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We propose measuring the jet electric charge of jet regions, defined within the framework of global event
shapes, as a probe of quark flavor dynamics within the nucleon and the hadronization process. In particular,
we consider a measurement of the jet region charge while simultaneously keeping track of the energy flow
throughout the event, as characterized by the global event shape. As a concrete example, we focus on the
measurement of the [-Jettiness jet charge (Q), the jet charge of the jet region (J) defined within the
framework of the 1-Jettiness global event shape (z;) for the deep inelastic scattering (DIS) process,
e~ + p - e +J + X, with unpolarized or longitudinally polarized protons. The 1-Jettiness distribution,
binned according to jet charge, allows for enhanced quark flavor separation of the initial-state unpolarized
or polarized PDFs. On the other hand, the jet charge distribution binned by 1-Jettiness can serve as a probe
of quark flavor dynamics in the final-state hadronization process. We derive a factorization theorem for
simultaneous measurements of 7; and Q in the resummation region, 7; < P, , where P, denotes the
transverse momentum of the jet region. The correlation between the jet region charge and the charge of the
struck quark is expected to be the strongest in the resummation region. The factorization theorem contains a
new universal charged jet function, generalizing the standard jet function to include a jet charge
measurement. Therefore these universal functions can be extracted from a global analysis of N-jettiness and
thrust at e;— colliders. We provide simulation studies to demonstrate the sensitivity of the 1-Jettiness jet
charge observable to quark flavor dynamics in nucleon structure and explore the possibility of probing the
final-state hadronization process. This observable is well-suited for applications with existing HERA data

and the future Electron-Ion Collider (EIC).

DOI: 10.1103/668t-9jv3

I. INTRODUCTION

Global event shapes are infrared and collinear safe
observables that characterize the geometric pattern of
hadronic energy flows in the final state. They act as a
continuous measure of how pencil-like, planar, or spherical
the “shape” of the final-state radiation is. Examples of
global event shapes include thrust [1,2], heavy jet mass [3],
C-parameter [4], Broadening [5], N-Jettiness [6], and
1-Jettiness [7—14] for deep inelastic scattering (DIS).
They have been studied in a variety of applications,
including precision extractions of the strong coupling
constant a, [15-20] and the top quark mass [21-25].
Such global event shapes have also been computed to very
high accuracy and compared to data [15,26,27], providing
important tests of perturbative QCD and hadronization
models. Recently, there have also been many developments
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in the use of energy-energy correlators (EEC) [28-31] as a
probe of QCD and hadronization, complementing tradi-
tional global event shapes. Detailed and comprehensive
reviews of EECs can be found in Refs. [32,33].

Due to the light quark flavor symmetry of QCD,
global event shapes do not provide much information on
light-quark flavor dynamics in initial-state nucleon struc-
ture or final-state hadronization. Typically, a global QCD
analysis over a wide range of observables is employed to
extract universal initial-state structure functions and final-
state fragmentation functions, separated by flavor. These
include inclusive observables as well as more exclusive
ones that involve tagging a final-state hadron. For example,
the neutral current and charged current fully inclusive
DIS processes, e~ +p e +X and e~ +p - v, + X,
respectively, are sensitive to different flavor combinations
of initial-state parton distribution functions (PDFs).
Similarly, using polarized protons in these processes allows
for disentangling initial-state helicity PDFs by flavor. More
exclusive observables, such as semi-inclusive DIS (SIDIS),
e+ p—e + h+ X, where a final-state hadron, £, is
tagged, allows for additional flavor separation of initial-
state nucleon structure functions. Additionally, it acts as a
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probe of fragmentation functions by flavor. Tagging final-
state hadrons also allows for measuring charge-charge
correlations [34] or EECs of charged particles [35].
Measurements at the Relativistic Heavy lon Collider
(RHIC) and Large Hadron Collider (LHC) have shown
that jets can also be a powerful probe of nucleon structure,
including nucleon spin structure [36-38]. Such jet based
probes have now also been developed for use at the EIC
[39-47]. However, without tagging final-state hadrons,
flavor separation remains challenging in inclusive jet
measurements.

The idea of jet charge was first explored [48] more than
four decades ago. More recently, the jet electric charge has
been shown [49,50] to be able to provide discrimination
between jets initiated by up-type and down-type quarks at
the LHC. Jets are initiated by energetic partons emerging
from a hard collision process, subsequently producing a
parton shower through perturbative soft and collinear
emissions which is followed by hadronization into a cluster
of hadrons. A suitable definition of the measured jet charge
will correlate with the electric charge of the jet-initiating
parton, providing a jet tagging tool that discriminates
between jets initiated by different parton flavors. Jet charge
has been used for DIS studies [51-56], measurements of
the charge asymmetry [57,58], tagging b-quarks in jets
[59-62] and hadronically decaying W bosons [63,64],
probing anomalous Z [65] and Higgs [66] boson couplings,
discriminating between Higgs production mechanisms
[67], testing aspects of perturbative [49,50,68-70] and
nonperturbative [71] QCD, probing nuclear-medium-
induced jet quenching effects in heavy ion collisions
[72-78], and probing the quark flavor structure of unpo-
larized and polarized [79,80] transverse momentum de-
pendent parton distribution functions (TMDPDFs). The jet
charge has also been used as one of a variety of jet sub-
structure tools [77,81-83] for jet discrimination [84—86],
with enhanced performances using machine learning
techniques [64,70].

The standard definition of the jet charge [49,50] for a jet
with transverse momentum, P, , is given by

Q= > 0 (1)

h €jet

where the sum is over all the hadrons in the jet, Q) denotes
the electric charge of the hadron, h, and z, = pr,/P,, or
z, = E,/E; for pp and ep or eTe™ colliders, respectively.
These correspond to the jet transverse momentum fraction
relative to the beam axis or jet energy fraction carried by the
hadron. The parameter x > O ensures that the contribution
to the jet charge from soft hadrons is suppressed, ensuring
infrared safety. It was shown that x ~ 0.3 provides the best
discrimination [87] between jets initiated by different quark
flavors and will be the default value used in our analysis. A
modified definition of the standard jet charge, the Dynamic

Jet Charge [86], allows for the k parameter to be a function
of some property of the jet constituents. It can be chosen as
a function of z,, k =«(z,), to improve discrimination
between quark and gluon jets and make jet discrimination
more resilient against the contamination from underlying
events. We will often drop the x subscript in Eq. (1) and
refer to the jet charge as simply, Q, for brevity in notation.
In our analysis, we consider both the Standard and
Dynamic jet charge definitions, as they have different jet
discrimination capabilities and sensitivity to soft radiation,
serving as complementary probes.

Recently, it was shown that the jet charge property
can be used for flavor separation of the unpolarized
and polarized transverse momentum dependent PDFs
(TMDPDFs) [79]. The unpolarized TMDPDFs describe
the 3D momentum space distribution of partons in the
nucleon. The polarized TMDPDFs, in addition, encode
quantum correlations between the parton momentum
distributions and the proton spin. The electron-proton
scattering process, ¢~ + p — ¢~ +J + X, in the limit of
small electron-jet transverse momentum imbalance,
qr = |ps+ P 1,| < P§ ~ Py, defined relative to the beam
axis in the center of mass frame, is sensitive to TMDPDFs.
The factorization formula for the g,-distribution is sensi-
tive to a particular flavor combination of TMDPDFs, a
universal soft function, and a universal jet function. The
jet function describes the dynamics of the leading jet that
recoils against the electron, and in general depends on the
jet radius, R, and the jet clustering algorithm. Flavor
separation of the TMDPDFs is achieved through a jet
charge measurement on the leading jet and binning the
qr-distribution by jet charge. The positive and negative jet
charge bins provide enhanced sensitivity to the u-quark
and the d, s quark TMDPDFs, respectively, compared to
the g -distribution integrated over all jet charge values.

It was also recently explored that, charge and flavor
correlation among hadrons is sensitive to details of under-
lying hadronization processes [88] therefore it can be used
to test hadronization models in Monte Carlo implementa-
tions. While the studies require tagging individual hadron
flavors, i.e., particle identifications, jet charge or subjet
charges could provide more inclusive information about
quark flavors.

In this work, we build on these ideas and propose a new
class of observables that incorporates the flavor discrimi-
nation power of jet charges within the framework of global
event shapes as a probe of quark-flavor dynamics in nuclear
structure and hadronization. We propose measuring the jet
charge (Q) of jet regions as defined by the global event
shape. This allows for measuring the jet region charge
while simultaneously keeping track of the energy flow
throughout the event, as quantified by the global event
shape. In particular, one can bin event shape distributions
according to the jet region charge. Conversely, one can bin
jet region charge distributions according to the global event
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shape value. Such observables can allow for disentangling
flavor dynamics in the initial-state nucleon structure func-
tions and in the final-state hadronization process.

We focus on the 1-Jettiness [7—13] global event shape for
the neutral current DIS process, e~ +p — e~ +J + X.
The transverse momentum and rapidity of the jet region,
J, are denoted by P, and y,, respectively. The usual
1-Jettiness cross section, differential in (7, P, .y,), is
denoted by

dole”+p—J+X)
dyj dPJT dTl

(2)

dG[TlvP]T’ y./]

The resummation region of the z-distribution,
7 < P, corresponds to events with a single jet topology
such that energetic radiation, E ~ P; > 7y, is collimated
either along the proton beam or the leading jet direction,
and only soft radiation, £ ~ 7; < P, at wide angles from
the beam and jet directions is allowed. It requires resum-
mation of large Sudakov logarithms of the form
alIn®"(z;/P; ), for m < n, arising from the 7; < P,
restriction on final-state radiation. This restriction effec-
tively acts as a veto on additional jets at wide angles from
the leading jet and beam directions. In this resummation
region, the differential cross section has the schematic,
factorized form

do-resum[Tl’PJTv yj] ~H®BQRJ®S, (3)

where H denotes the hard function describing the hard
partonic scattering, J denotes the jet function describing the
energetic radiation collinear with jet region, S denotes the
soft function describing the soft radiation throughout
the event, and B denotes the beam function [89] describing
initial-state collinear radiation along the beam. The beam
function can be further factorized as [6,89]

B~IQ® f, 4)

where 7 describes the perturbatively calculable initial-state
collinear radiation and f denotes the PDF.

On the other hand, the fixed-order region, 7, ~ P, ,
corresponds to events with additional energetic radiation at
wide angles from the beam and leading jet directions. In
this region, calculations are done in the fixed-order per-
turbative QCD framework. The resummation and fixed-
order regions can be matched to give a smooth 1-Jettiness
spectrum over the entire range of 7;. Most recently, results
for the 1-Jettiness spectrum was obtained at the N°LL +
O(a?) level of accuracy [13].

We extend this 1-Jettiness framework by, in addition,
measuring the charge, Q, of the jet region, J. We refer to it
as the “I-Jettiness jet charge.” The cross section is now
differential in four variables, (Q,7,P,,.y,), and is
denoted as

dole”+p—J+X)
dyj dP-/T dTl dQ

do[Q.71. Py, y;] =

(5)

The correlation between the 1-Jettiness jet charge, Q, with
the electric charge of the hard-scattered quark, allows for
enhanced flavor separation of the initial-state PDFs through
the jet-charge-binned 1-Jettiness distributions. This corre-
lation is expected to be the strongest in the resummation
region, 7; < P, where the struck quark evolves into the
final-state jet region through collinear and soft splittings
without any hard emissions at wide angles. In this resum-
mation region, using the soft-collinear effective theory
(SCET) [90-95], the differential cross section for the
1-Jettiness jet charge distribution has the schematic form,

daresum[QaThPJT’yJ} ~H ® B ® g® S, (6)

which has the same form as Eq. (3), except for the
replacement J — G, corresponding to replacing the stan-
dard jet function with a jet charge jet function. This formula
will receive power suppressed contributions from the
contribution of soft radiation to the jet region charge, as
discussed in Appendix B. The jet charge jet function, G, is
obtained through the insertion of a jet charge measurement
operator in the standard jet function. The new jet charge jet
function G is in general nonperturbative since the jet charge
measurement is made on final-state hadrons, making it
sensitive to the hadronization process. However, it is
universal therefore it can be extracted from other jet-based
global event shapes such as the N-Jettiness [6] global event
shape at e*e™ colliders or the LHC. The differential cross
section in Eq. (5) can be integrated over Q-bins to give the
jet-charge-binned 1-Jettiness distribution. In the resumma-
tion region, the jet-charge-binned 1-Jettiness distribution
has the schematic form,

dUresum[Qbin7Tl7 P!]".y.]} ~H ® B ® gbin ® S, (7)

where Gy, denotes the jet charge function integrated over a
jet charge bin. The positive jet charge bin (Q; > 0.25) will
give more weight to the contribution of the u-quark to the
1-Jettiness spectrum, corresponding to its positive electric
charge. The negative jet charge bin (Q; < —0.25) will give
more weight to the contribution of the d, s-quarks to the
1-Jettiness spectrum, corresponding to their negative
electric charge. Thus, binning the 1-Jettiness distribution
according to the 1-Jettiness jet charge allows for disen-
tangling initial-state proton structure functions by flavor.
For scattering of unpolarized protons, this corresponds to
separating the collinear PDFs by flavor. The longitudinal
single spin asymmetry constructed from scattering off
polarized protons will allow for flavor separation of
helicity PDFs.

Alternatively, with the multidifferential cross section
in Eq. (5) one can integrate over 7;-bins to give the

114004-3



YANG-TING CHIEN and SONNY MANTRY

PHYS. REV. D 113, 114004 (2026)

1-Jettiness-binned jet charge distribution. This allows one
to study the jet charge distribution as a function of the shape
of energy flow in the final state as characterized by the
value of 7. Such studies can probe flavor dynamics in the
hadronization process, providing a new tool for distinguish-
ing between different hadronization models.

We also note that this observable can be adapted to the
charged current DIS events, e~ + p — v, +J + X since
the undetected neutrino, tagged as missing energy, does not
contribute to the 7,9, P 7,» Or y; observables. Such a
charge current DIS observable will complement the analy-
sis of neutral current DIS as it probes different combina-
tions of initial-state proton structure functions, allowing for
further separation of structure functions by flavor. We leave
the charge current DIS analysis for future work.

Finally, we note that the formalism for the 1-Jettiness
charge observable developed here is ideally suited for the
proposed EIC and can also be readily applied to the existing
HERA data.

II. 1-JETTINESS GLOBAL EVENT SHAPE

For completeness, we give a brief review of the formal-
ism and notation for the 1-Jettiness global event shape for
DIS which has been extensively studied [7-13]. For more
detailed explanations of the relevant notation used in this
work, see Ref. [13]. We consider the neutral current (NC)
DIS process:

e (k) +pP) = e (K)+J+X, (8)

in the center-of-mass frame, where the initial-state proton
and electron momenta, P* and k*, respectively, are given by

Pl = (L),
s _ _ >
e=Lw m=(-i). O

where 71z = Z is a unit vector point along the z-axis in the
proton beam direction. The 1-Jettiness global event shape,
71, is defined as

. [2qp - px 2qj-pk}
T = min , , 10
: Zk: { 05 0 (10)

where the sum is over all final-state particles except the
scattered electron. The ¢/, and ¢/, denote the beam and jet
reference vectors, respectively, whose explicit expressions
will be given shortly below. The Qp and Q; are energy
scales at the order of the hard scale. Different choices for
these quantities correspond to different definitions of
1-Jettiness. Each final-state particle of momentum p; is
grouped with either the beam region or the jet region
according to the minimization condition in Eq. (10), and

accordingly contributes to 7. In particular, the jet region is
defined as the set of particles with momenta, p;, that satisfy
2q; - pi/ Qs < 2qp - pr/Qp. Correspondingly, the total jet
momentum of the jet region is given by

295 - Pr 295 Pk
P”:§ p”9< - ) 11
T Ltk 03 0, (1)

The largest contributions to z; come from final-state
particles with large energies, and at wide angles from both
the beam and jet reference vectors. On the other hand,
energetic particles closely aligned with either the beam or
jet reference vectors give relatively small contributions to
the 7; value. Thus, events with small z; values have
energetic radiation closely aligned with the beam or jet
reference vectors. Events with large 7; have additional
energetic radiation at wide angles from both the beam and
jet reference vectors. Therefore, 7; quantifies the pattern of
final-state energy flow.
We choose the beam reference vector

dly = xP' = w0y "L (12)

aligned with the beam direction. Here x denotes the proton
momentum fraction carried by the parton participating in
the hard interaction, and from Eq. (9) we have wp = x/5.
The jet reference vector is chosen as

q; = (K, cosh y, I%JT’ K, sinh yg), (13)

where K is the four-momentum of the leading jet defined
by a standard jet algorithm. In our analysis, we have used
the anti-k, algorithm with a jet radius of R = 1. Here K,
and yg denote the transverse momentum and rapidity of the
leading jet, and are used to construct the null jet reference
vector, ¢;. Since ¢/; is a null vector, it can be written as

u
7= w2
=w, L

J 2’

ny = (1. 1y), (14)
where 7, is a unit vector along the leading jet direction,
and w; = 2K, cosh yg.

Different choices of jet algorithms only affect the
determination of the reference vector ¢/. The impact of
different choices is power suppressed in the resummation
region, 7; < P, corresponding to events with the top-
ology of a single jet, but can lead to order one differences in
the fixed-order region 7; ~ P;_, characterized by more than
one jet. The jet algorithm with jet radius R, is only used to
determine the jet reference vector, ¢, = w,n’;/2. The final
set of particles in the jet region is then determined by using
this ¢; in Eq. (11), as illustrated in Fig. 1.
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e

FIG. 1. Schematic illustration of the jet (J) and beam (B)
regions, separated by the dashed lines, as determined by the
1-Jettiness algorithm. The final-state energetic (red) and soft
(brown) hadronic particles are clustered into either the jet or the
beam region, according to the 1-Jettiness algorithm. The jet
radius, R, refers to the jet algorithm used to determine the jet
reference vector, ¢;.

We choose the constants Qg and Q; as

Q5= wy. (15)

Op = wg,

For this choice of Qp and Q}, the definition of 7, reduces to
the simpler form

T = Zmin{2n3 * Pk 2}’1] ! pk}’ (16)
k

so that the choice of the beam and jet reference vectors
corresponds to the choice of directions 7iz and 7, since the
timelike components are fixed to be n% = nY = 1, as seen
from Egs. (9) and (14). In this case, these directions could
be determined through a minimization procedure, requiring
that they minimize the value of 7, in Eq. (16). One might
also consider fixing the direction of 7z to be along the
proton beam axis, varying only the direction of 7; during
the minimization procedure. We note that through such
minimization procedures, it is possible to define 7, and the
corresponding jet and beam regions, without the use of any
jet algorithm. However, for convenience, in our analysis we
have made use of a jet algorithm to determine 7;, as
described earlier. Ultimately, differences in the methods
used to define the jet reference vector ¢/;/Q; will yield
power suppressed effects in the resummation region,
7y < Pj,, so that the structure of the corresponding
factorization theorem does not explicitly depend on them
at leading power in 7,/P,,.

The factorization formula for the 7, distribution in the
resummation region is given by [13]

dgrcsum[’[l P!17yj]

=ooH (& pwspp) /dSJ/df S(Tl Qa QJ’M MS)

X |:ZLC],' qu(sfal’t;/’tj)qu (‘x*’ taﬂﬂ;ﬂB)
qi

+ZLQI"Izli(sl’/";/"J)BQi(x*’ta’/";/"B):|’ (17)
qi

where Q2 6, is the partonic Born-level cross section due to
single photon exchange for an electron scattering off a
quark, g;, with electric charge, O, , in units of the proton
electric charge. For single photon exchange, L, = Qéi, but
it can include additional terms corresponding to the relative
additional contributions arising from including Z-boson
exchange. Explicit expressions for 6, and L, ; can be
found in Refs. [13] and [9,13], respectively. H, S, J4+9, and
B, & denote the hard function, soft function, quark and
antiquark jet functions, and quark and antiquark beam
functions, respectively, and

eyJPJT

Vs —eP,’

Note that the hard, soft, jet, and beam functions are all
evaluated at the common renormalization scale p after
renormalization group evolution from the scales uy ~
Py ps~7Ti, g~ pug~/P;7 which eliminates large
logarithms in each of the respective functions. The
renormalization group evolution sums large Sudakov
logarithms arising from ratios of these scales. The quark
and antiquark beam functions (B, 7) are matched [89] onto

the PDFs as
1 dz
auu HB

ij/A(ZJ”B)’ (19)

Xy =

E=x./sP; e . (18)

Bg.q) (X, ta 1t 1)

where the Z, 5; functions are perturbatively calculable.
The hard [96,97], soft [98,99], jet [96,97,100], and beam
functions [101,102] are known to O(a?). The jet function
is now known [103] to O(a}). Results for this 1-Jettiness
spectrum are known [13] at the N°LL + O(a?) level of

accuracy, and shown in Fig. 2 for typical EIC kinematics.

III. 1-JETTINESS JET CHARGE FACTORIZATION
FRAMEWORK

The 1-Jettiness jet charge distribution corresponds to the
measurement of the jet charge of the jet region as defined
by the 1-Jettiness global event shape, in addition to the
measurement of the 1-Jettiness global event shape itself. In
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FIG. 2. pyTHIA8.312 [104,105] simulation data (blue dots) for
the normalized 1-Jettiness 7;-distribution compared to the theo-
retical prediction at the N3LL level of accuracy with a soft
function model that describes hadronization effects. The scale
variations (pink band), describing the theoretical uncertainty, are
normalized to the central curve (red) over the displayed range.
The relevant EIC kinematics chosen are: +/s = 90.0 GeV,
P;, =[20.0,30.0] GeV, and y, = [-2.5,2.5].

the resummation region, 7; < P, , its factorization formula
is given by

daresum[Q’ 71 7PJTvyJ]

t, s
:GoH(f,ﬂmH)/dsj/dfa‘s(Tl—Q——Q—Jj,ﬂ;ﬂS)

X {ZL% G (Q.s .13 py) By (Xt 15 14p)
qi

S0 G Qo) By ety Q0
qi

Compared to Eq. (17), the jet function J%(s;, ) is now
replaced with the charged jet function, G9(Q, s, i), which
corresponds to the insertion of a jet charge measurement
operator in the standard jet function. Its field-theoretic
definition is given in Eq. (A2). Note that the jet charge
contribution from soft particles in the jet region is power
suppressed compared to that of the energetic collinear
particles. This can be understood from the definition of jet
charge in Eq. (1) which weighs the charge of each particle
by its jet energy fraction. The dynamic jet charge allows for
the contribution of the soft particles to be further sup-
pressed by choosing the x parameter as a dynamic function
of the hadron energy fraction, z,. Therefore, at leading
power, the jet charge measurement operator only acts on the
energetic collinear particles in the jet region. Consequently,
only the jet function, J9(s,,u), is affected and replaced
with the jet charge jet function G(Q, s;, u). We discuss
power suppressed corrections arising from soft particles in
Appendix B.

The charged jet function, G4(Q, s;, i), is in general a
nonperturbative object since the jet charge measurement
operator is not collinear safe and sensitive to the hadroni-
zation process. However, G7(Q,s;,u) has the same
renormalization scale dependence as J9(s;, u). This fol-
lows from the renormalization scale independence of the
cross section and the fact that 1-Jettiness jet charge cross
section in Eq. (20) can be obtained simply by replacing
J4(sy, u) with G1(Q, s, u) in Eq. (17). Integrating Eq. (20)
over all @ should give back the standard 1-Jettiness cross
section in Eq. (17). In particular, integrating G4(Q, s, u)
over Q gives back the standard jet function,

/ dQGU(Q. s;.1) = J9(s7. ). (21)

which also follows from Egs. (A1) and (A2). In position
space, the jet function, J9(y, u), and charged jet function,
G1(Q, y, u), are defined through the Fourier transforms,

dy .
J4(s.p) = /% e J9(y, p),
dy . .
GO, 5. 1) = / D@y (@)

It is useful to define the ratio of the position space charged
and standard jet functions

R1(Q, ) EW. (23)

Therefore, G4(Q, y, u) and J4(y, u) are related through the
multiplicative function R7(Q,y) as

G41(Q.y.u) = RU(Q,y)J9(y, ). (24)

Note that R7(Q,y) is renormalization scale independent
due to the cancellation between the renormalization group
running, which is multiplicative in position space, of
G1(Q,y,u) and J9(y,u) in the ratio. The multiplicative
relation in Eq. (24) becomes a convolution in momentum
space. Using Eq. (24) in Eq. (22), we get

G(Q5.0) = [ d RIQ.s =) ). (25)

where Rq(Q,s) corresponds to the momentum space
definition

RY(Q,s) = / % " R1(Q.y). (26)

Combining Egs. (21) and (25) leads to the normalization
conditions
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/dQR‘I(Q,s):(S(s), /dQRq(Q,y):l. (27)

From Eq. (25), we see that the function R(Q, s) acts as the
integral kernel that transforms the standard jet function,
J9(s, ), distribution in the mass squared variable, ‘s’, to
the new distribution, G7(Q, s, i), where the final state is
restricted to, in addition, have a jet charge value of Q. Itis a
universal, nonperturbative function that can be extracted
from data on other jet-based global event shapes, as
explained in Sec. V.

Using Eq. (25) in Eq. (20), the resummed factorization
formula differential in jet charge takes the form:

daresum[g TlvPJwa

=00 H (& usun /ds,/dta/dsj (Tl Ql’ﬂ /45>

X |:ZL£],- RY(Q,5,=8)) U (5] pspy) By, (Xustas i fip)
qi

+ ZLZ/,- R7(Q.s5;=s)J% (s uspy) By, (x*’tavﬂ;ﬂB):| .
qi

(28)

From the above factorization formula, we can also obtain
the 1-Jettiness distribution integrated over a jet charge bin.
Correspondingly, we can define the charged jet function
integrated over a jet charge bin in momentum and position
space as

Gholst) = [ ds'Riy(s =) 395,
Goin (v 1) = R (v) I (3. 1), (29)
where the binned R, (s) and R, (y) functions are given by
Riu(s) = | doru(Q.s),

Ry, () = /bmdQ RY(Q.y). (30)

The factorization formula for the jet-charge-binned
1-Jettiness distribution is now given by

dGresum[QbinaTI 7PJT 9yJ]

t, s
—aoH(é,/A;ﬂH)/dsJ /dta /ds’18<71—Q_—Q—JJvH§MS)

x [ZLq,Rz:'n<sj—s’,)Jqf(s;,u;u,)Bql.<x*,za,ﬂ;u3>
qi

+ZLQ[ Rg{n(sl _S/J)qu <S/Jvﬂ;ﬂJ)Bq[ (x*, ta7ﬂ;/’l3>:| .
i

(31)

IV. 1-JETTINESS JET CHARGE DISTRIBUTION
WITH POLARIZED PROTONS

The 1-Jettiness jet charge formalism can be straightfor-
wardly extended to DIS with longitudinally polarized
protons. The 1-Jettiness distribution of the longitudinally
polarized nucleon asymmetry serves as a probe of the
helicity PDFs. The Q-binned 1-Jettiness distribution then
allows enhanced flavor separation of the helicity PDFs.

The resummation formula for the 1-Jettiness distribution,
71, of the longitudinally polarized nucleon asymmetry is
schematically given by [106]

dAO_resum[Tl: PJTa yJ] ~AH ® AB ® J ® S? (32)
where A denotes the polarization dependence in hard and
beam functions needed to obtain the longitudinal nucleon
polarization asymmetry. The polarized beam function
[6,89,106], AB, can be factorized as

AB~ AT @ Af, (33)
where A7 is perturbatively calculable and Af denotes the
helicity PDF. The corresponding factorization and resum-
mation formula for the 1-Jettiness jet charge distribution, in
addition to the standard 1-Jettiness distribution, is given by
replacing the standard jet function, J, with the charged jet
function, G:

dAGresum[Qv Tlvpjr’ yJ] ~AH Q@ AB® g ® S. (34)
Note that the charged jet function G that appears here is
identical to the one that appears in the 1-Jettiness Jet
Charge formalism with unpolarized protons, corresponding
to its universality property. Similarly, studying the jet-
charge-binned 1-Jettiness distribution of the longitudinally
nucleon spin asymmetry facilitates disentangling the flavor
structure of the helicity PDFs. We leave detailed phenom-
enological studies of the flavor structure of the helicity
PDFs using the 1-Jettiness jet charge formalism for future
work. In this work, we focus on introducing the main ideas
and formalism of 1-Jettiness jet charge in DIS of unpolar-
ized protons only.

V. UNIVERSALITY OF THE CHARGED JET
FUNCTION

Equations (28) and (31) are key results, providing
factorization formulas for the 1-Jettiness jet charge dis-
tribution. They give the fully differential cross section
do[Q J, 71, Py, y,] and the jet-charge-binned cross section
do[Q%™, 7|, P, .y,], respectively, in the resummation
region 7; < P;_. The predictive power of this factorization
framework is enhanced due to the universality of the
various functions appearing in the factorization formulas.
The hard function H(&, ) describes universal QCD
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corrections to the hard scattering quark current vertex due
to single photon or Z-boson exchange in standard fully
inclusive DIS. It is perturbatively calculable with results
known [96,97] to O(a?). The universal quark beam
functions [89], B,(x,,u), describe the physics of pertur-
bative initial-state radiation, collinear with the proton beam
direction, and the initial-state collinear PDF, as seen in
Eq. (19). The quark beam functions are also known
[101,102] to O(a?). The jet function describes the physics
of the energetic radiation in the jet region, and collinear
with the leading jet direction, and is known [96,97,100] to
O(a?). Note that for the jet functions initiated by light
quarks, the light quark flavor symmetry of QCD in the limit
of massless quarks, leads to the additional universality,
J9 (s, 1) = J9(s,u), so that the jet functions are indepen-
dent of quark flavor. The soft function S(zy, u) describes
the soft radiation, E ~ 7;, throughout the event. In the
resummation region, 7; < P, , the soft function is pertur-
batively calculable when 7; > Agcp. When 7 ~ Agep the
soft function becomes nonperturbative and requires the
introduction of a nonperturbative model. In the tail region,
71 ~ P; > Aqgcp, it can be expanded [107-111] through
an operator product expansion (OPE) in powers of
Agep/7i- The first term in the OPE is perturbatively
calculable and the dominant nonperturbative effects come
from the first correction term in the OPE. However, the soft
function, and its associated nonperturbative effects, are
universal since it is the same soft function that appears in
Eq. (17) for the standard 1-Jettiness distribution where no
jet charge measurement is made.

The new ingredients in the 1-Jettiness jet charge fac-
torization formula are the RY(Q, s) functions appearing in
Eq. (28). In general, they are nonperturbative objects since
the jet charge measurement is not collinear safe and
sensitive to the hadronization process. However, these
nonperturbative functions are universal and renormaliza-
tion scale independent. They can be extracted from other
observables that also make jet charge measurements on the
jetregions of global event shapes. N-Jettiness [6] is an ideal
global event shape for such purposes. It characterizes how
closely the pattern of final-state radiation resembles a N-jet-
like event. Small values of N-Jettiness, 7y, correspond to
events that closely resemble an exclusive N-Jet event. Large
values of 7y correspond to events with additional jets or
energetic radiation in different directions. The resummation
region corresponds to small values of N-Jettiness, 7y < Q,
where Q denotes the hard scale in the problem. For e* e~
colliders, in the resummation region, the N-Jettiness differ-
ential distribution has the schematic form,

e H Q1@ - @I®S. (35)

N

where H describes the hard scattering process, J denotes
the standard jet function, and there are N such factors each

corresponding to one of the N jet directions, and S denotes
the soft function that describes soft radiation throughout the
event. Note that the case of N =2 can be related to the
thrust global event in e*e™ colliders in the limit 7, < Q.

In order to access the universal G7(Q, s, u)jet charge
function, and the corresponding R?(Q, s) functions needed
for the 1-Jettiness jet charge distribution, one can general-
ize the N-Jettiness observables at ete™ and hadron col-
liders to include a jet charge measurement on one or more
of the jet regions. For example, if a jet charge measurement
is made on the jet region with the highest energy E; or
transverse momentum P, , the formula in Eq. (35) becomes

dgresum

drNdQNH®g® ®J®S. (36)
The factor of the jet charge jet function, G, replaces the
standard jet function, J, in the jet region where the jet
charge measurement is made. These formulas at e'e”
colliders can be compared to Eq. (6) for the 1-Jettiness jet
charge distribution, and the same universal jet charge jet
function, G, appears in all these observables.

One can also consider the N-Jettiness distributions in a
give jet charge bin, where we integrate over the jet charge of
measured jet region. The corresponding jet-charge-binned
N-Jettiness distributions for e e~ colliders take the form

Q—bin
doEum

dTN

~H®Gin® - ®J®S. (37)

Here G;, denotes the jet charge jet function integrated over
a jet charge bin and is the same as the one that appears in
Eq. (7) for the jet-charge-binned 1-Jettiness distribution in
electron-proton collisions.

Furthermore, one can also consider different definitions
of the N-Jettiness event shapes, associated with the choice
of parameters in their definitions. For example, the dimen-
sionless 71, event shape [9,11-13] differs from the defi-
nition of 7; in Eq. (10) in the choice of the Q, 5 values.
Similarly, one can work with dimension one 7y or
dimensionless 7 5. For all of these different definitions,
corresponding to different partitioning of final-state radi-
ation into beam and jet regions, the same universal jet
functions or charged jet functions appear in the factoriza-
tion formulas.

Thus, the jet charge jet functions G¢ and G, ., and
correspondingly the functions RY(Q,s) and R, (s) are
universal and can be extracted from a comprehensive and
systematic global analysis of the wide range of N-Jettiness
global event shape observables at e*e™ colliders.

VI. NONPERTURBATIVE MODEL FOR CHARGED
JET FUNCTION

In order to calculate the 1-Jettiness jet charge distribu-
tion, we need to quantify the nonperturbative component of
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the charged jet function G9(Q,y,u), or equivalently, its
Fourier transform, G7(Q, s, ). From Egs. (24) and (25),
this corresponds to specifying the nonperturbative func-
tions, RY(Q,y), and their Fourier transform functions,
Rq(Q,s). In the next three subsections, we present the
general parametrization of a phenomenological model for
R%(Q,y) and R7(Q, s) and consider the simplest case of
these function being independent of y or s, as well as a
phenomenological parametrization of additional y or s
dependence beyond the simplest model.

A. General model parametrization
The form of the nonperturbative functions, R?(Q, y) and
R%(Q, s), is constrained by the normalization conditions in
Eq. (27). Given any arbitrary function K9(Q,y), the
normalization condition on RY(Q,y) can be satisfied by
constructing it from K9(Q,y) as follows:

. . K1(Q.y)
RI(Q.y) = Ta0K1(Q,y)"

as long as f dQK9(Q,y) # 0. The corresponding R?(Q, s)
function is obtained via the Fourier transform of Eq. (38)
with respect to the y variable, as seen in Eq. (26)

RI(Q,s) = / e [ %}

from which it follows that R7(Q, s) satisfies the required
normalization condition in Eq. (27).

(38)

(39)

B. Simple model parametrization

In this section, we consider the simplest case where the
charged jet functions G9(Q, y,u) or G4(Q, s, u) have the
same y or s dependence as the standard jet functions,
J9(y, u) or J4(s, u), respectively. This corresponds to the
R%(Q,y) being independent of y, as seen from Eq. (23).
Equivalently, R7(Q, s) will be proportional to 5(s), which
follows from Eq. (26). In this special case, the R7(Q, y) and
R9(Q, s) functions can be written as

RI(Q.y) =r1(Q),  RI(Q.s)=r1(Q)s(s), (40)
where the function r9(Q) satisfies the normalization
condition,

/dQ ri(Q) =1. (41)

From Egs. (24) and (25), the charged jet functions then
reduce to the separable form

GUQ,y,u) = r1(Q)J4(y, u),
G1(Q, s, 1) = r1(Q) JI(s, u), (42)

where the charged jet function, G, and the ordinary jet
function, J, having the same dependence in the y or s
variables.

Using this model in Egs. (40) and (42), the factorization
formula in Eq. (28) can be written as

doresum[Q 7] ’PlrﬂyJ]

=00 H (& 1 1m) /dsj/dt S(TI_Q__Q]"M Ms>

|:ZL rq, Jql SJ ﬂﬂj)Bq[(x*,tga,u;,uB)
+ZL ri(Q)J% (s, p5141) By (X*Ja%/‘B)]’ (43)

where the jet charge information is now contained entirely
in the r4(Q) functions. The jet-charge-binned cross section
in Eq. (31) then takes the following form:

dgresum[QJ vTI7PJTvyJ

=ooH(& pwspp) /ds,/dt S(Tl QJ’M MS)

|:ZL rb s,]aﬂ ﬂJ)B <x*vta’ﬂ;ﬂ3)
S b ) By vt |- 4

where the . constants are given by the integration of the
r?(Q) function over the jet charge bin

= [ d0r(Q), (45)
bin
and satisfy the constraint

Z rgin =1 (46)

bins

for each quark and antiquark flavor, ¢, as required by
Eq. (41). Thus, the r{, values can be interpreted as the
fraction of jets initiated by a parton of flavor ¢ in the given
jet charge bin. Based on the PYTHIAS8.312 simulations of five
million events of the unpolarized DIS process, e~ + p —
e +J+X, for the typical EIC kinematics of /s =
90.0GeV, P, =[20.0,30.0]GeV, and y,=[-2.5,2.5], we
show in Tables I and Il the . bin fractions for the standard
and dynamic jet charge definitions, respectively. The Vi.—.o
bin fractions correspond to the fraction of jets in the
positive (Q > 0.25), negative (Q < —0.25), and central
(—0.25 < Q < 0.25)jet charge bins, respectively.

We can write the jet-charge-binned 1-Jettiness jet charge
cross section in the resummation region as
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TABLE 1. Standard Jet Charge binned fractions for different
quark flavors. The relevant EIC kinematics chosen are
Vs =90.0 GeV, P, =[20.0,30.0] GeV, and y, = [-2.5,2.5].

u it d d s 5
ri 0.62 0.18 0.13 0.50 0.19 0.52
re 0.08 0.50 0.48 0.13 0.43 0.13
rh 0.30 0.32 0.39 0.37 0.38 0.35
TABLE II. Dynamic Jet Charge binned fractions for different

quark flavors. The relevant EIC kinematics chosen are
Vs =90.0 GeV, P; =[20.0,30.0] GeV, and y; = [-2.5,2.5].

u 7} d d K K
i 0.39 0.15 0.15 0.29 0.15 0.35
rt 0.11 0.36 0.29 0.15 0.33 0.14
rh 0.49 0.49 0.55 0.55 0.52 0.51

d6resum [ Q7" 71, Py yy] = Zrﬁm dotesum[T1, P10 V1),
q
(47)

where the sum over ¢ runs over all the quark and antiquark
flavors. The cross section dotsum|z1, P 7+ Y] corresponds
to the contribution from the g-parton flavor to the standard
1-Jettiness distribution:

dalt']esum[Tl’PJTﬂyJ]

=60LqH(af,u;/m)/dsj/dtalq(sj,/t;m)Bq(x*,ta,ﬂ;us)

t K
w5 (=g )
a

(48)
while i determines the weight given to this contribution
based on the fraction of jets initiated by the corresponding
parton flavor in the given jet charge bin.

We note that the form of Eq. (47) is similar to that in
Ref. [79] which studied e™ 4+ p — e~ + J + X, in the limit
of small electron-jet transverse momentum imbalance,
qr = |ps + f’JT| < pf ~ Py, in different jet charge bins
to probe the flavor structure of TMDPDFs. There the jet
was defined with a jet algorithm and fixed jet radius. In our
case, where the jet charge binning is applied to a jet region
of a global event shape, the form in Eq. (47) only applies in
the special limit of Eq. (42) where the charged jet function
has the same y or s dependence as the standard jet function.
The more general parametrization allows for a more non-
trivial dependence of the charged jet function, G(s, #) and
G(y,pu) on the variables s or y that goes beyond the
dependence in the standard jet function J(s,u) and

J(y, u), respectively. In general, this leads to the nontrivial
convolution structure in Egs. (28) or (31).

C. A useful model parametrization

The form of the jet-charge-binned 1-Jettiness cross
section in Eq. (47) is the direct result of the special case
of the nonperturbative model, as shown in Eq. (40). In
particular, the r{. parameters are constants, independent of

s. We test how well this model works using PYTHIA
simulations. Note that the variable s is the mass squared of
all the energetic collinear particles in the jet region, arising
from the charged jet function, G(s, u). However, the true
measurable jet mass squared of the jet region also includes
the contribution of soft particles in the jet region. The jet
mass squared can be written as M3 = (p.. + p,)? where pl
and p% denote the total sum of the momenta of the
collinear and soft particles, respectively. We can write
M3 =5+ 2p.- ps+ p?, where s = p2 We note that
while the soft particles in the jet region make a significant
contribution to jet mass, M;, via the 2p, - p, ~ s term,
their contribution to the jet charge is suppressed since the
contribution of each particle is weighed by its energy as
seen in Eq. (1). Thus, the fraction, r{, , of jets initiated by
parton flavor, ¢, in a given jet charge bin is primarily
determined by the energetic collinear particles, with the
contributions from soft particles being power suppressed.
Thus, the behavior of r{. as a function of M3 = (p. + p,)?
will be similar to that as a function of s = p2 such that we
can write

Foin (M) 2 1, (s).- (49)
In Figs. 3 and 4, we show the jet mass dependence of the jet
charge bin fractions based on PYTHIAS8.312 simulations for
r_o(M3) ~rt _o(s) and rd_ (M37)~r? _(s) for the
Standard and Dynamic jet charge definitions, respectively.
We again choose typical EIC kinematics with /s =
90.0 GeV, P, = [20.0,30.0] GeV, and y; = [-2.5,2.5].

The results in Figs. 3 and 4 suggest that the r{. do have a
nontrivial dependence on M7, and correspondingly suggest
a nontrivial dependence on s. This dependence is stronger
for the Dynamic Jet Charge compared to the Standard Jet
Charge. These results shows that the simplified charged jet
function model in Eq. (42) which predicts constant r{,
values that are independent of s, is only an approximation
and the more general model parametrization in Egs. (38)
and (39) is appropriate, where K(Q,y) has a nontrivial
y-dependence.

However, as seen in Figs. 3 and 4, while the rgm values
are not constant, the dependence on M3, or equivalently on
s, is still mild. This suggests a model parametrization for
R%(Q,y) as a sum of a constant term and a y-dependent
correction term as
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FIG. 3. The fraction of jets initiated by the u-quark (top panel)

and d-quark (bottom panel) in the positive (Q; > 0.25), negative
(Q; < —0.25), and central (—0.25 < Q; < 0.25) Standard Jet
Charge bins as a function of the squared jet mass, M3. The dashed
lines indicate the corresponding average values from the fraction
of jets over all squared jet mass bins. The relevant EIC kinematics
chosen for generating the PYTHIA8.312 simulation data are
Vs =90.0 GeV, P, =[20.0,30.0] GeV, and y, = [-2.5,2.5].

RI(Q,y) = r1(Q) + f4(Q.y). (50)

The y-dependent function f7(Q,y) characterizes the
deviation of RY(Q,y) from the being a constant, indepen-
dent of y as characterized by the r7(Q) term. Equivalently,
as seen from Eq. (24), f9(Q,y) describes the additional
y-dependence in the charged jet function, G(Q,y,u),
compared to that of the standard jet function, J9(y, u).
In order to satisfy the normalization condition on R7(Q, y)
in Eq. (27), and given the normalization condition already
satisfied by r7(Q) in Eq. (41), the function f9(Q,y) must
satisfy
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FIG. 4. The fraction of jets initiated by the u-quark (top panel)
and d-quark (bottom panel) in the positive (Q; > 0.25), negative
(Q; < —=0.25), and central (-0.25 < Q; < 0.25) Dynamic Jet
Charge bins as a function of the squared jet mass, M>. The dashed
lines indicate the corresponding average values from the fraction
of jets over all squared jet mass bins. The relevant EIC kinematics
chosen for generating the PYTHIA8.312 simulation data are
Vs =90.0 GeV, P, =[20.0,30.0] GeV, and y, = [-2.5,2.5].

/deq(Q,y)—O. (51)

Since this condition on f9(Q,y) must be satisfied for all
values of y, it must either be a function that is separable in
the variables y and Q, or more generally, be built out of a
sum of separable functions as

f1Q.y) = gh(y) 2H(Q). (52)

The functions ;(Z(Q) can be chosen to form a complete set
of basis functions, satisfy the conditions
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/ dQ44(Q) =0,
/ 40 £1(Q) 74(Q) = 8,1 (53)

The first condition ensures the required constraint in
Eq. (51). The second orthonormality condition allows
the coefficient functions, g7(y), for a given f9(Q,y), to
be determined as

dly) = / 4O f1(Q.y) £4(Q). (54)

In momentum space, the R7(Q,s) function is para-
metrized as

R1(Q,s) = r1(Q)é(s) + f4(Q. ), (55)

where f9(Q,s) are the Fourier transforms of f7(Q,y)

Q) = [SLemp@y. 50

and f9(Q,s) satisfy the condition

/ dQ f1(Q. s) = 0, (57)

which follows from Eq. (51), and is required by the
underlying normalization condition in Eq. (27). The
momentum space function f9(Q, s) can also be expressed
as a sum over separable functions in terms of a complete set
of basis functions as

f1(Q.s) = _gils) x4(Q). (58)

where the coefficient functions g (s) are related to the
gi(y) functions via the Fourier transform as

) = [ 55 i), (59)

Having identified some of the key structural features of the
nonperturbative functions, R(Q, y) and R(Q, s), we leave a
more detailed model building analysis for future work.

VII. NUMERICAL RESULTS

In this section, we demonstrate the sensitivity of the
1-Jettiness jet charge, Q, to probe quark flavor dynamics in
nucleon structure and explore ways of probing the hadro-
nization process. All the numerical results presented
here are based on the PYTHIA8.312 simulations of five
million events of the unpolarized DIS process, e~ + p —
e~ +J+X, for the typical EIC kinematics of
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FIG.5. The normalized 1-Jettiness z,-distribution (black) using

PYTHIA data along with the relative contributions of different
quark flavors. The relevant EIC kinematics chosen are:
Vs =90.0 GeV, P, = [20.0,30.0] GeV, and y, = [-2.5,2.5].

Vs =90.0 GeV, P, =[20.0,30.0] GeV, and y, =
[-2.5,2.5]. In this analysis, we only present results for
unpolarized DIS which probe the unpolarized PDFs of the
initial-state nucleon. These results can be straightforwardly
generalized to studies with longitudinally polarized initial-
state nucleons to probe the polarized PDFs, using the
formalism described in Sec. IV.

We consider the standard jet charge definition with
constant k = 0.3 in Eq. (1). We will also present results
based on the dynamic jet charge [86] definition, corre-
sponding to k = k(zy,, ey k<, k) Where

K'(Zh) _ {k<, Zp < Eewt (60)
koo zp 2 Eeu

and &, k., and k. are three constant parameters. We
choose the default values of &, =0.3, k. =1.0, k. =0.3.
The standard and dynamic jet charge definitions have
different jet discrimination capabilities and sensitivity to
power corrections from soft radiation effects, thereby
serving as complementary probes of quark flavor dynamics
in nuclear structure and hadronization.

A. Probing nucleon flavor structure

In Fig. 5, we show the normalized 1-Jettiness distribution
(upper black curve). We also show the contributions to
the 1-Jettiness distribution from scattering off quarks of
different flavors in the initial-state nucleon. We see that the
1-Jettiness distribution is overwhelmingly dominated by
the u-quark flavor due to the dominance of its unpolarized
PDF in the proton in the valence region. As a result, this
distribution is not very sensitive to the dynamics of the
d-quarks and the sea quarks and antiquarks.
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FIG. 6. The normalized 1-Jettiness 7,-distribution (black) using
PYTHIA data along with the relative contributions from the nega-
tive (blue), central (gray), and positive (red) standard jet charge
bins corresponding to Q < —0.25, —0.25 < Q < 0.25, and
Q > 0.25, respectively. The relevant EIC kinematics chosen are:
Vs =90.0 GeV, P; =[20.0,30.0] GeV, and y, = [-2.5,2.5].

One can gain enhanced sensitivity to the u-antiquark
and the d- and s-quark unpolarized PDFs by binning
the 1-Jettiness distribution according the value of the
1-Jettiness Standard jet charge, Q. In Fig. 6, we show
the 1-Jettiness distribution binned according to Q. We see
the relative contribution to the total 1-Jettiness distribution
from each jet charge bin. The dominant contribution comes
from the positive (Q > 0.25)jet charge bin, corresponding
to the fact that the 1-Jettiness distribution is dominated by
the contribution from the u-quark which initiates jets with a
standard jet charge distribution peaked in the positive jet
charge bin. Note that u-quark initiated jets still have a
nonzero probability of having a standard jet charge value in
the negative (Q < —0.25) or central (—0.25 < Q < 0.25)
jet charge bins, as indicated by the fact that the contribution
of the positive jet charge bin is not as dominant compared
to the contribution from the u-quark in Fig. 5.

In Fig. 7, we show the relative contributions to the
1-Jettiness distribution from different quark flavors in each
standard jet charge bin. We see that in the positive (top
panel) and central (middle panel) jet charge bin, the
1-Jettiness distribution is overwhelmingly dominated by
the u-quark contribution. However, we see that in the
negative (bottom panel) jet charge bin, the contribution
from the d-quark is comparable to that from the u-quark,
indicating that one has enhanced sensitivity to the d-quark
PDF when the 1-Jettiness distribution is restricted to the
negative jet charge bin. In Fig. 8, we show the correspond-
ing results using the dynamic jet charge definition. Once
again, we see enhanced sensitivity to the d-quark PDF in
the negative dynamic jet charge bin. Similarly, studying the
1-Jettiness distribution for DIS on longitudinally polarized
protons, according to jet charge bins can help disentangle

the flavor structure of the helicity PDFs. In this manner, the
1-Jettiness jet charge measurement can be used as a new
probe of the quark flavor structure in the nucleon.

B. Probing flavor dynamics in hadronization

One can also consider the 1-Jettiness jet charge distri-
bution binned according to the 1-Jettiness value character-
izing the shape of the energy flow in each event. This
allows us to study the jet charge, O, as a function of the
shape of the overall energy flow as characterized by 7.
Such studies can provide constraints on hadronization
models, allowing us to probe correlations between flavor
dynamics and energy flow. We use the same PYTHIA8.312
simulation data for the EIC kinematics of /s = 90.0 GeV,
P; =[20.0,30.0] GeV, and y, = [-2.5,2.5] to explore
observables that can probe hadronization models.

In Fig. 9, we show the total Q-distribution (black) and
the Q-distribution binned (colored) in different z,-bins for
the standard (top panel) and dynamic (bottom panel) jet
charge definitions. The total unbinned O-distribution
(black) is normalized to unity. The 7z;-binned Q-distribu-
tions in turn are normalized to the unbinned distribution so
that we can see the relative fraction of events in the different
71-bins, characterizing the pattern of energy flow, as a
function of the jet region charge.

Another potentially interesting observable is the average
jet charge as a function of 1-Jettiness. Theoretically, it can
be defined via the probability distribution in the 1-Jettiness
jet charge, Q:

do[Q. &, Pin, )

P Q Tbin Pbin bin) _ _ _ '
( LS B JT’yJ) dg{f?ln?PB;n’ysln] ’

(61)

where the bin superscript indicates an integration over the
corresponding bin. Note that do[Q,7,,P,,.y,] and
do[ty, P;,.y,| are defined in Eqs. (5) and (2), respectively.
This probability distribution satisfies the required normali-
zation condition

[aer@anriyim =1 (@)

This probability distribution can be used to define moments
of the jet charge. The nth moment is defined as

<Qw=/ﬁQ@P@anwywx (63)

with the first moment corresponding to the average jet
charge

Qavg(Tlfin’ P?irn’ yI;in) = <Q> (64)

Similarly, the standard deviation of the jet charge is in any
bin is given by
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FIG. 8. The normalized 1-Jettiness 7,-distribution (black) using

FIG. 7. The normalized 1-Jettiness 7;-distribution (black) using
PYTHIA data in the positive (Q > 0.25, top panel), central
(—0.25 < Q < 0.25, middle panel), and negative (Q < —0.25,
bottom panel) Standard Jet Charge bins, along with the relative
contributions of different quark flavors. The relevant EIC kin-
ematics chosen are: /s=90.0GeV, P, = [20.0,30.0] GeV,

and y; = [-2.5,2.5].

PYTHIA data in the positive (Q > 0.25, top panel), the central
(—0.25 < Q < 0.25, middle panel) and negative (Q < —0.25,
bottom panel) Dynamic Jet Charge bins, along with the relative
contributions of different quark flavors. The relevant EIC
kinematics chosen are: /s=90.0GeV, P, =[20.0,30.0] GeV,

and y; = [-2.5,2.5].
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FIG. 9. [1-Jettiness jet charge distributions according to

1-Jettiness bins for the Standard Jet Charge (top panel) and
the Dynamic Jet Charge (bottom panel). The binned curves are
normalized to the total unbinned jet charge distribution curve
which in turn is normalized to unity over the displayed range.
The relevant EIC kinematics chosen are +/s = 90.0 GeV,
P;. =[20.0,30.0] GeV, and y; = [-2.5,2.5].

bin pbin | bin) _
Qs dev(71m7PJlTn’me) =

(@) - ()2 (65)

Using PYTHIAS8.312 simulation data, in Fig. 10 we show the
jetregion charge average (top panel) and standard deviation
(bottom panel) as a function of z; for the standard (blue)
and dynamic (red) jet charge definitions. We see that the
standard and dynamic jet charge definitions give rise to
different behavior of the jet charge moments as a function
of ;. Such correlations between the pattern of energy flow,
characterized by the 7, global event shape, and the jet
region charge, Q, could probe hadronization models. In
particular, the distribution of various moments of the
1-Jettiness jet charge with different jet charge definitions,
and over a wide range of (z;, P, y,) bins could provide
nontrivial constraints on hadronization models. We leave a
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FIG. 10. The average (top panel) and standard deviation
(bottom panel) values of jet charge distributions binned according
to the value of 1-Jettiness, 7. The relevant EIC kinematics chosen
are \/s=90.0GeV, P, =[20.0,30.0]GeV, and y, =[-2.5,2.5].

more detailed study exploring these distributions for
future work.

VIII. CONCLUSIONS

We have proposed bringing together the flavor discrimi-
nation power of the jet charge observable with global event
shapes that characterize the shape and pattern of energy
flow throughout the event. This framework provides a new
way to probe the quark flavor structure of the nucleon and
the quark flavor dynamics in the hadronization process. It
allows for a measurement of the jet region charge while
simultaneously keeping track of the energy flow through-
out the event, as characterized by the global event shape.

We focused on the measurement of the 1-Jettiness jet
charge (Q), the jet charge of the jet region (J) defined
within the framework of the 1-Jettiness global event shape
(r;) for the Deep Inelastic Scattering (DIS) process,
e~ + p — e +J+ X, with unpolarized or longitudinally
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polarized protons. The 1-Jettiness distribution, 7;, binned
according to jet charge, Q, allows for enhanced quark
flavor separation of the initial-state unpolarized or polar-
ized PDFs. Alternatively, the jet charge distribution binned
by 1-Jettiness serves as a probe of quark flavor dynamics in
the final-state hadronization process. We derived a factori-
zation theorem that simultaneously measures 7; and Q in
the resummation region, 7; < P, , where the correlation
between the jet charge and the charge of the struck quark is
the strongest (P, denotes the transverse momentum of the
jet region). We also discussed the formulation of power
corrections to this factorization framework. We considered
both the standard and dynamic jet charge definitions in our
analysis, serving as complementary probes with different
jet discrimination capabilities and sensitivity to power
corrections from soft radiation.

The factorization theorem gives rise to new universal
and field theoretically well-defined charged jet functions
that describe the evolution of the struck quark into a final
state of given jet mass and charge values. The charged jet
functions are nonperturbative but have the same renorm-
alization group evolution as the ordinary jet function. We
developed a general model parametrerization for the
nonperturbative component of these charged jet func-
tions and studied its general structure and properties. We
described how these universal functions can be extracted
from a wide range of N-Jettiness global event shape
observables at e e colliders, including the thrust global
event shape. We provided numerical results through
simulations studies using PYTHIA8.312 to demonstrate
the sensitivity of this observable to probe flavor dynam-
ics in nucleon structure and explore the possibility of
probing quark flavor dynamics in the final-state hadro-
nization process.

The 1-Jettiness jet charge framework can be applied to
longitudinal nucleon spin asymmetries to probe the flavor
structure of helicity PDFs. It can also be applied to
charged current DIS, providing additional handles on
constraining quark flavor dynamics in the nucleon and
the hadronization process. This observable is ideally
suited for the proposed EIC and can be applied to existing
HERA data. We leave such further theoretical and phe-
nomenological studies of the 1-Jettiness jet charge observ-
able for future work.
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APPENDIX A: CHARGED JET FUNCTION

The field-theoretic definition of the standard jet function
[96,97,100,103,112], J4%(s, ), is given by

5 m ﬂajqf(s,ﬂ) = 12:(2”)45(60— i~ Py)8*(Py)

X
x (Ol | X) (X |7 [0)5(s —wn - Py),
(A1)

where yi = (WZ&Z")“ is the collinear jet field after
decoupling from the soft fields. The index a corresponds
to the color index in the fundamental representation. We are
using the standard SCET [90-95] notation. For brevity in
notation, we have set n’J‘ =n* in the above equations,
dropping the J subscript. Thus, the collinear jet field yy'
and the perpendicular direction of Py, should be under-
stood to be defined with respect to the jet direction.

The charged jet function, G%(Q, s, u), is defined with an
additional insertion of a jet charge measurement function
5(Q — Qy) in the above expression

§ab |:§:| , gq[(Q’S’ﬂ)

1
==Y (2n)*6(w—i-Px)5*(Px
DR 3oL )P
x (L35 1X) (X170 |0)5(s —wn- Px)5(Q~ Qx).  (A2)
where Qx denotes the total jet charge of the state |X)

QlX) = 0x|X).  (X|Q"=(X|0x.  (A3)
and the jet charge operator is Hermitian, Q" = Q, with real

eigenvalues.

APPENDIX B: POWER CORRECTIONS
TO 1-JETTINESS JET CHARGE

The factorization formula in Eq. (20), in the resumma-
tion region 7; < P, , will receive power corrections
from the contribution of soft particles to the jet charge.
Since the jet charge definition includes a weight of the
energy fractions of the particles in the jet region, as seen in
Eq. (1), the contribution of soft particles (z;, ~7,/P;,) to
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the jet charge is formally suppressed compared to that of
the collinear particles (z;, ~ 1) by (z;/P,,)*. Thus, for given
choices of the 7 region and the parameter, «, the effects of
the power corrections can be suppressed by choosing a
large enough value of P, . We also note that the effects of
power corrections are expected to be further suppressed in
the dynamic jet charge definition where x = k(z;,) is a
dynamic function of z,, that allows one further suppress the
contributions of soft particles, compared to the standard jet
charge definition. In fact, it has been shown [86] that the
dynamic jet charge is very insensitive to soft radiation by
noting that the jet discrimination power of the dynamic
jet charge is essentially the same in pp-collisions and
PbPb-collisions even though the latter have significantly
more soft contamination from MPI. By contrast, some
degradation in the discrimination power was observed
for the standard jet charge in PbPb-collisions compared
to pp-collisions.

In this appendix, we articulate the general form of the
power correction due to the contribution to the jet region
charge from soft particles, in the resummation region,
7; < P;,. The 1-Jettiness jet charge, Q, measurement is
incorporated by the insertion the delta function 5(Q —
Q7 — @) in the 1-Jettiness factorization framework that
requires that the sum of the jet charge contributions from
the collinear and soft particles add up to the measured jet
region charge, Q. Here Q7 and Q7 denote the contribution
from the collinear and soft particles in the jet region.
Correspondingly, the delta functions 5(Q/ — Q)) and
5(Q! - Q{ ) are inserted in the field-theoretic matrix
element definitions of the jet function and soft function
to obtain the charged jet function, G4(QY, s, u), and charged
soft function S(z;, @, u), respectively. Here Q{ and Q{
are the jet region charge operators that act on the collinear
and soft particles in the jet region to obtain the charges Q7
and @Y, respectively. For the charged jet function, this is
seen in Eq. (A2).

The standard soft function is given in terms of the
generalized hemisphere soft function [7-9] as

= / dk, / dk, 8(t,

X S(kmk.l’:“)’

S(Tl,/l) - ktl - k.l)

(B1)
!

where hemisphere soft function is given by

S(kwa ﬂ ZTI‘ O|T YnA n,](O)
Ne X
. xla) kW)
x 5<ku Jda Ry >5<k, _9 By, ) X,)
Qa QJ
X (X,|T[Y},Y,,)(0)[0). (B2)

Here we have defined the total soft momentum in the jet
and beam regions as

2q5 P 24,
K = Zl’k9< qAQ Pk _ qé pk>’
a J

keX,
K(a) _ Zpk H(qu * Prk _ ZQA . pk) (B3)
X keX, QJ Qa '

respectively. The ¥, and Y, denote soft Wilson lines that
sum up soft eikonal emissions along the jet and beam
directions, respectively. Correspondingly, the charged soft
function can be obtained via

S(TI,Q!,ﬂ):/dka/dkjé(Tl —ka—kj)

X S<ka’ k.l’ Q!? ﬂ)’ (B4)
where S(k,.k;, @/, ) denotes the charged hemisphere
function which involves the jet charge measurement
operator 5(Q/
jet region as

- Qﬁ) acting on the soft particles in the

S(ky k. pt) ZTr (0|T[Y},Y,,](0)
N, X,

(a) (/)
‘IA‘KX.) ( ‘IJ’KX.>
x| k,— =)o\ ky— =X,
< Qu ! QJ | >
x (X,|6(Q = Q) TIY,,Y,,](0)[0).  (BS)
We then also integrate over all possible values of Q7 and

Q! subject to the constraint §(Q — Q7 — Q). This results
in the general factorization formula,

daresum[QvTI’PJTvyl] _GOH(X*\/Epjre_ijﬂ;ﬂH)/dgg/dQ{ 5(Q_ Qg_ Q{)

qi

|:ZL gq, QC’S]?/’l /‘J)Bq,(xw arMs MB)+ZL g‘L Qmsl M /’ll)Bq,(x*’ arMs ,MB) (B6)
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Next, in the above factorization formula, we can expand
5(Q — Q) — QJ) in the limit Q] < Qf as

5(Q-0!- Q) =3(Q- Q) +¥(Q- Q)]+, (B

where the ellipses denote terms suppressed by higher
powers in Q7. The first term in Eq. (B7), 6(Q — Q7),
along with the normalization condition on the charged soft
function,

|

/ QJ‘S(T]_SQ_QJ Qs’/’t ﬂS)
I

:S(Tl—Q—a—Q—J,ﬂ ﬂs) (B8)

reproduces the leading power factorization formula in
Eq. (20). The first power correction comes from the second
term in Eq. (B7) and is given by

a S
daresum[Q TlvPJT )7]] = 0y (x*\/_PJ e ,/,t /,[H)/dsJ/dt /dQJQJS< 1____1 :s]":u;/'tS>

Qu QJ

|:ZL /dQJ5/ Q Qj)gql( C7SJ7M;/'{J)Bq,-(x*atavﬂ;ﬂB)

+ZL / dQl & (Q— QF) GU(QL sy, pi ) By, (X g i /43)} (B9)

In this manner, power corrections from the contribution of
soft particles in the jet region to the jet charge can be
systematically incorporated. We note however that this
power correction will also require incorporating a non-

[

perturbative model for the new charged soft function. We
also note that this power correction only involves the first
jet charge moment of the new charged soft function, as seen
in the second line of Eq. (B9).

[1] E. Farhi, Phys. Rev. Lett. 39, 1587 (1977).
[2] M. Dasgupta and G.P. Salam, J. High Energy Phys. 08
(2002) 032.
[3] L. Clavelli, Phys. Lett. B85, 111 (1979).
[4] G. Parisi, Phys. Lett. 74B, 65 (1978).
[5]1 H. Georgi and M. Machacek, Phys. Rev. Lett. 39, 1237
(1977).
[6] I. W. Stewart, F. J. Tackmann, and W.J. Waalewijn, Phys.
Rev. Lett. 105, 092002 (2010).
[7] Z.-B. Kang, S. Mantry, and J.-W. Qiu, Phys. Rev. D 86,
114011 (2012).
[8] Z.-B. Kang, X. Liu, S. Mantry, and J.-W. Qiu, Phys. Rev. D
88, 074020 (2013).
[9] D. Kang, C. Lee, and 1. W. Stewart, Phys. Rev. D 88,
054004 (2013).
[10] Z.-B. Kang, X. Liu, and S. Mantry, Phys. Rev. D 90,
014041 (2014).
[11] D. Kang, C. Lee, and I. W. Stewart, J. High Energy Phys.
11 (2014) 132.
[12] Z. Chu, Y. Wang, J.-H. Ee, J. Chen, and D. Kang, J. High
Energy Phys. 06 (2022) 111.
[13] H. Cao, Z.-B. Kang, X. Liu, and S. Mantry, Phys. Rev. D
110, 014045 (2024).
[14] J.-H. Ee, D. Kang, C. Lee, and 1. W. Stewart, J. High
Energy Phys. 07 (2025) 240.

[15] T. Becher and M. D. Schwartz, J. High Energy Phys. 07
(2008) 034.

[16] R. Abbate, M. Fickinger, A. H. Hoang, V. Mateu, and I. W.
Stewart, Phys. Rev. D 83 (2011).

[17] R. Abbate, M. Fickinger, A. H. Hoang, V. Mateu, and I. W.
Stewart, Phys. Rev. D 86, 094002 (2012).

[18] G. Bell, C. Lee, Y. Makris, J. Talbert, and B. Yan, Phys.
Rev. D 109, 094008 (2024).

[19] M. A. Benitez, A. H. Hoang, V. Mateu, 1. W. Stewart, and
G. Vita, J. High Energy Phys. 07 (2025) 249.

[20] M. A. Benitez et al., arXiv:2502.12253.

[21] S. Fleming, A.H. Hoang, S. Mantry, and I. W. Stewart,
Phys. Rev. D 77, 074010 (2008).

[22] S. Fleming, A. H. Hoang, S. Mantry, and I. Stewart, Phys.
Rev. D 77, 114003 (2008).

[23] A.H. Hoang, S. Mantry, A. Pathak, and 1. W. Stewart,
Phys. Rev. D 100, 074021 (2019).

[24] B. Bachu, A. H. Hoang, V. Mateu, A. Pathak, and 1. W.
Stewart, Phys. Rev. D 104, 014026 (2021).

[25] B. Dehnadi, A. H. Hoang, O. L. Jin, and V. Mateu, J. High
Energy Phys. 12 (2023) 065.

[26] Y.-T. Chien and M. D. Schwartz, J. High Energy Phys. 08
(2010) 058.

[27] A.H. Hoang, V. Mateu, M. D. Schwartz, and I. W. Stewart,
J. High Energy Phys. 09 (2025) 092.

114004-18


https://doi.org/10.1103/PhysRevLett.39.1587
https://doi.org/10.1088/1126-6708/2002/08/032
https://doi.org/10.1088/1126-6708/2002/08/032
https://doi.org/10.1016/0370-2693(79)90789-5
https://doi.org/10.1016/0370-2693(78)90061-8
https://doi.org/10.1103/PhysRevLett.39.1237
https://doi.org/10.1103/PhysRevLett.39.1237
https://doi.org/10.1103/PhysRevLett.105.092002
https://doi.org/10.1103/PhysRevLett.105.092002
https://doi.org/10.1103/PhysRevD.86.114011
https://doi.org/10.1103/PhysRevD.86.114011
https://doi.org/10.1103/PhysRevD.88.074020
https://doi.org/10.1103/PhysRevD.88.074020
https://doi.org/10.1103/PhysRevD.88.054004
https://doi.org/10.1103/PhysRevD.88.054004
https://doi.org/10.1103/PhysRevD.90.014041
https://doi.org/10.1103/PhysRevD.90.014041
https://doi.org/10.1007/JHEP11(2014)132
https://doi.org/10.1007/JHEP11(2014)132
https://doi.org/10.1007/JHEP06(2022)111
https://doi.org/10.1007/JHEP06(2022)111
https://doi.org/10.1103/PhysRevD.110.014045
https://doi.org/10.1103/PhysRevD.110.014045
https://doi.org/10.1007/JHEP07(2025)240
https://doi.org/10.1007/JHEP07(2025)240
https://doi.org/10.1088/1126-6708/2008/07/034
https://doi.org/10.1088/1126-6708/2008/07/034
https://doi.org/10.1103/PhysRevD.83.074021
https://doi.org/10.1103/PhysRevD.86.094002
https://doi.org/10.1103/PhysRevD.109.094008
https://doi.org/10.1103/PhysRevD.109.094008
https://doi.org/10.1007/JHEP07(2025)249
https://arXiv.org/abs/2502.12253
https://doi.org/10.1103/PhysRevD.77.074010
https://doi.org/10.1103/PhysRevD.77.114003
https://doi.org/10.1103/PhysRevD.77.114003
https://doi.org/10.1103/PhysRevD.100.074021
https://doi.org/10.1103/PhysRevD.104.014026
https://doi.org/10.1007/JHEP12(2023)065
https://doi.org/10.1007/JHEP12(2023)065
https://doi.org/10.1007/JHEP08(2010)058
https://doi.org/10.1007/JHEP08(2010)058
https://doi.org/10.1007/JHEP09(2025)092

JET CHARGE WITH GLOBAL EVENT SHAPES: PROBING ...

PHYS. REV. D 113, 114004 (2026)

[28] C. L. Basham, L.S. Brown, S.D. Ellis, and S.T. Love,
Phys. Lett. 85B, 297 (1979).

[29] C.L. Basham, L.S. Brown, S.D. Ellis, and S.T. Love,
Phys. Rev. D 19, 2018 (1979).

[30] C.L. Basham, L.S. Brown, S.D. Ellis, and S.T. Love,
Phys. Rev. Lett. 41, 1585 (1978).

[31] C.L. Basham, L.S. Brown, S.D. Ellis, and S.T. Love,
Phys. Rev. D 17, 2298 (1978).

[32] D. Neill, G. Vita, I. Vitev, and H. X. Zhu, in Snowmass
2021, arXiv:2203.07113.

[33] I. Moult and H. X. Zhu, arXiv:2506.09119.

[34] P.E. Monni, G. Vita, Z. Xu, and H. X. Zhu, arXiv:2508
.00977.

[35] K. Lee and I. Moult, arXiv:2308.00746.

[36] E.-C. Aschenauer er al., arXiv:1602.03922.

[37] L. Adamczyk et al. (STAR Collaboration), Phys. Rev. D
97, 032004 (2018).

[38] D. Boer and C. Pisano, Phys. Rev. D 91, 074024 (2015).

[39] X. Liu, F. Ringer, W. Vogelsang, and F. Yuan, Phys. Rev.
Lett. 122, 192003 (2019).

[40] M. Arratia, Z.-B. Kang, A. Prokudin, and F. Ringer, Phys.
Rev. D 102, 074015 (2020).

[41] X. Liu, F. Ringer, W. Vogelsang, and F. Yuan, Phys. Rev. D
102, 094022 (2020).

[42] E.-C. Aschenauer, K. Lee, B. Page, and F. Ringer, Phys.
Rev. D 101, 054028 (2020).

[43] M. Arratia, Y. Song, F. Ringer, and B. Jacak, Phys. Rev. C
101, 065204 (2020).

[44] M. Arratia, Y. Makris, D. Neill, F. Ringer, and N. Sato,
Phys. Rev. D 104, 034005 (2021).

[45] Z.-B. Kang, K. Lee, and F. Zhao, Phys. Lett. B 809,
135756 (2020).

[46] E. Aschenauer et al., Rep. Prog. Phys. 82, 024301 (2019).

[47] L. Zheng, E. Aschenauer, J. Lee, B.-W. Xiao, and Z.-B.
Yin, Phys. Rev. D 98, 034011 (2018).

[48] R. Field and R. Feynman, Nucl. Phys. B136, 1 (1978).

[49] D. Krohn, M. D. Schwartz, T. Lin, and W.J. Waalewijn,
Phys. Rev. Lett. 110, 212001 (2013).

[50] W.J. Waalewijn, Phys. Rev. D 86, 094030 (2012).

[51] J. Berge et al. (Fermilab-Serpukhov-Moscow-Michigan
Collaboration), Phys. Lett. 91B, 311 (1980).

[52] J. Berge et al., Nucl. Phys. B184, 13 (1981).

[53] P. Allen et al. (Aachen-Bonn-CERN-Munich-Oxford Col-
laboration), Nucl. Phys. B 194, 373 (1982), p. 307.

[54] J. Albanese et al. (European Muon Collaboration), Phys.
Lett. 144B, 302 (1984).

[55] S. Barlag et al. (Amsterdam-Bologna-Padua-Pisa-Saclay-
Turin Collaboration), Z. Phys. C 11, 283 (1982); 14, 281(E)
(1982).

[56] R. Erickson et al., Phys. Rev. Lett. 42, 822 (1979); 42,
1246(E) (1979).

[57] AMY, D. Stuart et al., Phys. Rev. Lett. 64, 983 (1990).

[58] D. Decamp et al. (ALEPH Collaboration), Phys. Lett. B
259, 377 (1991).

[59] W. Braunschweig et al. (TASSO Collaboration), Z. Phys.
C 48, 433 (1990).

[60] V. Abazov et al. (DO Collaboration), Phys. Rev. Lett. 98,
041801 (2007).

[61] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D 88,
032003 (2013).

[62] ATLAS, G. Aad et al., J. High Energy Phys. 11 (2013)
031.

[63] CMS, V. Khachatryan et al., J. High Energy Phys. 12
(2014) 017.

[64] Y.-C.J. Chen, C.-W. Chiang, G. Cottin, and D. Shih, Phys.
Rev. D 101, 053001 (2020).

[65] H.T. Li, B. Yan, and C. P. Yuan, Phys. Lett. B 833, 137300
(2022).

[66] X.-R. Wang and B. Yan, Phys. Rev. D 108, 056010 (2023).

[67] H.T. Li, B. Yan, and C.P. Yuan, Phys. Rev. Lett. 131,
041802 (2023).

[68] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 93,
052003 (2016).

[69] A.M. Sirunyan et al. (CMS Collaboration), J. High Energy
Phys. 10 (2017) 131.

[70] K. Fraser and M. D. Schwartz, J. High Energy Phys. 10
(2018) 093.

[71] Z.-B. Kang, A.J. Larkoski, and J. Yang, Phys. Rev. Lett.
130, 151901 (2023).

[72] M. Gyulassy and X.-n. Wang, Nucl. Phys. B420, 583
(1994).

[73] X.-N. Wang, M. Gyulassy, and M. Plumer, Phys. Rev. D
51, 3436 (1995).

[74] Y.-T. Chien and I. Vitev, Phys. Rev. Lett. 119, 112301
(2017).

[75] M. Connors, C. Nattrass, R. Reed, and S. Salur, Rev. Mod.
Phys. 90, 025005 (2018).

[76] H.T. Li and I. Vitev, Phys. Rev. D 101, 076020
(2020).

[77] A.M. Sirunyan et al. (CMS Collaboration), J. High Energy
Phys. 07 (2020) 115.

[78] Y.-L. Du, D. Pablos, and K. Tywoniuk, J. High Energy
Phys. 03 (2020) 206.

[79] Z.-B. Kang, X. Liu, S. Mantry, and D. Y. Shao, Phys. Rev.
Lett. 125, 242003 (2020).

[80] Z.-B. Kang, K. Lee, D.Y. Shao, and J. Terry, J. High
Energy Phys. 02 (2021) 066.

[81] J. Gallicchio and M. D. Schwartz, Phys. Rev. Lett. 107,
172001 (2011).

[82] A.J. Larkoski, I. Moult, and B. Nachman, Phys. Rep. 841,
1 (2020).

[83] J. Brewer, J. Thaler, and A.P. Turner, Phys. Rev. C 103,
021901 (2021).

[84] Y.-T. Chien and R. Kunnawalkam Elayavalli, arXiv:1803
.03589.

[85] A. Buckley, G. Callea, A.J. Larkoski, and S. Marzani,
SciPost Phys. 9, 026 (2020).

[86] Z.-B. Kang, X. Liu, S. Mantry, M. Spraker, and T. Wilson,
Phys. Rev. D 103, 074028 (2021).

[87] The ATLAS Collaboration, CERN Report No. ATLAS-
CONEF-2013086, 2013, https://cds.cern.ch/record/
1572980.

[88] Y.-T. Chien, A. Deshpande, M.M. Mondal, and G.
Sterman, Phys. Rev. D 105, L051502 (2022).

[89] I. W. Stewart, F.J. Tackmann, and W. J. Waalewijn, Phys.
Rev. D 81, 094035 (2010).

[90] C. W. Bauer, S. Fleming, and M. E. Luke, Phys. Rev. D 63,
014006 (2000).

[91] C. W. Bauer, S. Fleming, D. Pirjol, and I. W. Stewart, Phys.
Rev. D 63, 114020 (2001).

114004-19


https://doi.org/10.1016/0370-2693(79)90601-4
https://doi.org/10.1103/PhysRevD.19.2018
https://doi.org/10.1103/PhysRevLett.41.1585
https://doi.org/10.1103/PhysRevD.17.2298
https://arXiv.org/abs/2203.07113
https://arXiv.org/abs/2506.09119
https://arXiv.org/abs/2508.00977
https://arXiv.org/abs/2508.00977
https://arXiv.org/abs/2308.00746
https://arXiv.org/abs/1602.03922
https://doi.org/10.1103/PhysRevD.97.032004
https://doi.org/10.1103/PhysRevD.97.032004
https://doi.org/10.1103/PhysRevD.91.074024
https://doi.org/10.1103/PhysRevLett.122.192003
https://doi.org/10.1103/PhysRevLett.122.192003
https://doi.org/10.1103/PhysRevD.102.074015
https://doi.org/10.1103/PhysRevD.102.074015
https://doi.org/10.1103/PhysRevD.102.094022
https://doi.org/10.1103/PhysRevD.102.094022
https://doi.org/10.1103/PhysRevD.101.054028
https://doi.org/10.1103/PhysRevD.101.054028
https://doi.org/10.1103/PhysRevC.101.065204
https://doi.org/10.1103/PhysRevC.101.065204
https://doi.org/10.1103/PhysRevD.104.034005
https://doi.org/10.1016/j.physletb.2020.135756
https://doi.org/10.1016/j.physletb.2020.135756
https://doi.org/10.1088/1361-6633/aaf216
https://doi.org/10.1103/PhysRevD.98.034011
https://doi.org/10.1016/0550-3213(78)90015-9
https://doi.org/10.1103/PhysRevLett.110.212001
https://doi.org/10.1103/PhysRevD.86.094030
https://doi.org/10.1016/0370-2693(80)90456-6
https://doi.org/10.1016/0550-3213(81)90207-8
https://doi.org/10.1016/0370-2693(84)91825-2
https://doi.org/10.1016/0370-2693(84)91825-2
https://doi.org/10.1007/BF01578279
https://doi.org/10.1103/PhysRevLett.42.822
https://doi.org/10.1103/PhysRevLett.42.1246
https://doi.org/10.1103/PhysRevLett.42.1246
https://doi.org/10.1103/PhysRevLett.64.983
https://doi.org/10.1016/0370-2693(91)90844-G
https://doi.org/10.1016/0370-2693(91)90844-G
https://doi.org/10.1007/BF01572023
https://doi.org/10.1007/BF01572023
https://doi.org/10.1103/PhysRevLett.98.041801
https://doi.org/10.1103/PhysRevLett.98.041801
https://doi.org/10.1103/PhysRevD.88.032003
https://doi.org/10.1103/PhysRevD.88.032003
https://doi.org/10.1007/JHEP11(2013)031
https://doi.org/10.1007/JHEP11(2013)031
https://doi.org/10.1007/JHEP12(2014)017
https://doi.org/10.1007/JHEP12(2014)017
https://doi.org/10.1103/PhysRevD.101.053001
https://doi.org/10.1103/PhysRevD.101.053001
https://doi.org/10.1016/j.physletb.2022.137300
https://doi.org/10.1016/j.physletb.2022.137300
https://doi.org/10.1103/PhysRevD.108.056010
https://doi.org/10.1103/PhysRevLett.131.041802
https://doi.org/10.1103/PhysRevLett.131.041802
https://doi.org/10.1103/PhysRevD.93.052003
https://doi.org/10.1103/PhysRevD.93.052003
https://doi.org/10.1007/JHEP10(2017)131
https://doi.org/10.1007/JHEP10(2017)131
https://doi.org/10.1007/JHEP10(2018)093
https://doi.org/10.1007/JHEP10(2018)093
https://doi.org/10.1103/PhysRevLett.130.151901
https://doi.org/10.1103/PhysRevLett.130.151901
https://doi.org/10.1016/0550-3213(94)90079-5
https://doi.org/10.1016/0550-3213(94)90079-5
https://doi.org/10.1103/PhysRevD.51.3436
https://doi.org/10.1103/PhysRevD.51.3436
https://doi.org/10.1103/PhysRevLett.119.112301
https://doi.org/10.1103/PhysRevLett.119.112301
https://doi.org/10.1103/RevModPhys.90.025005
https://doi.org/10.1103/RevModPhys.90.025005
https://doi.org/10.1103/PhysRevD.101.076020
https://doi.org/10.1103/PhysRevD.101.076020
https://doi.org/10.1007/JHEP07(2020)115
https://doi.org/10.1007/JHEP07(2020)115
https://doi.org/10.1103/PhysRevLett.125.242003
https://doi.org/10.1103/PhysRevLett.125.242003
https://doi.org/10.1007/JHEP02(2021)066
https://doi.org/10.1007/JHEP02(2021)066
https://doi.org/10.1103/PhysRevLett.107.172001
https://doi.org/10.1103/PhysRevLett.107.172001
https://doi.org/10.1016/j.physrep.2019.11.001
https://doi.org/10.1016/j.physrep.2019.11.001
https://doi.org/10.1103/PhysRevC.103.L021901
https://doi.org/10.1103/PhysRevC.103.L021901
https://arXiv.org/abs/1803.03589
https://arXiv.org/abs/1803.03589
https://doi.org/10.21468/SciPostPhys.9.2.026
https://doi.org/10.1103/PhysRevD.103.074028
https://cds.cern.ch/record/1572980
https://cds.cern.ch/record/1572980
https://cds.cern.ch/record/1572980
https://cds.cern.ch/record/1572980
https://doi.org/10.1103/PhysRevD.105.L051502
https://doi.org/10.1103/PhysRevD.81.094035
https://doi.org/10.1103/PhysRevD.81.094035
https://doi.org/10.1103/PhysRevD.63.014006
https://doi.org/10.1103/PhysRevD.63.014006
https://doi.org/10.1103/PhysRevD.63.114020
https://doi.org/10.1103/PhysRevD.63.114020

YANG-TING CHIEN and SONNY MANTRY

PHYS. REV. D 113, 114004 (2026)

[92] C. W.BauerandI. W. Stewart, Phys. Lett. B516, 134 (2001).
[93] C. W. Bauer, D. Pirjol, and I. W. Stewart, Phys. Rev. D 65,
054022 (2002).
[94] C. W. Bauer, S. Fleming, D. Pirjol, 1. Z. Rothstein, and
1. W. Stewart, Phys. Rev. D 66, 014017 (2002).
[95] M. Beneke, A. Chapovsky, M. Diehl, and T. Feldmann,
Nucl. Phys. B643, 431 (2002).
[96] A. Idilbi, X. Ji, and F. Yuan, Nucl. Phys. B753, 42 (2006).
[97] T. Becher, M. Neubert, and B. D. Pecjak, J. High Energy
Phys. 01 (2007) 076.
[98] T.T. Jouttenus, I. W. Stewart, F.J. Tackmann, and W.J.
Waalewijn, Phys. Rev. D 83, 114030 (2011).
[99] R. Boughezal, X. Liu, and F. Petriello, Phys. Rev. D 91,
094035 (2015).
[100] T. Becher and M. Neubert, Phys. Lett. B 637, 251 (2006).
[101] 1. W. Stewart, F. J. Tackmann, and W. J. Waalewijn, J. High
Energy Phys. 09 (2010) 005.
[102] J. Gaunt, M. Stahlhofen, and F. Tackmann, J. High Energy
Phys. 04 (2014) 113.

[103] R. Briiser, Z. L. Liu, and M. Stahlhofen, Phys. Rev. Lett.
121, 072003 (2018).

[104] T. Sjostrand et al., Comput. Phys. Commun. 191, 159
(2015).

[105] C. Bierlich et al., SciPost Phys. Codebases 2022, 8 (2022).

[106] R. Boughezal, F. Petriello, U. Schubert, and H. Xing, Phys.
Rev. D 96, 034001 (2017).

[107] G.P. Korchemsky, arXiv:hep-ph/9806537.

[108] G.P. Korchemsky and G.F. Sterman, Nucl. Phys. BS5S,
335 (1999).

[109] C. W. Bauer, C. Lee, A. V. Manohar, and M. B. Wise, Phys.
Rev. D 70, 034014 (2004).

[110] C. Lee and G.F. Sterman, eConf C0601121, A001
(2006).

[111] C. Lee and G.F. Sterman, Phys. Rev. D 75, 014022
(2007).

[112] C. W. Bauer and A. V. Manohar, Phys. Rev. D 70, 034024
(2004).

114004-20


https://doi.org/10.1016/S0370-2693(01)00902-9
https://doi.org/10.1103/PhysRevD.65.054022
https://doi.org/10.1103/PhysRevD.65.054022
https://doi.org/10.1103/PhysRevD.66.014017
https://doi.org/10.1016/S0550-3213(02)00687-9
https://doi.org/10.1016/j.nuclphysb.2006.07.002
https://doi.org/10.1088/1126-6708/2007/01/076
https://doi.org/10.1088/1126-6708/2007/01/076
https://doi.org/10.1103/PhysRevD.83.114030
https://doi.org/10.1103/PhysRevD.91.094035
https://doi.org/10.1103/PhysRevD.91.094035
https://doi.org/10.1016/j.physletb.2006.04.046
https://doi.org/10.1007/JHEP09(2010)005
https://doi.org/10.1007/JHEP09(2010)005
https://doi.org/10.1007/JHEP04(2014)113
https://doi.org/10.1007/JHEP04(2014)113
https://doi.org/10.1103/PhysRevLett.121.072003
https://doi.org/10.1103/PhysRevLett.121.072003
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1103/PhysRevD.96.034001
https://doi.org/10.1103/PhysRevD.96.034001
https://arXiv.org/abs/hep-ph/9806537
https://doi.org/10.1016/S0550-3213(99)00308-9
https://doi.org/10.1016/S0550-3213(99)00308-9
https://doi.org/10.1103/PhysRevD.70.034014
https://doi.org/10.1103/PhysRevD.70.034014
https://doi.org/10.1103/PhysRevD.75.014022
https://doi.org/10.1103/PhysRevD.75.014022
https://doi.org/10.1103/PhysRevD.70.034024
https://doi.org/10.1103/PhysRevD.70.034024

	Jet charge with global event shapes: Probing quark flavor dynamics
	I. INTRODUCTION
	II. 1-JETTINESS GLOBAL EVENT SHAPE
	III. 1-JETTINESS JET CHARGE FACTORIZATION FRAMEWORK
	IV. 1-JETTINESS JET CHARGE DISTRIBUTION WITH POLARIZED PROTONS
	V. UNIVERSALITY OF THE CHARGED JET FUNCTION
	VI. NONPERTURBATIVE MODEL FOR CHARGED JET FUNCTION
	A. General model parametrization
	B. Simple model parametrization
	C. A useful model parametrization

	VII. NUMERICAL RESULTS
	A. Probing nucleon flavor structure
	B. Probing flavor dynamics in hadronization

	VIII. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: CHARGED JET FUNCTION
	APPENDIX B: POWER CORRECTIONS TO 1-JETTINESS JET CHARGE
	References


