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LHC EIC

EIC	&	Spin	Puzzle	
• Parton	helicity	distributions	are	sensitive	to	low-x	physics.	
• EIC	would	have	an	unprecedented	low-x	reach	for	a	spin	DIS	experiment,	

allowing	to	pinpoint	the	values	of	quark	and	gluon	contributions	to	
proton’s	spin:

• ΔG	and	ΔΣ are	integrated	over	x	in	the	0.001	<	x	<	1	interval.
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Current polarized DIS data:
CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:
PHENIX π0 STAR 1-jet
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• The EIC will serve as a precision probe of hadron structure and hadronization, and 
will be facilitated by: 

vs

high luminosity
wide kinematic range
hermitic detector
polarized beams
variety of nuclear beams 
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Factorization

σ(e + p → e + X) = H ⊗ PDF

σ(p + p → μ+ + μ− + X) = H ⊗ PDF ⊗ PDF

σ(p + p → μ+ + μ− + X) = H ⊗ TMD ⊗ TMD

σ(e+ + e− → X) = H ⊗ J ⊗ J ⊗ S

❖ Fully Inclusive DIS:

❖ Drell-Yan:

❖ Low qT Drell-Yan:

❖ Thrust Global Event Shape:

• Understanding hadron structure and hadronization requires a wide 
array of high precision observables that are independent, complementary, 
and over-constraining.



σ(e + p → e + h + X) = H ⊗ TMDPDF ⊗ TMDFF

Disentangling Hadron Structure and  
Hadronization by Flavor 

• Disentangling flavor structure typically requires a flavor tag. For example, 
Semi-Inclusive DIS (SIDIS):

• Final state hadron species used to separate TMDs by flavor.

for Drell-Yan lepton pair and W/Z boson production, respectively.

2.1 Sivers Formalism in SIDIS

The di↵erential cross section for SIDIS, e(`)+p (P,S?) ⌧ e (`0)+h (Ph)+X, where S? is the

transverse spin vector of the polarized nucleon, can be written as the following form [16, 48]

d�

dPS = �
DIS

0

h
FUU + sin(�h ⇠ �s)F

sin(�h��s)

UT

i
, (2.1)

where the phase space dPS = dxB dQ
2
dzh d

2
Ph?, the electron-proton center-of-mass (CM)

energy S = (P + `)2 and the exchanged virtual photon momentum q = `
0 ⇠ ` with Q

2 = ⇠q
2,

and the usual SIDIS kinematic variables are defined as

xB =
Q

2

2P · q , y =
Q

2

xBS
, zh =

P · Ph

P · q . (2.2)

As shown in Fig. 1, the plane which contains the initial and final lepton momentum vectors

ℓ PhPh⊥
ϕSϕh

S⊥Hadron plane

Lepton Planeℓ’
xz

y

Figure 1. Illustration of azimuthal angles in Semi Inclusive Deep Inelastic Scattering process (SIDIS)

is the lepton plane, while the momentum vectors of the photon and final state hadron form

the hadron plane. The azimuthal angle of the hadron plane with respect to the lepton plane is

denoted �h, while the azimuthal angle of the transversely polarized proton spin with respect

to the lepton plane is denoted �s. We follow the Trento conventions [49] for the definition

of the azimuthal angles. In this expression, �DIS

0
is the leading order (LO) electromagnetic

scattering cross section given by

�
DIS

0 =
2⇡↵2

EM

Q4

h
1 + (1 ⇠ y)2

i
, (2.3)

where ↵EM is the electromagnetic fine structure constant.

FUU and F
sin(�h��s)

UT in Eq. (2.1) are the unpolarized and transversely polarized struc-

ture functions, respectively. The experimentally measured quantity, the Sivers asymmetry,

A
sin(�h��s)

UT , for this process is given in terms of the structure functions as follows

A
sin(�h��s)

UT =
F
sin(�h��s)

UT

FUU
. (2.4)

– 4 –

• However, this requires simultaneously determining TMDPDF and TMDFF.

• Instead tag final state jet which gives universal jet function:

σ(e + p → e + J + X) = H ⊗ TMDPDF ⊗ J
• How can we tag flavor with jets?



LHCP 2013

Figure 5. The event from the dijet search with the highest invariant mass: 3D view (left) and 2D view (right). The invariant mass of
the two wide jets is 5.15 TeV.
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Figure 6. Dijet mass spectrum from wide jets (points) compared
to a smooth fit (solid) and to predictions including detector sim-
ulation of QCD and signal resonances. The QCD prediction has
been normalized to the data. The error bars are statistical only.
The bin-by-bin fit residuals, (data-fit)/�data, are shown at the bot-
tom.

10%. The data matches the background estimate with no
excess or bumps observed on the smooth background, as
shown in Fig. 6. Mass limits are set on the eight signal
models, as shown in Fig. 7, with the strongest limit being
5.1 TeV on the string resonance mass.
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Figure 7. The observed 95% CL upper limits on �⇥B⇥A for di-
jet resonances of the type gluon-gluon, quark-gluon, and quark-
quark, compared to theoretical predictions for string resonances,
E6 diquarks, excited quarks, axigluons, colorons, s8 resonances,
new gauge bosons W0 and Z0, and RS gravitons.

5 Search for Heavy Resonances Decaying

into bb and bg Final States

As a variation on the dijet search in Sec. 4, a b-jet tag-
ging requirement can be placed on the jets in order to
reduce SM backgrounds and to make the search sensi-
tive to models that specifically produce b jets: excited b
quarks [29, 30], RS gravitons [31], and a sequential SM
Z’ [36]. CMS has performed such a search with the full

Jet Charge



𝒬κ = ∑
h∈jet

zκ
h Qh κ > 0,

Standard Jet Charge

zh =
pTh

PJT

[Krohn, Schwartz, Lin, Waalewijin, 2012]
[Field, Feynman, 1978, Nucl. Phys. B]

arXiv: 1209.2421 (PRL)
arXiv: 1209.3019 (PRD)
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FIG. 8. The standard (top) and dynamic (middle) jet charge
distributions in pp-collisions at 13 TeV, for u-quark (red)
and d-quark (blue) initiated jets with selection cuts pTJ =
[200, 300] GeV, |J | < 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 dis-
tributions is given in the bottom panel.

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 com-
pared to the standard jet charge, as seen in the bottom

FIG. 9. The standard (top) and dynamic (middle) jet charge
distributions in PbPb-collisions at 2.760 TeV, for u-quark
(red) and d-quark (blue) initiated jets with selection cuts
pTJ = [80, 150] GeV, |J | < 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 dis-
tributions is given in the bottom panel.

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 re-
visit the dynamic jet charge distribution (middle panel)
in Fig. 8 for pp-collisions. The peak structure suggests

𝒬κ = ∑
h∈jet

zκ
h Qh

Discriminating between u-Quark and d-Quark Jets
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Figure 5. The event from the dijet search with the highest invariant mass: 3D view (left) and 2D view (right). The invariant mass of
the two wide jets is 5.15 TeV.
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Figure 6. Dijet mass spectrum from wide jets (points) compared
to a smooth fit (solid) and to predictions including detector sim-
ulation of QCD and signal resonances. The QCD prediction has
been normalized to the data. The error bars are statistical only.
The bin-by-bin fit residuals, (data-fit)/�data, are shown at the bot-
tom.

10%. The data matches the background estimate with no
excess or bumps observed on the smooth background, as
shown in Fig. 6. Mass limits are set on the eight signal
models, as shown in Fig. 7, with the strongest limit being
5.1 TeV on the string resonance mass.
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Figure 7. The observed 95% CL upper limits on �⇥B⇥A for di-
jet resonances of the type gluon-gluon, quark-gluon, and quark-
quark, compared to theoretical predictions for string resonances,
E6 diquarks, excited quarks, axigluons, colorons, s8 resonances,
new gauge bosons W0 and Z0, and RS gravitons.

5 Search for Heavy Resonances Decaying

into bb and bg Final States

As a variation on the dijet search in Sec. 4, a b-jet tag-
ging requirement can be placed on the jets in order to
reduce SM backgrounds and to make the search sensi-
tive to models that specifically produce b jets: excited b
quarks [29, 30], RS gravitons [31], and a sequential SM
Z’ [36]. CMS has performed such a search with the full

Dynamic Jet Charge
[Kang, Liu, SM, Spraker,  Wilson, 2021]

arXiv: 2101.04304 (PRD)



Dynamic Jet Charge

𝒬dyn.
κ = ∑

h∈jet

zκ(zh)
h Qh

5

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

The properties of the dynamic jet charge can be ex-
plored for di↵erent functional forms of (zh), correspond-
ing to di↵erent definitions. For simplicity, in this work
we restrict our analysis to the simple functional form
(zh) = (zh, ⇠cut, k<, k>)

(zh) =

(
k<, zh < ⇠cut
k>, zh � ⇠cut

(13)

where ⇠cut, 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 ⇠cut = 0.3, k< =
1.0, k> = 0.3, except when we explicitly vary these pa-
rameters 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

Qi
dyn =

X

h2i-jet

⇥(⇠cut � zh) z
k<

h Qh

+
X

h2i-jet

⇥(zh � ⇠cut) z
k>

h Qh, (14)

in terms of the ⇠cut, k<, and k> parameters. Note that for
⇠cut = 0 or ⇠cut = 1, the dynamic jet charge reduces to the
standard jet charge with  = k> or  = k<, respectively.

Comparing Eqs. (14) and (1), we see that this defi-
nition is similar to the standard jet charge but with the
modification that the low momentum hadrons (zh < ⇠cut)
contribute with  = k< and the high momentum hadrons
(zh > ⇠cut) contribute with  = k>. For the default pa-
rameter choices ⇠cut = 0.3, k< = 1.0, and k> = 0.3, the
contribution of the low momentum hadrons relative to
that of the high momentum hadrons is much more sup-
pressed 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

p
s = 13 TeV. We see that the distribution with de-

fault parameter choices (blue) has a central peak and two
smaller speaks on either side. The non-central 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 non-central peaks become more prominent when the
high momentum hadrons (zh > ⇠cut) are given a higher
weight (decreasing k>) relative to the low momentum
hadrons (zh < ⇠cut). The low momentum hadrons tend
to smear out the non-central peaks as seen in the dis-
tributions with the larger values of k> = 0.5 (red) and
k> = 0.7 (green), corresponding to giving their contribu-
tion 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

hQi(0)
dyni =

Z ⇠cut

0
dz zk>

X

h2i-jet

Qh Dh
i (z, µ)

+

Z 1

⇠cut

dz zk<
X

h2i-jet

Qh Dh
i (z, µ) +O(↵S). (15)

Analogous to Fig. 2, we show Pythia simulation results
for the average dynamic jet charge as a function of the
jet pT -bin in pp-collisions at

p
s = 13 TeV in Fig. 4.

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

p
s = 13 TeV and heavy ion collisions (Pb-

Pb) at
p
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, corresponding to individual nucleon-nucleon sub-
collisions, on top of each other and hadronize them to-
gether. The model is able to give a good description
of general final-state properties such as multiplicity and
transverse momentum distributions in heavy ion colli-
sions. However, it cannot describe any observables sen-
sitive to collective behaviour, because the model gener-
ates events without assuming production of the thermal-
ized medium after the collision, and thus the result is
a quark-gluon-plasma-free simulation of heavy ion colli-
sions. 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-kT [55] jet algorithm

with a jet radius, R = 0.4. The two leading jets are sub-
ject to pseudorapidity cuts |⌘j1,j2 | < 2.1 and |⌘j1,j2 | < 0.9
for pp-collisions and PbPb-collisions, respectively. They
are also restricted to the pT -bins 200 GeV < pTj1,j2

<
300 GeV and 80 GeV < pTj1,j2

< 150 GeV for pp-
collisions and PbPb-collisions, respectively. Finally, the
two leading jets are subject to the additional constraint
pTj1

/pTj2
< 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 a↵ect the discussion here.
We compare jet charge distributions between quark-

initiated and gluon-initiated jets, obtained through
simulations of dijet events generated by the Pythia8
partonic channel settings ‘HardQCD:qq2qq=on’ and
‘HardQCD:gg2gg=on’, respectively. In Fig. 5, we show
simulation results of the normalized jet charge distribu-
tions for the standard (top panel) and dynamic (middle
panel) jet charge definitions for quark (red) and gluon

• Constant parameter  to a dynamic function of jet constituent propertiesκ



Discriminating between u-Quark and d-Quark Jets
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FIG. 8. The standard (top) and dynamic (middle) jet charge
distributions in pp-collisions at 13 TeV, for u-quark (red)
and d-quark (blue) initiated jets with selection cuts pTJ =
[200, 300] GeV, |J | < 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 dis-
tributions is given in the bottom panel.

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 com-
pared to the standard jet charge, as seen in the bottom

FIG. 9. The standard (top) and dynamic (middle) jet charge
distributions in PbPb-collisions at 2.760 TeV, for u-quark
(red) and d-quark (blue) initiated jets with selection cuts
pTJ = [80, 150] GeV, |J | < 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 dis-
tributions is given in the bottom panel.

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 re-
visit the dynamic jet charge distribution (middle panel)
in Fig. 8 for pp-collisions. The peak structure suggests
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FIG. 8. The standard (top) and dynamic (middle) jet charge
distributions in pp-collisions at 13 TeV, for u-quark (red)
and d-quark (blue) initiated jets with selection cuts pTJ =
[200, 300] GeV, |⌘J | < 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 dis-
tributions is given in the bottom panel.

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 com-
pared to the standard jet charge, as seen in the bottom

FIG. 9. The standard (top) and dynamic (middle) jet charge
distributions in PbPb-collisions at 2.760 TeV, for u-quark
(red) and d-quark (blue) initiated jets with selection cuts
pTJ = [80, 150] GeV, |⌘J | < 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 dis-
tributions is given in the bottom panel.

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 re-
visit the dynamic jet charge distribution (middle panel)
in Fig. 8 for pp-collisions. The peak structure suggests
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FIG. 8. The standard (top) and dynamic (middle) jet charge
distributions in pp-collisions at 13 TeV, for u-quark (red)
and d-quark (blue) initiated jets with selection cuts pTJ =
[200, 300] GeV, |⌘J | < 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 dis-
tributions is given in the bottom panel.

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 com-
pared to the standard jet charge, as seen in the bottom

FIG. 9. The standard (top) and dynamic (middle) jet charge
distributions in PbPb-collisions at 2.760 TeV, for u-quark
(red) and d-quark (blue) initiated jets with selection cuts
pTJ = [80, 150] GeV, |⌘J | < 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 dis-
tributions is given in the bottom panel.

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 re-
visit the dynamic jet charge distribution (middle panel)
in Fig. 8 for pp-collisions. The peak structure suggests
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• Standard jet charge has higher discrimination 
power between u-quark and d-quark jets in  
collisions

pp
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Discriminating between Quark and Gluon Jets

• Dynamic jet charge has higher discrimination 
power between quark and gluon jets in  
collisions

pp

6
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- gluon jet
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FIG. 5. The standard (top) and dynamic (middle) jet charge
distributions in pp-collisions at

p
s =13 TeV, for quark (red)

and gluon (blue) initiated jets with selection cuts pTJ =
[200, 300] GeV, |⌘J | < 2.1. A comparison of the correspond-
ing quark-gluon discrimination ROC curves for the standard
(purple) and dynamic (green) jet charge distributions is given
in the bottom panel.

(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 dif-
ferences between their dynamic jet charge distributions.
Compared to the gluon jets, the quark jets have a rel-
atively smaller peak height in the central region near

FIG. 6. The standard (top) and dynamic (middle) jet charge
distributions in Heavy Ion (Pb-Pb) collisions at

p
s =2.760

TeV, for quark (red) and gluon (blue) initiated jets with se-
lection cuts pTJ = [80, 150] GeV, |⌘J | < 0.9. A comparison
of the corresponding quark-gluon discrimination ROC curves
for the standard (purple) and dynamic (green) jet charge dis-
tributions is given in the bottom panel.

zero jet charge and have relatively larger peak heights
in the region of non-zero jet charge. This is found to be
a consistent feature when evaluated over a wide range of
kinematics and phase space selection cuts.
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Discriminating between u- and d-Quark Jets 
in Heavy Ion Collisions

• Dynamic jet charge has higher discrimination 
power between u-quark and d-quark jets in 
heavy ion collisions
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FIG. 8. The standard (top) and dynamic (middle) jet charge
distributions in pp-collisions at 13 TeV, for u-quark (red)
and d-quark (blue) initiated jets with selection cuts pTJ =
[200, 300] GeV, |⌘J | < 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 dis-
tributions is given in the bottom panel.

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 com-
pared to the standard jet charge, as seen in the bottom
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FIG. 9. The standard (top) and dynamic (middle) jet charge
distributions in PbPb-collisions at 2.760 TeV, for u-quark
(red) and d-quark (blue) initiated jets with selection cuts
pTJ = [80, 150] GeV, |⌘J | < 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 dis-
tributions is given in the bottom panel.

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 re-
visit the dynamic jet charge distribution (middle panel)
in Fig. 8 for pp-collisions. The peak structure suggests
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with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⇠ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ! e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
mentum imbalance qT = |~p

e
T + ~pT | ⌧ p

e
T ⇠ pT , is small.

Here p
e
T and pT are the transverse momenta of the out-

going electron and the jet, respectively. The contribution
to the cross section from parton i = u, d, · · · in the proton
is given by [10–12]

d5�i
UU

dyed2peTd
2qT

= �0 e
2
i

Z
d2bT
(2⇡)2

e
iqT ·bT W̃i , (2)

where ye denotes the out-going lepton rapidity and bT is
the transverse vector in the Fourier space conjugate to qT .
ei is the fractional charge carried by parton i and �0 [11]
is the Born cross section for the partonic subprocess. The
spin-averaged structure function W̃i for parton i has the
factorized form

W̃i = f̃i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)

where f̃i(x, bT , µ) is the unpolarized TMD function [31],
H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
flavor i [32–34]. Eq. (3) involves the factorization scale
µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e��E/bT , respectively, where
�E is the Euler constant.

The measured cross section includes a sum over all
partonic channels so that d�UU =

P
i d�

i
UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:

d6�i
UU

dyed2peTd
2qT dQ

=
d5�i

UU

dyed2peTd
2qT

Gi(Q, pTR,µ)

Ji(pTR,µ)
. (4)

Note that
R
dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ! Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
� collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i

hQ
N
 ii,bin =

Z

Q2bin
dQ Q

N


Gi(Q, pTR,µ)

Ji(pTR,µ)
. (5)

In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin ⌘ hQ

0
ii,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleP

bins ri,bin = 1. The di↵erential cross section restricted
to the particular jet charge bin is then given by

d5�UU, bin

dyed2peTd
2qT

=
X

i=u,d,···
ri,bin

d5�i
UU

dyed2peTd
2qT

, (6)

which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
� annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].
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• Cross section:

dσ (S⊥) = dσUU + dσUT (S⊥)

total spin
dependent
cross section 

spin independent
contribution 

spin dependent
contribution 

unpolarized TMD polarized TMD
(Sivers function)

Semi-inclusive Deep Inelastic Scattering

Semi-inclusive hadron production in deep inelastic scattering (SIDIS) provides a power-
ful probe of the transverse momentum dependent (TMD) quark distributions of nucleons.
Common kinematic variables have been described in the DIS section (see the Sidebar on
page 18). In SIDIS, the kinematics of the final state hadrons can be specified as follows
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Figure 2.11: Semi-inclusive hadron production
in DIS processes: e+N ⇠ e

⇤ + h+X, in the
target rest frame. P hT and S� are the trans-
verse components of P h and S with respect to
the virtual photon momentum q = k ! k0.

⌫h, ⌫s Azimuthal angles of the final state
hadron and the transverse polarization
vector of the nucleon with respect to
the lepton plane.

PhT Transverse momentum of the final state
hadron with respect to the virtual pho-
ton in the center-of-mass of the virtual
photon and the nucleon.

z = Ph · P/q · P gives the momentum frac-
tion of the final state hadron with re-
spect to the virtual photon.

ƒ1 =

g1L =

h1 =

g1T
┴ =ƒ1T

┴ =

h1
┴ =

h1L
┴ =

h1T
┴ =Sivers

Boer-Mulders

Helicity

Transversity

Leading Twist TMDs

Quark Polarization

N
u

cl
eo

n
 P

o
la

ri
za

ti
o

n

Un-Polarized
(U)

Longitudinally Polarized
(L)

Transversely Polarized
(T)

Nucleon Spin Quark Spin

—

—

—

—

—

—

—

U

L

T

Figure 2.12: Leading
twist TMDs classified ac-
cording to the polarizations
of the quark (f, g, h)
and nucleon (U, L, T).
The distributions f
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1 are called naive-time-

reversal-odd TMDs. For glu-
ons a similar classification of
TMDs exists.

The di↵erential SIDIS cross section can be written as a convolution of the transverse
momentum dependent quark distributions f(x, kT ), fragmentation functions D(z, pT ), and
a factor for a quark or antiquark to scatter o↵ the photon. At the leading power of 1/Q,
we can probe eight di↵erent TMD quark distributions as listed in Fig. 2.12. These distri-
butions represent various correlations between the transverse momentum of the quark kT ,
the nucleon momentum P , the nucleon spin S, and the quark spin sq.
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sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:
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Note that
P
dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ⇠ Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
⇤ collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i
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Gi(Q, pTR,µ)

Ji(pTR,µ)
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In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin i ⌧Q

0
hi,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleZ

bins ri,bin = 1. The di↵erential cross section restricted
to the particular jet charge bin is then given by
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2qT
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dyed2peTd
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, (6)

which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
⇤ annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].
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with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⌘ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ⇠ e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
mentum imbalance qT = |~p

e
T + ~pT | ! p

e
T ⌘ pT , is small.

Here p
e
T and pT are the transverse momenta of the out-

going electron and the jet, respectively. The contribution
to the cross section from parton i = u, d, · · · in the proton
is given by [10–12]
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where ye denotes the out-going lepton rapidity and bT is
the transverse vector in the Fourier space conjugate to qT .
ei is the fractional charge carried by parton i and �0 [11]
is the Born cross section for the partonic subprocess. The
spin-averaged structure function W̃i for parton i has the
factorized form

W̃i = f̃i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)

where f̃i(x, bT , µ) is the unpolarized TMD function [31],
H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
flavor i [32–34]. Eq. (3) involves the factorization scale
µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e⇤�E/bT , respectively, where
�E is the Euler constant.

The measured cross section includes a sum over all
partonic channels so that d�UU =

Z
i d�

i
UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:
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Note that
P
dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ⇠ Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
⇤ collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i
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Gi(Q, pTR,µ)

Ji(pTR,µ)
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In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin i ⌧Q

0
hi,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleZ

bins ri,bin = 1. The di↵erential cross section restricted
to the particular jet charge bin is then given by
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=
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i=u,d,···
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, (6)

which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
⇤ annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].
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with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⇠ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ! e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
mentum imbalance qT = |~p

e
T + ~pT | ⌧ p

e
T ⇠ pT , is small.

Here p
e
T and pT are the transverse momenta of the out-

going electron and the jet, respectively. The contribution
to the cross section from parton i = u, d, · · · in the proton
is given by [10–12]
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where ye denotes the out-going lepton rapidity and bT is
the transverse vector in the Fourier space conjugate to qT .
ei is the fractional charge carried by parton i and �0 [11]
is the Born cross section for the partonic subprocess. The
spin-averaged structure function W̃i for parton i has the
factorized form

W̃i = f̃i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)

where f̃i(x, bT , µ) is the unpolarized TMD function [31],
H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
flavor i [32–34]. Eq. (3) involves the factorization scale
µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e��E/bT , respectively, where
�E is the Euler constant.

The measured cross section includes a sum over all
partonic channels so that d�UU =

P
i d�

i
UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:
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Note that
R
dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ! Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
� collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i
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In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin ⌘ hQ

0
ii,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleP

bins ri,bin = 1. The di↵erential cross section restricted
to the particular jet charge bin is then given by
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dyed2peTd
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=
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, (6)

which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
� annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].
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with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⇠ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ! e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
mentum imbalance qT = |~p

e
T + ~pT | ⌧ p

e
T ⇠ pT , is small.

Here p
e
T and pT are the transverse momenta of the out-

going electron and the jet, respectively. The contribution
to the cross section from parton i = u, d, · · · in the proton
is given by [10–12]
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where ye denotes the out-going lepton rapidity and bT is
the transverse vector in the Fourier space conjugate to qT .
ei is the fractional charge carried by parton i and �0 [11]
is the Born cross section for the partonic subprocess. The
spin-averaged structure function W̃i for parton i has the
factorized form

W̃i = f̃i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)

where f̃i(x, bT , µ) is the unpolarized TMD function [31],
H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
flavor i [32–34]. Eq. (3) involves the factorization scale
µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e��E/bT , respectively, where
�E is the Euler constant.

The measured cross section includes a sum over all
partonic channels so that d�UU =

P
i d�

i
UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:
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Note that
R
dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ! Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
� collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i
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In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin ⌘ hQ

0
ii,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleP

bins ri,bin = 1. The di↵erential cross section restricted
to the particular jet charge bin is then given by
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=
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, (6)

which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
� annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].

• Unpolarized TMD Factorization:

dσ (S⊥) = dσUU + dσUT (S⊥)

[Liu, Ringer, Vogelsang, Yuan, 2020]
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with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⇠ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ! e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
mentum imbalance qT = |~p
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T ⇠ pT , is small.

Here p
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T and pT are the transverse momenta of the out-

going electron and the jet, respectively. The contribution
to the cross section from parton i = u, d, · · · in the proton
is given by [10–12]
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where ye denotes the out-going lepton rapidity and bT is
the transverse vector in the Fourier space conjugate to qT .
ei is the fractional charge carried by parton i and �0 [11]
is the Born cross section for the partonic subprocess. The
spin-averaged structure function W̃i for parton i has the
factorized form

W̃i = f̃i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)

where f̃i(x, bT , µ) is the unpolarized TMD function [31],
H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
flavor i [32–34]. Eq. (3) involves the factorization scale
µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e��E/bT , respectively, where
�E is the Euler constant.

The measured cross section includes a sum over all
partonic channels so that d�UU =
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UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:
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Note that
R
dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ! Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
� collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i
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In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin ⌘ hQ
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ii,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleP
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which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
� annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].
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Here p
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going electron and the jet, respectively. The contribution
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which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
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Note that the universality of Gi and Ji make the
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for their extraction from a global analysis that makes
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the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].

• Polarized TMD Factorization:

3

Single Spin Asymmetry. One can generalize the fac-
torization to the process where the proton is transversely
polarized with spin vector ~S?. In this case, d�(S?) =
d�UU + d�UT (S?), where the spin-dependent d�UT de-
pends on the Sivers function [42]. Following the same
steps used to arrive at Eq. (6) for the unpolarized case,
we find that the transverse-spin dependent cross section
within a jet charge bin can be related to the standard
transverse-spin dependent cross section by

d5�UT,bin(S?)

dyed2peTd
2qT

=
X

i=u,d,···
ri,bin

d5�i
UT (S?)

dyed2peTd
2qT

, (7)

where ri,bin is the same as in the unpolarized case. The
standard transverse-spin dependent cross section for a
given partonic channel i reads [10–12]
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where the spin-dependent structure function W̃
�
T,i takes

the factorized form

W̃
�
T,i = f̃

?,�
1T,i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) ,

where f̃?,�
1T,i(x, bT , µ) is the Sivers function [10–12], which

can be directly accessed via the single spin asymmetry

AUT =
d�(S"

?)� d�(S#
?)

d�(S"
?) + d�(S#

?)
=

d�UT

d�UU
. (9)

We denote the spin asymmetry in a particular jet charge
bin as Abin

UT .
Similar to Eq. (6), Eq. (7) is another key result that

allows for flavor separation of the Sivers function. The
dominant contribution to AUT is known to come from the
u-quark channel [11, 43], resulting in sensitivity primar-
ily to the u-quark Sivers function. However, following
Eq. (7), an appropriate selection of jet charge bins could
enhance the sensitivity of Abin

UT to the Sivers functions of
the other quark flavors.

Phenomenology. We present numerical results to
demonstrate the implications of the key results in Eqs. (6)
and (7). We work with CM energy

p
s = 105GeV and ap-

ply event selection cuts of Q2
� 10 GeV2, 0.1  y  0.9,

15 GeV  p
e
T  20 GeV, qT  2.5 GeV, and 10 GeV 

pT  25 GeV, where y denotes the inelasticity. Jets are
constructed using anti-kT jet algorithm [44] with radius
R = 1. For the back-to-back electron-jet production, the
gluon TMD does not contribute so that the quark TMDs
can be probed cleanly. In the rest of the paper, we present
the normalized qT -distribution, ��1d�/dqT , with ye and
p
e
T integrated over the allowed range corresponding to

the above selection cuts. We include theoretical uncer-
tainties by varying µ and µb by a factor of 2 around their
central values and taking the envelop.

We first present the unpolarized studies. For calibra-
tion purposes, in the upper panel of Fig. 1 we check the
consistency between Pythia8 simulations and the theo-
retical predictions, only including the u-quark contribu-
tion. Eq. (2) is evaluated at the next-to-leading logarith-
mic accuracy, with non-global logarithms included [10–
12, 39, 45]. We parameterize the u-quark TMD following
Ref. [11]. In Fig. 1, we see good agreement between sim-
ulation and theory for the normalized qT -distribution.

Next, we study the qT -distribution in di↵erent jet
charge bins. The jet charges are constructed using Eq. (1)
with  = 0.3 and only including charged pions in the sum
over hadrons. Thus, if a jet contains no charged pions,
its charge vanishes. We divide the data into three jet
charge bins, the negative (“�”) bin with Q  �0.25,
the neutral bin (“0”) with |Q| < 0.25, and the positive
bin (“+”) with Q � 0.25. This jet charge bin choice
is motivated by our finding that the d-quark jet charge
distribution peaks around Q ⇠ �0.25. See similar ob-
servation in Refs. [28, 29].

The lower panel of Fig. 1 shows the jet charge bin frac-
tions ru,±,0 for the u-quark jets as a function of qT . These
bin fractions were determined from Pythia and are found
to be independent of qT . This agrees with the universal-
ity as expected from our factorization theorem. In Tab. I,
we summarize the ri,±,0 values, including other quark
flavors. We find that ru,±,0 ⇡ rd̄,±,0 ⇡ rd,⌥,0 ⇡ rū,⌥,0

and rs,±,0 ⇡ rs̄,⌥,0, as expected from the QCD flavor
and charge conjugation symmetries and the fact that
only charged pions were included in constructing the jet
charge. A jet charge based only on charged kaons can
increase the negative charge bin fractions of the s-quarks
by a factor of O(5) with respect to the u(d)-quark frac-
tion, allowing for better sensitivity to the strange quark

FIG. 1. The contribution of the u-quark TMD to the normal-
ized qT -distribution ��1d�/dqT . The band shows the scale
uncertainty.
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central values and taking the envelop.

We first present the unpolarized studies. For calibra-
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over hadrons. Thus, if a jet contains no charged pions,
its charge vanishes. We divide the data into three jet
charge bins, the negative (“�”) bin with Q  �0.25,
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is motivated by our finding that the d-quark jet charge
distribution peaks around Q ⇠ �0.25. See similar ob-
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bin fractions were determined from Pythia and are found
to be independent of qT . This agrees with the universal-
ity as expected from our factorization theorem. In Tab. I,
we summarize the ri,±,0 values, including other quark
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only charged pions were included in constructing the jet
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with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⌘ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ⇠ e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
mentum imbalance qT = |~p

e
T + ~pT | ! p

e
T ⌘ pT , is small.

Here p
e
T and pT are the transverse momenta of the out-

going electron and the jet, respectively. The contribution
to the cross section from parton i = u, d, · · · in the proton
is given by [10–12]
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2qT

= �0 e
2
i

X
d2bT
(2⇡)2

e
iqT ·bT W̃i , (2)

where ye denotes the out-going lepton rapidity and bT is
the transverse vector in the Fourier space conjugate to qT .
ei is the fractional charge carried by parton i and �0 [11]
is the Born cross section for the partonic subprocess. The
spin-averaged structure function W̃i for parton i has the
factorized form

W̃i = f̃i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)

where f̃i(x, bT , µ) is the unpolarized TMD function [31],
H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
flavor i [32–34]. Eq. (3) involves the factorization scale
µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e⇤�E/bT , respectively, where
�E is the Euler constant.

The measured cross section includes a sum over all
partonic channels so that d�UU =

Z
i d�

i
UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:

d6�i
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2qT dQ

=
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dyed2peTd
2qT

Gi(Q, pTR,µ)

Ji(pTR,µ)
. (4)

Note that
P
dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ⇠ Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
⇤ collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i

⌧Q
N
 hi,bin =

X

Q2bin
dQ Q

N
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Gi(Q, pTR,µ)

Ji(pTR,µ)
. (5)

In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin i ⌧Q

0
hi,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleZ

bins ri,bin = 1. The di↵erential cross section restricted
to the particular jet charge bin is then given by
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2qT

, (6)

which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
⇤ annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].

Flavor Separation of with Jet Charge: 
Unpolarized TMDs 

2

with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⌘ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
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H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
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jet charge and grouping the data into jet charge bins,
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integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ⇠ Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
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⇤ collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i
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In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin i ⌧Q
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hi,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleZ
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which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
⇤ annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].
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ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
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UU . Thus, it is
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However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
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placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
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Since Eq. (4) is achieved simply by the replacement
Ji ⇠ Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
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which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
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for their extraction from a global analysis that makes
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the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin
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one can enhance or suppress sensitivity to TMDs of dif-
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Note that
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integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ! Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
� collisions [34].

For jet charge binned data, it’s useful to introduce the
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which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e
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processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin
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flavors are better separated for  ⇠ 0.3 [30]. Correspond-
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that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
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be exploited for additional flavor separation.
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H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
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µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e��E/bT , respectively, where
�E is the Euler constant.
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UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
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Since Eq. (4) is achieved simply by the replacement
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lution properties of Gi are exactly the same as Ji [11, 35].
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which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the
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for their extraction from a global analysis that makes
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the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
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pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].

Jet charge 
measurement



2

with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⇠ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ! e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
mentum imbalance qT = |~p

e
T + ~pT | ⌧ p

e
T ⇠ pT , is small.

Here p
e
T and pT are the transverse momenta of the out-

going electron and the jet, respectively. The contribution
to the cross section from parton i = u, d, · · · in the proton
is given by [10–12]

d5�i
UU

dyed2peTd
2qT

= �0 e
2
i

Z
d2bT
(2⇡)2

e
iqT ·bT W̃i , (2)

where ye denotes the out-going lepton rapidity and bT is
the transverse vector in the Fourier space conjugate to qT .
ei is the fractional charge carried by parton i and �0 [11]
is the Born cross section for the partonic subprocess. The
spin-averaged structure function W̃i for parton i has the
factorized form

W̃i = f̃i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)

where f̃i(x, bT , µ) is the unpolarized TMD function [31],
H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
flavor i [32–34]. Eq. (3) involves the factorization scale
µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e��E/bT , respectively, where
�E is the Euler constant.

The measured cross section includes a sum over all
partonic channels so that d�UU =

P
i d�

i
UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:

d6�i
UU

dyed2peTd
2qT dQ

=
d5�i

UU

dyed2peTd
2qT

Gi(Q, pTR,µ)

Ji(pTR,µ)
. (4)

Note that
R
dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ! Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
� collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i

hQ
N
 ii,bin =

Z

Q2bin
dQ Q

N


Gi(Q, pTR,µ)

Ji(pTR,µ)
. (5)

In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin ⌘ hQ

0
ii,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleP

bins ri,bin = 1. The di↵erential cross section restricted
to the particular jet charge bin is then given by

d5�UU, bin

dyed2peTd
2qT

=
X

i=u,d,···
ri,bin

d5�i
UU

dyed2peTd
2qT

, (6)

which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
� annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].
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the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⇠ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ! e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
mentum imbalance qT = |~p
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T + ~pT | ⌧ p

e
T ⇠ pT , is small.

Here p
e
T and pT are the transverse momenta of the out-

going electron and the jet, respectively. The contribution
to the cross section from parton i = u, d, · · · in the proton
is given by [10–12]
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where ye denotes the out-going lepton rapidity and bT is
the transverse vector in the Fourier space conjugate to qT .
ei is the fractional charge carried by parton i and �0 [11]
is the Born cross section for the partonic subprocess. The
spin-averaged structure function W̃i for parton i has the
factorized form

W̃i = f̃i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)

where f̃i(x, bT , µ) is the unpolarized TMD function [31],
H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
flavor i [32–34]. Eq. (3) involves the factorization scale
µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e��E/bT , respectively, where
�E is the Euler constant.

The measured cross section includes a sum over all
partonic channels so that d�UU =

P
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UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:

d6�i
UU

dyed2peTd
2qT dQ

=
d5�i

UU

dyed2peTd
2qT

Gi(Q, pTR,µ)

Ji(pTR,µ)
. (4)

Note that
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dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ! Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e
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� collisions [34].
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which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
� annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].

• Polarized TMD Factorization:
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Single Spin Asymmetry. One can generalize the fac-
torization to the process where the proton is transversely
polarized with spin vector ~S?. In this case, d�(S?) =
d�UU + d�UT (S?), where the spin-dependent d�UT de-
pends on the Sivers function [42]. Following the same
steps used to arrive at Eq. (6) for the unpolarized case,
we find that the transverse-spin dependent cross section
within a jet charge bin can be related to the standard
transverse-spin dependent cross section by

d5�UT,bin(S?)

dyed2peTd
2qT

=
X

i=u,d,···
ri,bin

d5�i
UT (S?)

dyed2peTd
2qT

, (7)

where ri,bin is the same as in the unpolarized case. The
standard transverse-spin dependent cross section for a
given partonic channel i reads [10–12]
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where the spin-dependent structure function W̃
�
T,i takes

the factorized form

W̃
�
T,i = f̃

?,�
1T,i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) ,

where f̃?,�
1T,i(x, bT , µ) is the Sivers function [10–12], which

can be directly accessed via the single spin asymmetry

AUT =
d�(S"

?)� d�(S#
?)

d�(S"
?) + d�(S#

?)
=

d�UT

d�UU
. (9)

We denote the spin asymmetry in a particular jet charge
bin as Abin

UT .
Similar to Eq. (6), Eq. (7) is another key result that

allows for flavor separation of the Sivers function. The
dominant contribution to AUT is known to come from the
u-quark channel [11, 43], resulting in sensitivity primar-
ily to the u-quark Sivers function. However, following
Eq. (7), an appropriate selection of jet charge bins could
enhance the sensitivity of Abin

UT to the Sivers functions of
the other quark flavors.

Phenomenology. We present numerical results to
demonstrate the implications of the key results in Eqs. (6)
and (7). We work with CM energy

p
s = 105GeV and ap-

ply event selection cuts of Q2
� 10 GeV2, 0.1  y  0.9,

15 GeV  p
e
T  20 GeV, qT  2.5 GeV, and 10 GeV 

pT  25 GeV, where y denotes the inelasticity. Jets are
constructed using anti-kT jet algorithm [44] with radius
R = 1. For the back-to-back electron-jet production, the
gluon TMD does not contribute so that the quark TMDs
can be probed cleanly. In the rest of the paper, we present
the normalized qT -distribution, ��1d�/dqT , with ye and
p
e
T integrated over the allowed range corresponding to

the above selection cuts. We include theoretical uncer-
tainties by varying µ and µb by a factor of 2 around their
central values and taking the envelop.

We first present the unpolarized studies. For calibra-
tion purposes, in the upper panel of Fig. 1 we check the
consistency between Pythia8 simulations and the theo-
retical predictions, only including the u-quark contribu-
tion. Eq. (2) is evaluated at the next-to-leading logarith-
mic accuracy, with non-global logarithms included [10–
12, 39, 45]. We parameterize the u-quark TMD following
Ref. [11]. In Fig. 1, we see good agreement between sim-
ulation and theory for the normalized qT -distribution.

Next, we study the qT -distribution in di↵erent jet
charge bins. The jet charges are constructed using Eq. (1)
with  = 0.3 and only including charged pions in the sum
over hadrons. Thus, if a jet contains no charged pions,
its charge vanishes. We divide the data into three jet
charge bins, the negative (“�”) bin with Q  �0.25,
the neutral bin (“0”) with |Q| < 0.25, and the positive
bin (“+”) with Q � 0.25. This jet charge bin choice
is motivated by our finding that the d-quark jet charge
distribution peaks around Q ⇠ �0.25. See similar ob-
servation in Refs. [28, 29].

The lower panel of Fig. 1 shows the jet charge bin frac-
tions ru,±,0 for the u-quark jets as a function of qT . These
bin fractions were determined from Pythia and are found
to be independent of qT . This agrees with the universal-
ity as expected from our factorization theorem. In Tab. I,
we summarize the ri,±,0 values, including other quark
flavors. We find that ru,±,0 ⇡ rd̄,±,0 ⇡ rd,⌥,0 ⇡ rū,⌥,0

and rs,±,0 ⇡ rs̄,⌥,0, as expected from the QCD flavor
and charge conjugation symmetries and the fact that
only charged pions were included in constructing the jet
charge. A jet charge based only on charged kaons can
increase the negative charge bin fractions of the s-quarks
by a factor of O(5) with respect to the u(d)-quark frac-
tion, allowing for better sensitivity to the strange quark

FIG. 1. The contribution of the u-quark TMD to the normal-
ized qT -distribution ��1d�/dqT . The band shows the scale
uncertainty.
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tainties by varying µ and µb by a factor of 2 around their
central values and taking the envelop.

We first present the unpolarized studies. For calibra-
tion purposes, in the upper panel of Fig. 1 we check the
consistency between Pythia8 simulations and the theo-
retical predictions, only including the u-quark contribu-
tion. Eq. (2) is evaluated at the next-to-leading logarith-
mic accuracy, with non-global logarithms included [10–
12, 39, 45]. We parameterize the u-quark TMD following
Ref. [11]. In Fig. 1, we see good agreement between sim-
ulation and theory for the normalized qT -distribution.

Next, we study the qT -distribution in di↵erent jet
charge bins. The jet charges are constructed using Eq. (1)
with  = 0.3 and only including charged pions in the sum
over hadrons. Thus, if a jet contains no charged pions,
its charge vanishes. We divide the data into three jet
charge bins, the negative (“�”) bin with Q  �0.25,
the neutral bin (“0”) with |Q| < 0.25, and the positive
bin (“+”) with Q � 0.25. This jet charge bin choice
is motivated by our finding that the d-quark jet charge
distribution peaks around Q ⇠ �0.25. See similar ob-
servation in Refs. [28, 29].

The lower panel of Fig. 1 shows the jet charge bin frac-
tions ru,±,0 for the u-quark jets as a function of qT . These
bin fractions were determined from Pythia and are found
to be independent of qT . This agrees with the universal-
ity as expected from our factorization theorem. In Tab. I,
we summarize the ri,±,0 values, including other quark
flavors. We find that ru,±,0 ⇡ rd̄,±,0 ⇡ rd,⌥,0 ⇡ rū,⌥,0

and rs,±,0 ⇡ rs̄,⌥,0, as expected from the QCD flavor
and charge conjugation symmetries and the fact that
only charged pions were included in constructing the jet
charge. A jet charge based only on charged kaons can
increase the negative charge bin fractions of the s-quarks
by a factor of O(5) with respect to the u(d)-quark frac-
tion, allowing for better sensitivity to the strange quark
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with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⌘ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ⇠ e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
mentum imbalance qT = |~p

e
T + ~pT | ! p

e
T ⌘ pT , is small.

Here p
e
T and pT are the transverse momenta of the out-

going electron and the jet, respectively. The contribution
to the cross section from parton i = u, d, · · · in the proton
is given by [10–12]
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UU

dyed2peTd
2qT

= �0 e
2
i

X
d2bT
(2⇡)2

e
iqT ·bT W̃i , (2)

where ye denotes the out-going lepton rapidity and bT is
the transverse vector in the Fourier space conjugate to qT .
ei is the fractional charge carried by parton i and �0 [11]
is the Born cross section for the partonic subprocess. The
spin-averaged structure function W̃i for parton i has the
factorized form

W̃i = f̃i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)

where f̃i(x, bT , µ) is the unpolarized TMD function [31],
H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
flavor i [32–34]. Eq. (3) involves the factorization scale
µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e⇤�E/bT , respectively, where
�E is the Euler constant.

The measured cross section includes a sum over all
partonic channels so that d�UU =

Z
i d�

i
UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:
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=
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Gi(Q, pTR,µ)

Ji(pTR,µ)
. (4)

Note that
P
dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ⇠ Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
⇤ collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i

⌧Q
N
 hi,bin =
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dQ Q

N


Gi(Q, pTR,µ)

Ji(pTR,µ)
. (5)

In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin i ⌧Q

0
hi,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleZ

bins ri,bin = 1. The di↵erential cross section restricted
to the particular jet charge bin is then given by
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, (6)

which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
⇤ annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].
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with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⌘ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ⇠ e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
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going electron and the jet, respectively. The contribution
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H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
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cross section implies that the renormalization group evo-
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⌧Q
N
 hi,bin =

X

Q2bin
dQ Q

N


Gi(Q, pTR,µ)

Ji(pTR,µ)
. (5)

In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin i ⌧Q

0
hi,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleZ

bins ri,bin = 1. The di↵erential cross section restricted
to the particular jet charge bin is then given by

d5�UU, bin

dyed2peTd
2qT

=
R

i=u,d,···
ri,bin

d5�i
UU

dyed2peTd
2qT

, (6)

which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
⇤ annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].
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Charge Bin: Unpolarized TMDs 

qT
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u ū d d̄ s s̄

ri,+ 0.52 0.17 0.15 0.53 0.30 0.34

ri,� 0.15 0.49 0.52 0.15 0.36 0.32

ri,0 0.33 0.35 0.33 0.32 0.35 0.34

TABLE I. The jet charge bin fractions ri,±,0 for various quark
flavors, obtained from Pythia8.
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FIG. 2. The relative size of contributions from the unpolar-
ized u-, d-, and sea quark TMDs.

The values in Tab. I are used as inputs in the rest of
the analysis to make predictions for the relative size of
contributions from di↵erent quark flavors in each bin. In
practice, the bin fractions ri,±,0 for each parton flavor
could be obtained with a fit of the the cross section in
Eq. (6) to the qT -spectrum in each bin, and used as inputs
for predictions of Abin

UT .
From Tab. I, selecting the negative bin will signifi-

cantly reduce the size of the u-quark contribution and
enhance the d-quark contribution, compared to the neu-
tral and positive bins. This can be seen in Fig. 2, where
for Q � 0.25 (upper panel), the d-quark and the sea
quark contributions are small and the u-quark contribu-
tion dominates the bulk of the distribution. While, for
Q  �0.25 (bottom panel) the u-quark contribution is
now suppressed and the rest species are relatively en-
hanced and more readily accessible in experiment.

Next, we investigate the single spin asymmetry. Fig. 3
shows a comparison of the theoretical predictions for the
standard asymmetry AUT with A

bin
UT . The predictions

can be compared with the future measurements. The
Sivers functions are parameterized following Ref. [46], ex-
cept that we ignore the strange quark Sivers functions in
light of recent global analysis which shows the very small
size of their contributions [47–49].
From Fig. 3, we see that AUT is positive and large

for Q � 0.25 which is due to the dominant and pos-
itive u-quark Sivers function, while the other channels
are highly suppressed. In the Q  �0.25 bin, the u-
quark contribution is substantially reduced and compa-
rable to the size of the d-quark contribution. Thus, the
cancellation between the u- and d-quark Sivers functions
leads to the a small spin asymmetry for Q  �0.25. For
|Q| < 0.25, since the bin fractions are roughly the same
for all partonic channels, as seen in Tab. I, the spin asym-
metry is close to the standard AUT as expected. Similar
behavior is observed in SIDIS when charged pions are
measured [50].
Finally, we study the sensitivity of the asymmetry to

di↵erent quark flavors. As seen in the top panel of Fig. 4,
the standard Sivers asymmetry is not sensitive to the d-
quark Sivers function, since the size of the asymmetry
AUT changes only slightly when one removes the d-quark
contribution (“w/o d-quark”). However, if one restricts
to the Q  �0.25 bin, removing the d-quark contri-
bution leads to a significant change in the asymmetry as
seen in the bottom panel of Fig. 4. This demonstrates the
dramatically enhanced sensitivity to the valence d-quark
contribution in A

bin
UT .

Conclusions. In this Letter, we propose the jet charge
as a unique flavor probe of polarized and unpolarized
TMDs at the EIC. As concrete examples, we study back-
to-back electron-jet production and we give predictions
for the small qT -distribution and the Sivers asymmetry in
di↵erent jet charge bins, based on a factorization frame-
work. In order to demonstrate its power for flavor sep-
aration, we compare the flavor sensitivities of the jet
charge binned unpolarized cross section and the Sivers
spin asymmetries with their standard counterparts at the
EIC. We show that through an appropriate selection of
the charge bins, the sensitivity to the unpolarized TMDs
and Sivers functions of di↵erent quark species can be en-
hanced. The flavor sensitivity can be further improved

FIG. 3. Predictions for the Sivers asymmetry in di↵erent jet
charge bins.
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quark contributions are small and the u-quark contribu-
tion dominates the bulk of the distribution. While, for
Q  �0.25 (bottom panel) the u-quark contribution is
now suppressed and the rest species are relatively en-
hanced and more readily accessible in experiment.
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metry is close to the standard AUT as expected. Similar
behavior is observed in SIDIS when charged pions are
measured [50].
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di↵erent quark flavors. As seen in the top panel of Fig. 4,
the standard Sivers asymmetry is not sensitive to the d-
quark Sivers function, since the size of the asymmetry
AUT changes only slightly when one removes the d-quark
contribution (“w/o d-quark”). However, if one restricts
to the Q  �0.25 bin, removing the d-quark contri-
bution leads to a significant change in the asymmetry as
seen in the bottom panel of Fig. 4. This demonstrates the
dramatically enhanced sensitivity to the valence d-quark
contribution in A
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Conclusions. In this Letter, we propose the jet charge
as a unique flavor probe of polarized and unpolarized
TMDs at the EIC. As concrete examples, we study back-
to-back electron-jet production and we give predictions
for the small qT -distribution and the Sivers asymmetry in
di↵erent jet charge bins, based on a factorization frame-
work. In order to demonstrate its power for flavor sep-
aration, we compare the flavor sensitivities of the jet
charge binned unpolarized cross section and the Sivers
spin asymmetries with their standard counterparts at the
EIC. We show that through an appropriate selection of
the charge bins, the sensitivity to the unpolarized TMDs
and Sivers functions of di↵erent quark species can be en-
hanced. The flavor sensitivity can be further improved
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𝒬κ = ∑
h∈jet

zκ
h Qh

h ∈ {π+, π−}
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with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⌘ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ⇠ e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
mentum imbalance qT = |~p

e
T + ~pT | ! p

e
T ⌘ pT , is small.

Here p
e
T and pT are the transverse momenta of the out-

going electron and the jet, respectively. The contribution
to the cross section from parton i = u, d, · · · in the proton
is given by [10–12]

d5�i
UU

dyed2peTd
2qT

= �0 e
2
i

X
d2bT
(2⇡)2

e
iqT ·bT W̃i , (2)

where ye denotes the out-going lepton rapidity and bT is
the transverse vector in the Fourier space conjugate to qT .
ei is the fractional charge carried by parton i and �0 [11]
is the Born cross section for the partonic subprocess. The
spin-averaged structure function W̃i for parton i has the
factorized form

W̃i = f̃i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)

where f̃i(x, bT , µ) is the unpolarized TMD function [31],
H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
flavor i [32–34]. Eq. (3) involves the factorization scale
µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e⇤�E/bT , respectively, where
�E is the Euler constant.

The measured cross section includes a sum over all
partonic channels so that d�UU =

Z
i d�

i
UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:

d6�i
UU

dyed2peTd
2qT dQ

=
d5�i

UU

dyed2peTd
2qT

Gi(Q, pTR,µ)

Ji(pTR,µ)
. (4)

Note that
P
dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ⇠ Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
⇤ collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i

⌧Q
N
 hi,bin =

X

Q2bin
dQ Q

N


Gi(Q, pTR,µ)

Ji(pTR,µ)
. (5)

In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin i ⌧Q

0
hi,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleZ

bins ri,bin = 1. The di↵erential cross section restricted
to the particular jet charge bin is then given by

d5�UU, bin

dyed2peTd
2qT

=
R

i=u,d,···
ri,bin

d5�i
UU

dyed2peTd
2qT

, (6)

which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
⇤ annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].

Separate Sivers Asymmetry Small  Distribution 
by Jet Charge Bin: Unpolarized TMDs 

qT

3

Single Spin Asymmetry. One can generalize the fac-
torization to the process where the proton is transversely
polarized with spin vector ~S?. In this case, d�(S?) =
d�UU + d�UT (S?), where the spin-dependent d�UT de-
pends on the Sivers function [42]. Following the same
steps used to arrive at Eq. (6) for the unpolarized case,
we find that the transverse-spin dependent cross section
within a jet charge bin can be related to the standard
transverse-spin dependent cross section by

d5�UT,bin(S?)

dyed2peTd
2qT

=
X

i=u,d,···
ri,bin

d5�i
UT (S?)

dyed2peTd
2qT

, (7)

where ri,bin is the same as in the unpolarized case. The
standard transverse-spin dependent cross section for a
given partonic channel i reads [10–12]

d5�i
UT (S?)

dyed2peTd
2qT

= e
2
i �0 ✏↵�S

↵
?

Z
d2bT
(2⇡)2

e
iqT ·bT W̃ �

T,i , (8)

where the spin-dependent structure function W̃
�
T,i takes

the factorized form

W̃
�
T,i = f̃

?,�
1T,i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) ,

where f̃?,�
1T,i(x, bT , µ) is the Sivers function [10–12], which

can be directly accessed via the single spin asymmetry

AUT =
d�(S"

?)� d�(S#
?)

d�(S"
?) + d�(S#

?)
=

d�UT

d�UU
. (9)

We denote the spin asymmetry in a particular jet charge
bin as Abin

UT .
Similar to Eq. (6), Eq. (7) is another key result that

allows for flavor separation of the Sivers function. The
dominant contribution to AUT is known to come from the
u-quark channel [11, 43], resulting in sensitivity primar-
ily to the u-quark Sivers function. However, following
Eq. (7), an appropriate selection of jet charge bins could
enhance the sensitivity of Abin

UT to the Sivers functions of
the other quark flavors.

Phenomenology. We present numerical results to
demonstrate the implications of the key results in Eqs. (6)
and (7). We work with CM energy

p
s = 105GeV and ap-

ply event selection cuts of Q2
� 10 GeV2, 0.1  y  0.9,

15 GeV  p
e
T  20 GeV, qT  2.5 GeV, and 10 GeV 

pT  25 GeV, where y denotes the inelasticity. Jets are
constructed using anti-kT jet algorithm [44] with radius
R = 1. For the back-to-back electron-jet production, the
gluon TMD does not contribute so that the quark TMDs
can be probed cleanly. In the rest of the paper, we present
the normalized qT -distribution, ��1d�/dqT , with ye and
p
e
T integrated over the allowed range corresponding to

the above selection cuts. We include theoretical uncer-
tainties by varying µ and µb by a factor of 2 around their
central values and taking the envelop.

We first present the unpolarized studies. For calibra-
tion purposes, in the upper panel of Fig. 1 we check the
consistency between Pythia8 simulations and the theo-
retical predictions, only including the u-quark contribu-
tion. Eq. (2) is evaluated at the next-to-leading logarith-
mic accuracy, with non-global logarithms included [10–
12, 39, 45]. We parameterize the u-quark TMD following
Ref. [11]. In Fig. 1, we see good agreement between sim-
ulation and theory for the normalized qT -distribution.

Next, we study the qT -distribution in di↵erent jet
charge bins. The jet charges are constructed using Eq. (1)
with  = 0.3 and only including charged pions in the sum
over hadrons. Thus, if a jet contains no charged pions,
its charge vanishes. We divide the data into three jet
charge bins, the negative (“�”) bin with Q  �0.25,
the neutral bin (“0”) with |Q| < 0.25, and the positive
bin (“+”) with Q � 0.25. This jet charge bin choice
is motivated by our finding that the d-quark jet charge
distribution peaks around Q ⇠ �0.25. See similar ob-
servation in Refs. [28, 29].

The lower panel of Fig. 1 shows the jet charge bin frac-
tions ru,±,0 for the u-quark jets as a function of qT . These
bin fractions were determined from Pythia and are found
to be independent of qT . This agrees with the universal-
ity as expected from our factorization theorem. In Tab. I,
we summarize the ri,±,0 values, including other quark
flavors. We find that ru,±,0 ⇡ rd̄,±,0 ⇡ rd,⌥,0 ⇡ rū,⌥,0

and rs,±,0 ⇡ rs̄,⌥,0, as expected from the QCD flavor
and charge conjugation symmetries and the fact that
only charged pions were included in constructing the jet
charge. A jet charge based only on charged kaons can
increase the negative charge bin fractions of the s-quarks
by a factor of O(5) with respect to the u(d)-quark frac-
tion, allowing for better sensitivity to the strange quark

FIG. 1. The contribution of the u-quark TMD to the normal-
ized qT -distribution ��1d�/dqT . The band shows the scale
uncertainty.

dσ (S⊥) = dσUU + dσUT (S⊥)

4

u ū d d̄ s s̄

ri,+ 0.52 0.17 0.15 0.53 0.30 0.34

ri,� 0.15 0.49 0.52 0.15 0.36 0.32

ri,0 0.33 0.35 0.33 0.32 0.35 0.34

TABLE I. The jet charge bin fractions ri,±,0 for various quark
flavors, obtained from Pythia8.

distributions.

FIG. 2. The relative size of contributions from the unpolar-
ized u-, d-, and sea quark TMDs.

The values in Tab. I are used as inputs in the rest of
the analysis to make predictions for the relative size of
contributions from di↵erent quark flavors in each bin. In
practice, the bin fractions ri,±,0 for each parton flavor
could be obtained with a fit of the the cross section in
Eq. (6) to the qT -spectrum in each bin, and used as inputs
for predictions of Abin

UT .
From Tab. I, selecting the negative bin will signifi-

cantly reduce the size of the u-quark contribution and
enhance the d-quark contribution, compared to the neu-
tral and positive bins. This can be seen in Fig. 2, where
for Q � 0.25 (upper panel), the d-quark and the sea
quark contributions are small and the u-quark contribu-
tion dominates the bulk of the distribution. While, for
Q  �0.25 (bottom panel) the u-quark contribution is
now suppressed and the rest species are relatively en-
hanced and more readily accessible in experiment.

Next, we investigate the single spin asymmetry. Fig. 3
shows a comparison of the theoretical predictions for the
standard asymmetry AUT with A

bin
UT . The predictions

can be compared with the future measurements. The
Sivers functions are parameterized following Ref. [46], ex-
cept that we ignore the strange quark Sivers functions in
light of recent global analysis which shows the very small
size of their contributions [47–49].
From Fig. 3, we see that AUT is positive and large

for Q � 0.25 which is due to the dominant and pos-
itive u-quark Sivers function, while the other channels
are highly suppressed. In the Q  �0.25 bin, the u-
quark contribution is substantially reduced and compa-
rable to the size of the d-quark contribution. Thus, the
cancellation between the u- and d-quark Sivers functions
leads to the a small spin asymmetry for Q  �0.25. For
|Q| < 0.25, since the bin fractions are roughly the same
for all partonic channels, as seen in Tab. I, the spin asym-
metry is close to the standard AUT as expected. Similar
behavior is observed in SIDIS when charged pions are
measured [50].
Finally, we study the sensitivity of the asymmetry to

di↵erent quark flavors. As seen in the top panel of Fig. 4,
the standard Sivers asymmetry is not sensitive to the d-
quark Sivers function, since the size of the asymmetry
AUT changes only slightly when one removes the d-quark
contribution (“w/o d-quark”). However, if one restricts
to the Q  �0.25 bin, removing the d-quark contri-
bution leads to a significant change in the asymmetry as
seen in the bottom panel of Fig. 4. This demonstrates the
dramatically enhanced sensitivity to the valence d-quark
contribution in A

bin
UT .

Conclusions. In this Letter, we propose the jet charge
as a unique flavor probe of polarized and unpolarized
TMDs at the EIC. As concrete examples, we study back-
to-back electron-jet production and we give predictions
for the small qT -distribution and the Sivers asymmetry in
di↵erent jet charge bins, based on a factorization frame-
work. In order to demonstrate its power for flavor sep-
aration, we compare the flavor sensitivities of the jet
charge binned unpolarized cross section and the Sivers
spin asymmetries with their standard counterparts at the
EIC. We show that through an appropriate selection of
the charge bins, the sensitivity to the unpolarized TMDs
and Sivers functions of di↵erent quark species can be en-
hanced. The flavor sensitivity can be further improved
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FIG. 3. Predictions for the Sivers asymmetry in di↵erent jet
charge bins.
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polarized with spin vector ~S?. In this case, d�(S?) =
d�UU + d�UT (S?), where the spin-dependent d�UT de-
pends on the Sivers function [42]. Following the same
steps used to arrive at Eq. (6) for the unpolarized case,
we find that the transverse-spin dependent cross section
within a jet charge bin can be related to the standard
transverse-spin dependent cross section by

d5�UT,bin(S?)

dyed2peTd
2qT

=
X

i=u,d,···
ri,bin

d5�i
UT (S?)

dyed2peTd
2qT

, (7)

where ri,bin is the same as in the unpolarized case. The
standard transverse-spin dependent cross section for a
given partonic channel i reads [10–12]
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iqT ·bT W̃ �
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where the spin-dependent structure function W̃
�
T,i takes

the factorized form

W̃
�
T,i = f̃

?,�
1T,i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) ,

where f̃?,�
1T,i(x, bT , µ) is the Sivers function [10–12], which

can be directly accessed via the single spin asymmetry

AUT =
d�(S"
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=
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We denote the spin asymmetry in a particular jet charge
bin as Abin

UT .
Similar to Eq. (6), Eq. (7) is another key result that

allows for flavor separation of the Sivers function. The
dominant contribution to AUT is known to come from the
u-quark channel [11, 43], resulting in sensitivity primar-
ily to the u-quark Sivers function. However, following
Eq. (7), an appropriate selection of jet charge bins could
enhance the sensitivity of Abin

UT to the Sivers functions of
the other quark flavors.

Phenomenology. We present numerical results to
demonstrate the implications of the key results in Eqs. (6)
and (7). We work with CM energy

p
s = 105GeV and ap-

ply event selection cuts of Q2
� 10 GeV2, 0.1  y  0.9,

15 GeV  p
e
T  20 GeV, qT  2.5 GeV, and 10 GeV 

pT  25 GeV, where y denotes the inelasticity. Jets are
constructed using anti-kT jet algorithm [44] with radius
R = 1. For the back-to-back electron-jet production, the
gluon TMD does not contribute so that the quark TMDs
can be probed cleanly. In the rest of the paper, we present
the normalized qT -distribution, ��1d�/dqT , with ye and
p
e
T integrated over the allowed range corresponding to

the above selection cuts. We include theoretical uncer-
tainties by varying µ and µb by a factor of 2 around their
central values and taking the envelop.

We first present the unpolarized studies. For calibra-
tion purposes, in the upper panel of Fig. 1 we check the
consistency between Pythia8 simulations and the theo-
retical predictions, only including the u-quark contribu-
tion. Eq. (2) is evaluated at the next-to-leading logarith-
mic accuracy, with non-global logarithms included [10–
12, 39, 45]. We parameterize the u-quark TMD following
Ref. [11]. In Fig. 1, we see good agreement between sim-
ulation and theory for the normalized qT -distribution.

Next, we study the qT -distribution in di↵erent jet
charge bins. The jet charges are constructed using Eq. (1)
with  = 0.3 and only including charged pions in the sum
over hadrons. Thus, if a jet contains no charged pions,
its charge vanishes. We divide the data into three jet
charge bins, the negative (“�”) bin with Q  �0.25,
the neutral bin (“0”) with |Q| < 0.25, and the positive
bin (“+”) with Q � 0.25. This jet charge bin choice
is motivated by our finding that the d-quark jet charge
distribution peaks around Q ⇠ �0.25. See similar ob-
servation in Refs. [28, 29].

The lower panel of Fig. 1 shows the jet charge bin frac-
tions ru,±,0 for the u-quark jets as a function of qT . These
bin fractions were determined from Pythia and are found
to be independent of qT . This agrees with the universal-
ity as expected from our factorization theorem. In Tab. I,
we summarize the ri,±,0 values, including other quark
flavors. We find that ru,±,0 ⇡ rd̄,±,0 ⇡ rd,⌥,0 ⇡ rū,⌥,0

and rs,±,0 ⇡ rs̄,⌥,0, as expected from the QCD flavor
and charge conjugation symmetries and the fact that
only charged pions were included in constructing the jet
charge. A jet charge based only on charged kaons can
increase the negative charge bin fractions of the s-quarks
by a factor of O(5) with respect to the u(d)-quark frac-
tion, allowing for better sensitivity to the strange quark

FIG. 1. The contribution of the u-quark TMD to the normal-
ized qT -distribution ��1d�/dqT . The band shows the scale
uncertainty.

• Jet charge binned cross sections:

• Sivers asymmetry:



2

with  > 0 suppresses the contribution of soft hadrons in
the jet. Di↵erent values of  lead to di↵erent shapes for
the jet charge distributions. It is found that the peaks
in these distributions for jets initiated by di↵erent quark
flavors are better separated for  ⌘ 0.3 [30]. Correspond-
ingly, it is the default value used in our analysis. Note
that the definition of Q allows for the option of restrict-
ing the sum over h in the jet to include only particular
species, such as pions or kaons only. This flexibility can
be exploited for additional flavor separation.

Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (CM) frame, e + p ⇠ e + jet +X, in the
back-to-back region where the electron-jet transverse mo-
mentum imbalance qT = |~p

e
T + ~pT | ! p

e
T ⌘ pT , is small.

Here p
e
T and pT are the transverse momenta of the out-

going electron and the jet, respectively. The contribution
to the cross section from parton i = u, d, · · · in the proton
is given by [10–12]

d5�i
UU

dyed2peTd
2qT

= �0 e
2
i

X
d2bT
(2⇡)2

e
iqT ·bT W̃i , (2)

where ye denotes the out-going lepton rapidity and bT is
the transverse vector in the Fourier space conjugate to qT .
ei is the fractional charge carried by parton i and �0 [11]
is the Born cross section for the partonic subprocess. The
spin-averaged structure function W̃i for parton i has the
factorized form

W̃i = f̃i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)

where f̃i(x, bT , µ) is the unpolarized TMD function [31],
H is the hard function, SJ is the soft factor [10–12], and
Q is the invariant mass of the virtual photon. Ji(pTR,µ)
is the universal jet function that describes the dynamics
of the jet with radius R initiated by the struck parton of
flavor i [32–34]. Eq. (3) involves the factorization scale
µ, and also implicitly depends on another scale µb [11],
with central values pT and 2e⇤�E/bT , respectively, where
�E is the Euler constant.

The measured cross section includes a sum over all
partonic channels so that d�UU =

Z
i d�

i
UU . Thus, it is

sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge Q is also measured is achieved by re-
placing Ji(pTR,µ) in W̃i in Eq. (3) with the function
Gi(Q, pTR,µ) [29], leading to the result:

d6�i
UU

dyed2peTd
2qT dQ

=
d5�i

UU

dyed2peTd
2qT

Gi(Q, pTR,µ)

Ji(pTR,µ)
. (4)

Note that
P
dQ Gi(Q, pTR,µ) = Ji(pTR,µ), so that

integrating over all possible jet charge values gives back
the standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
Ji ⇠ Gi, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of Gi are exactly the same as Ji [11, 35].
The universality of both jet functions Ji and Gi implies
that they also appear in the factorization formulae of dif-
ferent jet processes in pp [35–40] and e

+
e
⇤ collisions [34].

For jet charge binned data, it’s useful to introduce the
N -th moment for a jet initiated by the parton i

⌧Q
N
 hi,bin =

X

Q2bin
dQ Q

N


Gi(Q, pTR,µ)

Ji(pTR,µ)
. (5)

In the rest of the Letter, we are particularly interested
in the 0-th moment ri,bin i ⌧Q

0
hi,bin which, as seen

from Eqs. (4) and (5), gives the fractional contribution
in a given jet charge bin and thus satisfies the sum ruleZ

bins ri,bin = 1. The di↵erential cross section restricted
to the particular jet charge bin is then given by

d5�UU, bin

dyed2peTd
2qT

=
R

i=u,d,···
ri,bin

d5�i
UU

dyed2peTd
2qT

, (6)

which follows from a combination of Eqs. (4) and (5)
with N = 0. This is a key result that allows for flavor
separation of the TMDs through an appropriate selection
of jet charge bins that can enhance the contribution of
the i-th parton flavor depending on the value of ri,bin.
Note that the universality of Gi and Ji make the

charge bin fraction ri,bin process independent, allowing
for their extraction from a global analysis that makes
use of binned jet charge measurements in the electron-
proton scattering, pp collisions, and e

+
e
⇤ annihilation

processes with appropriate kinematic cuts. Furthermore,
the ri,bin are µ-independent due to a cancellation of the
scale dependence between Gi and Ji in Eq. (5).
The ri,bin does however have a mild dependence on

pTR via loop suppressed e↵ects [29]. This loop suppres-
sion can be understood by noting that at tree-level the
jet consists of single parton evolving into hadrons. The
pTR dependence first arises at ↵s through a perturba-
tive splitting within the jet before hadronization. We
have checked this behavior via Pythia8 [41] simulations
over a wide range of pTR for  = 0.3. This property can
allow for the extraction of the ri,bin from jet observables
over a wide range of kinematics. In addition, the sum
rule for ri,bin provides an additional constraint.
The ri,bin of di↵erent species i will also be related by

QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as
seen in Eq. (6), the ri,bin only a↵ect the relative size of
each partonic contribution and not the shapes of their
kinematic distributions.
All these features facilitate the extraction of the ri,bin

through a global analysis. In fact, measurements of the
jet charge distribution have been carried out in both pp

and PbPb collisions at the LHC [21, 22, 25].

Separate Sivers Asymmetry Small  Distribution 
by Jet Charge Bin: Unpolarized TMDs 

qT

3

Single Spin Asymmetry. One can generalize the fac-
torization to the process where the proton is transversely
polarized with spin vector ~S?. In this case, d�(S?) =
d�UU + d�UT (S?), where the spin-dependent d�UT de-
pends on the Sivers function [42]. Following the same
steps used to arrive at Eq. (6) for the unpolarized case,
we find that the transverse-spin dependent cross section
within a jet charge bin can be related to the standard
transverse-spin dependent cross section by

d5�UT,bin(S?)

dyed2peTd
2qT

=
X

i=u,d,···
ri,bin

d5�i
UT (S?)

dyed2peTd
2qT

, (7)

where ri,bin is the same as in the unpolarized case. The
standard transverse-spin dependent cross section for a
given partonic channel i reads [10–12]

d5�i
UT (S?)

dyed2peTd
2qT

= e
2
i �0 ✏↵�S

↵
?

Z
d2bT
(2⇡)2

e
iqT ·bT W̃ �

T,i , (8)

where the spin-dependent structure function W̃
�
T,i takes

the factorized form

W̃
�
T,i = f̃

?,�
1T,i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) ,

where f̃?,�
1T,i(x, bT , µ) is the Sivers function [10–12], which

can be directly accessed via the single spin asymmetry

AUT =
d�(S"

?)� d�(S#
?)

d�(S"
?) + d�(S#

?)
=

d�UT

d�UU
. (9)

We denote the spin asymmetry in a particular jet charge
bin as Abin

UT .
Similar to Eq. (6), Eq. (7) is another key result that

allows for flavor separation of the Sivers function. The
dominant contribution to AUT is known to come from the
u-quark channel [11, 43], resulting in sensitivity primar-
ily to the u-quark Sivers function. However, following
Eq. (7), an appropriate selection of jet charge bins could
enhance the sensitivity of Abin

UT to the Sivers functions of
the other quark flavors.

Phenomenology. We present numerical results to
demonstrate the implications of the key results in Eqs. (6)
and (7). We work with CM energy

p
s = 105GeV and ap-

ply event selection cuts of Q2
� 10 GeV2, 0.1  y  0.9,

15 GeV  p
e
T  20 GeV, qT  2.5 GeV, and 10 GeV 

pT  25 GeV, where y denotes the inelasticity. Jets are
constructed using anti-kT jet algorithm [44] with radius
R = 1. For the back-to-back electron-jet production, the
gluon TMD does not contribute so that the quark TMDs
can be probed cleanly. In the rest of the paper, we present
the normalized qT -distribution, ��1d�/dqT , with ye and
p
e
T integrated over the allowed range corresponding to

the above selection cuts. We include theoretical uncer-
tainties by varying µ and µb by a factor of 2 around their
central values and taking the envelop.

We first present the unpolarized studies. For calibra-
tion purposes, in the upper panel of Fig. 1 we check the
consistency between Pythia8 simulations and the theo-
retical predictions, only including the u-quark contribu-
tion. Eq. (2) is evaluated at the next-to-leading logarith-
mic accuracy, with non-global logarithms included [10–
12, 39, 45]. We parameterize the u-quark TMD following
Ref. [11]. In Fig. 1, we see good agreement between sim-
ulation and theory for the normalized qT -distribution.

Next, we study the qT -distribution in di↵erent jet
charge bins. The jet charges are constructed using Eq. (1)
with  = 0.3 and only including charged pions in the sum
over hadrons. Thus, if a jet contains no charged pions,
its charge vanishes. We divide the data into three jet
charge bins, the negative (“�”) bin with Q  �0.25,
the neutral bin (“0”) with |Q| < 0.25, and the positive
bin (“+”) with Q � 0.25. This jet charge bin choice
is motivated by our finding that the d-quark jet charge
distribution peaks around Q ⇠ �0.25. See similar ob-
servation in Refs. [28, 29].

The lower panel of Fig. 1 shows the jet charge bin frac-
tions ru,±,0 for the u-quark jets as a function of qT . These
bin fractions were determined from Pythia and are found
to be independent of qT . This agrees with the universal-
ity as expected from our factorization theorem. In Tab. I,
we summarize the ri,±,0 values, including other quark
flavors. We find that ru,±,0 ⇡ rd̄,±,0 ⇡ rd,⌥,0 ⇡ rū,⌥,0

and rs,±,0 ⇡ rs̄,⌥,0, as expected from the QCD flavor
and charge conjugation symmetries and the fact that
only charged pions were included in constructing the jet
charge. A jet charge based only on charged kaons can
increase the negative charge bin fractions of the s-quarks
by a factor of O(5) with respect to the u(d)-quark frac-
tion, allowing for better sensitivity to the strange quark

FIG. 1. The contribution of the u-quark TMD to the normal-
ized qT -distribution ��1d�/dqT . The band shows the scale
uncertainty.
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torization to the process where the proton is transversely
polarized with spin vector ~S?. In this case, d�(S?) =
d�UU + d�UT (S?), where the spin-dependent d�UT de-
pends on the Sivers function [42]. Following the same
steps used to arrive at Eq. (6) for the unpolarized case,
we find that the transverse-spin dependent cross section
within a jet charge bin can be related to the standard
transverse-spin dependent cross section by
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where ri,bin is the same as in the unpolarized case. The
standard transverse-spin dependent cross section for a
given partonic channel i reads [10–12]
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the factorized form

W̃
�
T,i = f̃

?,�
1T,i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) ,

where f̃?,�
1T,i(x, bT , µ) is the Sivers function [10–12], which
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We denote the spin asymmetry in a particular jet charge
bin as Abin

UT .
Similar to Eq. (6), Eq. (7) is another key result that

allows for flavor separation of the Sivers function. The
dominant contribution to AUT is known to come from the
u-quark channel [11, 43], resulting in sensitivity primar-
ily to the u-quark Sivers function. However, following
Eq. (7), an appropriate selection of jet charge bins could
enhance the sensitivity of Abin

UT to the Sivers functions of
the other quark flavors.

Phenomenology. We present numerical results to
demonstrate the implications of the key results in Eqs. (6)
and (7). We work with CM energy

p
s = 105GeV and ap-

ply event selection cuts of Q2
� 10 GeV2, 0.1  y  0.9,

15 GeV  p
e
T  20 GeV, qT  2.5 GeV, and 10 GeV 

pT  25 GeV, where y denotes the inelasticity. Jets are
constructed using anti-kT jet algorithm [44] with radius
R = 1. For the back-to-back electron-jet production, the
gluon TMD does not contribute so that the quark TMDs
can be probed cleanly. In the rest of the paper, we present
the normalized qT -distribution, ��1d�/dqT , with ye and
p
e
T integrated over the allowed range corresponding to

the above selection cuts. We include theoretical uncer-
tainties by varying µ and µb by a factor of 2 around their
central values and taking the envelop.

We first present the unpolarized studies. For calibra-
tion purposes, in the upper panel of Fig. 1 we check the
consistency between Pythia8 simulations and the theo-
retical predictions, only including the u-quark contribu-
tion. Eq. (2) is evaluated at the next-to-leading logarith-
mic accuracy, with non-global logarithms included [10–
12, 39, 45]. We parameterize the u-quark TMD following
Ref. [11]. In Fig. 1, we see good agreement between sim-
ulation and theory for the normalized qT -distribution.

Next, we study the qT -distribution in di↵erent jet
charge bins. The jet charges are constructed using Eq. (1)
with  = 0.3 and only including charged pions in the sum
over hadrons. Thus, if a jet contains no charged pions,
its charge vanishes. We divide the data into three jet
charge bins, the negative (“�”) bin with Q  �0.25,
the neutral bin (“0”) with |Q| < 0.25, and the positive
bin (“+”) with Q � 0.25. This jet charge bin choice
is motivated by our finding that the d-quark jet charge
distribution peaks around Q ⇠ �0.25. See similar ob-
servation in Refs. [28, 29].

The lower panel of Fig. 1 shows the jet charge bin frac-
tions ru,±,0 for the u-quark jets as a function of qT . These
bin fractions were determined from Pythia and are found
to be independent of qT . This agrees with the universal-
ity as expected from our factorization theorem. In Tab. I,
we summarize the ri,±,0 values, including other quark
flavors. We find that ru,±,0 ⇡ rd̄,±,0 ⇡ rd,⌥,0 ⇡ rū,⌥,0

and rs,±,0 ⇡ rs̄,⌥,0, as expected from the QCD flavor
and charge conjugation symmetries and the fact that
only charged pions were included in constructing the jet
charge. A jet charge based only on charged kaons can
increase the negative charge bin fractions of the s-quarks
by a factor of O(5) with respect to the u(d)-quark frac-
tion, allowing for better sensitivity to the strange quark

FIG. 1. The contribution of the u-quark TMD to the normal-
ized qT -distribution ��1d�/dqT . The band shows the scale
uncertainty.
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FIG. 4. Sensitivities of the d-quark channels to the Sivers
asymmetry.

when using specific subset of hadron species to define the
jet charge. Other possible applications of the jet charge
include probing the spin-dependent collinear PDFs, like
the helicity distribution [51, 52] and the Qiu-Sterman
function [26, 53]. We expect the ideas proposed in this
work to open new directions of exploration for jet/spin
physics at the future EIC and complement other probes
of the flavor information via the conventional SIDIS pro-
cess.
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• Jet charge binned cross sections:

• Sivers asymmetry:



Global Event Shapes 

e−e+

thrust axis

thrust axis

• Global event shapes quantify the pattern and geometry of energy flow in the final state.

• Many examples of global events shapes:

e−e+
thrust axis

thrust axis

τ = 1 − T ≪ 1 τ = 1 − T ∼ 1
(Dijet configuration) (mutlijet configuration)

thrust
broadening
C-parameter
angularities
N-Jettiness

• Simpler than tagging hadrons or jet algorithms. Can be computed to high accuracy. 
Provides high precision tests of QCD and powerful probes of hadronization.



• N-jettiness allows for an event-shape based analysis of multi-jet events 
  (generalization of Thrust)

[Stewart, Tackmann, Waalewijin]

• Limit of N narrow jets is given by (Jet Veto)
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We propose the use of N -jettiness (⌧N ), a global event shape variable, as a probe of nuclear
dynamics in lepton-nucleus collisions. It characterizes the amount of soft radiation between the jet
and nuclear beam directions. We write down the factorization for the 1-jettiness (⌧1) distribution
for the production of a single hard jet (J) in lepton-nucleus collisions: `+A(P ) ! J(PJ)+X. Each
nuclear target gives rise to a unique pattern radiation, determined by nuclear dynamics, that can
be quantified by the ⌧1-distribution. Up to power corrections, the ⌧1-distribution allows for a direct
measurement of the nuclear PDFs. Additional nuclear-dependent e↵ects will be dominated through
power corrections of size ⇠ Q2

s(A)/(PJT ⌧1) where Qs(A) is a dynamical scale sensitive to nuclear
medium e↵ects. Such nuclear-dependent e↵ects and the dependence of Qs(A) on the nuclear atomic
number A can be probed through a dedicated program of precision measurements of ⌧1-distributions
for various nuclei and kinematics. We give numerical results for the 1-jettiness distribution for the
simplest case of a proton target at next-to-leading-log accuracy.

PACS numbers: 12.38.Bx, 12.38.Cy, 12.39.St, 24.85.+p

Event shape distributions have played a vital role in
advancing our understanding of various dynamical as-
pects of QCD. A new global event shape for exclusive
N -jet cross-sections, called N -jettiness (⌧N ) [1], was re-
cently introduced to veto additional jets in an inclusive
manner. The definition of ⌧N is given by

⌧N =
X

k

mini
n2qi · pk

Qi

o
, (1)

where qi denote reference four-vectors along the beam
and N jet directions, the sum over k runs over all the
hadronic final state particles of momentum pk, and the
Qi are normalization constants. The region of small ⌧N
constrains radiation between the N jets and the beam di-
rections, with limit ⌧N ! 0 corresponding to N infinitely
narrow jets.

For processes with nuclei in the initial state, N-jettiness
can provide a quantitative way to characterize the unique
pattern of radiation resulting from nuclear collisions
thereby probing nuclear medium e↵ects. Jet tomography
is known to be an important tool to diagnose properties
of the quark-gluon plasma (QGP) produced in relativis-
tic heavy ion collisions [2]. The interactions of an ener-
getic jet moving through a dense medium change the mo-
mentum spectrum of jets (jet-quenching) leading to the
spectacular phenomenon of leading particle or jet sup-
pression observed in relativistic heavy ion collisions at
both RHIC and the LHC [3]. The same interaction also
induces additional radiation to alter the radiation pat-
tern between the beam and jet directions and to change
the overall jet shape. Instead of varying jet shape pa-
rameters to observe such e↵ects [4], one can alternatively
use N-jettiness as a way to quantify the radiation pat-
tern. The combination of jet-quenching and N-jettiness
measurements can provide a comprehensive jet tomogra-

phy to diagnose the properties of a dense medium, such as
QGP or the medium of ordinary nuclei. Similarly, nuclear
dynamics in other processes such as nuclear Deep Inelas-
tic Scattering (DIS) can be studied through N-jettiness
distributions.
As a first step, in this paper, we consider a specific ap-

plication of N-jettiness: single jet production in lepton-
nucleus collisions. Inclusive production of a single jet
with a high transverse momentum (PJT ) and rapidity
(y) in lepton-nucleus collisions, `+ A(P ) ! J(PJ) +X,
is a well-defined observable and can be systematically
calculated in the QCD collinear factorization formalism
[5]. We set up a factorization formalism, based on the
Soft Collinear E↵ective Theory (SCET) [6], that in addi-
tion gives the 1-jettiness distribution for such processes.
The value of ⌧1 constrains the amount of radiation be-
tween the jet and nuclear beam directions. By studying
the ⌧1 distribution for a wide range of nuclei, one can
systematically probe the e↵ect of the nuclear environ-
ment on the observed pattern of radiation. For larger
nuclei, the ⌧1-distribution is expected to be broader with
the peak position shifted toward larger values of ⌧1 cor-
responding to enhanced hadronic activity between the
jet and beam directions due to nuclear-medium e↵ects in
larger nuclei. Such a program can be carried out at the
proposed Electron-Ion Collider (EIC) where the use of a
wide range of nuclear targets are planned. In particular,
a measurement of the ratio of the cross-sections

d�(A, ⌧1, PJT , y)

d�(A = 1, ⌧1, PJT , y)
, (2)

between a larger nuclear target (A) and the nucleon
target (A=1) can isolate A-dependent nuclear medium
e↵ects in the three dimensional configuration space
(⌧1, PJT , y), allowing for detailed dynamical studies of
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manner. The definition of ⌧N is given by
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Qi are normalization constants. The region of small ⌧N
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can provide a quantitative way to characterize the unique
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thereby probing nuclear medium e↵ects. Jet tomography
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tic heavy ion collisions [2]. The interactions of an ener-
getic jet moving through a dense medium change the mo-
mentum spectrum of jets (jet-quenching) leading to the
spectacular phenomenon of leading particle or jet sup-
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As a first step, in this paper, we consider a specific ap-
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(y) in lepton-nucleus collisions, `+ A(P ) ! J(PJ) +X,
is a well-defined observable and can be systematically
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[5]. We set up a factorization formalism, based on the
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FIG. 1: Different situations for the application of N-jettiness.

As we discuss below, this definition of τN yields a fac-
torization formula with inclusive jet and beam functions
and allows the summation of logarithms to next-to-next-
to-leading logarithmic (NNLL) order. The sum over k
in Eq. (1) runs over the momenta pk of all measured
(pseudo-)particles in the final state excluding the signal
leptons or photons in L. (Any other leptons or photons,
e.g. from hadronic decays, are included in the sum.) For
simplicity we take all pk to be massless. The qa, qb, and
q1, ..., qN are a fixed set of massless reference momenta
for the two beams and the N signal jets,

qµa,b =
1

2
xa,bEcm nµ

a,b , nµ
a = (1, ẑ) , nµ

b = (1,−ẑ) ,

qµJ = EJ (1, n̂J) , J = {1, . . . , N} . (2)

The EJ and n̂J correspond to the energies and directions
of the N signal jets (for both massive and massless jets).
Their choice is discussed below. The beam reference mo-
menta qa and qb are the large momentum components of
the colliding partons along the beam axis (taken to be
the z axis). They are defined by

xaEcm = nb · (q1 + · · ·+ qN + q) , (3)

and analogously for xb with a ↔ b. Here, q is the to-
tal momentum of the non-hadronic signal L. In Eq. (1),
Q2 = xaxbE2

cm is the hard interaction scale, and the dis-
tance of a particle with momentum pk from the jets or
beams is measured by qm · pk. If L contains missing en-
ergy, so q and xa,b are not known, one can use a modified
distance measure as we discuss below Eq. (11).
The minimum for each k in Eq. (1) associates the par-

ticle with the closest beam or jet, appropriately dividing
the hadronic initial-state radiation (ISR) and final-state
radiation (FSR). Soft particles and energetic particles
near any jet or beam only give small contributions to the
sum. For 2 → N scattering of massless partons, τN = 0.
Energetic particles far away from all jets and beams give
large contributions. Hence, for τN $ 1 the final state has
N jets, two forward beam jets, and only soft radiation
between them. In this limit xa,b are the momentum frac-
tions of the annihilated partons, and Y = ln(xa/xb)/2 is
the boost of the partonic center-of-mass frame.

N = 2 for e+e− → jets. In e+e− collisions there is no
hadronic ISR, so we drop the qa,b · pk entries in Eq. (1).
NowQ2 is the total invariant mass of the leptons and Y =
0. In the two-jet limit, the jet directions are close to the
thrust axis t̂, defined by the thrust T = maxt̂

∑
i |t̂·"pi|/Q.

Hence we can choose

qµ1 =
1

2
Q (1, t̂ ) , qµ2 =

1

2
Q (1,−t̂ ) (4)

as reference momenta, and Eq. (1) becomes

τee2 =
1

Q

∑

k

Ek min
{
1− cos θk, 1 + cos θk

}
, (5)

where θk is the angle between "pk and t̂. The minimum
divides all particles into the two hemispheres perpendic-
ular to t̂ as shown in Fig. 1(a). For τee2 $ 1, the total
invariant mass in each hemisphere is much smaller than
Q, so the final state contains two narrow jets. In this
limit, τee2 = 1−T , and a factorization theorem exists for
dσ/dτee2 , which can be used to sum logarithms of τee2 [4].
For a given jet algorithm with resolution parameter y,
the value y23 marks the transition between 2 and 3 jets.
Thus requiring y23 $ 1 also vetoes events with > 2 jets.
N = 0 for Drell-Yan. Next, consider the isolated

Drell-Yan process, pp → X%+%− with no hard central
jets, shown in Fig. 1(b). We now have ISR from the in-
coming partons, but no FSR from jets. From Eq. (3) we
have

xaEcm = e+Y
√
q2 + "q 2

T , xbEcm = e−Y
√
q2 + "q 2

T , (6)

where q2 and "qT are the dilepton invariant mass and
transverse momentum, and Y equals the dilepton rapid-
ity. Now, Q2 = q2 + "q 2

T and Eq. (1) becomes

τ0 =
1

Q

∑

k

|"pkT |min
{
eY−ηk , e−Y+ηk

}
. (7)

where |"pkT | and ηk are the transverse momentum and
rapidity of pk. The qa and qb dependence in Eq. (1) ex-
plicitly accounts for the boost of the partonic center-of-
mass frame. For Y = 0, the minimum in Eq. (7) divides

N-Jettiness Global Event Shape 
[PRL 2020]
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FIG. 1: Typical DIS events in the small (left panel) and large (right panel) 1-Jettiness limits,
corresponding to events with the topology of a single jet and multiple jets, respectively. The red
arrows and brown wavy lines denote energetic and soft hadrons, respectively. The unit vectors ~nB

and ~nJ point along the proton beam axis and the leading jet direction, respectively. R denotes the
jet radius of the jet algorithm used to determine the jet reference vector qµ

J
= !Jn

µ

J
/2, used in the

definition of 1-Jettiness. The jet and beam regions, J and B, respectively, are defined according
to the minimization condition in the definition of ⌧1 or ⌧1a in Eq. (7).

values of
p
s =90.0 GeV, 140 GeV, and 319 GeV covering typical kinematics at the EIC and

HERA. The initial electron and proton momenta are given by

P µ =

p
s

2
nµ

B
, nµ

B
= (1, 0, 0, 1),

kµ =

p
s

2
n̄µ

B
, n̄µ

B
= (1, 0, 0,�1), (5)

where we have ignored the electron and proton masses. The relevant and standard DIS
kinematic variables are defined as:

s = (k + P )2, q = k � k0,

Q2 = �q2, x =
Q2

2P · q
, y =

P · q

P · k
, (6)

where Q2 = xys, when we ignore the proton mass. We will also use the notation Q =
p
Q2.

B. 1-Jettiness Observables

The ⌧1 and ⌧1a global event shape variables are defined as:

⌧1 =
X

k

min
n2qB · pk

QB

,
2qJ · pk
QJ

o
, ⌧1a =

X

k

min
n2qB · pk

Q2
,
2qJ · pk
Q2

o
, (7)

respectively. The sum is over all final state particles, except the final state lepton. The
QB and QJ constants in the definition of ⌧1 are associated with the beam and jet sectors,
respectively, and are each of the order of the hard scale in the process. Di↵erent choices for
these constants correspond to di↵erent definitions of ⌧1. By contrast, the ⌧1a definition fixes

1-Jettiness in 
Deep Inelastic 
Scattering

[Z. Kang, SM, Qiu PRD 2012]
[Z. Kang, Liu, SM, Qiu PRD 2013]
[D. Kang, Lee, Stewart PRD 2013]



4

in the center of mass frame, where the initial state proton
and electron momenta, Pµ and k

µ respectively, are given
by

P
µ =

→
s

2
n
µ

B
, n

µ

B
= (1,ωnB),

k
µ =

→
s

2
n̄
µ

B
, n̄

µ

B
= (1,↑ωnB), (9)

where ωnB = ẑ is a unit vector point along the z-axis in
the proton beam direction. The 1-Jettiness global event
shape, ε1, is defined as

ε1 =
∑

k

min
{2qB · pk

QB

,
2qJ · pk

QJ

}
, (10)

where the sum is over all final state particles except the
scattered electron. The q

µ

B
and q

µ

J
denote the beam and

jet reference vectors, respectively, whose explicit expres-
sions will be given shortly below. The QB and QJ are
energy scales at the order of the hard scale. Di!erent
choices for these quantities correspond to di!erent def-
initions of 1-Jettiness. Each final state particle of mo-
mentum pk is grouped with either the beam region or
the jet region according to the minimization condition in
Eq. (10), and accordingly contributes to ε1. In particu-
lar, the jet region is defined as the set of particles with
momenta, pk, that satisfy 2qJ · pk/QJ < 2qB · pk/QB .
Correspondingly, the total jet momentum of the jet re-
gion is given by

P
µ

J
=

∑

k

p
µ

k
ϑ

(
2qB · pk

QB

↑
2qJ · pk

QJ

)
. (11)

The largest contributions to ε1 come from final state par-
ticles 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 ε1 value. Thus, events with small ε1 values have
energetic radiation closely aligned with the beam or jet
reference vectors. Events with large ε1 have additional
energetic radiation at wide angles from both the beam
and jet reference vectors. Therefore, ε1 quantifies the
pattern of final state energy flow.

We choose the beam reference vector

q
µ

B
= xP

µ= ϖB

n
µ

B

2
, (12)

aligned with the beam direction. Here x denotes the
proton momentum fraction carried by the parton partic-
ipating in the hard interaction, and from Eq. (9) we have
ϖB = x

→
s. The jet reference vector is chosen as

qJ = (KJT cosh yK , ωKJT ,KJT sinh yK), (13)

where K
µ

J
is the four-momentum of the leading jet de-

fined by a standard jet algorithm. In our analysis, we
have used the anti-kt algorithm with a jet radius of

e−

⃗nJ

⃗nB

J

B

p

e−

R

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, qµJ .

R = 1. Here KJT and yK denote the transverse mo-
mentum and rapidity of the leading jet, and are used to
construct the null jet reference vector, qµ

J
. Since q

µ

J
is a

null vector, it can be written as

q
µ

J
= ϖJ

n
µ

J

2
, n

µ

J
= (1,ωnJ), (14)

where ωnJ is a unit vector along the leading jet direction,
and ϖJ = 2KJT cosh yK .
Di!erent choices of jet algorithms only a!ect the de-

termination of the reference vector q
µ

J
. The impact of

di!erent choices is power suppressed in the resummation
region, ε1 ↓ PJT , corresponding to events with the topol-
ogy of a single jet, but can lead to order one di!erences
in the fixed-order region ε1 ↔ PJT , characterized by more
than one jet. The jet algorithm with jet radius R, is only
used to determine the jet reference vector, qµ

J
= ϖJn

µ

J
/2.

The final set of particles in the jet region is then deter-
mined by using this qµ

J
in Eq. (11).

We choose the constants QB and QJ as

QB = ϖB , QJ = ϖJ . (15)

For this choice of QB and QJ , the definition of ε1 reduces
to the simpler form

ε1 =
∑

k

min
{
2nB · pk, 2nJ · pk

}
, (16)

so that the choice of the beam and jet reference vectors
corresponds to the choice of directions ωnB and ωnJ , since
the time-like components are fixed to be n0

B
= n

0
J
= 1, as

seen from Eqs. (9) and (14). In this case, these directions
could be determined through a minimization procedure,
requiring that they minimize the value of ε1 in Eq. (16).

1-Jettiness Global Event Shape 
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• -Jettiness definition:1
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µ
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/2, used in the
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B
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kinematic variables are defined as:
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B. 1-Jettiness Observables
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QB
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X

k

min
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Q2
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o
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respectively. The sum is over all final state particles, except the final state lepton. The
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J
= !Jn

µ

J
/2, used in the

definition of 1-Jettiness. The jet and beam regions, J and B, respectively, are defined according
to the minimization condition in the definition of ⌧1 or ⌧1a in Eq. (7).

values of
p
s =90.0 GeV, 140 GeV, and 319 GeV covering typical kinematics at the EIC and

HERA. The initial electron and proton momenta are given by

P µ =

p
s

2
nµ

B
, nµ

B
= (1, 0, 0, 1),

kµ =

p
s

2
n̄µ

B
, n̄µ

B
= (1, 0, 0,�1), (5)

where we have ignored the electron and proton masses. The relevant and standard DIS
kinematic variables are defined as:

s = (k + P )2, q = k � k0,

Q2 = �q2, x =
Q2

2P · q
, y =

P · q

P · k
, (6)

where Q2 = xys, when we ignore the proton mass. We will also use the notation Q =
p
Q2.

B. 1-Jettiness Observables

The ⌧1 and ⌧1a global event shape variables are defined as:

⌧1 =
X

k

min
n2qB · pk

QB

,
2qJ · pk
QJ

o
, ⌧1a =

X

k

min
n2qB · pk

Q2
,
2qJ · pk
Q2

o
, (7)

respectively. The sum is over all final state particles, except the final state lepton. The
QB and QJ constants in the definition of ⌧1 are associated with the beam and jet sectors,
respectively, and are each of the order of the hard scale in the process. Di↵erent choices for
these constants correspond to di↵erent definitions of ⌧1. By contrast, the ⌧1a definition fixes
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for a fixed value of ⌧1. By choosing QJ as a function of a jet size parameter R [35], one can

study the energy contained in the jet as a function of its cone size. This allows us to probe

energy loss near the boundary of the jet while still retaining information on wide-angle soft

radiation through the value of ⌧1.

The dynamics of the process in Eq.(1), in the restricted region ⌧1 ⌧ PJT
, is dominated by

energetic collinear emissions (E ⇠ PJT
) along the nuclear beam and final state jet directions

and soft emissions (E ⇠ ⌧1) in all directions. A convenient framework for such processes

is given by the Soft-Collinear E↵ective Theory (SCET) [38–43], which is a Lagrangian and

operator based formulation of the soft-collinear limit of QCD. The SCET naturally separates

the physics of the disparate scales ⌧1 ⌧ PJT
. A resummation of the Sudakov logarithms ⇠

↵
n

s
ln2n(⌧1/PJT

), associated with the restricted radiation or equivalently a veto on additional

jets or hard radiation, naturally arises through solutions to the renormalization group (RG)

equations in the SCET. For the process in Eq.(1), the SCET framework has a well-defined

power counting in the small parameter �

�
2

⇠
⌧1

PJT

. (8)

In the region of ⌧1 ⇠ PJT
, corresponding to allowing hard radiation or additional jets

between the nuclear beam and jet directions, resummation e↵ects are no longer important

but power corrections can no longer be neglected. In addition, the jet algorithm dependence

is no longer suppressed. The regions ⌧1 ⌧ PJT
and ⌧1 ⇠ PJT

can be smoothly connected via

a matching calculation. In this work, we only focus on the resummation region ⌧1 ⌧ PJT
,

leaving the matching calculation for future work.

Recently [44], a factorization framework based on the SCET, applicable in the region

⌧1 ⌧ PJT
, was introduced for the observable in Eq.(2). In that work, numerical results

at the next-to-leading logarithmic (NLL) accuracy were derived for the case of a proton

target and the impact of non-perturbative e↵ects in the region ⌧1 ⇠ ⇤QCD were studied. In

this work, we extend the numerical results to include a wide range of nuclear targets and

resummation at the next-to-next-to-leading logarithmic (NNLL) accuracy. In particular, we

give numerical results for the nuclear targets: Proton, Carbon (C), Calcium (Ca), Iron (Fe),

Gold (Au), and Uranium (Ur). The factorization formula for the observable in Eq.(2) has

the schematic form

d
3
�

dydPJT
d⌧1

⇠ H ⌦ B ⌦ J ⌦ S, (9)

where H, B, J , and S denote the hard function, the nuclear beam function, the jet function,

and the soft function respectively. The hard function captures the physics of the hard

partonic interaction that initiates the final state jet. Similarly, the jet function describes

the dynamics of collinear energetic radiation in the final state jet and the soft function

describes the low energy radiation throughout the event. The beam function [31] B is a

10

where the parameter ↵ determines the scaling of Qs(A) with the the atomic weight of the

nucleus. Note that for the simplest case of a proton target (A = 1), the nuclear scale is

just Q
2
s
(A = 1) ⇠ ⇤2

QCD
⇠ 1/R2

N
, where RN is the nucleon radius. The power corrections

in Q
2
s
(A)/(⌧1PJT

) can allow one to extract information on higher twist parton correlations

in the nucleus and the nuclear modification of gluon radiation. Note that the size of the

power corrections will increase for heavier nuclear targets as determined by the scaling with

the atomic weight in Eq.(11). The size of these power corrections for a given nuclear target

will also increase at smaller values of ⌧1 and PJT
. Thus, by analyzing the dependence of

data on the A, ⌧1, and PJT
, one can extract information on the size and properties of the

nuclear-dependent power corrections. These power corrections will manifest themselves as

deviations from the leading twist results of Eqs.(9) and (10) that have increased e↵ects

for heavier nuclear targets and smaller values of ⌧1 and PJT
. Also, note that while the jet

algorithm dependence is suppressed in powers of ⌧1/PJT
, the nuclear medium induced e↵ects

are suppressed by Q
2
s
(A)/(⌧1PJT

). Thus, for a fixed PJT
, by going to smaller values of ⌧1 we

can reduce the jet algorithm dependence while increasing the nuclear medium e↵ects.

In the region ⇤QCD ⌧ ⌧1 ⌧ PJT
, where ⌧1 is perturbative, the functions H, J, I, and S

are all perturbatively calculable and are independent of the properties of the initial state

nucleus. Thus, at leading twist, the only dependence on the nuclear target comes from the

nuclear PDF fA and the observable in Eq.(2) becomes a direct probe of the nuclear PDFs.

In the region where ⌧1 ⇠ ⇤QCD, the soft function S becomes non-perturbative. This can

be understood by recalling that the soft function describes the dynamics of soft radiation

with energy E ⇠ ⌧1. In this region, a non-perturbative model must be employed for the

soft function and its parameters can be extracted by a comparison with data. Note that

since the soft function is independent of the nuclear target, it is a universal function. One

can exploit this universality to extract the non-perturbative soft function from data for the

proton target and then use it as a known quantity for processes with other nuclear targets.

For the purposes of illustration, in Fig. 2 we show the di↵erential cross-section in Eq.(2)

as a function of ⌧1 and the jet rapidity (y) for a proton target at PJT
= 20 GeV and a

center of mass energy of 90 GeV. This result includes resummation of the jet-veto Sudakov

logarithms at the NNLL level of accuracy. Studying such distributions in the configuration

space of {⌧1, PJT
, y} for a wide range of nuclear targets and center of mass energies, can

provide detailed information on the structure and dynamics of nuclei. This paper is a first

step towards such a program of exploring nuclear physics in exclusive jet production using

a global event shape.

DISCUSS OTHER LITERATURE1

1 We note here that we do not agree with a comment made in Ref.[?] suggesting that in Ref.[44] there was

an implicit suggestion that the jet reference vector qJ could be given entirely by the sum of the virtual

photon and the initial quark momenta. Such a choice would lead to an incorrect factorization within

our framework due to a mismatch between the final-state jet momentum and the jet reference vector,
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in the center of mass frame, where the initial state proton
and electron momenta, Pµ and k

µ respectively, are given
by

P
µ =

→
s

2
n
µ

B
, n

µ

B
= (1,ωnB),

k
µ =

→
s

2
n̄
µ

B
, n̄

µ

B
= (1,↑ωnB), (9)

where ωnB = ẑ is a unit vector point along the z-axis in
the proton beam direction. The 1-Jettiness global event
shape, ε1, is defined as

ε1 =
∑

k

min
{2qB · pk

QB

,
2qJ · pk

QJ

}
, (10)

where the sum is over all final state particles except the
scattered electron. The q

µ

B
and q

µ

J
denote the beam and

jet reference vectors, respectively, whose explicit expres-
sions will be given shortly below. The QB and QJ are
energy scales at the order of the hard scale. Di!erent
choices for these quantities correspond to di!erent def-
initions of 1-Jettiness. Each final state particle of mo-
mentum pk is grouped with either the beam region or
the jet region according to the minimization condition in
Eq. (10), and accordingly contributes to ε1. In particu-
lar, the jet region is defined as the set of particles with
momenta, pk, that satisfy 2qJ · pk/QJ < 2qB · pk/QB .
Correspondingly, the total jet momentum of the jet re-
gion is given by

P
µ

J
=

∑

k

p
µ

k
ϑ

(
2qB · pk

QB

↑
2qJ · pk

QJ

)
. (11)

The largest contributions to ε1 come from final state par-
ticles 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 ε1 value. Thus, events with small ε1 values have
energetic radiation closely aligned with the beam or jet
reference vectors. Events with large ε1 have additional
energetic radiation at wide angles from both the beam
and jet reference vectors. Therefore, ε1 quantifies the
pattern of final state energy flow.

We choose the beam reference vector

q
µ

B
= xP

µ= ϖB

n
µ

B

2
, (12)

aligned with the beam direction. Here x denotes the
proton momentum fraction carried by the parton partic-
ipating in the hard interaction, and from Eq. (9) we have
ϖB = x

→
s. The jet reference vector is chosen as

qJ = (KJT cosh yK , ωKJT ,KJT sinh yK), (13)

where K
µ

J
is the four-momentum of the leading jet de-

fined by a standard jet algorithm. In our analysis, we
have used the anti-kt algorithm with a jet radius of

e−

⃗nJ

⃗nB

J

B

p

e−

R

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, qµJ .

R = 1. Here KJT and yK denote the transverse mo-
mentum and rapidity of the leading jet, and are used to
construct the null jet reference vector, qµ

J
. Since q

µ

J
is a

null vector, it can be written as

q
µ

J
= ϖJ

n
µ

J

2
, n

µ

J
= (1,ωnJ), (14)

where ωnJ is a unit vector along the leading jet direction,
and ϖJ = 2KJT cosh yK .
Di!erent choices of jet algorithms only a!ect the de-

termination of the reference vector q
µ

J
. The impact of

di!erent choices is power suppressed in the resummation
region, ε1 ↓ PJT , corresponding to events with the topol-
ogy of a single jet, but can lead to order one di!erences
in the fixed-order region ε1 ↔ PJT , characterized by more
than one jet. The jet algorithm with jet radius R, is only
used to determine the jet reference vector, qµ

J
= ϖJn

µ

J
/2.

The final set of particles in the jet region is then deter-
mined by using this qµ

J
in Eq. (11).

We choose the constants QB and QJ as

QB = ϖB , QJ = ϖJ . (15)

For this choice of QB and QJ , the definition of ε1 reduces
to the simpler form

ε1 =
∑

k

min
{
2nB · pk, 2nJ · pk

}
, (16)

so that the choice of the beam and jet reference vectors
corresponds to the choice of directions ωnB and ωnJ , since
the time-like components are fixed to be n0

B
= n

0
J
= 1, as

seen from Eqs. (9) and (14). In this case, these directions
could be determined through a minimization procedure,
requiring that they minimize the value of ε1 in Eq. (16).

• -Jettiness definition:1
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in the center of mass frame, where the initial state proton
and electron momenta, Pµ and k

µ respectively, are given
by
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where ωnB = ẑ is a unit vector point along the z-axis in
the proton beam direction. The 1-Jettiness global event
shape, ε1, is defined as

ε1 =
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where the sum is over all final state particles except the
scattered electron. The q

µ

B
and q

µ

J
denote the beam and

jet reference vectors, respectively, whose explicit expres-
sions will be given shortly below. The QB and QJ are
energy scales at the order of the hard scale. Di!erent
choices for these quantities correspond to di!erent def-
initions of 1-Jettiness. Each final state particle of mo-
mentum pk is grouped with either the beam region or
the jet region according to the minimization condition in
Eq. (10), and accordingly contributes to ε1. In particu-
lar, the jet region is defined as the set of particles with
momenta, pk, that satisfy 2qJ · pk/QJ < 2qB · pk/QB .
Correspondingly, the total jet momentum of the jet re-
gion is given by
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=
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ϑ

(
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)
. (11)

The largest contributions to ε1 come from final state par-
ticles 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 ε1 value. Thus, events with small ε1 values have
energetic radiation closely aligned with the beam or jet
reference vectors. Events with large ε1 have additional
energetic radiation at wide angles from both the beam
and jet reference vectors. Therefore, ε1 quantifies the
pattern of final state energy flow.

We choose the beam reference vector

q
µ

B
= xP
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, (12)

aligned with the beam direction. Here x denotes the
proton momentum fraction carried by the parton partic-
ipating in the hard interaction, and from Eq. (9) we have
ϖB = x

→
s. The jet reference vector is chosen as

qJ = (KJT cosh yK , ωKJT ,KJT sinh yK), (13)

where K
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is the four-momentum of the leading jet de-

fined by a standard jet algorithm. In our analysis, we
have used the anti-kt algorithm with a jet radius of
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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, qµJ .

R = 1. Here KJT and yK denote the transverse mo-
mentum and rapidity of the leading jet, and are used to
construct the null jet reference vector, qµ

J
. Since q

µ

J
is a

null vector, it can be written as

q
µ

J
= ϖJ

n
µ

J

2
, n

µ

J
= (1,ωnJ), (14)

where ωnJ is a unit vector along the leading jet direction,
and ϖJ = 2KJT cosh yK .
Di!erent choices of jet algorithms only a!ect the de-

termination of the reference vector q
µ

J
. The impact of

di!erent choices is power suppressed in the resummation
region, ε1 ↓ PJT , corresponding to events with the topol-
ogy of a single jet, but can lead to order one di!erences
in the fixed-order region ε1 ↔ PJT , characterized by more
than one jet. The jet algorithm with jet radius R, is only
used to determine the jet reference vector, qµ

J
= ϖJn

µ

J
/2.

The final set of particles in the jet region is then deter-
mined by using this qµ

J
in Eq. (11).

We choose the constants QB and QJ as

QB = ϖB , QJ = ϖJ . (15)

For this choice of QB and QJ , the definition of ε1 reduces
to the simpler form

ε1 =
∑

k

min
{
2nB · pk, 2nJ · pk

}
, (16)

so that the choice of the beam and jet reference vectors
corresponds to the choice of directions ωnB and ωnJ , since
the time-like components are fixed to be n0

B
= n

0
J
= 1, as

seen from Eqs. (9) and (14). In this case, these directions
could be determined through a minimization procedure,
requiring that they minimize the value of ε1 in Eq. (16).

• -Jettiness jet momentum:1

1-Jettiness Global Event Shape 
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FIG. 2. Pythia 8.312 [96, 97] simulation data (blue dots) for
the normalized 1-Jettiness ω1-distribution compared to the
theoretical prediction at the N3LL level of accuracy with a soft
function model that describes hadronization e!ects. 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, PJT = [20.0, 30.0] GeV, and yJ = [↑2.5, 2.5].

One might also consider fixing the direction of ωnB to be
along the proton beam axis, varying only the direction
of ωnJ during the minimization procedure. We note that
through such minimization procedures, it is possible to
define ε1, and the corresponding jet and beam regions,
without the use of any jet algorithm. However, for con-
venience, in our analysis we have made use of a jet algo-
rithm to determine ωnJ , as described earlier. Ultimately,
di!erences in the methods used to define the jet refer-
ence vector qµ

J
/QJ will yield power suppressed e!ects in

the resummation region, ε1 → PJT , so that the struc-
ture of the corresponding factorization theorem does not
explicitly depend on them at leading power in ε1/PJT .

The factorization formula for the ε1 distribution in the
resummation region is given by [13]

dϑresum [ε1, PJT , yJ ] = ϑ0 H(ϖ, µ;µH)

↑

∫
dsJ

∫
dta S

(
ε1 ↓

ta

Qa

↓
sJ

QJ

, µ;µS

)

↑

[∑

qi

Lqi J
qi(sJ , µ;µJ)Bqi(x→, ta, µ;µB)

+
∑

q̄i

Lq̄i J
q̄i(sJ , µ;µJ)Bq̄i(x→, ta, µ;µB)

]
, (17)

where Q
2
qi
ϑ0 is the partonic Born-level cross section due

to single photon exchange for an electron scattering o! a
quark, qi, with electric charge, Qqi , in units of the proton
electric charge. For single photon exchange, Lqi = Q

2
qi
,

but it can include additional terms corresponding to the
relative additional contributions arising from including
Z-boson exchange. Explicit expressions for ϑ0 and Lqi,q̄i

can be found in Refs. [13] and [9, 13], respectively. H,

S, J
qi,q̄i , and Bqi,q̄i denote the hard function, soft func-

tion, quark and antiquark jet functions, and quark and
antiquark beam functiuons, respectively, and

x→ =
e
yJPJT

↔
s↓ e↑yJPJT

, ϖ = x→
↔
sPJT e

↑yJ . (18)

Note that the hard, soft, jet, and beam functions are
all evaluated at the common renormalization scale µ

after renormalization group evolution from the scales
µH ↗ PJT , µS ↗ ε1, µJ ↗ µB ↗

√
PJT ε1 which elimi-

nates 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 anti-quark beam functions (Bq,q̄) are matched [89]
onto the PDFs as

B(qi,q̄i)(x, ta, µ;µB) =
∑

i

∫ 1

x

dz

z
I(qi,q̄i)j

(
x

z
, ta, µ;µB

)

↑fj/A(z, µB), (19)

where the I(qi,q̄i)j functions are perturbatively calculable.
The hard [98, 99], soft [100, 101], jet [98, 99, 102], and
beam functions [103, 104] are known to O(ϱ2

s
). The jet

function is now known [105] to O(ϱ3
s
). Results for this

1-Jettiness spectrum are known [13] at the N3LL+O(ϱ2
s
)

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 addi-
tion to the measurement of the 1-Jettiness global event
shape itself. In the resummation region, ε1 → PJT , its
factorization formula is given by

dϑresum [Q, ε1, PJT , yJ ] = ϑ0 H(ϖ, µ;µH)

↑

∫
dsJ

∫
dta S

(
ε1 ↓

ta

Qa

↓
sJ

QJ

, µ;µS

)

↑

[∑

qi

Lqi G
qi(Q, sJ , µ;µJ)Bqi(x→, ta, µ;µB)

+
∑

q̄i

Lq̄i G
q̄i(Q, sJ , µ;µJ)Bq̄i(x→, ta, µ;µB)

]
.(20)

Compared to Eq. (17), the jet function J
q(sJ , µ) is

now replaced with the charged jet function, Gq(Q, sJ , µ),
which corresponds to the insertion of a jet charge mea-
surement 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 def-
inition of jet charge in Eq. (1) which weighs the charge
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FIG. 1: Typical DIS events in the small (left panel) and large (right panel) 1-Jettiness limits,
corresponding to events with the topology of a single jet and multiple jets, respectively. The red
arrows and brown wavy lines denote energetic and soft hadrons, respectively. The unit vectors ~nB

and ~nJ point along the proton beam axis and the leading jet direction, respectively. R denotes the
jet radius of the jet algorithm used to determine the jet reference vector qµ

J
= !Jn

µ

J
/2, used in the

definition of 1-Jettiness. The jet and beam regions, J and B, respectively, are defined according
to the minimization condition in the definition of ⌧1 or ⌧1a in Eq. (7).

values of
p
s =90.0 GeV, 140 GeV, and 319 GeV covering typical kinematics at the EIC and

HERA. The initial electron and proton momenta are given by

P µ =

p
s

2
nµ

B
, nµ

B
= (1, 0, 0, 1),

kµ =

p
s

2
n̄µ

B
, n̄µ

B
= (1, 0, 0,�1), (5)

where we have ignored the electron and proton masses. The relevant and standard DIS
kinematic variables are defined as:

s = (k + P )2, q = k � k0,

Q2 = �q2, x =
Q2

2P · q
, y =

P · q

P · k
, (6)

where Q2 = xys, when we ignore the proton mass. We will also use the notation Q =
p
Q2.

B. 1-Jettiness Observables

The ⌧1 and ⌧1a global event shape variables are defined as:

⌧1 =
X

k

min
n2qB · pk

QB

,
2qJ · pk
QJ

o
, ⌧1a =

X

k

min
n2qB · pk

Q2
,
2qJ · pk
Q2

o
, (7)

respectively. The sum is over all final state particles, except the final state lepton. The
QB and QJ constants in the definition of ⌧1 are associated with the beam and jet sectors,
respectively, and are each of the order of the hard scale in the process. Di↵erent choices for
these constants correspond to di↵erent definitions of ⌧1. By contrast, the ⌧1a definition fixes

3

schematic, factorized form

dωresum [ε1, PJT , yJ ] → H ↑B ↑ J ↑ S, (3)

where H denotes the hard function describing the hard
partonic scattering, J denotes the jet function describ-
ing the energetic radiation collinear with jet region, S

denotes the soft function describing the soft radiation
throughout the event, and B denotes the beam func-
tion [89] describing initial state collinear radiation along
the beam. The beam function can be further factorized
as [6, 89]

B → I ↑ f, (4)

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

On the other hand, the fixed-order region, ε1 → PJT ,
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
perturbative QCD framework. The resummation and
fixed-order regions can be matched to give a smooth 1-
Jettiness spectrum over the entire range of ε1. Most re-
cently, results for the 1-Jettiness spectrum was obtained
at the N3LL+O(ϑ2

s
) 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 “1-Jettiness Jet Charge.” The cross section is
now di!erential in four variables, (Q, ε1, PJT , yJ), and is
denoted as:

dω [Q, ε1, PJT , yJ ] ↓
d
3
ω(e→ + p ↔ J +X)

dyJ dPJT dε1 dQ
. (5)

The correlation between the 1-Jettiness jet charge, Q,
with the electric charge of the hard-scattered quark, al-
lows for enhanced flavor separation of the initial state
PDFs through the jet-charge-binned 1-Jettiness distri-
butions. This correlation is expected to be the strongest
in the resummation region, ε1 ↗ PJT , 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 resummation region, using the
Soft-Collinear E!ective Theory (SCET) [90–95], the dif-
ferential cross section for the 1-Jettiness Jet Charge dis-
tribution has the schematic form

dωresum [Q, ε1, PJT , yJ ] → H ↑B ↑ G ↑ S, (6)

which has the same form as Eq. (3), except for the re-
placement 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 func-
tion, 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 nonpertur-
bative since the jet charge measurement is made on fi-
nal state hadrons, making it sensitive to the hadroniza-
tion 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 di!erential 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

dωresum

[
Q

bin
, ε1, PJT , yJ

]
→ H ↑B ↑ Gbin ↑ S, (7)

where Gbin denotes the jet charge function integrated
over a jet charge bin. The positive jet charge bin
(QJ > 0.25) will give more weight to the contribution
of the u-quark to the 1-Jettiness spectrum, correspond-
ing to its positive electric charge. The negative jet charge
bin (QJ < ↘0.25) will give more weight to the contribu-
tion of the d, s-quarks to the 1-Jettiness spectrum, corre-
sponding to their negative electric charge. Thus, binning
the 1-Jettiness distribution according to the 1-Jettiness
jet charge allows for disentangling initial state proton
structure functions by flavor. For scattering of unpolar-
ized protons, this corresponds to separating the collinear
PDFs by flavor. The longitudinal single spin asymme-
try constructed from scattering o! polarized protons will
allow for flavor separation of helicity PDFs.
Alternatively, with the multi-di!erential cross section

in Eq. (5) one can integrate over ε1-bins to give the 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 ε1. Such studies can probe flavor dynamics
in the hadronization process, providing a new tool for
distinguishing between di!erent hadronization models.
We also note that this observable can be adapted to

the charged current DIS events, e→ + p ↔ ϖe + J + X

since the undetected neutrino, tagged as missing energy,
does not contribute to the ε1,Q, PJT , or yJ observables.
Such a charge current DIS observable will complement
the analysis of neutral current DIS as it probes di!erent
combinations of initial state proton structure functions,
allowing for further separation of structure functions by
flavor. We leave the charge current DIS analysis for fu-
ture work.
Finally, we note that the formalism for the 1-Jettiness

charge observable developed here is ideally suited for the
proposed Electron-Ion Collider (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 cur-
rent (NC) DIS process:

e
→(k) + p(P ) ↔ e

→(k↑) + J +X, (8)

3

schematic, factorized form

dωresum [ε1, PJT , yJ ] → H ↑B ↑ J ↑ S, (3)
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cently, results for the 1-Jettiness spectrum was obtained
at the N3LL+O(ϑ2

s
) 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 “1-Jettiness Jet Charge.” The cross section is
now di!erential in four variables, (Q, ε1, PJT , yJ), and is
denoted as:

dω [Q, ε1, PJT , yJ ] ↓
d
3
ω(e→ + p ↔ J +X)
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. (5)
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with the electric charge of the hard-scattered quark, al-
lows for enhanced flavor separation of the initial state
PDFs through the jet-charge-binned 1-Jettiness distri-
butions. This correlation is expected to be the strongest
in the resummation region, ε1 ↗ PJT , 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 resummation region, using the
Soft-Collinear E!ective Theory (SCET) [90–95], the dif-
ferential cross section for the 1-Jettiness Jet Charge dis-
tribution has the schematic form

dωresum [Q, ε1, PJT , yJ ] → H ↑B ↑ G ↑ S, (6)

which has the same form as Eq. (3), except for the re-
placement 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 func-
tion, 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 nonpertur-
bative since the jet charge measurement is made on fi-
nal state hadrons, making it sensitive to the hadroniza-
tion 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
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colliders or the LHC. The di!erential 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
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]
→ H ↑B ↑ Gbin ↑ S, (7)

where Gbin denotes the jet charge function integrated
over a jet charge bin. The positive jet charge bin
(QJ > 0.25) will give more weight to the contribution
of the u-quark to the 1-Jettiness spectrum, correspond-
ing to its positive electric charge. The negative jet charge
bin (QJ < ↘0.25) will give more weight to the contribu-
tion of the d, s-quarks to the 1-Jettiness spectrum, corre-
sponding to their negative electric charge. Thus, binning
the 1-Jettiness distribution according to the 1-Jettiness
jet charge allows for disentangling initial state proton
structure functions by flavor. For scattering of unpolar-
ized protons, this corresponds to separating the collinear
PDFs by flavor. The longitudinal single spin asymme-
try constructed from scattering o! polarized protons will
allow for flavor separation of helicity PDFs.
Alternatively, with the multi-di!erential cross section

in Eq. (5) one can integrate over ε1-bins to give the 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 ε1. Such studies can probe flavor dynamics
in the hadronization process, providing a new tool for
distinguishing between di!erent hadronization models.
We also note that this observable can be adapted to

the charged current DIS events, e→ + p ↔ ϖe + J + X

since the undetected neutrino, tagged as missing energy,
does not contribute to the ε1,Q, PJT , or yJ observables.
Such a charge current DIS observable will complement
the analysis of neutral current DIS as it probes di!erent
combinations of initial state proton structure functions,
allowing for further separation of structure functions by
flavor. We leave the charge current DIS analysis for fu-
ture work.
Finally, we note that the formalism for the 1-Jettiness

charge observable developed here is ideally suited for the
proposed Electron-Ion Collider (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 cur-
rent (NC) DIS process:

e
→(k) + p(P ) ↔ e

→(k↑) + J +X, (8)
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FIG. 2. Pythia 8.312 [96, 97] simulation data (blue dots) for
the normalized 1-Jettiness ω1-distribution compared to the
theoretical prediction at the N3LL level of accuracy with a soft
function model that describes hadronization e!ects. 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, PJT = [20.0, 30.0] GeV, and yJ = [↑2.5, 2.5].

One might also consider fixing the direction of ωnB to be
along the proton beam axis, varying only the direction
of ωnJ during the minimization procedure. We note that
through such minimization procedures, it is possible to
define ε1, and the corresponding jet and beam regions,
without the use of any jet algorithm. However, for con-
venience, in our analysis we have made use of a jet algo-
rithm to determine ωnJ , as described earlier. Ultimately,
di!erences in the methods used to define the jet refer-
ence vector qµ

J
/QJ will yield power suppressed e!ects in

the resummation region, ε1 → PJT , so that the struc-
ture of the corresponding factorization theorem does not
explicitly depend on them at leading power in ε1/PJT .

The factorization formula for the ε1 distribution in the
resummation region is given by [13]

dϑresum [ε1, PJT , yJ ] = ϑ0 H(ϖ, µ;µH)

↑

∫
dsJ

∫
dta S

(
ε1 ↓

ta

Qa

↓
sJ

QJ

, µ;µS

)

↑

[∑

qi

Lqi J
qi(sJ , µ;µJ)Bqi(x→, ta, µ;µB)

+
∑

q̄i

Lq̄i J
q̄i(sJ , µ;µJ)Bq̄i(x→, ta, µ;µB)

]
, (17)

where Q
2
qi
ϑ0 is the partonic Born-level cross section due

to single photon exchange for an electron scattering o! a
quark, qi, with electric charge, Qqi , in units of the proton
electric charge. For single photon exchange, Lqi = Q

2
qi
,

but it can include additional terms corresponding to the
relative additional contributions arising from including
Z-boson exchange. Explicit expressions for ϑ0 and Lqi,q̄i

can be found in Refs. [13] and [9, 13], respectively. H,

S, J
qi,q̄i , and Bqi,q̄i denote the hard function, soft func-

tion, quark and antiquark jet functions, and quark and
antiquark beam functiuons, respectively, and

x→ =
e
yJPJT

↔
s↓ e↑yJPJT

, ϖ = x→
↔
sPJT e

↑yJ . (18)

Note that the hard, soft, jet, and beam functions are
all evaluated at the common renormalization scale µ

after renormalization group evolution from the scales
µH ↗ PJT , µS ↗ ε1, µJ ↗ µB ↗

√
PJT ε1 which elimi-

nates 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 anti-quark beam functions (Bq,q̄) are matched [89]
onto the PDFs as

B(qi,q̄i)(x, ta, µ;µB) =
∑

i

∫ 1

x

dz

z
I(qi,q̄i)j

(
x

z
, ta, µ;µB

)

↑fj/A(z, µB), (19)

where the I(qi,q̄i)j functions are perturbatively calculable.
The hard [98, 99], soft [100, 101], jet [98, 99, 102], and
beam functions [103, 104] are known to O(ϱ2

s
). The jet

function is now known [105] to O(ϱ3
s
). Results for this

1-Jettiness spectrum are known [13] at the N3LL+O(ϱ2
s
)

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 addi-
tion to the measurement of the 1-Jettiness global event
shape itself. In the resummation region, ε1 → PJT , its
factorization formula is given by

dϑresum [Q, ε1, PJT , yJ ] = ϑ0 H(ϖ, µ;µH)

↑

∫
dsJ

∫
dta S

(
ε1 ↓

ta

Qa

↓
sJ

QJ

, µ;µS

)

↑

[∑

qi

Lqi G
qi(Q, sJ , µ;µJ)Bqi(x→, ta, µ;µB)

+
∑

q̄i

Lq̄i G
q̄i(Q, sJ , µ;µJ)Bq̄i(x→, ta, µ;µB)

]
.(20)

Compared to Eq. (17), the jet function J
q(sJ , µ) is

now replaced with the charged jet function, Gq(Q, sJ , µ),
which corresponds to the insertion of a jet charge mea-
surement 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 def-
inition of jet charge in Eq. (1) which weighs the charge
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FIG. 1: Typical DIS events in the small (left panel) and large (right panel) 1-Jettiness limits,
corresponding to events with the topology of a single jet and multiple jets, respectively. The red
arrows and brown wavy lines denote energetic and soft hadrons, respectively. The unit vectors ~nB

and ~nJ point along the proton beam axis and the leading jet direction, respectively. R denotes the
jet radius of the jet algorithm used to determine the jet reference vector qµ

J
= !Jn

µ

J
/2, used in the

definition of 1-Jettiness. The jet and beam regions, J and B, respectively, are defined according
to the minimization condition in the definition of ⌧1 or ⌧1a in Eq. (7).

values of
p
s =90.0 GeV, 140 GeV, and 319 GeV covering typical kinematics at the EIC and

HERA. The initial electron and proton momenta are given by

P µ =

p
s

2
nµ

B
, nµ

B
= (1, 0, 0, 1),

kµ =

p
s

2
n̄µ

B
, n̄µ

B
= (1, 0, 0,�1), (5)

where we have ignored the electron and proton masses. The relevant and standard DIS
kinematic variables are defined as:

s = (k + P )2, q = k � k0,

Q2 = �q2, x =
Q2

2P · q
, y =

P · q

P · k
, (6)

where Q2 = xys, when we ignore the proton mass. We will also use the notation Q =
p
Q2.

B. 1-Jettiness Observables

The ⌧1 and ⌧1a global event shape variables are defined as:

⌧1 =
X

k

min
n2qB · pk

QB

,
2qJ · pk
QJ

o
, ⌧1a =

X

k

min
n2qB · pk

Q2
,
2qJ · pk
Q2

o
, (7)

respectively. The sum is over all final state particles, except the final state lepton. The
QB and QJ constants in the definition of ⌧1 are associated with the beam and jet sectors,
respectively, and are each of the order of the hard scale in the process. Di↵erent choices for
these constants correspond to di↵erent definitions of ⌧1. By contrast, the ⌧1a definition fixes
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FIG. 2. Pythia 8.312 [96, 97] simulation data (blue dots) for
the normalized 1-Jettiness ω1-distribution compared to the
theoretical prediction at the N3LL level of accuracy with a soft
function model that describes hadronization e!ects. 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, PJT = [20.0, 30.0] GeV, and yJ = [↑2.5, 2.5].

One might also consider fixing the direction of ωnB to be
along the proton beam axis, varying only the direction
of ωnJ during the minimization procedure. We note that
through such minimization procedures, it is possible to
define ε1, and the corresponding jet and beam regions,
without the use of any jet algorithm. However, for con-
venience, in our analysis we have made use of a jet algo-
rithm to determine ωnJ , as described earlier. Ultimately,
di!erences in the methods used to define the jet refer-
ence vector qµ

J
/QJ will yield power suppressed e!ects in

the resummation region, ε1 → PJT , so that the struc-
ture of the corresponding factorization theorem does not
explicitly depend on them at leading power in ε1/PJT .

The factorization formula for the ε1 distribution in the
resummation region is given by [13]

dϑresum [ε1, PJT , yJ ] = ϑ0 H(ϖ, µ;µH)

↑

∫
dsJ

∫
dta S

(
ε1 ↓

ta

Qa

↓
sJ

QJ

, µ;µS

)

↑

[∑

qi

Lqi J
qi(sJ , µ;µJ)Bqi(x→, ta, µ;µB)

+
∑

q̄i

Lq̄i J
q̄i(sJ , µ;µJ)Bq̄i(x→, ta, µ;µB)

]
, (17)

where Q
2
qi
ϑ0 is the partonic Born-level cross section due

to single photon exchange for an electron scattering o! a
quark, qi, with electric charge, Qqi , in units of the proton
electric charge. For single photon exchange, Lqi = Q

2
qi
,

but it can include additional terms corresponding to the
relative additional contributions arising from including
Z-boson exchange. Explicit expressions for ϑ0 and Lqi,q̄i

can be found in Refs. [13] and [9, 13], respectively. H,

S, J
qi,q̄i , and Bqi,q̄i denote the hard function, soft func-

tion, quark and antiquark jet functions, and quark and
antiquark beam functiuons, respectively, and

x→ =
e
yJPJT

↔
s↓ e↑yJPJT

, ϖ = x→
↔
sPJT e

↑yJ . (18)

Note that the hard, soft, jet, and beam functions are
all evaluated at the common renormalization scale µ

after renormalization group evolution from the scales
µH ↗ PJT , µS ↗ ε1, µJ ↗ µB ↗

√
PJT ε1 which elimi-

nates 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 anti-quark beam functions (Bq,q̄) are matched [89]
onto the PDFs as

B(qi,q̄i)(x, ta, µ;µB) =
∑

i

∫ 1

x

dz

z
I(qi,q̄i)j

(
x

z
, ta, µ;µB

)

↑fj/A(z, µB), (19)

where the I(qi,q̄i)j functions are perturbatively calculable.
The hard [98, 99], soft [100, 101], jet [98, 99, 102], and
beam functions [103, 104] are known to O(ϱ2

s
). The jet

function is now known [105] to O(ϱ3
s
). Results for this

1-Jettiness spectrum are known [13] at the N3LL+O(ϱ2
s
)

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 addi-
tion to the measurement of the 1-Jettiness global event
shape itself. In the resummation region, ε1 → PJT , its
factorization formula is given by

dϑresum [Q, ε1, PJT , yJ ] = ϑ0 H(ϖ, µ;µH)

↑

∫
dsJ

∫
dta S

(
ε1 ↓

ta

Qa

↓
sJ

QJ

, µ;µS

)

↑

[∑

qi

Lqi G
qi(Q, sJ , µ;µJ)Bqi(x→, ta, µ;µB)

+
∑

q̄i

Lq̄i G
q̄i(Q, sJ , µ;µJ)Bq̄i(x→, ta, µ;µB)

]
.(20)

Compared to Eq. (17), the jet function J
q(sJ , µ) is

now replaced with the charged jet function, Gq(Q, sJ , µ),
which corresponds to the insertion of a jet charge mea-
surement 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 def-
inition of jet charge in Eq. (1) which weighs the charge
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scattering in the nucleus. For the simplest case of the proton, Eq.(43) gives Q2
s
(A = 1) ⇠

⇤2
QCD

as expected.

A systematic analysis can be performed in the SCET to derive the operator structure of

the various power corrections. We leave such an analysis for future works, where we will

study in detail how the multiple scattering induced gluon radiation in the final state will

alter the radiation pattern, in particular the ⌧1 distribution. At the moment we discuss

nuclear-dependent power corrections, that depend on Qs(A), and how they may be probed

through measurements of ⌧1-distributions. As seen in Eq.(A7), the beam function is nuclear

matrix element and is the only source of nuclear target dependence in the factorization

formula of Eq.(22). An operator product expansion (OPE) in Qs(A)/ta can be performed

on the beam function where leading term is given by a perturbative function convoluted

with the standard PDFs as shown in Eq.(23). However, higher order terms in the OPE lead

to the more general form of the beam function

B
q(x, ta, µ;µB) =

Z 1

x

dz

z
I
qi

⇣
x

z
, ta, µ;µB

⌘
fi/A(z, µB) +O

⇣
Q

2
s
(A)

ta

⌘
, (44)

where the power corrections in Q
2
s
(A)/ta are associated with higher twist nuclear matrix

elements. Recall that the beam function argument ta ⇠ µ
2
B

⇠ ⌧1PJT
, gives the virtuality

of the initial parton that goes o↵-shell via initial state radiation before entering the hard

interaction, as explained in section III. Thus, the power correction to the beam function

has a scaling

Q
2
s
(A)

ta
⇠

A
↵⇤2

QCD

⌧1PJT

. (45)

Note that this power correction has a dependence on the nuclear atomic weight through the

factor of A↵. Thus, for heavier nuclei, the e↵ect of these of power corrections is expected to

be larger. A detailed study of ⌧1 distributions over a wide range of nuclear targets can probe

these nuclear-dependent power corrections. In particular, these power corrections will lead

to deviations from prediction of the leading twist factorization given by Eqs.(22) and (23)

and these deviations are expected to be larger for heavier nuclei.

IV. NUMERICAL RESULTS

In this section, we present numerical results for the di↵erential cross-section in Eq.(2).

We present results for a range of nuclear targets: Proton, Carbon (C), Calcium (Ca), Iron

(Fe), Gold (Au), and Uranium (Ur). The results are at leading order in the SCET power

counting parameter �2
⇠ ⌧1/PJT

and include a resummation of large logarithms in ⌧1/PJT
up

to the next-to-next-to-leading logarithmic (NNLL) level of accuracy, using the convention in

Table 1 of Ref. [30] for determining the order of resummation. In the region ⌧1 � ⇤QCD, the

numerical results are determined entirely in terms of perturbatively calculable functions and

• -Jettiness factorization formula:1
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and ~nJ point along the proton beam axis and the leading jet direction, respectively. R denotes the
jet radius of the jet algorithm used to determine the jet reference vector qµ
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= !Jn

µ

J
/2, used in the

definition of 1-Jettiness. The jet and beam regions, J and B, respectively, are defined according
to the minimization condition in the definition of ⌧1 or ⌧1a in Eq. (7).

values of
p
s =90.0 GeV, 140 GeV, and 319 GeV covering typical kinematics at the EIC and

HERA. The initial electron and proton momenta are given by

P µ =

p
s

2
nµ

B
, nµ

B
= (1, 0, 0, 1),

kµ =

p
s

2
n̄µ

B
, n̄µ

B
= (1, 0, 0,�1), (5)

where we have ignored the electron and proton masses. The relevant and standard DIS
kinematic variables are defined as:

s = (k + P )2, q = k � k0,

Q2 = �q2, x =
Q2

2P · q
, y =

P · q

P · k
, (6)

where Q2 = xys, when we ignore the proton mass. We will also use the notation Q =
p
Q2.

B. 1-Jettiness Observables

The ⌧1 and ⌧1a global event shape variables are defined as:

⌧1 =
X

k

min
n2qB · pk

QB

,
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QJ

o
, ⌧1a =

X

k

min
n2qB · pk
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,
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o
, (7)

respectively. The sum is over all final state particles, except the final state lepton. The
QB and QJ constants in the definition of ⌧1 are associated with the beam and jet sectors,
respectively, and are each of the order of the hard scale in the process. Di↵erent choices for
these constants correspond to di↵erent definitions of ⌧1. By contrast, the ⌧1a definition fixes
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3

schematic, factorized form

dωresum [ε1, PJT , yJ ] → H ↑B ↑ J ↑ S, (3)

where H denotes the hard function describing the hard
partonic scattering, J denotes the jet function describ-
ing the energetic radiation collinear with jet region, S

denotes the soft function describing the soft radiation
throughout the event, and B denotes the beam func-
tion [89] describing initial state collinear radiation along
the beam. The beam function can be further factorized
as [6, 89]

B → I ↑ f, (4)

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

On the other hand, the fixed-order region, ε1 → PJT ,
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
perturbative QCD framework. The resummation and
fixed-order regions can be matched to give a smooth 1-
Jettiness spectrum over the entire range of ε1. Most re-
cently, results for the 1-Jettiness spectrum was obtained
at the N3LL+O(ϑ2

s
) 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 “1-Jettiness Jet Charge.” The cross section is
now di!erential in four variables, (Q, ε1, PJT , yJ), and is
denoted as:

dω [Q, ε1, PJT , yJ ] ↓
d
3
ω(e→ + p ↔ J +X)

dyJ dPJT dε1 dQ
. (5)

The correlation between the 1-Jettiness jet charge, Q,
with the electric charge of the hard-scattered quark, al-
lows for enhanced flavor separation of the initial state
PDFs through the jet-charge-binned 1-Jettiness distri-
butions. This correlation is expected to be the strongest
in the resummation region, ε1 ↗ PJT , 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 resummation region, using the
Soft-Collinear E!ective Theory (SCET) [90–95], the dif-
ferential cross section for the 1-Jettiness Jet Charge dis-
tribution has the schematic form

dωresum [Q, ε1, PJT , yJ ] → H ↑B ↑ G ↑ S, (6)

which has the same form as Eq. (3), except for the re-
placement 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 func-
tion, 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 nonpertur-
bative since the jet charge measurement is made on fi-
nal state hadrons, making it sensitive to the hadroniza-
tion 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 di!erential 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

dωresum

[
Q

bin
, ε1, PJT , yJ

]
→ H ↑B ↑ Gbin ↑ S, (7)

where Gbin denotes the jet charge function integrated
over a jet charge bin. The positive jet charge bin
(QJ > 0.25) will give more weight to the contribution
of the u-quark to the 1-Jettiness spectrum, correspond-
ing to its positive electric charge. The negative jet charge
bin (QJ < ↘0.25) will give more weight to the contribu-
tion of the d, s-quarks to the 1-Jettiness spectrum, corre-
sponding to their negative electric charge. Thus, binning
the 1-Jettiness distribution according to the 1-Jettiness
jet charge allows for disentangling initial state proton
structure functions by flavor. For scattering of unpolar-
ized protons, this corresponds to separating the collinear
PDFs by flavor. The longitudinal single spin asymme-
try constructed from scattering o! polarized protons will
allow for flavor separation of helicity PDFs.
Alternatively, with the multi-di!erential cross section

in Eq. (5) one can integrate over ε1-bins to give the 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 ε1. Such studies can probe flavor dynamics
in the hadronization process, providing a new tool for
distinguishing between di!erent hadronization models.
We also note that this observable can be adapted to

the charged current DIS events, e→ + p ↔ ϖe + J + X

since the undetected neutrino, tagged as missing energy,
does not contribute to the ε1,Q, PJT , or yJ observables.
Such a charge current DIS observable will complement
the analysis of neutral current DIS as it probes di!erent
combinations of initial state proton structure functions,
allowing for further separation of structure functions by
flavor. We leave the charge current DIS analysis for fu-
ture work.
Finally, we note that the formalism for the 1-Jettiness

charge observable developed here is ideally suited for the
proposed Electron-Ion Collider (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 cur-
rent (NC) DIS process:

e
→(k) + p(P ) ↔ e

→(k↑) + J +X, (8)

3
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where H denotes the hard function describing the hard
partonic scattering, J denotes the jet function describ-
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throughout the event, and B denotes the beam func-
tion [89] describing initial state collinear radiation along
the beam. The beam function can be further factorized
as [6, 89]

B → I ↑ f, (4)

where I describes the perturbatively calculable initial
state collinear radiation and f denotes the PDF.
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to it as the “1-Jettiness Jet Charge.” The cross section is
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denoted as:
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3
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which has the same form as Eq. (3), except for the re-
placement 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,
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tion, G, is obtained through the insertion of a jet charge
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bative since the jet charge measurement is made on fi-
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has the schematic form
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where Gbin denotes the jet charge function integrated
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(QJ > 0.25) will give more weight to the contribution
of the u-quark to the 1-Jettiness spectrum, correspond-
ing to its positive electric charge. The negative jet charge
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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 ε1. Such studies can probe flavor dynamics
in the hadronization process, providing a new tool for
distinguishing between di!erent hadronization models.
We also note that this observable can be adapted to

the charged current DIS events, e→ + p ↔ ϖe + J + X

since the undetected neutrino, tagged as missing energy,
does not contribute to the ε1,Q, PJT , or yJ observables.
Such a charge current DIS observable will complement
the analysis of neutral current DIS as it probes di!erent
combinations of initial state proton structure functions,
allowing for further separation of structure functions by
flavor. We leave the charge current DIS analysis for fu-
ture work.
Finally, we note that the formalism for the 1-Jettiness

charge observable developed here is ideally suited for the
proposed Electron-Ion Collider (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 cur-
rent (NC) DIS process:

e
→(k) + p(P ) ↔ e
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Jet Charge Measurement with 1-Jettiness 

𝒬κ = ∑
h∈jet

zκ
h Qh

“charged jet function” 𝒢(𝒬, s)

describes evolution of single quark to a jet with charge  and jet mass squared 𝒬 s

• Factorization formula:
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arrows and brown wavy lines denote energetic and soft hadrons, respectively. The unit vectors ~nB

and ~nJ point along the proton beam axis and the leading jet direction, respectively. R denotes the
jet radius of the jet algorithm used to determine the jet reference vector qµ

J
= !Jn

µ

J
/2, used in the

definition of 1-Jettiness. The jet and beam regions, J and B, respectively, are defined according
to the minimization condition in the definition of ⌧1 or ⌧1a in Eq. (7).

values of
p
s =90.0 GeV, 140 GeV, and 319 GeV covering typical kinematics at the EIC and

HERA. The initial electron and proton momenta are given by

P µ =

p
s

2
nµ

B
, nµ

B
= (1, 0, 0, 1),

kµ =

p
s

2
n̄µ

B
, n̄µ

B
= (1, 0, 0,�1), (5)

where we have ignored the electron and proton masses. The relevant and standard DIS
kinematic variables are defined as:

s = (k + P )2, q = k � k0,

Q2 = �q2, x =
Q2

2P · q
, y =

P · q

P · k
, (6)

where Q2 = xys, when we ignore the proton mass. We will also use the notation Q =
p
Q2.

B. 1-Jettiness Observables

The ⌧1 and ⌧1a global event shape variables are defined as:

⌧1 =
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QJ
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, ⌧1a =

X
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min
n2qB · pk

Q2
,
2qJ · pk
Q2

o
, (7)

respectively. The sum is over all final state particles, except the final state lepton. The
QB and QJ constants in the definition of ⌧1 are associated with the beam and jet sectors,
respectively, and are each of the order of the hard scale in the process. Di↵erent choices for
these constants correspond to di↵erent definitions of ⌧1. By contrast, the ⌧1a definition fixes
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FIG. 2. Pythia 8.312 [96, 97] simulation data (blue dots) for
the normalized 1-Jettiness ω1-distribution compared to the
theoretical prediction at the N3LL level of accuracy with a soft
function model that describes hadronization e!ects. 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, PJT = [20.0, 30.0] GeV, and yJ = [↑2.5, 2.5].

One might also consider fixing the direction of ωnB to be
along the proton beam axis, varying only the direction
of ωnJ during the minimization procedure. We note that
through such minimization procedures, it is possible to
define ε1, and the corresponding jet and beam regions,
without the use of any jet algorithm. However, for con-
venience, in our analysis we have made use of a jet algo-
rithm to determine ωnJ , as described earlier. Ultimately,
di!erences in the methods used to define the jet refer-
ence vector qµ

J
/QJ will yield power suppressed e!ects in

the resummation region, ε1 → PJT , so that the struc-
ture of the corresponding factorization theorem does not
explicitly depend on them at leading power in ε1/PJT .

The factorization formula for the ε1 distribution in the
resummation region is given by [13]

dϑresum [ε1, PJT , yJ ] = ϑ0 H(ϖ, µ;µH)

↑

∫
dsJ

∫
dta S

(
ε1 ↓

ta

Qa

↓
sJ

QJ

, µ;µS

)

↑

[∑

qi

Lqi J
qi(sJ , µ;µJ)Bqi(x→, ta, µ;µB)

+
∑

q̄i

Lq̄i J
q̄i(sJ , µ;µJ)Bq̄i(x→, ta, µ;µB)

]
, (17)

where Q
2
qi
ϑ0 is the partonic Born-level cross section due

to single photon exchange for an electron scattering o! a
quark, qi, with electric charge, Qqi , in units of the proton
electric charge. For single photon exchange, Lqi = Q

2
qi
,

but it can include additional terms corresponding to the
relative additional contributions arising from including
Z-boson exchange. Explicit expressions for ϑ0 and Lqi,q̄i

can be found in Refs. [13] and [9, 13], respectively. H,

S, J
qi,q̄i , and Bqi,q̄i denote the hard function, soft func-

tion, quark and antiquark jet functions, and quark and
antiquark beam functiuons, respectively, and

x→ =
e
yJPJT

↔
s↓ e↑yJPJT

, ϖ = x→
↔
sPJT e

↑yJ . (18)

Note that the hard, soft, jet, and beam functions are
all evaluated at the common renormalization scale µ

after renormalization group evolution from the scales
µH ↗ PJT , µS ↗ ε1, µJ ↗ µB ↗

√
PJT ε1 which elimi-

nates 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 anti-quark beam functions (Bq,q̄) are matched [89]
onto the PDFs as

B(qi,q̄i)(x, ta, µ;µB) =
∑

i

∫ 1

x

dz

z
I(qi,q̄i)j

(
x

z
, ta, µ;µB

)

↑fj/A(z, µB), (19)

where the I(qi,q̄i)j functions are perturbatively calculable.
The hard [98, 99], soft [100, 101], jet [98, 99, 102], and
beam functions [103, 104] are known to O(ϱ2

s
). The jet

function is now known [105] to O(ϱ3
s
). Results for this

1-Jettiness spectrum are known [13] at the N3LL+O(ϱ2
s
)

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 addi-
tion to the measurement of the 1-Jettiness global event
shape itself. In the resummation region, ε1 → PJT , its
factorization formula is given by

dϑresum [Q, ε1, PJT , yJ ] = ϑ0 H(ϖ, µ;µH)

↑

∫
dsJ

∫
dta S

(
ε1 ↓

ta

Qa

↓
sJ

QJ

, µ;µS

)

↑

[∑

qi

Lqi G
qi(Q, sJ , µ;µJ)Bqi(x→, ta, µ;µB)

+
∑

q̄i

Lq̄i G
q̄i(Q, sJ , µ;µJ)Bq̄i(x→, ta, µ;µB)

]
.(20)

Compared to Eq. (17), the jet function J
q(sJ , µ) is

now replaced with the charged jet function, Gq(Q, sJ , µ),
which corresponds to the insertion of a jet charge mea-
surement 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 def-
inition of jet charge in Eq. (1) which weighs the charge

“charged jet function”

• Factorization formula:

• Charged jet function is convoluted 
with soft function since both contribute 
to the “jet region mass” which in turn 
contributes to -Jettiness1
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of each particle by its jet energy fraction. The dynamic
jet charge allows for the contribution of the soft parti-
cles to be further suppressed by choosing the ω parame-
ter as a dynamic function of the hadron energy fraction,
zh. Therefore, at leading power, the jet charge measure-
ment operator only acts on the energetic collinear parti-
cles in the jet region. Consequently, only the jet function,
J
q(sJ , µ), is a!ected and replaced with the jet charge jet

function G
q(Q, sJ , µ). We discuss power suppressed cor-

rections arising from soft particles in appendix B.
The charged jet function, G

q(Q, sJ , µ), is in general
a non-perturbative object since the jet charge measure-
ment operator is not collinear safe and sensitive to
the hadronization process. However, G

q(Q, sJ , µ) has
the same renormalization scale dependence as Jq(sJ , µ).
This follows 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 sim-
ply by replacing J

q(sJ , µ) with G
q(Q, sJ , µ) in Eq. (17).

Integrating Eq. (20) over all Q should give back the stan-
dard 1-Jettiness cross section in Eq. (17). In particular,
integrating G

q(Q, sJ , µ) over Q gives back the standard
jet function

∫
dQ G

q(Q, sJ , µ) = J
q(sJ , µ), (21)

which also follows from Eqs. (A1) and (A2). In position
space, the jet function, Jq(y, µ), and charged jet function,
G
q(Q, y, µ), are defined through the Fourier transforms

J
q(s, µ) =

∫
dy

2ε
e
iys

J
q(y, µ),

G
q(Q, s, µ) =

∫
dy

2ε
e
iys

G
q(Q, y, µ). (22)

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

R
q(Q, y) →

G
q(Q, y, µ)

Jq(y, µ)
. (23)

Therefore G
q(Q, y, µ) and J

q(y, µ) are related through
the multiplicative function R

q(Q, y) as

G
q(Q, y, µ) = R

q(Q, y)Jq(y, µ). (24)

Note that R
q(Q, y) is renormalization scale indepen-

dent due to the cancellation between the renormaliza-
tion group running, which is multiplicative in position
space, of Gq(Q, y, µ) and J

q(y, µ) in the ratio. The mul-
tiplicative relation in Eq. (24) becomes a convolution in
momentum space. Using Eq. (24) in Eq. (22), we get

G
q(Q, s, µ) =

∫
ds

→
R

q(Q, s↑ s
→) Jq(s→, µ), (25)

where Rq(Q, s) corresponds to the momentum space def-
inition

R
q(Q, s) =

∫
dy

2ε
e
iys

R
q(Q, y). (26)

Combining Eqs. (21) and (25) leads to the normalization
conditions∫

dQR
q(Q, s) = ϑ(s),

∫
dQR

q(Q, y) = 1. (27)

From Eq. (25), we see that the function R(Q, s) acts
as the integral kernel that transforms the standard jet
function, Jq(s, µ), distribution in the mass squared vari-
able, ‘s’, to the new distribution, Gq(Q, s, µ), where the
final state is restricted to, in addition, have a jet charge
value of Q. It is a universal, non-perturbative function
that can be extracted from data on other jet-based global
event shapes, as explained in section V.
Using Eq. (25) in Eq. (20), the resummed factorization

formula di!erential in jet charge takes the form:

dϖresum [Q, ϱ1, PJT , yJ ] = ϖ0 H(ς, µ;µH)

↓

∫
dsJ

∫
dta

∫
ds

→
J
S

(
ϱ1 ↑

ta

Qa

↑
sJ

QJ

, µ;µS

)
(28)

↓

[∑

qi

Lqi R
qi(Q, sJ ↑ s

→
J
)Jqi(s→

J
, µ;µJ)Bqi(x↑, ta, µ;µB)

+
∑

q̄i

Lq̄i R
q̄i(Q, sJ ↑ s

→
J
)J q̄i(s→
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bin. Correspondingly, we can define the charged jet func-
tion integrated over a jet charge bin in momentum and
position space as

G
q

bin(s, µ) =

∫
ds

→
R

q

bin(s↑ s
→) Jq(s→, µ),

G
q

bin(y, µ) = R
q

bin(y) J
q(y, µ), (29)

where the binned R
q

bin(s) and R
q

bin(y) functions are given
by

R
q

bin(s) =

∫

bin
dQR

q(Q, s),

R
q

bin(y) =

∫

bin
dQR

q(Q, y). (30)

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

dϖresum

[
Q

bin
, ϱ1, PJT , yJ

]
= ϖ0 H(ς, µ;µH) (31)

↓

∫
dsJ

∫
dta

∫
ds

→
J
S

(
ϱ1 ↑

ta

Qa

↑
sJ

QJ

, µ;µS

)

↓

[∑

qi

Lqi R
qi

bin(sJ ↑ s
→
J
)Jqi(s→

J
, µ;µJ)Bqi(x↑, ta, µ;µB)

+
∑

q̄i

Lq̄i R
q̄i

bin(sJ ↑ s
→
J
)J q̄i(s→

J
, µ;µJ)Bq̄i(x↑, ta, µ;µB)

]
.

IV. 1-JETTINESS JET CHARGE
DISTRIBUTION WITH POLARIZED PROTONS

The 1-Jettiness Jet Charge formalism can be straight-
forwardly extended to DIS with longitudinally polarized

charged jet 
function

standard jet 
function

universal 
non-perturbative
function 

6

of each particle by its jet energy fraction. The dynamic
jet charge allows for the contribution of the soft parti-
cles to be further suppressed by choosing the ω parame-
ter as a dynamic function of the hadron energy fraction,
zh. Therefore, at leading power, the jet charge measure-
ment operator only acts on the energetic collinear parti-
cles in the jet region. Consequently, only the jet function,
J
q(sJ , µ), is a!ected and replaced with the jet charge jet

function G
q(Q, sJ , µ). We discuss power suppressed cor-

rections arising from soft particles in appendix B.
The charged jet function, G

q(Q, sJ , µ), is in general
a non-perturbative object since the jet charge measure-
ment operator is not collinear safe and sensitive to
the hadronization process. However, G

q(Q, sJ , µ) has
the same renormalization scale dependence as Jq(sJ , µ).
This follows 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 sim-
ply by replacing J

q(sJ , µ) with G
q(Q, sJ , µ) in Eq. (17).

Integrating Eq. (20) over all Q should give back the stan-
dard 1-Jettiness cross section in Eq. (17). In particular,
integrating G

q(Q, sJ , µ) over Q gives back the standard
jet function

∫
dQ G

q(Q, sJ , µ) = J
q(sJ , µ), (21)

which also follows from Eqs. (A1) and (A2). In position
space, the jet function, Jq(y, µ), and charged jet function,
G
q(Q, y, µ), are defined through the Fourier transforms

J
q(s, µ) =

∫
dy

2ε
e
iys

J
q(y, µ),

G
q(Q, s, µ) =

∫
dy

2ε
e
iys

G
q(Q, y, µ). (22)

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

R
q(Q, y) →

G
q(Q, y, µ)

Jq(y, µ)
. (23)

Therefore G
q(Q, y, µ) and J

q(y, µ) are related through
the multiplicative function R

q(Q, y) as

G
q(Q, y, µ) = R

q(Q, y)Jq(y, µ). (24)

Note that R
q(Q, y) is renormalization scale indepen-

dent due to the cancellation between the renormaliza-
tion group running, which is multiplicative in position
space, of Gq(Q, y, µ) and J

q(y, µ) in the ratio. The mul-
tiplicative relation in Eq. (24) becomes a convolution in
momentum space. Using Eq. (24) in Eq. (22), we get

G
q(Q, s, µ) =

∫
ds

→
R

q(Q, s↑ s
→) Jq(s→, µ), (25)

where Rq(Q, s) corresponds to the momentum space def-
inition
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∫
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e
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R
q(Q, y). (26)

Combining Eqs. (21) and (25) leads to the normalization
conditions∫
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q(Q, s) = ϑ(s),

∫
dQR

q(Q, y) = 1. (27)

From Eq. (25), we see that the function R(Q, s) acts
as the integral kernel that transforms the standard jet
function, Jq(s, µ), distribution in the mass squared vari-
able, ‘s’, to the new distribution, Gq(Q, s, µ), where the
final state is restricted to, in addition, have a jet charge
value of Q. It is a universal, non-perturbative function
that can be extracted from data on other jet-based global
event shapes, as explained in section V.
Using Eq. (25) in Eq. (20), the resummed factorization

formula di!erential in jet charge takes the form:
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• Must recover standard jet function when integrated over all possible 
jet charge values (no jet charge measurement):

• Implies normalization condition:
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FIG. 1: Typical DIS events in the small (left panel) and large (right panel) 1-Jettiness limits,
corresponding to events with the topology of a single jet and multiple jets, respectively. The red
arrows and brown wavy lines denote energetic and soft hadrons, respectively. The unit vectors ~nB

and ~nJ point along the proton beam axis and the leading jet direction, respectively. R denotes the
jet radius of the jet algorithm used to determine the jet reference vector qµ

J
= !Jn

µ

J
/2, used in the

definition of 1-Jettiness. The jet and beam regions, J and B, respectively, are defined according
to the minimization condition in the definition of ⌧1 or ⌧1a in Eq. (7).

values of
p
s =90.0 GeV, 140 GeV, and 319 GeV covering typical kinematics at the EIC and

HERA. The initial electron and proton momenta are given by

P µ =

p
s

2
nµ

B
, nµ

B
= (1, 0, 0, 1),

kµ =

p
s

2
n̄µ

B
, n̄µ

B
= (1, 0, 0,�1), (5)

where we have ignored the electron and proton masses. The relevant and standard DIS
kinematic variables are defined as:

s = (k + P )2, q = k � k0,

Q2 = �q2, x =
Q2

2P · q
, y =

P · q

P · k
, (6)

where Q2 = xys, when we ignore the proton mass. We will also use the notation Q =
p
Q2.

B. 1-Jettiness Observables

The ⌧1 and ⌧1a global event shape variables are defined as:

⌧1 =
X

k

min
n2qB · pk

QB

,
2qJ · pk
QJ

o
, ⌧1a =

X

k

min
n2qB · pk

Q2
,
2qJ · pk
Q2

o
, (7)

respectively. The sum is over all final state particles, except the final state lepton. The
QB and QJ constants in the definition of ⌧1 are associated with the beam and jet sectors,
respectively, and are each of the order of the hard scale in the process. Di↵erent choices for
these constants correspond to di↵erent definitions of ⌧1. By contrast, the ⌧1a definition fixes
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FIG. 5. The normalized 1-Jettiness ω1-distribution (black)
using Pythia data along with the relative contributions of dif-
ferent quark flavors. The relevant EIC kinematics chosen are:→
s = 90.0 GeV, PJT = [20.0, 30.0] GeV, and yJ = [↑2.5, 2.5].

FIG. 6. The normalized 1-Jettiness ω1-distribution (black) us-
ing Pythia data along with the relative contributions from the
negative (blue), central (gray), and positive (red) standard jet
charge bins corresponding to Q < ↑0.25, ↑0.25 < Q < 0.25,
and Q > 0.25, respectuvely. The relevant EIC kinematics
chosen are:

→
s = 90.0 GeV, PJT = [20.0, 30.0] GeV, and

yJ = [↑2.5, 2.5].

A. Probing Nucleon Flavor Structure

In Fig. 5, we show the normalized 1-Jettiness distribu-
tion (upper black curve). We also show the contributions
to the 1-Jettiness distribution from scattering o! quarks
of di!erent flavors in the initial state nucleon. We see
that the 1-Jettiness distribution is overwhelmingly dom-
inated 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 anti-
quarks.

FIG. 7. The normalized 1-Jettiness ω1-distribution (black) us-
ing 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 rela-
tive contributions of di!erent quark flavors. The relevant EIC
kinematics chosen are:

→
s = 90.0 GeV, PJT = [20.0, 30.0]

GeV, and yJ = [↑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 dis-
tribution from each jet charge bin. The dominant con-
tribution comes from the positive (Q > 0.25) jet charge

1-Jettiness Spectrum: Pythia Simulations 
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A. Probing Nucleon Flavor Structure

In Fig. 5, we show the normalized 1-Jettiness distribu-
tion (upper black curve). We also show the contributions
to the 1-Jettiness distribution from scattering o! quarks
of di!erent flavors in the initial state nucleon. We see
that the 1-Jettiness distribution is overwhelmingly dom-
inated 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 anti-
quarks.

FIG. 7. The normalized 1-Jettiness ω1-distribution (black) us-
ing 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 rela-
tive contributions of di!erent quark flavors. The relevant EIC
kinematics chosen are:

→
s = 90.0 GeV, PJT = [20.0, 30.0]

GeV, and yJ = [↑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 dis-
tribution from each jet charge bin. The dominant con-
tribution comes from the positive (Q > 0.25) jet charge

1-Jettiness: Negative Jet Charge (Standard) Bin

no jet charge 
measurement

restricted to negative 
jet charge bin:

𝒬 < − 0.25

Enhanced sensitivity 
to -quark PDFd

• Jet charge binned -Jettiness can disentangle PDFs by flavor.1
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FIG. 8. The normalized 1-Jettiness ω1-distribution (black)
using Pythia data in the positive (Q > 0.25, top panel),
the central (→0.25 < Q < 0.25, middle panel) and nega-
tive (Q < →0.25, bottom panel) Dynamic Jet Charge bins,
along with the relative contributions of di!erent quark fla-
vors. The relevant EIC kinematics chosen are:

↑
s = 90.0

GeV, PJT = [20.0, 30.0] GeV, and yJ = [→2.5, 2.5].

bin, corresponding to the fact that the 1-Jettiness dis-
tribution is dominated by the contribution from the u-
quark which initiates jets with a standard jet charge dis-
tribution peaked in the positive jet charge bin. Note
that u-quark initiated jets still have a non-zero probabil-
ity 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 distrubution from di!erent quark flavors in
each standard jet charge bin. We see that in the pos-
itive (top panel) and central (middle panel) jet charge
bin, the 1-Jettiness distribution is overwhelmingly domi-
nated by the u-quark contribution. However, we see that
in the negative (bottom panel) jet charge bin, the con-
tribution from the d-quark is comparable to that from
the u-quark, indicating that one has enhanced sensitiv-
ity to the d-quark PDF when the 1-Jettiness distribution
is restricted to the negative jet charge bin. In Fig. 8,
we show the corresponding results using the dynamic jet
charge definition. Once again, we see enhanced sensitiv-
ity 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 dis-
tribution binned according to the 1-Jettiness value char-
acterizing the shape of the energy flow in each event.
This allows us to study the jet charge, Q, as a func-
tion of the shape of the overall energy flow as charac-
terized by ω1. 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 kine-
matics of

↑
s = 90.0 GeV, PJT = [20.0, 30.0] GeV, and

yJ = [→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 di!erent ω1-
bins for the standard (top panel) and dynamic (bot-
tom panel) jet charge definitions. The total unbinned
Q-distribution (black) is normalized to unity. The ω1-
binned Q-distributions in turn are normalized to the un-
binned distribution so that we can see the relative frac-
tion of events in the di!erent ω1-bins, characterizing the
pattern of energy flow, as a function of the jet region
charge.
Another potentially interesting observable is the aver-

age jet charge as a function of 1-Jettiness. Theoretically,
it can be defined via the probability distribution in the
1-Jettiness jet charge, Q:

P (Q, ω
bin
1 , P

bin
JT

, y
bin
J

) =
dε[Q, ω

bin
1 , P

bin
JT

, y
bin
J

]

dε[ωbin1 , P
bin
JT

, y
bin
J

]
, (61)

where the bin superscript indicates an integration over
the corresponding bin. Note that dε[Q, ω1, PJT , yJ ] and
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FIG. 5. The normalized 1-Jettiness ω1-distribution (black)
using Pythia data along with the relative contributions of dif-
ferent quark flavors. The relevant EIC kinematics chosen are:→
s = 90.0 GeV, PJT = [20.0, 30.0] GeV, and yJ = [↑2.5, 2.5].

FIG. 6. The normalized 1-Jettiness ω1-distribution (black) us-
ing Pythia data along with the relative contributions from the
negative (blue), central (gray), and positive (red) standard jet
charge bins corresponding to Q < ↑0.25, ↑0.25 < Q < 0.25,
and Q > 0.25, respectuvely. The relevant EIC kinematics
chosen are:

→
s = 90.0 GeV, PJT = [20.0, 30.0] GeV, and

yJ = [↑2.5, 2.5].

A. Probing Nucleon Flavor Structure

In Fig. 5, we show the normalized 1-Jettiness distribu-
tion (upper black curve). We also show the contributions
to the 1-Jettiness distribution from scattering o! quarks
of di!erent flavors in the initial state nucleon. We see
that the 1-Jettiness distribution is overwhelmingly dom-
inated 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 anti-
quarks.

FIG. 7. The normalized 1-Jettiness ω1-distribution (black) us-
ing 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 rela-
tive contributions of di!erent quark flavors. The relevant EIC
kinematics chosen are:

→
s = 90.0 GeV, PJT = [20.0, 30.0]

GeV, and yJ = [↑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 dis-
tribution from each jet charge bin. The dominant con-
tribution comes from the positive (Q > 0.25) jet charge

no jet charge 
measurement

restricted to negative 
jet charge bin: 𝒬 < − 0.25

1-Jettiness: Negative Jet Charge (Dynamic) Bin

• Jet charge binned -Jettiness can disentangle PDFs by flavor.1
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protons. The 1-Jettiness distribution of the longitudi-
nally polarized nucleon asymmetry serves as a probe of
the helicity PDFs. The Q-binned 1-Jettiness distribu-
tion then allows enhanced flavor separation of the helicity
PDFs.

The resummation formula for the 1-Jettiness distribu-
tion, ω1, of the longitudinally polarized nucleon asymme-
try is schematically given by [106]

d!εresum [ω1, PJT , yJ ] → !H ↑!B ↑ J ↑ S, (32)

where! denotes the polarization dependence in hard and
beam functions needed to obtain the longitudinal nucleon
polarization asymmetry. The polarized beam function [6,
89, 106], !B, can be factorized as

!B → !I ↑!f, (33)

where !I is perturbatively calculable and !f denotes
the helicity PDF. The corresponding factorization and
resummation formula for the 1-Jettiness jet charge dis-
tribution, in addition to the standard 1-Jettiness distri-
bution, is given by replacing the standard jet function,
J , with the charged jet function, G:

d!εresum [Q, ω1, PJT , yJ ] → !H ↑!B ↑ 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, correspond-
ing to its universality property. Similarly, studying the
jet-charge-binned 1-Jettiness distribution of the longitu-
dinally nucleon spin asymmetry facilitates disentangling
the flavor structure of the helicity PDFs. We leave de-
tailed phenomenological studies of the flavor structure of
the helicity PDFs using the 1-Jettiness jet charge formal-
ism for future work. In this work, we focus on introducing
the main ideas and formalism of 1-Jettiness jet charge in
DIS of unpolarized protons only.

V. UNIVERSALITY OF THE CHARGED JET
FUNCTION

Eqs. (28) and (31) are key results, providing factor-
ization formulae for the 1-Jettiness Jet Charge distri-
bution. They give the fully di”erential cross section
dε [QJ , ω1, PJT , yJ ] and the jet-charge-binned cross sec-
tion dε

[
Q

bin
J

, ω1, PJT , yJ

]
, respectively, in the resumma-

tion region ω1 ↓ PJT . The predictive power of this fac-
torization framework is enhanced due to the universality
of the various functions appearing in the factorization
formulae. The hard function H(ϑ, µ) describes univer-
sal QCD corrections to the hard scattering quark cur-
rent vertex due to single photon or Z-boson exchange in
standard fully inclusive DIS. It is perturbatively calcu-
lable with results known [98, 99] to O(ϖ2

s
). The univer-

sal quark beam functions [89], Bq(x, t, µ), describe the
physics of perturbative 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 [103, 104] to O(ϖ2

s
). The jet

function describes the physics of the energetic radiation
in the jet region, and collinear with the leading jet direc-
tion, and is known [98, 99, 102] to O(ϖ2

s
). 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, Jqi(s, µ) = J

q(s, µ),
so that the jet functions are independent of quark flavor.
The soft function S(ω1, µ) describes the soft radiation,
E → ω1, throughout the event. In the resummation re-
gion, ω1 ↓ PJT , the soft function is perturbatively cal-
culable when ω1 ↔ #QCD. When ω1 → #QCD the soft
function becomes non-perturbative and requires the in-
troduction of a non-perturbative model. In the tail re-
gion, ω1 → PJT ↔ #QCD, it can be expanded [107–111]
through an operator product expansion (OPE) in powers
of #QCD/ω1. The first term in the OPE is perturbatively
calculable and the dominant non-perturbative e”ects
come from the first correction term in the OPE. However,
the soft function, and its associated non-perturbative ef-
fects, are universal since it is the same soft function that
appears in Eq. (17) for the standard 1-Jettiness distribu-
tion where no jet charge measurement is made.
The new ingredients in the 1-Jettiness Jet Charge fac-

torization formula are the R
q(Q, s) functions appearing

in Eq. (28). In general, they are non-perturbative ob-
jects since the jet charge measurement is not collinear
safe and sensitive to the hadronization process. However,
these non-perturbative functions are universal and renor-
malization scale independent. They can be extracted
from other observables that also make jet charge mea-
surements on the jet regions of global event shapes. N-
Jettiness [6] is an ideal global event shape for such pur-
poses. It characterizes how closely the pattern of final
state radiation resembles a N-jet like event. Small val-
ues of N-Jettiness, ωN , correspond to events that closely
resemble an exclusive N-Jet event. Large values of ωN
correspond to events with additional jets or energetic
radiation in di”erent directions. The resummation re-
gion corresponds to small values of N-Jettiness, ωN ↓ Q,
where Q denotes the hard scale in the problem. For e+e→

colliders, in the resummation region, the N-Jettiness dif-
ferential distribution has the schematic form

dεresum

dωN
→ H ↑ J ↑ · · ·↑ J ↑ S, (35)

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 ω2 ↓ Q.
In order to access the universal Gq(Q, s, µ) jet charge

function, and the corresponding R
q(Q, s) functions

needed for the 1-Jettiness Jet Charge distribution, one
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protons. The 1-Jettiness distribution of the longitudi-
nally polarized nucleon asymmetry serves as a probe of
the helicity PDFs. The Q-binned 1-Jettiness distribu-
tion then allows enhanced flavor separation of the helicity
PDFs.

The resummation formula for the 1-Jettiness distribu-
tion, ω1, of the longitudinally polarized nucleon asymme-
try is schematically given by [106]

d!εresum [ω1, PJT , yJ ] → !H ↑!B ↑ J ↑ S, (32)

where! denotes the polarization dependence in hard and
beam functions needed to obtain the longitudinal nucleon
polarization asymmetry. The polarized beam function [6,
89, 106], !B, can be factorized as

!B → !I ↑!f, (33)

where !I is perturbatively calculable and !f denotes
the helicity PDF. The corresponding factorization and
resummation formula for the 1-Jettiness jet charge dis-
tribution, in addition to the standard 1-Jettiness distri-
bution, is given by replacing the standard jet function,
J , with the charged jet function, G:

d!εresum [Q, ω1, PJT , yJ ] → !H ↑!B ↑ 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, correspond-
ing to its universality property. Similarly, studying the
jet-charge-binned 1-Jettiness distribution of the longitu-
dinally nucleon spin asymmetry facilitates disentangling
the flavor structure of the helicity PDFs. We leave de-
tailed phenomenological studies of the flavor structure of
the helicity PDFs using the 1-Jettiness jet charge formal-
ism for future work. In this work, we focus on introducing
the main ideas and formalism of 1-Jettiness jet charge in
DIS of unpolarized protons only.

V. UNIVERSALITY OF THE CHARGED JET
FUNCTION

Eqs. (28) and (31) are key results, providing factor-
ization formulae for the 1-Jettiness Jet Charge distri-
bution. They give the fully di”erential cross section
dε [QJ , ω1, PJT , yJ ] and the jet-charge-binned cross sec-
tion dε

[
Q
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J

, ω1, PJT , yJ

]
, respectively, in the resumma-

tion region ω1 ↓ PJT . The predictive power of this fac-
torization framework is enhanced due to the universality
of the various functions appearing in the factorization
formulae. The hard function H(ϑ, µ) describes univer-
sal QCD corrections to the hard scattering quark cur-
rent vertex due to single photon or Z-boson exchange in
standard fully inclusive DIS. It is perturbatively calcu-
lable with results known [98, 99] to O(ϖ2

s
). The univer-

sal quark beam functions [89], Bq(x, t, µ), describe the
physics of perturbative 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 [103, 104] to O(ϖ2

s
). The jet

function describes the physics of the energetic radiation
in the jet region, and collinear with the leading jet direc-
tion, and is known [98, 99, 102] to O(ϖ2

s
). 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, Jqi(s, µ) = J

q(s, µ),
so that the jet functions are independent of quark flavor.
The soft function S(ω1, µ) describes the soft radiation,
E → ω1, throughout the event. In the resummation re-
gion, ω1 ↓ PJT , the soft function is perturbatively cal-
culable when ω1 ↔ #QCD. When ω1 → #QCD the soft
function becomes non-perturbative and requires the in-
troduction of a non-perturbative model. In the tail re-
gion, ω1 → PJT ↔ #QCD, it can be expanded [107–111]
through an operator product expansion (OPE) in powers
of #QCD/ω1. The first term in the OPE is perturbatively
calculable and the dominant non-perturbative e”ects
come from the first correction term in the OPE. However,
the soft function, and its associated non-perturbative ef-
fects, are universal since it is the same soft function that
appears in Eq. (17) for the standard 1-Jettiness distribu-
tion where no jet charge measurement is made.
The new ingredients in the 1-Jettiness Jet Charge fac-

torization formula are the R
q(Q, s) functions appearing

in Eq. (28). In general, they are non-perturbative ob-
jects since the jet charge measurement is not collinear
safe and sensitive to the hadronization process. However,
these non-perturbative functions are universal and renor-
malization scale independent. They can be extracted
from other observables that also make jet charge mea-
surements on the jet regions of global event shapes. N-
Jettiness [6] is an ideal global event shape for such pur-
poses. It characterizes how closely the pattern of final
state radiation resembles a N-jet like event. Small val-
ues of N-Jettiness, ωN , correspond to events that closely
resemble an exclusive N-Jet event. Large values of ωN
correspond to events with additional jets or energetic
radiation in di”erent directions. The resummation re-
gion corresponds to small values of N-Jettiness, ωN ↓ Q,
where Q denotes the hard scale in the problem. For e+e→

colliders, in the resummation region, the N-Jettiness dif-
ferential distribution has the schematic form

dεresum

dωN
→ H ↑ J ↑ · · ·↑ J ↑ S, (35)

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
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function, and the corresponding R
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protons. The 1-Jettiness distribution of the longitudi-
nally polarized nucleon asymmetry serves as a probe of
the helicity PDFs. The Q-binned 1-Jettiness distribu-
tion then allows enhanced flavor separation of the helicity
PDFs.

The resummation formula for the 1-Jettiness distribu-
tion, ω1, of the longitudinally polarized nucleon asymme-
try is schematically given by [106]

d!εresum [ω1, PJT , yJ ] → !H ↑!B ↑ J ↑ S, (32)

where! denotes the polarization dependence in hard and
beam functions needed to obtain the longitudinal nucleon
polarization asymmetry. The polarized beam function [6,
89, 106], !B, can be factorized as

!B → !I ↑!f, (33)

where !I is perturbatively calculable and !f denotes
the helicity PDF. The corresponding factorization and
resummation formula for the 1-Jettiness jet charge dis-
tribution, in addition to the standard 1-Jettiness distri-
bution, is given by replacing the standard jet function,
J , with the charged jet function, G:

d!εresum [Q, ω1, PJT , yJ ] → !H ↑!B ↑ 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, correspond-
ing to its universality property. Similarly, studying the
jet-charge-binned 1-Jettiness distribution of the longitu-
dinally nucleon spin asymmetry facilitates disentangling
the flavor structure of the helicity PDFs. We leave de-
tailed phenomenological studies of the flavor structure of
the helicity PDFs using the 1-Jettiness jet charge formal-
ism for future work. In this work, we focus on introducing
the main ideas and formalism of 1-Jettiness jet charge in
DIS of unpolarized protons only.

V. UNIVERSALITY OF THE CHARGED JET
FUNCTION

Eqs. (28) and (31) are key results, providing factor-
ization formulae for the 1-Jettiness Jet Charge distri-
bution. They give the fully di”erential cross section
dε [QJ , ω1, PJT , yJ ] and the jet-charge-binned cross sec-
tion dε

[
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bin
J

, ω1, PJT , yJ

]
, respectively, in the resumma-

tion region ω1 ↓ PJT . The predictive power of this fac-
torization framework is enhanced due to the universality
of the various functions appearing in the factorization
formulae. The hard function H(ϑ, µ) describes univer-
sal QCD corrections to the hard scattering quark cur-
rent vertex due to single photon or Z-boson exchange in
standard fully inclusive DIS. It is perturbatively calcu-
lable with results known [98, 99] to O(ϖ2

s
). The univer-

sal quark beam functions [89], Bq(x, t, µ), describe the
physics of perturbative 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 [103, 104] to O(ϖ2
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). The jet

function describes the physics of the energetic radiation
in the jet region, and collinear with the leading jet direc-
tion, and is known [98, 99, 102] to O(ϖ2
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). 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, Jqi(s, µ) = J
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so that the jet functions are independent of quark flavor.
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E → ω1, throughout the event. In the resummation re-
gion, ω1 ↓ PJT , the soft function is perturbatively cal-
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function becomes non-perturbative and requires the in-
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through an operator product expansion (OPE) in powers
of #QCD/ω1. The first term in the OPE is perturbatively
calculable and the dominant non-perturbative e”ects
come from the first correction term in the OPE. However,
the soft function, and its associated non-perturbative ef-
fects, are universal since it is the same soft function that
appears in Eq. (17) for the standard 1-Jettiness distribu-
tion where no jet charge measurement is made.
The new ingredients in the 1-Jettiness Jet Charge fac-

torization formula are the R
q(Q, s) functions appearing

in Eq. (28). In general, they are non-perturbative ob-
jects since the jet charge measurement is not collinear
safe and sensitive to the hadronization process. However,
these non-perturbative functions are universal and renor-
malization scale independent. They can be extracted
from other observables that also make jet charge mea-
surements on the jet regions of global event shapes. N-
Jettiness [6] is an ideal global event shape for such pur-
poses. It characterizes how closely the pattern of final
state radiation resembles a N-jet like event. Small val-
ues of N-Jettiness, ωN , correspond to events that closely
resemble an exclusive N-Jet event. Large values of ωN
correspond to events with additional jets or energetic
radiation in di”erent directions. The resummation re-
gion corresponds to small values of N-Jettiness, ωN ↓ Q,
where Q denotes the hard scale in the problem. For e+e→

colliders, in the resummation region, the N-Jettiness dif-
ferential distribution has the schematic form

dεresum

dωN
→ H ↑ J ↑ · · ·↑ J ↑ S, (35)

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

+
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limit ω2 ↓ Q.
In order to access the universal Gq(Q, s, µ) jet charge

function, and the corresponding R
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protons. The 1-Jettiness distribution of the longitudi-
nally polarized nucleon asymmetry serves as a probe of
the helicity PDFs. The Q-binned 1-Jettiness distribu-
tion then allows enhanced flavor separation of the helicity
PDFs.

The resummation formula for the 1-Jettiness distribu-
tion, ω1, of the longitudinally polarized nucleon asymme-
try is schematically given by [106]

d!εresum [ω1, PJT , yJ ] → !H ↑!B ↑ J ↑ S, (32)

where! denotes the polarization dependence in hard and
beam functions needed to obtain the longitudinal nucleon
polarization asymmetry. The polarized beam function [6,
89, 106], !B, can be factorized as

!B → !I ↑!f, (33)

where !I is perturbatively calculable and !f denotes
the helicity PDF. The corresponding factorization and
resummation formula for the 1-Jettiness jet charge dis-
tribution, in addition to the standard 1-Jettiness distri-
bution, is given by replacing the standard jet function,
J , with the charged jet function, G:

d!εresum [Q, ω1, PJT , yJ ] → !H ↑!B ↑ 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, correspond-
ing to its universality property. Similarly, studying the
jet-charge-binned 1-Jettiness distribution of the longitu-
dinally nucleon spin asymmetry facilitates disentangling
the flavor structure of the helicity PDFs. We leave de-
tailed phenomenological studies of the flavor structure of
the helicity PDFs using the 1-Jettiness jet charge formal-
ism for future work. In this work, we focus on introducing
the main ideas and formalism of 1-Jettiness jet charge in
DIS of unpolarized protons only.

V. UNIVERSALITY OF THE CHARGED JET
FUNCTION

Eqs. (28) and (31) are key results, providing factor-
ization formulae for the 1-Jettiness Jet Charge distri-
bution. They give the fully di”erential cross section
dε [QJ , ω1, PJT , yJ ] and the jet-charge-binned cross sec-
tion dε

[
Q

bin
J

, ω1, PJT , yJ

]
, respectively, in the resumma-

tion region ω1 ↓ PJT . The predictive power of this fac-
torization framework is enhanced due to the universality
of the various functions appearing in the factorization
formulae. The hard function H(ϑ, µ) describes univer-
sal QCD corrections to the hard scattering quark cur-
rent vertex due to single photon or Z-boson exchange in
standard fully inclusive DIS. It is perturbatively calcu-
lable with results known [98, 99] to O(ϖ2

s
). The univer-

sal quark beam functions [89], Bq(x, t, µ), describe the
physics of perturbative 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 [103, 104] to O(ϖ2

s
). The jet

function describes the physics of the energetic radiation
in the jet region, and collinear with the leading jet direc-
tion, and is known [98, 99, 102] to O(ϖ2

s
). 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, Jqi(s, µ) = J

q(s, µ),
so that the jet functions are independent of quark flavor.
The soft function S(ω1, µ) describes the soft radiation,
E → ω1, throughout the event. In the resummation re-
gion, ω1 ↓ PJT , the soft function is perturbatively cal-
culable when ω1 ↔ #QCD. When ω1 → #QCD the soft
function becomes non-perturbative and requires the in-
troduction of a non-perturbative model. In the tail re-
gion, ω1 → PJT ↔ #QCD, it can be expanded [107–111]
through an operator product expansion (OPE) in powers
of #QCD/ω1. The first term in the OPE is perturbatively
calculable and the dominant non-perturbative e”ects
come from the first correction term in the OPE. However,
the soft function, and its associated non-perturbative ef-
fects, are universal since it is the same soft function that
appears in Eq. (17) for the standard 1-Jettiness distribu-
tion where no jet charge measurement is made.
The new ingredients in the 1-Jettiness Jet Charge fac-

torization formula are the R
q(Q, s) functions appearing

in Eq. (28). In general, they are non-perturbative ob-
jects since the jet charge measurement is not collinear
safe and sensitive to the hadronization process. However,
these non-perturbative functions are universal and renor-
malization scale independent. They can be extracted
from other observables that also make jet charge mea-
surements on the jet regions of global event shapes. N-
Jettiness [6] is an ideal global event shape for such pur-
poses. It characterizes how closely the pattern of final
state radiation resembles a N-jet like event. Small val-
ues of N-Jettiness, ωN , correspond to events that closely
resemble an exclusive N-Jet event. Large values of ωN
correspond to events with additional jets or energetic
radiation in di”erent directions. The resummation re-
gion corresponds to small values of N-Jettiness, ωN ↓ Q,
where Q denotes the hard scale in the problem. For e+e→

colliders, in the resummation region, the N-Jettiness dif-
ferential distribution has the schematic form

dεresum

dωN
→ H ↑ J ↑ · · ·↑ J ↑ S, (35)

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 ω2 ↓ Q.
In order to access the universal Gq(Q, s, µ) jet charge

function, and the corresponding R
q(Q, s) functions

needed for the 1-Jettiness Jet Charge distribution, one
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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, PJT = [20.0, 30.0] GeV, and yJ = [↑2.5, 2.5].

dω[ε1, PJT , yJ ] are defined in Eqs. (5) and (2), respec-
tively. This probability distribution satisfies the required
normalization condition

∫
dQ P (Q, ε

bin
1 , P

bin
JT

, y
bin
J

) = 1. (62)

This probability distribution can be used to define mo-
ments of the jet charge. The n-th moment is defined as

→Q
n
↑ =

∫
dQQ

n
P (Q, ε

bin
1 , P

bin
JT

, y
bin
J

), (63)

with the first moment corresponding to the average jet
charge

Qavg.(ε
bin
1 , P

bin
JT

, y
bin
J

) = →Q↑. (64)

Similarly, the standard deviation of the jet charge is in
any bin is given by

Qstd.dev(ε
bin
1 , P

bin
JT

, y
bin
J

) =
√

→Q2↑ ↓ →Q↑2. (65)

FIG. 10. The average (top panel) and standard deviation
(bottom panel) values of jet charge distributions binned ac-
cording to the value of 1-Jettiness, ω1. The relevant EIC kine-
matics chosen are:

→
s = 90.0 GeV, PJT = [20.0, 30.0] GeV,

and yJ = [↑2.5, 2.5].

Using PYTHIA 8.312 simulation data, in Fig. 10 we show
the jet region charge average (top panel) and standard
deviation (bottom panel) as a function of ε1 for the stan-
dard (blue) and dynamic (red) jet charge definitions. We
see that the standard and dynamic jet charge definitions
give rise to di!erent behavior of the jet charge moments
as a function of ε1. Such correlations between the pattern
of energy flow, characterized by the ε1 global event shape,
and the jet region charge, Q, could probe hadroniza-
tion models. In particular, the distribution of various
moments of the 1-Jettiness jet charge with di!erent jet
charge definitions, and over a wide range of (ε1, PJT , yJ)
bins could provide non-trivial constraints on hadroniza-
tion models. We leave a more detailed study exploring
these distributions for future work.
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Jet Charge Distribution Binned by 1-Jettiness

Standard jet charge 
distribution binned 
by -Jettiness1

Dynamic jet charge 
distribution binned 
by -Jettiness1

• Correlations of jet charge and -Jettiness (energy flow) can constrain flavor 
dynamics in hadronization.

1
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Correlation of Jet Charge with 1-Jettiness

• Correlations of jet charge and -Jettiness (energy flow) can constrain flavor 
dynamics in hadronization.

1



Conclusions

• Jet based observables provide powerful and complementary probes of hadron 
structure and hadronization.

• Combining jet observables with jet charge measurements allow for disentangling 
hadron structure and hadronization by quark flavor.

• We have now also combined jet charge measurements with jet-based global event 
shapes into a unified factorization framework that will allow high precision studies 
of the quark flavor dynamics of hadron structure and hadronization at the EIC.


