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Abstract

Jets containing a prompt J/y meson are studied in lead-lead collisions at a nucleon-
nucleon center-of-mass energy of 5.02 TeV, using the CMS detector at the LHC. Jets
are selected to be in the transverse momentum range of 30 < pT < 40 GeV. The J/y
yield in these jets is evaluated as a function of the jet fragmentation variable z, the
ratio of the J/y pT to the jet pT. The nuclear modification factor, RAA, is then derived
by comparing the yield in lead-lead collisions to the corresponding expectation based
on proton-proton data, at the same nucleon-nucleon center-of-mass energy. The sup-
pression of the J/y yield shows a dependence on z, indicating that the interaction of
the J/y with the quark-gluon plasma formed in heavy ion collisions depends on the
fragmentation that gives rise to the J/y meson.
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1 Introduction
Dissociation of quarkonium states in nucleus-nucleus collisions is one of the best studied sig-
natures of the formation of the quark-gluon plasma (QGP), a deconfined state of quarks and
gluons. Although other nuclear effects have been identified, it is widely accepted that at least
part of the suppression of the various quarkonium states in central lead-lead (PbPb) collisions
at the collision energies probed at the CERN LHC is indeed coming from Debye-like screening
of heavy-quark pairs in the QGP, as anticipated in the seminal paper by Matsui and Satz [1].
This picture may be probed with quarkonia produced at rest. With the emergence of compet-
ing mechanisms, however, it becomes interesting to study the momentum dependence of the
nuclear suppression. In particular, this is true for regeneration [2], wherein quarkonia may be
created from heavy quarks produced independently. This effect is expected to become more rel-
evant with increased collision energy, as more heavy-quark pairs are produced. This explains
the relatively low nuclear suppression at low transverse momentum (pT) that is observed at the
LHC [3], as compared to data at lower collision energies [4, 5]. Independent of these nuclear
modifications, the interpretation of quarkonium results, and heavy-flavor results in general, is
typically based on the assumption that quarkonia are formed at early times compared to the
formation time of the QGP (on the order of 1 fm/c).

However, the formation time estimate of quarkonia is based on general arguments rather than
on a detailed calculation. Despite decades of theoretical developments, models generally are
not able to describe the entirety of the quarkonium data. In particular, they are not able to
simultaneously describe the polarization and the pT-differential cross section. A recent mea-
surement by the LHCb Collaboration that looked at hadrons produced at small angles with
respect to prompt J/y mesons (those not produced in b-hadron decays) in proton-proton (pp)
collisions [6] gives some new insight into this puzzle. The observable is the J/y-jet fragmenta-
tion function, which corresponds to the distribution of z, the ratio of the J/y pT to the pT of the
jet into which it is clustered. For jets in pseudorapidity 2.5 < h < 4.0 and pT > 20 GeV, LHCb
observes that prompt are produced with far more in-jet associated hadroproduction than pre-
dicted by models, i.e., J/y mesons tend towards lower values of z. Models of J/y production
typically couple fixed-order perturbative quantum chromodynamics calculations with nonper-
turbative matrix elements that describe hadronization of the charm quark pair into a color-
neutral state. A solution to this discrepancy was proposed in Ref. [7], where the evolution of
the parton shower prior to the formation of the J/y is accounted for. By including this parton
shower contribution, which is not described in hadronization generators such as PYTHIA [8],
the authors were able to successfully describe the data. Although the LHCb measurement only
concerns the subset of J/y found inside a relatively high-pT jet, a recent measurement by CMS
indicates that, for J/y with energy larger than 15 GeV, nearly all J/y are produced in association
with a significant degree of small-angle jet activity [9].

Assuming this explanation of the LHCb data is correct, this paradigm shift in our understand-
ing of J/y production has important implications for the interpretation of J/y data in nucleus-
nucleus collisions. It implies that J/y are not exclusively produced at short times, but may also
be produced in the course of the interaction of a hard-scattered parton with the QGP. Hence,
the suppression of the yield, as quantified by the nuclear modification factor (RAA), may be
sensitive to parton energy loss, the same phenomenon that gives rise to jet quenching. There
are already some hints in this direction. First, as observed in Ref. [10], the J/y RAA in PbPb
collisions [11, 12] appears to exhibit the same rise with pT as light hadrons show [13], which
for the case of light hadrons is well described by parton energy loss models [14–19]. Second,
in mid-central collisions the J/y show a significant magnitude of elliptic anisotropy in their
azimuthal angle (v2) [20] at large pT, a region where the hydrodynamical effects that produce
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such an anisotropy are expected to die out. We know of no explanation for this high-pT v2
feature other than path-length-dependent parton energy loss.

The goal of the current measurement is to investigate the z dependence of the nuclear modifi-
cation factor of jets containing a J/y meson, i.e.,

RAA(z) =
dNAA/dz

TAAdspp/dz
. (1)

This ratio compares the per-event yield in PbPb collisions (NAA) to the expectation based on
pp collisions, by scaling the cross section of the latter (spp) by TAA. The factor TAA is the
average effective nucleon-nucleon luminosity delivered by a single heavy ion collision for a
given centrality selection (a quantity related to the collision impact parameter) [21]. In the
absence of nuclear effects, RAA = 1.

This Letter constitutes the first direct study of the nuclear modification of J/y mesons inside
jets. Jets with a constituent J/y are studied in the jet pT range of 30 < pT < 40 GeV. The jets are
required to be in the pseudorapidity range jhj < 2, such that they are completely contained in
the tracker acceptance, with no explicit selection on the rapidity of the J/y. The pT of the J/y is
measured down to a threshold of 6.5 GeV. This gives a range of z from 0.22 to 1. We investigate
to what extent the RAA varies with z, and indirectly, the formation time of the J/y. These data
potentially constrain the roles of the different QGP interaction mechanisms that may be at play,
in particular parton energy loss and Debye screening.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, 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 scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the h coverage provided by the barrel and endcap detectors. Muons are de-
tected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid.
Muons are measured in the range jhj < 2.4, with detection planes made using three tech-
nologies: drift tubes, cathode strip chambers, and resistive plate chambers. The efficiency to
reconstruct and identify muons is greater than 96% over the full range of h. Matching muons
to tracks measured in the silicon tracker results in a relative transverse momentum resolution,
for muons with pT up to 100 GeV, of 1% in the barrel and 3% in the endcaps [22]. 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 < jhj < 5.2.

Events of interest are selected using a two-tiered trigger system [23]. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz for high luminosity pp collisions and 30 kHz
for PbPb collisions. 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 pro-
cessing, and reduces the event rate to around 1 kHz before data storage, for both pp and PbPb
collisions.

The particle-flow algorithm [24] aims to reconstruct and identify each individual particle in an
event, with an optimized combination of information from the various elements of the CMS
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detector. The energy of photons is obtained from the ECAL measurement. The energy of elec-
trons is determined from a combination of the electron momentum at the primary interaction
vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and the
energy sum of all bremsstrahlung photons spatially compatible with originating from the elec-
tron track. The energy of muons is obtained from the curvature of the corresponding track. The
energy of charged hadrons is determined from a combination of their momentum measured in
the tracker and the matching ECAL and HCAL energy deposits, corrected for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL energies.

Collision centrality is determined from the total transverse energy deposited in both of the
HF calorimeters. The centrality is expressed as a percentage of the total inelastic hadronic
cross section, with 0% representing the most head-on (central) collisions and 100% the most
peripheral collisions. Hadronic events are selected by requiring at least three towers in each
half of the HF calorimeter with an energy larger than 4 GeV. In this analysis, we restrict to the
90% most central events, where the hadronic event selection is fully efficient.

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. [25].

3 Data analysis
3.1 Simulation

Monte Carlo simulations are used as a baseline for the J/y efficiency and acceptance, as well as
the detector response to jets. Correction factors to account for data-to-simulation discrepancies
are discussed in the following section. Events are generated with PYTHIA 8 (version 8.230) [8],
using the CP5 underlying event tune [26]. Prompt J/y are produced using all color-singlet
and color-octet modes with the default matrix elements [27]. Simulation of PbPb collisions is
done by embedding PYTHIA 8 events into PbPb collisions events produced with the HYDJET

generator (version 1.9) [28]. The event activity at mid-rapidity is matched to that of minimum
bias collision data via an analysis of the energy deposited in randomly distributed cones. The
response of the CMS detector is simulated using the GEANT4 package [29].

3.2 Prompt J/y meson signal extraction

J/y mesons are measured via their decays into oppositely charged muon pairs. Events are
selected with a trigger that requires that at least two muon candidates are reconstructed in the
muon subsystem, first at L1, and then using refined information at HLT. In PbPb collisions, the
rate is reduced at HLT by requiring one of the two muons to match a track from the silicon
tracking subsystem. The invariant mass of the pair (mm+m� ) is required to be within the range
of 1 to 5 GeV.

A set of offline muon selection criteria that is optimized for low pT muons is applied [11].
The J/y yield is obtained from a fit to the mm+m� distribution in bins of jet pT and z. An
example of a mm+m� fit is shown in the left panel of Fig. 1. The signal is modeled as the sum of
two Crystal Ball functions [30] with different widths, but common mean and tail parameters.
The tail parameters are obtained from simulation. The dimuon background is modeled by a
Chebyshev polynomial.

Nonprompt J/y mesons, i.e., those that are produced in b hadron decays, are separated from
the prompt component by exploiting the long lifetime of these decays. A fit is performed to the
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Fi g u r e 1: P r oj e cti o n s of a t w o- di m e n si o n al fit u s e d t o e xt r a ct t h e p r o m pt J / ψ yi el d i n P b P b
c olli si o n s. L eft: T h e di m u o n i n v a ri a nt m a s s di st ri b uti o n. Ri g ht: T h e p s e u d o- p r o p e r d e c a y
l e n gt h (lJ /ψ ) di st ri b uti o n. T h e fit f u n cti o n s a r e d e s c ri b e d i n t h e t e xt. T h e l o w e r p a n el s di s pl a y
t h e p ull di st ri b uti o n s, d e fi n e d a s t h e diff e r e n c e b et w e e n t h e fit a n d t h e d at a, di vi d e d b y t h e
c o m bi n e d st ati sti c al u n c e rt ai nt y i n t h e fit a n d i n t h e d at a.

di st ri b uti o n of t h e p s e u d o- p r o p e r d e c a y l e n gt h, lJ /ψ = L m / |p |, w h e r e L i s t h e di st a n c e al o n g
t h e b e a m a xi s b et w e e n t h e J /ψ v e rt e x a n d t h e n e a r e st p ri m a r y c olli si o n v e rt e x, a n d m a n d p a r e
t h e w o rl d- a v e r a g e J /ψ m a s s ( 3. 0 9 7 G e V) [ 3 1] a n d t h e J / ψ c a n di d at e m o m e nt u m, r e s p e cti v el y.
A n e x a m pl e of a lJ /ψ fit i s s h o w n i n t h e ri g ht p a n el of Fi g. 1. I n o r d e r t o p a r a m et e ri z e t h e lJ /ψ

di st ri b uti o n, t h e s Pl ot t e c h ni q u e [ 3 2] i s u s e d t o d e c o m p o s e it i nt o t h e J / ψ si g n al a n d n o n-J /ψ
b a c k g r o u n d c o m p o n e nt s, u si n g m µ + µ − a s t h e di s c ri mi n ati n g v a ri a bl e. P r o m pt J / ψ m e s o n s c a n

h a v e n o n z e r o v al u e s of lJ /ψ , b ot h p o siti v e a n d n e g ati v e, b e c a u s e of t h e fi nit e d et e ct o r r e s ol u-
ti o n. T h e r e s ol uti o n i s m o d el e d a s a s u m of t w o G a u s si a n f u n cti o n s, w hi c h a r e c o n st r ai n e d b y
fitti n g t h e n e g ati v e p a rt of t h e lJ /ψ di st ri b uti o n. T h e n o n p r o m pt c o m p o n e nt i s m o d el e d a s a n
e x p o n e nti al f u n cti o n, wit h t h e lif eti m e t r e at e d a s a f r e e p a r a m et e r, c o n v ol v e d wit h t h e s a m e
d o u bl e- G a u s si a n r e s ol uti o n f u n cti o n. T h e c o m bi n at o ri al b a c k g r o u n d i s it s elf w ell d e s c ri b e d
b y a p r o m pt a n d n o n p r o m pt c o m p o n e nt, a g ai n u si n g t h e s a m e r e s ol uti o n f u n cti o n. T h e n o n-
p r o m pt c o m p o n e nt of t h e b a c k g r o u n d i s d e s c ri b e d b y a n e m pi ri c al s u m of e x p o n e nti al f u n c-
ti o n s. T o e xt r a ct t h e yi el d of p r o m pt J /ψ m e s o n s a t w o- di m e n si o n al fit t o t h e j oi nt m µ + µ − a n d

lJ /ψ di st ri b uti o n i s p e rf o r m e d. All p a r a m et e r s a r e fi x e d b y t h e o n e- di m e n si o n al fit s, a si d e f r o m
t h e p r o m pt a n d n o n p r o m pt J /ψ si g n al n o r m ali z ati o n s, a n d t h e b a c k g r o u n d n o r m ali z ati o n s, a s
w ell a s t h e n o n p r o m pt si g n al lif eti m e p a r a m et e r. A m o r e d et ail e d d e s c ri pti o n of t h e fitti n g
p r o c e d u r e c a n b e f o u n d i n R ef. [ 1 1].

T h e J / ψ a c c e pt a n c e a n d d et e cti o n ef fi ci e n c y a r e d et e r mi n e d i n si m ul ati o n i n fi n el y bi n n e d hi s-
t o g r a m s of t h e p T a n d η of t h e J / ψ . F o r P b P b c olli si o n s, t h e ef fi ci e n c y i s al s o d et e r mi n e d i n bi n s
of c olli si o n c e nt r alit y. T h e c o r r e cti o n f o r a c c e pt a n c e a n d ef fi ci e n c y i s a p pli e d a s a w ei g ht f a ct o r
t o e a c h J /ψ c a n di d at e p ri o r t o t h e si g n al e xt r a cti o n. Diff e r e n c e s b et w e e n d at a a n d si m ul ati o n
a r e e v al u at e d i n-sit u, f r o m e v e nt s c oll e ct e d wit h a si n gl e- m u o n t ri g g e r, u si n g t h e t a g- a n d- p r o b e
t e c h ni q u e [ 3 3]. T h e s e a d diti o n al c o r r e cti o n s a r e a p pli e d t o t h e si m ul ati o n i n r el ati v el y c o a r s e
bi n s. T a g- a n d- p r o b e c o r r e cti o n s a r e d e ri v e d s e p a r at el y f o r t ri g g e r, i d e nti fi c ati o n, a n d r e c o n-
st r u cti o n ef fi ci e n c y.



3.3 Jet pT determination 5

3.3 Jet pT determination

Jets are clustered using the anti-kT algorithm [34, 35] with a distance parameter of R = 0.3. The
constituents of the jets are the output of the particle-flow algorithm, described in Section 2, with
the exception of the J/y candidate. Muon pairs with an invariant mass consistent with a J/y
decay are replaced by the reconstructed J/y candidate. Jet energy corrections are derived from
simulation as a function of pT and h using the framework described in Ref. [36], in which data-
to-simulation scale factors are obtained from Z+jet, g+jet and dijet pT balancing studies. In the
case of PbPb collisions, these corrections are derived from peripheral events to avoid additional
pT imbalance from jet quenching. The jet energy correction procedure is only applied to the
non-J/y component of the jet, as the momentum of the J/y is determined with high precision
from its dimuon decay. In PbPb collisions, the constituent subtraction method [37] is employed
to subtract the contribution to the jet momentum from the underlying event. The underlying
event contribution is subtracted from only the non-J/y constituents of the jet. The J/y meson
itself is considered to come from the primary hard scattering.

In addition to the energy scale, the energy resolution of jets is somewhat degraded in data com-
pared to simulation. The corresponding scale factors are derived from dijet balancing studies
performed in pp collisions at

p
s = 13 TeV in 2017 and 2018 [36]. The resolution is found to

be between 10 and 20% worse than the simulation, depending on h. In order to incorporate
this effect, a Gaussian smearing is applied to the measured jet pT values in simulation to match
the resolution in data. This smeared mapping is then applied in the unfolding procedure, as
described below.

The finite pT resolution of jets causes migration of jets across z bins. It also causes migration
of jets into and out of the nominal pT selection of 30–40 GeV. In order to capture the full jet
response, we also perform the measurement in underflow and overflow bins of 10–20 GeV
and 40–50 GeV, respectively. With the current data, a reliable yield cannot be extracted for pT
intervals larger than the selected overflow bin, which motivates the choice of the nominal pT
interval. To correct for these bin migration effects, we unfold the data simultaneously in these
two dimensions (jet pT and z) using the iterative D’Agostini method [38], as implemented in
the ROOUNFOLD package [39]. The detector response matrix, which defines the relationship
between the true and measured values, is taken from the PYTHIA 8 simulation, aside from the
aforementioned data-to-simulation scale factors for the jet energy scale and resolution. The
response matrices for pp and PbPb collisions are shown in Fig. 2. The coarse bins show the
jet pT dependence, whereas the finer inset bins show the dependence on z. Each column of
measured bins is normalized to unity, such that each bin represents the fractional contribution
of the given true pT and z values to the measured values for that column. The PbPb data
exhibit substantially larger off-diagonal contributions than for pp, as expected from the larger
underlying event, which drives the bin migration in PbPb.

In this method, the unfolding is initialized with a “prior” distribution in the two variables,
which is taken from simulation. To avoid bias from the presumed shape of the z distribution in
simulation, which is known to be inaccurate [6], the prior distribution is flattened in z. After a
tunable number of iterations, which correspond to the degree of regularization, the procedure
is truncated. To improve the performance of the unfolding, we run the full set of iterations
multiple times. The prior of each such “super-iteration” is obtained using the z distribution
that is output from the previous super-iteration. The number of iterations and super-iterations
are optimized using simulated prompt J/y events, by applying a random Gaussian smearing
to the yields according to the relative statistical uncertainties in data, in order to emulate the
effect of statistical fluctuations. The use of three iterations is found to give the best performance
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Fi g u r e 2: D et e ct o r r e s p o n s e m at ri c e s f o r j et s c o nt ai ni n g a p r o m pt J / ψ m e s o n, s h o wi n g t h e bi n
mi g r ati o n p r o b a bilit y a s a f u n cti o n of j et p T a n d z . T h e r e s p o n s e f o r p p c olli si o n s (l eft) i s
e v al u at e d u si n g P Y T H I A 8. T h e r e s p o n s e f o r P b P b c olli si o n s ( ri g ht) i s e v al u at e d u si n g P Y T H I A

8 e m b e d d e d i nt o H Y D J E T .

i n b ot h p p a n d P b P b si m ul at e d s a m pl e s. Si n c e t h e o pti m al s etti n g s d e p e n d n ot o nl y o n t h e
st ati sti c al u n c e rt ai nti e s of t h e m e a s u r e d z di st ri b uti o n, b ut al s o o n it s s h a p e, w e al s o e v al u at e d
t h e m i n n o n p r o m pt J /ψ si m ul ati o n, w h e r e t h e m e a s u r e d di st ri b uti o n i s v e r y diff e r e nt t h a n i n
t h e p r o m pt J /ψ si m ul ati o n.

4 S y st e m ati c u n c ert ai nti e s

T h e s y st e m ati c u n c e rt ai nti e s m a y b e di vi d e d i nt o t h r e e c at e g o ri e s: J / ψ si g n al e xt r a cti o n, j et
e n e r g y s c al e a n d r e s ol uti o n, a n d n o r m ali z ati o n u n c e rt ai nti e s.

J/ ψ si g n al e xtr a cti o n : U n c e rt ai nti e s i n t h e e xt r a cti o n of t h e J /ψ yi el d s a ri s e f r o m t h e si g n al a n d
b a c k g r o u n d s h a p e m o d eli n g, a s w ell a s f r o m t h e a c c e pt a n c e a n d ef fi ci e n c y of m u o n r e c o n-
st r u cti o n a n d i d e nti fi c ati o n. T h e si g n al s h a p e of t h e m µ + µ − di st ri b uti o n i s v a ri e d f r o m t h e

t w o C r y st al B all p a r a m et e ri z ati o n t o a si n gl e C r y st al B all f u n cti o n c o n v ol ut e d wit h a G a u s si a n
f u n cti o n. T h e r a di ati v e t ail of t h e si g n al m o d el i s al s o v a ri e d b y t r e ati n g t h e t ail p a r a m et e r s
of t h e C r y st al B all f u n cti o n a s f r e e p a r a m et e r s, r at h e r t h a n t a ki n g t h ei r v al u e s f r o m si m ul a-
ti o n. T h e r el ati v e u n c e rt ai nt y i n t h e J /ψ yi el d c o mi n g f r o m t h e si g n al m o d eli n g i s l e s s t h a n
1 % i n p p a n d l e s s t h a n 2 % i n P b P b c olli si o n s. T h e d e p e n d e n c e of t h e si g n al s h a p e o n lJ /ψ i s
e v al u at e d b y s wit c hi n g f r o m a p a r a m et e ri z ati o n of t h e lif eti m e di st ri b uti o n of n o n p r o m pt J / ψ
si g n al t o a t e m pl at e b uilt f r o m si m ul ati o n. T h e r el ati v e u n c e rt ai nt y f r o m t hi s v a ri ati o n i s l e s s
t h a n 1. 5 % i n b ot h p p a n d P b P b c olli si o n s, e x c e pt at l o w J /ψ p T (< 1 0 G e V) i n p p c olli si o n s,
w h e r e it r e a c h e s 4. 5 %, a n d w h e r e it d o mi n at e s t h e u n c e rt ai nti e s i n t h e J / ψ si g n al e xt r a cti o n.
T h e G a u s si a n f u n cti o n d e s c ri bi n g t h e lif eti m e r e s ol uti o n i s v a ri e d t o u s e t h e v al u e o bt ai n e d
f r o m si m ul ati o n, r at h e r t h a n o bt ai ni n g it f r o m t h e d at a. T hi s v a ri ati o n aff e ct s b ot h t h e si g n al
a n d b a c k g r o u n d m o d eli n g, a n d r e s ult s i n a r el ati v e u n c e rt ai nt y of l e s s t h a n 2 % i n p p a n d P b P b
c olli si o n s.

T h e u n c e rt ai nt y i n t h e d e s c ri pti o n of t h e b a c k g r o u n d i s o bt ai n e d a s f oll o w s. I n st e a d of a C h e b y-
s h e v p ol y n o mi al, a n e x p o n e nti al of a C h e b y s h e v p ol y n o mi al i s u s e d t o d e s c ri b e t h e m µ + µ −

di st ri b uti o n. T h e r a n g e of m µ + µ − u s e d i n t h e fit i s v a ri e d a s w ell. T hi s r e s ult s i n a n u n c e rt ai nt y
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of less than 1% in pp and PbPb collisions, except at low J/y pT (< 10 GeV) in PbPb collisions,
where it reaches 6% and dominates the uncertainties in the J/y signal extraction. As was done
for the signal, a template is used to describe the lJ/y distribution, rather than a parameteriza-
tion. In this case, the template is obtained from a background-like event sample using sPlot.
The source results in a relative uncertainty of < 2% in the J/y yields in both pp and PbPb
collisions.

The acceptance and efficiency corrections lead to an associated relative uncertainty in the J/y
yields in pp collisions of 1.5–2.5%, and 3–4% in PbPb collisions, depending on the value of
J/y pT, and comprise the dominant source of uncertainty in the J/y signal extraction for J/y
pT > 10 GeV. The largest component of the uncertainty is statistical in nature, coming from the
finite size of the single-muon trigger samples used in the tag-and-probe method. The statistical
uncertainty of the simulation samples is also taken into account, but is generally subdominant.
A systematic component is evaluated by variations of the signal and background modeling in
the extraction of the J/y yield from fits to the mm+m� distribution, similar to the procedure for
the J/y yield extraction in the main analysis, described above. The relative uncertainty from
this source is around 1% in both pp and PbPb collisions, with no strong dependence on pT.
Further details on the procedure used to evaluate systematic uncertainties for muons from the
tag-and-probe method are reported in Refs. [22, 33].

Jet energy scale and resolution: The uncertainty in the jet energy scale is evaluated from dijet and
g+jet balancing methods, as described in Ref. [36]. The uncertainty in the jet energy scale in pp
collisions is around 3–4%, increasing as a function of jhj. In PbPb collisions, the uncertainty is
around 4%, except for the barrel-endcap transition region (1.3 < jhj < 1.6), where it can become
as large as 10%. The uncertainty in the jet energy resolution is evaluated from a dijet balancing
method, as also described in Ref. [36]. In pp collisions, the uncertainty in the resolution is
in the range of 2–4% in the barrel region, but is larger in the endcap and transition regions,
where it varies in the range of 10–20%, depending on h. For PbPb collisions, the uncertainty is
evaluated from peripheral data, as well as from pp data recorded in the same yearly running
period, and varies from 3% in the barrel to 7% in the endcap and transition regions. In PbPb,
there is an additional contribution to the uncertainty because of the modeling of the underlying
event in simulation with HYDJET. This uncertainty is evaluated by comparing the energy in
randomly distributed cones in data and simulation. The difference between the random cone
distributions in data and simulation is used to estimate the effect on the jet resolution.

Unfolding: The uncertainty in the regularization applied is estimated by varying the number of
iterations used in the unfolding, from the settings found to be optimal for prompt J/y to those
found to be optimal for the nonprompt J/y signal, which has a very different signal shape as a
function of z. For nonprompt simulations in pp and PbPb collisions, the use of ten iterations
is found to give the best performance, in contrast to three iterations for the prompt simulation.
In both cases, the statistical precision of the data is emulated in simulation. The assumption
of a prior that is flat in z is also relaxed, by instead initializing the prior to match the shape of
the truth z distributions in simulated nonprompt J/y signal samples, which are more similar
in shape to the measured z distributions. Finally, the statistical uncertainty of the simulated
samples used in the unfolding is taken into account, and is generally subdominant. Systematic
uncertainties related to the jet energy scale and resolution are propagated by producing varia-
tions of the detector response matrix and repeating the unfolding procedure for each variation.

Normalization uncertainties: Cross section measurements in pp collisions have an overall uncer-
tainty from the integrated luminosity of 1.9% [40] that is obtained from an analysis of data from
a van der Meer scan [41]. The PbPb data are normalized by the equivalent number of hadronic
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n u cl e o n- n u cl e o n i nt e r a cti o n s i n t h e d at a s a m pl e, w hi c h h a s a n u n c e rt ai nt y of 1. 3 % c o mi n g f r o m
t h e s el e cti o n of s u c h e v e nt s, t a ki n g i nt o a c c o u nt p o s si bl e c o nt a mi n ati o n f r o m el e ct r o m a g n eti c
i nt e r a cti o n s a n d b e a m b a c k g r o u n d s. T o c o m p a r e t o d at a f r o m p p c olli si o n s, t h e P b P b d at a a r e
n o r m ali z e d b y T A A , w hi c h i s d et e r mi n e d f r o m t h e M o nt e C a rl o i m pl e m e nt ati o n of t h e Gl a u b e r
m o d el d e s c ri b e d i n R ef. [ 4 2]. F o r t h e c e nt r alit y i nt e r v al s u s e d i n t hi s a n al y si s, t h e c o r r e s p o n d-

i n g v al u e s of T A A a r e 6. 2 7 ± 0. 1 4, 1 8. 7 9 ± 0. 3 6, a n d 2. 7 1 7 ± 0. 0 9 8 m b − 1 , f o r t h e 0 – 9 0, 0 – 2 0 a n d
2 0 – 9 0 % c e nt r alit y i nt e r v al s, r e s p e cti v el y.

T h e v a ri o u s s o u r c e s of s y st e m ati c u n c e rt ai nt y a r e s h o w n i n Fi g. 3. S o u r c e s r el at e d t o t h e J / ψ
yi el d e xt r a cti o n a r e c o m bi n e d i nt o a si n gl e c o m p o n e nt, f o r vi si bilit y. S o m e s o u r c e s of s y st e m-
ati c u n c e rt ai nt y a r e l a r g el y c o r r el at e d bi n-t o- bi n, n ot a bl y t h e u n c e rt ai nt y i n t h e j et e n e r g y s c al e,
j et e n e r g y r e s ol uti o n, a n d p ri o r. N o c a n c ell ati o n of s y st e m ati c u n c e rt ai nti e s i s a s s u m e d, h o w-
e v e r, w h e n c o m p a ri n g p p t o P b P b c olli si o n s.
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Fi g u r e 3: T h e m ai n s o u r c e s of s y st e m ati c u n c e rt ai nt y, a s a f u n cti o n of z , f o r t h e c r o s s s e cti o n i n
p p (l eft) a n d t h e T A A - s c al e d yi el d i n P b P b ( ri g ht) c olli si o n s. T h e n o r m ali z ati o n u n c e rt ai nti e s of
1. 9 % f o r p p a n d 2. 6 % f o r P b P b a r e n ot s h o w n.

5 R e s ult s

Fi g u r e 4 s h o w s t h e di st ri b uti o n i n p p d at a of t h e f r a g m e nt ati o n v a ri a bl e z f o r p r o m pt J /ψ
m e s o n s. It s s h a p e i s c o m p a r e d t o g e n e r at o r-l e v el p r e di cti o n s f r o m P Y T H I A 8 f o r p r o m pt a n d
n o n p r o m pt J / ψ si g n al s. I n c o nt r a st t o t h e P Y T H I A 8 si m ul ati o n, w h e r e p r o m pt J / ψ a r e p r o d u c e d
di r e ctl y i n t h e m at ri x el e m e nt p a rt o ni c s c att e ri n g, t h e d at a s h o w a r el ati v el y l a r g e d e g r e e of s u r-
r o u n di n g j et a cti vit y, i n di c ati v e of J /ψ p r o d u cti o n i n si d e of p a rt o n s h o w e r s. T h e z di st ri b uti o n
i n d at a m o r e cl o s el y r e s e m bl e s t h at of t h e n o n p r o m pt J /ψ P Y T H I A 8 si m ul ati o n, w hi c h c o n-
t ai n s a l a r g e r j et-li k e c o m p o n e nt f r o m f r a g m e nt ati o n, a s w ell a s ot h e r p r o d u ct s of t h e b- h a d r o n
d e c a y. T h e d at a c o n fi r m t h e t r e n d s o b s e r v e d i n R ef. [ 6], b ut i n a diff e r e nt r a pi dit y r a n g e a n d
n u cl e o n- n u cl e o n c e nt e r- of- m a s s e n e r g y.

Fi g u r e 5 (l eft) s h o w s t h e s a m e z di st ri b uti o n i n p p c olli si o n s, t hi s ti m e n o r m ali z e d a s a diff e r-
e nti al c r o s s s e cti o n. T h e p e r- e v e nt yi el d of p r o m pt J / ψ m e s o n s i n P b P b c olli si o n s i s al s o s h o w n.
I n o r d e r t o c o m p a r e t h e t w o c olli si o n s y st e m s, t h e P b P b yi el d s a r e s c al e d b y t h e n u cl e a r o v e rl a p
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Fi g u r e 4: N o r m ali z e d z di st ri b uti o n i n p p c olli si o n s, c o m p a r e d t o p r o m pt a n d n o n p r o m pt J / ψ
i n P Y T H I A 8, at t h e g e n e r at o r l e v el. B a r s i n di c at e st ati sti c al u n c e rt ai nti e s, w hil e s y st e m ati c
u n c e rt ai nti e s a r e d e pi ct e d a s b o x e s.

f a ct o r T A A . T h e P b P b d at a a r e al s o p e a k e d at a n i nt e r m e di at e v al u e of z , i n di c ati n g a si z a bl e
a m o u nt of s m all- a n gl e h a d r o p r o d u cti o n.

T h e P b P b d at a s h o w a s u p p r e s si o n l e v el t h at i s g e n e r all y c o m p a r a bl e t o t h at o b s e r v e d f o r
“i n cl u si v e ” p r o m pt J / ψ , i. e., wit h o ut a n e x pli cit j et r e q ui r e m e nt [ 1 1]. T hi s i s q u a nti fi e d b y
t h e r ati o of t h e s e t w o di st ri b uti o n s, R A A , s h o w n i n Fi g. 5 ( ri g ht). T h e d at a s h o w a sli g ht ri si n g
t r e n d a s a f u n cti o n of z , wit h a si g ni fi c a n c e of a r o u n d t w o st a n d a r d d e vi ati o n s.

Fi g u r e 6 s h o w s t h e R A A f o r t w o c e nt r alit y s el e cti o n s, 0 – 2 0 a n d 2 0 – 9 0 %. A l a r g e r d e g r e e of
s u p p r e s si o n i s o b s e r v e d f o r t h e m o r e c e nt r al s el e cti o n, a s e x p e ct e d f o r fi n al- st at e eff e ct s r el at e d
t o t h e Q G P. T h e ri si n g t r e n d wit h i n c r e a si n g z i s m o r e p r o n o u n c e d i n c e nt r al e v e nt s. I n t h e
l a r g e st z bi n, w h e r e t h e J / ψ i s p r o d u c e d wit h f e w e r a s s o ci at e d p a rti cl e s, t h e s u p p r e s si o n i s
si g ni fi c a ntl y r e d u c e d a s c o m p a r e d t o l o w e r v al u e s of z . S u c h a r e d u cti o n of s u p p r e s si o n at
l a r g e z h a s a n at u r al i nt e r p r et ati o n i n t e r m s of t h e j et q u e n c hi n g p h e n o m e n o n. L o w e r v al u e s of
z s h o ul d b e p o p ul at e d wit h j et s wit h a J /ψ p r o d u c e d l at e i n t h e p a rt o n s h o w e r. S u c h a p a rt o n
c a s c a d e i s e x p e ct e d t o h a v e a l a r g e d e g r e e of i nt e r a cti o n wit h t h e Q G P i n t h e f o r m of s u b s e q u e nt
m e di u m-i n d u c e d e mi s si o n s, a s c o m p a r e d t o a j et wit h a s m all p a rt o ni c m ulti pli cit y [ 4 3]. I n t hi s
pi ct u r e, t h e ri si n g t r e n d o b s e r v e d f o r i n cl u si v e p r o m pt J / ψ p r o d u cti o n w o ul d b e e x pl ai n e d b y
t h e s a m e m e c h a ni s m, a s z t e n d s t o i n c r e a s e wit h i n c r e a si n g p T .

6 S u m m ar y

J et s c o nt ai ni n g a p r o m pt J /ψ m e s o n w e r e st u di e d i n p r ot o n- p r ot o n ( p p) a n d l e a d-l e a d ( P b P b)
c olli si o n s at

√
s

N N
= 5. 0 2 Te V, f o r j et s wit h t r a n s v e r s e m o m e nt u m 3 0 < p T < 4 0 G e V a n d p s e u-

d o r a pi dit y |η | < 2. T h e di st ri b uti o n of t h e f r a g m e nt ati o n v a ri a bl e z , t h e r ati o of t h e J /ψ p T

t o t h at of t h e j et, w a s m e a s u r e d i n b ot h s y st e m s. I n p p c olli si o n s, p r o m pt J /ψ m e s o n s w e r e
f o u n d t o h a v e m o r e s u r r o u n di n g j et a cti vit y, i. e., t o p o p ul at e l o w e r v al u e s of z t h a n p r e di ct e d
b y P Y T H I A 8 si m ul ati o n s, s u g g e sti n g t h at J / ψ p r o d u cti o n l at e i n t h e p a rt o n s h o w e r i s u n d e r e sti-
m at e d. T h e p p a n d P b P b di st ri b uti o n s w e r e c o m p a r e d b y c al c ul ati n g t h e n u cl e a r m o di fi c ati o n



1 0

0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 1

z

0

0. 1

0. 2

0. 3

0. 4

0. 5

0. 6

3−1 0×

 [
n
b]

dzP
b

P
b

d
N

 
A

A
 

T
ev

t
N

1
, 

dz

p
p

σ
d

p p

P b P b

C M S
ψPr o m pt J/

 > 6. 5 G e V
ψT, J/

p

 < 4 0 G e V
T, J et

3 0 < p

| < 2
J et

η|

C e nt. 0- 9 0 %

 ( 5. 0 2 T e V)- 1, p p 3 0 2 p b- 1P b P b 1. 6 n b

0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 1

z

0

0. 2

0. 4

0. 6

0. 8

1

1. 2

1. 4

1. 6

A
A

R C M S
ψPr o m pt J/

 > 6. 5 G e V
ψT, J/

p

 < 4 0 G e V
T, J et

3 0 < p

| < 2
J et

η|

C e nt. 0- 9 0 %

 ( 5. 0 2 T e V)- 1, p p 3 0 2 p b- 1P b P b 1. 6 n b

Fi g u r e 5: L eft: T h e J / ψ diff e r e nti al c r o s s s e cti o n i n p p a n d t h e T A A - s c al e d yi el d i n P b P b c ol-
li si o n s, a s a f u n cti o n of z . T h e n o r m ali z ati o n u n c e rt ai nti e s of 1. 9 % f o r p p a n d 2. 6 % f o r P b P b
a r e n ot i n cl u d e d i n t h e p oi nt- b y- p oi nt u n c e rt ai nt y b o x e s a n d n ot s h o w n i n t h e pl ot. Ri g ht: T h e
n u cl e a r m o di fi c ati o n f a ct o r R A A , a s a f u n cti o n of z . B a r s i n di c at e st ati sti c al u n c e rt ai nti e s, w hil e
s y st e m ati c u n c e rt ai nti e s a r e d e pi ct e d a s b o x e s. T h e b o x a r o u n d u nit y s h o w s t h e n o r m ali z ati o n
u n c e rt ai nt y.

f a ct o r, R A A , t h e r ati o of P b P b d at a t o t h e e x p e ct ati o n b a s e d o n p p d at a. T h e v al u e of R A A a s a
f u n cti o n of z s h o w s a ri si n g t r e n d. T h e s u p p r e s si o n at l o w z i s f o u n d t o b e l a r g e r i n t h e 2 0 %
m o st c e nt r al e v e nt s (i. e. “ h e a d- o n ” c olli si o n s), a s c o m p a r e d t o t h e l e s s c e nt r al s el e cti o n. T h e
r e s ult s s h o w e x pli citl y t h at t h e J /ψ p r o d u c e d wit h a l a r g e d e g r e e of s u r r o u n di n g j et a cti vit y a r e
m o r e hi g hl y s u p p r e s s e d t h a n t h o s e p r o d u c e d i n a s s o ci ati o n wit h f e w e r p a rti cl e s. T hi s fi n di n g
e m p h a si z e s t h e i m p o rt a n c e of i n c o r p o r ati n g t h e j et q u e n c hi n g m e c h a ni s m i n m o d el s of J / ψ
s u p p r e s si o n.

A c k n o wl e d g m e nt s

We c o n g r at ul at e o u r c oll e a g u e s i n t h e C E R N a c c el e r at o r d e p a rt m e nt s f o r t h e e x c ell e nt p e rf o r-
m a n c e of t h e L H C a n d t h a n k t h e t e c h ni c al a n d a d mi ni st r ati v e st aff s at C E R N a n d at ot h e r C M S
i n stit ut e s f o r t h ei r c o nt ri b uti o n s t o t h e s u c c e s s of t h e C M S eff o rt. I n a d diti o n, w e g r at ef ull y
a c k n o wl e d g e t h e c o m p uti n g c e nt e r s a n d p e r s o n n el of t h e W o rl d wi d e L H C C o m p uti n g G ri d
a n d ot h e r c e nt e r s f o r d eli v e ri n g s o eff e cti v el y t h e c o m p uti n g i nf r a st r u ct u r e e s s e nti al t o o u r
a n al y s e s. Fi n all y, w e a c k n o wl e d g e t h e e n d u ri n g s u p p o rt f o r t h e c o n st r u cti o n a n d o p e r ati o n
of t h e L H C, t h e C M S d et e ct o r, a n d t h e s u p p o rti n g c o m p uti n g i nf r a st r u ct u r e p r o vi d e d b y t h e
f oll o wi n g f u n di n g a g e n ci e s: B M B W F a n d F W F ( A u st ri a); F N R S a n d F W O ( B el gi u m); C N P q,
C A P E S, F A P E RJ, F A P E R G S, a n d F A P E S P ( B r a zil); M E S ( B ul g a ri a); C E R N; C A S, M o S T, a n d
N S F C ( C hi n a); MI N CI E N CI A S ( C ol o m bi a); M S E S a n d C S F ( C r o ati a); RI F ( C y p r u s); S E N E S C Y T
( E c u a d o r); M o E R, E R C P U T a n d E R D F ( E st o ni a); A c a d e m y of Fi nl a n d, M E C, a n d HI P ( Fi n-
l a n d); C E A a n d C N R S /I N 2 P 3 ( F r a n c e); B M B F, D F G, a n d H G F ( G e r m a n y); G S R T ( G r e e c e); N K-
FI A ( H u n g a r y); D A E a n d D S T (I n di a); I P M (I r a n); S FI (I r el a n d); I N F N (It al y); M SI P a n d N R F
( R e p u bli c of K o r e a); M E S ( L at vi a); L A S ( Lit h u a ni a); M O E a n d U M ( M al a y si a); B U A P, CI N-
V E S T A V, C O N A C Y T, L N S, S E P, a n d U A S L P- F AI ( M e xi c o); M O S ( M o nt e n e g r o); M BI E ( N e w
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Z e al a n d); P A E C ( P a ki st a n); M S H E a n d N S C ( P ol a n d); F C T ( P o rt u g al); JI N R ( D u b n a); M O N,
R o s At o m, R A S, R F B R, a n d N R C KI ( R u s si a); M E S T D ( S e r bi a); S EI DI, C P A N, P C TI, a n d F E D E R
( S p ai n); M O S T R ( S ri L a n k a); S wi s s F u n di n g A g e n ci e s ( S wit z e rl a n d); M S T ( T ai p ei); T h E P C e n-
t e r, I P S T, S T A R, a n d N S T D A ( T h ail a n d); T U BI T A K a n d T A E K ( T u r k e y); N A S U ( U k r ai n e); S T F C
( U nit e d Ki n g d o m); D O E a n d N S F ( U S A).

I n di vi d u al s h a v e r e c ei v e d s u p p o rt f r o m t h e M a ri e- C u ri e p r o g r a m a n d t h e E u r o p e a n R e s e a r c h
C o u n cil a n d H o ri z o n 2 0 2 0 G r a nt, c o nt r a ct N o s. 6 7 5 4 4 0, 7 2 4 7 0 4, 7 5 2 7 3 0, 7 6 5 7 1 0 a n d 8 2 4 0 9 3 ( E u-
r o p e a n U ni o n); t h e L e v e nti s F o u n d ati o n; t h e Alf r e d P. Sl o a n F o u n d ati o n; t h e Al e x a n d e r v o n
H u m b ol dt F o u n d ati o n; t h e B el gi a n F e d e r al S ci e n c e P oli c y Of fi c e; t h e F o n d s p o u r l a F o r m ati o n
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N. Vanegas Arbelaez

University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval
Architecture, Split, Croatia
D. Giljanovic, N. Godinovic, D. Lelas, I. Puljak, T. Sculac

University of Split, Faculty of Science, Split, Croatia
Z. Antunovic, M. Kovac

Institute Rudjer Boskovic, Zagreb, Croatia
V. Brigljevic, D. Ferencek, D. Majumder, M. Roguljic, A. Starodumov10, T. Susa

University of Cyprus, Nicosia, Cyprus
M.W. Ather, A. Attikis, E. Erodotou, A. Ioannou, G. Kole, M. Kolosova, S. Konstantinou,
G. Mavromanolakis, J. Mousa, C. Nicolaou, F. Ptochos, P.A. Razis, H. Rykaczewski, H. Saka,
D. Tsiakkouri

Charles University, Prague, Czech Republic
M. Finger11, M. Finger Jr.11, A. Kveton, J. Tomsa

Escuela Politecnica Nacional, Quito, Ecuador
E. Ayala

Universidad San Francisco de Quito, Quito, Ecuador
E. Carrera Jarrin



17

Academy of Scientific Research and Technology of the Arab Republic of Egypt, Egyptian
Network of High Energy Physics, Cairo, Egypt
H. Abdalla12, Y. Assran13,14, A. Mohamed15

Center for High Energy Physics (CHEP-FU), Fayoum University, El-Fayoum, Egypt
A. Lotfy, M.A. Mahmoud

National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
S. Bhowmik, A. Carvalho Antunes De Oliveira, R.K. Dewanjee, K. Ehataht, M. Kadastik,
M. Raidal, C. Veelken

Department of Physics, University of Helsinki, Helsinki, Finland
P. Eerola, L. Forthomme, H. Kirschenmann, K. Osterberg, M. Voutilainen

Helsinki Institute of Physics, Helsinki, Finland
E. Brücken, F. Garcia, J. Havukainen, V. Karimäki, M.S. Kim, R. Kinnunen, T. Lampén,
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A. Bermúdez Martı́nez, A.A. Bin Anuar, K. Borras21, V. Botta, D. Brunner, A. Campbell,
A. Cardini, P. Connor, S. Consuegra Rodrı́guez, V. Danilov, A. De Wit, M.M. Defranchis,
L. Didukh, D. Domı́nguez Damiani, G. Eckerlin, D. Eckstein, T. Eichhorn, L.I. Estevez Banos,
E. Gallo22, A. Geiser, A. Giraldi, A. Grohsjean, M. Guthoff, A. Harb, A. Jafari23, N.Z. Jomhari,
H. Jung, A. Kasem21, M. Kasemann, H. Kaveh, C. Kleinwort, J. Knolle, D. Krücker, W. Lange,
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I. Redondo, L. Romero, S. Sánchez Navas, M.S. Soares, A. Triossi, L. Urda Gómez, C. Willmott
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O.K. Köseyan, J.-P. Merlo, A. Mestvirishvili87, A. Moeller, J. Nachtman, H. Ogul88, Y. Onel,
F. Ozok89, A. Penzo, C. Snyder, E. Tiras, J. Wetzel, K. Yi90

Johns Hopkins University, Baltimore, USA



28

O. Amram, B. Blumenfeld, L. Corcodilos, M. Eminizer, A.V. Gritsan, S. Kyriacou,
P. Maksimovic, C. Mantilla, J. Roskes, M. Swartz, T.Á. Vámi
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