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 a b s t r a c t

After achieving a successful description of charmonia production in pp collisions within Non-Relativistic Quan-
tum Chromodynamics (NRQCD) and modified NRQCD (MNRQCD) frameworks, we now extend our study to pPb 
collisions at the Large Hadron Collider (LHC). In this context, theoretical predictions for the production cross-
section, the nuclear modification factor 𝑅pPb and forward - to - backward production ratio 𝑅FB of 𝐽∕𝜓 have been 
made as a function of transverse momentum and rapidity at the LHC. MNRQCD provides a reasonable agree-
ment with the available LHC data for 𝐽∕𝜓 production. Furthermore, using the heavy quark symmetry relation, 
we have estimated the production cross sections and expected number of events of 𝜂𝑐 and ℎ𝑐 production in both 
NRQCD and MNRQCD. Notably, the predictions exhibit substantial differences in the integrated cross-sections 
as well as in the 𝑝𝑇  distributions for these states at the LHC, highlighting the importance of further experimental 
and theoretical studies of these resonances to advance our understanding of quarkonium production.

Three decades ago, it was proposed that the formation of Quark - 
Gluon Plasma (QGP) [1–3] would reduce the yield of 𝐽∕𝜓 mesons in 
high-energy heavy ion collisions compared to proton-proton (pp) col-
lisions. This suppression was attributed to the Debye screening of the 
heavy-quark potential at finite temperatures. This predicted signature 
of QGP shows significant experimental and theoretical research into the 
production of heavy quarkonium in nuclear collisions. The Relativistic 
Heavy Ion Collider (RHIC) [4,5] and the Large Hadron Collider (LHC) 
[6–9] are the best experimental facilities that are designed to investigate 
an exotic state of matter such as the QGP which has been studied both 
at the perturbative and non-perturbative sector of QCD. The investiga-
tion of heavy quarkonium bound states in heavy-ion collisions [10,11] 
play a crucial role in exploring the properties of the deconfined QCD 
matter. This study examines proton-lead (pPb) collisions, where the be-
havior of heavy quarkonium bound states offer valuable insights into 
the formation and properties of the QGP.

In contrast to pp collisions, quarkonium production in pPb collisions 
is affected by cold nuclear matter effects, primarily arising from mod-
ifications of the parton distributions inside the nucleus. These lead to 
deviations in the production cross-sections, quantified with the nuclear 
modification factor 𝑅pPb and result in a forward - to - backward ratio de-
viates from unity, making pPb collisions a crucial probe to distinguish 
nuclear effects from the pp production.
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In relativistic heavy-ion collisions, charm quark pairs are generated 
during the early stages of the interaction, but their conversion into 
charmonium bound states occur more gradually. This distinction under-
scores the complex dynamics of particle production and hadronization 
in heavy-ion collisions. In particular, 𝐽∕𝜓 meson production serves as 
a crucial observable for studying the QGP [12] – a high-temperature, 
deconfined state of matter where quarks and gluons exist freely, rather 
than being confined within hadrons. Some of the theoretical predictions 
in heavy ion collisions [13–18] have also been tested emphasizing the 
statistical hadronization at the LHC energies, which indicate that the 
production mechanisms can significantly enhance charmonium yields, 
highlighting the need to incorporate long-distance dynamics when ex-
tending MNRQCD model to heavy-ion collisions. To improve our under-
standing of the QGP, some analysis in pp and pA collisions are necessary.

Charmonia serve as particularly powerful probes for studying the 
QGP. The production of charmonia can indeed be effectively studied us-
ing Non-Relativistic Quantum Chromodynamics (NRQCD) [19], which 
is a powerful theoretical framework that simplifies the calculations of 
heavy quarkonium production and dynamics by exploiting the non-
relativistic nature of the heavy quarks and anti-quarks when their rela-
tive velocity is small compared to the speed of light.

In NRQCD at leading order, the 𝑄𝑄̄ state is in a color-singlet state, 
however at 𝑂(𝑣), which defines at the order of the relative velocity of 
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quark-antiquark pair, can be in a color-octet state which is connected to 
the physical quarkonium state through a non-perturbative gluon emis-
sion. The cross-section for the production of a quarkonium state 𝐻 of 
mass 𝑀 in NRQCD can be expressed as:

𝜎(𝐻) =
∑

𝑛={𝛼,𝑆,𝐿,𝐽}

𝐹𝑛
𝑀𝑑𝑛−4

⟨𝐻𝑛 (2𝑆+1𝐿𝐽 )⟩, (1)

where 𝐹𝑛’s are the short-distance coefficients and 𝑛 are operators of 
naive dimension 𝑑𝑛, describing the long-distance effects. Due to NRQCD 
factorization, the non-perturbative matrix elements are energy indepen-
dent and can be extracted at a given energy and used in the prediction 
of quarkonium cross-sections at other energies.

NRQCD has been more successful in explaining the systematics of 
quarkonium production at the Fermilab Tevatron [20,21], compared 
to the then existing Color Singlet Model (CSM) [22], which was used 
to analyze the production of quarkonia, where the 𝑄𝑄̄ state pro-
duced in the short-distance process was assumed to be a color-singlet. 
NRQCD predicts transverse polarisation for quarkonia production at 
high 𝑝𝑇 , but experiments fail to see any evidence for the polarisation 
in 𝐽∕𝜓 [23] or Υ [21,24,25] measurements. Therefore, independent 
tests of NRQCD [26–31] are important and the prediction of polarisa-
tion of the produced quarkonium state is an important test to study the 
discrepancy between the predictions made by NRQCD for the quarko-
nium polarisation at high 𝑝𝑇 , thereby addressing a longstanding puzzle 
in high-energy collisions.

In Refs. [32–35], we have studied quarkonia production, where we 
get a significant difference between the NRQCD and modified NRQCD 
(MNRQCD) model in case of 𝜂𝑐 , 𝜂𝑏, ℎ𝑐 and ℎ𝑏 production. However, 
MNRQCD predictions for 𝜂𝑐 and ℎ𝑐 production shows good agreement 
with LHCb experimental results. Motivated by the success of MNRQCD 
in the pp collisions, we have extended our work to study charmonia 
production in heavy ion collisions. In this paper, we have focused our 
analysis on charmonia production in pPb collisions using both NRQCD 
and MNRQCD models.

The NRQCD formula for 𝐽∕𝜓 can be written explicitly in terms of 
the various octet and singlet intermediate states: 
𝜎𝐽∕𝜓 = 𝐹3𝑆[1]

1
× ⟨(3𝑆[1]

1 )⟩ + 𝐹3𝑆[8]
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. (2)

The above formula gets modified to the following in the MNRQCD 
with perturbative soft gluon emission: 
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where

⟨⟩ = ×
[
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0 )⟩ +
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. (4)

The differential cross section for 𝑐𝑐 pair production with specific an-
gular momentum and color states at the LHC is given by:
𝑑𝜎
𝑑𝑝

𝑇

(𝑝 𝑃𝑏→ 𝑐𝑐 [2𝑆+1𝐿[1,8]
𝐽 ]𝑋) =

∑

∫ 𝑑𝑦∫ 𝑑𝑥1 𝑥1𝐺𝑎∕𝑝(𝑥1) 𝑥2𝐺𝑏∕𝑃𝑏(𝑥2)
4𝑝

𝑇

2𝑥1 − 𝑥𝑇 𝑒𝑦

𝑑𝜎̂
𝑑𝑡

(𝑎𝑏→ 𝑐𝑐[2𝑆+1𝐿[1,8]
𝐽 ] 𝑑), (5)

where the summation is over the partons (𝑎 and 𝑏), the final state 
𝑐𝑐 is in the 1𝑆[8]

0 , 1𝑃 [8]
1 , 3𝑆[8]

1  states and 𝐺𝑎∕𝑝, 𝐺𝑏∕𝑃𝑏 are the distribu-
tions of partons 𝑎 and 𝑏 in the proton and lead respectively. Here, 𝑥1

and 𝑥2 are the respective momentum they carry. In the above formula, 
𝑥𝑇 =

√

𝑥2𝑇 + 4𝜏 ≡ 2𝑀𝑇 ∕
√

𝑠  with 𝑥𝑇 = 2𝑝
𝑇
∕
√

𝑠 and 𝜏 =𝑀2∕𝑠. √𝑠 is the 
center-of-mass energy, 𝑀 is the mass of the resonance and 𝑦 is the rapid-
ity at which the resonance is produced. The non-perturbative parameters 
used in our analysis are taken from Ref. [36] and the charm-quark mass 
is 1.2730 GeV [37]. Here nuclear Parton Distribution Functions [38] for 
the nucleus are as follows: 
𝐺𝑏∕𝑃𝑏(𝑥2) =

𝑍
𝐴
𝐺𝑝∕𝐴(𝑥2) +

𝐴 −𝑍
𝐴

𝐺𝑛∕𝐴(𝑥2). (6)

The fixed-order perturbative calculation have been used to get the cross-
section for charmonia production and a cut-off is imposed in the calcu-
lations for low-𝑝𝑇  regime. The charmonia cross-section in the low-𝑝𝑇
region requires a resummation of multiple gluon radiation.

Fig. 1 shows the fit to the 200 GeV RHIC data [39] correspond 
to pp collisions on 𝐽∕𝜓 production, where 𝐵

||

 is the branching ratio 
for 𝐽∕𝜓 → 𝑒+𝑒− (5.973%), including branching ratio for 𝐽∕𝜓 → 𝛾𝑒+𝑒−

(0.88%) [37].
Using a linear fit, we extract the fitted parameter for 𝐽∕𝜓 production 

to be -0.153 GeV3. The fit yields 𝜒2∕𝑁𝐷𝐹 < 1 with the confidence level 
more than 99% and the uncertainty in the fitted parameter is <0.1%, 
which demonstrate the robustness of the fit and the high statistical sig-
nificance of the result.

Our analysis tests the energy independence of the extracted non-
perturbative parameter. Unless given by some factorisation theorem, 
this independence cannot be assumed a priori. The agreement with LHC 
data demonstrates that the non-perturbative parameter remains energy 
independent, as theoretically expected.

In Fig. 2, the theoretical production cross-sections for 𝐽∕𝜓 have been 
compared with the LHC [6–9] experimental data for prompt produc-
tion, showing an agreement with MNRQCD for pPb collisions. Here 
while comparing with the CMS and ATLAS experimental results, we 
have taken the branching ratio for 𝐽∕𝜓 → 𝜇+𝜇− (5.961%) for theoreti-
cal predictions of 𝐽∕𝜓 production.

We have made our analysis using different sets of LDMEs, nCTEQ15 
nuclear PDFs and scale to vary from 𝑄 = 𝑀𝑇

2  to 𝑄 = 2𝑀𝑇 , taking 𝑄 =
𝑀𝑇  as the central scale to determine the cross-section for the 𝐽∕𝜓 pro-
duction. The resulting predictions are found to be reasonable with the 
measured data within the given kinematic range. To this end, we have 
shown the theoretical uncertainty band with results to the variation of 
scale in Fig. 3, comparing our MNRQCD prediction with the LHCb exper-
iment. Similar observations are obtained for other LHC measurements.

Nuclear modification factor is defined as the ratio of the yield in 
heavy-ion collisions to that in pp collisions, scaled by the average num-
ber of binary collisions. Here the nuclear modification factor for pPb 
configuration is:

𝑅𝑝𝑃𝑏(𝑝𝑇 , |𝑦|) =
1
208

𝑑2𝜎𝑝𝑃𝑏∕𝑑𝑝𝑇 𝑑𝑦

𝑑2𝜎𝑝𝑝∕𝑑𝑝𝑇 𝑑𝑦
, (7)

where, 𝜎𝑝𝑝 is the cross-section from pp collisions.
The formula for forward-to-backward ratio is defined as:

𝑅𝐹𝐵(𝑝𝑇 , |𝑦|) =
𝑑2𝜎𝑝𝑃𝑏(𝑝𝑇 ,+|𝑦|)∕𝑑𝑝𝑇 𝑑𝑦

𝑑2𝜎𝑝𝑃𝑏(𝑝𝑇 ,−|𝑦|)∕𝑑𝑝𝑇 𝑑𝑦
. (8)

Figs. 4 and 5 show the nuclear modification factor and forward-to-
backward production ratio predictions using MNRQCD model, which 
gives significant results while comparing with the experimental data. 
Here, the MNRQCD model successfully reproduces the kinematic depen-
dence of both the nuclear modification factor (𝑅pPb) and the forward-
to-backward ratio (𝑅FB) across the transverse momentum and rapidity 
ranges, while comparing with the experimental data. The Figs. 4 and 5 
suggest that 𝑅pPb and 𝑅FB work as a good observable up to at least 𝑝𝑇 ∼
14 GeV, exhibiting a stable behavior around unity.

In Figs. 4 and 5, the LHC data, we have taken in the different rapid-
ity ranges have relatively larger statistical and systematic uncertainties. 
Hence, the theoretical predictions based on these bin-averaged values 
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Fig. 1. Theoretical prediction of differential cross sections fitted to the data on 𝐽∕𝜓 production in pp collisions from the STAR experiment at RHIC.

Fig. 2. Predicted differential distributions for 𝐽∕𝜓 in pPb collisions production compared to the data from the LHC experiments.

Table 1 
Number of 𝜂𝑐 events expected at the LHC correspond to integrated luminosity 
of 100 nb−1.

∼Expected number of events
 Rapidity: |𝑦| < 1.5, √𝑠 = 5.02 TeV  Rapidity: 2 < 𝑦 < 4, √𝑠 = 8.16 TeV

 Model 𝑃𝑇 > 5 GeV 𝑃𝑇 > 10 GeV 𝑃𝑇 > 5 GeV 𝑃𝑇 > 10 GeV
 NRQCD 1.8 × 105 2.3 × 104 1.2 × 105 1.5 × 104

 MNRQCD 5.5 × 104 4.2 × 103 3.4 × 104 2.6 × 103

may not fully reproduce the detailed shape of the experimental distri-
butions.

For better understanding, we have extended our work on 𝑝𝑇  distribu-
tions of 𝜂𝑐 and ℎ𝑐 production in both NRQCD and MNRQCD. Figs. 6 and 
7 represent the 𝜂𝑐 production differential cross-sections as a function of 
𝑝𝑇  and integrated cross-sections for different 𝑝𝑇  - cuts in both NRQCD 

Table 2 
Number of ℎ𝑐 events expected at the LHC correspond to integrated luminosity 
of 100 nb−1.

∼Expected number of events
 Rapidity: |𝑦| < 1.5, √𝑠 = 5.02 TeV  Rapidity: 2 < 𝑦 < 4, √𝑠 = 8.16 TeV

 Model 𝑃𝑇 > 5 GeV 𝑃𝑇 > 10 GeV 𝑃𝑇 > 5 GeV 𝑃𝑇 > 10 GeV
 NRQCD 9.3 × 102 45 5.5 × 102 25
 MNRQCD 3.0 × 104 3.0 × 103 1.9 × 104 1.8 × 103

and MNRQCD. Similarly, Figs. 8 and 9 are for ℎ𝑐 production. We study 
𝜂𝑐 in its decay into 𝑝𝑝 with a branching fraction of 1.33 × 10−3 [37]. 
For ℎ𝑐 production in its decay into 𝜂𝑐 and 𝛾 with a branching fraction of 
60% and 𝜂𝑐 in its decay into 𝑝𝑝 with a branching fraction of 1.33 × 10−3. 
As can be seen, both NRQCD and MNRQCD show significant deviations 
from their respective predictions for 𝜂𝑐 as well as ℎ𝑐 production.
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Fig. 3. Predicted differential distributions for 𝐽∕𝜓 in pPb collisions production compared to the data from the LHCb experiment. The band represents the variation 
in the 𝑝𝑇  distribution cross-section by changing the scale from 𝑀𝑇

2
 to 2𝑀𝑇 .

Fig. 4. Transverse momentum dependence of 𝑅pPb for 𝐽∕𝜓 production in pPb collisions at the LHC.

The novel feature about MNRQCD is the mixed octet-singlet con-
tribution. The single extracted parameter is a result of a balance be-
tween the singlet, the octet-singlet and the pure octet term. In 𝜂𝑐 and ℎ𝑐
production, the MNRQCD cross-section is smaller than that in NRQCD 
due to the fitted non-perturbative parameter extracted from 𝐽∕𝜓 and 
𝜒𝑐 respectively. Now which of these agree with the data is a question 
that only experiments can settle and therein lies the new and interesting 
contribution of this present paper. The pPb collisions are incorporated 
through the use of nuclear Parton Distribution Functions (nPDFs) for the 
lead nucleus and proton PDFs, introducing transverse momentum and 
rapidity dependent nuclear modifications, that are absent in pp colli-
sions. However, the MNRQCD framework offers resolution of the LHCb 
𝜂𝑐 anomaly, successfully explaining the observed discrepancies, demon-
strating a good agreement with the LHCb experimental results for dif-
ferent center of mass energies.

To get a sense of the feasibility of measuring the 𝜂𝑐 and ℎ𝑐 production 
at the LHC, we have calculated the 𝑝𝑇 -integrated cross sections in two 
different rapidity ranges. These results, presented in Tables 1 and 2 for 
an integrated luminosity of 100 nb−1, suggest that a significant number 
of 𝜂𝑐 and ℎ𝑐 events can be expected at the LHC.

In conclusion, we have studied 𝐽∕𝜓 production in MNRQCD for 
pPb collisions. We have fitted our model predictions to STAR data on 
𝐽∕𝜓 production and used the fitted parameters to predict the distri-
butions at the LHC energy, and find an agreement with the data from 
the CMS, LHCb, ALICE and ATLAS experiment. The nuclear modifica-
tion factors and forward-to-backward ratios for 𝐽∕𝜓 show an agreement, 
when compared with the data from the LHC experiment. Furthermore, 
we have made predictions for 𝜂𝑐 and ℎ𝑐 production using both NRQCD 
and MNRQCD, which give an insight to the charmonia production in 
heavy ion collisions. In future, if the measurements of 𝜂𝑐 and ℎ𝑐 become
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Fig. 5. Transverse momentum dependence of 𝑅FB for 𝐽∕𝜓 production in pPb collisions at the LHC.

Fig. 6. Predicted differential cross-sections for 𝜂𝑐 production in pPb collisions at the LHC.

Fig. 7. Predicted Integrated cross-sections for 𝜂𝑐 production in pPb collisions at the LHC.
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Fig. 8. Predicted differential cross-sections for ℎ𝑐 production in pPb collisions at the LHC.

Fig. 9. Predicted Integrated cross-sections for ℎ𝑐 production in pPb collisions at the LHC.

available, they will be experimentally challenging due to the diffi-
culty in reconstructing its decay channels, which effectively leads to 
a suppressed production cross section. However, with upcoming de-
tector upgrades at the LHC and the HL-LHC, such measurements may 
become feasible, offering a valuable opportunity to discriminate be-
tween NRQCD and MNRQCD predictions and thereby deepen our un-
derstanding of heavy-quarkonium production. In particular, beyond the 
improved agreement of MNRQCD with the data compared to NRQCD, 
our study demonstrates the energy independence of the extracted non-
perturbative parameter across the RHIC and the LHC energies, providing 
a nontrivial consistency check of the underlying factorization assump-
tions. Furthermore, the successful description of different experimen-
tal datasets imposes quantitative constraints on the universality of the 
non-perturbative input, thereby offering new insight into quarkonium 
production dynamics within the MNRQCD framework.
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