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Abstract: The production of heavy-quark (HQ) jets is a new area that addresses the mass effect of jet quenching in
heavy-ion physics. This paper presents a theoretical study of HQ jet yield suppression in Pb+Pb collisions at the
Large Hadron Collider (LHC) and focuses on the energy loss of HQ jets produced by different mechanisms. The
p+p baseline is provided by the generator simulation of high-energy reactions of particles (SHERPA), and the jet-
medium interactions are described by the SHELL transport model, which considers the elastic and inelastic partonic
energy loss in the quark-gluon plasma (QGP). In p+p collisions, our numerical results indicate that the HQ jets from
gluon splitting (g — Q-jet) are the dominant contribution at high pr, displaying more dispersive structures than the
HQ-initiated (Q — Q-jet). In nucleus-nucleus collisions, our calculations were consistent with the inclusive and b-jet
Raa recently measured by the ATLAS collaboration, revealing a remarkable manifestation of the mass effect of jet
energy loss. As a result of the dispersive substructure, the g — Q-jet loses more energy than the Q — Q-jet in the
QGP. Due to the significant contribution of g — c-jet, the Rq4 of c-jet is comparable or even smaller than that of in-
clusive jet. To experimentally distinguish the g — Q-jet and Q — Q-jet, we propose event selection strategies based
on their topological features and test their performances. By isolating the ¢ — c-jet, b — b-jet, and the jets initiated
by heavy quarks, we predicted that the order of their R44 are in line with the mass hierarchy of energy loss. Future
measurements on the Rqq of Q — Q-jet and g — Q-jet will provide a unique opportunity for testing the flavor/mass

dependence of energy loss at the jet level.
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I. INTRODUCTION

High-energy nuclear collisions at the Relativistic
Heavy Ion Collider (RHIC) and Large Hadron Collider
(LHC) provide an excellent opportunity for unraveling
the mysteries of the quark-gluon plasma (QGP), a new
state of nuclear matter formed at extremely high temper-
atures and densities. The "jet quenching" effect, referring
to the energy attenuation of fast partons due to their
strong interactions with the constituents of the QGP me-
dium, has piqued the interest of physicists who have stud-
ied them extensively [1-21]. Investigations of the jet
quenching phenomenon have deepened our understand-
ing of the quantum chromodynamics (QCD) under ex-
treme conditions and revealed the properties of the
strongly-coupled nuclear matter [22—24].
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As a result of the large mass (My > Aqcp), heavy
quarks (HQ) are powerful hard probes for exploring the
transport properties of the QGP [25-30]. Over the past
two decades, measurements on the nuclear modification
factor Rssa [31-34] and collective flow v, [35-38] of
heavy-flavor hadrons have enriched our knowledge with
regard to the energy loss mechanisms and hadronization
patterns of heavy quarks in high-energy heavy-ion colli-
sions. Because of the "dead-cone" effect [39], heavy
quarks lose less energy than the massless light partons
[40—42]. By comparing the Ry, of heavy-flavor hadrons
[43—46] and their decayed leptons [47—49] with those of
light-flavor ones, evidence of the mass effect has been
partly addressed [50—52].

The HQ jets, defined as jets containing heavy-flavor
quarks/hadrons [53, 54], are also excellent tools for cap-
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turing the mass effect of energy loss at the jet level
[55—63]. The richer inner structure of HQ jets compared
to that of single particles provides a unique opportunity
for exploring the exquisite interaction mechanisms
between the hard parton and the medium. The investiga-
tion of the production mechanisms and substructures of
HQ jets has also attracted much attention both experi-
mentally [64—71] and theoretically [72—81]. The recent
measurements on the jet radial profile [64] and jet shape
by the Compact Muon Solenoid (CMS) collaboration [69]
imply that the HQ jets produced by different mechanisms
may exhibit distinct topologies and structures [82, 83]. In
this context, it would be of great interest to explore the
energy loss effect of HQ jets produced by different chan-
nels and their relation to their substructures. Note that the
HQ jet samples selected in the experiment included the
jets initiated by heavy quarks (Q — Q-jet) and a consider-
able contribution from the gluon splitting (g — Q-jet).
The former is initiated by a heavy quark created in the
early stages of the QCD hard scattering, whereas the lat-
ter can be produced by the splitting of a high-energy
gluon (g — QQ) during the parton shower. However, ex-
perimentally comparing the mass effect of the jet energy
loss of the HQ-initiated jet with that of the massless one
is challenging. Suitable selection strategies can be ex-
plored to isolate the HQ jets produced by different pro-
duction mechanisms, to enable a direct comparison of the
yield suppression of the HQ-initiated jets with that of the
light-flavor ones.

In this study, the yield suppression of HQ jets in
heavy-ion collisions was explored to address the mass ef-
fect of jet energy loss. At first, the fractional contribu-
tions from different production mechanisms to the HQ jet
yields in p+p collisions was estimated, further discussing
their main characteristics in the jet substructure. In nucle-
us-nucleus collisions, we systematically estimated the
fractional contribution and energy loss of HQ jets from
Q — Q-jet and g — Q-jet, demonstrating that a signific-
ant contribution of g — Q-jet and its dispersive jet sub-
structure \lead to a comparable R4, of the c-jet relative to
the inclusive jet. Furthermore, to realize the separation of
g — Q-jet and Q — Q-jet in experimental measurements,
strategies are proposed to distinguish them based on their
topological features. By comparing the yield suppression
of the select Q — Q-jet sample with that of the inclusive
jet, we show that the mass hierarchy of energy loss
(AEinci—jet > AE._joc > AE,,_j,) at the jet level holds true.

The remainder of this paper is organized as follows.
In Sec. II, the mechanisms of producing HQ jets in p+p
collisions is presented. In Sec. III, the theoretical frame-
work of the transport model used to study the medium
modifications of the HQ jet is introduced. In Sec. 1V, the
main results and specific discussions are provided. Fi-
nally, the work is summarized in Sec. IV.

II. HEAVY QUARK JET PRODUCTION IN P+P
COLLISIONS

Production of open heavy flavors in hadron collisions
has been studied over the past decades using various the-
oretical schemes [84—89]. Fig. 1 displays the typical
QCD Feynman diagrams contributing to the production
of HQ jets, which are usually categorized into three
classes: flavor creation (FCR), flavor excitation (FEX),
and gluon splitting (GSP) [82, 83]. The first two repres-
ent the pair creation of heavy quarks in hard scattering at
leading order, in which the incoming partons are light
quarks or gluons, and the outcoming QQ pairs usually
emerge back-to-back in azimuth. Higher-order QCD pro-
cesses of heavy quark production are not negligible in
hadron collisions at the LHC energy. Diagrams 1(c) and
1(d) represent the FCR processes at next-to-leading order
(NLO) with an extra radiated gluon in the final state. Fig.
1(e) depicts the typical FEX process, in which a heavy
quark from the parton distribution function of one incom-
ing proton is excited in hard scattering by a light parton
of another proton. The most distinct feature of FEX com-
pared to FCR is that only one heavy quark is produced by
the hard scattering. The last diagram in Fig. 1 depicts the
splitting process of a final-state hard gluon during the
parton shower, whereby in general, QQ pairs are pro-
duced with a smaller opening angle in azimuth compared
to that of FCR. The prior clarification of the different kin-
ematics features of these subprocesses may help us un-
derstand the corresponding substructures and topological
features of HQ jets.

In this study, we employed the Monte Carlo event
generator simulation of high-energy reactions of particles

K (b) (c)
S
(d) (e) ()

Fig. 1. (color online) Typical examples of QCD Feynman
diagrams contributing to the production of HQ jets. Flavor
creation: (a, b) LO; (¢, d) NLO; (e) Flavor excitation; (f)
Gluon splitting. Red fermion lines denote the produced heavy
quarks.
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(SHERPA) [90, 91] to compute the initial HQ jet produc-
tion in p+p collisions, which matches that of the hard
QCD processes at next-to-leading order with the vacuum
parton shower effect (NLO+PS). The resummation of the
parton shower based on Catani-Seymour subtraction
method [92] is merged with fixed-order NLO calcula-
tions based on the MC@NLO prescription [93]. The
NNPDF 3.0 [94] parton distribution functions (PDFs)
were chosen for the SHERPA calculations. In the upper
panel of Fig. 2, the calculated differential cross section of
the D° meson tagged-jet by SHERPA in p+p collisions at
Vs = 5.02 TeV are compared with a large ion collider ex-
periment (ALICE) data [95]. The charged jets are recon-
structed by using the Fastjet program [96] with anti-k; al-
gorithm [97] at R = 0.2, 0.4, 0.6 and rapidity range
|7l <0.9—R. The D° mesons are required to have
2< pP <36 GeV. In the lower panel of Fig. 2, the yield of
b-jet in p+p collisions at +/s = 5.02 TeV compared with a
toroidal LHC apparatus (ATLAS) and ALICE data [59,
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Fig. 2.  (color online) Upper panel: differential cross sec-

tions of the D° meson tagged-jet by SHERPA in p+p colli-
sions at +/s= 5.02 TeV compared with the ALICE data [95],
at R =0.2, 0.4, 0.6. Lower panel: differential cross section of
b-jet in ptp collisions at +s= 5.02 TeV compared with
ALICE [98] and ATLAS [59] data.

98]. For the ATLAS measurement, the b-jets were con-
structed using the anti-k; jet algorithm for R=0.2 and
R = 0.4 within [y;| <2.1. As for the ALICE data, the b-jet
were constructed using charged particles with R=0.4
within || < 0.5. The calculations by SHERPA are con-
sistent with the experimental measurements of the HQ jet
yields both for c-jet and b-jet, establishing a good
baseline for subsequent studies of nuclear modifications.

In Monte Carlo simulations, the three mechanisms
mentioned in Fig. 1 can be distinguished based on their
topological features. The events that produce one and two
heavy quarks in the hard processes can be categorized in-
to FEX and FCR, respectively. In contrast, the events for
the HQ jet created only in the parton shower stage are re-
garded as the GSP type. As shown in Fig. 3, the fraction-
al contributions of the three mechanisms to the total yield
was estimated as a function of jet pr for both c-jet (up-
per) and b-jet (lower) in p+p collisions at +/s= 5.02
TeV. At 12 < pr <400 GeV, The proportions of GSP in-
crease with jet pr and eventually become the most dom-
inant mechanism for both c-jet and b-jet production,
which is consistent with the estimation in [83]. For c-jet,
at lower pyr the contributions of these three mechanisms
are nonnegligible. As for b-jet, at lower pr, the most im-
portant contributioons (above 50%) are from the FEX
mechanism, in contrast to the GSP contributing less than
20%. FCR and FEX denote the jets initiated by heavy
quarks, whereas GSP corresponds to HQ jets initiated by
high-energy gluon. Focusing on their essential differ-
ences makes it convenient to categorize these three mech-
anisms into two subprocesses, Q — Q-jet and g — Q-jet,
in the remainder of this paper.

To inuitibely show the essential differences of
0 — Q-jet and g — Q-jet in substructures, two-dimen-
sional (zp,rp) diagrams of these two types of jets are plot-
ted in Figs. 4 and 5 in p+p collisions at +/s = 5.02 TeV
for both c-jet and b-jet. Here zo = p2/pk' denotes the
transverse momentum fraction carried by heavy quarks in
jets, and ro = /(g — dje)” + (ng —mje)? is the radial dis-
tance of heavy quarks to the jet axis. The two observ-
ables, zo and rg, quantify the energy dominance of heavy
quarks in jets and their angular location in the jet cone.
For Q — Q-jet of both c-jet and b-jet, the most heavy
quarks carry above 80% of the jet momentum; and their
moving directions collimate with the jet axis. Under-
standably, heavy quarks still dominate the jet's mo-
mentum even after soft shower evolution. However, the
situation is quite different for the g — Q-jet in the lower
panels, where heavy quarks are more dispersed in the
(zg,rg) diagrams. We observe a banded region, espe-
cially for the g — c-jet, which is distinctly different from
that of ¢ — c-jet. Plenty of heavy quarks produced by the
gluon splitting carry smaller energy fractions and are loc-
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Fig. 3.  (color online) The fractional contributions of the
three production mechanisms to the total HQ jet differential
cross section as functions of jet pr in p+p collisions at +/s =
5.02 TeV for c-jet and b-jet.
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Fig. 4.  (color online) Two-dimensional (zg,rp) correlation
diagrams of ¢ — c-jet (upper panel) and b — b-jet (lower pan-
el) in p+p collisions at /s = 5.02 TeV.

ated in larger radii in jets. In the remainder of this paper,
we show that the large fraction of g — Q-jet and its dis-
tinct substructure compared to Q — Q-jet play critical
roles in the energy loss and yield suppression of HQ jets
in high-energy nucleus-nucleus collisions.

III. JET TRANSPORT IN THE QUARK-GLUON
PLASMA

Because of the large mass (My>>T), the heavy
quarks are effective hard probes for the properties of the
hot and dense QCD matter formed in high-energy nucle-
ar collisions. In this study, we utilized the p+p events
produced by SHERPA as input of the transport model
driven by the modified Langevin equations [99—104] to
estimate the nuclear modification effect of the HQ jet
production in 4+4 collisions.

dx; = %dt, (1)

dp; = ~Tp;dt+ VdiCy(|p+£dplpy - p. )

The spatial position update of the traversing heavy
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Fig. 5. (color online) Two-dimensional (zg,rp) correlation

diagrams of g — c-jet (upper panel) and g — b-jet (lower pan-
el) in p+p collisions at /s = 5.02 TeV.
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quarks in the medium is described in Eq. (1), where
dr=0.1, and fm is the time step of our simulation. Mean-
while, Eq. (2) expresses the in-medium energy loss with
index j,k=1,2,3, where the three terms on the right-hand
side denote the drag, thermal stochastic, and radiative
correction terms, respectively. The drag term represents
the collisional energy loss of heavy quarks, with the drag
coefficient I controlling the strength of the energy loss.
The thermal stochastic term indicates the mass of ran-
dom kicks that heavy quarks suffer, caused by the
thermal quasi-particles in the hot and dense QCD matter,
where the white p, obeys the standard normal distribu-
tion, and P(p) = (27)"*2¢*"/2. The momentum argument of
the covariance matrix Cj is a function of the momentum
diffusion coefficients in the longitudinal () and trans-
verse (k. ) directions [105].

_ PPk DDk
Cjk = VK ﬁ2 + VK, (6jk — ﬁ2 ) . (3)

Note here we chose £ =0 for the pre-point (Ito) real-
ization of the stochastic integral of C;(|p+&dpl) [106].
Additionally, by assuming « is isotropic for heavy quarks
k. =k =k, a simple expression Cj = vkdycanbe ob-
tained. Then the momentum diffusion coefficient x can be
related to the drag coefficient I' by the relativistic Ein-
stein relation I' = k/2ET . Note that the momentum diffu-
sion coefficient x of heavy quarks can also be converted
into another dimensionless form 2xTD, in coordinate
space using the relation D, =2T?/k. Note that, to accur-
ately determine the temperature and momentum depend-
ence of the diffusion coefficient of heavy quarks (x or
D), the heavy-ion community has made some elaborate
and sgnificant efforts in recent years [107—111]. More
detailed reviews can be found in [112, 113]. At each time
step, the heavy quarks are boosted into the local rest
frame of the expanding medium to update the four-mo-
mentum using the Lorentz transformation, boosting them
back again to the laboratory frame to update the spatial
position. The last correction term —p$ corresponds to the
momentum recoil of the medium-induced radiated gluon,
based on the gluon spectrum calculated by the higher-
twist approach [40, 114—116],

N 2 4

dN _ 2aSCSP(x)qsin2<t_[i> ( kT ) @
dxdk? de ikt 2tp /N2 +x2M?
where x and k, are the energy fraction and transverse mo-
mentum carried by the radiated gluon. C; is the quadratic
Casimir in the color representation, and P(x) the splitting
function; 7, =2Ex(1-x)/(k +x*M?) denotes the gluon
formation time to take into account the Landau-Pomeran-
chuk-Migdal (LPM) effects [117, 118]. §=qo(T/Ty)*
puu/E is the jet transport parameter [119], where T is

the highest temperature in the most central A+A4 colli-
sions, and «* the velocity of the medium cell where the
heavy quark is located. In considering the fluctuation of
medium-induced gluon radiation, we assumed that the
number of the radiated gluon during a time step At obeys
the Possion distribution f(n) = A"e™*/n!, where the para-
meter A denotes the mean number of the radiated gluon
which can be calculated by integrating Eq. (4). Once the
radiation number 7 is sampled, the radiated gluon's four-
momentum can be further sampled by Eq. (4) one at a
time. As discussed above, the momentum update of
heavy quarks is driven by Eq. (2). Furthermore, consider-
ing the energy loss of the light partons (light quark and
gluon) inside the jet cone is essential for the calculation
of the full-jet observable. As an effective treatment, the
elastic energy loss of light partons is estimated by the
perturbative quantum chroodynamics (pQCD) calcula-
tions for the hard theral loops (HTL) approximation
[120], whereas for the inelastic part, the higher-twist
formalism is adopted.

The initial spatial production vertex of jets in nucleus-
nucleus collisions is sampled based on the Monte Carlo
(MC)-Glauber model [121]. During jet propagation, the
velocity and temperature of the expanding QGP medium
are provided by the CLVisc hydrodynamic model [122].
In general, the partonic energy loss is assumed to cease at
the hadronic phase, namely at the local temperature be-
low T.=0.165 GeV. In this work, the initial fluctuation
of the bulk medium was ignored due to its small influ-
ence on the average energy loss of high-py jet [123—125].
However, such initial fluctuations of hydrodynamics may
be critical for the simultaneous description of the R4, and
v, of heavy-flavor hadrons at low py regions [126, 127].
Notably, based on the isotropic approximation of the
QGP medium, x and § of a high-energy heavy quark can
be related through a concise expression « = §/2 [102, 112,
128]. In recent years, the SHELL transport model has
been successfully employed to study the medium modi-
fications of both light- and heavy-flavor jet in high-en-
ergy nuclear collisions [52, 61—63, 76—80, 129].

IV. RESULTS AND DISCUSSIONS

Note that ¢ is the only parameter in our framework
that controls the interaction strength for both light and
heavy-flavor partons. First, we performed a y? fit of the
recent inclusive-jet and b-jet R4, data measured by the
ATLAS collaboration [59] to fix the model parameter g,
where the jet R44 is conventionally defined as,

1 do?/dydpr
(Ngy dowe/dydpy

Rps = (5)

The scaling factor (Ng) denotes the number of binary
nucleon-nucleon collisions in 4+4 estimated using the
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collisions at +/syy = 5.02 TeV compared with ATLAS data (upper panels), along with their ratio RS /R (lower panels).

Glauber model [121]. The y? fit of the ATLAS data [59]
obtained the optimal value of ¢, = 0.9 GeV?/fm with y* =
1.29. Using this configuration, the model calculations of
b-jet and inclusive jet Ry4are compared with the data in
Fig. 6, showing good agreement for both the R4, mag-
nitudes and their ratio R%;* /R from central to peri-
pheral Pb+Pb collisions at +/syy = 5.02 TeV. The b-jets
experence a more moderate yield suppression than the in-
clusive jet, which may indicate that the b-jet loses less en-
ergy in QGP than the light-flavor jet. However, the HQ-
initiated jet is not the dominant contribution for c-jet and
b-jet samples, as discussed in Sec. II. The mixture of
components in HQ jets complicates the understanding of
the mass effect of jet energy loss. Shown in Fig. 7is the
nuclear modification factor R44 of both c-jet, b-jet, and
inclusive jet in central 0—10% Pb+Pb collisions at
vsvy = 5.02 TeV for different jet-cone sizes (R = 0.2,
0.4), at 30 < pr <260 GeV. These calculations were per-
formed at the parton level, and HQ jets (c-jet and b-jet)
are defined as jets containing at least one heavy quark in-
side the jet cone with p? > 3 GeV. As the b-jet has the
largest R44, it is surprising that the c-jet has Ry, compar-
able with that of the inclusive jet for R = 0.2. In addition,
for larger jet cone R = 0.4, the yield suppression of c-jet
was found to be stronger than that of inclusive jet at pr >
150 GeV. Similar results were also obtained using the lin-
earized patronic transport LIDO model [130].

In Fig. 8, the averaged jet energy loss (Apr) of
Q — Q-jet and g — Q-jet were estimated by tracking their
propagation in 0—10% Pb+Pb collisions at +/syy = 5.02
TeV for c-jet (upper) and b-jet (lower). First, the total c-
jet Apr is more significant than that of b-jet with the

AA AA

same initial pr. Second, by comparing the Apy of ¢ — ¢-
jet and b — b-jet, Q-jets initiated by the bottom lose less
energy than that by charm, which is the direct embodi-
ment of the mass hierarchy of quark energy loss. Finally,
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Fig. 7. (color online) The nuclear modification factor Rys of
c-jet, b-jet, and inclusive jet in central 0—10% Pb+Pb colli-
sions at +/syy = 5.02 TeV for different jet-cone sizes (R = 0.2,
0.4).
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((Apr)) of Q— Q-jet and g— Q-jet in 0—10% Pb+Pb colli-
sions at /syy = 5.02 TeV, both for c-jet and b-jet.

we find that g — Q-jet loses much more energy than
Q — Q-jet for both c-jet and b-jet. This study employed
the p+p events after a full vacuum parton shower as in-
put to simulate the in-medium energy loss. This treat-
ment assumes all heavy quarks were created before the
QGP was formed. Hence, the different energy losses of
0 — Q-jet and g — Q-jet may only result from their ini-
tial features. As presented in Figs. 4 and 5 at the end of
Sec. 1I, the g — Q-jet generally has a more dispersive
(zg,ro) distribution compared to Q — Q-jet, namely
plenty of heavy quarks are located in smaller z, and lar-
ger rp regions. Larger ry facilitates the dissipation of lost
energy from heavy quarks outside the jet cone, which is
consistent with the results of the recent measurements of
the ATLAS, ALICE, and CMS collaborations [131-136],
indicating that the more dispersive the jet structure is, the
more energy is lost in the QGP. Moreover, the jets pro-
duced by g — QOQ processes usually contain two heavy
quarks inside the jet cone, and energy dissipation in the
QGP is more efficient compared to the Q — Q-jet.

An overall comparison of the (Apr) for the six kinds
of jets (g — incl-jet, g — incl-jet, ¢ — c-jet, g — c-jet,
b — b-jet and g — b-jet) in 0—10% Pb+Pb collisions at
vsyy = 5.02 TeV is shown in Fig. 9, to compare the fla-
vor dependence of jet energy loss intuitively and system-
atically. First, it is essential that the energy loss of the jet
initiated by the parton with different flavors be compared.
Excluding the contribution from gluon splitting pro-

—@&— g—incl-jet c—c-jet ——b—b-jet
70H-©- g—incl-jet g—cijet -4- g—b-jet] ;-O0F
60 |- 0-10%Pb+Pb@5.02TeV o o]
| antiky [n®<2.0 o
o 50 FR=02 y-O-t .
O '-O-' __D_l-'D
— 40+ 1=O=1 == -
Al— ! O
o o [l
J30Ff =O-tp O i
v (O i-Aeb g
1O V-0O-'
20 | Portien O h’_/\_’_,\_’_’\_,—lw
oAl
10 ozt .
O 1 1 1 1 1
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pr [GeV]
Fig. 9. (color online) The averaged transverse energy loss

((Apr)) for the six kinds of jets, g— incl-jet, g— incl-jet,
¢ — c-jet, g = c-jet, b — b-jet and g — b-jet, in 0—10% Pb+Pb
collisions at /syy = 5.02 TeV.

cesses, we find that the jet energy loss obeys the order
AEjg—)incl—jet > AEq—)incl—jet ZAEc—w—jet > AEb—>b—jeta il’l line
with the flavor-dependent parton energy loss expectation.
The b — b-jet shows a noticeable mass effect of energy
loss compared to the g —incl-jet, whereas the ¢ — c-jet
behaves more like a light quark jet at p; > 50 GeV. Com-
paring the energy loss of g —incl-jet with that of g — Q-
jet is also interesting. They are all initiated by the high-
energy gluon; however, the latter traverses the QGP as a
Q0 pair inside the jet. The energy loss of g — c-jet is
smaller than that of g — jet but visibly larger than that of
the g — incl-jet, which indicates that the HQ jets from the
gluon splitting lose more energy in the QGP than the
light-quark jets. Therefore, the significant contribution of
g — Q-jet may be the critical point for understanding the
similar Ry, of c-jet and inclusive jet shown in Fig. 7. In
other words, due to the large fraction of g — c-jet com-
ponents, the averaged energy loss of c-jet is comparable
to that of the inclusive jet. Fig. 10 displays the fractions
of Q — Q-jet and g — Q-jet for c-jet (left panel) and b-jet
(middle panel) versus jet py (left panel) with R = 0.2 and
R = 0.4. The fractions of g — Q-jet increase as R varies
from 0.2 to 0.4, and accordingly, that of Q — Q-jet de-
creases for both c-jet and b-jet. For larger jet cones, the
enhanced fraction of Q — Q-jet increases the average en-
ergy loss of HQ jets. The fractions of quark- and gluon-
jet in the inclusive jet sample are shown in the right pan-
el, and they are observed to be insensitive to the jet-cone
size. This can explain why the c-jet Ry is smaller than
that of the inclusive jet for R = 0.4, as shown in Fig. 7.

So far, we have discussed the jet energy loss of c-jet,
b-jet, and inclusive jet by systematically analyzing their
component features and fraction variations. Notably, the
energy loss of g— Q-jetis significantly more pro-
nounced than that of the Q — Q-jet in nucleus-nucleus
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Fig. 10. (color online) The fractional contributions of ¢ — c-

jet and g — c-jet to the total c-jet; b — b-jet and g — b-jet to
the total b-jet; g — incl-jet and g — incl-jet to the inclusive jet;
differential cross section versus pr in p+p collisions at +/s =
5.02 TeV, as jet-cone size varies from 0.2 to 0.4.

collisions. Our calculations indicate that g — Q-jet be-
haves like a gluon-jet but not a heavy quark jet. More ef-
forts in future experimental measurements on g — Q-jet
and Q — Q-jet can be helpful in addressing the
flavor/mass dependence of jet energy loss. However,
these measurements assume that the reconstructed Q-jets
from different channels (Q — Q-jet and g — Q-jet) can be
identified effectively in the experiment. For this reason,
we present the selection methods for separating the two
processes g — Q-jet and Q — Q-jet and also estimate the
purity of the jet sample selected by these strategies.

As mentioned in Sec. II, the QQ pairs produced by
g — Q-jet usually have a narrow opening angle, whereas
the one from hard scattering is usually "back-to-back" in
the azimuthal plane. We designed the following strategies
to select the high-purity sample of ¢ — Q-jet and Q — Q-
jet, respectively.

e Strategy-1 for ¢ —» Q-jet: Selecting jets containing
two heavy quarks inside the jet-cone. The heavy quark
should have p¢ >2 GeV.

e Strategy-2 for Q — Q-jet: Selecting jets contain-
ing only one heavy quark inside the jet-cone. Moreover,
the selected candidates should have a recoiled HQ jet
partner with pr >10 GeV, and their angle of separation in
azimuth plane should satisfy A¢y, > 2/3x.

To test the performance of the selection strategies, in
Fig. 11 we show the purities of the selected g — Q-jet
and Q — Q-jet samples in p+p collisions at +/syy = 5.02
TeV for both c-jet and b-jet, where purity is defined as
the fraction of the target process in the total selected jet
sample,

09 .
2 0.8 - Strategy-1 P+p@5.02TeV
& 07 [ 9= Qijet anti-ky [n/*<2.0]

I R=0.2
0.6 | .
L —g—>c-jet ]
05| g—b-jet|+

09+ J
é\ 08 __,_'_'_'_,_|_'—|_l_|—,_|_|_|_|__
S . 4
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Fig. 11.  (color online) Purities of the selected of g — Q-jet

and Q — Q-jet samples for c-jet and b-jet in p+p collisions at
VSNN = 5.02 TeV.

do/dpr[target process]
do/dpr[selectedjet sample]

Purity = (6)

In the upper panel of Fig. 11, the purity of the selec-
ted g — Q-jet sample is above 0.9 for both c-jet and b-jet.
In the lower panel, the purity of the selected Q — Q-jet
sample is above 0.8 for c-jet and 0.9 for h-jet. The selec-
tion strategies tested in A+4 collisions also show similar
satisfactory performance.

After establishing the effective strategies for select-
ing the g — QO-jet and Q — QO-jet, we can directly com-
pare their yield suppression in A+A4 collisions with the in-
clusive jet. Although isolating the gluon jet and quark jet
in the experiment is difficult, the comparison between
g — O-jet, QO — Q-jet, and inclusive jet may provide a
unique opportunity for capturing the flavor/mass depend-
ence of jet quenching, which can be used to test the ex-
periments. Fig. 12 compares the calculatedR,, of selec-
ted ¢ — c-jet, g — c-jet, b — b-jet and g — b-jet with that
of inclusive jet in 0—-10% Pb+Pb collisions at +/syy =
5.02 TeV. Note that ¢ — c-jet, g — c-jet, b — b-jet, and
g — b-jet denote the selected samples with the above
mentioned strategies. Clearly, the jets initiated by heavy
quarks obey the order R’ > R} > R Namely, by
effectively isolating the Q — Q-jet processes, the mass
hierarchy of energy loss at jet level (AEic_ju>
AE i, > AEy_j) 1s predicted in nucleus-nucleus colli-
sions. We observe that the yield suppression of g — c-jet
is much stronger than that of inclusive jet. As for the
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Fig. 12. (color online) Rss of the selected ¢ — c-jet, g — c-

jet, b — b-jet, and g — b-jet compared to that of the inclusive
jet in 0—10% Pb+PDb collisions at +/syy = 5.02 TeV.

g — b-jet, its yield suppression is obviously stronger than
that of b — b-jet and ¢ — c-jet. At high pr, Rys of g — b-
jet is slightly lower than that of inclusive jet whereas their
values are close at lower py. This may result from the
dispersive structure of the b-jets generated by the g — b-
jet process, which can lead to more energy loss in the
QGP compared to the b — b-jet, similar to the case of the
c-jet.

Unlike the treatment in [50], which considers the
fragmentation function of high-energy gluon into the
heavy-flavor hadron in the hadronization process, in this
study, the vacuum splitting of ¢ — Q-jet was simulated
before the formation of the QGP medium. The results ob-
tained from different treatments are consistent, indicating
that the heavy flavors from gluon splitting suffer a
stronger quenching effect than those from the hard scat-
tering in heavy-ion collisions. We next plan to investig-
ate the influence of considering the concrete g — Q-jet
splitting time in the QGP medium on the energy loss and
substructure modifications of HQ jets, and some recent
exploratory studies in this direction are expected to be

helpful [137-139]. Moreover, the recent studies have ex-
tracted the gluon energy loss by J/¥ production in Pb+Pb
collisions [51] because over 80% J/¥ is mainly pro-
duced by the gluon fragmentation at high pr. From this
point of view, measurement on the g — c-jet production
in A+A collisions can similarly build a bridge for under-
standing the energy loss of the gluon jet.

V. SUMMARY

This paper systematically studies the yield suppres-
sion of HQ jets in nucleus-nucleus collisions relative to
the p+p, focusing on the energy loss of HQ jets produced
by different production mechanisms. The Monte Carlo
event generator SHERPA was used to generate the ptp
baseline, which matches the NLO hard QCD processes
with the resummation of the parton shower. The in-medi-
um evolution of the HQ jets was described by the SHELL
transport model, which considers the elastic and inelastic
energy loss. The g — Q-jet process significantly contrib-
uted to the HQ jet production at high pr and showed
more dispersive structures compared to the Q — Q-jet in
p+p collisions. In Pb+Pb collisions at +/syy = 5.02 TeV,
our calculations provide descriptions of the inclusive jet
and b-jet Ry, as measured by the ATLAS collaboration,
which remarkably point to the mass effect of jet energy
loss. Due to its dispersive substructure, g — Q-jet lost
more energy than the Q — Q-jet in the same collision
system. Furthermore, because of the dominant contribu-
tion of the g — c-jet, the Ry4 of c-jet was comparable or
even smaller than that of inclusive jet. We proposed event
selection strategies based on their topological features
and tested their performances, which allowed us to distin-
guish the two processes g — Q-jet and Q — Q-jet accord-
ing to the final-state jet particle information. By isolating
the ¢ — c-jet, b — b-jet, and the jets initiated by heavy
quarks, we predicted that the order of their Ry, aligns
with the mass hierarchy of energy loss. Measurements on
the R4s of O — QO-jet and g — Q-jet in heavy-ion colli-
sions provide a unique opportunity for testing the
flavor/mass dependence of energy loss at the jet level.
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