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Abstract: To obtain a reasonable description of the hadron production at the LHC energies, the impact parameter
dependent saturation model is modified by inclusion of an anomalous dimension y, which controls the slope of the
scattering amplitude in the transition from the dilute region to the saturation region. We calculate the transverse mo-
mentum distribution and nuclear modification factor of the 7° and charged hadrons with the improved model, and

the results are consistent with measurements performed at the LHC. Moreover, we use the original impact parameter

dependent model to study the aforementioned measurements performed at the LHC by adjusting its parameters. We

find that the improved model is more consistent with the experimental data than the original one, as the anomalous

dimension plays a significant role in the suppression of the evolution of the scattering amplitude.
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I. INTRODUCTION

In ultra-high energy collisions, the perturbative
quantum chromodynamics predict a rapid increase in
gluon density within the hadron with an increasing en-
ergy or decreasing momentum fraction due to the gluon
splitting effects. However, the gluon density does not in-
crease infinitely owing to the non-linear effect like that in
gluon recombination. Consequently, the equilibrium
between gluon splitting and recombination leads to the
formation of saturated gluonic matter, which is also
known as color glass condensate (CGC) [1]. Searching
for the signal of CGC (gluon saturation) is one of the
most crucial goals in high energy nuclear physics. In the
experimental aspect, a large number of experiments have
been devoted to finding substantial evidences for the ex-
istence of gluon saturation. For example, the H1 and
ZEUS collaborations at HERA have measured the inclus-
ive and diffractive structure functions. It has been shown
that the structure function satisfies the geometric scaling

effect [2], which provides strong evidence of the gluon
saturation. On the theoretical side, there has been tre-
mendous progress toward the deep understanding of high-
er-order corrections to the CGC evolution equations in
the last fifteen years. The next-to-leading order (NLO)
Balitsky-Kovchegov (BK) and JIMWLK equations were
derived by considering quark loops [3, 4], gluon loops
[5], Sudakov effects [6], and framework dependence [7,
8] (projectile or target rapidity representation).

Several NLO dipole amplitudes are obtained by solv-
ing the aforementioned NLO BK equations. These amp-
litudes allowed for rather successful applications to de-
scribe the small-x data at HERA [9-12], RHIC [13], and
LHC [14, 15]. Unfortunately, it has been found that the
DGLAP mechanism can also provide a similar descrip-
tion for the same group of data. For instance, the geomet-
ric scaling phenomenon, i.e., dipole amplitude N(r,x), is a
function of a single variable rQ,(x) instead of two inde-
pendent variables » and x [16], which can be simultan-
eously explained by the CGC and DGLAP mechanisms
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[17]. Thus, it is very hard to distinguish the CGC evolu-
tion from the DGLAP evolution. It is useful to improve
the precision of the CGC theory as much as possible, in-
cluding the impact parameter dependence. We know that
all the aforementioned dipole amplitudes do not include
the impact parameter dependence, because the impact
parameter is a non-perturbative effect and is impossible
to take into account by analytically solving the BK equa-
tion. Meanwhile, obtaining the numerical solution to the
impact parameter dependent BK equation is extremely
time-consuming. Alternatively, the impact parameter de-
pendence can be analyzed via modeling.

There are two popular approaches to model the im-
pact parameter dependence in the literature. First, the im-
pact parameter is introduced into the dipole amplitude
through the saturation scale Q(x,b), which is known as
the b-CGC model [18]. Second, the dipole amplitude in-
cludes the impact parameter via a proton profile density
function, which is called the IPSat model [19, 20]. It has
been found that the impact parameter significantly im-
proves the predictive power of the CGC theory. However,
arecent study showed that an impact parameter depend-
ent non-saturation (IPnonsat) model can give a similar
quality description of a group of HERA data to the IPsat
model [21]. We trace the reason back to the exponent of
the dipole amplitude and find that the issue comes from
the transition regime between dilute and dense areas. In-
spired by the anomalous dimension improving the GBW
and MV models in Ref. [22], we introduce the anomal-
ous dimension into the [PSat model in order to improve
the transition behavior of the dipole amplitude. The an-
omalous dimension improved impact parameter depend-
ent model is applied to study the transverse momentum
distribution of neutral and charged hadrons in high en-
ergy proton-proton (pp) collisions at LHC energies. The
results indicate that our improved model agrees more
closely with the data than the original IPSat model.
Moreover, we study the nuclear modification factor (R,4)
in proton-lead collisions in order to test the robustness of
the improved model. The outcomes show that our anom-
alous dimension improved dipole amplitude becomes fa-
vorable by the R,4 data, see Sec. IV.

II. SINGLE INCLUSIVE GLUON PRODUCTION
IN CGC EFFECTIVE FIELD THEORY

In this section, we give a brief review of the &, factor-
ization formalism to calculate the single inclusive hadron
production in CGC effective field theory. For the single
inclusive particle production process, the relationship
between the longitudinal momentum fraction x and the
rapidity y is x=(pr/+/snn)exp(xy), where pr is the
transverse momentum of the produced particle and +/synx
is the collision energy per nucleon. At the LHC energies,
when the particle is measured at the middle rapidity, the

longitudinal momentum fraction for both the projectile
and target is in the small-x range (x < 0.01). Thus, the &,
factorization formalism based on the CGC framework has
prodigious superiority at LHC energies [14].

According to the CGC k, factorization, to calculate
the hadron production, one needs to know the gluon dis-
tribution produced through the hard process. The k; fac-
torization formalism of gluon production was first pro-
posed in Ref. [23] and was extended in Ref. [24] by
Kovchegov and Tuchin in the leading log(1/x) and fixed
coupling approximations. In recent years, many efforts
have been made to describe the hadron production by us-
ing the &, factorization approach [14, 25-27] (and the ref-
erences therein). In particular, the k, factorization has
been improved significantly by including the higher or-
der corrections [28]. In addition, the predictions calcu-
lated in the framework of the hybrid approach with the
NLO corrections [29—31] can help our understanding of
the inclusive hadron production in saturation physics. In
terms of the k, factorization, the number of inclusive
gluons with transverse momentum pry and y rapidity is
given by [32-34]

dANA+B-g+X ~ 2 L dzbdsz a,(0)
dyd?pr oCr p 4
k
oy (|PT;r T|,x1,RT>
-k
><¢B(|pT2 T|,x2,RT—b), (1

where x1, = (pr/snn)exp(xy) and Cr=(N?-1)/2N,,
with the number of colors being N, =3. In Eq. (1), b is
the impact parameter in an A + B collision, and Ry is the
impact parameter of the gluon relative to the center of the
projectile A. In this paper, we focus on the pp and pPb
collisions. Thus, 4 denotes a proton, and B denotes a pro-
ton or lead. The o is the effective interaction area, which
is used to transfer the differential cross section to the
multiplicity distribution. The kr is the transverse mo-
mentum of the incoming parton inside the projectile,
which interacts with the partons inside the target via
gluon exchange and then produces the intermediate
gluons with transverse momentum py.

The factor K in Eq. (1) is a free parameter that ac-
counts for the contributions from both the higher order
corrections and all other possible dynamic effects [14].
Generally, one can obtain the K factor by fitting the ex-
perimental data. However, the remaining factors entering
the k; factorization formalism affect the value of the K
factor. In addition, the K value only changes the normal-
ization and does not modify the shape of the p, distribu-
tion. Therefore, we fix the K factor by matching the the-
oretical value with the experimental data at a fixed data
point in this work.
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In Eq. (1), ¢(k, x,b) is the unintegrated gluon distribu-
tion (UGD), which reflects the density of gluons in the
proton/nucleus. The ¢(k,x,b) is a function of the longit-
udinal momentum fraction x, transverse momentum k,
and impact parameter b. We note that the UGD is a key
ingredient for calculating the single inclusive hadron pro-
duction, because it includes the information about the
strong interaction between the color dipole (quark-anti-
quark pair) and target.

It should be noted that the prescription for dealing
with QCD coupling «; in this work differs slightly from
the formalism in Ref. [24]. In the original &, factorization
formalism, «; is a fixed constant. It is reasonable as the
original k; factorization formalism is at leading order ac-
curacy. However, it is known that the running coupling
effect, which is one of the next-to-leading order effects, is
a dominant factor suppressing the evolution speed of the
CGC system, which leads to rather good description of
the HERA data [12]. This implies that the QCD coupling
a; in Eq. (1) needs to be running with the scale Q. Fur-
thermore, the QCD coupling in the UGDs has to be run-
ning with the scale Q. Following Ref. [14], the scale Q in
a; is chosen to be run with the momentum Q = max{|pr+
kr|/2,1pr —krl/2}.

III. UNINTEGRATED GLUON DISTRIBUTION
AND DIPOLE CROSS SECTION

In this section, we introduce the key ingredients in the
calculation of the single inclusive hadron production.
First, we give a brief introduction of the UGDs. Then, we
present an anomalous dimension improved IPSat model
that will be used in the computation of the UGDs.

A. Unintegrated gluon distribution

The UGD is a fundamental ingredient in the CGC fac-
torization method. In the small-x region, the UGD can be
used to describe many processes as it contains the most
important information about strong interactions. There
are two different proposals to define the UGD in the liter-
ature. The first one is the Weizsacker-Williams (WW)
gluon distribution, which can be derived by using the
WW approximation [35—37]. The other one is the dipole
gluon distribution, which is defined as the Fourier trans-
form of the dipole cross section [38, 39]. It should be
noted that the WW gluon distribution can be interpreted
as the number of gluons inside the target hadron, but the
dipole gluon distribution has no clear partonic meaning.
Which of these two gluon distributions is more relevant
in a certain process has been a longtime puzzle that has
been widely studied [32, 40, 41]. Refs. [40, 41] give a de-
tailed description of the application of the gluon distribu-
tion for several processes. For the inclusive gluon produc-
tion process, the probed gluon distribution is the dipole
gluon distribution; thus, we shall use it as the UGD in our

simulation. The dipole gluon distribution is given by [38,
39]

Cr

pexD) = Ben

/ Cre VN (hxb), ()

where Ny (r,x,b) is the gluon dipole forward scattering
amplitude in the adjoint representation of SU(3). Gener-
ally, Na(r,x,b) can be found from the JIMWLK evolu-
tion equation. However, Ny (r, x,b) does not need to come
from the multiple rescatterings. In the large-N. limit,
Na (r,x,b) can be expressed in terms of the dipole amp-
litude in the fundamental representation [42, 43]:

Na(r,x,b) = 2N(r,x,b)—N2(r,x,b), 3)

where N(r,x,b) is the dipole scattering amplitude in the
fundamental representation; in other words, it is a quark
dipole amplitude. The relationship in Eq. (3) comes from
the fact that a gluon dipole can be thought of as a pair of
quark dipoles in the large-N, limit [42, 43]. It should be
noted that similar to Eq. (1), the QCD coupling «,in Eq.
(2) is chosen to run with the momentum in order to
achieve a consistent treatment of the running coupling in
thek, factorization formalism.

From Eq. (2), one can see that the UGD is a two-di-
mensional Fourier transform of the gluon dipole scatter-
ing amplitude. Therefore, the description ability of the
UGD depends on the accuracy of the dipole scattering
amplitude. Usually, the dipole scattering amplitude in Eq.
(3) can be obtained by solving the CGC evolution equa-
tions, such as the BK and JIMWLK equations. Unfortu-
nately, the CGC evolution equations cannot be solved
analytically [44]; in other words, one does not have the
analytic dipole scattering amplitude. There are two ways
to obtain the dipole scattering amplitude in the literature.
The first one is to numerically solve the CGC evolution
equation. However, this is quite complicated and ex-
tremely time-consuming because the CGC evolution is an
integrated-differential equation. The second is to model
the dipole amplitude inspired by the leading order BK
equation, e.g., the GBW [45] and IIM [46] models. These
two models significantly simplify the application of the
CGC theory to describe the measurements at HERA,
RHIC, and LHC energies. It is known that the GBW and
IIM models can only give a qualitative description of the
experimental data, as they are missing the higher order
corrections and non-perturbation contributions. Accord-
ing to the GBW and IIM models, the impact parameter
dependent models were established, i.e., the IPSat and b-
CGC models, in order to include the non-perturbation ef-
fects. It has been shown that the impact parameter de-
pendent CGC models improve the predictive power of the
CGC theory, especially the IPSat model because of the
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DGLAP evolution included in it. In this work, we shall
modify the IPSat model by including the anomalous di-
mension, which leads to a rather successful description of
the experimental data. For details, see Sec. IV.

B. Anomalous dimension improved IPSat model

From the above description, we know that the dipole
scattering amplitude is essential for calculating the single
inclusive hadron production. In this subsection, we shall
modify the original IPSat model by including the anomal-
ous dimension, which leads to a significant improvement
of the predictive power of the model.

As we know, obtaining the numerical solution of the
impact parameter dependent CGC evolution equation is a
challenge, as the computation is very complicated and
time-consuming. However, some phenomenological
models can effectively introduce the impact parameter
dependence and achieve great success in describing the
experimental data. One of these models is the IPSat mod-
el, which is a refined version of the GBW model [47] in
which the DGLAP evolution effects are included. To
show the reason why we modify the IPSat model, we first
give a brief review of the development of the GBW mod-
el.

The GBW model is proposed to describe the satura-
tion phenomenon in the inclusive and diffractive deep-in-
elastic scattering process. In the GBW model, the differ-
ential cross section of a quark dipole is given by [16, 45]

do qq
d’b

=2N(r,x) =2 [1 —exp (-7 Q}(x)/4)], 4)

where the saturation scale is Q*(x) = (xo/x)' GeV? with
two free parameters xo and A. From Eq. (4), one can
clearly see that the quark dipole amplitude N(r,x) ap-
proaches unity at a large dipole size r > 1/Q,. The GBW
model is a simple model but describes the physics in the
deep saturation regions. Thus, it is widely used to de-
scribe the data in HERA energies. Moreover, the GBW
model is normally used as the initial condition for numer-
ically solving the evolution equations because of its sim-
plicity. However, the GBW model has two grievous
shortcomings. The first one is that the original GBW
model only gives a better description for medium photon
virtuality [18]. The other one is that the GBW model ig-
nores the impact parameter dependence, which is essen-
tial for illustrating the physical phenomenon observed in
the non-perturbation regions [10]. To solve the deviation
at large photon virtuality, one can introduce the anomal-
ous dimension y into the quark dipole amplitude:

N(r.x) = 1-exp [ (P02 (0/4)"]. ()

Here y is a free parameter, which can be determined by

fitting the experimental data. The original form will be
recovered by setting y = 1. The anomalous dimension y
plays a special role in controlling the steepness of the
fall-off trend of the quark dipole amplitude as the dipole
size decreases [9]. It has been shown that the anomalous
dimension improved GBW model together with the heavy
quark contributions gives a reasonable description of the
structure function data [22].

The impact parameter dependence is, for the first
time, introduced by assuming that the quark dipole differ-
ential cross section is a function of the transverse profile
of the proton [19]:

dorgg { ( w5,
9 _ 5|1 _
&b P\ "N,

where T'(b) is the proton shape function. It is assumed
that 7'(b) has a Gaussian dependence on b

P ( 2[;;(;) ™

where Bg is a free parameter that represents the proton
width. We would like to point out that Eq. (6) together
with the Gaussian profile function of Eq. (7) is known as
the IPSat model. In Eq. (6), the QCD coupling a; is
chosen to run with the scale u?, which is related to the
quark dipole size through p?=4/r*+u3, where uo is
treated as a free parameter. Another component in the
IPSat model is the gluon density xg(x,u*), which satis-
fies the leading order DGLAP evolution equation:

,(yz)xg(x,ﬂz)T(b))}» (6)

TM)=

2 2y
5)?1(;6:21 ) — V(y / gg(z)x 7/12) , (8)
where Pg,(z) is the splitting function of the gluon. Note
that the gluon density in Eq. (8) has the same scale u? as
the QCD coupling. To determine the quark dipole amp-
litude at a given dipole size, one needs to specify the ini-
tial gluon density at the start scale 3, which is given by
the parameterized form

xg(x, ) = Agx (1-x)>°, 9

where A, and A, are free parameters.

The IPSat model achieves great improvement com-
pared with the original GBW model because it includes
the impact parameter dependence and DGLAP evolution
effect. Therefore, the IPSat model is widely used to de-
scribe experimental data. For instance, it was used to
study the single inclusive hadron production at RHIC and
LHC [47, 48]. However, the IPSat model suffers a short-
coming in understanding the nuclear modification factor
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R,4. The authors in Ref. [48] used both the IPSat model
and the running coupling Balitsky-Kovechegov (rcBK)
equation to predictR,s. They found that the results from
the IPSat model increase unexpectedly fast when ap-
proaching unity compared with the results from the rcBK
equation. This is because of the larger twist (anti-shadow-
ing) contributions in the IPSat model, which disappear
quickly at large momentum [48]. In the GBW case, it is
known that the modification from the anomalous dimen-
sion makes the GBW model more favored by the experi-
mental data at large photon virtuality. Inspired by the im-
provement of the GBW model, we propose that the quark
dipole cross-section also has a dependence on the anom-
alous dimension:

_ 2 »
% =2 {1 —exp {— (27;V_r2as(llz)xg(x,y2)T(b)) } } .
(10)

Now, the quark dipole cross-section, i.e., Eq. (10), in-
cludes both the impact parameter dependence and the an-
omalous dimension, which is called as IPSat-y model in
this work. Using Eq. (10), together with the k, factoriza-
tion formalism, we can calculate the observables in the
single inclusive hadron production processes at LHC en-
ergies. We find that the [PSat-y model gives a better de-
scription of the experimental data than the IPSat model.

IV. NUMERICAL RESULTS

In order to test the superiority of the IPSat-y model,
we calculate the single inclusive hadron production and
compare it with the experimental data for pp and pPb
collisions at LHC energies. First, we show the numerical
results of the transverse momentum distributions in pp
collisions at different energies and compare them with the
experimental data. Then, we apply the anomalous dimen-
sion improved IPSat model to the pPb collision cases and
describe the single inclusive hadron production. Finally,
we present results of the nuclear modification factor R4
calculated via our [PSat-y model.

A. Single inclusive hadron production in pp
collisions

In this subsection, we present the results for the single
inclusive hadron production in pp collisions in the frame-
work of kr-factorization based on the IPSat-y model. In
order to obtain the hadron production from the gluon pro-
duction in Eq. (1), we assume that the final charged had-
ron distribution is proportional to the gluon distribution:

de+p—>h+X 2 dNPPog+X
ddpr 3 dpr

(11

where «, is the gluon multiplication factor. In Eq. (11),
the factor 2/3 is the proportion of the total hadrons that
are final charged hadrons. Following Ref. [14], «, is set
as a fixed value «, = 5.

Alternatively, the transverse momentum distribution
of hadron production can be calculated by using the frag-
mentation function (FF) approach. In this factorization
formalism, the single inclusive hadron production is giv-
en by the convolution of the gluon production with the
FFs:

dANPHPohtX dz ( pr > dANPHPogtX
o [ Ep (=Pl o) T (12
&y / 2P\ =0 9) Tar, - 1P

where k7 and pr are the transverse momenta of the gluon

and the final hadron, respectively. The DZ (z = IIZ—T Q) is

the fragmentation function, which describes the pTrobabil—
ity of a gluon splitting into a final hadron with longitudin-
al momentum fraction z.

In Fig. 1, we show the transverse momentum distribu-
tion of charged hadrons and neutral pions in pp colli-
sions at /s = 0.9, 2.36, 2.76, 5.02, 7, and 13 TeV. The
theoretical results are calculated using Eq. (11), and the
experimental data are taken from ALICE and CMS col-
laborations [49—54]. Hereinafter, the anomalous dimen-
sion is set as y = 1.07 (we will discuss this in detail later).
To demonstrate the significance of the anomalous dimen-
sion, we also give the results from the original IPSat
model for comparison. In Fig. 1, the red curves denote the
results calculated via IPSat-y model, and the blue curves
denote the results computed via the original IPSat model.
The dashed curves represent the results for the neutral pi-
on production. In the kr-factorization formalism, there is
a factor K in the hadron production; see Eq. (1). Follow-
ing Ref. [14], we adjust the value of K to match the ex-
perimental data for the medium transverse momentum to
simplify the simulation. Thus, the results from both mod-
els are in good agreement with the experimental measure-
ments for the medium transverse momentum, as we can
see in Fig. 1. We would like to note that the K factor is
adjusted to match a fixed point of transverse momentum,
which may lead to a slightly large K. Although one can fit
the experimental data to obtain a suitable K factor, this is
unnecessary, as the K factor only affects the normaliza-
tion of the distribution and does not modify the shape. In
addition, the NLO corrections can change both the shape
and magnitude of the cross-sections. Because this paper is
focused on the effects of the anomalous dimension, the
contributions from both the higher order corrections and
all other possible dynamic effects are absorbed into the K
factor. From Fig. 1, we can see that the IPSat-y model
gives a better description of the data in low transverse
momentum regions for all energies because the anomal-

064101-5



Xiaofeng Gong, Yanbing Cai, Daicui Zhou et al.

Chin. Phys. C 47, 064101 (2023)

100 T T T T
p +p - nh* + X, Vs=0.9 TeV

-
e
N

/(d2prdy) [1/GeV?]

dNy(
3
2

-
<
o

-
o
)
-
=L
&)}
o F
N

priCev]

e
p+p = h*+X, Vs=2.76TeV |Psat K

" ALICE |nj<0.8 —®—
=3.0 h*
IPsat-y K=6.5 h*

A o

2 <
[ N
T T

dN/(d?prdy) [1/GeV?]
3
IS
T

o

<
&
T

106 L L L L

1 2 4 6
pr [GeV]
100 T T NS ant—m 3
p +p = ¥t + X, Vs=7TeV ALI(l,II1E‘<n=O M A
I IPsat K=2.5 h*
10 IPsat K=2.5 0 =+=-= E
IPsat-y K=5.8 ht ——
.\; 5 IPsat-y K=4.2 t” ===
102
)
= [
=103 L
%10 E
R
o
B
=104 |
=
© g
109 TR
106 [ | L L
oy 2 4 6
pr [GeV]
Fig. 1.

100 F T T T T
p+p—h*+X,Vs=2.36 TeV

-
]
N

dN/(dipTdy) [1/GeV?]
o

10—5 L L L L L L
1 15 2 25 35 4 45
pr [Gev)
v —
F R ALICE |n]<0.8 —m—
p +p = h* + X, Vs=5.02TeV IPsat K=2.5 ht ——
IPsat-y K=5.5 h* ——

-

dN/(dipTdy) [1/GeV?]

105 L L L L

1 2 3 4 6
pt [GeV]
100 T ‘ T
N ALICE |n|<0.8 —m—
p+p—ht+X Vs=13 TeV IPsat K=2.5 h* ——
IPsat-y K=5.5 h* ——

101
&
>
)
510'2 E
=
he)

2

103
Z
=
o

104 -

10 | | | |

0 1 5 3 4 5 6

pt [GeV]

(color online) Transverse momentum distributions of charged hadrons and neutral pions based on the IPSat-y model in pp col-

lisions at /s= 0.9, 2.36, 2.76, 5.02, 7, and 13 TeV, respectively. The experimental data are taken from the ALICE and CMS collabora-

tions [49-54].

ous dimension provides effective control of the slope of
the dipole scattering amplitude.

It should be noted that both the anomalous dimension
and the K factor will affect the prediction of the hadron
distribution. As mentioned above, the anomalous dimen-
sion controls the shape of the distribution; however, the
value of K only changes the normalization and does not
modify the shape of the distribution. We confirmed that
the distribution shape is very sensitive to changes in y. A
small shift in y can lead to a large change in the distribu-
tion. In our simulation, K is a free parameter, and its
value is adjusted to match the experimental data for the
medium transverse momentum. Our main focus is to in-
vestigate the effect of the anomalous dimension on the
hadron production. Therefore, it is better to set the anom-

alous dimension as a fixed value in order to verify the im-
provement of the ability to describe experimental data.
We find that y = 1.07 gives a global agreement with the
experimental data.

To test the fragmentation function dependence of the
factorization formalism with the IPSat-y dipole amp-
litude, we calculate the hadron production by using the
two frequently-used FFs: KKP [55] and DSS [56]. It
should be noted that the scale in the FFs can affect the
spectra. Fortunately, this influence can be absorbed into
the K factor. In this work, we set the transverse mo-
mentum as the scale of the FFs. Moreover, the low limit
of the integral over the longitudinal momentum fraction z
in Eq. (12) is restricted to 0.05 in order to avoid the mo-
mentum sum rule violation.
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(color online) Transverse momentum distributions of charged hadrons based on the IPSat-y model obtained using the FF ap-

proach for pp collisions at /s= 0.9, 2.36, 2.76, 5.02, 7, and 13 TeV, respectively. The experimental data are taken from the ALICE

and CMS collaborations [49-54].

In Fig. 2, we show the transverse momentum distribu-
tions of charged hadrons in pp collisions at the same en-
ergies as Fig. 1 but with two different FFs (KKP and
DSS). The red and green curves denote the results calcu-
lated via [PSat-y model with KKP and DSS FFs, respect-
ively. At first glance, it seems that both the KKP and DSS
can give a similarly good description for the charged had-
ron productions, which indicates that the IPSat-y model is
robust in the kr-factorization framework despite differ-
ent FFs. One of the key reasons is that the difference
between the KKP and DSS can be absorbed into the K
factor. However, if one takes a close-up view of Fig. 2, it
can be seen that the results from the DSS FF are slightly
more favored by the experimental data at large p,, be-
cause the DSS FF is harder than KKP FFs. This outcome

is consistent with the findings in Refs. [14, 57].

B. Single inclusive hadron production in pPb
collisions

At LHC energies, the observations from pPb colli-
sions have also attracted considerable attention in both
theoretical and experimental aspects. Therefore, we ex-
tend the kr-factorization formalism mentioned above to
the pPb collisions. The main difference between the pp
and pPb collisions is the differential cross section. For a
lead target, the differential cross section is given by

dob® ATpy(b)
&b ‘z{l_e"p {_%‘T‘”"”’ (13)
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where A =208 denotes the number of nucleons in a lead
target. The o044 is the quark dipole cross section and can
be obtained by integrating Eq. (10) over the impact para-
meter. In Eq. (13), the thickness function Tpyp(b) is given
by the Glauber model:

Tpp(b) = / dzp( /b2 +22), (14)

where p is the nucleon distribution in the lead. Note that
the parameterized form of p satisfies the Woods-Saxon
distribution [19].

In Fig. 3, we study the transverse momentum distribu-
tion of charged kaons by using the kr-factorization form-
alism with the IPSat-y model in pPb collisions. For com-
pleteness, we also present the results for charged kaon
production in pp collisions. We would like to point out
that Fig. 3 gives the CGC kr-factorization formalism, for
the first time, to meet the charged kaon experimental
data. From Fig. 3, one can see that the IPSat-y model
provides a reasonable description for both pp and pPb
collisions under certain uncertainties. In pp collisions,
the IPSat-y results are in good agreement with the experi-
mental data for low and medium transverse momenta.
Meanwhile, the IPSat-y results are in good agreement
with the experimental data for medium and high trans-
verse momenta in the case of pPb collisions. Generally,
one can give a good description at any fixed transverse
momentum by adjusting the K factor. However, this is
unnecessary, as we hope that the K factor is at a fixed and
reasonable value at the same energy for different colli-
sion systems.

C. Nuclear modification factor

To further examine the robustness of the IPSat-y mod-
el, we calculate the nuclear modification factor R,4 by
using the results for pp collisions and pPb collisions.
This observation reflects the gluon distribution in the ini-
tial state [60]. Therefore, the study of the nuclear modi-

T T A GE o5 Rk
p+A-> K+ K + X, Vs=5.02TeV IPsat-y K¥f+K == ]
107" 4
3 9\9
910—2 L q _
) q* ]
= R’
) F?
~ ?
103 ?w\? 4
s ~mae
= g
he .
104 ' \?\:
10 L 1 | |
1 2 4 5 6
pt [GeV]

Fig. 3.

fication factor gives us a new insight into the hadron pro-
duction mechanisms. According to the Glauber model,
the nuclear modification factor R4 is defined as [61]

de+Ph4>h+X
1 dyd2pr
Rys = , 15
PA < Neont > dANP*Poh+X ( )
dyd?pr

where < N > is the average number of binary nucleon-
nucleon collisions, which can be calculated via the
Glauber model. From Eq. (15), we know that R,4 should
be equal to unity in the absence of nuclear effects. We
would like to note that R, is the ratio of the produced
hadron multiplicities between pPb collisions and pp col-
lisions, and it is independent of the normalization factor.
Therefore, the R,4 can provide a good perspective on the
robustness of the IPSat-y model.

In Fig. 4, we show the nuclear modification factor of
charged kaons and neutral pions calculated using the k7 -
factorization formalism with (red curves) and without
(blue curves) the anomalous dimension. For both types of
hadrons, we find that the R,4 increases with the trans-
verse momentum. However, the R4 is saturated to unity
at large transverse momenta. From Fig. 4, we can clearly
see that the results from the IPSat model deviate from the
data points at large transverse momenta (3.5 —6GeV),
while the IPSat-y model can give a relatively good de-
scription of the experimental data. It is worth pointing out
that the values of R4 obtained from the IPSat model ex-
ceed unity in some regions. These are reasonable out-
comes for the following reasons. First, the longitudinal
momentum fraction x increases with the transverse mo-
mentum at a fixed rapidity y. A larger x leads to an "anti-
shadowing" enhancement of the UGD tail at large trans-
verse momentum [14]. This shadowing is enhanced by
Glauber fluctuation for a lead target as the UGD is not
linear in the thickness function. Meanwhile, < Ncoy > 1s
linear in the thickness function. Second, the IPSat-y mod-

100

T T T T T CE 0B Rk
p+p— K+ K + X, Vs=5.02TeV IPsat-y K*+K™ ==
1071 3
> "
Qi02L - 4
510 L
= lg*
g *a
103 . E
=2 -, "
= '~
2 .
10 RS
105 L L L L
1 2 4 5 6
pr [GeV]

(color online) Transverse momentum distributions of K+ + K* based on the IPSat-y model in pp collisions and pPb collisions

at /s =5.02 TeV, respectively. The experimental data are taken from the ALICE collaboration [58, 59].
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(color online) Nuclear modification factor R,4 of K*+K* based on the IPSat-y model for pp collisions and pPb collisions at

Vs =5.02 TeV, respectively. The experimental data are taken from ALICE [58, 62].

el contains the anomalous dimension, which modifies the
slope of the scattering amplitude in the transition from the
dilute region to the saturation region. This modification
has a similar role to the rcBK equation and leads to a low
speed in approaching unity for the [PSat-y model.

V. SUMMARY

In this paper, we proposed an approach to modify the
saturation model by taking into account the anomalous
dimension. Inspired by the prescription in the GBW mod-
el, we combine the impact parameter dependent IPSat
model and the anomalous dimension to obtain an impact
parameter and anomalous dimension dependent model
(IPSat-y). Using this new model, we calculate the trans-

verse momentum distribution and nuclear modification
factor of charged hadrons and neutral pions. The results
from the IPSat-y model are consistent with the measured
transverse momentum distributions in pp and pPb colli-
sions at LHC energies. Comparing the results obtained
with and without the anomalous dimension, we find that
the IPSat-y model gives a more reasonable description of
the nuclear modification factor than the original IPSat
model. The increase in the nuclear modification factor is
slowed by the anomalous dimension owing to its func-
tion of modifying the slope of the scattering amplitude in
the transition from the dilute region to the saturation re-
gion. These numerical results indicate that the anomalous
dimension plays a significant role in improving the pre-
dictive power of the dipole amplitude.
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