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We propose a modified definition of the jet charge, the “dynamic jet charge,” where the constant jet
momentum fraction weighting parameter x in the standard jet charge definition is generalized to be a
function of a dynamical property of the jet or the individual jet constituents. The dynamic jet charge can
complement analyses based on the standard definition and give improved discrimination between quark
and gluon initiated jets and between jets initiated by different quark flavors. We focus on the specific
scenario where each hadron in the jet contributes to the dynamic jet charge with a x-value dynamically
determined by its jet momentum fraction. The corresponding dynamic jet charge distributions have
qualitatively distinct features and are typically characterized by a multiple peak structure. For proton-
proton collisions, compared to the standard jet charge, the dynamic jet charge gives significantly improved
discrimination between quark and gluon initiated jets and comparable discrimination between u- and d-
quark initiated jets. In PYTHIA simulations of heavy ion collisions, the dynamic jet charge is found to have
higher jet discrimination power compared to the standard jet charge, remaining robust against the increased
contamination from underlying event. We also present phenomenological applications of the dynamic jet

charge to probe nuclear flavor structure.
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I. INTRODUCTION

Identifying the electric charge of partons that emerge
from the hard scattering process to initiate the formation of
jets can be useful in the search for new physics and testing
various aspects of the Standard Model. Earlier experimental
application of the jet charge [1] was in deep inelastic
scattering studies [2—7], finding evidence for quarks in the
nucleon. The jet charge observable has also been applied in
measurements of the charge asymmetry [8,9], in tagging
the charge of bottom quark jets [10-13] and hadronically
decaying W bosons [14,15], determination of electroweak
parameters [16], and in testing aspects of perturbative
quantum chromodynamics (QCD) [17-21]. Jet charge
has also been used to probe nuclear medium induced jet
quenching on quark and gluon initiated jets in heavy ion
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collisions [22-28]. Most recently, a new theoretical frame-
work [29,30] was introduced to use jet charge as a probe of
the quark flavor structure of the nucleon.

The jet charge is one of a variety of jet substructure tools
used for jet discrimination [27,31,32]. A comprehensive
review of other jet substructure techniques can be found in
Ref. [33]. The utility of the jet charge observable for jet
discrimination has also prompted the development of
machine learning techniques [15,21] for extracting the
jet charge. Recently, a color tagger was introduced [34]
as another jet discriminant in order to distinguish between
color singlet states decaying into two jets from dijet
backgrounds. In a recent analysis [35], it was shown that
the quark-gluon jet discrimination power of the various jet
substructure techniques typically worsens in heavy ion
collisions, compared to proton-proton (pp) collisions, but
suggested a systematically improvable framework for
studying medium modification for quark and gluon ini-
tiated jets.

In the context of these various tools developed for jet
discrimination, we introduce a modified definition of the
standard jet charge that we refer to as the “dynamic jet
charge.” This new definition can complement analyses
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based on the standard jet charge and allows for improved
discrimination between quark and gluon initiated jets and
between u-quark and d-quark initiated jets. We present
simulation results to illustrate the characteristic properties
of the dynamic jet charge and its discrimination power at
the LHC. We also present corresponding results for PYTHIA
simulations of heavy ion PbPb collisions and find that,
unlike for the standard jet charge, the discrimination power
of the dynamic jet charge remains similar to that found in
pp collisions, being largely unaffected by the significantly
greater underlying activity. While PYTHIA simulations
account for the increased underlying event activity in heavy
ion collisions, they do not include nuclear medium effects
and the related jet quenching effects. Further studies of the
dynamic jet charge for heavy ion collisions could be done
using the JEWEL [36] or JETSCAPE [37] simulation, which
includes hot nuclear medium (i.e., quark-gluon plasma)
effects, and is left for future work.

The standard definition [1,17,18] of the jet charge is
given by the weighted sum

O = ZZZQh (1)

hei-jet

for a jet initiated by the parton i, and the sum is over all
hadrons #, with charge Q), in the jet. Note that k > 0 is a
constant parameter that is part of the jet charge definition,
and z;, is the jet transverse momentum or energy fraction
carried by the hadron 7,

_ pTh Eh
p =—— oOr

Pr, B E,

for pp and e*e™ colliders, respectively. Here py, and E,
denote the transverse momentum and energy of the hadron
h in the jet, respectively. Similarly, py, and E; denote the
total jet transverse momentum and energy, respectively. In
this work, we focus on the hadron collider environment and
use the pr-weighted jet charge definition.

In this work, we propose the dynamic jet charge, denoted
by Qayn, defined as

Z 270, 3)

he&i-jet

Q(liyn =

for a jet initiated by parton i, where the constant parameter
k in the standard definition is promoted to a function x(P)
of some property “P” of the jet or each individual jet
constituent. Here we focus exclusively on the scenario
where the property P is chosen to be the hadron momentum
fraction z,, for each hadron in the jet. Thus, each individual
jet constituent contributes to the dynamic jet charge with
the dynamically determined value x(z;,). We demonstrate
that this dynamic jet charge definition can allow for

enhanced jet discrimination and complement analyses
based on the standard jet charge definition.

One might also consider scenarios where k is a function of
other jet constituent properties such as the hadron transverse
momentum with respect to the jet axis x(k;-/ pr ,), or more
global dynamic jet properties such as the jet mass k(m, / pr, ),
or the groomed jet radius [38,39] x(R,), in defining the
dynamic jet charge. Furthermore, one might generalize other
jet observables, such as jet angularities [40-46], by trans-
forming the constant parameters that appear in their defi-
nitions to dynamic parameters. If and how these dynamic jet
charge definitions lead to increased discrimination power
will be explored in future work.

The theoretical prediction for the average standard jet
charge is given by [18]

1 dopeie

1
Qi) = / dzz" » Q —, 4
(Ox) | h;jet D — (4)

where o, denotes the cross section for producing a jet
initiated by the parton i, and do,¢;.je;/dz is the differential
cross section for producing the jet in which a hadron & with
momentum fraction z is observed. This can be brought into
the form [18]

<Q£>=/ dzz* ZQhZ/le i(pr, R.ZH)

hei-jet

i), 5)

where the J,;(pr,.R.z.pu) are perturbatively calculable
coefficients, and the Dj»‘(z, u) are the nonperturbative frag-
mentation functions describing the fragmentation of the
parton j into the hadron /A, which carries away momentum
fraction z from the parton j. The argument R in the
coefficients J;; denotes the jet radius. The resummation
of large logarithms in ~p;R/Aqcp, due to the disparity in
energy scales associated with jet dynamics and hadro-
nization, is achieved by choosing the renormalization
scale u ~ prR [47,48] in the perturbative coefficients and
using the standard Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) evolution to evaluate the fragmentation
functions at this scale. Next-to-leading order (NLO) results
for thej coefﬁ01ents can be found in Ref. [18]. At leading

order (LO), jij (ij,R,Z,ﬂ) = 6;;6(1
age jet charge in Eq. (5) becomes

Z Qh

hei-jet

—z), and the aver-

(k. 1) + O(as), (6)

where D (k, u) is the Mellin moment of the fragmentation
function D" (z, ),
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Dite) = [ dezDl(zon), (7)

with a multiplicative renormalization group evolution
equation

d -
— Dk, u) =
* 7 (k1)

Ay

Pj(x)Dj (k. ). (8)

T

where P; (k) are the standard splitting functions in
Mellin space.

For simulation results, we use PYTHIA8 (PYTHIA 8.240)
[49] for event generation and FASTIET 3.3.2 [50,51] for
implementing jet algorithms and applying soft drop groom-
ing [52-54]. Jets are defined using the anti-k; [55] jet
algorithm throughout the manuscript. All PYTHIA simula-
tion results presented for pp collisions and PbPb collisions
include underlying events corresponding to the MPI switch
being turned on, unless specified otherwise.
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FIG. 1. Normalized standard jet charge distributions for the
more forward (top panel) and more central (bottom panel) of the
leading jets in PYTHIA8 simulations of pp — j;j,X at /s =
8 TeV with hadronization and multiparton interaction (MPI)
effects turned on. Selection cuts of 200 GeV < pr, ;<

300 GeV, |nj1 2| <2.1, and pr, /pTI2 < 1.5 on the leading

(j1) and subleading (j,) anti-k; jets of jet radius R = 0.4 are
applied. The blue, red, and green curves correspond to x = 0.3,
0.5, and 0.7, respectively.

For calibration purposes, we perform PYTHIA simulations
to compare with the ATLAS analysis [19] for pp collisions
at /s = 8 TeV. The two leading jets j; and j,, denoting
the leading and subleading jets, respectively, are subject to
pseudorapidity and transverse momentum selection cuts of
Inj12| <2.1 and pr, /ij2 < 1.5, respectively. The jets

are defined with a jet radius of R = 0.4. These leading jets
are classified as either “more central” or “more forward,”
corresponding to the jet with a smaller or larger magnitude
of pseudorapidity, respectively.

In Fig. 1, we show the simulation results for the standard
jet charge distribution with the PYTHIA parton-level setting
“HardQCD:all = on” and hadronization and underlying
event (MPI) turned on. The three curves in each panel
correspond to the values k = 0.3, 0.5, and 0.7, respectively.
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FIG. 2. Comparison of the ATLAS data [19] for the standard jet
charge with PYTHIAS.240 simulations (default tune). The average
standard jet charge is plotted as a function of the jet py in pp —
ji1j2X at /s =8 TeV. The average jet charge of the more
forward (top panel) and more central (bottom panel) of the
two leading jets are shown for the values x = 0.3, 0.5, 0.7
corresponding to the blue, red, and green curves, respectively.
Selection cuts of 200 GeV < pr,,, < 300 GeV, |1 2] < 2.1,

and pr;, / JZRS 1.5 on the leading (j,) and subleading (j,) anti-

kr jets of jet radius R = 0.4 are applied. The jet charge values
correspond to an average over the jet p7 bins: [50 GeV,100 GeV],
[100 GeV, 200 GeV], [200 GeV, 300 GeV], [300 GeV, 400 GeV],
[400 GeV, 500 GeV], [500 GeV, 600 GeV], [600 GeV, 800 GeV],
[800 GeV, 1000 GeV], [1000 GeV, 1200 GeV], and [1200 GeV,
1500 GeV].
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The top (bottom) panel corresponds to jet charge distribu-
tions for the more forward (central) of the two leading jets,
each restricted to the jet py bin: [200 GeV, 300 GeV].
Following the ATLAS analysis [19], Fig. 1 uses jet charge
bins of size 0.1 in units of the proton electric charge e.

In Fig. 2, we show a comparison of the PYTHIA
simulation results with ATLAS data [19] for the average
jet charge as a function of the jet py bin. The top and
bottom panels correspond to the more forward and more
central jets, respectively. We see that there is good agree-
ment between the PYTHIA simulation results and the
ATLAS data.

II. DYNAMIC JET CHARGE

The properties of the standard jet charge definition in
Eq. (1) and its ability to discriminate between quark and
gluon initiated jets and between quark jets of different
flavors have been extensively studied [17,18,21]. The
dynamic jet charge is defined in Eq. (3), and we focus
on the scenario where the constant parameter x in Eq. (1) is
generalized to a function of the momentum fraction z; for
each hadron # in the jet:

Z Z;(Z/I)Qh- (9)

hei-jet

Qayn =

Thus, each hadron A contributes to the jet charge with a
dynamic k-parameter, whose value is determined by its jet
momentum fraction z,,. Different functional forms of x(z;,)
correspond to different definitions of the dynamic jet
charge.

This dynamic definition is motivated by the observed
dependence of the shape of the standard jet charge
distribution on the value of the constant parameter k, as
seen in Fig. 1. The standard jet charge distribution is
characterized by a single peak structure that gets narrower
for increasing values of the k-parameter. If the parameter x
is generalized to a function of some dynamical property of
individual hadrons in the jet, such as their momentum
fraction z,, then differences between quark and gluon jets
in the distribution of this particle property will lead to
differences in the average value (k)’

dyn>
i ! 1 dGhei—'et
n= 1 d — 10
Win = | D

for a jet initiated by a quark (i = ¢) or a gluon (i = g).
Thus, such a dynamic parameter x(z;) could give rise to
enhanced differences in the jet charge distributions of quark
and gluon jets. For example, gluon jets are typically
characterized by a higher multiplicity of hadrons compared
to quark jets due to the larger color factor of the gluon. As a
result, for a jet of given energy the average value of the
momentum fraction (z;,) will be larger for quark jets

compared to gluon jets. Correspondingly, the average value
of the dynamic parameter <K>éyn will be different for quark

and gluon jets, leading to enhanced differences in the
dynamic jet charge distributions.

The theoretical prediction for the average dynamic jet
charge (Qéyn> is given by replacing the constant parameter
k in Eq. (5) by the dynamic function x(z),

| Ly
(Qlyn) =/ dzz"¢ ZQhZ/ T y(pr, RZp)

hei-jet

XDh(/,ﬂ> (11)

Once again, using the LO result J ,(;-J)(pT_,,R,z, u) =
6;;6(1 —z), the corresponding LO expression for the
dynamic jet charge is given by

<Q$(y03>=/ dzz"? > " QD!

hei-jet

(zopu) +O(ay).  (12)

Note that due to the fact that k(z) is not a constant, the LO
dynamic jet charge does not depend on simple Mellin
moments of the fragmentation function, as seen in Egs. (6)
and (7) for the standard jet charge. However, the standard
DGLAP evolution of the fragmentation function in Eq. (12)
can still be done directly in z space.

The properties of the dynamic jet charge can be explored
for different functional forms of x(z,), corresponding
to different definitions. For simplicity, in this work we
restrict our analysis to the simple functional form «(z,,) =

K(Zhv gcut’ k<, k>)’

K'(Zh) _ {k<, 2 < Eeut (13)

k>’ Zhn > écuu

where &, k., and k., are three constant parameters that are
part of the definition of the dynamic jet charge. We choose the
default values to be &, = 0.3, k. = 1.0, k. = 0.3, except
when we explicitly vary these parameters to study their
impact on the dynamic jet charge distributions. Using the
functional form in Eq. (13), the dynamic jet charge definition
in Eq. (9) becomes

Qéyn Z @ gcut Zh Qh
hei-jet
+ Z @ écut Zh Qh» (14)
hei-jet

in terms of the &, k., and k. parameters. Note that for
E.i = 0 or & = 1, the dynamic jet charge reduces to the
standard jet charge with x = k. or k = k_, respectively.
Comparing Eqgs. (14) and (1), we see that this defi-
nition is similar to the standard jet charge but with the
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FIG. 3. Normalized dynamic jet charge distributions for the
more forward (top panel) and more central (bottom panel) jets
from PYTHIAS simulations of pp — j;j»X at /s = 13 TeV with
hadronization and MPI effects turned on. Selection cuts of
200 GeV < pr, <300 GeV, Nj12] <2.1, and pr,, /ij2 <
1.5 on the leading (j;) and subleading (j,) anti-k; jets of jet
radius R = 0.4 are applied. These distributions are for ., = 0.3,
k. = 1.0 and the blue, red, and green curves correspond to
k. = 0.3, 0.5, and 0.7, respectively.

modification that the low momentum hadrons (z;, < &)
contribute with x = k_, and the high momentum hadrons
(zj, > &.u) contribute with ¥ = k. . For the default param-
eter choices &, = 0.3, k. = 1.0, and k. = 0.3, the con-
tribution of the low momentum hadrons relative to that of
the high momentum hadrons is much more suppressed
compared to that in the case of the standard jet charge. This
leads to qualitatively distinct features for the dynamic jet
charge. In Fig. 3, we show PYTHIA8 simulation results for
the more forward (top panel) and more central (bottom
panel) leading jets in pp collisions at /s = 13 TeV. We
see that the distribution with default parameter choices
(blue) has a central peak and two smaller speaks on either
side. The noncentral peaks get smaller for increasing values
of k..

The behavior of the peak structure in the dynamic jet
charge distribution can be summarized as follows. The
noncentral peaks become more prominent when the high
momentum hadrons (z;, > &) are given a higher weight
(decreasing k. ) relative to the low momentum hadrons
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FIG. 4. Average dynamic jet charge from PYTHIA 8.240
simulations. The average dynamic jet charge is plotted as a
function of the jet py, in pp — j;j,X at \/s = 13 TeV. The
average dynamic jet charge of the more forward (top) and more
central (bottom) of the two leading jets are shown for &, =
0.3,k. = 1.0 and k. = 0.3, 0.5, 0.7 corresponding to the blue,
red, and green curves, respectively. Selection cuts of 200 GeV <
pr,,,, <300 GeV, [nj12] <2.1, and pr,, /pT]2 < 1.5 on the
leading (j;) and subleading (j,) anti-k; jets of jet radius R =
0.4 are applied. The jet charge values correspond to an average
over the jet py : bins: [50 GeV,100 GeV], [100 GeV, 200 GeV],
[200 GeV, 300 GeV], [300 GeV, 400 GeV], [400 GeV, 500 GeV],
[500 GeV, 600 GeV], [600 GeV, 800 GeV], [800 GeV,
1000 GeV], [1000 GeV, 1200 GeV], and [1200 GeV, 1500 GeV].

(z, < &eur)- The low momentum hadrons tend to smear out
the noncentral peaks as seen in the distributions with the
larger values of k. = 0.5 (red) and k. = 0.7 (green),
corresponding to giving their contribution a larger weight.

The theoretical prediction for the LO average dynamic
jet charge in Eq. (12), for the functional form in Eq. (13), is
given by

l' §C\1(
(o4 —A dzz > 0,D!(z. )

heEijet
1

+ [ de 3 0uDben) + Olas). (19
Eeut hei-jet

Analogous to Fig. 2, we show PYTHIA simulation results for
the average dynamic jet charge as a function of the jet py
bin in pp collisions at /s = 13 TeV in Fig. 4.
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III. QUARK-GLUON DISCRIMINATION

In this section, we explore the use of the dynamic jet
charge observable to discriminate between quark and gluon
initiated jets. We consider dijet events in pp collisions at
\/s = 13 TeV and heavy ion collisions (Pb-Pb) at /s =
2.76 TeV within PYTHIA. Note that PYTHIA uses the so-
called Angantyr model [56,57] for heavy ion collisions,
whose main idea is to stack parton level events, corre-
sponding to individual nucleon-nucleon subcollisions, on
top of each other and hadronize them together. The model is
able to give a good description of general final-state
properties, such as multiplicity and transverse momentum
distributions, in heavy ion collisions. However, it cannot
describe any observables sensitive to collective behavior
because the model generates events without assuming
production of the thermalized medium after the collision,
and thus the result is a quark-gluon-plasma-free simulation
of heavy ion collisions. Nevertheless, such Angantyr/
PYTHIA simulations account for the increased underlying
event activity in heavy ion collisions and are still very
useful to test the robustness of the dynamic jet charge as a
first step.

The jets are found using the anti-k; [55] jet algorithm
with a jet radius R = 0.4. The two leading jets are subject to
pseudorapidity cuts [r7; ;| <2.1 and |n; ;,| < 0.9 for pp
collisions and PbPb collisions, respectively. They are also
restricted to the py bins 200 GeV < pr,;, < 300 GeV

and 80 GeV < pr, ;< 150 GeV for pp collisions and

PbPb collisions, respectively. Finally, the two leading jets
are subject to the additional constraint pr, / pr, < 1.5,

following the ATLAS analysis [19]. All results are shown
for the more central jet. Similar results are found for the
more forward jet charge distributions and do not affect the
discussion here.

We compare jet charge distributions between quark-
initiated and gluon-initiated jets, obtained through
simulations of dijet events generated by the PYTHIAS
partonic channel settings “HardQCD:qq2qq = on” and
“HardQCD: gg2gg = on,” respectively. In Fig. 5, we show
simulation results of the normalized jet charge distributions
for the standard (top panel) and dynamic (middle panel) jet
charge definitions for quark (red) and gluon (blue) initiated
jets in pp collisions. We see that while the standard jet
charge distributions are very similar for quark and gluon
jets, there are distinct qualitative differences between their
dynamic jet charge distributions. Compared to the gluon
jets, the quark jets have a relatively smaller peak height in
the central region near zero jet charge and have relatively
larger peak heights in the region of nonzero jet charge. This
is found to be a consistent feature when evaluated over a
wide range of kinematics and phase space selection cuts.

These qualitative differences between quark and gluon
jets can be quantified by the ROC curve as shown in the
bottom panel of Fig. 5. The ROC curves show the
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FIG. 5. Standard (top) and dynamic (middle) jet charge dis-

tributions in pp collisions at /s = 13 TeV for quark (red) and
gluon (blue) initiated jets with selection cuts py, =
[200, 300] GeV, |5;] < 2.1. A comparison of the corresponding
quark-gluon discrimination receiver operating characteristic
(ROC) curves for the standard (purple) and dynamic (green)
jet charge distributions is given in the bottom panel.

background (gluon jet) rejection as a function of the signal
(quark jet) efficiency, based on a cut on the absolute value
of the jet charge |Q;|. The background rejection is given by
the fraction of gluon jets rejected, and the signal efficiency
corresponds to the fraction of quark jets kept, as a function
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of the cut on |Q;|. The reference diagonal line (dashed
black) corresponds to a ROC curve that shows no dis-
crimination between the signal and background. ROC
curves that lie above the diagonal correspond to nonzero
discrimination power of signal over background. ROC
curves that lie below the diagonal dashed line also indicate
nonzero discrimination power and can be made manifest by
interchanging what we define as the signal and background.
We see that the ROC curve for the dynamic jet charge
(green) shows significantly improved discrimination
between quark and gluon jets compared to the ROC curve
(purple) for the standard jet charge.

In Fig. 6, we show the same plots as in Fig. 5 but for the
heavy ion PbPb collisions. We see that the standard jet
charge distribution (top panel) is much broader compared
to that in pp collisions. On the other hand, the dynamic jet
charge distribution (middle panel) is quite similar in PbPb
collisions and pp collisions. The same distinguishing
qualitative features between quark and gluon jets appear
even for heavy ion collisions. Correspondingly, the ROC
curve (bottom panel) for the dynamic jet charge in heavy
ion collisions looks similar to that in pp collisions and
gives better discrimination compared to the standard jet
charge. Thus, the quark-gluon discrimination power of the
dynamic jet charge is largely unaffected by the significantly
greater underlying event activity in heavy ion collisions.

We note that in PbPb collisions the ROC curve for the
standard jet charge (purple) in Fig. 6 is below the dashed
diagonal line, indicating slightly better discrimination (if
one interchanges what is defined as signal and background)
than in the case of pp collisions. This can be understood as
the result of the standard jet charge distribution for gluon
jets being slightly broader than that for quark jets in PbPb
collisions, as seen in the top panel of Fig. 6.

While the ROC curve provides one quantitative measure
of the discrimination power of the dynamic jet charge, it
may not fully capture it due to the multiple peak structure of
the dynamic jet charge distributions. The ROC curve best
describes the discrimination power when comparing two
distributions with a single peak structure and quantifies
how well separated the peaks of the two distributions are.
For distributions with multiple peaks, other ways of
quantifying the discrimination power can be useful.

Due to the multiple peak structure of the dynamic jet
charge distribution, additional quark-gluon discrimination
is possible through an analysis of the jet data binned
according to the dynamic jet charge value. In particular, the
multiple peak structure naturally suggests binning the jet
charge data such that the bins are centered around the peaks
with bin widths corresponding to the width of the peaks. A
discrimination analysis can then be separately performed in
each jet charge bin. For example, in Fig. 5, the dynamic jet
charge distribution (middle panel) suggests the jet charge
data be divided into two bins: |Q;| < 0.5 and |Q;| > 0.5. In
Fig. 7, we show the local ROC curves for the |Q;| < 0.5 bin
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FIG. 6. Standard (top) and dynamic (middle) jet charge dis-
tributions in heavy ion (Pb-Pb) collisions at /s = 2.760 TeV, for
quark (red) and gluon (blue) initiated jets with selection cuts
pr, = [80,150] GeV, [7,] <0.9. A comparison of the corre-
sponding quark-gluon discrimination ROC curves for the stan-
dard (purple) and dynamic (green) jet charge distributions is
given in the bottom panel.

(top panel) and the |Q;| > 0.5 bin (bottom panel) for the
standard (purple) and dynamic (green) jet charge distribu-
tions. We define the local ROC curve in each jet charge bin
using only the events in that bin. This can be distinguished
from the global ROC curve, which is defined using the data
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FIG. 7. Local ROC curves for the standard (purple) and
dynamic (green) jet charge distributions described in Fig. 5 for
pp collisions at /s = 13 TeV with selection cuts Pr, =
[200,300] GeV, |i;] < 2.1. The top and bottom panels corre-
spond to the local ROC curves for the jet charge bins |Q,| < 0.5
and |Q;| > 0.5, respectively.

in all bins, as was done in Figs. 5 and 6. The local ROC
curve affords the standard interpretation for the dynamic jet
charge since each jet charge bin is selected to have at most a
single peak. We see from Fig. 7 that some additional
discrimination is possible using the dynamic jet charge in a
binned analysis. While the ROC curve for the dynamic jet
charge shows improved discrimination between quark and
gluon jets, the improvement is only marginal. This can be
understood as a result of the fact that in each bin, while
there are significant differences between the peak heights
for the quark and gluon dynamic jet charge distributions,
the location of the peaks are about the same and ROC
curves tend to probe differences in the peak positions.
However, we will show later on that such a binned analysis
with local ROC curves can provide significant discrimi-
nation between u-quark and d-quark jets.

TABLE 1. Fraction of events for quark and gluon jets in the
|Q,] £0.5 and |Q,| > 0.5 jet charge bins. The definitions of €_
and e. are given in Eq. (16). The numbers correspond to the
distributions in Figs. 5 and 6 for pp collisions and PbPb
collisions, respectively.

Jet charge (pp collisions) €. €.

Standard: quark 0.62 0.38
Gluon 0.63 0.37
Dynamic: quark 0.75 0.25
Gluon 0.94 0.06
Jet charge (PbPb collisions) €. €.

Standard: quark 0.37 0.63
Gluon 0.32 0.68
Dynamic: quark 0.85 0.15
Gluon 0.98 0.02

Noticing that the dynamic jet charge distribution char-
acterizes the gluon (quark) jets with a higher (lower) central
peak and lower (higher) noncentral peaks, one can quantify
this difference through fractional counts in each bin. We
introduce the definitions

where e_ and €. give the fraction of events in the |Q;| <
0.5 and |Q;| > 0.5 jet charge bins, respectively. In Table I,
we show the values of e¢_ and e. for quark and gluon jets
for the standard and dynamic jet charge distributions shown
in Figs. 5 and 6 for pp collisions and heavy ion collisions,
respectively.

We see that for the dynamic jet charge in pp collisions
only ~6% of gluon jets are found in the |Q;| > 0.5 jet
charge bin compared to ~25% for quark jets. On the other
hand, ~94% of gluon jets and ~75% quark jets are found in
the |Q;| < 0.5 bin. This can be contrasted with the standard
jet charge where almost the same fraction of quark and
gluon jets are present in each jet charge bin. Similarly, as
seen in Table I, the same overall behavior is observed for
PbPb collisions where the fraction of quark and gluon jets
is about the same in each bin for the standard jet charge but
different for the dynamic jet charge. Thus, using the
differences in the expected fraction of quark and gluon
jets in each jet charge bin, the dynamic jet charge can allow
for improved quark and gluon discrimination simply by
sorting the jet data into jet charge bins.

IV. QUARK FLAVOR DISCRIMINATION

In this section, we explore the use of the dynamic jet
charge to discriminate between u- and d-quark jets in
PYTHIA8 simulations of pp collisions at /s = 13 TeV
and heavy ion collisions (Pb-Pb) at /s =2.76 TeV.
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FIG. 8. Standard (top) and dynamic (middle) jet charge distri-

butions in pp collisions at 13 TeV for u-quark (red) and d-quark
(blue) initiated jets with selection cuts py, = [200,300] GeV,
|7;] < 2.1. The channels dg — W~u and ug — W'd partonic
channels where used to select the u-quark and d-quark initiated jets,
respectively. A comparison of the corresponding “u” vs “d”
discrimination ROC curves for the standard (purple) and dynamic
(green) jet charge distributions is given in the bottom panel.

The u-quark and d-quark jet samples were generated using
the partonic channels dg — W~u and ug — W+d, respec-
tively. Selection cuts of |i7;] <2.1 and |n;]| < 0.9, and
200 GeV < pr, <300GeV and 80GeV < py, <150 GeV
were used for pp collisions and heavy ion collisions. The
leading anti-k7 jet radius was set to R = 0.4.
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FIG. 9. Standard (top) and dynamic (middle) jet charge distri-
butions in PbPb collisions at 2.760 TeV for u-quark (red) and d-
quark (blue) initiated jets with selection cuts py, = [80, 150] GeV,
|7, < 0.9. The channels dg — W~u and ug — W'd partonic
channels where used to select the u-quark and d-quark initiated jets,
respectively. A comparison of the corresponding “u” vs “d”
discrimination ROC curves for the standard (purple) and dynamic
(green) jet charge distributions is given in the bottom panel.

In Fig. 8, we show the standard (top panel) and dynamic
(middle panel) jet charge distributions for u-quark (red)
and d-quark (blue) jets. Once again we see that the dynamic
jet charge distributions have qualitatively distinct features
compared to the corresponding standard jet charge
distributions.
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The standard jet charge distribution for the u-quark (d-
quark) jet has a single peak shifted to the right (left) of
center, corresponding to the positive (negative) charge of
the jet-initiating quark. The dynamic jet charge distribu-
tions are characterized by a multiple peak structure. A shift
of the central peak to the right (left) is also seen for the u-
quark (d-quark) jet but is less pronounced. However, the
secondary peak on the right (left) for the u-quark (d-quark)
jetis much higher than that for the d-quark (#-quark) jet. In
Fig. 8, we also show the global ROC curves (bottom panel)
for the standard and dynamic jet charge distributions. We
see that in this case the global ROC curve for the standard
jet charge shows better, although comparable, discrimina-
tion power compared to the dynamic jet charge.

In Fig. 9, we show the same plots as in Fig. 8 but for
heavy ion PbPb collisions. We see that the standard jet
charge distribution (top panel) is much broader compared
to that in pp collisions. Note that the jet charge distribution
spans over —4 < Q; < 4 in the plot for PbPb collisions,
while only over —2 < Q; < 2 for pp collisions. On the
other hand, the dynamic jet charge distribution (middle
panel) is quite similar in heavy ion and pp collisions.
Correspondingly, the global ROC curve (bottom panel) for
the dynamic jet charge (green) in heavy ion collisions looks
similar to that in pp collisions. Thus, the u- vs d-quark jet
discrimination power of the dynamic jet charge is largely
unaffected by the significantly greater underlying event
activity in heavy ion collisions. By contrast, there is
significant degradation in the discrimination power for
the standard jet charge in PbPb collisions compared to pp
collisions, as seen by comparing the global ROC curves in
Figs. 8 and 9.

In fact, for PbPb collisions the dynamic jet charge shows
better, but comparable, discrimination power compared to
the standard jet charge, as seen in the bottom panel
of Fig. 9.

Furthermore, once again, due to the multiple peak
structure of the dynamic jet charge distribution, a binned
analysis with local ROC curves can be performed. We
revisit the dynamic jet charge distribution (middle panel) in
Fig. 8 for pp collisions. The peak structure suggests that
the jet data be divided into three bins: (i) Q; < —0.5,
(i) 0.5 < Q; < 0.5, and (iii)) Q; > 0.5. We show the
local ROC curves for the standard and dynamic jet charge
distributions in each of these three jet charge bins in
Figs. 10 and 11 for pp and PbPb collisions, respectively.
We see that the local ROC curves for the dynamic jet charge
shows better discrimination compared to standard jet
charge in all bins for PbPb collisions. For pp collisions,
the dynamic jet charge gives better discrimination in the
leftmost (Q; < —0.5) and rightmost (Q; > 0.5) bins and
about the same discrimination in the central bin
(=0.5 < Q; < 0.5), compared to the standard jet charge.
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FIG. 10. Local ROC curves for the standard (purple) and
dynamic (green) jet charge distributions described in Fig. 8
for pp collisions at 13 TeV with selection cuts py =
[200,300] GeV, |n;| < 2.1. The top, middle, and bottom panels
correspond to the local ROC curves for the jet charge bins
0; <-0.5,|0,] <0.5, and Q; > 0.5, respectively.
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FIG. 11. Local ROC curves for the standard (purple) and

dynamic (green) jet charge distributions described in Fig. 9
for PbPb collisions at 2.760 TeV with selection cuts
pr, = [80,150] GeV, |n,| < 2.1. The top, middle, and bottom
panels correspond to the local ROC curves for the jet charge bins
0; <-0.5, |0,] <0.5, and Q; > 0.5, respectively.

TABLE II. Fraction of events for u-quark and d-quark jets in
the Q; < —0.5,-0.5 < Q; < 0.5, and Q; > 0.5 jet charge bins.
The €, €c, and ey fractions are defined in Eq. (17). The numbers
correspond to the jet charge distributions in Figs. 8 and 9 for pp
collisions and PbPb collisions, respectively.

Jet charge (pp collisions) €L €c €r

Standard: u-quark 0.05 0.59 0.36
d-quark 0.28 0.65 0.08
Dynamic: u-quark 0.05 0.73 0.21
d-quark 0.16 0.77 0.08
Jet charge (PbPb collisions) €r €c €r

Standard: u-quark 0.19 0.40 0.41
d-quark 0.38 0.43 0.21
Dynamic: u-quark 0.04 0.79 0.17
d-quark 0.12 0.82 0.06

As done for the quark-gluon discrimination analysis, one
can also quantify the u-quark vs d-quark jet discrimination
using the fraction of events in each jet charge bin. Based on
the dynamic jet charge distributions in Figs. 8 and 9, we
define the fraction of the total number of events in three jet
charge bins as

. _N©Q, <-05)
t Nlotal ,
N(=0.5 < Q, <0.5)
€c = )
¢ Ntotal
N 0.5
€r = (QJ > ) , (17)
Ntotal

where €;, €, and € give the fraction of the total number of
events in the jet charge bins Q; < —0.5, -0.5 < Q; < 0.5,
and Q; > 0.5, respectively.

In Table II, we show the values of ¢;, €c, and e for u-
quark and d-quark jets for the standard and dynamic jet
charge distributions shown in Figs. 8 and 9 for pp
collisions and heavy ion collisions, respectively. We see
that for both pp collisions and PbPb collisions, there is a
substantial difference in the event fractions of u-quark and
d-quark jets in the leftmost (Q; < —0.5) and rightmost
(Q; > 0.5) jet charge bins. On the other hand, the event
fractions are about the same for both u-quark and d-quark
jets in the central jet charge bin (—0.5 < Q; < 0.5). Thus,
just as in the case of quark-gluon discrimination, sorting the
data into jet charge bins can be used to discriminate
between u-quark and d-quark jets in the leftmost and
rightmost jet charge bins. We note that in this method the
standard jet charge seems to give better discrimination than
the dynamic jet charge for pp collisions in the leftmost and
rightmost bins. On the other hand, for PbPb collisions the
dynamic jet charge seems to give better discrimination in
the leftmost and rightmost bins.
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V. CHARACTERISTICS OF THE DYNAMIC
JET CHARGE

In this section, we explore the typical behavior of the
dynamic jet charge distribution for different choices of
kinematic settings and jet charge parameters. We also
present simulation studies of the impact of underlying
events and jet grooming, on both the standard and dynamic
jet charge distributions.

In Fig. 12, we show a comparison of the dynamic jet
charge distribution for quark and gluon jets in the two
different p7, bins. The top and bottom panels correspond
to pr, = [100 GeV,200 GeV] and py, = [1200 GeV,
1500 GeV], respectively. We see that the distinctive multi-
ple peak structure remains across a wide range of py, . As
seen in the bottom panel, at large py, an asymmetry
between the peaks at negative and positive jet charge
develops for the quark jets. This asymmetry can be
understood as a consequence of the dominance of valence
u-quark parton distribution functions (PDFs) at large
Bjorken-x, corresponding to large py , so that the quark
jet sample has a larger fraction of u-quark jets compared to
d-quark jets. As seen in Fig. 8, the dynamic jet charge
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FIG. 12. Comparison of the dynamic jet charge distributions for
quark (red) and gluon (blue) jets in pp — j;j»X at 13 TeV.
Selection cuts of |i;; »| < 2.1 and pr, /pr, <15 on the

leading (j;) and subleading (j,) anti-k; jets of jet radius R =
0.4 are applied. The top and bottom panels correspond to jets in
the pr, bins, [100 GeV, 200 GeV] and [1200 GeV, 1500 GeV],

respectively.

distribution for u-quark and d-quark jets is tilted more
towards the positive and negative jet charge, respectively.
The combined effect of the dominance of the u-quark PDFs
at large pr,, and the bias of u-quark jets towards the
positive jet charge, is reflected in the asymmetry of the
overall quark jet distribution in the bottom panel of Fig. 12.

In Fig. 13, we show the behavior of the dynamic jet
charge distribution for different parameter choices. In
particular, we set k. = 1.0, k. = 0.3, and vary &, over
the three values &, = 0.2 (top panel), &, = 0.4 (middle
panel), and &, = 0.7 (bottom panel). The plot for the
default choice of &, = 0.3 is already shown in Fig. 5
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FIG. 13. Comparison of the dynamic jet charge distributions for
different choices of the dynamic jet charge parameters &, k.,
and k. for quark (red) and gluon (blue) jets in pp — j;j,X at
13 TeV in the jet py bin: [200,300] GeV. Selection cuts of
[71 2] <2.1 and pr, /pT/2 < 1.5 on the leading (j,) and sub-

leading (j,) anti-k; jets of jet radius R = 0.4 are applied.
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FIG. 14. Standard (top) and dynamic (bottom) jet charge
distributions with MPI switch turned on (solid) and off (dashed)
for quark (red) and gluon (blue) jets in pp — jj»X at /s =
13 TeV and in the jet p7, bin: [50, 100] GeV. Selection cuts of
|17j1’j2| < 2.1 and pT”/pTh < 1.5 on the leading (j;) and sub-

leading (j,) anti-k7 jets of jet radius R = 0.4 are applied.

(middle panel). We see that for increasing values of &, the
secondary noncentral peaks in the distribution become less
pronounced. For the largest value shown, &, = 0.7, the
noncentral peaks completely disappear. This can be under-
stood as a consequence of the fact that there are typically
very few hadrons in the jet with z;, > £, =0.7. As a
result, as seen from Eq. (14), the jet charge distribution
effectively reduces to the standard jet charge distribution
with k = k_ = 1.0. Similarly, in the limit of &, — O, the
dynamic jet charge distribution will approach the standard
jet charge distribution with x = k..

As seen in Fig. 14, both the standard and dynamic jet
charge distributions for quark and gluon initiated jets in pp
collisions are relatively unaffected by underlying events.
This can be understood as the result of the fact that, as seen
in Egs. (1) and (9), the contributions of the individual jet
constituents to the total jet charge are weighted by their jet
transverse momentum or energy fractions. Thus, soft
contamination effects on the jet charge are suppressed.
As seen in Fig. 14, the soft contamination effects appear to
be slightly more suppressed in the dynamic jet charge
compared to the standard jet charge. This is simply
understood as a result of the fact that for the choice of
parameters k. = 1.0 and k. = 0.3, compared to the
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FIG. 15. Standard (top) and dynamic (bottom) jet charge
distributions for ungroomed (solid) and groomed (dashed) quark
and gluon jets in pp — j j,X at /s = 13 TeV and in the jet rr,
bin: [50, 100] GeV. Selection cuts of |i;; »| <2.1 and
pr, /pT,,2 < 1.5 on the leading (j;) and subleading (j,) anti-

kr jets of jet radius R = 0.4 are applied.

standard jet charge, the dynamic jet charge gives a much
lower weighting to the low energy (z;, < &) jet constitu-
ents compared to those with higher energy (z;, > &..0)-
Thus, the dynamic jet charge allows the flexibility to
choose parameters that make the jet charge even more
robust against soft contamination.

As a further demonstration of the relative insensitivity of
the jet charge to soft contamination, in Figs. 15 and 16, we
show the effect of jet grooming on the standard and
dynamic jet charge distributions in pp collisions and
PbPb collisions, respectively. We choose typical soft drop
grooming parameters of 7., = 0.1 and f =2 [38]. Once
again, we see that the standard and dynamic jet charge
distributions for quark and gluon initiated jets are very
similar for both groomed and ungroomed jets. As seen in
Figs. 17 and 18, the same is true of u-quark and d-quark
initiated jets. Thus, these simulation results indicate that the
soft drop grooming of jets does not have much impact on
the jet discrimination power of the standard and dynamic jet
charge observables.

Finally, we discuss in more detail the properties of the
dynamic jet charge distribution that underly its discrimi-
nation power and characteristic shape with multiple peaks.
The main idea is based on the observation (see Fig. 1) that
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FIG. 16. Standard (top) and dynamic (bottom) jet charge
distributions for ungroomed (solid) and groomed (dashed) quark
and gluon jets in PbPb— j; j,X at /s = 2.760 TeV and in the jet
pr, bin: [80, 150] GeV. Selection cuts of |n;; | < 0.9 and
pr;, / rr, < 1.5 on the leading (j;) and subleading (j,) anti-kr

jets of jet radius R = 0.4 are applied.

the standard jet charge distribution gets broader (narrower)
for smaller (larger) values of k. This can be understood as
the result of a large x-value washing out the charge
information of the individual particles, in the standard
jet charge definition of Eq. (1), giving values closer to zero.
This feature is used in the dynamic jet charge to cleanly
separate out the contributions of the hard (z;, > &)
particles in the jet from the soft (z;, < &) particles.
This is done by using k = k. and k = k_ for the hard
and soft particles, respectively, so that the dynamic jet
charge can be defined as the sum of the contributions from
the soft and hard particles in the jet:

Ol = Qi+ O™, (18)

where we have defined these contributions as follows:

Qo = > " Ot — 21)2y" Qi
hei-jet
Qé’;l;:rd = Z @ écut Zh Q . (19)

hei-jet

In Fig. 19, we show separately the distributions of the

Qé’;ﬁ“ and Ql hard-contributions to the total dynamic jet
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FIG. 17. Standard (top) and dynamic (bottom) jet charge
distributions for u-quark (red) and d-quark (blue) jets, with
(dashed) and without (solid) grooming, in pp collisions at \/s =
13 TeV with R = 0.4, p7, = [50,100] GeV, and |,| < 2.1. The
partonic channels dg — W~u and ug — W*d generated the u-
quark and d-quark jets, respectively.

charge for the default choice, &, = 0.3, k. = 1.0,k, =
0.3 (top panel), and for a different choice, &, = 0.3, k. =
0.3, k. = 1.0 (middle panel). The Q”‘m distributions are

normalized to unity. On the other hand, the Q’ hard g
tributions are weighted by the relative fraction of events in
which the jet contains at least one hard particle (z;, > &.,0)-

Thus, the normalization of the thard distribution relative to

i,soft
dyn

of events, in which the jet contains at least one hard
particle (z, > &)

The default choice, &, = 0.3, k. = 1.0,k. = 0.3 (top
panel), which gives a higher weight to the hard particles
relative to the soft particles in the jet, causes the soft
particles to be distributed in a narrow central peak. This
corresponds to the narrow shape of the standard jet charge
distribution with « = k_ = 1.0. On the other hand, the hard
particles are accumulated near larger nonzero values of the
jetcharge, corresponding to the tails of the broader standard
jet charge distribution with x = k. = 0.3. Note the clean
separation of the effects of the hard and soft particles in the
jet charge distribution. The choice of k. = 1.0,k. =0.3
localizes the effect of the soft particles to the central peak
and the hard particles to the noncentral peaks, giving rise to

the unit normalization of Q. " corresponds to the fraction
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FIG. 18. Standard (top) and dynamic (bottom) jet charge

distributions for u-quark (red) and d-quark (blue) jets, with
(dashed) and without (solid) grooming, in PbPb collisions at
Vs =2.760 TeV with R =04, py, =[80,150] GeV, and
|7;] < 0.9. The partonic channels dg —» W~u and ug - W'd
generated the u-quark and d-quark jets.

the characteristic multiple peak structure of the correspond-
ing total dynamic jet charge Qf, = nggﬁ + Qé’;fr 4 as
seen in Fig. 5 (middle panel).

Since gluon jets have a higher multiplicity of particles
than quark jets, it contains a higher fraction of soft particles
compared to quark jets for a jet of given energy. For this
reason, the gluon (quark) jets are characterized by a higher
(lower) central peak and lower (higher) noncentral peaks,
as seen in Fig. 5 (middle panel). These differences give rise
to the enhanced discrimination power of the dynamic jet
charge between quark and gluon jets. On the other hand, for
u-quark vs d-quark jet discrimination, the higher weighting
given to hard particles in the jet makes the dynamic jet
charge more resilient at discrimination in heavy ion
collisions where significant soft background activity can
contaminate the jet.

The middle panel of Fig. 19 shows the separate dis-
tributions of the ij;ﬁft and Qé’?ﬁm contributions to the
dynamic jet charge for the different choice of parameters
Eeit = 0.3, k. = 0.3, k. = 1.0. For this choice, the contri-
bution of the soft particles to the jet charge is given a higher
weighting compared to the hard particles. Once again,
Qé’;ﬁﬂ is characterized by a single peak structure, but this
time corresponds to the much broader x = k. =0.3
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FIG. 19. Top panel: contribution to the dynamic jet charge from
the soft (dashed) and hard (solid) particles in quark (red) and
(gluon) jets for the choice of parameters: &, = 0.3,
k. =1.0,k. = 0.3. Middle panel: contribution to the dynamic
jetcharge from the soft (dashed) and hard (solid) particles in quark
(red) and (gluon) jets for the choice of parameters:
€t = 0.3, k. = 0.3, k. = 1.0. Bottom panel: total dynamic jet
charge distribution for &, = 0.3,k. = 0.3,k. = 1.0. All the
distributions above were generated for the more central jet in dijet
production of pp collisions at /s = 13 TeV with selection
cuts pr, = [200,300] GeV, |n,| < 2.1, and p;-“/pT/,7 <1.50n
the leading (j;) and subleading (j,) anti-k; jets of jet
radius R = 0.4.

standard jet charge distribution. The distribution of
Qé';’;"d is still characterized by accumulations near nonzero
jet charge values but which are now closer to the Q; ~0
region, corresponding to the tails of the now much narrower
standard jet charge distribution with x = k. = 1.0. Thus, in
this case, we no longer have a clean separation between the
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i,soft

contributions of the soft and hard particles. The Qg™ is

much broader, and the in’;’

pronounced noncentral peaks that also appear closer to
the Q; ~0 region. Thus, we no longer have a clean
separation in the dynamic jet charge of the effects of the
hard and soft particles and correspondingly reduced dis-
crimination power. This is seen in Fig. 19 (bottom panel),
where the corresponding total dynamic jet charge distri-
butions for the quark and gluon jets are nearly identical.

Thus, the default choices &, = k. = 1.0 and k. = 0.3,
which enhance and cleanly separate the effect of the hard
particles over the soft particles, is better suited for jet
discrimination. The most optimal choice could be found
through a more detailed scan of dynamic jet charge
parameters.

a4 distribution gives less

VI. PHENOMENOLOGY

In this section, we consider some phenomenological
applications of the dynamic and standard jet charges.

A. Flavor separation of nucleon TMDs using dynamic
jet charge

Recently, a theoretical framework was introduced [29] to
use the standard jet charge observable as a unique tool to
probe the flavor structure in the nucleon spin program at the
future Electron-Ion Collider. Similar directions are cur-
rently being explored [58,59] experimentally at the
Relativistic Heavy Ion Collider (RHIC).

The unpolarized electron-proton scattering process

e+p—etjet+X, (20)

in the back-to-back limit where the electron-jet transverse
momentum imbalance ¢y is small, is sensitive to the
unpolarized nucleon TMD PDFs [60,61]. The TMD PDFs
provide 3D imaging of the nucleon in momentum space [62].
The polarized scattering counterpart, e+ p(S,) —
e + jet+ X, in the small g, limit, where S| denotes the
proton transverse spin vector, receives an additional con-
tribution from a term that is sensitive to the Sivers function
[63], the polarized TMD PDF, that encodes additional
quantum correlations between the motion of partons and
the spin of the proton. The Sivers function can be directly
accessed via the Sivers asymmetry Ayp = [da(SI)—
do(S}))/[do(S]) + do(S?)).

While the electron-proton scattering cross section in the
small g7 limit probes polarized and unpolarized TMDs, it
receives contributions from various partonic channels.
Typically, the cross section is dominated by the u-quark
channel so that it is sensitive primarily to the u-quark TMDs,
as seen in Fig. 20 for the normalized g; distribution in
unpolarized electron-proton scattering. Throughout this
analysis we work in the c.m. frame with c.m. energy

0.8

— 77—

r — Total

1/0 dofdqgr [GeV]

0.0 e
0.5 1.0 1.5 2.0 25

qr [GeV]

FIG. 20. Relative size of contributions from the unpolarized u-
quark (red), d-quark (blue), and sea quark (green) transverse
momentum dependents (TMDs) to the g7 distribution integrated
over all jet charge bins, corresponding to no jet charge meas-
urement being made.

/s =105 GeV and with event selection cuts of
0.1<y<0.85, and 15GeV < p5 <20GeV, g7 < 2.5 GeV,
and Q% > 10 GeV?, where y denotes the inelasticity. Jets are
constructed using the anti-ky jet algorithm [55] with radius
parameter R = 1.

One can enhance sensitivity to the d-quark TMD PDFs
by making an additional measurement of the standard jet
charge and restricting to a particular jet charge bin. For
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FIG. 21. Relative size of contributions from the unpolarized u-
quark (red) and d-quark (blue) TMDs to the g distribution in
different jet charge bins for the dynamic (solid) and standard
(dashed) jet charges. The top and bottom panels correspond to the
jet charge bins Q; < 0.0 and Q; < —0.25, respectively.
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example, restricting to the standard jet charge bin Q; <
—0.25 increases the relative contribution of the d-quark
TMD PDFs to the g distribution, as seen in the bottom
panel of Fig. 2 of Ref. [29].

Here we show that the dynamic jet charge can also be
used to probe the flavor structure of TMDs and can
complement the standard jet charge analysis. In Fig. 21,
we show the normalized ¢ distribution for the unpolarized
electron-proton scattering process in Eq. (20), restricted to
specific jet charge bins. Here, the standard and dynamic jet
charges are defined by restricting the sum over hadrons in
the jet, in Egs. (1) and (9), to only include the charged pions
7%, so as to improve the sensitivity to the u- and d- quark
TMDs. The top and bottom panels show the g distribution
restricted to the jet charge bins Q; < 0.0 and Q; < —0.25,
respectively. The solid and dashed curves in Fig. 21
correspond to jet charge bin restrictions based on the
dynamic and standard jet charge definitions, respectively.
We see that the g; distribution receives a significantly
higher relative contribution from the d-quark channel in
these restricted jet charge bins compared to Fig. 20, where
no jet charge measurement is made. This enhanced sensi-
tivity to d-quark TMD PDFs using the dynamic jet charge
is similar to that found using the standard jet charge.

Thus, by sorting the data into jet charge bins, the
dynamic jet charge can be used for flavor separation of
nucleon TMDs and complement the standard jet charge
analysis. The same strategy can be employed to use the
dynamic jet charge for flavor separation of the Sivers
function, and we leave this for future work.

B. Quark jet flavor separation in photon-tagged
jet production

The RHIC spin program [58,59,64] aims to further
constrain the proton spin structure using longitudinally
and transversely polarized proton beams to measure single
and double spin asymmetries. The standard and dynamic jet
charges can be used to disentangle the flavor structure of
proton structure functions that arise in jet-production-based
spin asymmetries. In addition, in heavy ion collisions
a jet charge analysis can probe the flavor dependence
(quark vs gluon or u-quark vs d-quark) of jet modification
[26,27,65], due to parton propagation and showering in the
nuclear medium.

As an example, we consider the process of photon-
tagged jet production in pp and PbPb collisions:

p+p—y+jet+X,
Pb+Pb — y + jet + X. (21)

A comparison of these processes provides valuable insights
[66-70] into jet modification since the tagged photon leaves
the strongly interacting medium relatively unaffected.

At the parton level, photon-tagged jet production is
mediated by the channels:

g+9-7r+q.
q+9—v+4q.
g+q—-vr+y. (22)

The u, d-quark jet production dominates due to the
dominance of the quark and gluon PDFs in the initial
state. In the limit of small g7, photon-tagged jet production
can be a probe of the u-quark, d-quark, and gluon TMD
PDFs. Similarly, asymmetries constructed from longitudi-
nally and transversely polarized proton beams can probe
helicity PDFs [71,72] and the Sivers functions [30,73],
respectively. The use of jet charge to discriminate between
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FIG. 22. Global ROC curves for discrimination between u- or it-
jets and d- or d-jets in pp — y +jet+ X (top panel) and
PbPb— y + jet + X (bottom panel) based on PYTHIA simulations.
The collision c.m. energy and selection cuts used are
V/$=200GeV, pr>10.0 GeV, ph >30.0GeV, and A¢ > 7/8x.
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to the jet charge bins Q; < —0.5,|Q,| < 0.5, and Q; > 0.5,
respectively.
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The top, middle, and bottom panels correspond to the jet charge
bins Q; < —0.5,|0Q,| < 0.5, and Q; > 0.5, respectively.
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the production of #-quark and d-quark jets can thus provide
complementary tools for flavor separation of proton struc-
ture functions.

We demonstrate the u- vs d-quark jet discrimination
power of the dynamic jet charge in the photon-tagged jet
production processes in Eq. (21) through PYTHIA simu-
lation results. We simulate pp- and PbPb collisions at
\/E =200 GeV with selection cuts of p’} > 30.0 GeV,

7 > 10.0 GeV, and A¢, i, > %, corresponding to the
tagged photon transverse momentum, the leading jet
momentum, and the azimuthal angular separation between
the photon and the leading jet.

In Fig. 22, we show the global ROC curves for
discrimination between u- or @i-jets and d- or d-jets in
pp — v +jet+ X (top panel) and PbPb— y +jet + X
(bottom panel), using the standard jet charge (purple)
and the dynamic jet charge (green). The global ROC
curves indicate that while the standard jet charge provides
better discrimination in pp collisions, the dynamic jet
charge gives better discrimination in PbPb collisions. Once
again, this can be understood as a result of the robustness of
the dynamic jet charge discrimination power in the pres-
ence of increased underlying activity in heavy ion
collisions.

However, even in pp collisions, the dynamic jet charge
can provide improved discrimination when the data is
sorted into jet charge bins. As seen in Fig. 23, the dynamic
jet charge gives better discrimination in the Q; < —0.5 and
Q; > 0.5 bins and comparable discrimination in the |Q;| <
0.5 bin. Thus, the dynamic jet charge can be a comple-
mentary probe of the flavor structure of the proton spin.
Figure 24 shows the same jet charge binned ROC curves for
PbPb collisions. In this case, the dynamic jet charge
provides improved discrimination in all jet charge bins.

VII. LIKELIHOOD RATIO ANALYSIS OF
JET CHARGE DISCRIMINATION

In our analysis so far, we have made use of ROC curves
to quantify the jet charge discrimination power. This is
standard practice in papers exploring new jet discrimination
observables, where the signal and background distributions
are typically characterized by a single peak that may be
translated relative to each other. In the presence of multiple
peaks, as in the case of the dynamic jet charge, a sliding cut
in the signal and background distributions may not be
monotonically related to a cut in the likelihood ratio, as is
often used in experimental analyses. Due to this multiple
peak structure of the dynamic jet charge distribution, we
also present here an analysis of signal versus background
likelihood ratio distributions to quantify the absolute
discrimination power. We find that the underlying con-
clusions derived from such an analysis of likelihood
distributions are consistent with those based on the ROC
analysis.

We follow the procedure outlined in Refs. [74,75]. For
quark vs gluon jet discrimination, we treat the quark jets as
signal events and gluon jets as background events. For u-
quark vs d-quark jet discrimination, we treat the u-quark
jets as signal events and d-quark jets as background events.
We apply the procedure below:

(1) From the pYTHIA simulated standard and dynamic
jet charge distribution data, we compute the binned
jet charge probability values for quark, gluon,
u-quark, and d-quark jets. This simply corresponds
to the bin heights of the normalized jet charge
distributions and provides us with the underlying
signal and background standard and dynamic jet
charge probability distributions.

(i1) From these underlying signal and background prob-
ability distributions, we generate 20,000 data signal
and background samples, each of size N = 50.

(iii) For each of these samples, we calculate the like-
lihood ratio statistic

N .
p(Q,|signal)
" Z n[P(QJIbackground) . (23)

i=1
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FIG. 25. Standard (top panel) and dynamic (bottom panel) jet
charge likelihood distributions for quark (red) and gluon (blue) jet
samples. The —2In A, values for the standard and dynamic
likelihood distributions are 0.103 and 1.90, respectively. The
distributions above were generated for the more central jet in dijet
production of pp collisions at /s = 13 TeV with selection cuts
pr, = [200,300] GeV, |n,| < 2.1, and pr, /ij2 < 1.5 on the

leading (j;) and subleading (j,) anti-k jets of jet radius R = 0.4.
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FIG. 26. Standard (top panel) and dynamic (bottom panel) jet
charge likelihood distributions for quark (red) and gluon (blue) jet
samples. The —2In A, values for the standard and dynamic
likelihood distributions are -0.0308 and 2.17, respectively. The
distributions above were generated for the more central jet in dijet
production of PbPb collisions at /s = 2.760 TeV with selection
cuts pr, = [80,150] GeV, || < 0.9, and pr, /ij2 < 1.5 on
the leading (j;) and subleading (j,) anti-k; jets of jet radius
R=04.

where p(Q;|signal) and p(Q,|background) give the
probability for a given jet of charge Q; to be a signal
jet or background jet, respectively.

(iv) We generated the likelihood ratio distribution of
—21In A for 20,000 samples taken from the signal and
background data and compared them. The likelihood
ratio statistic approaches a Gaussian distribution as
one increases the sample size, as expected from the
Central Limit Theorem.

(v) One criteria [74,75] for determining whether a given
data set should be classified as data corresponding to
signal events or background events is based on the

value
M o Stke + Mo Ssi
2In /1cut _ sig”bkg bkg*sig ) (24)
N sig + Sbkg
where M, and My, are the mean values of the

signal and background distributions, respectively.
Note that S, and Sy, are the standard deviations of
the signal and background distributions, respec-
tively. The value of —21In4, corresponds to the
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FIG. 27. Standard (top panel) and dynamic (bottom panel) jet
charge likelihood distributions for u-quark (red) and d-quark
(blue) jet samples. The —21n A, values for the standard and
dynamic likelihood distributions are 1.34 and 0.340, respectively.
The distributions above were generated for the more central jet in
dijet production of pp collisions at /s = 13 TeV with R = 0.4,
pr, = [200,300] GeV, and |[5,| <2.1. The partonic channels
dg— W~u and ug - Wtd generated the u-quark and d-quark
jets, respectively.

value such that the number of standard deviations
Sgig it is away from M, is the same as the number of
standard deviations Sy, it is away from M\, If the
calculated value of —2In/ for a given data sample
lies to the left (right) of —2InA.,, then the data
sample is classified as corresponding to signal
(background) events.

(vi) Finally, we note that the values of M, and M,
scale with the sample size N, and the values of S,

and Sy, scale with /N [74,75]. Thus, as one
increases the sample size, the signal and background
likelihood Gaussian distributions will move further
apart from each other, on either side of —21In A,
corresponding to a cleaner separation of these
distributions. Thus, the smaller the required sample
size to achieve a clean separation of signal and
background likelihood distributions, the greater the
discrimination power of the observable.

In Fig. 25, we show the standard (top panel) and dynamic
(bottom panel) jet charge likelihood distributions for quark
and gluon jet samples in pp collisions. We see clearly that
with a sample size of N = 50, the dynamic jet charge
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FIG. 28. Standard (top panel) and dynamic (bottom panel) jet
charge likelihood distributions for u-quark (red) and d-quark
(blue) jet samples. The —21In A, values for the standard and
dynamic likelihood distributions are -0.0129 and 0.887, respec-
tively. The distributions above were generated for the more
central jet in dijet production of PbPb collisions at /s =
2760 TeV with R = 0.4, py, = [80, 150] GeV, and |7,| < 0.9.
The partonic channels dg — W~ u and ug — W+d generated the
u-quark and d-quark jets, respectively.

already gives clean separation of the quark and gluon jet
likelihood distributions. On the other hand, there is still
significant overlap of the quark and gluon jet likelihood
distributions for the standard jet charge. This indicates that
the dynamic jet charge has higher discrimination power
between quark and gluon jets, consistent with what was
found using the ROC curve analysis, as seen in the bottom
panel of Fig. 5.

Similar results are observed for heavy ion PbPb colli-
sions. In Fig. 26, we show the standard (top panel) and
dynamic (bottom panel) jet charge likelihood distributions
for quark and gluon jet samples in PbPb collisions. Once
again, we see that with N = 50 the dynamic jet charge
already gives clean separation of the quark and gluon jet
likelihood distributions, while there is still significant
overlap for the standard jet charge. This conclusion is
consistent with the ROC curves in Fig. 6.

In Fig. 27, we show the standard (top panel) and dynamic
(bottom panel) jet charge likelihood distributions for u-
quark and d-quark jet samples in pp collisions. In this case,
we see that the standard jet charge has better (but
comparable) discrimination between u-quark and d-quark

jets, compared to the dynamic jet charge. This can be seen
from the greater separation between the u-quark and d-
quark likelihood distributions for the standard jet charge
compared to the dynamic jet charge. Once again, this
conclusion is consistent with the ROC curves in the bottom
panel of Fig. 8.

However, as seen in Fig. 28, in heavy ion collisions the
dynamic jet charge seems to give better (but comparable)
discrimination between u-quark and d-quark jets, com-
pared to the standard jet charge. We see that for N = 50 the
dynamic jet charge gives a cleaner (but comparable)
separation between the likelihood distributions of the u-
quark and d-quark jets in heavy ion collisions. This is
consistent with the ROC curves in the bottom panel of
Fig. 9 and is the result of the relative insensitivity of the
dynamic jet charge to the significantly increased soft
contamination in heavy ion collisions.

VIII. CONCLUSIONS

We proposed a modified definition of the jet charge
observable, the dynamic jet charge, which makes the
parameter x that appears in the standard definition to be
a function of some dynamic property of either the jet or the
individual jet constituents. We focused on the specific
scenario where each hadron in the jet contributes to the
dynamic jet charge with a dynamic parameter x(z;),
determined by its jet transverse momentum Or energy
fraction. We have shown that the dynamic jet charge can
complement analyses based on the standard jet charge and
allow for improved jet discrimination.

The behavior of the dynamic jet charge was studied
using PYTHIA8 simulations of pp collisions and heavy ion
PbPb collisions. It was found that the discrimination power
of the dynamic jet charge in PbPb collisions is about the
same as in pp collisions, being largely unaffected by the
significantly greater underlying event activity. The multiple
peak structure observed in the dynamic jet charge distri-
bution also allows for a binned analysis, where a discrimi-
nation analysis can be performed on jet data binned
according to the jet charge. The jet charge bins are centered
around the peaks and with size corresponding to the width
of the peaks. Such a binned analysis could provide addi-
tional discrimination compared to an unbinned analysis
alone. We defined local ROC curves, in the presence of
multiple peak structures, to quantify the discrimination
power within local jet charge bins that only involve a single
peak structure, as opposed to global ROC curves that use
data from all jet charge bins. Due to the multiple peak
structure of the dynamic jet charge, we also presented a
signal vs background likelihood distribution analysis for
quantifying the absolute discrimination power, even in the
presence of multiple peak structures.

PYTHIA simulations indicated that the dynamic jet charge
provides significantly improved discrimination between
quark and gluon initiated jets, in both proton-proton and
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heavy ion collisions, compared to the standard jet charge.
For discrimination between u-quark and d-quark initiated
jets in proton-proton collisions, the global ROC curves and
the likelihood distributions indicated that the standard jet
charge has better, but comparable, discrimination power.
However, the local ROC curves indicated that the dynamic
jet charge can provide improved discrimination when the
data is sorted into jet charge bins. Thus, the dynamic jet
charge could complement jet flavor discrimination based
on the standard jet charge analysis. For heavy ion colli-
sions, it was found that the dynamic jet charge gives better,
but comparable, discrimination as quantified by both the
global and local ROC curves and the likelihood analysis.
This is a consequence of the improved resilience of the
dynamic jet charge against contamination effects of the
underlying event activity in heavy ion collisions. Future
work includes studying the dynamic jet charge in heavy ion
collisions using the JEWEL or JETSCAPE Monte Carlo
simulation which, unlike the PYTHIA8 simulation, includes
hot nuclear medium effects.

We also presented phenomenological studies to show
that the dynamic and standard jet charges can be a unique

probe of the nuclear flavor structure through simulation
studies of deep inelastic scattering in the back-to-back
region between the final electron and the leading jet, and in
photon-tagged jet production in proton-proton and heavy
ion collisions. We envision many other phenomenological
applications of both the standard and dynamic jet charges to
probe various aspects of nuclear structure. We leave such
explorations for future work. Finally, the underlying idea of
using a dynamic parameter for the jet charge can, in
principle, be applied to parameters in the definitions of
other observables, such as jet angularities.
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