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The measurement of polarization serves as an important probe to investigate the production
mechanism of quarkonia, the bound state of heavy quark anti-quark (charm or bottom) pairs, in
hadronic collisions. In experimental invesigations, the polarization is usually measured by analyz-
ing the anisotropies in the angular distribution of the muons originating from the decay of the
quarkonium state. In the present article, we study the charmonia (J/v) and bottomonia (T(15))
polarization at v/s = 7 and 13 TeV in proton-proton(p-p) collisions at LHC using Monte Carlo (MC)
event generator model PYTHIAS, which is based on perturbative QCD. The transverse momentum
(pr) differential distribution has been calculated at forward rapidity (2.5 < y,, < 4.0) and the po-
larization parameters are estimated in Helicity and Collins-Sooper reference frames. In addition, to
mimic realistic experimental conditions, we have incorporated, in PYTHIA simulations, effects like
detector inefficiencies and muon momentum smearing. These contributions alter the polarization
parameters, introducing an artificial degree of polarization, if not properly corrected for. The simu-
lation results have been compared with the recent ALICE measurements for quarkonia polarization

in p-p collisions at LHC energy regime.
I. INTRODUCTION

The experimental investigations of the decay distribu-
tions of the vector particles offer a unique tool to ex-
amine the fundamental theories. In particular, quarko-
nia polarization measurements are expected to provide
key information for the understanding of quantum chro-
modynamics (QCD), the fundamental theory of strong
interaction. The non-relativistic bound states of heavy
quark anti-quark pair, stable under strong interaction,
are collectively called quarkonia. Even though discov-
ered more than five decades ago, their production in en-
ergetic hadronic collisions is not completely understood
from the first principle QCD calculations [1]. Over the
years several QCD inspired theoretical models have been
developed in the literature to explain the multiscale dy-
namics of quarkonium production in nuclear collisions.
Majority of the theoretical models usually describe the
quarkonium production in the hadronic collisions as a
factorizable two step process. The first stage is the pro-
duction of a heavy quark & anti-quark (QQ) pair via
partonic hard scattering and computable within pertur-
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bative QCD (pQCD). This is followed by the evolution
of the QQ pair transforming into a color neutral physi-
cal resonance state. The process is non-perturbative in
nature and thus model dependent. The underlying as-
sumption of the color-singlet model (CSM) [2—4] is that
the nascent QQ pair bears the same spin (S), angu-
lar momentum (L) and colour quantum numbers of the
physical quarkonium state since its production in hard
partonic collisions. No transition involving L/S-change
takes place during the formation of the bound-state. J/1
and ¥(25) production cross sections as measured by Fer-
milab E789 collaboration [5] were found to exceed the
model predictions by factor of 7 and 25 respectively. Sub-
sequently the CDF collaboration [6] at Tevatron mea-
sured around 50 times larger J/v¢ and ¢(2S) produc-
tion cross sections in /s = 1.8 TeV p-p collisions, than
that calculated by CSM. To overcome the significantly
large discrepancy between measurements and model cal-
culations, the non-relativistic quantum chromodynamics
(NRQCD) factorization approach [7, 8] has been pro-
posed in literature. Unlike CSM where only color singlet
quark pairs can form the bound state mesons, the the-
oretical construct of NRQCD includes resonance forma-
tion from quark pairs originally produced in colour-octet
states as well. In this effective field theory calculation,
the long-distance matrix elements (LDMEs), factorized
from the parton-level contributions, are introduced as
model parameters that convert the pre-resonant coloured
QQ pairs into physical bound states, possibly changing
L and/or S as required. By construction LDMEs are
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universal (i.e. process-independent) and constant (i.e.
independent of the QQ momentum) within the NRQCD
framework. Their values are fixed by comparison to ex-
perimental data. Production cross section of different
quarkonia states as computed within NRQCD factoriza-
tion approach has been found to be in reasonable agree-
ment with the experimental measurements at Tevatron
[9-11], RHIC [12-14] and LHC [15-22]. Many other the-
oretical models like color evaporation model (CEM) [23—
25], and kr factorization approach [26, 27] among the
others are also in vogue to explain the observed quarko-
nium production in particle collisions.

However, for a complete understanding of the quarko-
nium production in hadronic collisions, the polarization
of these vector meson states also demands a careful
investigation, both theoretically as well as experimen-
tally. Polarization referes to the degree of spin align-
ment of these vector bosons relative to a chosen axis,
generally referred as quantization axis. Different the-
oretical models predict different polarization patterns,
in a given frame of reference. The color-octet model
of NRQCD predicts large transverse polarization of J/1)
mesons at high momenta due to their predominant pro-
duction from gluon fragmentation preserving natural spin
orientation [28, 29]. The CSM model on the other hand
predicts a strong transverse ploarization at the leading
order, which changes to a strong longitudinal polarization
once the next-to-leading order (NLO) [30, 31] contribu-
tions are included in the model calulations. Depending
on the polarization frame, either zero or slightly trans-
verse polarization at high pr and a small longitudinal
polarization at low pr is predicted by the improved color
evaporation model [32] .

In experimental investigations, quarkonium polariza-
tion is primarily investigated via the dilepton decay chan-
nel. The angular distributions of decay products are an-
alyzed to determine the polarization of the quarkonium
states. These distributions can be analyzed in differ-
ent reference frames such as Helicity frame (HE) and
Collins—Soper (CS) frame each defined by specific ori-
entation of the quantization axis. Measurements usually
involve the determination of the polarization parameters
(Mg, Ag and Agy) which quantify the degree of polariza-
tion in different directions. In the experimental sector,
quarkonium polarization measurements have been per-
formed by E866 [33, 34] and HERA-B [35] collabora-
tions at fixed target facilities and in collider experiments
at Tevatron [36-40], RHIC [41-43] and LHC [44-53].
The ALICE collaboration at LHC has reported polar-
ization parameters, within uncertainty consistent with
zero, for inclusive J/1 mesons in /s = 7,8 TeV p-p col-
lisions [54, 55] and preliminary result for T(1S) mesons
in /s = 13 TeV p-p collisions, in the forward rapidity
(2.5 < y < 4.0) region. The LHCb collaboration, on the
other hand reports a small longitudinal polarization for
prompt J/1¢ mesons in the HE frame for pp collisions
at /s = 7 TeV [56]. A similar trend has been observed
in the ALICE measurement for the inclusive .J/v¢ sam-
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FIG. 1: Left panel: Definition of different reference axes
for polarization study in the quarkonium rest frame, with
HE = Helicity frame, CS = Collins-Soper frame, and GJ =
Gottfried-Jackson frame. Right panel: definition of the decay
lepton angles in the quarkonium rest frame. For the present
analysis we have taken only HE and CS frames. The figure
has been adopted from [75].

ple but with large systematic uncertainties. Extraction
of polarization parameters for J/v¢ and 1(25) states us-
ing ALICE Run2 data in /s = 13 TeV p-p is underway.
The persistent inconsistency between the kinematic de-
pendence of the measured polarization parameters and
their model dependent estimates is popularly known as
J /1 polarization puzzle [57].

Recently in Ref. [58] an attempt has been made to
phenomenologically study the polarization of J/v and
1(2S) mesons produced in /s = 7,8 and 13 TeV p-
p collisions at LHC. The PYTHIA8 event generator has
been employed to simulate the charmonia production and
the corresponding A-polarization parameters (Ag, Ay and
Aog) have been studied as functions of pr, y and charged
particle multiplicity (N.;) and non-zero values for po-
larization parameters extracted from PYTHIA-generated
events are reported. However, by construction, quarkonia
produced in PYTHIA [59, 60] are unpolarized and decay
isotropically and hence should result in null polarization
parameters. To investigate this apparent discrepancy,
we have reanalyzed the A-polarization parameters using
PYTHIA simulations, incorporating detector inefficiencies
and muon momentum smearing to emulate realistic ex-
perimental conditions. This allows us to assess whether
such detector effects can induce artificial polarization sig-
nals and to evaluate the extent to which these biases can
be corrected after accounting for experimental effects.

The rest of the article is organized as follows; a brief
description of the PYTHIA8 event generator is given in
Section II. Analysis methodology for extraction of the
polarization parameters from the angular distribution of
the decay muons is depicted in section III, while section
IV presents the results of the present simulation investi-
gations. Finally, in section V we summarize our results
and conclusions.



II. EVENT PRODUCTION IN PYTHIAS

PYTHIAS8 is a QCD-inspired Monte Carlo event genera-
tor widely used to simulate complex multiparticle final
states in high-energy hadronic collisions [61]. It be-
gins with the elementary hard scattering of two partons,
one from each incoming hadron, whose cross sections are
computed using perturbative QCD (pQCD) at leading
order (LO). These hard processes typically involve 2 — 2
scatterings of light quarks and gluons, as well as heavy-
flavor production such as charm and bottom quarks. To
prevent the divergence of cross sections as the transverse
momentum pp — 0, suitable phase space cuts or regu-
larization schemes are applied.

Following the hard scattering, PYTHIA8 models initial-
and final-state radiation through parton showers, which
simulate the QCD evolution of partons by iteratively
generating emissions of softer and collinear gluons and
quark-antiquark pairs.

Subsequently, hadronization in PYTHIAS8 is modeled us-
ing the Lund string fragmentation model, where the color
field between the partons are represented by longitudi-
nally stretched strings that breaks into hadrons through
the creation of quark-antiquark pairs [62].

In addition, PYTHIA8 incorporates multiple parton in-
teractions (MPT), accounting for the possibility of several
semi-hard scatterings occurring within a single had -ron-
hadron collision [63, 64]. MPI contributes significantly
to the underlying event activity and affects the final-state
particle multiplicities and kinematic distributions.

An important feature of PYTHIA8 is its modeling of
color reconnection (CR), a non-perturbative process in
which color strings originating from different parton in-
teractions are reconnected before hadronization to mini-
mize the total string length [65]. Since particle produc-
tion occurs through the breaking of these strings, reduc-
ing the overall string length leads to fewer particles be-
ing produced but with higher average momentum. This
mechanism plays a key role in explaining the observed
hardening of transverse momentum (pr) spectra as the
event multiplicity increases.

Quarkonia production in PYTHIAS is implemented pri-
marily through gluon fusion (g9 — QQ) and/or quark-
antiquark annihilation (¢¢ — QQ) processes, employ-
ing perturbative QCD (pQCD) within the framework of
NRQCD [66]. Quarkonia are produced in both color-
singlet (CS) and color-octet (CO) states. However, for
the transition from the CO state to the physical quarko-
nium, an additional soft gluon is emitted. The over-
all quarkonium production cross section is calculated in
the NRQCD framework by factorizing it into pertur-
batively computed short-distance coefficients for heavy
quark-antiquark pair production in specific color and an-
gular momentum states from initial hard scattering [67—
69], multiplied by non-perturbative LDMEs that describe
the hadronization into physical quarkonia [70].

The results presented in this paper are mainly based
on the PYTHIA8 tune 4C with MPI and CR enabled. To

avoid divergence in QCD processes we consider a min-
imum pr cut of 0.5 GeV. For Quarkonium production
we use the flag Charmonium:all=on and Bottomonium:
all=on which allows production of prompt and non-
prompt J/¢ and T(15) in CS and CO states. The analy-
sis has been carried out for pp collisions at 1/s = 7 and 13
TeV. PYTHIA8 model is believed to provide a comprehen-
sive and realistic simulation of hadronic collisions, suit-
able for both theoretical studies and experimental anal-
yses.
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FIG. 2: The distributions of the cosine of the polar angle ()
(left panel) and the azimuthal angle (¢) (right panel) of the
di-muons decayed from J/v in p-p collisions at /s= 13 TeV
from PYTHIA8 in both the HE and CS reference frames.

III. ANALYSIS METHODOLOGY

The polarization describes the orientation of the par-
ticle spin with respect to a chosen axis known as quanti-
zation axis in a given reference frame. For the unstable
quarkonium states (J©C = 177) under consideration,
the geometrical shape of the angular distribution of the
daughters in the two body decay (357 — ptp™), emit-
ted back to back in quarkonium rest frame, reflects po-
larization of the parent quarkonium state. Quarkonia if
produced unpolarized results in a spherically symmetric
distribution whereas anisotropies in the angular distribu-
tion would indicate polarized production. Measurement
of the angular distribution requires a specific co-ordinate
system to be defined relative to which the three momen-
tum of one of the two decay products (usually uT) is
expressed in spherical coordinates. The axes of the co-
ordinate system are chosen with respect to the physical
reference provided by the directions of the two collid-
ing beams as seen from the quarkonium rest frame, for
inclusive quarkonium measurements. The choice of the
polar axis is however not unique, and three different con-
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FIG. 3: The polarization parameter (Ag) as a function of
transverse momentum (pr) for J/¢ and YT(1S) in p—p colli-
sions at /s = 13 TeV in the forward rapidity region. Results
are shown in both the HE and CS reference frames. Three
extraction methods are compared: the average method, the
1D angular fit method, and the population method.

ventions are usually followed for the orientation of the
polar axis, leading to three different frames of reference,
in analysis of the quarkonium decay distributions. The
HE aligns the z-axis with the momentum direction of
J/v (in the centre-of-mass of the two colliding beams),
conversely, the CS aligns the z-axis along the bisector of
the angle between the two incident proton beams and
in Gottfried-Jackson frame (GJ) aligns the z-axis with
the direction of the momentum of one of the colliding
beams, in the quarkonia rest frame. Figure 1 adopted
from Ref. [75] schematically shows the orientation of the
polar axis in three reference frames (left panel) and defi-
nition of the decay angles in the quarkonium rest frame.
The quantization axis of the GJ frame lies between the
CS reference frame and the HE reference frames and thus
represents an intermediate situation [74, 75]. Hence in
line with the previous analyses, we present our results
only in HE and CS frames. In either of the reference
frames the two dimensional decay angular distribution
W (6, ¢) can be parameterized as [74]:

W (cos8, ¢) x (1 + Ngcos®0

1
3+ X
—|—/\¢sin290052¢>
+Xgpsin26cose) (1)

where 6 and ¢ respectively denote the polar and az-
imuthal angle of the ;™ measured in the quarkonim rest
frame and Ag, Ay and Mgy are the J/9 polarization pa-
rameters. The various combinations of these parameters

corresponding to the elements of the spin density matrix
of J/4 production can give us information about the po-
larization of the particle; the values of (Ag, Ay , Aoy ) =
(0,0,0) defines no polarization, (-1,0,0) defines complete
longitudinal polarization and (41,0,0) defines complete
transverse polarization.

Instead of fitting the above 2-D distribution and simul-
taneously extracting all three A parameters, experimental
analyses usually adopt a one-dimensional (1-D) approach
and fit the angular distributions obtained by integrating
Eq. 1 over cosfl and ¢. The resultant 1-D distribution
functions W(cos 8), W (¢)&W (¢) appear as:

W (cos0) x 3Ty (14 Ngcos?0) (2)
2,

W(¢) o< (1+ 3T h cos2¢) (3)

W(o) o< (1+ V2hog cosp) (4)

3+ X

The variable ¢ is built to estimate Agy and can be defined
as;

7, (cosh < 0) (5)

b=¢— iﬂ', (cost > 0) (6)

This method allows simultaneous (for a 2-D fit) or se-
quential (for 1-D fit) extraction of all parameters (Ag,
Ag, Agp) but it is very sensitive to the choice of fit range,
binning, and statistical fluctuations particularly in low-
statistics bins. Instead of fitting the angular distribu-
tions (1-D fit in the present case), alternative prescrip-
tions such as ‘population counting method’ and ‘average
angular distribution method’ have also been proposed for
extraction of polarization parameters. The two methods
are described below.

1. Population counting method

In the population counting or bin-by-bin ratio
method, the (cosf, ¢) space is divided into discrete
bins, and the number of signal events in each bin
is counted. The ratios of yields between different
angular bins are then used to infer the polarization
parameters. This method provides an intuitive way
to visualize the angular dependence of the decay
distribution and serves as an important cross-check
of the fitting procedure.

The following Eqgs. [7, 8 & 9] are employed for
this method, where N denotes population of decay

muons:
N(|cosf] > §) — N(JcosO] < 3) 3 3\ 7)
N(Jcosf| > 2)+ N(Jcosf] < 1) 43+ X



N((cos2¢) > 0) — N((cos2¢) <0 2 2),
N((cos2¢) > 0) + N((cos2¢) <0) 73+ Xg

(8)

N (sin(26) cos ¢ > 0) — N(sin(20) cos ¢ < 0)
N (sin(260) cos 2¢ > 0) + N (sin(26) cos 2¢ < 0)
_ 2
34N

(9)

The advantage of this method is that it is simple
and less dependent on fitting assumptions but
limited precision due to discrete bin counting and
may not fully account for detector acceptance
effects.

2. Average angular distribution method:

The average angular distribution method relies on
computing mean values of trigonometric functions
of the decay angles, such as (cos? 8), (sin? @ cos 2¢),
and (sin 26 cos ¢), which are directly related to the
polarization parameters:

In this method A polarization parameters are esti-
mated following the Egs. [10, 11 & 12] given below:

1+ 2N
2 5
1
(cos® 0) 3T M (10)
Ag
20) = 11
(008 20) = o= (11)
(sin 26 cos ¢) = 537 M (12)

This method is straightforward, computationally
efficient and gets less affected by binning choice
but it requires accurate acceptance corrections
and may introduce bias if angular acceptance is
non-uniform.

These methods offer a different complementary ap-
proach to analyze the decay muon angular distri-
bution as compared to the multi/ single - parame-
ter fitting strategy [74]. In experimental measure-
ments, different procedures are followed to better
understand the systematics associated with the ex-
tracted polarization parameters.

IV. RESULTS

As a first step toward extracting quarkonium polariza-
tion parameters; Ag, A,, and Mgy, we compute the cosine
of the polar angle (cosf) and the azimuthal angle ()
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of the decay muons originating from quarkonium decays,
analyzed in both the CS and HE reference frames. To en-
sure consistency with procedures employed in experimen-
tal analyses, we enforce the decay of quarkonium states
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FIG. 6: Angular distributions of smeared muons from J/v —
wp~ decays in p—p collisions at /s = 13 TeV. The dis-
tributions are shown for the transverse momentum interval
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tions in the CS frame, while the bottom panels correspond to
the HE frame. These distributions are used to extract polar-
ization parameters and account for detector smearing effects.

in di-muon channel (e.g., J/¢ — p*Tp~) and reconstruct
them via the invariant mass of the decayed muons pairs.

Although our simulation yields a delta-function-like in-
variant mass distribution centered at the quarkonium
pole mass—due to the absence of detector smearing
effects—we nonetheless follow the similar invariant mass
reconstruction procedure to ensure compatibility when
comparing our results to those from experimental mea-
surements. In particular, since our study aims to com-
pare with the ALICE experiment at forward rapidity, we
apply a kinematic selection on the reconstructed dimuon
rapidity, restricting it to the range 2.5 < y < 4.0, in
accordance with ALICE Muon Spectrometer (MS) ac-
ceptance.

Figure 2 presents the distributions of the polar angle
(cosf) and the azimuthal angle (¢) for J/i¢ mesons in
the transverse momentum range 2.0 < pt < 3.0 GeV/c,
as obtained from PYTHIA8 simulations with MPI and CR
enabled, for pp collisions at 4/s = 13 TeV in both the
CS and HE reference frames. In both frames, the dis-
tributions appear flat with no significant modulation, in-
dicating that the decay of the J/i mesons is isotropic,
consistent with no observable polarization of the quarko-
nium states within this kinematic range. Note that this
is in contrast with the previous investigation [58], where
anisotropies have been observed in both polar and az-
imuth distributions with similar PYTHIAS settings, as
used in the present calculations.
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FIG. 7. The polarization parameters (Ag, Ay, and Agy) as

functions of transverse momentum (pr) for J/¢ and Y(15)
mesons in p—p collisions at /s = 13 TeV. The results are pre-
sented in both the HE and CS reference frames. 1% single
muon momentum smearing has been applied to mimic detec-
tor resolution effects. The figure illustrates the sensitivity of
polarization observables to detector-level distortions for both
charmonium and bottomonium states.

Having obtained the angular distributions, we now pro-
ceed to extract the polarization parameter Ay for both
the J/¢ and Y(15) mesons as a function of transverse
momentum (pr), using three independent methods: the
average method, the one-dimensional (1D) fit method,
and the population counting method as shown in Fig. 3.
All three approaches consistently indicate no significant
polarization, with Ay values statistically compatible with
zero across the studied pr range.

Based on the extracted values of \g, we further esti-



mate the corresponding spin density matrix element, pgq,
using the relation :

_ 1-3poo
A = 1+poo *

In Figure 4, we find pgp = % across the entire pt range,
indicating the absence of a preferred spin alignment. This
results further confirms the isotropic nature of the angu-
lar distributions of the decayed muon pairs observed in
our analysis. These results are also in stark difference
with the previous computations [58], where A\ polariza-
tion parameters have been obtained via average distri-
bution method. The behavior of )y in both reference
frames, has shown indication of J/1 being longitudinally
polarized at low ppr and transversely polarized at high
pr. The Ay parameter on the other has been found to be
negative in HE and positive in CS frame for J/1) mesons
across all energies. The estimated values of Agy parame-
ter has been found to be close to zero as a function of pp.
Observation of non-zero polarization has been attributed
to the underlying physics processes in PYTHIAS like feed
down and final state gluon radiation. Interestingly even
though we have generated inclusive data samples for both
quarkonia states, we do not see any hint of non-zero po-
larization.

0.14F « 0.5% smearing
= 1% smearing

0.12F . 2% smearing
v 3% smearing

0y, (Gevic?)

,
12 14 16
p, (GeVic)

FIG. 8: J/v mass resolution (o;,,) as a function of pr for
four different values of single momentum smearing conditions.
The single muon momentum resolutions are so chosen that the
corresponding pair mass resolutions are comparable to values
reported by LHCb and ALICE experiments.

To further investigate whether variations in the under-
lying physics processes can induce polarization in quarko-
nium states, we extract the polarization parameters using
different configurations of PYTHIAS, specifically: MPI:on
& CR:off, MPI:off & CR:on and MPI:off & CR:off,
and compare them with the default setting, i.e., MPI:on
& CR:on. As shown in Fig. 5 , all extracted polariza-
tion parameters remain consistent with zero across these
different settings. This observation suggests that neither
MPI nor CR as implemented in PYTHIAS8-induces any
significant polarization in quarkonium states.

This is rather expected because quarkonia are predom-
inantly produced in the hardest partonic scattering of the
event. Subsequent semi-hard or soft parton interactions,
such as those modeled by MPI, are unlikely to influence
the spin alignment of the quarkonium state directly. As a
result, such secondary partonic interactions cannot intro-
duce polarization in quarkonium states. Similarly, color

reconnection (CR) is a non-perturbative process that af-
fects hadronization by reconnecting color strings origi-
nating from different partonic interactions. Since CR
primarily alters the final-state color topology without
coupling to the spin degrees of freedom, it is also not
expected to introduce any spin alignment in quarkonium
production.

1
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FIG. 9: The polarization parameter A\§® (left) and Aj'® (right)
as a function of pr for different amounts of single muon mo-
mentum smearing.

As highlighted in previous studies, the extraction of
polarization parameters is highly sensitive to detector ac-
ceptance, efficiency effects, and the associated correction
procedures. In particular, the angular distributions of
decay products, can be subjected to significant distor-
tion by the limited geometric acceptance, non-uniform
detector response, and kinematic thresholds imposed by
the detector system. If these effects are not properly ac-
counted for, or if residual distortions remain even after
correction, the measured polarization parameters can be
biased or misleading. For instance, an isotropic angu-
lar distributions of decayed muons at the generator level
may appear anisotropic after detector-level smearing and
reconstruction, falsely indicating polarization. Conse-
quently, any meaningful comparison between simulation
and experimental data, or between different experiments,
requires that detector effects be consistently corrected
for.

To address potential biases introduced by detector ef-
fects, we simulate the effects of momentum smearing and
inefficiencies in muon detection. The former is imple-
mented by applying a Gaussian smearing to the relative
momentum resolution, dp/p, of the p,, p,, and p, com-
ponents of the single muon momentum, with a resolu-
tion width of 1%. For the latter, we construct a single-
muon efficiency matrix as a function of pr and 7. Using
this matrix, we apply an acceptance-rejection method in
which each generated muon is probabilistically accepted
or rejected based on the corresponding efficiency value in
its (pr, n)-bin. Following this, we compute the dimuon ef-
ficiency as a function of the decay angular variables, i.e.,
cosf and ¢, in both the CS and HE reference frames.
While the single-muon efficiency is applied over the en-
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FIG. 10: Single muon efficiency matrix as a function of pr and 7 used for probabilistically accept or reject muons from quarkonia

decay.

tire event sample that we analyse but to ensure statisti-
cal independence between the efficiency estimation and
its application, we divide the full event sample into two
disjoint subsets in a 40:60 ratio. The efficiency correction
factors are derived from the 40% subset and subsequently
applied to the remaining 60% of the sample.

Upon applying momentum smearing to single muons,
the dimuon invariant mass which was originally a delta
function centered at the quarkonium pole mass (as given
by the PDG), becomes broadened due to the detector
resolution effects. The resulting invariant mass distribu-
tion is fitted using a double-sided Crystal Ball function
to model both the Gaussian core and the non-Gaussian
tails. To suppress background and ensure mass consis-
tency with the quarkonium signal, only those dimuon
candidates falling within 430 around the fitted mean
mass are retained for further analysis. With this mass
window selection imposed, we observe from Fig. 6 that
the angular distributions of the decay muons, evaluated
in both CS and HE frames, exhibit clear modulations.
These modulations mimic the presence of a non-zero po-
larization, even though the original generator-level sam-
ple is unpolarized. This demonstrates that detector reso-
lution effects, coupled with invariant mass selection, can
artificially induce angular anisotropies. When extract-
ing the polarization parameters Ag, A,, and A, from
these angular distributions, clear non-zero values for Ay
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FIG. 11: Dimuon efficiency as a function of cosf and ¢, ob-
tained after including 1% and 3% single muon momentum

smearing and +30 pair mass window cut in 2 < pr < 3
GeV/c.

and A, are observed as functions of pr even in the orig-
inally unpolarized samples. This effect is notably more
pronounced for the J/¢¥ meson compared to the Y(15),



reflecting enhanced sensitivity to detector resolution ef-
fects at lower quarkonium masses. The underlying reason
for this is the relation between muon kinematics and the
reconstructed dimuon invariant mass M. Approximating
the invariant mass as

M = \/2pip2(1 — cos ),

where p; are the muon momenta and « is the opening
angle between them, the mass resolution induced by a
momentum smearing dp can be approximated by

IM = /(1 — cosa) - dp.

This expression shows that the mass resolution ex-
plicitly depends on the decay kinematics, particularly «,
which is correlated to the polar angle 6 of the decay muon
(uT) in the quarkonium rest frame. Applying a fixed
mass-window cut, +30 around the quarkonium mass
peak then implicitly imposes a cos #-dependent selection
efficiency that distorts the observed angular distribu-
tions. Since the J/1 mass (~ 3.1 GeV/c?) is significantly
smaller than that of the Y(1S) (~ 9.46 GeV/c?), its
decay muons have lower average momentum and conse-
quently exhibit a larger opening angle in the laboratory
frame. This leads to a broader reconstructed mass
distribution and a stronger angular-dependent accep-
tance bias from the mass-window selection. Conversely,
the heavier YT(15) experiences less mass broadening
and reduced distortions in the angular distributions.
This interplay between quarkonium mass, momentum
resolution, and selection condition explains how detector
smearing and mass-window cuts induce more significant
artificial polarization effects in the J/¢ than in the
Y(15). Interestingly, as can be seen from Fig. 7, in the
HE frame, \g for J/t¢ exhibits a clear trend: at low
transverse momentum (pr < 5 GeV/c), the polarization
appears longitudinal, i.e., Ay < 0; whereas at higher
pr, the distribution becomes transversely polarized,
with Ag > 0. This transition is not present at the
generator level and arises solely from the combination of
momentum smearing and mass-window selection. The
corresponding effect of finite single muon momentum
resolution on the so called frame invariant quantity
(MAinw) is discussed in Appendix A. At this juncture it
would be further interesting to investigate the effect of
variation in single muon momentum smearing on the
corresponding mass resolution of J/¢ and the combined
effect of momentum smearing and mass window selection
on the degree of induced artificial polarization on the
angular distribution of the reconstructed di-muons. For
this purpose we have varied the single muon momentum
smearing between 0.5% to 3%. The corresponding mass
resolutions of J/v is shown in Fig. 8 as a function of
pr. As expected, larger momentum resolution leads to
wider di-muon mass distribution with stronger effect
with increasing pr. It may be noted that J/i mass
resolution reported by LHCb collaboration is ~ 12
MeV /c? [71] and that measured by ALICE collaboration

is ~ 72 MeV/c? [72, 73] (for Run2 data). Thus for
0.5% and 1% muon momentum smearing conditions the
corresponding mass resolution of J/¢ are comparable to
the one measured by LHCb while 2% and 3% momentum
smearing conditions lead to similar mass resolution of
J/¢ as measured by ALICE. The resultant effects of
momentum smearing and pair mass selection cut on
)\gs and )\gE are illustrated in Fig. 9. We observe that
the effect of momentum smearing on the polarization
parameters is large at high pp. The difference between
the values of /\gs or AJE between the momentum
unsmeared and momentum smeared condition increases
as we go from low pr to high pr, maximum difference is
~ 40% (~ 30%) for AS® (AHE) in the pr range 10 < pr
< 15 GeV/c%.

As previously described, we now introduce detector in-
efficiencies in addition to momentum smearing and eval-
uate their combined effect on the dimuon angular ef-
ficiency. Specifically, we determine the efficiency as a
function of cos# and ¢ in both the CS and HE frames,
after applying a +30 mass window cut around the fitted
dimuon invariant mass peak, for 1% and 3% single muon
momentum smearing. To ensure an unbiased correction,
the full sample for each case is divided into two statis-
tically independent subsets in a 40:60 ratio. The 40%
subset is used to derive the angular efficiency correction
factors, which are then applied to the remaining 60% of
the sample. This allows us to test whether the original
unpolarized angular distribution can be recovered after
accounting for detector inefficiencies.

Figure 10 displays the single-muon efficiency matrix

used for the probabilistic acceptance or rejection of gen-
erated muons, as a function of pr and 7. The result-
ing dimuon efficiency distributions, evaluated in terms
of cosf and ¢ in 2.0 < pr < 3.0 GeV/c, are shown in
Figure 11, illustrating the non-uniform acceptance intro-
duced by detector effects across the angular phase space.
After correcting for detector inefficiency effects using the
derived angular efficiency maps, we find from Fig. 12 that
the extracted polarization parameters are consistent with
zero for both J/+ and Y(1S5) in the CS and HE frames.
For Y(15) as displayed in Fig. 13, it agrees well with AL-
ICE preliminary results for /s = 13 TeV p-p collisions.
No such comparison can be made for J/v, as the corre-
sponding measurements are still not available.
Also to mention, we have repeated the same exercise with
a different form of single muon efficiency matrix to un-
derstand whether the degree of artificially induced polar-
ization has any explicit dependence on the shape of the
single muon efficiency. We find that subsequent to effi-
ciency correction, the qualitative trend of the extracted
polarization parameters are almost similar to the default
one. Further details can be found in Appendix B.

The above results demonstrate that, within our sim-
ulation framework, the applied corrections are effective
in recovering the original unpolarized angular distribu-
tions. The results are stable with respect to the sys-
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FIG. 12: The polarization parameter (A\g) as a function of transverse momentum (pr) for J/¢ (red) and Y(1S5) (red) mesons in

p—p collisions at v/s = 13 TeV and 7 TeV, respectively. The res
Muon momentum smearing (1%) and detector efficiency correc

tematics associated with the momentum smearing and
detector inefficiency effects. It should however, be em-
phasized that our study employs a simplified detector
model. In particular, the momentum smearing was as-
sumed to be identical for both the 40% subset used to
derive efficiency maps and the 60% subset used for ap-
plying corrections. In realistic experimental conditions,
the detector response may be more complex, introduc-
ing residual effects that may not be fully accounted for

ults are shown in the HE (left) and CS (right) reference frames.
tions have been applied to mimic realistic experimental effects.

within this framework. Such residuals can lead to subtle
distortions in the angular distributions and potentially
generate spurious polarization signals that resemble true
physical effects.
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FIG. 13: Comparison of the polarization parameter Ag as a
function of transverse momentum pr for Y(1S) mesons in
proton—proton collisions. Results are shown in the (left) CS,
and (right) HE frames. The comparison includes PYTHIA8
simulations at /s = 13 TeV, corrected for muon momentum
smearing (1/%) and detector effects, experimental data from
LHCb at /s = 7 TeV, and ALICE data at /s = 13 TeV.

V. SUMMARY AND OUTLOOK

This study investigates the polarization of quarkonium
states specifically J/¢ and Y (15) produced in proton—
proton collisions at 1/s = 7 and 13 TeV, using simulated
data generated with PYTHIA8. The angular distributions
of the decay muon pairs are analyzed in both the HE and
CS reference frames to extract the polarization parame-
ters Ag, Ap, and Ag,, which characterize the anisotropy
of the quarkonium decay angular distributions.

The relevant variables for extraction of polarization pa-
rameters, i.e, cosf and ¢, are computed following stan-
dard experimental procedures. A rapidity selection of
2.5 < y < 4.0 is imposed on dimuon pairs to emulate the
acceptance of the ALICE Muon Spectrometer. Polariza-
tion parameters are extracted using three independent
methods angular averaging, one-dimensional (1D) fitting,
and population counting. All three approaches yield re-
sults consistent with zero polarization at the generator
level, which aligns with the fact that, by construction,
quarkonium states produced in PYTHIARS are unpolar-
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ized and decay isotropically. Moreover, variations in the
underlying event configuration, enabling or disabling of
multiparton interactions (MPI) and color reconnection
(CR) in particular, do not significantly affect the ex-
tracted polarization parameters. This suggests that MPI
and CR, as modeled in PYTHIAS8, do not induce spin
alignment in quarkonium production.

When detector-level effects are introduced, including
muon momentum smearing, acceptance-efficiency cor-
rections, and invariant mass window selections, clear
distortions appear in the angular distributions. These
lead to artificially non-zero polarization parameters,
even for initially unpolarized samples. The effect is
particularly significant for the lighter J/v meson, which
is more susceptible to distortions due to its lower mass
and larger average decay opening angle of muon pairs
compared to Y(1S). Notably, in the HE frame, the
combined influence of smearing and selection biases
causes \g to exhibit a transition from apparent longitu-
dinal polarization at low pt to transverse polarization
at higher pr. After applying acceptance and resolution
corrections, the extracted polarization parameters
become consistent with zero, thus restoring the expected
isotropic decay distributions. For Y(1S), the corrected
simulation results are in good agreement with prelimi-
nary measurements reported by the ALICE experiment
at forward rapidity. This study highlights the crucial
role of detector effects in quarkonium polarization
measurements and the importance of rigorous correction
procedures. It demonstrates that even an unpolarized
input sample can yield spurious polarization signals if
detector resolution and selection biases are not properly
accounted for. These findings emphasize the necessity of
detailed detector modeling and correction strategies in
both experimental and theoretical polarization analyses
to avoid potential misinterpretations of the measured
polarization parameters.

Data Availability Statement: Data associated with
the manuscript will be made available on reasonable re-
quest..
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Appendix: Frame Invariant Measurement

It is well established that the polarization parameters
Ags Ay, and Mgy, extracted from the angular distribution
of quarkonium decays, are frame-dependent i.e., their val-
ues can vary significantly depending on the choice of the
quantization axis. This frame dependence complicates
direct comparisons across experiments, or between theo-
retical predictions and experimental measurements, un-
less the same reference frame is adopted.

To address this ambiguity, it is often recommended to
evaluate the frame-invariant polarization parameter \;,,,,

defined as

Ag+3A
Ainy = 20582
mnv 1_Akp

which provides a more robust characterization of the
quarkonium spin alignment, independent of the specific
coordinate system.

<§ J/p Frame-Invariant Polarization Y (1S) Frame-Invariant Polarization
0.4
t PYTHIA, pp collisions at s = 13 TeV

F Muon momentum smearing E

PYTHIA, pp collisions at Vs = 13 TeV
Muon momentum smearing
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04l |4 HE Frame - HE Frame
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FIG. 14: Comparison of the frame invariant polarization
parameter,\in., as a function of transverse momentum (pT)
for (left) J/4 and (right) T(1.5) mesons, with 1% single muon
momentum smearing, in p—p collisions at /s = 13 TeV from
PYTHIAS.

As already discussed and shown in Fig. 7 that the ap-
plication of muon momentum smearing leads to non-zero
values of the polarization parameters, particularly for
Ag and A, even though the underlying sample remains
unpolarized. These non-zero values are therefore spu-
rious and originate from detector resolution effects and
kinematic selection biases. To evaluate the consistency
of the observed polarization across different frames, we

13

compute the frame-invariant parameter \;,,, as defined
above, with 1% single muon momentum resolution. We
find from Fig. 14, despite the apparent frame-dependent
distortions in the individual polarization parameters, the
values of \;,, obtained in both the CS and HE frames
are consistent with each other within statistical uncer-
tainties. Similar feature is obtained if 3% single muon
momentum resolution is assumed. This confirms the ro-
bustness of \;,, as a frame-independent observable and
underscores its importance while comparing polarization
results across different coordinate systems or experimen-
tal setups. particularlv when detector effects are present.

Single p efficiency

T 20
)
0, €

FIG. 15: A different form of single muon efficiency matrix
as a function of pr and 7 used to probabilistically accept or
reject muons from quarkonia decay.

Appendix: Sensitivity of extracted polarization
parameters on the efficiency matrix

We also check the sensitivity of our obtained results
on the variation in the shape of the single muon effi-
ciency distribution in the (7, pr) space. For this purpose
we choose a different form of the single muon efficiency
matrix, that falls steeply to zero at the edges as shown
in Fig. 15. With this new efficiency map and following
the same strategy as discussed above, we extract the Ay
parameters in CS and HE frames for two characteristic
values (1% and 3%) of momentum resolution, as shown
in Fig. 16. In both the frames results are in line with the
default choice.
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FIG. 16: The polarization parameter (\g) as a function of transverse momentum (pr) for J/¢ (red) and Y(1S) (red) mesons
in p—p collisions at /s = 13 TeV and 7 TeV, respectively. The results are shown in the HE (left) and CS (right) reference
frames. Muon momentum smearing (1% and 3%) and detector efficiency corrections, following the shape described in Fig. 15
have been applied to mimic realistic experimental effects.
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