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The production mechanisms of charmonium states in both hadronic and heavy-ion collisions hold great sig-
nificance for investigating the hot and dense QCD matter. Studying charmonium polarization in ultrarelativistic
collisions can also provide insights into the underlying production mechanisms. With this motivation, we explore
the J/ψ and ψ (2S) polarization in proton+proton collisions at

√
s = 7, 8, and 13 TeV using a pQCD-inspired

Monte Carlo event generator called PYTHIA8. This work considers reconstructed quarkonia through their dimuons
decay channel in the ALICE forward rapidity acceptance range of 2.5 < yμμ < 4. Further, we calculate the
polarization parameters λθ , λφ , λθφ from the polar and azimuthal angular distributions of the dimuons in helicity
and Collins-Soper frames. This study presents a comprehensive measurement of the polarization parameters as a
function of transverse momentum, charged-particle multiplicity, and rapidity at the LHC energies. Our findings
of charmonium polarization are in qualitative agreement with the corresponding experimental data.

DOI: 10.1103/PhysRevC.109.034910

I. INTRODUCTION

Despite being discovered nearly five decades ago, heavy
quarkonia states remain a challenging puzzle for QCD-based
models [1], due to their nonrelativistic nature and the complex
multiscale dynamics involved in ultrarelativistic heavy-ion
collisions (HICs). Several theoretical models have been devel-
oped to comprehend the quarkonium production mechanisms;
the nonrelativistic quantum chromodynamics (NRQCD) is
one such model [2]. The color-octet NRQCD [3] explains
the quarkonium production cross section and matches with
the experimental data of high-energy collider experiments
such as Tevatron [4–6], RHIC [7–9], and the LHC [10–17].
In comparison, the color-singlet model (CSM) of NRQCD
[18–22] predicts J/ψ and ψ (2S) production cross sections 50
times smaller than the experimental observation at CDF col-
laboration in proton+proton (pp) collisions at

√
s = 1.8

TeV [4]. There are other various factorization techniques to
predict the production cross section of quarkonium, such as
NRQCD factorization [2,23], leading power fragmentation,
next-to-leading-power fragmentation, the color-singlet model,
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the color evaporation model (CEM) [24–26], and the kT -
factorization approach [27,28]. The NRQCD calculations use
color-octet matrix elements to account for the nonperturbative
long-distance physics in heavy quarkonium systems. These
matrix elements are adjusted to explain experimental data,
improving the agreement between theory and experiment.
However, this adjustment introduces model dependence and
should be interpreted cautiously. Including next-to-leading-
order (NLO) QCD corrections in CSM, the quarkonium
production rates have shown a significant increase in the
large transverse momentum (pT) region, i.e., pT > 20 GeV
[29]. This increase has led to a notable reduction in the re-
quired contributions from color-octet components to match
the measured quarkonium production cross section at the
Tevatron [29].

However, for a comprehensive understanding of the
quarkonium production mechanism, it is crucial to explore
the dynamics responsible for its polarization. Studying the
quarkonium polarization provides valuable information, e.g.,
quarkonium production mechanisms in pp collisions, the ef-
fect of the deconfined medium on the formation of a bound
state of two heavy quarks, and the role of spin-vorticity cou-
pling in a thermal rotating medium [30,31], etc. Polarization
refers to the alignment of the quarkonium spin with respect
to a chosen axis in a reference frame. The details about the
chosen reference frames are discussed in Sec. II.

Quarkonium polarization is predominantly investigated
through the dilepton decay channel in experimental studies.
The polarization of quarkonium states is obtained by analyz-
ing the angular distributions of decay products. So far, from
the experimental side, quarkonium polarization is observed
at Tevatron [32–36], RHIC [37–39], and LHC [40–49] at
collider experiments, as well as at fixed target experiments
such as E866 (NuSea) [50,51] and HERA-B [52]. From a
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theoretical standpoint, the polarization study has been dis-
cussed in Refs. [53–69]. The color-octet model of NRQCD
successfully explains the quarkonium production cross sec-
tion but fails to account for the polarization results of J/ψ
obtained by the CDF experiment at

√
s = 1.96 TeV [32]. It

predicts that at very high momenta, quarkonia are produced
from the fragmentation of gluons, preserving their natural spin
alignment [66,70]. Therefore a large transverse polarization
of J/ψ is estimated with respect to their momentum direction
[71]. In addition, the leading order (LO) calculation in CSM
of NRQCD predicts a strong transverse polarization for J/ψ
[69], which also fails to explain the polarization data of J/ψ
at the LHC, RHIC, and Tevatron [53,72]. While the inclusion
of NLO calculation to the CSM predicts a strong longitudinal
polarization [29,45,46,69]. The effective theory NRQCD in-
cludes all the important contributions from both color-octet
and color-singlet intermediate states and gives a detailed
overview of J/ψ polarization [53,54,56]. Furthermore, the
quarkonium polarization parameters are estimated in pp, p-A,
and A-A collisions using an improved CEM employing the
kT factorization [73,74] and the collinear factorization [75,76]
approach. It predicts either zero or slightly transverse polar-
ization at high-pT and a small longitudinal polarization at
low-pT depending on the polarization frame [75–77]. On the
other hand, with the current statistics, the experimental data
of ALICE show a little or zero polarization for J/ψ within
uncertainty in both hadronic and nucleus-nucleus collisions,
although LHCb predicts a small longitudinal polarization in
the helicity frame. This discrepancy between theory and ex-
periment is commonly called the J/ψ polarization puzzle
[40,57]. However, a color glass condensate (CGC)+NRQCD
approach [57] provides a qualitative description of the
experimental data towards high pT (pT > 4 GeV) at the
LHC and STAR in minimum bias pp collisions at forward
rapidities [39].

In this work, we attempt to understand the charmonia
polarization in pp collisions by studying the λ-polarization
parameters; λθ , λφ , and λθφ . These parameters are obtained
using PYTHIA8 simulation by taking the angular distribution
of dimuons produced from J/ψ and ψ (2S). Further, these
λ-polarization parameters are studied as functions of pT,
charged-particle multiplicity (Nch), and rapidity (yμμ) corre-
sponding to

√
s = 7, 8, and 13 TeV collision energies. The

experimental measurement of quarkonium decay angular dis-
tribution is challenging because it demands a large number
of event samples and a high level of accuracy in the sub-
traction of various kinematic correlations induced by detector
acceptance. Thus, it is difficult to analyze the charged particle
multiplicity and rapidity dependence of polarization param-
eters from the angular distribution of decay muons. Such
difficulties can be easily overcome in the Monte Carlo (MC)
simulation studies. With the present understanding of pp col-
lisions dynamics at the LHC energies, the charged-particle
multiplicity dependence study of quarkonium polarization
would be an interesting topic to investigate the medium effect,
and it may serve as a benchmark for heavy-ion collisions as
well. The pT dependence of the polarization parameter may
help us to understand the dynamics of the particle production.
Similarly, the rapidity dependence of polarization studies may

reveal the phase-space analysis of the particles produced in
ultrarelativistic collisions.

This paper is organized as follows. The brief details of
dimuon angular distribution and event generation are de-
scribed in Sec. II. Section III includes the results obtained
by analyzing the angular distribution of dimuons in pp col-
lisions at the LHC energies. Section III consists of three
subsections. The transverse momentum dependence of polar-
ization parameters is discussed in Sec. III A. In Sec. III B,
the charged-particle multiplicity dependence of polarization
parameters is studied. The rapidity dependence study of po-
larization parameters is discussed in Sec. III C. Finally, the
important findings are summarized, and the future scopes are
presented in Sec. IV.

II. ANALYSIS METHODOLOGY AND EVENT
GENERATION

A. Dimuon decay angular distribution

The polarization of the JPC = 1−− quarkonium states can
be measured through the study of the angular distribution
W(θ, φ) of decay daughters in the dimuons decay channel and
can be parameterized as [27,42,66];

W (θ, φ) ∝ 1

3 + λθ

(1 + λθ cos2 θ + λφ sin2 θ cos 2φ

+ λθφ sin 2θ cos φ), (1)

where, θ and φ are the polar and azimuthal angles of the μ+
with respect to the spin-quantization axis (say, z axis) of the
chosen polarization frames and λθ , λφ , λθφ are the polarization
parameters. In particular, the two cases (λθ = 1, λφ =0, λθφ =
0) and (λθ = −1, λφ =0, λθφ = 0) correspond to the transverse
and longitudinal polarization, respectively. The case (λθ = 0,
λφ =0, λθφ = 0) correspond to zero polarization [42].

There are three different conventions to define the polar-
ization reference frames (definition of the z axis), which are
illustrated in Fig. 1 [66].

(1) Helicity frame: In the direction of J/ψ [or ψ (2S)]
momentum in the center of the mass frame of the
colliding beams.

(2) Collins-Soper frame: The bisector of the angle be-
tween the momentum of one beam and the successive
direction of the other beam [78].

(3) Gottfried-Jackson frame: The direction of the momen-
tum of one of the colliding beams [79].

The quantization axis of the Gottfried-Jackson frame lies
in between the helicity and Collins-Soper reference frame
[66,80]. So, in the current work, we solely cover the helic-
ity and Collins-Soper frames as two extreme cases that are
physically relevant. It is noteworthy to mention that the default
setting for quarkonium production in hadronic collisions in all
existing MC generators use an isotropic dilepton distribution,
which is discussed in Ref. [66]. In NA38, NA50, NA51, and
NA60 experiments have measured a flat cos θCS (cos θ dis-
tribution in Collins-Soper frame) angular distribution in the
window | cos θCS| < 0.5 covering 50% of the phase space and
assumed that J/ψ is unpolarized [80]. But the recent global
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FIG. 1. Illustration of the three different definitions of the polarization axis, z, in the helicity (HF), Collins-Soper (CS), Gottfried-Jackson
(GJ) reference frames, with respect to the direction of motion of the colliding beams (Beam 1 and Beam 2) and of the quarkonia.

analysis of J/ψ polarization measurement indicates that the
J/ψ is significantly polarized and its polarization changes
longitudinal to transverse from low pT to high pT [40]. We use
PYTHIA8 to visualize the angular distribution of decay muons
in Fig. 2, in order to validate the mentioned assumption. From
Fig. 2, it is observed that the cos θ angular distribution is
almost isotropic in the angular range | cos θ | < 0.5, however,
the deviation from isotropic distribution starts at | cos θ | >

0.5 for both frames of reference. This is the consequence of
physics processes involved in PYTHIA8, such as the production
and decay of higher excited resonances, and the emission of
gluons in the final state radiations, etc. [81]. The distribution
of dimuons with uniform acceptance and efficiency over cos θ

and φ distribution at the generation level allows us to deter-
mine the polarization parameters from the observed angular
distribution [30,66].

〈cos2 θ〉 = 1 + 3
5λθ

3 + λθ

(2)

〈cos 2φ〉 = λφ

3 + λθ

(3)

〈sin 2θ cos φ〉 = 4

5

λθφ

3 + λθ

. (4)

The polarization parameters λθ , λφ , and λθφ are obtained
for helicity and Collins-Soper frames by taking the average
over cos2 θ , cos 2φ, and sin 2θ cos φ. This approach provides
an alternative method over the multiparameter fit of Eq. (1) to
the dimuon angular distribution [66].

B. Event generation in PYTHIA8

For modeling ultrarelativistic collisions between particles
such as electron-electron, electron-positron, proton-proton,
and proton-antiproton, one of the commonly used event gen-
erators is PYTHIA8. It is quite effective at explaining the LHC
results [82,83]. Numerous physical processes are involved in
PYTHIA8, including hard and soft scattering, parton distri-
butions, initial and final state parton showers, multipartonic
interaction (MPI), string fragmentation, color reconnection,
resonance decays, rescattering, and beam remnants [81,84].

In this study, we have used PYTHIA8 to generate pp collisions
at

√
s = 7, 8 and 13 TeV with 4C Tune (Tune:pp = 5) [85].

One of the key benefits of PYTHIA8 is the subsequent MPI pro-
cesses, which, combined with impact parameter dependence
of collisions, enables the generation of heavy-flavor quarks
through 2 → 2 hard subprocesses. A detailed explanation of
all physics processes involved in PYTHIA8 can be found in
Ref. [81].

This analysis is performed by generating 1.5 × 109 events
for pp collisions at

√
s = 7, 8, and 13 TeV. For our study,

we contemplate inelastic and nondiffractive simulated events.
So in the total scattering cross section, only the nondiffrac-
tive component of all hard QCD processes (HardQCD:all =
on) will contribute. Hard processes involve the production
of heavy quarks. We have considered color reconnection on
(ColourReconnection:mode = on) along with MPI (Parton-
Level:MPI = on). To avoid the divergences of QCD processes
in the limit pT → 0 a transverse momentum cut of 0.5 GeV
(PhaseSpace:pTHatMinDiverge = 0.5) is taken. For the pro-
duction of J/ψ and ψ (2S), we use Charmonium:all flag
(Charmonium:all = on) in the simulation [2,86,87] through
NRQCD framework. The polarization study of J/ψ and
ψ (2S) has been performed in the dimuon channel by forc-
ing a J/ψ and ψ (2S) to decay into dimuons (μ+μ−) in the
MC simulation. The J/ψ and ψ (2S) yields are then obtained
through invariant mass reconstruction considering the detector
acceptance. This helps in comparing the observations directly
with the experimental data.

To check the compatibility of PYTHIA8 with experimental
data, we have used the same tuning as used in our previous
works [82,83], where we have compared the production cross
section obtained from PYTHIA8 as a function of transverse
momentum and rapidity with the ALICE experimental data of
J/ψ , and found them to be comparable within uncertainties.

III. RESULTS AND DISCUSSION

In this section, we discuss the polar and azimuthal angular
distribution of dimuons [corresponding to J/ψ and ψ (2S)]
obtained from the PYTHIA8 simulation of pp collisions at√

s = 7, 8, 13 TeV. The parameters λθ , λφ , and λθφ are
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FIG. 2. The cosine of the polar angle (top panel) and the azimuthal angle (bottom panel) distribution in pp collisions for J/ψ and ψ (2S)
at

√
s = 13 TeV in helicity (left panel) and Collins-Soper (right panel) reference frame.

obtained from the averaged angular distribution of dimuons
using Eq. (2), Eq. (3), and Eq. (4), respectively. The left
and right columns of Fig. 2 correspond to the helicity and
Collins-Soper frames, respectively. In both the frames, the
top panel shows the cosine of the polar angle distribution
and the bottom panel represents the azimuthal angular dis-
tribution for J/ψ and ψ (2S) in pp collisions at

√
s = 13

TeV. To obtain these angular distributions, we have considered
a pT bin of 2.0 < pT < 3.0 GeV/c and a rapidity window
2.5 < yμμ < 4.0. Further, the present section is divided into

three subsections. The pT, charged particle multiplicity, and
rapidity dependence of λ-polarization parameters (i.e., λθ , λφ ,
and λθφ) are discussed in consecutive Secs. III A, III B, and
III C, respectively.

A. Transverse momentum dependence of λθ , λφ, λθφ

We explore the polarization parameters of J/ψ and ψ (2S)
as a function of pT in pp collisions using PYTHIA8. The
variation of these parameters at

√
s = 7, 8, and 13 TeV in

034910-4



J/ψ AND ψ (2S) POLARIZATION IN … PHYSICAL REVIEW C 109, 034910 (2024)

FIG. 3. The J/ψ and ψ (2S) polarization parameters as a function of transverse momentum for pp collisions at
√

s = 7, 8, and 13 TeV
using PYTHIA8. The obtained results are compared with the J/ψ polarization measurement in pp collisions from ALICE at

√
s = 7, 8 TeV,

LHCb at
√

s = 7 TeV and the NLO-NRQCD model predictions in color singlet (CS) and color-singlet + color-octet (CS+CO) states at
√

s =
7 TeV in both helicity and Collins-Soper reference frames.

both helicity and Collins-Soper reference frame are shown
in Fig. 3. The J/ψ polarization parameters obtained using
PYTHIA8 are compared with the corresponding experimen-
tal data for

√
s = 7 TeV at LHCb [45] and

√
s = 7 and

8 TeV at ALICE [40,41]. In addition, the obtained results
are compared with the color-singlet (CS) and color-singlet
+ color-octet (CS+CO) mechanism-based NRQCD, which
include the NLO corrections [53]. The pT interval in PYTHIA8
is chosen in accordance with the ALICE measurement of
J/ψ at

√
s = 8 TeV in both reference frames for all ener-

gies. The rapidity cut is set to 2.5 < yμμ < 4.0 in accordance
with ALICE detector acceptance. From Fig. 3, it is observed
that the λθ parameter indicates a longitudinal polarization at

low-pT regime, and a transverse polarization at high pT, in
both the frames of references for J/ψ and ψ (2S). This trend
qualitatively agrees with the J/ψ polarization measured by
ALICE for

√
s = 7 TeV [41] in the helicity frame. In the

obtained result, longitudinal polarization is observed at low
pT, which decreases towards high pT. At lower energy, the
HERA-B experiment [52] predicts a longitudinal polarization
at low-pT in the Collins-Soper frame. However, the LO calcu-
lation of the NRQCD approach predicts a sizable transverse
polarization at high pT [62–65].

Further, it is observed that at low pT, ψ (2S) has a com-
paratively lower longitudinal polarization than J/ψ while the
polarization of ψ (2S) increases at high pT. This result seems
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FIG. 4. Polarization of J/ψ (left) and ψ (2S) (right) as a function of transverse momentum obtained from PYTHIA8 compared with the
LHCb experimental data in pp collisions at

√
s = 7 TeV in the rapidity interval 2.5 < y < 4.0 in helicity frame. The MC simulation results

are compared with NLO CSM from [53] and NLO NRQCD calculation from (1) [53], (2) [54], and (3) [55,56].

to be apparent because, at low pT, the formation of J/ψ
through c − c̄ is more favorable than ψ (2S). As a conse-
quence of this, ψ (2S) yield reduces at low pT, which affects
its polarization. This study shows no clear dependence on the
center-of-mass energy on quarkonia polarization in PYTHIA8
for both reference frames. Next, the λφ parameter indicates
a transverse polarization in the helicity and a longitudinal
polarization in the Collins-Soper reference frame. This dis-
similarity arises due to differences in the azimuthal angle
distribution of dimuons around the chosen reference axis in
both frames. The finite value of λθ and λφ parameters in-
dicates that the probability of finding the J/ψ [or ψ (2S)]
vector mesons in the three spin states are not equal and hence
the emission of their daughter particles is not intrinsically
isotropic. We found that the PYTHIA8 predicts a relatively
higher value of λφ compared to the experimental data. Al-
though, the λθφ parameter is almost zero for J/ψ and ψ (2S)
in PYTHIA8, which is consistent with the LHC results as dis-
played in Fig. 3.

Figure 4 shows the rapidity-integrated (2.5 < y < 4.0) pT

dependence polarization measurement of the angular observ-
able λθ values for J/ψ and ψ (2S) in helicity frame, compared
with NLO CSM [53] and different NLO NRQCD calculation
[53–56] (the NRQCD calculations differ in the experimental
data samples used to evaluate the long-distance matrix ele-
ments). The pT dependence calculations based on the CSM
disagree with the experimental data and PYTHIA8 simulation
result for J/ψ and ψ (2S). For J/ψ resonance, a qualita-
tive agreement between the experimental data and theory
is achieved by the NRQCD calculation [55,56]. However,
the increasing trend of λθ parameter with pT obtained from
PYTHIA8 is in agreement up to some extent with NRQCD(1)
[53] and NRQCD(2) [54] calculations. Furthermore, for
ψ (2S), the LHCb data and PYTHIA8 favors the calculation
from Refs. [55,56] and from Ref. [54] at low pT . The main
difference between the polarization measurement of J/ψ and

ψ (2S) in PYTHIA8 could be due to their different masses.
In experimental data, the J/ψ polarization can come from
directly produced J/ψ mesons and from those produced in
the decay of heavier charmonium states. However, the polar-
ization of ψ (2S) will remain unaffected by feed-down decays
of heavier charmonia.

B. Charged-particle multiplicity dependence of λθ , λφ, λθφ

The charged-particle multiplicity-dependent study of char-
monia polarization may reveal the underlying dynamics
associated with the particle density of the system produced
in pp collisions. Figure 5 shows the charged-particle multi-
plicity dependence of polarization parameters for J/ψ and
ψ (2S) mesons in pp collisions at

√
s = 7, 8, and 13 TeV.

The charged-particle multiplicity classes used in the present
analysis are taken from Ref. [82]. The experimental study in
this regard is reported by CMS Collaboration for three ϒ(nS)
states in pp collisions at

√
s = 7 TeV [49]. From the theoret-

ical front, the relative multiplicity dependence ( dNch
dη

/〈 dNch
dη

〉)
study of polarization parameters for J/ψ in helicity and
Collins-Soper frame is studied in CGC+NRQCD approach
[88] in pp and p-Pb collisions at

√
s = 13 and 8.16 TeV,

respectively. From Fig. 5, we observe that the polarization
parameter λθ indicates that the degree of longitudinal polar-
ization increases towards high multiplicity for ψ (2S) meson,
while for J/ψ the longitudinal polarization remains almost
constant from low to high multiplicity in both reference
frames. The λφ shows a transverse polarization in the helicity
frame and a longitudinal polarization in the Collins-Soper
reference frame for J/ψ and ψ (2S) for all multiplicity classes.
The polarization parameter, λθφ , is negligible for J/ψ and
ψ (2S) at low multiplicities, while at higher multiplicities,
it has nonzero values. The present study indicates that the
charmonia polarization weakly depends on the center-of-mass
collision energy (

√
s).
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FIG. 5. The J/ψ and ψ (2S) polarization parameters as a function of charged-particle multiplicity for pp collisions at
√

s = 7, 8, and 13
TeV using PYTHIA8 in both helicity and Collins-Soper reference frames.

C. Rapidity dependence of λθ , λφ, λθφ

In this section, we explore the rapidity dependence study
of λ parameters for J/ψ and ψ (2S) mesons in pp collisions
at

√
s = 7, 8, and 13 TeV, as shown in Fig. 6. The J/ψ

polarization for various rapidity bins is reported in the LHCb
experiment for pp collisions at

√
s = 7 TeV [45] and data

show a small polarization within the uncertainties. In Fig. 6,
the pT-integrated polarization is obtained for the rapidity
range 2.5–4.0, with a step of 0.3. The top panel of Fig. 6
shows that the degree of longitudinal polarization for J/ψ
is larger than ψ (2S) in the helicity frame. It observed that
in the Collins-Soper frame, ψ (2S) is transversely polarized
while J/ψ is longitudinally polarized. However, as observed
in the present study, there is no clear dependence of λθ

parameter with rapidity in both reference frames. Similar to
pT and charged-particle multiplicity dependence, the λφ as a
function of rapidity shows a positive value for polarization in
the helicity frame and a negative value of polarization in the
Collins-Soper frame for J/ψ and ψ (2S). The λθφ parameter
shows almost zero polarization with rapidity irrespective of
the particles under consideration, the chosen center of mass
energy, and the reference frame.

The finite polarization of J/ψ and ψ (2S) in PYTHIA8 may
have several possible sources, a few of which are discussed be-
low. In HICs (Au+Au, Pb+Pb, etc.), the potential sources of
hadrons polarization are the vorticity fields, electromagnetic
fields, and a strong vector meson force field [89–93]. How-
ever, the formation of vorticity due to the initial orbital angular
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FIG. 6. The J/ψ and ψ (2S) polarization parameters as a function of rapidity for pp collisions at
√

s = 7, 8, and 13 TeV using PYTHIA8 in
both helicity and Collins-Soper reference frames.

momentum and the electromagnetic fields is almost negligi-
ble in pp collisions. Therefore, the charmonium polarization
in ultrarelativistic pp collisions is an expected consequence
of the involved production mechanisms [30,66]. As PYTHIA8
considers LO NRQCD mechanisms for quarkonia production,
it can be anticipated that the finite polarization of charmonium
states is due to the QCD processes involved in PYTHIA8. In
this work, we use the flag HardQCD:all = on, which favors
the production of heavy flavors through all hard-QCD 2 → 2
scattering processes. It involves pair creation [qq̄ (gg) → cc̄],
flavor excitation, and gluon splitting processes [81]. More-
over, a few basic principles, such as: (i) helicity conservation
in the dilepton decays; (ii) rotational covariance of angular
momentum eigenstates; and (iii) conservation of parity and
its violation, govern the polarization of charmonium states

[30,66]. In addition, we use the flag Charmonium:all = on,
which includes the production of charmonium and its higher
excited states via the color-singlet and color-octet mechanism
of NRQCD, requiring information on long-distance NRQCD
matrix elements for the various wave functions involved in
PYTHIA8 [81]. Further, the role of MPI on the decay angular
distribution of dimuon is investigated in the Appendix.

Another source of polarization is the inhomogeneous ex-
pansion of the medium, resulting in an anisotropic flow in
the transverse plane. The second anisotropic flow-coefficient
(i.e., elliptic flow) induced polarization is observed for �

hyperons in HICs [94,95]. In pp collisions, a similar flowlike
phenomenon is obtained in PYTHIA8 due to the considered
multiparton interactions (MPI) and color reconnection mech-
anism [96]. In the present work, we use the same tune
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MPI = on and CR = on; as an outcome, the flowlike effect
indicates another possible source of J/ψ and ψ (2S) polariza-
tion.

It is observed that PYTHIA8 serves as an effective model for
jet studies in pp collisions with MPI and CR mode on [97].
The jetlike fluctuation in PYTHIA8 is also a possible source
of polarization for hadrons. Because, if a jet is produced in
the medium it deposits energy and creates a smoke-loop-type
vortex in the jet plane. As a consequence, it induces polariza-
tion to the particles associated with the jets [98]. Likewise,
charmonia can also get polarized due to such phenomena
involved in the production processes.

Along with the discussed polarization mechanisms, there
are other possible sources of polarization for charmonium
states, but it is still a matter of investigation whether the spin
orientation or polarization occurs at the partonic level and then
is transferred to the bound state or directly to the bound state.
Based on the present study, we may infer that NRCQD-based
production mechanism give rise to the possible source for the
partonic level polarization and then is transferred to the bound
state. However, the flowlike effect is attributed to the direct
polarization of the bound state.

IV. SUMMARY

In this work, we have studied the polarization parameters
for J/ψ and ψ (2S) from the angular distribution of dimuons
in pp collisions at LHC energies using PYTHIA8. The impor-
tant observations of this paper are summarized below:

(1) The λθ , λφ , λθφ are obtained in the helicity and
Collins-Soper reference frames in the rapidity interval
2.5 < yμμ < 4.0.

(2) It is observed from the λθ parameter that J/ψ and
ψ (2S) are longitudinally polarized at low pT and trans-
versely polarized at high pT in both the reference
frames.

(3) The λφ parameter indicates the longitudinal polar-
ization in helicity and transverse polarization in the
Collins-Soper frame for J/ψ and ψ (2S) across all
energies. The λθφ parameter values are close to zero
as a function of pT.

(4) The multiplicity dependence study of λθ parameter
shows the degree of longitudinal polarization increases
with charged-particle multiplicity for ψ (2S), while the
behavior of longitudinal polarization of J/ψ stays con-
stant with charged-particle multiplicity, which needs
attention from an experimental point of view.

(5) In this study, we observe no clear dependence of λθ pa-
rameter with rapidity. However the λφ , λθ show almost
constant polarization with rapidity both for J/ψ and
ψ (2S) in helicity and Collins-Soper reference frames.
In the future, ALICE 3 set up with a wider kinematics
acceptance range of muon spectrometer, the rapidity
dependence study of polarization parameters would be
an interesting topic.

(6) It is essential to mention that the polarization results
obtained in this analysis as a function pT, Nch, and
yμμ consider only the production of J/ψ and ψ (2S),

without taking the feed down from higher excited
states. The investigation of charmonia polarization by
taking the feed down from higher resonances is a fu-
ture scope. In other words, the newly upgraded Muon
Forward Tracker (MFT) detector in the Run 3 and
Run 4 setup of ALICE 2 to the muon spectrometer,
having better vertexing and precise measurement capa-
bilities, helps us to separate for prompt and nonprompt
charmonium states. Therefore, the investigation of
polarization parameters for prompt and nonprompt
charmonium states in both the experiment and MC
simulation would be an intriguing subject to test.

(7) Since we used PYTHIA8, which incorporates pQCD-
and NRQCD-based processes, our results overestimate
J/ψ polarization in some pT bins as compared with
experimental data. It suggests that there might be an
interplay between these fundamental processes in the
realistic scenario. On the other hand, there might be
some other processes responsible for net charmonia
polarization. Therefore, charmonia polarization in ul-
trarelativistic pp collisions requires a thorough study
using theoretical models confronted with the experi-
mental results.
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APPENDIX: ROLE OF MPI ON POLARIZATION
PARAMETERS

In this study, our investigation centered on charmonia
state polarization within proton-proton collisions simulated
through PYTHIA8. Multiple parton interactions (MPI) in
PYTHIA8 primarily affect parton distribution and activity.
However, their indirect influence potentially leads to alter-
ations in the angular momentum distribution among final-state
particles due to modified partonic interactions and subse-
quent hadronization processes. These changes can manifest as
variations in polarization parameters, particularly λθ , which
are sensitive to the angular momentum states of generated
particles. Figure 7 highlights our investigation of the impact
of MPI (with on/off settings) on polarization parameters.
Notably, our focus rests on the observed behavior of λθ ,
revealing distinctive trends: when MPI is enabled (on), λθ

displays an initial negative trend, transitioning to positive
values with increasing transverse momentum. Conversely, in
the absence of MPI, λθ consistently maintains negativity with
increasing transverse momentum. These trends persist con-
sistently in both the helicity frame and the Collins-Soper
frame. The intriguing shift from negative to positive λθ values
with MPI compared to the sustained negativity without MPI
suggests a significant influence of multiple parton interactions
on polarization phenomena. Possible explanations for these
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FIG. 7. The J/ψ polarization parameters as a function of transverse momentum with “MPI: ON, CR: ON” (Red Marker) and “MPI: OFF,
CR: ON” (Green Marker) for pp collisions at

√
s = 7 using PYTHIA8 in helicity and Collins-Soper reference frames.

observations might involve variations in partonic interactions
and their consequential indirect effects on angular momentum
dynamics. This underscores the imperative need for further

theoretical and experimental investigations to unravel the
underlying mechanisms driving polarization in high-energy
collisions.
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