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1 Introduction

In high energy heavy ion collisions, a very strongly-interacting medium of deconfined quarks
and gluons, known as the quark-gluon plasma (QGP), is created [1]. Quarkonia, bound
states of a heavy quark and its antiquark, e.g., charmonia (J/ψ, ψ(2S)), and bottomonia
(Υ(1S, 2S, 3S)), are useful probes to study the properties of the QGP. Since heavy quarks
are predominantly produced at the early stages of collisions by hard partonic scattering
processes, they experience the whole space-time evolution of the medium. Models includ-
ing static color screening [2, 3] and gluo-dissociation effects [4–6] inside a QGP medium
predict a suppression of quarkonium yields in nucleus-nucleus (AA) collisions compared to
proton-proton (pp) collisions [7]. On the other hand, quarkonia may also be created by
recombination of quarks and antiquarks which were initially uncorrelated, thereby resulting
in an enhancement of the measured yields [8].

Experimentally, the modification of particle yields in heavy ion collisions is quantified
by the nuclear modification factor, defined as the ratio of yields in AA collisions to those
in pp collisions scaled by the estimated number of binary nucleon-nucleon (NN) collisions.
Results from the CERN SPS, BNL RHIC, and CERN LHC experiments show significant
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suppression of J/ψ mesons in AA collisions [9–19]. At the LHC, the ALICE Collabora-
tion [17, 18] observed a weaker suppression of J/ψ mesons in the low transverse momentum
(pT) region below 3 GeV/c than was seen by experiments at the SPS and RHIC. This
result has been interpreted as a sign of enhanced recombination processes at LHC energies
because of the larger production cross section of charm quarks [17, 18, 20, 21]. These
measurements have provided information to constrain theoretical models that incorporate
different in-medium effects on charmonium states in order to describe thermal character-
istics of the QGP.

Another effective way to probe the dynamics of the QGP is the study of the azimuthal
(ϕ) distribution of particles produced in heavy ion collisions. Azimuthal anisotropies of the
particles can be characterized by Fourier coefficients (vn) of the ϕ distribution with respect
to the event plane, which corresponds to the direction of maximal particle density [22].
The presence of non-zero Fourier coefficients is referred to as collective flow by analogy
to hydrodynamic models. In particular, the second-order (v2) and the third-order (v3)
components are predominantly sensitive to initial collision geometry and event-by-event
fluctuations, respectively [23]. Because of the initial anisotropic shape of the QGP in the
transverse plane, quarkonia produced by initial hard-scattering processes experience dif-
ferent path lengths while traveling through the medium. Larger energy loss, and therefore
larger suppression, can occur for quarkonia moving in directions corresponding to larger
average path lengths. On the other hand, quarkonia created via recombination can have
an asymmetric ϕ distribution as a result of asymmetries in quark densities [24, 25].

In LHC experiments, sizable v2 values have been observed for J/ψ mesons in lead-lead
(PbPb) collisions at center-of-mass energies per nucleon pair

√
s

NN
= 2.76 and 5.02 TeV [26–

29], indicating collective flow behavior of charm quarks. However, these results have limita-
tions that prevent drawing firm conclusions on the origin of the v2 for J/ψ mesons, given the
large measurement uncertainties and the lack of separation between prompt and nonprompt
J/ψ mesons. Measurements of nonprompt J/ψ mesons, which originate from bottom hadron
decays, provide useful information on the propagation of bottom quarks in the QGP.

The CMS Collaboration has shown that in PbPb collisions the suppression of prompt
J/ψ (of pT above 6.5 GeV/c) within jets depends upon the fragmentation [30]. Theoretical
calculations suggest that jet quenching may drive the modulation of the ϕ distribution of
J/ψ at high pT [31]. These studies motivate the measurement of the azimuthal anisotropy
for prompt J/ψ mesons at higher pT to investigate the path length dependence of jet
quenching [32, 33].

Azimuthal correlations for ψ(2S) mesons are also a subject of interest. Prompt ψ(2S)
mesons have been found to be significantly more suppressed than prompt J/ψ mesons in
PbPb collisions [19, 34]. Measurements of v2 and v3 values for prompt ψ(2S) mesons are
expected to provide constraints on in-medium effects for charmonium states with different
binding energies in heavy ion collisions [21, 35].

This paper reports measurements of vn values for prompt and nonprompt J/ψ mesons,
as well as prompt ψ(2S) meson, using PbPb data collected with the CMS detector at

√
s

NN

= 5.02 TeV in 2018. The prompt and nonprompt J/ψ v3, and prompt ψ(2S) vn values are
measured for the first time. The charmonium states are identified via their dimuon decay
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channel. The data set corresponds to an integrated luminosity of 1.61 nb−1 [36, 37], allowing
the extraction of vn values as functions of meson transverse momentum and PbPb event
centrality (i.e., the degree of overlap of the two Pb ions). The numerical values of the
results for this analysis are tabulated in the HEPDATA record [38].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by
the barrel and endcap detectors. The forward hadron (HF) calorimeter uses steel as an
absorber and quartz fibers as the sensitive material. The two halves of the HF are located
11.2 m from the interaction region, one on each end, and together they provide coverage
in the range 3.0 < |η| < 5.2. The HF calorimeters are composed of individual detector
elements, or towers, having ∆η×∆ϕ = 0.175×0.175. Centrality is determined by the total
transverse energy deposited in both of the HF calorimeters, and is defined as the fraction of
the total hadronic inelastic nucleus-nucleus cross section, with 0% representing the largest
overlap of the two colliding Pb nuclei [39].

Muons are measured in the range |η| < 2.4, with detection planes made using three
technologies: drift tubes, cathode strip chambers, and resistive plate chambers. Matching
muons to tracks measured in the silicon tracker results in a relative transverse momentum
resolution, for muons with pT up to 100 GeV/c, of 1% in the barrel and 3% in the endcaps.
The pT resolution in the barrel is better than 7% for muons with pT up to 1 TeV/c [40]. A
more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in ref. [41].

3 Event selection

Events of interest are selected using a two-tiered trigger system. The first level (Level-
1), composed of custom hardware processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz within a fixed latency of
about 4µs [42]. The second level, known as the high-level trigger (HLT), consists of a
farm of processors running a version of the full event reconstruction software optimized
for fast processing, and reduces the event rate to around 1 kHz before data storage [43].
The trigger for this analysis was designed to have several stages. First, at least two muon
candidates should be reconstructed at Level-1. At the HLT, the events are required to
contain at least one Level-2 (L2) muon and another Level-3 (L3) muon, with requirements
on their invariant mass being within 1–5 GeV/c2. L2 muons are identified by matching the
tracks to the hits in the outer muon spectrometer. For L3 muons, full tracks from the L2
muon tracks and the inner tracker information are used in the reconstruction, in addition
requiring at least ten high-quality hits in the inner tracker [43].
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To reject beam-related background processes, events are required to have at least one
reconstructed primary vertex, and the clusters in the silicon pixel detector are required to be
compatible with the vertex position. There must be at least two towers that contain energy
deposits above 4 GeV in each of the HF detectors. The primary vertex, which is recon-
structed from two or more tracks, is required to be located within 15 cm of the central point
of the detector along the beam axis. In addition, the reconstructed muons are selected using
a set of offline muon identification criteria [30]. To ensure the reconstruction efficiency of
single muons is larger than 10%, muons within the following kinematic domains are selected:

pµ
T > 3.5 GeV/c for |ηµ| < 1.2,
pµ

T > (5.47 − 1.89|ηµ|) GeV/c for 1.2 < |ηµ| < 2.1, and
pµ

T > 1.5 GeV/c for 2.1 < |ηµ| < 2.4.
(3.1)

4 Acceptance and efficiency corrections

Correction factors are applied to all results to account for the detector acceptance, as well
as for the trigger, reconstruction, and selection efficiencies for µ

+
µ

− pairs. The correction
factors are derived from simulated prompt and nonprompt J/ψ and ψ(2S) meson samples
which are then embedded in simulated PbPb collisions. Corrections are evaluated in the
same bins of pT, centrality, and rapidity (y) used in the vn analyses. The meson samples are
generated with pythia 8.212 [44] using the CP5 underlying event tune [45], while the decay
of bottom hadrons is simulated with evtgen 1.3.0 [46], which provides a better descrip-
tion of the kinematic distribution of nonprompt charmonia. These meson events are then
embedded into simulated PbPb collision events generated using hydjet 1.9 [47], and prop-
agated through the CMS detector with the Geant4 package [48]. The pT distributions for
simulated J/ψ and ψ(2S) mesons are compared to those in data with fine pT intervals, and
the ratios of data over the simulation are used to reweight the simulation to better describe
the data as a function of pT. This weighting procedure accounts for possible mismodeling
of the J/ψ and ψ(2S) meson kinematics. Moreover, the reconstructed charmonia in data in-
clude feed-down contributions from heavier quarkonium state decays. These contributions
are not explicitly considered in the simulation, but their effect on the kinematic distribution
of the simulated charmonia is taken into account by the pT reweighting procedure.

The acceptance in a given analysis bin is defined as the fraction of generated J/ψ and
ψ(2S) mesons in that bin that decay into two muons passing the kinematic requirements
defined in eq. (3.1), and reflects the geometrical coverage of the CMS detector. The value
of the acceptance increases with dimuon pT and varies from 0.05–0.76.

The efficiency in a given analysis bin is defined as the ratio of the number of recon-
structed J/ψ and ψ(2S) mesons from which both muons pass the selections described in
section 3 and the number of generated J/ψ mesons from which both muons pass the kine-
matic requirements defined in eq. (3.1). Individual components of the efficiency (trigger,
track reconstruction, and muon identification) are measured using single muons from J/ψ
meson decays in both collision data and simulated samples, using a “tag-and-probe” (T&P)
technique [49, 50]. The ratio in the efficiency between the data and simulated samples is
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used as a correction factor for the efficiency extracted from the simulation. The reciprocals
of the acceptance and efficiency corretion factors are used as event-by-event weights when
the distributions of invariant mass and average vn are computed.

5 Signal extraction

The signal candidates for J/ψ (ψ(2S)) mesons are extracted in the kinematic range of
6.5 < pT < 50 GeV/c, |y| < 2.4, and centrality 0–90% (0–60%). The results are reported as
functions of pT and ⟨Npart⟩, where ⟨Npart⟩ is the average number of participating nucleons
in a given centrality interval [39]. The centrality range for pT-dependent results is limited
to 10–60% to ensure a large anisotropy of the QGP. The most central collisions (0–10%) are
excluded due to the small eccentricity in the initial geometry of the medium, while the most
peripheral collisions (60–90%) are excluded because of the poor resolution in extracting the
vn coefficients. In addition, the lower pT region is extended down to 3 GeV/c (4 GeV/c) for
J/ψ (ψ(2S)) in the forward rapidity region. Details of the kinematic selection and ⟨Npart⟩
values for each centrality interval can be found in tables 2 and 3 in Appendix A. The
mass ranges of 2.6–3.5 and 3.3–4.1 GeV/c2 are used to study the J/ψ and ψ(2S) mesons,
respectively.

The separation of the prompt and nonprompt charmonium production components
relies on the measurement of a secondary µ

+
µ

− vertex displaced from the primary collision
vertex. The pseudo-proper decay length [51] is defined as ℓJ/ψ = Lxyz mJ/ψ c/|pµµ|, where
Lxyz is the distance between the primary and dimuon vertices, mJ/ψ is the world average
value [52] of the J/ψ meson mass (assumed for all dimuon candidates), and pµµ is the
dimuon momentum. To extract prompt and nonprompt J/ψ meson yields, the invariant
mass spectrum of µ

+
µ

− pairs and their ℓJ/ψ distribution are fitted using a two-dimensional
(2D) extended unbinned maximum likelihood fit. The parameters of different components
of the 2D probability density function (pdf) are obtained through fits to the invariant
mass and the ℓJ/ψ distributions, which are further used in the final 2D fits. These fits are
performed for each vn interval in the measured kinematic region. The evaluation of vn

coefficients is detailed in section 6. Figure 1 shows the dimuon invariant mass and ℓJ/ψ

projection of the 2D fit in the ranges 3.0 < pT < 4.5 GeV/c and 0.0 < v2 < 0.3 for the
10–60% centrality interval.

Sums of two Crystal Ball (CB) functions [53], with different widths but common mean
and tail parameters, are used to extract the signal yield values from the invariant mass
distribution. Two separate sums of CB functions are used to describe the prompt and
nonprompt contributions to the J/ψ signal. The tail parameters, as well as relative con-
tributions of the two CB functions and the ratio of their widths, are fixed to the values
obtained from simulation. The background component for the invariant mass distribution
is described by a sum of Chebyshev polynomial functions up to order N , where N is de-
termined by performing the log-likelihood ratio (LLR) test [54]. This procedure is done
for each analysis bin, while the tail and width ratio parameters are kept fixed. The poly-
nomial order is chosen as the minimum so that increasing it does not significantly improve
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Figure 1. Invariant mass (left) and ℓJ/ψ (right) distributions for the bin of 3.0 < pT < 4.5 GeV/c
and 0.0 < v2 < 0.3 in centrality 10–60%. The solid lines represent the total fit, while the dashed and
dash–dotted lines represent the prompt and nonprompt components, respectively. The background
contributions are shown by the filled blue histograms.

the quality of the fit. In most analysis bins, the first-order Chebyshev polynomial function
is used as the background function.

Prompt and nonprompt signals and background components of ℓJ/ψ distributions are
parameterized using collision data and simulated samples. The sPlot technique [55] is used
to obtain ℓJ/ψ distributions of J/ψ signal and background from data, which have different
invariant mass distributions. The correlation between the mass and ℓJ/ψ is found to be
very small, such that its impact on the final results is negligible. This justifies the use
of the dimuon mass distribution to separate signal and background distributions of ℓJ/ψ

using the sPlot [30] technique. The ℓJ/ψ resolution is obtained by fitting the negative tail
of the J/ψ signal ℓJ/ψ distribution in data using a sum of two Gaussian functions. Note
that ℓJ/ψ can have negative values as a result of the finite detector resolution. The shape
of the ℓJ/ψ distributions of prompt J/ψ signals is described by the ℓJ/ψ resolution. The ℓJ/ψ

distribution of nonprompt J/ψ signals is parameterized by the sum of three exponential
functions convoluted with the resolution function. The parameters of the three exponential
functions are determined by a fit of the ℓJ/ψ distribution of simulated nonprompt J/ψ
mesons at the generator level. The background ℓJ/ψ distribution in data is fit to a sum of
exponential functions. To extract the yields of prompt and nonprompt J/ψ mesons, a fit
to the m

µ
+

µ
− and ℓJ/ψ distributions is performed, where the free parameters include the

J/ψ meson yield, nonprompt J/ψ meson fraction, and background yield. A more detailed
description of the fitting procedure can be found in ref. [19].

For ψ(2S) mesons, the nonprompt component is reduced by placing tight constraints on
the ℓJ/ψ distribution. The constraint, studied in simulated samples, rejects the nonprompt
ψ(2S) contamination while maintaining a prompt ψ(2S) purity of at least 90%. The
remaining contribution of nonprompt ψ(2S) mesons ranges from 5 to 10% and is assigned
as a systematic uncertainty for the nonprompt ψ(2S) contamination.
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6 Extraction of vn

The vn (n = 2 and 3) values of J/ψ and ψ(2S) candidates are determined using the
scalar product (SP) method [56]. The Q-vectors are defined in the complex plane Qn =∑M

k=1 ωkeinϕk , obtained using the tracker or calorimeters. Here, M is the multiplicity of
particles in the tracker or the number of towers for HF; ϕ is the azimuthal angle of the
particle or the tower; ωk is the weighting factor, that is the pT of a particle for the tracker
or the transverse energy deposited in an HF tower. In this analysis, Q-vectors from three
subevents are calculated using the tracker at the mid-pseudorapidity (|η| < 0.75) and sim-
ilarly the two HF calorimeters covering the forward (3 < η < 5, HF+) and backward
(−5 < η < −3, HF−) regions. Two different procedures are applied in extracting v2 of J/ψ
and ψ(2S). The procedure for extracting ψ(2S) v2 has been established in previous publi-
cations [56], while a new method is applied to the extraction of J/ψ v2 with the advantage
of avoiding making assumptions of background candidate v2. The vn coefficient for J/ψ or
ψ(2S) mesons is obtained as follows:

vn {SP} ≡

〈
QJ/ψ,ψ(2S)

n Q∗
nA

〉
√

⟨QnAQ
∗
nB⟩⟨QnAQ

∗
nC⟩

⟨QnBQ
∗
nC⟩

. (6.1)

The Q-vector of the J/ψ or ψ(2S) candidate is defined as QJ/ψ

n = einϕ, where ϕ is
the azimuthal angle of the candidate. The subscripts A and B refer to either HF+ or
HF−, depending on the rapidity of the J/ψ or ψ(2S) candidate. Flattening and recentering
procedures are applied to the Q-vectors relative to HF and the tracker for removing detector
acceptance effects. To avoid short-range non-collective correlations, the η gap between the
J/ψ or ψ(2S) candidate and the detector used for the subevent determination is required to
be at least three units of rapidity [56–58]. For this purpose, HF+ is selected for A (B) when
J/ψ and ψ(2S) candidates are produced at negative (positive) rapidity. The subscript C
denotes the subevents taken from the tracker. The denominator in eq. (6.1) is the correction
factor to remove the finite resolution effect of the detectors and finite final-state multiplicity.

To extract the prompt and nonprompt J/ψ meson vn values, the J/ψ candidates are
classified into fine vn intervals of their flow vector SPs (i.e., eq. (6.1) but not averaged
over all J/ψ candidates). Then, a simultaneous invariant mass and ℓJ/ψ fit, as described in
section 5, is performed in each vn interval to extract the corresponding inclusive J/ψ meson
yield and the nonprompt J/ψ meson fraction, and to obtain the SP distribution of both
prompt and nonprompt J/ψ signal. The prompt J/ψ meson vn values can be obtained by:

vprompt
n =

∑
(1 − fi)v

i
nY

i∑
(1 − fi)Y

i , (6.2)

while the nonprompt J/ψ meson vn values can be obtained by:

vnonprompt
n =

∑
fiv

i
nY

i∑
fiY

i . (6.3)
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Here vi
n is the center of the i-th SP bin, while fi and Y i are the nonprompt J/ψ meson

fraction and inclusive J/ψ meson yield in the same bin, respectively.
A different method is used to extract the prompt ψ(2S) meson flow harmonics. The

average Q-vectors of all prompt ψ(2S) meson candidates are divided into bins of invariant
mass, as shown in the lower panel of figure 2. For every invariant mass bin, the prompt
ψ(2S) meson vn coefficient is calculated using eq. (6.1). The ψ(2S) candidate invariant
mass spectrum and vn distribution as a function of invariant mass are fit simultaneously
using binned χ2 fits. The invariant mass spectrum is fit with the sum of two CB functions
and a Chebyshev polynomial function, as described in section 5. The vn distribution is fit
to the following formula:

vSig+Bkg
n (minv) = α(minv)vψ(2S)

n + [1 − α(minv)]vBkg
n (minv), (6.4)

where vψ(2S)
n is the prompt ψ(2S) meson vn, which is independent of minv by definition;

vBkg
n (minv) is the background vn modeled as a first-order polynomial function of invariant

mass; and α(minv) is the ψ(2S) signal fraction as a function of invariant mass:

α(minv) =
Sigψ(2S)(minv)

[Sigψ(2S)(minv) + Bkg(minv)] . (6.5)

An example of a simultaneous fit to the mass distribution (upper panel) and vn profile
(lower panel) for ψ(2S) mesons is shown in figure 2 for a representative analysis bin.

7 Systematic uncertainties

Systematic uncertainties in this analysis originate from various sources including the model-
ing of signal and background pdfs, and acceptance and efficiency corrections (trigger, track
reconstruction, and muon identification). For uncertainties from the signal pdf, two factors
are considered. The first factor is the choice of the signal pdf, and the second is the values
of fixed parameters in the invariant mass fit. To evaluate uncertainty on the choice of two
CB fit functions, an alternative pdf is formed by adding one CB function and one Gaussian
function. The deviation of vn to the nominal one is quoted as the uncertainty. Uncertain-
ties from the fixed signal shape parameters are studied by releasing each parameter one
at a time. The root-mean-square (RMS) of differences between the nominal and altered
vn results is assigned as the uncertainty. For the uncertainty in the background pdf, an
exponential of a Chebyshev polynomial is considered as an alternative pdf for the invariant
mass distribution. The variation in the vn results is quoted as the systematic uncertainty.

The uncertainty due to the acceptance correction is evaluated by comparing results
with and without pT reweighting of the signal shape in simulated samples. The variation of
efficiencies due to the T&P correction is considered. The change of results by varying the
T&P correction within its uncertainty is quoted as an uncertainty in the final vn results. In
addition, the uncertainty due to hadronic event selection is considered. The collision event
filter is varied, thus allowing for a migration of J/ψ and ψ(2S) mesons across centrality
boundaries. The effect on measured vn values is taken as a systematic uncertainty. Then,
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Figure 2. Simultaneous fits of the dimuon invariant mass spectrum and the vSig+Bkg
2 (left) and

vSig+Bkg
3 (right) distributions for ψ(2S) mesons, as defined by eq. (6.4), for 6.5 < pT < 10 GeV/c

and centrality 10–60%. In the upper panel, the solid black (signal + background) and dashed blue
(background only) lines show the result of the mass fit. In the lower panel, the vertical lines of the
vSig

n points represent the statistical uncertainty. The solid (vn signal + background) and the dashed
(vn background) lines indicate the corresponding fit to the vn distributions.

the differences of resulting vn values from the nominal ones are considered as the systematic
uncertainty for the event selection.

Different components of the ℓJ/ψ pdf are varied to estimate the uncertainty in the non-
prompt J/ψ meson fraction. The total (signal+background) distribution is used instead of
individual distributions for the ℓJ/ψ uncertainty distribution. The ℓJ/ψ resolution obtained
from prompt J/ψ meson simulation is used instead of that evaluated from data. The pa-
rameters used in the function to describe the bottom hadron decay length shape of the
nonprompt J/ψ meson simulations are released in the final fit to data. Four exponential
decay functions are also considered instead of three. The maximum deviation between each
pair of two variations is taken as an uncertainty for bottom hadron decay length distribu-
tion of the nonprompt J/ψ. One additional exponential function on each side of the ℓJ/ψ

distribution of the background is used for the systematic uncertainty estimation. The RMS
of these four sources is taken as the systematic uncertainty for the nonprompt J/ψ fraction.

For the vBkg
2 (minv) modeling of ψ(2S) mesons, a second-order polynomial is used as

an alternative function. The deviation of vn results from nominal ones is assigned as the
systematic uncertainty. Uncertainties due to the nonprompt component in the ψ(2S) meson
vn are derived from the deviation of vn by using a looser ℓJ/ψ requirement that has twice the
residual efficiency for nonprompt ψ(2S) mesons compared to the nominal case. The total
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Uncertainty source
Prompt J/ψ Nonprompt J/ψ Prompt ψ(2S)
v2 v3 v2 v3 v2 v3

Total systematic 1.3–5.2 2.2–5.3 1.9–8.1 3.3–9.1 32.0–63.0 30.0–82.0
Signal parameters 0.4–3.0 0.1–3.0 0.9–5.0 0.1–3.0 3.0–10.0 10.0–30.0
Event selection 0.1–5.0 0.2–3.0 0.9–6.0 0.3–2.0 10.0–30.0 5.0–20.0
Nonprompt J/ψ fraction 0.3–4.0 0.8–4.0 0.4–6.0 2.0–9.0 — —
Nonprompt ψ(2S) contam. — — — — 20.0–50.0 10.0–40.0
Background vn — — — — 1.0–20.0 0.7–50.0

Table 1. Summary of the absolute total systematic uncertainty and its dominant contributions, in
units of 10−3.

uncertainty, calculated for each bin of pT or ⟨Npart⟩, is determined by taking the quadratic
sum of each individual source of uncertainty. In table 1, the total systematic uncertainty
is summarized along with its dominant sources. The ranges provided are illustrative and
represent the absolute values of the minimum and maximum uncertainties averaged over
all pT and ⟨Npart⟩ bins.

8 Results

The v2 and v3 coefficients measured for prompt and nonprompt J/ψ mesons in PbPb
collisions are shown in figure 3, as functions of pT and ⟨Npart⟩. There is at most a weak pT
dependence observed for the prompt and nonprompt J/ψ mesons within their respective
uncertainties. Results in figure 3 also show sizable v2 values for prompt J/ψ mesons even at
high pT, which are consistent with the v2 of charged hadrons in the high pT region [32, 33].

The measured v2 values for nonprompt J/ψ mesons are smaller than those for prompt
J/ψ mesons in the studied region. Such a difference could not have been observed at√
s

NN
= 2.76 TeV [28] because of the limited amount of data. These results are compatible

with measurements from the ALICE and ATLAS Collaborations [27, 29], and extend to a
higher pT region. A similar finding has been observed for prompt and nonprompt D0 [59].
These observations can be contrasted to those found for bottomonium measurements, in
which the v2 values for Υ mesons are found to be consistent with zero [56, 60].

In figure 3 (right), the v2 values for prompt and nonprompt J/ψ mesons are found to be
smallest in the most central PbPb collision events (0–10%), which corresponds to ⟨Npart⟩
> 356, and the v2 values increase toward mid-central collision events. This is expected
from the eccentricity in the initial collision geometry of these collisions. The lower panel
of the same figure shows measured v3 values for prompt and nonprompt J/ψ components.
No significant nonzero v3 values are found in studied kinematic intervals.

In figure 4, prompt J/ψ meson v2 values are compared to a theoretical prediction [31],
where high-pT prompt J/ψ are produced from the jet fragmentation. The medium response
of jets in PbPb collisions is simulated using the linear Boltzmann transport framework and
the v2 values are calculated as a consequence of path length dependent energy loss of jets
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Figure 3. The v2 (upper) and v3 (lower) values, as functions of pT (left) and ⟨Npart⟩ (right) for
prompt and nonprompt J/ψ mesons. The results for 3 < pT < 6.5 and 6.5 < pT < 50 GeV/c are
studied in the rapidity range of 1.6 < |y| < 2.4 and |y| < 2.4, respectively (left). The kinematic
range for the right panel is 6.5 < pT < 50 GeV/c and |y| < 2.4. The data points are positioned in
the middle of each pT bin. The vertical bars denote the statistical uncertainties and the rectangular
bands show the systematic uncertainties.

in the QGP. Note that the model is calculated with the centrality interval 10–30%, whereas
the data is for the centrality interval 10–60%. A finite v2 value is predicted by the model
calculation, suggesting that path length dependent energy loss of jets in this pT range needs
to be taken into account to describe the prompt J/ψ meson v2. However, the magnitude of
v2 values in the data is found to be underpredicted by the model. As no strong centrality
dependence in mid-central collision events is observed in data, this difference between the
observed v2 and theory calculation can not be explained by the different centrality intervals,
indicating that additional contributions are needed to describe the prompt J/ψ meson v2
at high pT.

Figure 5 shows the first vn measurements of the azimuthal anisotropy for prompt ψ(2S)
mesons in heavy ion collisions together with the results for prompt J/ψ mesons. The v2
values are found to be slightly larger for the prompt ψ(2S) than for the prompt J/ψ mesons,
especially at higher pT and in peripheral PbPb collisions, but the statistical significance
of this difference is too low to draw any conclusion, with p-values of at best 10%. The v3
values are found to be consistent with zero in the measured bins.
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3 < pT < 6.5 and 6.5 < pT < 50 GeV/c are studied in the rapidity range of 1.6 < |y| < 2.4 and
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bands show the systematic uncertainties.
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Figure 5. The v2 (upper) and v3 (lower) values, as functions of pT (left) and ⟨Npart⟩ (right) for
prompt J/ψ (blue circles) and prompt ψ(2S) (green squares) mesons. The results for pT < 6.5 and
pT > 6.5 GeV/c are studied in the rapidity range of 1.6 < |y| < 2.4 and |y| < 2.4, respectively (left).
The kinematic range for the right panel is 6.5 < pT < 50 GeV/c and |y| < 2.4. The data points are
positioned in the middle of each pT bin. The vertical bars denote the statistical uncertainties and
the rectangular bands show the systematic uncertainties.
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9 Summary

The second-order (v2) and third-order (v3) Fourier coefficients of azimuthal distributions
for prompt and nonprompt J/ψ, and prompt ψ(2S) mesons are measured in PbPb collisions
as functions of transverse momentum (pT) and event centrality. The v2 values for prompt
and nonprompt J/ψ mesons both indicate a decreasing trend from mid-central towards
central collision events. Within present experimental uncertainties, these v2 values show
no clear pT dependence between 3 and 50 GeV/c. The prompt J/ψ meson v2 values are
found to be larger than those of nonprompt J/ψ mesons throughout the studied kinematic
region, suggesting different in-medium effects for charm and bottom quarks. The prompt
J/ψ meson v2 values are larger than those from a model calculation which considered the
prompt J/ψ production above 10 GeV/c from jet fragmentation. This discrepancy indicates
additional effects are required to describe the observed sizable v2 at high pT for prompt J/ψ
mesons. The v3 values for prompt and nonprompt J/ψ mesons are reported for the first
time, and found to be consistent with zero in the measured pT and centrality intervals.
The v2 and v3 values are also measured for prompt ψ(2S) mesons and are compatible
with, although slightly larger than, those of prompt J/ψ mesons. These J/ψ and ψ(2S)
meson measurements provide new information about heavy quark interactions in the hot
and dense medium created in heavy ion collisions.
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A Kinematic regions

The kinematic ranges for J/ψ and ψ(2S) mesons used in this study are summarized in
table 2. The centrality and ⟨Npart⟩ values used are calculated using a Glauber model
simulation [39] and are summarized in table 3.

J/ψ ψ(2S)
|y| < 2.4 6.5 < pT < 50 GeV/c 6.5 < pT < 50 GeV/c

1.6 < |y| < 2.4 3 < pT < 6.5 GeV/c 4 < pT < 6.5 GeV/c

Table 2. A Summary of the kinematic regions for J/ψ and ψ(2S) in the centrality interval 10–60%.
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Centrality class ⟨Npart⟩
0–10% 356.9 ± 0.9
10–20% 262.3 ± 1.3
20–30% 188.2 ± 1.4
30–40% 131.0 ± 1.4
40–50% 87.1 ± 1.3
50–90% 27.1 ± 0.6

0–20% 309.6 ± 1.0
20–40% 159.6 ± 1.4
40–90% 39.1 ± 0.7

10–60% 144.6 ± 1.2

Table 3. The centrality classes and ⟨Npart⟩ values for PbPb collisions at
√
s

NN
= 5.02 TeV used in

this study.
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