Þ at differ-
ent energies have the same Npar dependence up to a

normalization factor. In Fig. 5 (right), we show that the
saturation results obtained via Eq. (9) for

ffiffiffi
s

p ¼ 0:2, 2.76
and 5.5 TeV, indeed follow this scaling behavior. One can
observe similar scaling property already at RHIC [61],
namely dNAA=d� at fixed energy but different centralities
falls into a single curve up to a normalization factor, see
Fig. 5 (left). Both scaling properties shown in Fig. 5 can be
easily understood within the CGC picture and follows from
simple Eq. (2). We expect that the centrality scaling for
dNAA=d� at a fixed energy will be also valid at the LHC.
Notice that the logarithmic correction due to the running
strong-coupling in the kt factorization is not shown in the
simple Eq. (2) and is important. The curves shown in Fig. 5
are results of full calculation and includes this effect. We
predict that ð2=NparÞðdNAA=d�Þ for 5.5 TeV AA collisions

at midrapidity to be about 1
0:87�0:06 times bigger than the

corresponding one at 2.76 TeV, see Fig. 5 (right).
Finally, one may wonder if a convolution of the frag-

mentation function in Eq. (9), can have the same effect as
incorporating the gluon-decay cascade effect via N Gluon

h .

First, one should note that the main contribution of
the kt factorization for the multiplicity comes from small
pT < 1:5 GeV where the fragmentation functions are not
reliable. On the same line, the fragmentation function is
based on a different factorization and QCD evolution
equation and its universality is also questionable in the kt
factorization approach. Moreover, here we were mostly
interested to understand the role of initial-state effects in
the hadron productions in pp and AA collisions. There-
fore, we generalized the factorization Eq. (9) in order to
incorporate the missing initial-state effect due to the gluon-
decay cascade. We then assumed that the final hadroniza-
tion is a soft process and will not change the direction of
gluon decays. This was also motivated by the fact that
the MLLA scheme [38,44] combined with the LPHD
principle provides a good description of data in eþe�
and ep collisions up to very small pT [38].

IV. CONCLUSION

We showed that the basic energy power-law behavior
given in Eqs. (7) and (8) for pp and AA collisions is in
accordance with the saturation/CGC picture. We showed
that the gluon-jet angular-ordering at the decay stage in-
duces extra energy dependence in the case that the satura-
tion scale is large. This contribution has been neglected
in previous kt factorization-based studies. This effect is
important for AA collisions where the saturation scale
is larger and gives rise to an extra contribution about
20–25% to the multiplicity in AA collisions at the
LHC. This explains the observed different energy power-
law behavior of charged hadron multiplicity in AA and
pp collisions at the LHC. The scaling properties of

multiplicity at different energies and centralities shown
in Fig. 5 and also the energy power-law behavior of the
multiplicity in pp and AA collisions shown in Fig. 1, all
indicate that the saturation picture and the CGC scenario
provides a unique and efficient way of describing various
experimental data.
After our paper, there has been recently an interesting

paper by Lappi [62] on the same line. It is argued by the

author of Ref. [62] that the ratio of hpTi=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðdN=d�Þ=ST

p
in

our approach is in conflict with the observed experimental
data at RHIC. Here, we would like to point out that this is
not the case indeed.
It is constructive first to recall the argument of Ref. [62].

Let us assume that based on the LPHD picture one gluon
produces n-charged hadrons after fragmentation. Then
based on only the dimensionality argument, we have

hpTi �Qs=n; (17)

1

ST

dN

d�
� nQ2

s ; (18)

where hpTi is the average transverse momentum and
ST is the overlap area between the colliding nuclei
in the transverse plane. From above, we have

hpTi=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðdN=d�Þ=�s

p � 1
n
ffiffi
n

p . Therefore in our approach, the

ratio hpTi=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðdN=d�Þ=�s

p
decreases for more central col-

lisions in contrast to the KLN type approach [27,62].
First, notice that in our approach we have n� NGluon

h for

Qs > 0:85� 1 GeV corresponding to the excess of
charged hadron production in the presence of jet-decay
effects, see Eqs. (2) and (12) and Fig. 2. In Fig. 6 (right)
we show the experimental data from the STAR collabora-

tion [63] for hpTi=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðdN�=d�Þ=�s

p
as a function of central-

ity. It is seen from Fig. 6 that the ratio hpTi=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðdN=d�Þ=ST

p
at

ffiffiffi
s

p ¼ 0:2 TeV Auþ Au collisions decreases for more
central collisions. We expect that based on our model,
this ratio should further suppresses at the LHC in the
central AA collisions.
In the KLN-type approaches [27], we have hpTi � x

where x ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðdN=d�Þ=ST
p

while in our approach we have
hpTi � x0:264 for the case that the saturation scale is Qs >

0:85� 1 GeV. This follows from the fact we have x�
Qs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NGluon

h ðQsÞ
q

and hpTi �Qs=N
Gluon
h ðQsÞ at large satura-

tion scale, see Eqs. (2), (5), and (12). In Fig. 6 (left), we
show the average transverse momenta as a function offfiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðdN=d�Þ=ST
p

. The STAR collaboration [63] has found
that the experimental data for the charged pion at different
centralities can be described by hpTi � p0 þ 0:07x where
the constant p0 ¼ 0:29 GeV was obtained from a fit and
may be interpreted as primordial transverse momentum. It
seems, however, that the obtained value of p0 is rather
large (and the coefficient behind x is abnormally small).
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Such a rather large value for p0 may be in contradiction
with the notion of asymptotic deconfinement for a dense
system, namely, the confinement radius increases with
density [15,64]. In Fig. 6, we show that a fit driven by
our approach prefers a smaller primordial transverse
momentum of about pion mass p0 � 0:14 GeV (or even
p0 � 0) and it reasonably describes the same data within
the error bars. Notice that at small multiplicity for very
peripheral collisions our fit and entire saturation formula-
tion is questionable.

Finally, we should stress that the jet-decay effects
bring a rather small extra contribution which requires a
more careful analysis than only a naive dimensionality

argument. We showed in this paper this extra contribution

is important when the saturation scale is large and that is in

accordance with the existing experimental data in various

reactions. Our main concern in this paper was the combine

description of proton-proton and nuclear data in a contrast

to the KLN-type approaches that deal mostly with nuclear

reactions.
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