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Abstract: A new geometrical scaling method with a gluon saturation rapidity limit is proposed to study the

gluon saturation feature of the central rapidity region of relativistic nuclear collisions. The net-baryon number is

essentially transported by valence quarks that probe the saturation regime in the target by multiple scattering.

We take advantage of the gluon saturation model with geometric scaling of the rapidity limit to investigate

net baryon distributions, nuclear stopping power and gluon saturation features in the SPS and RHIC energy

regions. Predictions for net-baryon rapidity distributions, mean rapidity loss and gluon saturation feature in

central Pb+Pb collisions at the LHC are made in this paper.
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1 Introduction

During relativistic heavy-ion collisions, the fast
valence quarks in one nucleus scatter in another nu-
cleus by exchanging soft gluons, leading to their re-
distribution in rapidity space. The net-baryon num-
ber is essentially transported by valence quarks that
probe the saturation regime in the target by multiple
scattering.

Experimental heavy-ion investigations at the
Large Hadron Collider (LHC) pay much more atten-
tion to the mid-rapidity region since ALICE covers
rapidity up to |y| = 2. It provides measurements of
lower z than before on an energy scale that is high
enough to provide crucial tests of gluon saturation.
Therefore the LHC will provide more opportunities
to study the gluon saturation feature at small x.

At very high energies or small values of Bjorken
variable x, the density of partons per unit transverse
area, in a nucleon or nucleus becomes so large that
it would lead to a gluon saturation of partonic distri-
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bution. The existence of this phenomenon was con-
firmed in experiments at HERA [1, 2]. Typical results
from the experiments contain two parts: the small x
problem and geometric scaling. It was predicted by
an effective theory, CGC (Color Glass Condensate),
which describes the behavior of the small  compo-
nents of the hadronic wave function in QCD. In this
paper, we use this CGC theory to discuss the ques-
tions of nuclear stopping and gluon saturation in rel-
ativistic heavy-ion collisions at SPS, RHIC and LHC.

The kinetic energy of the relativistic heavy-ion
collisions that is removed from the beam and which
is available for the production of a state such as the
QGP (quark gluon plasma) depends on the amount of
stopping between colliding ions. Stopping can be esti-
mated from the rapidity loss experienced by baryons
in the colliding nuclei [3-9]. If the incoming beam
baryons have rapidity y, relative to the CM (which
has y =0) and average rapidity

(y) = J:b ydydN/dy / sz dydN/dy, (1)
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the average rapidity loss is

(Oy) =y —(y)- (2)

Here dN/dy denotes the number of net-baryons
(number of baryons minus the number of anti-
baryons) per unit of rapidity. The studies of net
baryon distributions and nuclear stopping have been
discussed using a non-uniform collective flow model
[10-13]. We will use gluon saturation to study net-
baryon distributions in this paper.

Here we should mention a novel gluon saturation
model proposed by Yacine Mehtar-Tani and Georg
Wolschin [14, 15]. An analytical scaling law is derived
within the color glass condensate framework based
on small-coupling QCD in this model. Inspired by
this model [14, 15], we study the net baryon distribu-
tions of central collisions in the SPS and RHIC energy
regions by introducing the effective quark mass and
rapidity limit of the gluon saturation region. Here
we use a new geometric scaling method to define the
rapidity limit of the gluon saturation region. The im-
portant difference is the definition of geometric scal-
ing between our model and Ref. [14, 15]. It real-
ized [14, 15] that geometric scaling is mainly about
the peak positions of net-baryon rapidity distribu-
tion. But our model realizes the geometric scaling
of net-baryon rapidity distribution is mainly about
the gluon saturation rapidity limit. Net-baryon ra-
pidity distributions and mean rapidity loss in central
Pb+Pb collisions at the LHC are predicted in this

paper.

2 Gluon saturation model with geo-
metric scaling

Ideas for the color glass condensate are motivated
by HERA data on the gluon distribution function [1].
Gluon density, zG(x,Q?), rises rapidly as a function
of decreasing fractional momentum, z, or increasing
resolution (). This rise in gluon density ultimately
owes its origin to the non-Abelian nature of QCD
and that the gluons carry color charge. At higher
and higher energies, smaller x and larger ) become
kinematically accessible. A rapid rise with In(1/x)
was expected in a variety of theoretical works [14—
23]. Due to the intrinsic non-linearity of QCD, gluon
showers generate more gluon showers producing an
exponential avalanche toward small z. The physical
consequence of this exponential growth is that the
density of gluons per unit area per unit rapidity of
any hadrons including nuclei must increase rapidly
as x decreases [14, 15].

The net-baryon number of relativistic heavy ion
collisions is essentially transported by valence quarks
that probe the saturation regime in the target by mul-
tiple scatterings. During relativistic heavy ion colli-
sions, fast valence quarks in one nucleus scatter in
another nucleus by exchanging soft gluons, leading
to their redistribution in rapidity space. The valence
quark parton distribution at large x is well known,
which corresponds to the forward and backward ra-
pidity region, to access the gluon distribution at small
x in the target nucleus. Therefore, this picture pro-
vides a clean probe of the gluon distribution, ¢(z,pr),
at small z in the saturation regime.

For symmetric heavy ion collisions, the contribu-
tion of the fragmentation of the valence quarks in the
projection is given by a simple formula for the ra-
pidity distribution of interactions with a gluon in the
target [14, 15]

2

] T CA S )
here z,q,(x;) is the valence quark distribution of a
nucleus, p(zo, pr) is the gluon distribution of another
nucleus, pr is the transverse momentum of the pro-
duced quark and y its rapidity. One important pre-
diction of gluon saturation with geometric scaling is
geometric scaling: the gluon distribution depends on
x and pr only through the scaling variable p2./Q?(x),
here Q?(x) = AY2Q2x~>. Geometric scaling was con-
firmed experimentally at HERA [1]. The fit value
A =0.2—0.3 agrees with theoretical estimates based on
next-to-leading order Balitskii-Fadin-Kuraev-Lipatov
(BFKL) results [24-26].

The longitudinal momentum fractions carried, re-
spectively, by the valence quark in the projectile
and the soft gluon in the target are x = z; =

(pr/v/5)exply), and @, = (pr//5)exp(—y). Then we
can deduce the relation as follows [14, 15]

T=m, To=wze %Y, ph=a’se . (4)

The gluon distribution is defined as

(et
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When we use the variables as Eq. (4), we can take
the relation as follows
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from Eq. (6) we can take

- 1 s 1
e = 21+ Ny 'Q_g EVER (7)

and a geometrical scaling with rapidity is introduced
as

r=In (i> —InAY?—2(1+ \)y. (8)

Q3
Thus Eq. (3) is given as follows
dN C (‘dz
rm = %J' ?qu(iﬁ)@(fﬁﬂa e’). (9)
0

As mentioned before, the dependence of 7 on y in
Refs. [14, 15] is related to the peak position, but here
we use the dependence of 7 on y to define the rapid-
ity limit of gluon saturation. A rapidity variable is

introduced in Eq. (8) to discuss the gluon saturation |

rapidity region. The rapidity limit variable y is

s (=) 00

here y, = In(y/s/m,) is the beam rapidity with nu-
cleon mass m,,. It usually defines < 0.01 as a small

(y» —InAY%)+

VST

x region, and in this region, it is taken as the gluon
saturation region. By taking 7 = In(1/2)|,=0.01, We
can figure out the rapidity region of gluon saturation
as follows

(yb —1HA1/6)

Ysaturation —

1+A

). (11)
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The gluon distribution is

const (x<0.01)
p(x2,pr) = 2 : (12)
dr—TL _.e Q@) .(1—z,)* (z>0.01
Qe ) =00
The valence quark distribution is
ox x® (x<0.01)
zq,(z) = . (13)
x (ru,+zd,) (x>0.01)
So the net-baryon distribution which originates from the projectile is
14+
PN g g saturation
O<e><p{2+Ay} (0 <y < Ysaturation)
dN tod 2
—_—= O(J —x(a:uv+zdv)47'[~ 2pT (14)
dy 0.01 T Q2(z2)
Pr
: - (11— * saturation
exp{ QS($2) } ( fL’z) (y>y turat )

The contribution of valence quarks in the other
beam nucleus is added incoherently by changing y —
—y. The total rapidity distributions of the symmetry
interaction systems are the summation of the contri-
butions from the projectile and target, respectively

N
dy

_dN, . dN

= d_y(y)+d_y(_y)' (15)

total

Compared with Refs. [14, 15], we will intro-
duce effective dynamic quark mass in this paper
by substituting the transverse momentum pr as
V(z/se v)2—m?2 i.e. pp=+/(z\/5€7)2—m?2, here
m is the dynamic quark mass, which was given by
baryon mass in Refs. [14, 15]. The detailed study of
dynamic mass with collision energies will be given in
the next section.

3 The net baryon distributions in the
SPS to LHC energy regions

Integrated net-proton rapidity distributions are
scaled by a factor of 2.05 [2] to obtain net-baryon
distributions. Rapidity distributions of net baryon
for different energies of relativistic heavy nuclear col-
lisions (Pb+Pb and Au+Au) at SPS and RHIC are
given in Fig. 1.

The estimated numbers of participants are 390,
315, and 357 for /sy = 17.3, 62.4, and 200 GeV,
respectively. The solid circles correspond to the ex-
perimental result of central collisions [3-9], and the
real lines are the calculated results from the gluon
saturation model with geometric scaling. It is found
that our model describes the experimental data of
net-baryon distributions very well when we discuss
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PDb-PDb center collisions at the SPS energy region and
Au-Au center collisions at the RHIC energy region.
The A = 0.2 and Qf = 0.05 GeV? are fixed in our
whole calculation.
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80 —

60 | —

dN g g)/dv
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Fig. 1. Net-baryon distributions of central col-
lisions at SPS /sxy = 17.3 GeV of Pb-Pb
interactions and at RHIC /snn = 62.4 and
200 GeV of Au-Au interactions; the experi-
mental results are from Refs. [3-9].

We show in Fig. 2 the computation resulting from
our discussions, the centrality dependence of the ra-
pidity distribution at ,/sxy = 200 GeV. The esti-
mated numbers of participants are 280, 200, 114 and
54 for centralities of 0-10%, 10%-20%, 20%-40%,
and 40%—60% (from top to bottom) in Au+Au colli-
sions at RHIC energies of /sy = 200 GeV, respec-
tively.

By comparing the experimental results with our
model, we may get the conclusion for the net-baryon
distribution from SPS to LHC as follows:

(1) The gluon saturation model with geometric
scaling may be a good theory to study net-baryon dis-

tribution at central collisions at SPS and RHIC. The
contributions of spectator nucleons can be neglected
when considering only central collisions. The gluon
saturation feature of central rapidity can be studied
from our discussion. The values of central rapidity of
gluon saturation (Ysaturation) are 1.06, 2.013 and 3.10
from Eq. (11) for \/syy = 17.3, 62.4, and 200 GeV,
respectively.

(2) The net baryon rapidity distribution in cen-
tral Pb+Pb collisions at LHC energies of /sy =
5.52 TeV is predicted by the gluon saturation model
with geometric scaling. The theoretical distribution
is shown in Fig. 3 for Ysaturation = 9-86. The gluon
saturation region is larger than those of RHIC and
SPS. It is found that the separation of two symmet-
ric peaks of net-baryon is much wider than that of
SPS and RHIC.

80
| net-baryons 200 GeV
BRAHMS Au-Au
60 |
2 40 |
3 L
200 |
0 b
6
Fig. 2. Rapidity distributions of net baryons at
different centrality; the experimental results
are from Ref. [27], and the real lines are from
our model.
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Fig. 3. The rapidity distribution of net-baryons

in central Pb+PDb collisions at LHC energies of
/SnN = 5.52 TeV. The theoretical distribution
is from our discussion.
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(3) The mean rapidity loss (dy) = y,—(y) is shown
in Fig. 4. We show that the dependence of mean ra-
pidity loss increase on y,, as

(8y) = 1.548-Inyy, 40.036. (16)

In Fig. 4, the star (x) is our predicted result of the
mean rapidity loss (dy) for Pb+Pb central collisions
at LHC energies of \/syy =5.52 TeV (y, =8.68). In
high-energy central nucleus-nucleus collisions, baryon
matter will be slowed down and will lose a few units of
rapidity. The term “nuclear stopping power” was in-
troduced in high-energy nucleus-nucleus collisions by
Busza and Goldhaber to refer to the degree of stop-
ping an incident nucleon suffers when it impinges on
the nuclear matter of another nucleus. Usually the
mean rapidity loss (dy) = y, — (y) was used to rep-
resent the nuclear stopping power of nucleus-nucleus

collisions.
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Fig. 4. The dependence of mean rapidity loss
(dy) on beam rapidity yp. The A, o, B, x are
the calculated results from our discussion for
V/SNN =17.3, 62.4, 200 and 5520 GeV, respec-
tively. The real curve is the fit curve with
(dy) =1.548-Iny +0.036.

(4) Tt is shown in Fig. 5 that the dependence of
percentage ratios of the net-baryon production from
the central gluon saturation region on incident energy
at \/sny =17.3, 62.4 , 200 and 5520 GeV. It is found
that the percentage ratio from the central gluon satu-
ration region increases with the increase of the collid-
ing energies. The percentage ratio from the satura-
tion region rises rapidly from SPS /syn =17.3 GeV
to RHIC /syn = 62.4 GeV, but slowly from RHIC
Vsnn = 200 GeV to LHC /syn = 5520 GeV. It is
found that the percentage ratio is 43.17% at \/Syn =
17.3 GeV, but 56.31% at \/syn = 5520 GeV. It seems
that more than half of the net baryon at the LHC
comes from the central gluon saturation region.

(5) The dependence of the effective quark mass
m, on incident projective rapidity in the CMS at

Vann = 17.3, 62.4, 200 and 5520 GeV is shown in
Fig. 6. It is found that the effective quark mass m,
varies slowly with the varying of the incident energies,
and m, varies between 0.24 and 0.26.
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Fig. 5. The dependence of the percentage of

net-baryon from the central gluon saturation
region on the colliding energies at /snn =
17.3, 62.4, 200 and 5520 GeV.
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Fig. 6. The dependence of the effective quark

mass on incident projective rapidity in the
CMS at /sy~ =17.3, 62.4, 200 and 5520 GeV.

4 Summary and conclusion

As discussed in Refs. [14, 15], two distinct and
symmetric peaks with respect to rapidity y occur at
SPS energies and beyond in A+A collisions. A ge-
ometrical scaling feature of the peak position of net
baryon rapidity distributions was proposed to discuss
the net-baryon distribution [14, 15]. The rapidity sep-
aration between the peaks increases with energy and
decreases with increasing mass number, A, reflect-
ing larger baryon stopping for heavier nuclei, as was
investigated phenomenologically in the Non-uniform
Flow Model (NUFM) [10-13]. In this work we show
geometrical scaling with a gluon saturation rapidity
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limit, and also discuss the net-baryon rapidity distri-
bution feature in the SPS, RHIC and LHC.

A saturation model for net-baryon distributions
that successfully describes the net-baryon rapidity
distributions and their energy dependence is pre-
sented in this paper. The remarkable feature of geo-
metric scaling predicted by our discussion is reflected
in the net-baryon rapidity distribution, providing a
direct test of gluon saturation rapidity and x regions.
The gluon saturation model is proposed by introduc-
ing a rapidity variable with a gluon saturation region
to define the gluon saturation region of the central ra-
pidity region of centrally colliding heavy ions at ultra-
relativistic energies.

The gluon saturation features of central rapidity
at SPS and RHIC can be investigated. It is found that
the values of central rapidity of the gluon saturation
region increase with colliding energy. The detailed de-
pendence of rapidity (Ysaturation) Of the central gluon
saturation on colliding energy is also investigated in
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