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In this work we investigate the J/ψ production in proton-proton collisions at the center-of-mass energy (
√

s)
equal to 2.76, 5.02, 7, 8, and 13 TeV with the parton and hadron cascade model PACIAE 2.2a. It is based
on PYTHIA but extended considering the partonic and hadronic rescatterings before and after hadronization, re-
spectively. In the PYTHIA sector the J/ψ production quantum chromodynamics processes are selected specially
and a bias factor is proposed correspondingly. The calculated total cross sections, the transverse momentum
differential, and the rapidity differential cross sections of J/ψ in the forward rapidity region reproduce the
corresponding experimental measurements reasonably well. In the mid-rapidity region, the double-differential
cross sections at

√
s = 5.02, 7, and 13 TeV are also in a good agreement with the experimental data. Moreover,

we interpolate the double-differential cross section as well as the total cross section of J/ψ in the mid-rapidity
region at

√
s = 8 TeV, which could be validated if the experimental data are available.

DOI: 10.1103/PhysRevC.109.035201

I. INTRODUCTION

J/ψ is the lightest vector charmonium meson. The sup-
pression of J/ψ production was proposed as a probe to
investigate the hot and dense medium, named the quark-gluon
plasma (QGP), created in ultrarelativistic nucleus-nucleus col-
lisions [1]. The J/ψ production could also be suppressed due
to the cold nuclear matter effects, such as modifications of
nuclear parton distribution functions [2,3]. In order to dis-
entangle the hot and cold medium effects, it is necessary to
understand the J/ψ production in proton-proton (pp) colli-
sions where the initial state effects are absent.

The hadronic J/ψ production mainly results from the
gluon-gluon scattering into a cc̄ pair in hard scattering and
related initial- and final-state radiations, which is described
with the perturbative quantum chromodynamics (pQCD). The
hadronization of the c and c̄ pair into J/ψ is a soft process,
which cannot be dealt with by pQCD. The J/ψ produc-
tion was extensively investigated at colliders such as the
Tevatron [4–7], RHIC [8], and LHC [9–16]. Several theo-
retical approaches, such as the color singlet model [17], the
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nonrelativistic QCD model [18,19], and the color evaporation
model [20,21], have been utilized to describe the experimental
data. They differ mostly in the treatment of nonperturbative
evolution of the cc̄ pair into the bound state J/ψ . However,
none of these models could simultaneously describe the po-
larization, the transverse momentum (pT) spectrum, and the
energy dependence of cross sections for J/ψ [13]. The J/ψ
production was also investigated by Monte Carlo simulations.
For example, in Refs. [22,23], the J/ψ production as a func-
tion of charged particle multiplicity in pp collisions at the
center-of-mass energy (

√
s) equal to 7 and 13 TeV was in-

vestigated in the mid-rapidity region by PYTHIA 6.4 [24] and
8.2 [25], respectively. It was found that PYTHIA 8.2 could
depict the correlation between the J/ψ yield and the charged-
particle multiplicity (dNch/dη) while PYTHIA 6.4 cannot do
it well. This could be because the multiparton interaction is
described differently between them. In Ref. [23], the correla-
tion between the J/ψ yield and dNch/dη was also explored
by the EPOS3 event generator [26,27]. In Ref. [28], the au-
thors utilized a modified ultrarelativistic quantum molecular
dynamics (UrQMD) transport model [29,30] to study the J/ψ
suppression in high-multiplicity pp collisions at

√
s = 7 TeV.

Apart from the study in Refs. [22,23,28], we use a parton
and hadron cascade model PACIAE 2.2a [31] without consid-
ering the polarization to investigate the J/ψ production in pp
collisions at

√
s = 2.76, 5.02, 7, 8, and 13 TeV. In the PACIAE

model, the J/ψ production QCD processes will be selected
specially and a bias factor will be introduced for the simulated
sample correspondingly. The calculated total cross sections,
the differential cross sections as a function of the transverse
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FIG. 1. A sketch of the physical routines in high-energy pp collisions [34].

momentum, and as a function of the rapidity of J/ψ in the
forward rapidity region will be, respectively, compared to
the corresponding experimental measurements. Meanwhile, at
mid-rapidity the total and double-differential cross sections at√

s = 5.02, 7, and 13 TeV will also be compared with the
experimental data. Moreover, the total and double-differential
cross sections of J/ψ at

√
s = 8 TeV will be interpolated in

the mid-rapidity region.
This paper is organized as follows. In Sec. II, we briefly

introduce the PACIAE model. In Sec. III, we describe the
method to produce the simulated sample and to compare the
sample with experimental data. In Sec. IV, results and discus-
sions are presented. Finally, the conclusion is given in Sec. V.

II. THE PACIAE MODEL

The PACIAE 2.2a model is designed for elementary col-
lisions. It is based on PYTHIA 6.4 but further considers the
partonic rescattering before hadronization and the hadronic
rescattering after hadronization. It divides the ultrarelativistic-
energy pp collisions into four stages: parton initiation, parton
rescattering, hadronization, and hadron rescattering. Figure 1
is a sketch of the physical routines in a high-energy pp
collision.

In the first stage, the initial partonic states are created by
the hard scatterings, the initial- and final-state radiations in
PYTHIA with temporarily switching off the string fragmenta-
tion, breaking down the strings and splitting up the diquarks
(anti-diquarks) randomly. This partonic matter then undergoes
parton rescatterings, where the leading order (LO) pQCD
parton-parton interaction cross sections [32,33] are employed.
A K factor is introduced to consider higher-order effects
and nonperturbative corrections for LO-pQCD parton-parton

differential cross sections. After the parton rescattering, the
partonic matter is converted into hadrons by the string frag-
mentation [24] or the coalescence model [34].

Then followed is the hadronic rescattering. Based on the
hadron list after hadronization, two loops over i and j cy-
cling through all hadrons are implemented. If the minimum
approaching distance D between two straight-line trajectories

of i and j particles satisfies D �
√

σ tot
i j /π , where σ tot

i j is the

total cross section of these two particles, the particles i and j
may collide and the collision time ti j is evaluated [35]. With
the ti j of all i- j pairs, the initial hadron-hadron collision time
list is constructed. A collision with the least time is picked up
from the list and implemented probably. The hadron list and
collision time list are then updated [34]. With the repeat of
these two steps until the collision time list is empty, the kinetic
freeze-out happens. For the J/ψ hadronic rescattering, besides
the elastic scattering, so far the following inelastic processes
are considered [35,36]:

J/ψ + n → �+
c + D−, J/ψ + n → �+

c + D−,

J/ψ + n → �0
c + D̄0, J/ψ + p → �+

c + D̄0,

J/ψ + p → �+
c + D̄0, J/ψ + p → �++

c + D−,

J/ψ + π+ → D+ + D̄∗0, J/ψ + π− → D0 + D∗−,

J/ψ + π0 → D0 + D̄∗0, J/ψ + π0 → D+ + D∗−,

J/ψ + ρ+ → D+ + D̄0, J/ψ + ρ− → D0 + D−,

J/ψ + ρ0 → D0 + D̄0, J/ψ + ρ0 → D+ + D−.

There are other models, e.g., the comover interaction model,
etc., that also include hadronic rescatterings [37–47].
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TABLE I. List of ALICE measurements for J/ψ productions.

Forward rapidity Mid-rapidity
√

s Interval Reference Interval Reference

2.76 TeV 2.5 < y < 4 [9]
5.02 TeV 2.5 < y < 4 [16] −0.9 < y < 0.9 [11]
7 TeV 2.5 < y < 4 [13] −0.9 < y < 0.9 [12]
8 TeV 2.5 < y < 4 [14]
13 TeV 2.5 < y < 4 [16] −0.9 < y < 0.9 [15]

III. THE METHOD

The ALICE collaboration has published the inclusive J/ψ
production in the forward rapidity region with 2.5 < y < 4
in pp collisions at

√
s = 2.76, 5.02, 7, 8, and 13 TeV in

Refs. [9,13,14,16]. The collaboration also presented the inclu-
sive J/ψ productions in the mid-rapidity region with −0.9 <

y < 0.9 in pp collisions at
√

s = 5.02, 7, and 13 TeV in
Refs. [11,12,15]. They are listed in Table I. The inclusive J/ψ
yield contains a prompt component, which includes the direct
J/ψ production and the feed-down contribution from the de-
cay of heavier charmonium states, as well as a non-prompt
component from the weak decay of beauty hadrons.

In this paper, apart from the study performed by event
generators such as PYTHIA 6.4, PYTHIA 8.2, EPOS3, and
UrQMD [22,23,28], we investigate the J/ψ production in
pp collisions at different energies with PACIAE 2.2a. In the
model, a “menu” of subprocesses for the J/ψ production is
composed with the sets of “MSEL=0” and “MSUB(i)=1,
i=86, 87, 88, 89, 104, 105, 106”. This especial setting is com-
pletely the same as that in PYTHIA 6.4. It corresponds to the
following “color-singlet” processes, gg → J/ψg, gg → χ0cg,
gg → χ1cg, gg → χ2cg, gg → χ1c, gg → χ2c, gg → J/ψγ .
The higher-mass excited states, like the χ0c, χ1c, and χ2c,
may subsequently decay to J/ψ . Since the ψ (2S) production
channel is not available in the PYTHIA 6.4 default processes,
we did not consider the contribution of ψ (2S) to J/ψ . As
shown in Ref. [48], in the region with pT > 7 GeV/c, the J/ψ
production may be dominated by the “color-octet” processes.
In this work, we only focus on the production of J/ψ in

the low and intermediate pT range below 7 GeV/c. Thus the
“color-octet” processes are not considered. Relative to the de-
fault simulation without the above extra setting, the simulated
results with the extra setting are bias samples. In order to
remove this bias effect, for example, we rescale the cross
sections in simulation with the first moment of the J/ψ pT

spectra and match it with the similarly rescaled cross sec-
tion in experiment,

dσJ/ψ

dy

∣∣∣
sim∫

pT
d2σJ/ψ

d pTdy

∣∣∣
sim

d pT

=
dσJ/ψ

dy

∣∣∣
exp∫

pT
d2σJ/ψ

d pTdy

∣∣∣
exp

d pT

. (1)

Thus, in order to compare the simulated samples with the
experimental data, we propose a bias factor,

B =
∫

pT
d2σJ/ψ

d pTdy

∣∣∣
exp

d pT

∫
pT

d2σJ/ψ

d pTdy

∣∣∣
sim

d pT

=
∫

pT
d2σJ/ψ

d pTdy

∣∣∣
exp

d pT

∫
pT

d2NJ/ψ

d pTdy · σJ/ψ

NJ/ψ

∣∣∣
sim

d pT

, (2)

which has to be multiplied to the simulated results. Here we
have inserted the relation between the differential yield and
differential cross section (see Appendix for details). In Eq. (2),
NJ/ψ is the total J/ψ yield in simulation; σJ/ψ is the total J/ψ
cross section in one event returned by PACIAE 2.2a and is
tabulated in Table II. Similar treatments are applied to the
differential rapidity distribution of J/ψ .

In PACIAE, the model parameters are chosen as the default
values in the PYTHIA 6.4 model, except for the K factor,
which is determined by fitting the simulation to the experi-
mental data in pp collisions at a given energy with a least-χ2s
method. For the J/ψ differential cross section as a function of
pT in the forward rapidity region, the χ2 is defined as

χ2 =
N∑

i=1

[
yi − f

(
pi

T; K
)]2

(�i )2
, (3)

where N is the number of data points, yi is the experimental
value in the ith bin, f (pi

T; K ) is the simulated value in the
same bin, and �i is the total error of the experimental data.
Table III gives the χ2 values divided by the number of degrees
of freedom (χ2/ndf) for different K factors at a given energy.

TABLE II. Summary of cross sections (σsel) for specially selected J/ψ “color-singlet” process in pp collisions at various energies from
PACIAE simulation. The last row lists the total J/ψ cross section in one event at a given energy. This cross section can be calculated by
the weighted sum of the cross sections for the J/ψ selection process σsel, with the weight taken as the product of the fraction of heavier
charmonium state’s radiatively decaying into J/ψ [i.e., branching ratio (BR)] and the sampling probability.

σsel (µb)

Processes 2.76 TeV 5.02 TeV 7 TeV 8 TeV 13 TeV BR Sampling probability

gg → J/ψg 32.871 62.654 64.798 83.623 132.548 100.0% 2.184%
gg → χ0cg 241.830 499.519 533.856 700.603 1169.812 1.4% 21.054%
gg → χ1cg 138.797 312.055 345.636 460.827 823.761 34.3% 5.000%
gg → χ2cg 265.777 552.470 593.993 779.302 1302.222 19.0% 23.101%
gg → χ0c 294.944 554.780 572.512 744.378 1202.169 1.4% 23.525%
gg → χ2c 255.635 484.268 502.488 651.972 1060.098 19.0% 25.083%
gg → J/ψγ 0.929 1.872 1.856 2.588 4.232 100.0% 0.053%
σJ/ψ (µb) 28.631 57.349 60.822 79.524 132.111
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TABLE III. Summary of χ 2/ndf for different K factors at a given
energy. The minimum χ 2/ndf is shown by boldface type.

χ 2/ndf

K 2.76 TeV 5.02 TeV 7 TeV 8 TeV 13 TeV

1.1 5.39/6 14.06/6 23.85/6 17.09/6 66.34/7
1.2 4.74/6 10.93/6 19.57/6 16.77/6 71.67/7
1.3 6.11/6 17.25/6 16.62/6 16.40/6 63.80/7
1.4 4.81/6 13.55/6 18.87/6 17.08/6 60.94/7
1.5 6.86/6 11.44/6 21.23/6 13.40/6 58.07/7
1.6 3.46/6 13.10/6 19.18/6 13.71/6 58.83/7
1.7 5.92/6 10.92/6 19.54/6 14.85/6 54.86/7
1.8 7.04/6 14.89/6 19.25/6 14.37/6 65.33/7
1.9 5.96/6 15.22/6 20.05/6 14.94/6 71.83/7

The best K factor at that energy is determined by minimizing
the corresponding χ2 values and is shown by boldface type. At
a given collision energy, the K factor for the J/ψ production
in the mid-rapidity region is assumed to be the same as that in
the forward rapidity region.

IV. RESULTS AND DISCUSSION

Figure 2 shows the inclusive J/ψ cross sections from PA-
CIAE (hollow symbols) at forward rapidity in pp collisions
at

√
s = 2.76, 5.02, 7, 8, and 13 TeV, comparing with exper-

imental data (solid symbols). The error bars attached to the
data points represent the total uncertainties of the J/ψ cross
sections. It is found that the simulations well describe the
experimental data. Figure 3 presents the inclusive J/ψ cross
sections as a function of rapidity in the forward region. In
order to make the simulations comparable with experimental
data, we employed the same pT cut in the former as those
applied in the latter at each energy. It is observed that the

FIG. 2. Inclusive J/ψ double-differential cross sections as a
function of pT at forward rapidity in pp collisions with

√
s = 2.76,

5.02, 7, 8, and 13 TeV. The solid symbols are experimental data taken
from Refs. [9,13,14,16]. The hollow symbols are the results from the
PACIAE model. For better visibility, the pT spectra are scaled by the
numbers in parentheses.

FIG. 3. Inclusive J/ψ single-differential cross sections as a func-
tion of y in pp collisions at

√
s = 2.76, 5.02, 7, 8, and 13 TeV. The

solid symbols are experimental data taken from Refs. [9,13,14,16].
The hollow symbols are the results from the PACIAE model. The
scaling factors in parentheses are used to improve visibility.

simulation (hollow symbols) well reproduces the correspond-
ing experimental measurement (solid symbols).

As described in Sec. III, due to the especial selection of the
J/ψ production processes in the simulation, the bias factor is
introduced when comparing the simulation with experimental
data. The energy dependencies of the bias factors introduced,
respectively, for the J/ψ y and pT distributions are presented
in Fig. 4. It is shown that at a given energy the former is
larger than the latter. In addition, for both cases the bias factor
slightly decreases with energy. In order to guide the eye, we
parametrize the dependence of B on energy with a fit function
B = a + bln(

√
s/TeV), where a and b are free parameters.

The fitted curves are also presented in the figure. The upper
(lower) panel in Fig. 5 shows the J/ψ rapidity differential
(total) inclusive cross sections as a function of

√
s in the

forward rapidity region. It is observed that the simulations

FIG. 4. The energy dependence of the bias factor in the forward
rapidity region in pp collisions at

√
s = 2.76, 5.02, 7, 8, and 13 TeV.

The left (right) triangles represent the bias factors calculated for the
pT (y) distributions. The dotted (dashed) curve represents the fit-
ted function, B = (1.025 ± 0.057) + (−0.128 ± 0.057)ln(

√
s/TeV)

[B = (0.717 ± 0.084) + (−0.101 ± 0.040)ln(
√

s/TeV)].
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FIG. 5. Upper (lower) panel shows the J/ψ rapidity differential
cross section (total cross section) as a function of

√
s in the forward

rapidity region in pp collisions. The solid (hollow) symbols represent
the cross sections from the experimental data (the PACIAE model).

from the PACIAE model are in a good agreement with the
experimental data. Moreover, there is a steady increase of the
cross sections with the increasing collision energy. At a given
energy, the total cross section is about a factor of 1.5 larger
than the rapidity differential one. The bias factor for the J/ψ
rapidity distribution is also 1.5 times larger than that for the pT

distribution. This factor is exactly the bin size in the forward
rapidity region.

We use the same method as that in the forward rapidity
region to determine the bias factor of the J/ψ double-
differential cross sections in the mid-rapidity region. Figure 6
shows the energy dependence of the bias factor at mid-rapidity
in pp collisions at

√
s = 5.02, 7, and 13 TeV. This energy

dependence can be parametrized as B = (0.764 ± 0.159) +
(−0.173 ± 0.068)ln(

√
s/TeV). The bias factor at

√
s = 8

TeV is then interpolated with this parametrization formula.
It is equal to 0.404 ± 0.032. Figure 7 presents the inclusive

FIG. 6. The energy dependence of the bias factor in the mid-
rapidity region in pp collisions at

√
s = 5.02, 7, and 13 TeV. The

dashed curve represents the parametrization formula, B = (0.764 ±
0.159) + (−0.173 ± 0.068)ln(

√
s/TeV). The bias factor at

√
s = 8

TeV is interpolated with this parametrization formula.

FIG. 7. Inclusive J/ψ double-differential cross sections as a
function of pT at mid-rapidity in pp collisions at

√
s = 5.02, 7,

and 13 TeV. The solid symbols are experimental data taken from
Refs. [11,12,15]. The hollow symbols are the results from the PA-
CIAE model. The gray band represents the interpolated results from
the PACIAE model in pp collisions at

√
s = 8 TeV. In order to

improve the visibility, the rapidity distributions are scaled by the
factors in parentheses.

J/ψ double-differential cross section as a function of pT in
the mid-rapidity region of −0.9 < y < 0.9 in pp collisions at√

s = 5.02, 7, and 13 TeV. It is found that the simulations
(hollow symbols) agree with experimental data (solid sym-
bols) reasonably well.

In Sec. III, we determined the K factors by fitting the
simulated J/ψ pT differential cross sections to the experi-
mental data in the forward rapidity region in pp collisions at√

s = 8 TeV. Together with the assumption that the K factor
at mid-rapidity is the same as that in the forward rapidity
region (see Table III), we could generate the simulated sam-
ple for the J/ψ production in the mid-rapidity region in pp
collisions at

√
s = 8 TeV. With the application of the bias

factor interpolated at
√

s = 8 TeV (see Fig. 6) to the sim-
ulated sample, the double-differential J/ψ cross section at
mid-rapidity in pp collisions at

√
s = 8 TeV is available. It

is presented as the gray band in Fig. 7. Figure 8 shows the
energy dependence of the simulated total inclusive J/ψ cross
section at mid-rapidity in pp collisions at

√
s = 5.02, 7, and

13 TeV. At a given energy, the total cross section in simula-
tion agrees with experimental data within uncertainties. The
inclusive total J/ψ cross section at

√
s = 8 TeV is evaluated

by integrating the double-differential cross section over pT

and y. The above interpolated J/ψ double-differential cross
section and the total cross section in pp collisions at

√
s = 8

TeV could be validated if the experimental data are available.

V. CONCLUSIONS

In this paper, we have investigated the J/ψ production in
pp collisions at

√
s = 2.76, 5.02, 7, 8, and 13 TeV with the

parton and hadron cascade model PACIAE 2.2a. It is based
on PYTHIA but differs from PYTHIA in the addition of
the parton rescattering before hadronization and the hadron
rescattering after hadronization. In the model the J/ψ pro-
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FIG. 8. Total inclusive J/ψ cross section at mid-rapidity in pp
collisions with

√
s = 5.02, 7, and 13 TeV. The solid (hollow) sym-

bols represent the cross sections from the experimental data (the
PACIAE model). The total cross section at

√
s = 8 TeV is an in-

terpolation based on the integration of the double-differential cross
section over the mid-rapidity region.

duction QCD processes are selected specially and the bias
factor is proposed and applied to the simulated sample cor-
respondingly. The calculated J/ψ total cross section and the
differential cross section as a function of pT and y in the
forward rapidity region agree with the corresponding exper-
imental measurements reasonably well. In the mid-rapidity
region, the double-differential cross sections of J/ψ at

√
s =

5.02, 7, and 13 TeV also reproduce the experimental data.
Moreover, the J/ψ double-differential cross section and the
total cross section at

√
s = 8 TeV are interpolated. They could

be validated if the experimental data are available.
We have noticed that the ALICE collaboration has pub-

lished the results of J/ψ polarization in pp collisions at√
s = 7 and 8 TeV [49,50]. We would like to see whether

the PACIAE model could simultaneously describe the J/ψ
polarization and pT spectrum. Moreover, we realize the ne-
cessity of individually investigating the partonic and hadronic
rescattering effects. These investigations will be presented in
our next works.
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APPENDIX

In this Appendix, we present a detailed derivation of the
relation between the J/ψ differential yield and differential
cross section. The total J/ψ cross section in one event at a
given energy in simulation, σJ/ψ , can be expressed as

σJ/ψ = σ ev
J/ψ

NJ/ψ

Nev
= σ ev

J/ψNper
J/ψ , (A1)

where NJ/ψ (Nev) is the number of J/ψs (events) in the sim-
ulated sample, and Nper

J/ψ = NJ/ψ/Nev is the number of J/ψs
in one event. In this work, for each energy, Nev is set to be
106. σ ev

J/ψ = σJ/ψ/Nper
J/ψ is the cross section of producing one

J/ψ in one event. With Eq. (A1), the J/ψ differential cross
section can be expressed as

d2σJ/ψ

d pTdy
= σ ev

J/ψ

Nev

d2NJ/ψ

d pTdy
= σJ/ψ

NJ/ψ

d2NJ/ψ

d pT dy
, (A2)

i.e.,

1

σJ/ψ

d2σJ/ψ

d pTdy
= 1

NJ/ψ

d2NJ/ψ

d pT dy
. (A3)

This is exactly the relation between the differential yield and
differential cross section used in the simulation.
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