Unraveling Gluon Jet Quenching through J/¢ Production in Heavy-Ion Collisions
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Jet quenching has long been regarded as one of the key signatures for the formation of
quark-gluon plasma in heavy-ion collisions. Despite significant efforts, the separate identification
of quark and gluon jet quenching has remained as a challenge. Here we show that J/tv in high
transverse momentum (pr) region provides a uniquely sensitive probe of in-medium gluon energy
loss since its production at high pr is particularly dominated by gluon fragmentation. Such
gluon-dominance is first demonstrated for the baseline of proton-proton collisions within the
framework of leading power NRQCD factorization formalism. We then use the linear Boltzmann
transport model combined with hydrodynamics for the simulation of jet-medium interaction in
nucleus-nucleus collisions. The satisfactory description of experimental data on both nuclear
modification factor Raa and elliptic flow vs reveals, for the first time, that the gluon jet quenching
is the driving force for high pr J/v¢ suppression. This novel finding is further confirmed by the
data-driven Bayesian analyses of relevant experimental measurements, from which we also ob-
tain the first quantitative extraction of the gluon energy loss distribution in the quark-gluon plasma.
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Since the start of the pioneering high energy nuclear
collision experiments at Relativistic Heavy Ion Collider
(RHIC), followed by the cutting edge measurements at
the Large Hadron Collider (LHC), many experimen-
tal signatures have been suggested for the discovery of
Quark-Gluon Plasma (QGP), a new form of matter un-
der extreme high temperature. Among these signatures,
jet quenching has been widely considered as one of the
most important probes [1], which results in the yield sup-
pression of high pr hadrons and jets [2—4], the shift of
two-particle correlations [5, 6], the modification of jet
internal structure [7, 8|, as well as azimuthal anisotropy
(v2) of hadrons and jets [9, 10] in the large transverse mo-
mentum (pr) region in nucleus-nucleus (AA) collisions, in
comparison with an equivalent number of proton-proton
(pp) collisions.

While comprehensive efforts have been devoted to ex-
tract key transport properties of QGP based on jet
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collaborations [11, 12]), the information on the jet
quenching of specific parton type is still limited. A
separate determination of quark and gluon jet energy
loss could play a significant role in revealing the fun-
damental color structures of the QGP and testing the
color representation dependence of the jet-medium inter-
action [13, 14]. In particular, such knowledge can help
directly access and verify the unique non-Abelian gauge
symmetry of quantum chromodynamics (QCD) which is
a key component of the Standard Model as fundamental
laws of nature. This however proves difficult, as quark
and gluon contributions are often entangled together in
final state hadronic observables. A clean method for iden-
tifying quark or gluon energy loss remains a challenge, de-
spite many past attempts such as the multivariate anal-
ysis of jet substructure observables [15], the proposal of
using the averaged jet charge [16, 17] and electroweak
boson tagged jet [18, 19], as well as data driven analysis
of Casimir factors and parametrizations of jet quenching
models [20-22].

In this Letter, we demonstrate that J/v¢ production at
high pr can serve as a unique probe of gluon in-medium
energy loss. It is well known that heavy quarkonia pro-
duction at low pr have long been studied as a signa-
ture of color deconfinement [23] and a thermometer of
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QGP. Experimental data for low-pr J/1¢ suppression in
Pb+Pb [24] and Au+Au collisions [25] are well explained
by the interplay between the dissociation and regenera-
tion of quarkonium states heavy quark pairs [26, 27] in
hot QGP medium. On the other hand, J/¢ suppres-
sion at large pr [29, 30] was described by the transport
models [31, 32] and effective theory approaches [33, 34].
However, which physics effect “dictates” the suppression
of J/4 in the standard jet quenching picture at high pr?
This question motivates the present work.

To benchmark the nuclear effect at high pr, we first
validate the pp baseline for J/1 production by utilizing
a theoretical framework analogous to the gluon fragmen-
tation improved PYTHIA (GFIP) method [35], in which
the heavy quarkonia are produced by the fragmentation
of shower quarks and gluons. The jet evolution in QGP
medium is simulated by the linear Boltzmann transport
(LBT) model [36, 37], which includes both elastic and in-
elastic interactions between the fast jet partons and the
medium constituents. We demonstrate, for the first time,
that the suppression of high pt J/v¢ yield in heavy-ion
collisions is dominated by the gluon jet quenching effect.
Therefore, measurements of high pr J/¢ production can
be used as a unique probe to identify gluon energy loss.
Such a novel finding is further verified by the data-driven
Bayesian analysis of the relevant experimental data, from
which we perform the first quantitative extraction of the
gluon energy loss distribution in quark-gluon plasma.

2 . Theoretical frameworks

In the high transverse momentum region (pr > m.
with m. the charm quark mass), one encounters large
logarithms of p2./m? in fixed order calculations using
the nonrelativistic QCD (NRQCD), a widely adopted ap-
proach for studying heavy quarkonium production. Such
large logarithms need to be resumed to preserve the con-
vergence of perturbation theory. In the leading power of
p3/m?2, the cross section for hadroproduction of .J/1 is
schematically given by [38]:

do[AB — J/¢+ X| = Zd&AB—nJrX ® D g/4{1)

where d64p_,;+x is the cross section for inclusive par-
ton i in AB collisions, and D;_, jy is the fragmentation
function (FF) for parton ¢ to produce a J/v [39].

In Eq. (1), a standard method to resum the large
logarithms of p2./m? is achieved by solving the DGLAP
evolution equation [40-42]of D;_, ;/y at scale ps ~ pr,
and the corresponding doap_,;+x must be evaluated
by the convolution of fixed order hard part coefficient
and the parton distribution functions. Alternatively, the
large logs can be effectively resummed using the so-called
GFIP event generator [35], where the parton ¢ produc-
tion dé ap—i+x is simulated in PYTHIA by considering
the hard process followed by parton shower down to scale
2m.., and the corresponding J/v fragmentation function

D;_,j/y at p~ 2m. can be further factorized as follows

J/
zaJ/w 2, jt) Zdz%[QQ(n)](Z U)<O[Q/Q(n)]>v (2)

where the quantum numbers n for the intermediate non-

relativistic QQ states are denoted as n = 25+1L9’8] with
the superscript [1] or [8] standing for color singlet or
octet state respectively. The short-distance coefficients
cii [QG(n)) are perturbatively calculable within NRQCD
and can be found in Refs. [43]. Contributions to J/v
production from quarks other than ¢ in the hard process
are suppressed, due to two orders of magnitude suppres-
sion of light-quark fragmentation functions [44]. There-

I .
O[QQ(n)] ) is the

nonperturbative long distance matrix element (LDME)
representing the transition from [QQ(n)] state to J/.
The GFIP event generator was shown to give good agree-
ment with analytical calculations at next-to-leading-log-
prime accuracy and remedies the default PYTHIA in de-
scribing the LHCb data for J/v production in jets [35].
Here we will extend the GFIP, as sketched in Eqgs. (1,2),
to the description of J/¢ production in high-pr region.
In particular, we use MadGraph [45] for the hard par-
ton creation and PYTHIAS8 for parton shower, with the
LDME:s taken from [46]. To be consistent with Ref. [46]
and ensure the validity of Eq. (1), in principle, the gluon
splitting and fragmentation processes must happen out-
side the QGP medium. Based on the formation time
argument, the minimum pr of the gluons (and similarly
J/¥) is estimated to be pr min ~ 2m2L ~ 50 GeV for
a typical path length L ~ 3 fm (considering the rapid
expansion and cooling of the medium). It is interesting
to note that the energy loss of a gluon before splitting
into heavy quark pairs is not very different from the to-
tal energy loss experienced by a pair of splitted heavy
quarks. In this paper, we restrict our discussion in the
high pr region (pr > 10 GeV) and focus on direct J/1
production. While the feed-down from higher charmo-
nium states contributes an appreciable fraction in the
total prompt J/¥ production [47], their contribution in
jet quenching observable like Ras would largely cancel
out in the ratio of AA and pp cross sections.

In relativistic heavy ion collisions, the energetic parton
1 from hard interaction encounters multiple scatterings
inside the QGP medium before its fragmentation into
high-pp heavy quarkonium. A Linear Boltzmann Trans-
port (LBT) model is employed to incorporate both elastic
and inelastic processes for the charm quarks and gluons
scattering with medium constituents [36, 37]. For elastic
scatterings, the evolution of hard partons are simulated
by the following linear Boltzmann transport equation,

fore, one can neglect their contribution. (

d®
p1 - 0fa(p1) f (27\')32E2 f (277)32133 f 2m) §;E4

3 Loy fa(P1) fo(p2) = fe(p3) fa(pa)]|Map-scal®
x S(s,t,u)(2m)*6* (p1 + p2 — ps — pa) + inel.  (3)

where fi—, .4 are the phase-space distributions of
jet shower partons (a,c) and medium partons (b,d),




|Mab—ca| are the corresponding elastic matrix elements
which are regulated by a Lorentz-invariant regulation
condition Sa(s,t,u) = (s > 2u3)0(—s+pud <t < —pd).
w2 = g*T?*(N. + N¢/2)/3 is the Debye screening mass.
The effect of inelastic scatterings is described by the
higher-twist formalism for induced gluon radiation as fol-
lows [48, 49],

AN,  20,C4P(x)j k2 4sin2 t—t;
dxdkf_dt o ij‘_ kf_ + x2 M2 27y ’

(1)
Here x denotes the energy fraction of the radiated gluon
relative to a parent parton with mass M, k, is the
transverse momentum. A lower energy cut-off x;, =
up/E is applied for the emitted gluon in the calcula-
tion. P(x) is the splitting function in vacuum, and
¢ = 2Ex(1 — z)/(k* + 2?M?) is the formation time
of the radiated gluons in QGP. More details on the im-
plementation of the LBT model with the HT formalism
can be found in Refs. [36, 37]. In principle, one can
also use other formalisms to calculate medium-induced
gluon radiation and parton energy loss, such as BDMPS-
Z [56, 57], ASW [58], GLV [59], AMY [60]. For a com-
prehensive comparison of various energy loss formalisms,
the reader is referred to Ref. [61]. The dynamic evolu-
tion of bulk medium is given by 341D CLVisc hydro-
dynamical model [50] with parameters fixed by repro-
ducing hadron spectra from experimental measurements.
In LBT model, the strong coupling constant oy is the
only free parameter that controls the strength of parton-
medium interaction. We follow the previous study [18]
and set ag = 0.18; There is no additional parameter
in our calculation. Thus, the jet transport parameter
G is the same as previous LBT calculations for various
jet quenching observables, such as light and heavy flavor
hadrons suppression, single inclusive jets suppression, as
well as boson-jet correlation [18, 36, 37].

3 . Numerical results

We first examine the J/¢ production mechanism in
p+p collisions. In Fig. 1 (upper panel), we show the
transverse momentum spectra of J/«¢ production in p+p
collisions at 5.02 TeV and 7 TeV from our GFIP simula-
tions, which compare well with ATLAS [29] and CMS [28,
51] measurements at large pp. The lower panel shows
the relative contributions, fi_,;/y = 0y /Jltjo/tjjl, from
gluon and charm-quark fragmentation, respectively. One
can see that the contribution from charm fragmentation
to the production of J/4 is less than 15% over a broad
range of pr, indicating that high-pr J/+¢ production is
dominated by gluon fragmentation [44, 52]. This obser-
vation is also consistent with the fixed order NRQCD
calculations showing that high-pr J/¢ is dominated by
color-octet fragmentation [53].

In Fig. 2, we present the nuclear modification factor
Raa from our LBT simulations as a function of pr for
J /v production in 0-10% and 10%-30% Pb+PDb collisions
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FIG. 1. (Color online) Transverse momentum spectra of J/v
production in p+p collisions from leading power NRQCD
calculations and the comparison with CMS and ATLAS
data [28, 29, 51] . The band is the uncertainties of LDME.
Contributions from different fragmentation channel are also
shown.

at 5.02 TeV, compared with CMS [28] and ATLAS [29]
data. The total Raa results (shown in green lines) give a
very good description of the experimental data in high-
pr region for both centrality classes within the current
statistical uncertainties. We further examine the Raa
results separately from charm quarks and gluons, in blue
and red lines, respectively. A particularly interesting ob-
servation is that the strong suppression of high pr J/v
production in AA collisions is mainly driven by the gluon
jet quenching effect. This result can be well explained
by the dominance of gluon fragmentation in J/¢ pro-
duction (see Fig. 1) combined with the stronger energy
loss for gluon jet than charm jet due to their different
color charges. Such a novel finding is different from the
naive expectation that J/t¢ suppression is driven by its
constituent charm quarks. Our result presents a unique
opportunity to directly access the gluon jet quenching by
utilizing existing and future heavy ion measurements on
J/v production at high pr region.

Another key observable for hard probes is the elliptic
anisotropy coefficient vy, which can be evaluated as

v2(pr) = W’(m) > [ Aot (BE)us(EE) @ Dy gy, (5)

where v} is the elliptic flow coefficients for the parent
charm quarks and gluons. As shown in Eq. (5), the el-
liptic flow coefficient vy of J/1 should inherit its parent
partons that fragment into it. The numerical results for
vg are shown in Fig. 3 and compared to experimental
data [30, 54, 55]. Our results show reasonable agreement
with experimental data at high pt region which though
have large uncertainties. One can see again that the con-
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FIG. 2. (Color online) Nuclear modification factor Raa eval-
uated as a function of J/1 transverse momentum pr and the
comparison with CMS [28] and ATLAS [29] experimental data
in central 0-10% (top panel) and 10%-30% (bottom panel)
Pb+Pb collisions at 5.02 TeV.
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FIG. 3. (Color online) Elliptic flow coefficient vs of J/1) from
the fragmentation of gluon (Short-dashed red line) and charm
(Short-dotted dark line), and total J/v¢ (Solid blue line) as
well as the comparison to experimental measurements [30,
54, 55].

tribution from gluon quenching effect dominates the vo
of high-pr J/%.

4 . Bayesian extraction of gluon energy loss
distribution

To test the robustness of the above finding based on
the framework of leading power NRQCD and LBT model,
we now use an alternative approach, i.e. the data-driven
Bayesian analysis [63], to examine the sensitivity of high-

4

pr J/ suppression to parton flavors. The Bayesian anal-
yses have been successfully employed to extract the equa-
tion of state of QCD matter [64], heavy quark transport
coefficients [65], and jet energy loss distributions [66] as
well as jet transport coefficient ¢ [67] in heavy-ion col-
lisions. Here we also adopt such an advanced statistical
tool to constrain the flavor dependence of energy loss dis-
tribution from relevant experiment data.

To do that, we extend the method in Ref. [66] to the
heavy quarkonium problem and consider systematically
the flavor (charm quark and gluon) dependence of parton
energy loss. The production spectrum can be expressed
as the convolution of its cross section in pp collisions and
a flavor-dependent parton energy loss distribution

o dAph, dol (p+APL) 115
ddeA =%/ (A;;} d;T =W*x) ® Di 1y, (6)

where daép is the differential cross section for parton i,
Ap¥ is the energy loss of parton i with initial transverse
energy pr + Aph, x = Apt./(Ap%) is the scaled energy
loss, and the averaged parton energy loss is parametrized
as (Aph)(ph) = Bi(p/p}) " log(ph/p}) with p§ = 1
GeV. One can see that parton energy loss directly con-
trolls the quenching of high pr hadrons; it is also closely
related to jet transport coefficient § (see e.g., Ref. [62]).
In Eq. (6), we assume a general functional form for the
scaled energy loss distribution of parton ¢ [66]:

a?i x(xt—le—aiz

Wi(x) = T- (7)

where I' is the standard Gamma-function, and the above
functional form can be empirically interpreted as the en-
ergy loss distribution resulting from a; number of jet-
medium scatterings [66]. In the end, the problem is then
reduced to the determination of six free parameters [c;,
Bi, ~vi], with i standing for gluon and charm quark. It
may be noted that the Bayesian analysis here uses spe-
cific functional form for the parameterzation, thus in-
troducing long-range correlations in the parameter space
which may potentially bias the extracted parameters. A
possible solution to tackle such issue is to use information
field based approach as presented in Ref. [68].

To proceed, a uniform prior distribution P(f) in the
region (o, B;,vi] € [(0,10),(0,8),(0,0.8)] is used for the
Bayesian analysis. We first run 1 x 10® burn-in MCMC
steps to allow the chain to reach equilibrium, and then
generate 1 x 106 MCMC steps in parameter space. We
show in Fig. 4 the density distribution and correlations
of the parameters [a;, B, ;] for gluon and charm quark
from Bayesian fits to experimental data on inclusive J/1
suppression in 0-10% central Pb+Pb collisions at 5.02
TeV. One can see that the parameters for gluon energy
loss are much better constrained than that for charm
quark. This clearly confirms our earlier finding that J/4
production is particularly sensitive to the gluon energy
loss. The analysis also shows a strong inverse correlation
between 3; and ~y; parameters for both gluon and charm
quark, in consistency with the pattern for flavor-averaged
jet energy loss seen in Ref. [66].
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FIG. 4. (Color online) Density distribution (line) of and corre-
lations (contour) between the parameters [, 8i, ;] for gluon
(left) and charm quark (right) from Bayesian fits to exper-
imental data on inclusive J/v¢ suppression in 0-10% central
Pb+Pb collisions at 5.02 TeV [28, 29].

TABLE I. Parameters [o, Bi,7v:] for gluon and charm quark
energy loss from Bayesian analysis of experimental data on
inclusive J/v suppression [28, 29] in 0-10% Pb+Pb collisions
at \/snn = 5.02 TeV .

o B Y
Gluon 5.25+1.00 0.7+0.07 0.37+0.03
Charm 6.3342.06 0.534:0.19 0.364-0.09

The final results from Bayesian analysis of CMS [28]
and ATLAS [29] data for the inclusive J/i) Raa as well
as the extracted Raa separately from gluon and charm
quark are shown in Fig. 5 (upper panels). The extracted
average fractional energy loss (Apr)/pr as a function of
parton energy pr and the energy loss distributions W (z)
are shown in Fig. 5 (lower panels), with the obtained
parameters for gluon and charm quark energy loss distri-
bution summarized in Table I. Fig. 5 also shows the LBT
results which roughly agree with the Bayesian results.
Our flavor-dependent results clearly demonstrate that
the high-pt J/v suppression is mainly sensitive to gluon
energy loss. Owing to this sensitivity, the extracted aver-
age fractional energy loss (Apr)/pr for gluons are much
better constrained than the charm quark. As for the en-
ergy loss distributions W (z), the uncertainties for gluons
and charm quarks are both quite large. We have checked
that by reducing the uncertainties of experimental data
by a factor of two, the gluon energy loss distribution is
much better constrained. In short, the Bayesian analy-
sis provides a robust way to confirm that high pt J/¢
suppression is particularly sensitive to gluon jet quench-
ing and thus allows a quantitative extraction of the in-
medium gluon energy loss.
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FIG. 5. (Color online) Nuclear modification factor for inclu-
sive J/v suppression, the extracted Raa of gluon and quarks,
the extracted fraction of average energy loss (Apr)/pr and
energy loss distributions W (x) from Bayesian fits to experi-
mental data in 0-10% central Pb+Pb collisions at 5.02 TeV
from CMS [28] and ATLAS [29]. The bands are results of
Bayesian analysis with one sigma deviation from the average
fits of inclusive J/1) Raa data. The solid, dotted and dashed
lines are from LBT simulations.

5 . Summary and discussions

In this work, based on the leading power NRQCD fac-
torization formalism and the LBT model, we have pre-
sented a novel finding, namely: the high-pt J/4 produc-
tion in AA collisions provides a robust probe to the gluon
jet quenching. This finding is supported by the following
two key results: (1) The agreement between the GFIP
event generator and the CMS and ATLAS data for pp
collisions, where the gluon fragmentation dominates (>
85%) the high-pr J/¢ production over a wide range of
pr; (2) The agreement on the nuclear modification factor
Raa and vy between the LBT simulation and CMS and
ATLAS data for AA collisions, where we find that the
suppression of high-pt J/¢ production is mainly driven
by the gluon energy loss effect. To further confirm our
finding and to extract quantitatively the parton energy
loss distribution, we have used the data-driven Bayesian
analysis for the experimental data on high-pt J/v sup-
pression. In consistency with the LBT simulation, the
extracted Ra 4 is dominated by the gluon energy loss. We
have quantitatively extracted, for the first time, the frac-
tion of average energy loss (Apt)/pr as well as the energy
loss distributions W (x) for the gluons in QGP. These re-
sults help explain the latest high-pr J/v¢ data, advance
the efforts to separately extract gluon energy loss, and
mark an important step toward probing the fundamen-
tal color structures of QGP medium. One interesting
future direction is to combine high-pr J/1v suppression
with open heavy flavor and light hadron suppressions to
quantify quark versus gluon energy loss distributions and
test the parton-type dependence of jet-medium interac-
tions [21].

Acknowledgments



We thank W. Chen for providing 3+1D hydro pro-
file of the bulk medium in our LBT simulation. This
research is supported by National Natural Science Foun-
dation of China (NSFC) under Grants No. 12035007,
No. 12022512, No. 12147131, No. 12225503, No.
11890710, No. 11890711, No. 11935007, by Guangdong
Major Project of Basic and Applied Basic Research No.
2020B0301030008, S.Z. is supported by the MOE Key
Laboratory of Quark and Lepton Physics (CCNU) under
Project No. QLPL2021P01. J.L. is supported by NSF

Grant No. PHY-2209183.
Author contributions

Hongxi Xing perceived the main idea and designed the
overall project. Shan-Liang Zhang performed the calcu-
lations and simulations. All of the authors participated
in the scientific discussion and interpretation of the re-
search study, and the writing of the manuscript.

[1] G. Y. Qin and X. N. Wang, Jet quenching in high-energy
heavy-ion collisions, Int J Mod Phys E 2015:24:1530014.

[2] G. Y. Qin, J. Ruppert, C. Gale, et al., Radiative and
collisional jet energy loss in the quark-gluon plasma at
RHIC, Phys Rev Lett 2008;100:072301.

[3] A. Majumder and C. Shen, Suppression of the High
pr Charged Hadron Raa at the LHC, Phys Rev Lett
2012;109:202301.

[4] K. Aamodst, et al., [ALICE], Suppression of Charged Par-
ticle Production at Large Transverse Momentum in Cen-
tral Pb-Pb Collisions at \/syn = 2.76 TeV, Phys Lett B
2011;696:30-39.

[5] A. Adare et al., [PHENIX], Photon-Hadron Jet Corre-
lations in p+p and Au+Au Collisions at /syn = 200
GeV, Phys Rev C 2009;80:024908.

[6] H. Zhang, J. F. Owens, E. Wang, et al., Dihadron tomog-
raphy of high-energy nuclear collisions in NLO pQCD,
Phys Rev Lett 2007;98:212301.

[7] M. Aaboud et al., [ATLAS], Comparison of Fragmenta-
tion Functions for Jets Dominated by Light Quarks and
Gluons from pp and Pb+Pb Collisions in ATLAS, Phys
Rev. Lett 2019;123:042001.

[8] N. B. Chang, Y. Tachibana and G. Y. Qin, Nuclear mod-
ification of jet shape for inclusive jets and ~-jets at the
LHC energies, Phys Lett B 2020;801:135181.

[9] J. Adams et al.,, [STAR], Particle type dependence of
azimuthal anisotropy and nuclear modification of particle
production in Au + Au collisions at /syn = 200 GeV,
Phys Rev Lett 2004;92:052302.

[10] A. M. Sirunyan et al., [CMS], Azimuthal anisotropy of
charged particles with transverse momentum up to 100
GeV/ ¢ in PbPDb collisions at /s 5=5.02 TeV, Phys Lett
B 2018;776:195-216.

[11] K. M. Burke et al., [JET], Extracting the jet transport
coefficient from jet quenching in high-energy heavy-ion
collisions, Phys Rev C 2014;90,n0.1:014909.

[12] D. Everett et al., [JETSCAPE], Phenomenological con-
straints on the transport properties of QCD mat-
ter with data-driven model averaging, Phys Rev Lett
2021;126,n0.24:242301.

[13] C. Frye, A. J. Larkoski, J. Thaler, et al., Casimir Meets
Poisson: Improved Quark/Gluon Discrimination with
Counting Observables, JHEP, 2017;09:083.

[14] P. Gras, S. Hoche, D. Kar, et al.,, Systematics of
quark/gluon tagging, JHEP 2017;07:091.

[15] Y. T. Chien and R. Kunnawalkam Elayavalli, Probing
heavy ion collisions using quark and gluon jet substruc-
ture, [arXiv:1803.03589 [hep-ph]].

[16] S. Y. Chen, B. W. Zhang and E. K. Wang, Jet
charge in high energy nuclear collisions, Chin Phys C

2020;44,n0.2:024103.

[17] A. M. Sirunyan et al., [CMS], Measurement of quark- and
gluon-like jet fractions using jet charge in PbPb and pp
collisions at 5.02 TeV, JHEP 2020;07:115.

[18] S. L. Zhang, T. Luo, X. N. Wang, et al., Z+jet correla-
tion with NLO-matched parton-shower and jet-medium
interaction in high-energy nuclear collisions, Phys Rev C
2018;98:021901.

[19] A. M. Sirunyan et al., [CMS], Study of Jet Quench-
ing with Z + jet Correlations in Pb-Pb and pp
Collisions at +/syy = 5.02 TeV, Phys Rev Lett
2017;119,1n0.8:082301.

[20] L. Apolindrio, J. Barata and G. Milhano, On the break-
ing of Casimir scaling in jet quenching, Eur Phys J C
2020;80,n0.6:586.

[21] F. Arleo, Quenching of Hadron Spectra in Heavy Ion Col-
lisions at the LHC, Phys Rev Lett 2017;119,n0.6:062302.

[22] M. Spousta, On similarity of jet quenching and charmo-
nia suppression, Phys Lett B 2017;767:10-15.

[23] T. Matsui and H. Satz, J/v Suppression by Quark-Gluon
Plasma Formation, Phys Lett B 1986;178:416-422.

[24] J. Adam et al., [ALICE], J/v¢ suppression at forward
rapidity in Pb-Pb collisions at y/sxy = 5.02 TeV, Phys
Lett B 2017;766:212-224.

[25] A. Adare et al., [PHENIX], J/v Production vs Cen-
trality, Transverse Momentum, and Rapidity in Au+Au
Collisions at /snny = 200 GeV, Phys Rev Lett
2007;98:232301.

[26] P. Braun-Munzinger and J. Stachel, (Non)thermal as-
pects of charmonium production and a new look at J/4
suppression, Phys Lett B 2000;490:196-202.

[27) R. L. Thews, M. Schroedter and J. Rafelski, Enhanced
J/4 production in deconfined quark matter, Phys Rev C
2001;63:054905.

[28] A. M. Sirunyan et al., [CMS], Measurement of prompt
and nonprompt charmonium suppression in PbPb colli-
sions at 5.02 TeV, Eur Phys J C 2018;78,10.6:509.

[29] M. Aaboud et al., [ATLAS], Prompt and non-prompt
J/v¢ and (2S) suppression at high transverse momen-
tum in 5.02 TeV Pb+Pb collisions with the ATLAS ex-
periment, Eur Phys J C 2018;78,1n0.9:762.

[30] V. Khachatryan et al., [CMS], Suppression and azimuthal
anisotropy of prompt and nonprompt J/ production in
PbPb collisions at /sy = 2.76 TeV, Eur Phys J C
2017;77,n0.4:252.

[31] K. Zhou, N. Xu, Z. Xu, et al., Medium effects on char-
monium production at ultrarelativistic energies avail-
able at the CERN Large Hadron Collider, Phys Rev C
2014:89,10.5:054911.

[32] M. He, B. Wu and R. Rapp, Collectivity of J/¢


http://arxiv.org/abs/1803.03589

Mesons in Heavy-Ion Collisions, Rev Lett
2022;128,1n0.16:162301.

[33] S. Aronson, E. Borras, B. Odegard, et al., Collisional and
thermal dissociation of J/¢ and T states at the LHC,
Phys Lett B 2018;778,384-391.

[34] Y. Makris and I. Vitev, An Effective Theory of Quarkonia
in QCD Matter, JHEP 2019;10:111.

[35] R. Bain, L. Dai, A. Leibovich, et al., “NRQCD Confronts
LHCb Data on Quarkonium Production within Jets,”
Phys Rev Lett 2017;119,n0.3:032002.

[36] Y. He, T. Luo, X. N. Wang, et al.,, Linear Boltz-
mann Transport for Jet Propagation in the Quark-Gluon
Plasma: Elastic Processes and Medium Recoil, Phys Rev
C 2015;91:054908.

[37] S. Cao, T. Luo, G. Y. Qin, et al., Linearized Boltz-
mann transport model for jet propagation in the quark-
gluon plasma: Heavy quark evolution, Phys Rev C
2016;94,n0.1:014909.

[38] J. C. Collins and D. E. Soper, Parton Distribution and
Decay Functions, Nucl Phys B 1982;194:445-492.

[39] G. T. Bodwin, E. Braaten and G. P. Lepage, Rigorous
QCD analysis of inclusive annihilation and production of
heavy quarkonium, Phys Rev D 1995;51:1125-1171.

[40] V. N. Gribov and L. N. Lipatov, Deep inelastic e p
scattering in perturbation theory, Sov J Nucl Phys
1972;15:438.

[41] Y. L. Dokshitzer, Calculation of the Structure Functions
for Deep Inelastic Scattering and e™e™ Annihilation by
Perturbation Theory in Quantum Chromodynamics, Sov
Phys JETP 1977;46:641.

[42] G. Altarelli and G. Parisi, Asymptotic Freedom in Parton
Language, Nucl Phys B 1977;126:298.

[43] Y.-Q. Ma, J.-W. Qiu, and H. Zhang, Heavy quarkonium
fragmentation functions from a heavy quark pair. I. S
wave, Phys Rev D 2014;89:094029.

[44] M. Baumgart, A. K. Leibovich, T. Mehen, et al., Probing
Quarkonium Production Mechanisms with Jet Substruc-
ture, JHEP 2014;11:003.

[45] J. Alwall et al., The automated computation of tree-
level and next-to-leading order differential cross sections,
and their matching to parton shower simulations, JHEP
2014;07:079.

[46] G. T. Bodwin, H. S. Chung, U.-R. Kim, et al., Fragmen-
tation contributions to J/v¢ production at the Tevatron
and the LHC, Phys Rev Lett 2014;113:022001.

[47] P. Faccioli, C. Lourenco, J. Seixas, et al., Study of 4" and
X decays as feed-down sources of J/1 hadro-production,
JHEP 2008;10:004.

[48] X.-f. Guo and X.-N. Wang, Multiple scattering, par-
ton energy loss and modified fragmentation functions
in deeply inelastic e A scattering, Phys Rev Lett
2000;85:3591.

[49] B.-W. Zhang, E. Wang, and X.-N. Wang, Heavy
quark energy loss in nuclear medium, Phys Rev Lett
2004;93:072301.

[50] L. Pang, Q. Wang, and X.-N. Wang, Effects of initial
flow velocity fluctuation in event-by-event (3+1)D hy-
drodynamics, Phys Rev C 2012;86:024911.

Phys

[61] CMS, V. Khachatryan, et al., Measurement of J/¢ and
1(2S) Prompt Double-Differential Cross Sections in pp
Collisions at 1/s=7 TeV, Phys Rev Lett 2015;114:191802.

[62] K.-Y. Liu, J.-P. Ma, and X.-G. Wu, Spin-flip interactions
and the puzzle of 1 ’ s polarization at Tevatron, Phys
Lett B 2007;645:180.

[53] G. T. Bodwin et al., Fragmentation contributions to
hadroproduction of promptJ/¢, xcs, and ¥(2S) states,
Phys Rev D 2016;93:034041.

[64] ATLAS, M. Aaboud, et al., Prompt and non-prompt J/v
elliptic flow in Pb+Pb collisions at /s = 5.02 Tev with
the ATLAS detector, Eur Phys J C 2018;78:784.

[65] ALICE, S. Acharya et al., J/¢ elliptic and triangular
flow in Pb-Pb collisions at /snn = 5.02 TeV, JHEP
2020;10:141.

[56] R. Baier, Y. L. Dokshitzer, A. H. Mueller, et al., Ra-
diative energy loss of high-energy quarks and gluons
in a finite volume quark - gluon plasma, Nucl Phys B
1997;483:291-320.

[67] B. G. Zakharov, Fully quantum treatment of the Landau-
Pomeranchuk-Migdal effect in QED and QCD, JETP
Lett 1996;63:952-957.

[58] U. A. Wiedemann, Gluon radiation off hard quarks in a
nuclear environment: Opacity expansion, Nucl Phys B
2000;588:303-344.

[59] M. Gyulassy, P. Levai and I. Vitev, Reaction opera-
tor approach to nonAbelian energy loss, Nucl Phys B
2001;594:371-419.

[60] P. B. Arnold, G. D. Moore and L. G. Yaffe, Photon emis-
sion from quark gluon plasma: Complete leading order
results, JHEP 2001;12:009.

[61] N. Armesto, B. Cole, C. Gale, et al., Comparison of
Jet Quenching Formalisms for a Quark-Gluon Plasma
"Brick’, Phys Rev C 2012;86:064904.

[62] R. Baier, Y. L. Dokshitzer, A. H. Mueller, et al., Ra-
diative energy loss and p(T) broadening of high-energy
partons in nuclei, Nucl Phys B 1997;484:265-282.

[63] C. Andrieu, N. de Freitas, A. Doucet, et al., An Intro-
duction to MCMC for Machine Learning Mach Learn
2003;50:5-43.

[64] S. Pratt, E. Sangaline, P. Sorensen, et al., Constraining
the Eq. of State of Super-Hadronic Matter from Heavy-
Ton Collisions, Phys Rev Lett 2015;114:202301.

[65] Y. Xu, J. E. Bernhard, S. A. Bass, et al., Data-driven
analysis for the temperature and momentum dependence
of the heavy-quark diffusion coefficient in relativistic
heavy-ion collisions, Phys Rev C 2018;97:014907.

[66] Y. He, L. G. Pang and X. N. Wang, Bayesian extrac-
tion of jet energy loss distributions in heavy-ion collisions,
Phys Rev Lett 2019;122,1n0.25:252302.

[67] S. Cao et al., [JETSCAPE], Determining the jet trans-
port coefficient hatq from inclusive hadron suppres-
sion measurements using Bayesian parameter estimation,
Phys Rev C 2021;104,n0.2:024905.

[68] M. Xie, W. Ke, H. Zhang, et al., Information field based
global Bayesian inference of the jet transport coefficient,
[arXiv:2206.01340 [hep-ph]].


http://arxiv.org/abs/2206.01340

	Unraveling Gluon Jet Quenching through J/ Production in Heavy-Ion Collisions
	Abstract
	Introduction
	Theoretical frameworks
	Numerical results
	Bayesian extraction of gluon energy loss distribution
	Summary and discussions
	References


