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Abstract The production of J=w mesons in p?p and p?Pb

collisions is studied in the framework of color-glass con-

densate together with a simple color evaporation model.

Considering the nuclear effects with the Glauber–Gribov

approach, we calculate the cross section and the nuclear

modification factor of forward J=w production in p?Pb

collisions at
ffiffi

s
p ¼ 5:02 TeV. Then, the backward J=w

production in p?Pb collisions at
ffiffi

s
p ¼ 8:16 TeV is also

analyzed. In our calculation, the phenomenology KLR-

AdS/CFT model and the rcBK approach, which are valid at

a small x, are used to calculate the three-point function. It is

shown that the theoretical results fit well with the experi-

mental data from ALICE and LHCb.

Keywords Color-glass condensate � Forward J=w
production � Glauber–Gribov approach

1 Introduction

The production of forward J=w mesons in proton–proton

(p?p) and proton–nucleus (p?A) collisions can provide

valuable insight into the gluon saturation physics and

strong color fields at a small x. Thus, this subject has

received much attention on nuclear theory sides in recent

years [1–5]. There are two stages for J=w production. The

first stage is the c�c pair production in p?p and p?A col-

lisions. The color-glass condensate (CGC) theory, which

consider the p?p (A) as a dilute-dense system, is an

effective method to study the c�c pair production. According

to the CGC theory, the c�c pair production comes from two

processes at leading order. One process is that the gluon

from the incoming proton splits into a c�c pair before

multiple scattering with the target, and the other process is

that the incoming gluon multiplies scatters with the target

nucleus first and then splits into the c�c pair. The second

stage is the c�c pair producing the J=w meson. This process

can be described with the simple color evaporation model

(CEM) [6, 7]. In this model, the color of the c�c pair is

assumed to be ‘‘evaporated’’ away in the form of a soft

gluon, and then all the c�c pair are assumed to become the

J=w mesons with a fixed fraction below the D-meson

threshold.

In the CGC framework, the dipole amplitude is the key

ingredient to compute the cross section for c�c pair pro-

duction. At Large Hadron Collider (LHC) energies, the

value of Bjorken-x for c�c pair production in p?p (Pb)

collisions will be down to 10�6. At this x domain, the

common phenomenological saturation models, such as the

CGC model [8], the Soyez model [9], and the Golec-

Biernat and W€usthoff (GBW) model [10], are not valid.

Recently, it is more popular to use the running coupling
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Balitsky–Kovchegov (rcBK) equation for the dipole

amplitude [1–3]. Unfortunately, there is a Fourier trans-

form to obtain the unintegrated gluon distribution (UGD)

from the dipole amplitude. Because the Fourier transform

is an oscillatory integral [11], it is too difficult to ensure the

accuracy of the theoretical results with the rcBK approach,

especially at large p
T
. Here, we will introduce the phe-

nomenological model proposed by Kovchegov, Lu, and

Rezaeian (KLR) [12, 13]. This model is depended on the

anti-de Sitter space/conformal field theory (AdS/CFT)

approach, and proved very valid at a small Bjorken-x

domain (10�4 � 10�6). Furthermore, an analytic formula of

the UGD can be obtained from the dipole amplitude given

by the KLR-AdS/CFT model. Thus, the accuracy of the

theoretical results can be ensured. In this paper, we will use

the rcBK approach and the KLR-AdS/CFT model to

investigate the J=w production in p?p and p?Pb collisions

at LHC energies.

In order to study the nuclear suppression of forward J=w
production in p?A collisions, the nuclear effects should be

considered. A simple method to consider nuclear effects is

by relating the saturation scale of a heavy nucleus, Q2
sAðxÞ,

to that of a proton, Q2
spðxÞ, through formula Q2

sAðxÞ ¼
A1=3Q2

spðxÞ [14]. In the frame of the recently published

papers [15, 16], the authors consider impact parameter (b)

dependence on the saturation scale using CGC approxi-

mation and investigate the nuclear configurational entropy.

The results match the fitted experimental data at 1%.

Besides, Refs. [17–20] offered a quantitative study of

quarkonia radially excited S-wave states and paved a way

into which bottomonium and charmonium were studied

from the point of view of the configurational entropy in the

AdS/QCD correspondence as well as in the refinement of

topological defects. Thus, for getting more reliable theo-

retical results, the impact parameter, b, dependence of the

nuclear saturation scale should be considered. In this paper,

the nuclear effects are considered in the Glauber–Gribov

approach [21, 22]. We assume that the dipole-nucleus

scattering amplitude relate to the dipole-proton case by the

formula Q2
sAðxÞ ¼ Npart;AðbÞQ2

spðxÞ, where Npart;AðbÞ is the

number of participating nucleons in p?A collisions.

This paper is organized as follows. In Sect. 2, we

introduce the theoretical formalism for c�c pair production

in the large Nc limit. Then, we give the method of calcu-

lating the differential cross section for J=w production in

Sect. 3. In Sect. 4, we give the theoretical results and

compare them with the recent experimental data from

ALICE and LHCb.

2 Quark pair production cross section in the large
Nc limit

In the CGC framework, the cross section of quark pair

production with the transverse momentum, p
T
ðq

T
Þ, and

rapidity, ypðyqÞ of the quark (anti-quark) can be written as

[1]

drq�q

d2p
T
d2q

T
dypdyq

¼ a2
s

16p2CF

Z

d2k
T

ð2pÞ4

NcollðpT
þ q

T
; k

T
Þ

ðp
T
þ q

T
Þ2

/qq;g
A;y2

ðp
T
þ q

T
; k

T
Þx1Gpðx1;Q

2Þ; ð1Þ

where CF ¼ ðN2
c � 1Þ=ð2NcÞ with Nc ¼ 3, and x1 and x2

are the longitudinal momentum fractions of the gluons

from the projectile and target, respectively. Ncoll is the

‘‘hard matrix element,’’ which can be given as Ref. [23]

Ncoll ¼ Nq�q;q�q
coll þ Nqq;g

coll þ Ng;g
coll; ð2Þ

where Nq�q;q�q
coll is the term of a quark pair scattering off the

nuclei, Ng;g
coll is the term before the gluon splitting into a

quark pair, and Nq�q;g
coll corresponds to the interference

between the quark and gluon. The explicit expressions are

Nq�q;q�q
coll ¼ 8pþqþ

ðpþ þ qþÞ2ða2
T
þ m2

cÞ
2

m2
c þ
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;

ð3Þ
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a

T
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T
� qþp

T
Þ

" #
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ð4Þ

Ng;g
coll ¼

8

ðpþ qÞ4
ðpþ qÞ2 � 2

ðpþ þ qþÞ2
ðpþq

T
� qþp

T
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" #

;

ð5Þ

with a
T
� q

T
� k

T
. x1Gpðx1;Q

2Þ is the collinear gluon

distribution function of the proton. In this work, we use the

CTEQ6 LO parametrization [24].

The three-point function of the nucleus in Eq. (1) can be

expressed as

/qq;g
A;y2

ðl
T
; k

T
Þ ¼

Z

d2b
Ncl

2
T

4as

SYðkT
ÞSYðlT

� k
T
Þ; ð6Þ

where b is the impact parameter and l
T
¼ p

T
þ q

T
. The

UGD can be obtained by a Fourier transform [11, 25]

SYðkT
Þ ¼

Z

d2r
T
eikT

�r
TSYðrT

Þ ¼
Z

dr
T

r
T

J0ðrT
kÞSYðrT

Þ;

ð7Þ
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where SYðrT
Þ is the dipole amplitude and J0 is the spherical

bessel function of the first kind.

In this paper, the rcBK approach and the KLR-AdS/CFT

model are used for SYðrT
Þ. In the rcBK approach, the

dipole scattering amplitude can be given by Ref. [25]

oSðr
T
Þ

oY
¼
Z

dr
1T
KBalðr

T
; r

1T
; r

2T
Þ Sðr

1T
Þ þ Sðr

2T
Þ � Sðr

T
Þ½

�Sðr
1T
ÞSðr

2T
Þ�;

ð8Þ

where KBalðr
T
; r

1T
; r

2T
Þ is the kernel for the running term,

and the GBW ansatz is used for the initial conditions of the

dipole scattering amplitude

SGBWðr
T
Þ ¼ 1 � exp � r2

TQ
2
s0

4

� �c� �

ð9Þ

with c ¼ 1 and Q2
s0 ¼ 0:24 GeV2. The dipole-proton scat-

tering amplitude in the KLR-AdS/CFT model can be

written as Ref. [12, 13]

SAdS
Y ðr

T
Þ ¼ 1 � exp �rQAdS

s;p ðxÞ=ð2
ffiffiffi

2
p

Þ
h i

; ð10Þ

where the saturation scale is given by

QAdS
s;p ðxÞ ¼ 2A0x

M2
0ð1 � xÞp

1

q3
m

þ 2

qm

� 2M0

ffiffiffiffiffiffiffiffiffiffiffi

1 � x

x

r

 !

;

ð11Þ

with

qm ¼

1

3m

� �1=4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2cosðh
3
Þ

r

: m� 4

27
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

3mD
þ D

r

: m[
4

27

;

8

>

>

>

<

>

>

>

:

D ¼ 1

2m
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

4m2
� 1

27m3

r

" #1=3

;

m ¼M4
0ð1 � xÞ2

x2
;

cos h ¼
ffiffiffiffiffiffiffiffiffi

27m

4

r

;

A0 ¼
ffiffiffiffiffiffiffiffiffi

kYM

p

GeV:

Here, we choose kYM ¼ 20 and M0 ¼ 6:16 � 10�3, which

are obtained from a fit to the HERA data.

For p?A collisions, the saturation scale of the nucleus

can be given by Ref. [21, 22]

(a)

(c)

(b)

(d)

Fig. 1 (Color online) The UGD SYðx; kTÞ versus x with the rcBK approach (solid curves) and the KLR-AdS/CFT model (dashed curves) at kT ¼
1 GeV (a), 2 GeV (b), 4 GeV (c) and 6 GeV (d)
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Q2
s;AðxÞ ¼ Npart;AQ

2
s;pðxÞ; ð12Þ

where the participating nucleons in the collisions, Npart;A,

can be given by a convolution of the thickness function of

the proton and nucleus [26]. For the thickness function of

the nucleus, we use the Woods–Saxon form [27]

TAðbÞ ¼
Z

dz
q0

1 þ expðr�R
a
Þ ; ð13Þ

where q0 is the nucleon density in the center of the nucleus

and R is the nuclear radius [26]. For the proton, the

Gaussian form is used [28]

TpðbÞ ¼
e�b2=ð2BÞ

2pB
ð14Þ

with B ¼ rin

14:30
fm2.

3 Differential cross section in terms of the J=w
variate

In order to compare with the experimental data, we

should express the cross section in Eq. (1) in terms of the

variate of J=w, which are the invariant mass, M2, the

transverse momentum, P
T
, and rapidity, Y. The relation

equation can be written as Ref. [29]

dr

dM2d2P
T
dY

¼
Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2=4�m2
c

p

0

d~q

Z 2p

0

d/
~qcx

xpxq j sinhðyp � yqÞ j
dr

d2p
T
d2q

T
dypdyq

;

ð15Þ

where xq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q2
T
þ m2

c

q

(xp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2
T
þ m2

c

q

) is the transverse

masses of the quark (anti-quark). ~q is the quark (or anti-

quark) transverse momentum in the center of mass system

of the quark pair and / is the angle between ~q and the x-

axis. In Eq. (15), the momenta of the quark and anti-quark

are given by

ql ¼ LzðbzÞlmLxðbxÞmrqrcm

pl ¼ LzðbzÞlmLxðbxÞmrprcm; ð16Þ

where the momenta in the center of mass system of the

quark pair qrcm and prcm can be given as

qrcm ¼ M

2
; ~qcos/; ~qsin/;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2=4 � m2
c � ~q2

q

� �

and

(a)

(c)

(b)

(d)

Fig. 2 (Color online) Differential cross section for J=w production in p?p collisions at
ffiffi

s
p ¼ 7 TeV as a function of Y (a,c) and P

T
(b,d) with the

KLR-AdS/CFT model (a,b) and the rcBK approach (c,d). The data come from ALICE [30]
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prcm ¼ M

2
;�~qcos/;�~qsin/;�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2=4 � m2
c � ~q2

q

� �

:

ð17Þ

In Eq. (16), LxðbxÞ and LzðbzÞ are the Lorentz boosts in the

x-axis and z-axis, respectively. bx ¼ jP
T
j=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2 þ P2
T

q

and

bz ¼ tanhðYÞ.
To calculate the cross section of J=w, we will use the

simple color evaporation model [6, 7]. This model assumes

that all c�c pairs produced become J=w mesons below the

D-meson threshold. This can be expressed as

drJ=w
dYd2P

T

¼ FJ=w

Z 4m2
D

4m2
c

dM2 dr

dM2d2P
T
dY

; ð18Þ

where FJ=wð¼ 0:01 � 0:05Þ is a nonperturbative quantity

representing the probability that a c�c pair will become a

J=w [23].

4 Results and discussion

For the UGD of the KLR-AdS/CFT model, an analytic

form can be obtained from Eq. (7)

SYðx; kTÞ ¼
32p

½QAdS
s;p ðxÞ�2

1

f1 þ 16k2
T=½QAdS

s;p ðxÞ�2g3=2
: ð19Þ

The UGD SYðx; kTÞ versus x at kT ¼ 1 GeV (a), 2 GeV (b),

4 GeV (c), and 6 GeV (d) are shown in Fig. 1. The solid

and dashed curves are the results of the rcBK approach and

the KLR-AdS/CFT model, respectively. It is shown that the

results of the KLR-AdS/CFT model are larger than that of

the rcBK approach at small kT, but the results are just the

opposite at large kT. It is also shown that the results of the

KLR-AdS/CFT model are obviously independent of Bjor-

ken-x when x is small.

In Fig. 2, we give the results for the production cross

section of J=w in p?p collisions versus Y (a,c) and P
T

(b,d)

at a center of mass energy
ffiffi

s
p ¼ 7 TeV . Figure 2a,b and

c,d is the results of the KLR-AdS/CFT model and the rcBK

(a)

(b)

Fig. 3 (Color online) Differential cross section for J=w production in

p?Pb collisions as a function of Y (a) and P
T

(b) at
ffiffi

s
p ¼ 5:02 TeV.

The data come from ALICE [31] and LHCb [32]

(a)

(b)

Fig. 4 (Color online) Nuclear modification factor for J=w production

in p?Pb collisions as a function of Y (a) and P
T

(b) at
ffiffi

s
p ¼ 5:02

TeV. The data come from ALICE [31, 33]
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approach, respectively. The uncertainty band includes the

variation of the factorization scale between 2M
T

and M
T
/2

with M
T
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2 þ P2
T

q

. The charm quark mass is taken as

1.2 GeV. The data come from ALICE [30]. The integral

range in Fig. 2b,d is 2:5\Y\4. For the KLR-AdS/CFT

model, as shown in Fig. 2a,b, the theoretical results fit well

with the experimental data except at a very large transverse

momentum of J=w. The reason is that the CGC theory is

not very accurate at a very large P
T
. In Fig. 2c,d, it is

shown that the normalization uncertainty for the results of

the rcBK approach is larger than that of the KLR-AdS/CFT

model. It is also shown that the curve in Fig. 2d is not

smooth enough. This is because there is a Fourier transform

in obtaining the UGD, as shown in Eq. (7). Because the

Fourier transform is an oscillatory integral, it is very dif-

ficult to ensure the correctness of the results for the rcBK

approach, especially at a large PT. Thus, we will only give

the results of the KLR-AdS/CFT model in p?Pb collisions.

Using Eq. (12), we show the differential cross section of

J=w production versus Y (a) and P
T

(b) in p?Pb collisions

at a center of mass energy of
ffiffi

s
p

¼ 5:02 TeV in Fig. 3. The

theory uncertainty results are obtained by the same method

as in Fig. 2, and the data come from ALICE [31] and

LHCb [32]. The integral range in Fig. 3b is 1:5\Y\4. It

is shown that the theoretical results fit well with the

experimental data. Here, there is only one experimental

datum at large P
T

(=8.5-14) GeV. If there are more data,

the deviation of the theory results and the experimental

data at large P
T

may be the same as in Fig. 2.

In order to compare with experimental data, we intro-

duce the nuclear modification factor

RpAðYÞ ¼
1

A

hdr=dYijpA

hdr=dYijpp

; ð20Þ

and

RpAðPTÞ ¼
1

A

hdr=d2P
T
ijpA

hdr=d2P
T
ijpp

; ð21Þ

where hdr=dYi ¼
R

d2P
T

dr
d2P

T
dY

and hdr=d2P
T
i ¼

R

dY dr
d2P

T
dY

. In Fig. 4, we show the nuclear modification

factor versus Y (a) and P
T

(b) at
ffiffi

s
p ¼ 5:02 TeV. The

experimental data come from ALICE [31, 33]. In Figs. 2

and 3, it is shown that the theoretical results have a large

uncertain region. Thus, although the theoretical results can

describe the J=w cross section versus Y in p?p and p?Pb

collisions, as shown in Fig. 4a, their ratios can’t fit well

with the data of RpPbðYÞ. In Fig. 4b, it is shown that the

theoretical results fit the data well except at very low P
T
.

In Fig. 5, we analyze the J=w production in p?Pb col-

lisions at forward (a) and backward (b) rapidity at the

center of mass energy of
ffiffi

s
p ¼ 8:16 TeV. The integral

ranges of rapidity are 1:5\Y\4 and � 5\Y\� 2:5 for

Fig. 5a, b, respectively. The theory uncertainty results are

the same as in Fig. 2 and the data come from the recent

results of LHCb [34]. It is shown that the theoretical results

at backward rapidity do not fit well with the data, espe-

cially at large PT. Because the Bjorken-x is very large at

backward rapidity, the CGC theory is not very effective in

this rapidity range. The commonly called cold nuclear

effect is an effective method to study J=w production at

backward rapidity [6].

In summary, we have investigated forward J=w pro-

duction in p?p and p?Pb collisions at LHC energies in the

CGC framework together with the CEM. Considering the

transverse distribution of the proton and nucleus, the the-

oretical results are in good agreement with the data from

ALICE and LHCb with the analytic UGD from the KLR-

AdS/CFT model. Unfortunately, there are still some devi-

ations between the theoretical results and the data

(a)

(b)

Fig. 5 Differential cross section for J=w production versus PT at

forward (a) and backward (b) rapidity in p?Pb collisions at
ffiffi

s
p ¼

8:16 TeV. The data are from LHCb [34]
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especially at large P
T
. Thus, we should give a further study

on this subject in the future.
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