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Abstract: The averaged jet charge characterizes the electric charge of the initiating parton and provides a powerful

tool to distinguish quark jets from gluon jets. We predict, for the first time, the medium modification of the averaged

jet charge in the heavy-ion collisions at the LHC, where jet productions in p+p collisions are simulated by PYTHIA®,

and the parton energy loss in QGP is calculated with two Monte Carlo models of jet quenching: PYQUEN and JEW-

EL. We found that the distribution of averaged jet charge is significantly suppressed by initial state isospin effects

due to the participation of neutrons with zero electric charge during nuclear collisions. The considerable enhance-

ment of the averaged jet charge in central Pb+Pb collisions is observed relative to peripheral collisions, since the jet

quenching effect is more pronounced in central collisions. The distinct feature of the averaged jet charge between

quark and gluon jets, along with the sensitivity of medium modifications on the jet charge to flavor dependence of the

parton energy loss, could be very useful to discriminate the energy loss pattern between quark and gluon jets in

heavy-ion collisions.
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1 Introduction

A major purpose of relativistic heavy-ion collisions
(HIC) performed at the RHIC [1-4] and the LHC [5-7] is
to study the formation and map the properties of Quark-
Gluon Plasma (QGP), a new kind of matter with de-con-
fined quarks and gluons. An optimal probe of the cre-
ation and properties of the QGP is the jet quenching, a
phenomenon indicating that an energetic parton propagat-
ing in the dense QCD medium suffers multiple scattering
with other partons in the medium and subsequently loses
a significant amount of its energy [8—10]. By indirectly
quantifying the loss of the parton's energy in the medium
by theoretical estimations and experimental data of final-
state observables at large transverse momentum, such as
leading hadron production, we can infer the transport
properties of the QCD medium created in HIC [11-18].

An essential part of the jet quenching theory is the
flavor dependence of the parton energy loss, i.e., the dif-
ference between energy loss patterns of quarks and

gluons [9, 19]. In most perturbative QCD models of jet
quenching, it is shown that an energetic gluon may lose
more energy than a quark, which yields AE,/AE, =
(Ca/Cr) for asymptotic high-energy partons. However, in
other models, the flavor pattern of energy loss may be
different. For example, a hybrid strong/weak coupling
model [20] utilizing parton energy loss results in a
strongly coupled plasma described by the string theory,
with AE,/AE, = (C4/CF)'/3. The difference in the energy
loss of quarks and gluons may change the parton fraction
in HIC relative to that in elementary proton-proton colli-
sions, and thus modify the hadron chemistry [19, 21-24].
A deep understanding of the flavor dependence of parton
energy loss is indispensable to solve the baryon anomaly,
which remains an open question [21, 22, 25]. Another
topic on the flavor dependence of parton energy loss is
the mass dependence of the heavy quark energy loss.
Refs. [26—31] provide further discussion on the mass
hierarchy of jet quenching.

Since the start of heavy-ion programs with the unpre-
cedented colliding energies available at the LHC, full jet
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observables in HIC have attracted intense interests in
terms of both theory and experiment [20, 32—50]. Jet ob-
servables could provide complementary information be-
sides leading hadron productions, and they have been
widely accepted as another excellent probe to investigate
the properties of QGP. It is of great interest to study jet
observable, which is sensitive to the pattern of gluon
versus quark energy loss, and thus can help make further
constrains in the jet quenching mechanism by utilizing
the large amount data on jet measurements at the LHC
and at the RHIC. One such kind of jet observables is the
averaged jet charge [51-53], which yields the electric
charge distribution in a reconstructed jet. The measure-
ment of jet charge in HIC is expected to shed light on the
flavor dependence of jet quenching [54].

In the present study, we present the first numerical
calculations of medium modification on the averaged jet
charge in Pb+Pb collisions at the LHC. PYHHIAG®6 [55] is
used to simulate the particle production in p+p collisions.
PYQUEN and JEWEL are used to simulate the parton en-
ergy loss in Pb+Pb collisions. Compared to p+p colli-
sions, the averaged jet charge is found to be significantly
suppressed because of the participation of neutrons in
heavy-ion collisions. However, with the input that the
gluon loses more energy than the quark, the fraction of
quarks at large transverse pr will be increased to a large
extent, and it is shown that Rcp, the ratio of averaged jet
charge in central collisions to that in peripheral collisions,
should be larger than unity across the entire range of jet
transverse momenta. We demonstrate that the behavior of
the central-to-peripheral ratio is particularly sensitive to
the difference of the gluon and quark jet-medium interac-
tion strength.

2 Theoretical framework

We discuss our analysis framework of averaged jet
charge from p+p to Pb+Pb collisions. The momentum-
weighted jet charge is defined as [52, 53]:

0 => 40 M

i€jet

with z, = p./p}'. Here, p. depicts the transverse mo-
mentum of the hadron i inside jet, p)' is the transverse
momentum of the jet, Q; is the electric charge of the had-
ron. A power parameter x, which satisfies x € (0.1,1) is
used to adjust the contribution bias of jet constituents
with different transverse momenta.

The energy and and jet-size dependence of moments
of jet-charge distributions in p+p can be calculated in per-
turbative QCD [52, 53]. In this study, we employ the
Monte Carlo event generator PYTHIA with Perugia 2012
tune [56] to simulate particle production in p+p colli-
sions, which gives us more leverage power to impose dif-

ferent kinematic cuts. The FastJet package [57] is used to
construct final state jets for jet charge calculation. In the
ATLAS Collaboration measurement, jets are reconstruc-
ted by the anti-k7 algorithm with a radius R =04, and
events are required to include at least two jets with
pr >50 GeV in the central rapidity region l’ll,2| <2.1.
Only the leading two jets with pl;ading / psTubleadmg < 1.5 are
employed in the jet charge calculations. Fig. 1 shows our
results for the jet charge at v/s =8 TeV in p+p collisions
from PYTHIA+Fastlet compared with recent ATLAS
data [58]. Our MC results provide good descriptions for
experimental data. We may calculate the jet charge at
vs=2.76 TeV p+p collisions using the same method,
which provides a good baseline for the calculation in
heavy-ion collisions.

We show the jet charge for the quark and gluon jets in
Fig. 2. The distinct features of the jet charge between

030 ——m———r———+——1— ——
------- PYTHIA6 «=0.3 .
0.25F| =—PYTHIA6 k=05 .
—-= PYTHIA6 «=0.7 ;
020 ® = & ATLASdata J
G 0.5} Pp@8TeV preer® ]
V o
0.10F J
0.05+ J
0.00

0 200 400 600 800 100012001400
p."(GeV)

Fig. 1. (color online) Average value of jet charge distribu-
tion for leading jet in dijet events, as a function of jet trans-
verse momenta at /s =8.0 TeV in p+p collisions, as com-
pared with ATLAS data.
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Fig. 2. (color online) Average value of jet charge for quark

and gluon jets at /s =2.76 TeV in p+p collisions.
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quark and gluon jets can be observed. The averaged com-
plete jet charge is given by the combination of quark and
gluon jets with their relative fractions. The fraction of
quark jets increases with rising transverse momenta. The
averaged jet charge may increase gradually with the jet
transverse momentum p'Te‘, as shown in Fig. 1 and Fig. 2.
Moreover, even for pure quark jets, the value of the aver-
aged jet charge is increased. The hadronization effect de-
creases with the higher jet p)', thus the out-of-cone con-
tributions of electric charge and energy at high pJ;t jet
should be suppressed as compared to those at low pJTet

We subsequently proceed to the calculations of jet
charge in heavy-ion collisions at the LHC, where both the
initial-state cold nuclear matter (CNM) effects and final-
state hot nuclear matter effects are taken into account. For
CNM effects, the EPPS16 parameterization set [5S9] was
employed in our calculations. The total averaged jet
charge originally arises from the electric charge of collid-
ing participants. In Pb+Pb collisions at the LHC, besides
proton-proton collisions, proton-neutron and neutron-
neutron collisions may also occur. With the approxima-
tion that the cross-sections of these three types of colli-
sions are almost the same, the probability of these colli-
sions is determined by the number of fractions of collid-
ing participants. Eventually, the averaged jet charge in
Pb+Pb can be given as:

K _ NP ? K NP Nn K
<Qpbpb> —(ﬁ) <Qpp>+(ﬁﬁ)<Qpn>

() 0. @

where N, and N, represent the number of protons and
neutrons in the lead nucleus, respectively. Eq. (2) calcu-
lates the averaged jet charge in Pb+Pb collisions without
the final-state jet quenching effect, as shown in Fig. 3.
The CNM modification ratio is expressed as:

(O™
(Opp)

The CNM modification ratio as a function of pJ;t is il-
lustrated in Fig. 4. The averaged jet charge with CNM ef-
fects is significantly suppressed relative to that in p+p due
to the participation of neutrons with zero electric charge
during nuclear collisions.

Previous studies have shown that energetic partons
should lose energy when traversing the QCD medium due
to elastic and inelastic processes. In this study, we em-
ploy PYQUEN and JEWEL models to simulate the par-
ton energy loss in the QGP medium. PYQUEN [60-62] is
one of the Monte Carlo event generators of jet quenching,
built as a modification of jet events obtained for hadronic
collisions with PYTHIA 6.4. Details on the employed
physical model and simulation procedure can be found in

3)

Renm =

0.24 L L L L L\ ) )
[ | —»—<Q> in pp collisions 1
0.20 —A— <Q> in pn collisions
0.16 | | —m—<Q> in nn collisions .
0.12F s"™=276TeV «x=03 ]
e
J 0.08} ]
0.04F .
000 B W -
-0.04} i
_008 1 1 1 1 1 1 1
60 80 100 120 140 160 180 200
pT,jet GeV)
Fig. 3. (color online) Average jet charge distribution for

leading jet in dijet events as a function of jet transverse mo-
menta in pp, pn, and nn collisions.
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Fig. 4. (color online) Cold nuclear modification ratio for av-

eraged jet charge.

[60]. The model has to include both radiative and colli-
sional energy loss of hard partons, as well as the realistic
nuclear geometry. To investigate jet observables, another
key element of PYQUEN is the angular spectrum of me-
dium-induced gluon radiation. The "wide-angle" radi-
ation scenario was found to provide a better description
for experimental measurements on full jets observables in
the PYQUEN model [63], which is also adopted in the
calculations of this paper.

The JEWEL event generator provides a good descrip-
tion of the jet evolution in QCD medium, created in ultra-
relativistic heavy-ion collisions. This was tested for a
large set of jet quenching measurements, including jet
R4, dijet asymmetry A;, bosons tagged jet, as well as jet
substructure observables, which are more sensitive to the
jet-medium interaction [39, 44, 64—67]. In JEWEL, the
recoiling scattering centers can be traced, and in prin-
ciple they could be subjected to further interactions. To
deal with the medium response, JEWEL provides the op-
tion that thermal partons are kept recoiling against inter-
actions with the jet partons and then fragmented into had-

024103-3



Chinese Physics C Vol. 44, No. 2 (2020) 024103

rons along with the jet partons. This option is employed
in the following simulations.

3 Results and discussion

Based on the framework established in the previous
section, we calculate the average value of the jet charge
distribution as function of the jet transverse momentum in
HIC at the LHC. The CNM effect modified partonic jets
are generated by PYTHIA+EPPS16 with Perugia 2012
tune [56], and suffer jet quenching with simulations of
PYQUEN and JEWEL models, after which they are frag-
mented into final-state hadrons. The candidate particles
used to reconstruct jets are required to have pr > 1 GeV
to reduce the influence from the heavy-ion background.
We note that background effects are significant in jet
measurements [68, 69], and it is of interest to study in de-
tail how the heavy-ion background affects medium-modi-
fications of the jet charge in the future. Jets are recon-
structed by using the anti-k, jet finding algorithm [57]
with the cone size R = 0.4 implemented in FastJet. Events
are required to have two leading jets with pl;fadmg > 100

GeV, pST“b]e"’di“g > 50 GeV, and || < 2.1, where pl;’adi"g and

bleadi .
py " are the transverse momenta of the two leading

jets. To demonstrate the nuclear modification of the aver-
aged jet charge in Pb+Pb collisions, the nuclear modifica-
tion factor is given by:

_ (Qaa)
(Qpp)

Fig. 5 shows our predictions for the jet charge Rsq
and their comparison with the cold nuclear modification
ratio in central (0%—10%) Pb+Pb collisions. The nuclear
modification factor for the jet charge may be observed to
increase considerably by the jet quenching effect for both
PYQUEN and JEWEL. To provide a clearer description
of this phenomenon and suppress the initial-state isospin
effect (the electronic charge difference between protons
and neutrons), we study the central-to-peripheral ratio of
the averaged jet charge in Pb+Pb collisions Rcp, while the
jet quenching effect is significantly stronger in central
collisions than that in the peripheral ones. The central-to-
peripheral ratio Rcp is defined as:

< chmral>
Rcp = Ad

- eripheral
(O

Raa

“)

. )

In Fig. 6, we plot the Rcp as a function of the jet
transverse momentum for the averaged jet charge from
0-10% centrality (b € (0,3.478)) and 60%—80% centrality
(b €(12.05,13.91)) Pb+Pb collisions. It is shown that Rcp
is significantly larger than in the entire range of jet trans-
verse momenta due to the jet quenching effect both from
PYQUEN and JEWEL. We emphasize the behavior that
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Fig. 5. (color online) Nuclear modification factor for aver-

aged jet charge and their comparison with cold nuclear
modification ratio in Pb+Pb collisions with +/syy =2.76

TeV.
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Fig. 6. (color online) Central-to-peripheral ratio Rcp of aver-

aged jet charge in Pb+Pb collisions with /syy =2.76 TeV.

Rcp > 1 for the jet charge comes mainly from the increas-
ing fraction of quark jet with p' due to the jet quenching
effect in both PYQUEN and JEWEL models, where AE,/
AE, = C4/Cr =9/4 has been implemented. In these mod-
els, because gluon loses more energy than quarks, the
quark fraction will increase, whereas the gluon fraction
will decrease. However, as we discussed before, the aver-
aged jet charge for the gluon jet approaches zero. There-
fore, the jet quenching model with gluon losing signific-
antly more energy than quark naturally results in a Rcp
that is larger than unity.

To clarify this, we numerically investigate the central-

to-peripheral ratio (R‘é’jft) for the averaged quark jet

charge. The value of ch’jlfl and their comparison with full

jets is shown in Fig. 7. We observe that R%:," ~ 1, which
implies that the jet quenching effect has a rather modest
impact of the pure quark jet charge. The difference
between full charge in central and peripheral collisions
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Fig. 7. (color online) Rcp for quark jet charge and and full
jet charge in Pb+Pb at the LHC.
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Fig. 8. (color online) Rcp for averaged jet charge in jet
quenching models with different flavor patterns.
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Fig. 9.  (color online) Fraction of quark jets fya« in jet

quenching models with different flavor patterns.

mainly results from the decreasing fraction of gluon jet
with an energy loss effect in the hot QCD medium.

To further investigate the sensitivity of medium modi-
fications of the jet charge in HIC to the flavor depend-

ence of parton energy loss, we calculate Rcp in jet
quenching models with different values of:

r=AE,/AE,. (6)

We consider two scenarios: Scenario (I), where we
have r=9/4 for the conventional jet quenching model,
and Scenario (II) with = 1. The different choices of r
may alter the hadron chemistry, such as the p*/z* ratio in
A+A collisions [22].

In Fig. 8 and Fig. 9 we illustrate Rcp for the average
jet charge and quark jet fraction fuak in these two scen-
arios of flavor dependence of the parton energy loss mod-
el r=9/4 and =1, respectively. In Scenario (II) with
r = 1, the central-to-peripheral ratio Rcp is about 1, and a
very small difference of quark jet fraction between cent-
ral and peripheral Pb+Pb collisions is observed. This
striking distinction between the results of Scenario (I) and
Scenario (II) demonstrate convincingly the sensitivity of
the jet charge to the energy loss pattern between quark
and gluon jets in heavy-ion collisions. By measuring the
jet charge in HIC and comparing the data with the theor-
etical results from different jet quenching models, we can
form stringent constraints on the jet quenching mechan-
ism.

4 Summary and conclusions

We present the first numerical results for the nuclear
modification of the averaged jet charge in HIC at the
LHC. In p+p collisions, PYTHIAG is used to simulate fi-
nal state hadron productions. The jet charge for quarks is
shown to increase with rising jet transverse momenta,
while the gluon jet charge is approximately zero across
the entire range of pr, because the gluon carries no elec-
tric charge. In Pb+Pb collisions, the EPPS16 parameter
set is used to investigate cold nuclear effects. We employ
the MC event generators PYQUEN and JEWEL to simu-
late the parton energy loss in QCD medium. We found
that during nuclear collisions, the averaged jet charge
with cold nuclear matter influences is significantly sup-
pressed by isospin effects. This is because neutrons with
zero electric charge account for a large proportion of the
collisions. To study the medium modification for jet
charge by jet quenching effects and suppression of the
isospin effect, we calculate the central-to-peripheral ratio
for the jet charge in Pb+Pb collisions. The value of the
averaged jet charge in central Pb+Pb collisions is en-
hanced relative to peripheral collisions, since the jet
quenching effect is significantly stronger in central colli-
sions. In conventional jet quenching calculations, a fast
gluon will lose more energy in the QGP than a fast quark
due to its large color-charge (AE,/AE,=C4/Cr=9/4),
hence more quarks with an electric charge may survive in
central collisions as compared with those in peripheral
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Pb+Pb collisions. The fraction of quark jet should be in-
creased, which results in a larger jet charge in central col-
lisions than in peripheral reactions. We found the central-
to-peripheral ratio of the averaged jet charge is particu-
larly sensitive to flavor dependence of parton energy loss,

which may provide a very powerful tool to constrain the

energy loss pattern between quark and gluon jets in

heavy-ion collisions.
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