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Abstract: Proton-proton collision is an essential part of high energy physics, as it is a baseline for nucleus-nucleus
and hadron-nucleus collisions. Quark-gluon plasma, an exotic state of strongly interacting QCD matter, is routinely
produced in heavy nuclei high-energy collisions. Charmonium, the bound states of cc̄ produced at the early stages of
collisions, are nice probes to examine the properties of matter through which they pass. The differential cross-sections
of inclusive ψ(2S) in pp collisions at energies of

√
s = 7, 8 and 13 TeV have been studied. PYTHIA 8.1 event generator

is used for the simulation of data. The differential cross-section of inclusive J/ψ is also presented in order to examine
the ψ(2S) to J/ψ ratio at similar energies. Both charmonium states are simulated in dimuon (µ+µ− ) decay channel.
The simulated data is also compared with the ALICE and LHCb experimental data based at LHC. We have plotted the
differential cross-section as a function of transverse momentum (pT ) and rapidity y . PYTHIA simulation is found to
be in good agreement with ALICE data for low pT interval, y interval close to midrapidity, while PYTHIA agrees with
LHCb data at low pT interval. It is observed that the LHCb differential cross-section distributions of J/ψ and ψ(2S)

as a function of y are lower compared to the ALICE data distributions and PYTHIA simulations. The ψ(2S) to J/ψ

ratio is also well explained by PYTHIA and shows an increase in production of inclusive J/ψ as compared to inclusive
ψ(2S) .
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1. Introduction
The charmonium production in heavy ion collision plays an important role to understand the nonperturbative
aspect of quantum chromodynamics (QCD) [1–3]. Due to heavy mass, the bound state cc̄ is believed to
be nonrelativistic, thus provides us another way to look for an additional aspect of QCD theory [4–6]. The
mechanisms of charmonium production are a two-step process, first step is the hard partonic interactions with
large momentum transfer (described by means of perturbative quantum chromodynamics ) which results in the
initial cc̄ pair production. In the second step, the bound state cc̄ is evolved through soft processes which can
be described by nonperturbative QCD. Thus, charmonium give new insight into the interplay between soft and
hard production mechanisms [7, 8].

Three effective thermodynamical models used to describe the production mechanism of charmonium
states are the color singlet model, color evaporation model and color octent model. Although charmonia
have been studied extensively, their production mechanism is still not fully understood. Measurements in
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pp collisions at the highest LHC energies can provide further information regarding prompt charmonium
production, contributing to a deeper understanding of the corresponding production processes [9, 10].

Due to different binding energy of ψ(2S) , it is supportive to study the J/ψ and it may also be useful for
the evaluation of the medium temperature. Thus the ratio of these charmonium states provides an important
information about recombination mechanism [11]. While J/ψ production is a probe of the hot and dense
medium created in ultrarelativistic heavy ion collisions [12–14], and is sensitive to nuclear effects. J/ψ is not
related to the creation of cold nuclear matter effects, such as parton distribution modification functions [15, 16].
To measure the hot and cold medium effects, a detailed study of ψ(2S) production in the absence of a nucleus
is required. In this regard, pp collision provides a baseline for the heavy ion collisions to quantify the nuclear
effects [17].

The current analysis is based on the study of the production of two states of charmonium i.e. ψ(2S) and
J/ψ in pp collision over a rapidity region of 2.5 < y < 4 . The transverse momentum (pT ) and rapidity (y)
distributions have been obtained using the PYTHIA 8 Monte Carlo simulation code and data is compared with
the ALICE [18–20] and LHCb [21–23] experiments at LHC. The energy dependence of the spectra at

√
s = 7,

8 and 13 TeV have been analyzed.

2. Methodology

In this article, we have studied the inclusive ψ(2S) and J/ψ production in proton-proton (pp) collisions at
the center-of-mass energies of

√
s = 7, 8 and 13 TeV in forward rapidity region (2.5 < y < 4) as a function

of the transverse momentum (pT ) and rapidity (y) in dimuon (µ+µ ) decay channel. The inclusive ψ(2S) to
J/ψ cross-section ratio is also be studied at

√
s = 7, 8 and 13 TeV as a function of pT and y. The study is

based on simulation data, which is generated using Monte Carlo event generator, PYTHIA 8. The ψ(2S) and
J/ψ is forced to decay in dimuon channel by externally handling the decay mode in order to regenerate the
experimental condition.

The PYTHIA 8 is a QCD inspired model which is developed for event generation process [24]. The
significant feature of the PYTHIA code is multiparticle production by the multitude of different processes
implemented at different stages of pp collision. Perturbative interactions in pp collisions occur between the
partons, which are carried out in the framework of multiparton interactions (MPI) [25]. About four to ten
partonic interactions (PI) are occur in a single event which depends on the impact parameter of pp collision
[26]. The perturbative interactions are accompanied by initial state radiation and final state radiation. The
partons created in MPIs are connected via strings. Color reconnection (CR) of partons from different partonic
interactions establish a connection by rearranging themselves and thus reduce the total length of string, which
decrease the total multiplicity [27]. The hadronization is carried out by Lund String fragmentation model [28].
As separation between partons increases, the energy stored in string increases linearly with it due to color
confinement. The string breaks when energy is enough to produce an additional qq̄ pair, each of which is
connected through a short string. The process will continue until very small pieces of strings are remain. All
these processes contribute in the final yield of charmonium.

3. Results and discussion
ALICE and LHCb experiments based at LHC CERN play major contributions in measuring the production
cross-section of ψ(2S) and J/ψ states at different energies. The present analysis is focused on the study of the
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production cross-sections of ψ(2S) and J/ψ as a function of pT and y in dimuon decay channel in pp collisions
at

√
s = 7, 8 and 13 TeV in forward rapidity region of 2.5 < y < 4 , using PYTHIA 8 model and its comparison

with the data from the ALICE [18–20] and LHCb [21–23] experiments.

3.1. ψ(2S) resonance at
√
s = 13 TeV

Figure 1 depicts the distributions of differential cross-section of inclusive ψ(2S) production as a function of pT
from PYTHIA 8 model simulations and data obtained from ALICE and LHCb experiments. These distributions
are plotted in the pT interval of 016 GeV/c . About 10 million pp events are generated using PYTHIA 8 for
the ψ(2S) distribution. The bottom panel shows the ratio of the yields of the data obtained from the model
to the experimental data. There observed 3 regions for the pT distributions: in region I pT < 1 GeV/c the
model’s prediction is higher than both of the distributions of experimental data. After that it seems that the
model can describe well the experimental data in the interval of 1 < pT < 4 GeV/c . Then the simulation model
underestimates the experimental data in the region of 4 < pT < 8 GeV/c (region II). From the bottom panel
it seems that the ratio decreases in this region. For pT > 8 GeV/c (region III) the values of the ratios decrease
slowly with pT . Again the model underestimates the experimental data distributions.

Figure 2 shows the differential cross-section of inclusive ψ(2S) production as a function of y in the
interval of 2.54 . Five million pp events are generated for the ψ(2S) distribution. The simulated distribution
is compared with the ALICE and LHCb data obtained from [18] and [21], respectively. The bottom panel
shows the ratio of the yields for the simulated data to the experimental data distributions. The behavior of
the ratio of the yields indicates two y regions with: y < 3.1 and y > 3.1 . In region I (y < 3.1) the model can
describe the ALICE data but in region II (y > 3.1) with y the model predictions are lower than the ALICE
experimental data. While for the whole y interval LHCb data distribution is lower than ALICE data and the
PYTHIA simulated distribution.
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Figure 1. The pT distribution for the differential cross-section of ψ(2S) production in pp collisions at
√
s = 13 TeV.
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Figure 2. The y distribution for the differential cross-section of ψ(2S) production in pp collisions at
√
s = 13 TeV.

In this section, we show the differential cross-section of inclusive J/ψ production in pp collision at
√
s

= 13 TeV and forward rapidity range of 2.5 < y < 4 . The differential cross-section as a function of pT and y is
studied using PYTHIA code, and compared with ALICE data [18] in the pT interval of 0 < pT < 30 GeV/c . In
Figure 3, the differential cross-section of inclusive J/ψ production as a function of pT is shown in pT from 030

GeV/c. Ten million pp events are generated for the J/ψ distribution. The simulated differential cross-section
is compared with the ALICE [18] and LHCb[21] data. Again the bottom panel shows the ratio of the yields for
data coming from the model to the data from the experiments. One can see that the code can explain well the
ALICE and LHCb experimental data in the interval of pT < 4 GeV/c (the ratio is around 1). While for the
interval of 48 GeV/c, the deviation between experimental distributions and model started which increases with
pT . The model underestimates both the experimental distributions for pT > 4 GeV/c . In the pT interval of
48 GeV/c the ratios decrease sharply with pT . Then in the interval of pT ≃ 8 − 21 GeV/c , the values of the
ratio decrease slowly and data is almost constant in the interval of pT ≃ 21 − 28 GeV/c . Figure 4 shows the
distributions of the differential cross-section of J/ψ production as a function of y in the interval of y = 2.54.5

(the bottom panel shows the ratio of the yields for data obtained from the model and experiments). Five million
pp events are generated for J/ψ distribution. The simulated differential cross-section is compared with the data
obtained by ALICE and LHCb collaborations. The model can describe well the ALICE data in the interval of
2.5 < y < 3.1 . Out of the interval the code overestimate the ALICE experimental data. While for the whole y
interval LHCb data distribution is lower than PYTHIA and ALICE data distributions.

3.2. Ratio of ψ(2S) to J/ψ cross-section at
√
s = 13 TeV

The ratio of inclusive cross-sections of ψ(2S) production to ones for J/ψ productions as a function of pT at
√
s = 13 TeV is shown in Figure 5 and as a function of y in Figure 6. The ratio distributions are obtained from

PYTHIA 8 simulation code. Apparently for the case of the ratio of inclusive cross-sections as a function of pT
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Figure 3. The pT distributions for the differential cross-section of ψ(2S) production in pp collisions at
√
s = 13 TeV.

2 2.5 3 3.5 4 4.5

y

0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4

M
o

d
e

l/
D

a
ta PYTHIA/ALICE

PYTHIA/LHCb

2 2.5 3 3.5 4 4.5

y

410

b
)

μ
/d

y
  
(

σ
d

 = 13 TeVS at p-p ψInclusive J/

ALICE

PYTHIA

LHCb

Figure 4. The y distributions for the differential cross-section of ψ(2S) production in pp collisions at
√
s = 13 TeV.

simulated results are in good agreement with ALICE and LHCb results. When the distribution is plotted as a
function of y (Figure 6) LHCb distribution is lower again as compared to ALICE data and PYTHIA simulated
data. It is very interesting to note that the ratios for the pT distributions increase linearly with pT though the
ratios almost does not depend on y.
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Figure 5. The pT dependence of ratios for the differential cross-sections of ψ(2S) productions to ones for the J/ψ
productions.
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Figure 6. The y dependence of ratios for the differential cross-sections of ψ(2S) productions to ones for the J/ψ
productions.

3.3. ψ(2S) resonance at
√
s = 8 TeV

In Figure 7, the differential cross-section of ψ(2S) is shown in pT from 012 GeV/c. Ten million events have
been simulated for ψ(2S) . The differential cross-section distribution obtained from simulated result is compared
with the published ALICE [19] measurements (the bottom panel shows the ratio of the yields for data obtained
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from model and experiment). One can see that there are 3 pT regions for the behavior of the ratio: in region
I of pT < 3.0 GeV/c , the ratio does not depend on pT and is 1, good prediction from the model; in region
II at the values of pT = 3 − 5 , the ratio decreases; in region III at the values of pT > 5 GeV/c , the ratio
is around 0.5. In Figure 8, differential cross-section of ψ(2S) is presented in y bins from 2.54 . Five million
pp events are generated for ψ(2S) . The simulated result is compared with the measurement performed by
ALICE collaboration (the bottom panel shows the ratios of the yields of data obtained from the model and the
experiment). Evidently the model can describe the experimental behavior of the yield for the most of the pT

region.
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Figure 7. The pT distribution for the differential cross-section of ψ(2S) production in pp collisions at
√
s = 8 TeV.

3.4. J/ψ resonance at
√
s = 8 TeV

In Figure 9, J/ψ differential cross-section distribution is shown in the pT interval from 020 GeV/c. Ten
million events are generated for J/ψ . The differential cross-section distribution obtained from the simulated
result is compared with the ALICE [19] and LHCb measurements [22] (the bottom panel shows the ratio of
the yields for data coming from the model to the experiments). We can see that initially, simulated yield of
J/ψ is approximately same as published data of experiments up to 4.0 GeV/c in pT , after that simulated data
underestimate the experimental data thus the ratios decreases linearly with pT .

In Figure 10, the differential cross-section of J/ψ is shown in y bins from 2.54 . Five million pp
events are generated for J/ψ . The measured differential cross-section of simulated result is compared with
the measurement performed by ALICE and LHCb collaborations (the bottom panel shows the ratio of the
yields for simulated data from the model to the data from both experiments). It seems that initially, simulated
yield of J/ψ is similar to the ALICE published result up to 3.1 in y, after that a continuous discrepancy is
observed in yield and the model overestimate the experimental data. LHCb distributions are lower again as
compared to ALICE data and PYTHIA simulated data.
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Figure 8. The y distribution for the differential cross-section of ψ(2S) production in pp collisions at
√
s = 8 TeV.

0 2 4 6 8 10 12 14 16 18 20

 (GeV/c)
T

p

0.2
0.4
0.6
0.8

1
1.2
1.4

M
o

d
e

l/
D

a
ta PYTHIA/ALICE

PYTHIA/LHCb

0 2 4 6 8 10 12 14 16 18 20

 (GeV/c)
T

p

4−10

3−
10

2−10

1−10

1

10

b
/(

G
e

V
/c

))
μ

d
y
) 

 (
T

/(
d

p
σ

2
d

 = 8 TeV, 2.5 < y < 4S at p-p ψInclusive J/

ALICE

PYTHIA

LHCb

Figure 9. The pT distributions for the differential cross-section of J/ψ production in pp collisions at
√
s = 8 TeV.

3.5. Ratio of ψ(2S) to J/ψ cross-section at
√
s = 8 TeV

The ratio of inclusive ψ(2S) to J/ψ cross-section is plotted as a function of pT and y at
√
s = 8 TeV. The

ratio is calculated using the results generated by PYTHIA8 model for ψ(2S) and J/ψ . The obtained ratio is
compared with ALICE data. The cross-section ratio of ψ(2S) over J/ψ as function of pT is shown in Figure
11. Most likely at low pT < 2 GeV/c the ratio calculated is similar to the experimental one, however at higher
pT in the interval of 2 < pT < 12 GeV/c the experimental data distribution is systematically higher than
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simulated distribution. The cross-section ratio of ψ(2S) over J/ψ as function of y is shown in Figure 12. The
cross-section ratio calculated from simulated result is compared with the published ALICE measurement [19].
The y dependent pattern of simulated result is close to our expectation and similar to the published results.
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Figure 10. The y distributions for the differential cross-section of J/ψ production in pp collisions at
√
s = 8 TeV.
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Figure 11. The y distribution for the differential cross-section of J/ψ production in pp collisions at
√
s = 8 TeV.

3.6. ψ(2S) Resonance at
√
s = 7 TeV

The production cross-section of inclusive ψ(2S) in pp collision at
√
s = 7 TeV and forward rapidity range of

2.5 < y < 4 , as a function of pT and y is simulated using PYTHIA 8, compared to the previously published
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Figure 12. The y distributions for the differential cross-section of J/ψ production in pp collisions at
√
s = 8 TeV.

ALICE [20] and LHCb results [23] in the mentioned pT and y ranges of 0 < pT < 12 GeV/c and 2.5 < y < 4

respectively. Figure 13 shows the differential cross-section of ψ(2S) . Ten million events are generated for
ψ(2S) . The measured differential cross-section from simulated result is compared with the published ALICE
[20] and LHCb measurements [23]. The bottom panel shows the ratio of the yields. One can see that very
different behavior is observed as a function of pT . In the interval of pT = 3.5 GeV/c (I interval), the model’s
predictions are similar to the ALICE and LHCb distribution; in the interval of pT > 3.5 (region II) the
simulated distribution is lower than the ALICE and LHCb data. In Figure 14, the differential cross-section of
ψ(2S) is shown in y bins from 2.54 . About five million pp events are generated for ψ(2S) . The distribution
of differential cross-section obtained from model is compared with the measurement performed by ALICE and
LHCb collaborations (the bottom panel shows the ratio of the yields). We can see that the model can well
describe the ALICE experimental data only for y = 2.6 and y = 3.9, while for other values the PYTHIA8
underestimate the ALICE data, while LHCb distribution is lower compared to the simulated distribution and
ALICE experimental data distribution.

3.7. J/ψ resonance at
√
s = 7 TeV

The differential cross-section of inclusive J/ψ in pp collision at
√
s = 7 TeV, as a function of pT and y in

forward rapidity range of 2.5 < y < 4 is simulated using PYTHIA 8 and compared with previously published
ALICE results. In Figure 15, the differential cross-section of J/ψ is shown in pT from 020 GeV/c. Ten million
events are generated for J/ψ . The measured differential cross-section from simulated result is compared with
the published ALICE and LHCb measurements. The bottom panel shows the ratio of the yields. Again like the
data from the previous section one can say that there are 2 pT regions for the behavior of the pT distributions:
region I for the pT = 3 GeV/c ; region II for the pT > 4 GeV/c . In region I with pT the ratio is constant,
in region II, it decreases sharply, showing the deviation of simulation as compared to both experimental data
distributions.
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Figure 13. The pT distributions for the differential cross-section of ψ(2S) production in pp collisions at
√
s = 7 TeV.

The bottom panel shows the ratio of the yields.
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Figure 14. The y distributions for the differential cross-section of ψ(2S) production in pp collision.

In Figure 16, the differential cross-section of J/ψ is shown in y bins from 2.54 . Five million pp events
are generated for J/ψ . The simulated differential cross-section is compared to the measurement performed by
ALICE and LHCb collaboration (the bottom panel shows the ratio of the yields). It appears that the ratio is
around 1 for the interval of y < 2.6 and increase at the values of y out of the interval. Thus model seems to
overestimate both the ALICE and LHCb data.
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Figure 15. The pT distributions for the differential cross-section of J/ψ production in pp collisions at
√
s = 7 TeV.
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Figure 16. The y distributions for the differential cross-section of J/ψ production in pp collisions at
√
s = 7 TeV.

3.8. Ratio of ψ(2S) to J/ψ cross-section at
√
s = 7 TeV

The ratio of inclusive ψ(2S) to J/ψ cross-section is plotted as a function of pT and y at
√
s = 7 TeV, and

is calculated using the results generated by PYTHIA 8 model for ψ(2S) and J/ψ . The calculated ratio is
compared with ALICE published ratio.

The cross-section ratio of ψ(2S) over J/ψ as function of pT is shown in Figure 17. The cross-section
ratio calculated from simulated result is compared with the published ALICE measurement. The pT dependent
pattern of simulated result is close to our expectation and similar to experimental results moreover increases
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linearly with pT . Similar behavior was observed for pp collision at
√
s = 13 TeV. The cross-section ratio of

ψ(2S) over J/ψ as function of y is shown in Figure 18. The cross-section ratio calculated from simulated
result is compared with the published ALICE [20] and LHCb measurements [21, 23]. The y dependent pattern
of simulated result is again close to our expectation and similar to the published results and again matched
with the behavior at

√
s = 8 and 13 TeV; however, the distribution does not depend on y. Again the LHCb

distribution is lower compared to the simulated distribution and ALICE experimental data distribution.
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Figure 17. The pT dependence of ratios for the differential cross-section of ψ(2S) productions to ones for the J/ψ
productions.
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Figure 18. The y dependence of ratios for the differential cross-section of ψ(2S) productions to ones for the J/ψ
productions.
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4. Conclusion
The obtained results give possibility to say that the PYTHIA 8 model:

1. Gives good predictions for the soft part (low pT interval) of pT distributions of J/ψ and ψ(2S) but
the predictions are lower than the experimental data for the hard part of the distributions, the boundary
values of the interval depend on energy.

2. Model’s predictions are in good agreement with the ALICE data in the y interval close to midrapidity
region, while with increase in the y interval, the predictions overestimate the experimental data. The
boundary values of the interval depend on energy.

3. Can explain well the ratios of inclusive cross-sections of ψ(2S) production to ones for J/ψ productions
as a function of pT and y.

4. At all energies considered in the analysis, LHCb differential cross-section distributions of J/ψ and ψ(2S)

plotted as a function of y are lower compared to the ALICE data and PYTHIA simulated distributions.
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