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asymmetry at leading order in the twist expansion, corresponding to the parton model limit.

The resulting expression for the asymmetry, known as the Cahn-Gilman (CG) formula [3],

is given at tree-level by
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]
. (9)

Here y is the kinematic variable defined as

y =
2P · ($− $′)

2P · $
, (10)

where Pµ, $µ, and $′
µ denote the four momenta of the deuteron, the incoming electron, and

the outgoing electron respectively. In the lab frame, the variable one has y = (E − E ′)/E

where E and E ′ denote of the energies of the incoming and and outgoing electrons. The

corrections to this Cahn-Gilman formula can be parameterized by writing the asymmetry

as

ARL = − GF Q2

2
√

2πα

9

10
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ã1 + ã2

1− (1− y)2

1 + (1− y)2

]
, (11)

where the parameters ãj (j = 1, 2) are schematically written as

ãj = −2

3
(2Cju − Cjd)

[
1 + Rj(new) + Rj(sea) + Rj(CSV) + Rj(TMC) + Rj(HT)

]
(12)

and Rj(new), Rj(sea), Rj(CSV), Rj(TMC), and Rj(HT) denote respectively corrections

arising from possible new physics beyond the SM, sea quark effects, CSV, target mass

corrections (TMC), and higher twist (HT) contributions. If one is interested in looking for

signals of new physics beyond the SM that can leave a footprint in the asymmetry via the

contributions R1,2(new), it is crucial that all the SM electroweak and hadronic corrections to

the Cahn-Gilman formula in Eq. (12) are under theoretical and experimental control. One

can take an alternative viewpoint and instead view a precision measurement of ARL as a

probe of hadronic physics that modifies the Cahn-Gilman formula as in Eqs.(11) and (12).

The analysis of this paper is focused on the higher twist correction R1(HT) that enters

the ã1 term of the asymmetry. The leading contribution to R1(HT) appears at twist-four,

giving rise to a 1/Q2 power law dependence. In contrast, the leading contribution from

R1(TMC), which will also have a 1/Q2 power law contribution, will be suppressed relative

to R1(HT). The relative suppression of R1(TMC) can be understood by noting that the

derivation of the Cahn-Gilman formula is valid even for a finite target mass so that target

mass corrections will always appear in conjunction with at least one of the already small

effects that correct the Cahn-Gilman formula.

Given that all the remaining contributions to ã1 in Eq. (12) have at most a logarithmic

dependence on Q2, one can, in principle, make a clean extraction of R1(HT) by studing the

Q2 dependence of the ã1 term in the asymmetry. Similar statements can be made for the

• Asymmetry in the Cahn-Gilman limit:
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contributions R1,2(new), it is crucial that all the SM electroweak and hadronic corrections to

the Cahn-Gilman formula in Eq. (12) are under theoretical and experimental control. One

can take an alternative viewpoint and instead view a precision measurement of ARL as a

probe of hadronic physics that modifies the Cahn-Gilman formula as in Eqs.(11) and (12).

The analysis of this paper is focused on the higher twist correction R1(HT) that enters

the ã1 term of the asymmetry. The leading contribution to R1(HT) appears at twist-four,

giving rise to a 1/Q2 power law dependence. In contrast, the leading contribution from

R1(TMC), which will also have a 1/Q2 power law contribution, will be suppressed relative

to R1(HT). The relative suppression of R1(TMC) can be understood by noting that the

derivation of the Cahn-Gilman formula is valid even for a finite target mass so that target

mass corrections will always appear in conjunction with at least one of the already small

effects that correct the Cahn-Gilman formula.

Given that all the remaining contributions to ã1 in Eq. (12) have at most a logarithmic
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Hadronic effects cancel!

• Asymmetry in the Cahn-Gilman limit:

• Asymmetry measurement is is effectively a measurement of the weak mixing angle!

    
[Prescott, et. al (1978)]
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Q2 dependence of the ã1 term in the asymmetry. Similar statements can be made for the

higher twist effects R2(HT) that contribute to the ã2 term of the asymmetry. However, the
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The resulting expression for the asymmetry, known as the Cahn-Gilman (CG) formula [3],

is given at tree-level by

ARL
CG = − GF Q2

2
√

2πα

9

10

[(
1− 20

9
sin2 θW

)
+

(
1− 4 sin2 θW

)1− (1− y)2

1 + (1− y)2

]
. (9)

Here y is the kinematic variable defined as

y =
2P · ($− $′)

2P · $
, (10)

where Pµ, $µ, and $′
µ denote the four momenta of the deuteron, the incoming electron, and

the outgoing electron respectively. In the lab frame, one has y = (E − E ′)/E where E and

E ′ denote of the energies of the incoming and and outgoing electrons. The corrections to

this Cahn-Gilman formula can be parameterized by writing the asymmetry as

ARL = − GF Q2

2
√

2πα

9

10

[
ã1 + ã2

1− (1− y)2

1 + (1− y)2

]
, (11)

where the parameters ãj (j = 1, 2) are schematically written as

ãj = −2

3
(2Cju − Cjd)

[
1 + Rj(new) + Rj(sea) + Rj(CSV) + Rj(TMC) + Rj(HT)

]
(12)

and Rj(new), Rj(sea), Rj(CSV), Rj(TMC), and Rj(HT) denote respectively corrections

arising from possible new physics beyond the SM, sea quark effects, CSV, target mass

corrections (TMC), and higher twist (HT) contributions. If one is interested in looking for

signals of new physics beyond the SM that can leave a footprint in the asymmetry via the

contributions R1,2(new), it is crucial that all the SM electroweak and hadronic corrections to

the Cahn-Gilman formula in Eq. (12) are under theoretical and experimental control. One

can take an alternative viewpoint and instead view a precision measurement of ARL as a

probe of hadronic physics that modifies the Cahn-Gilman formula as in Eqs.(11) and (12).

The analysis of this paper is focused on the higher twist correction R1(HT) that enters

the ã1 term of the asymmetry. The leading contribution to R1(HT) appears at twist-four,

giving rise to a 1/Q2 power law dependence. In contrast, the leading contribution from

R1(TMC), which will also have a 1/Q2 power law contribution, will be suppressed relative

to R1(HT). The relative suppression of R1(TMC) can be understood by noting that the

derivation of the Cahn-Gilman formula is valid even for a finite target mass so that target

mass corrections will always appear in conjunction with at least one of the already small

effects that correct the Cahn-Gilman formula.

Given that all the remaining contributions to ã1 in Eq. (12) have at most a logarithmic

dependence on Q2, one can, in principle, make a clean extraction of R1(HT) by studing the

Q2 dependence of the ã1 term in the asymmetry. Similar statements can be made for the

higher twist effects R2(HT) that contribute to the ã2 term of the asymmetry. However, the

New physics

Sea quarks

Charge symmetry 
violation

Target mass

Higher 
twist

• Hadronic effects must be well understood before any claim for evidence of new physics can 
be made.

    
[Bjorken,Hobbs,Melnitchouk; 

SM, Ramsey-Musolf, Sacco; 
Belitsky, Mashanov, Schafer; 
Seng,Ramsey-Musolf, ….]

Weak Mixing Angle



Contact Interactions

• Tree-level Standard Model values:

Experimentally, parity violation observables can be used to access the lepton or quark
neutral weak couplings. Since each neutral weak coupling can be used to extract the
weak mixing angle, whether they all provide a single and ubiquitous value for sin2 θW
provides a test of the integrity of the current Standard Model. On the other hand, it is
believed that the current Standard Model is not the ultimate theory, but instead is only a
subset of a larger theoretical framework, which ultimately describes all four interactions.
In other words, the current StandardModel might be only a “low energy” approximation.
From this point of view, measurements of the neutral weak couplings and extractions of
the weak mixing angle will provide a window to access these New Physics, should their
results deviate from the present Standard Model predictions.

ACCESSING NEUTRALWEAK COUPLINGS IN CHARGED
LEPTON SCATTERING

The neutral weak Lagrangian for electron scattering contains the following terms:

Le
−scatt.
NC = ∑

q

[

ceAc
q
V ēγ

µγ5eq̄γµq+ ceV c
q
Aēγ

µeq̄γµγ5q+ ceAc
q
Aēγ

µγ5eq̄γµγ5q
]

= ∑
q

[

C1qēγµγ5eq̄γµq+C2qēγµeq̄γµγ5q+C3qēγµγ5eq̄γµγ5q
]

, (3)

where C1q ≡ ceAc
q
V , C2q ≡ ceV c

q
A and C3q ≡ ceAc

q
A. The Standard Model predictions for u

and d quarks are:

C1u = −
1
2

+
4
3
sin2(θW ) , C2u = −

1
2

+2sin2(θW ) , C3u =
1
2

, (4)

C1d =
1
2
−
2
3
sin2(θW ) , C2d =

1
2
−2sin2(θW ) , C3d = −

1
2

. (5)

Among the three terms on the r.h.s. of Eq. (3), the first two terms are parity-violating and
will induce a cross section asymmetry between left- and right-handed electron scattering
off unpolarized nuclear or nucleon targets, while the third term is charge-conjugate-
violating but does not violate parity, and can only be accessed by comparing cross
sections of lepton to anti-lepton scatterings.
Current experimental status on Ciq was summarized on Table 6 of Ref.[1], and is

illustrated in Fig. 1. Compared to C1,2q, experimental data on C3q are sparse: There
exist only two measurements using comparisons of polarized muon vs. anti-muon deep
inelastic scattering (DIS) cross sections off a carbon target at CERN [2, 3]. Using a
uncertainty of ±0.24 for 2C2u−C2d , the constraint on 2C3u−C3d is found to be±0.490
from the CERN 200 GeV data. Our knowledge on C3q can be improved by comparing
polarized electron vs. positron DIS cross sections should a high luminosity polarized
positron beam becomes available.
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• For Q2 << (MZ)2 limit, electron-quark scattering via the weak neutral current is mediated by 
contact interactions:
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Abstract. A high intensity polarized positron beam, as part of the JLAB 12 GeV program or the proposed electron-ion collider
(EIC), will provide a unique opportunity for testing the Standard Model (SM) and probing for new physics. High lumninosity
and the combination of polarized electrons and positrons incident on protons and deuterons can isolate important e↵ects, enhance
signal over background, and distinguish between possible new physics scenarios. A comparison of cross sections between polarized
electron and positron beams will allow for a precision extraction of the poorly known weak neutral current coupling combination
2C3u�C3d and would complement the proposed plan for a precision extraction of combination 2C2u�Cd at the EIC. These precision
measurements of these neutral weak couplings would constrain new physics scenarios including Leptoquarks, R-parity violating
supersymmetry, and electron and quark compositeness in a manner that complements limits from other low energy experiments and
colliders. The dependence of the charged current cross section on the longitudinal polarization of the positron beam will provide
independent probes to test the chiral structure of the electroweak interactions, constraing Left-Right symmetric models. A polarized
positron can probe charged lepton flavor violation (CLFV) through a search for e

+ ! ⌧+ transitions in a manner that is independent
and complementary to the proposed e

� ! ⌧� searches at the EIC.

INTRODUCTION

EIC luminosity ⇠ 1033�34 cm�2
s
�1

p
s ⇠ 10 � 100 GeV, upgradable to

p
s ⇠ 150 GeV

12 GeV, luminosity ⇠ 1039 cm�2
s
�1

NEUTRAL WEAK COUPLINGS

For electron-hadron scattering, the weak neutral current can be parameterized in terms of contact interactions

L = GFp
2

X

q


C1q

¯̀�µ�5`q̄�µq +C2q
¯̀�µ`q̄�µ�5q +C3q

¯̀�µ�5`q̄�µ�5q

�
, (1)

in the region where the virtuality of the exchanged boson satisfies Q
2 ⌧ M

2
Z
, where MZ is the Z-boson mass and

GF denotes Fermi’s constant. The Ciq coe�cients denote the e↵ective couplings and in the single boson exchange
approximation in the Standard Model (SM), they take the form C1q = g

e

A
g

q

V
,C2q = g

e

V
g

q

A
,C3q = g

e

A
g

q

A
. The electron

(ge

A,V ) and quark (gq

A,V ) couplings are given in terms of their respective weak isospin (T3) and electric charge (Q)
quantum numbers and the weak mixing angle ✓W : g

e,q
A
= T3, g

e,q
V
= T3 � 2Q sin2 ✓W . The SM tree-level expressions for

the Ciq coe�cients are then given by

C1u = �
1
2
+

4
3

sin2 ✓W , C2u = �
1
2
+ 2 sin2 ✓W , C3u =

1
2
, (2)

C1d =
1
2
� 2

3
sin2 ✓W , C2d =

1
2
� 2 sin2 ✓W , C3d = �

1
2
. (3)
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• New physics contact interactions arise as a shift in the WNC couplings compared to the SM 
prediction:
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Examples of Possible Standard Model Extensions
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Going beyond the single boson exchange approximation, the e↵ective couplings can no longer be written as products
of the electron and quark weak couplings and are instead denoted by C1q = g

eq

AV
,C2q = g

eq

VA
,C3q = g

eq

AA
. A comparison

of the measured values of the Ciq couplings with the SM predictions can be used to set limits of the scale ⇤ at which
new interactions may arise. At low energies, well below the scale ⇤, these new interactions can be parametrized by
the e↵ective Lagrangian:

�L = g
2

⇤2

X

`,q

⇢
⌘`q

LL
¯̀
L�µ`Lq̄L�µqL + ⌘

`q
LR

¯̀
L�µ`Lq̄R�µqR + ⌘

`q
RL

¯̀
R�µ`Rq̄L�µqL + ⌘

`q
RR

¯̀
R�µ`Rq̄R�µqR

�
, (4)

where the mass limit for ⇤ is defined with the convention g
2 = 4⇡. The coe�cients ⌘`q

i j
take on the values of either +1

or �1, allowing for the possibility of constructive or destructive interference with the SM contributions. These new
The Ciq coe�cients can now be written as the sum of the SM and new physics contributions Ciq = Ciq(SM) + �Ciq,
where:

�C1q =
g

2

⇤2

⌘`q
LL
+ ⌘`q

LR
� ⌘`q

RL
� ⌘`q

RR

2
p

2GF

, (5)

�C2q =
g

2

⇤2

⌘`q
LL
+ ⌘`q

LL
� ⌘`q

LL
� ⌘`q

LL

2
p

2GF

, (6)

�C3q =
g

2

⇤2

⌘`q
LL
+ ⌘`q

LL
� ⌘`q

LL
� ⌘`q

LL

2
p

2GF

. (7)

(8)

Precision measurements of the Ciq constrain the deviations the possible deviations �Ciq which can be converted into
a mass limit for ⇤ to constrain . Note that di↵erent observables, constructed from the polarized electron and positron
beams, probe unique chiral structures corresponding to specific combinations of the Ciq, or equivalently, the ⌘`q

i j
.

Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
g

e

V
⇡ 0). They have been recently accessed through parity violating deep inelastic scattering which uses polarized

electron beams to measure the cross section asymmetry between left-handed and right-handed electrons

APV =
d�L � d�R

d�L + d�R

. (9)

Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
of C3q couplings as 2C3u �C3d = 1.65 ± 0.453.
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in the region where the virtuality of the exchanged boson satisfies Q
2 ⌧ M

2
Z
, where MZ is the Z-boson mass and

GF denotes Fermi’s constant. The Ciq coe�cients denote the e↵ective couplings and in the single boson exchange
approximation in the Standard Model (SM), they take the form C1q = g

e

A
g

q

V
,C2q = g
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V
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q

A
,C3q = g

e

A
g

q

A
. The electron

(ge

A,V ) and quark (gq

A,V ) couplings are given in terms of their respective weak isospin (T3) and electric charge (Q)
quantum numbers and the weak mixing angle ✓W : g

e,q
A
= T3, g

e,q
V
= T3 � 2Q sin2 ✓W . The SM tree-level expressions for

the Ciq coe�cients are then given by

C1u = �
1
2
+

4
3

sin2 ✓W , C2u = �
1
2
+ 2 sin2 ✓W , C3u =

1
2
, (2)

C1d =
1
2
� 2

3
sin2 ✓W , C2d =

1
2
� 2 sin2 ✓W , C3d = �

1
2
. (3)

• In the  limit, electron-quark interactions via the weak neutral current can be 
parameterized by contact interactions:

Q2 ≪ M2
Z

• Deviations from the SM prediction of the WNC couplings will lead to corresponding 
deviations in the extracted value of the weak mixing angle.



Accessing  via Parity-Violating ObservablesCiq

• Parity Violating Elastic Scattering (Qweak, P2):                                                                            
Sensitive to  couplings through  C1q QW(Z = 1,N = 0)

•Atomic Parity Violation (APV):   
   Sensitive to  couplings via C1q QW(Z, N )
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PVES Progress

Looking to Future : Technical 
challenges :

● Statistics

– High rate, beam polarization,
beam current, high-power target, large 
acceptance detectors

● Noise

– Electronics, target density 
fluctuations, detector resolution

● Systematics

– Helicity-correlated beam asymmetry 
(false asym.), backgrounds, precision 
beam polarimetry, precise Q2 
determination Precision vs smaller asymmetry

• Parity Violating DIS (E122, PVDIS-6, SOLID, EIC):    
    Sensitive to  and C1q C2q

QW(Z, N ) = − 2[C1u(2Z + N ) + C1d(Z + 2N )] 2

In the case of deep inelastic scattering (DIS), the beam
asymmetry has a simple form in leading order of one-
photon and one-Z0 exchanges [25]

ADIS
PV =

GFQ2

4
p
2(1 +Q2/M2

Z)⇡↵

h
a1+

1� (1� y)2

1 + (1� y)2
a3
i
, (3)

where a1 and a3 are the ratios of structure functions,
which can be written in terms of parton distribution func-
tions (PDFs),

a1 =
2
P

q eqC1q(q + q̄)
P

q e
2
q(q + q̄)

,

a3 =
2
P

q eqC2q(q � q̄)
P

q e
2
q(q + q̄)

. (4)

Here C1q = 2geAg
q
V and C2q = 2geV g

q
A are the axial-vector

vector (AV) and vector axial-vector (VA) combinations of
the electron and the quark weak couplings, respectively.
The SM couplings are

{geV , guV , gdV } = {�1

2
+ 2 sin2 ✓W ,

1

2
� 4

3
sin2 ✓W ,

�1

2
+

2

3
sin2 ✓W },

{geA, guA, gdA} = {�1

2
,
1

2
,�1

2
} , (5)

where ✓W is the Weinberg angle.
Sensitivity of PVES asymmetry to the dark photon:

The motivation for the existence of a dark photon in the
general context of the search for dark matter was recently
reviewed by Filippi and Napoli [26]. The idea began with
a proposal [27, 28] of a spin-one gauge boson mixing kine-
matically with the U(1)Y boson in the Standard Model.
It was proposed that it might provide a portal to other
hidden particles through this mixing.

L � �1

4
F 0
µ⌫F

0µ⌫ +
m2

A0

2
A0

µA
0µ +

✏

2 cos ✓W
F 0
µ⌫B

µ⌫ . (6)

We use A0 and Z̄ to denote the unmixed versions of the
dark photon and the SM neutral weak boson, respec-
tively.

After diagonalizing the mixing term through field re-
definitions, the physical masses of the Z boson and the
dark photon are [29]

M2
Z,AD

=
m2

Z̄

2
[1 + ✏2W + ⇢2

±sign(1� ⇢2)
q

(1 + ✏2W + ⇢2)2 � 4⇢2] , (7)

where

✏W =
✏ tan ✓Wp

1� ✏2/ cos2 ✓W
,

⇢ =
mA0/mZ̄p

1� ✏2/ cos2 ✓W
. (8)

The SM couplings of the Z-boson, Cv
Z̄

= {geV , guV , gdV }
and Ca

Z̄
= {geA, guA, gdA}, will be modified because of the

kinetic mixing [29]

Cv
Z = (cos↵� ✏W sin↵)Cv

Z̄ + 2✏W sin↵ cos2 ✓WCv
� ,

Ca
Z = (cos↵� ✏W sin↵)Ca

Z̄ , (9)

where Cv
� = {Ce

� , C
u
� , C

d
�} = {�1, 2/3,�1/3}. The cou-

plings of the physical dark photon AD to SM particles
are given by

Cv
AD

= �(sin↵+ ✏W cos↵)Cv
Z̄ + 2✏W cos↵ cos2 ✓WCv

� ,

Ca
AD

= �(sin↵+ ✏W cos↵)Ca
Z̄ . (10)

Here ↵ is the Z̄ �A0 mixing angle,

tan↵ =
1

2✏W

h
1� ✏2W � ⇢2

�sign(1� ⇢2)
q

4✏2W + (1� ✏2W � ⇢2)2
i
.(11)

The strongest constraints on ✏ come from the
NA64 [30] and BABAR experiments [31], leading to
✏  10�3 for MAD  8 GeV. This limit could possibly be
weakened if the detailed structure of the dark sector were
taken into account [32]. The current limit in connection
with electroweak precision observables (EWPO) [33, 34]
leads to ✏  0.03 for dark photon mass up to MZ , while
the upcoming high-luminosity LHC run (HL-LHC) is ex-
pected to place a very strong constraint of ✏  10�6

in this mass region [34]. The exclusion limits from re-
cent e�p DIS analyses are either compatible with [35]
or slightly stronger than the EWPO bound, ✏  0.02
for MAD < 10 GeV [29, 36], which become weaker as
the dark photon mass increases. Especially in the heavy
mass region, to which we restrict our attention, the up-
per limit on ✏ from the DIS determination will go above
0.1 when MAD > MZ [29].
However, in the present context it is crucial that the

dark photon will also contribute to the PVES asymmetry
in DIS because of its axial-vector couplings to the elec-
tron and the quarks. The double di↵erential cross section
can be expressed as

d2�

dxdy
=

4⇡↵2s

Q4

⇣
[xy2F �

1 + f1(x, y)F
�
2 ]

� 1

sin2 2✓W

Q2

Q2 +M2
Z

(Cv
Z,e � �Ca

Z,e)⇥

[xy2F �Z
1 + f1(x, y)F

�Z
2 � �xy(1� y

2
)F �Z

3 ]

� 1

sin2 2✓W

Q2

Q2 +M2
AD

(Cv
AD,e � �Ca

AD,e)⇥

[xy2F �AD
1 + f1(x, y)F

�AD
2 � �xy(1� y

2
)F �AD

3 ]
⌘
,

(12)

where f1(x, y) = 1 � y � xyM/2E and � = +1(�1)
represents positive (negative) initial electron helicity.
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In the case of deep inelastic scattering (DIS), the beam
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photon and one-Z0 exchanges [25]

ADIS
PV =

GFQ2

4
p
2(1 +Q2/M2

Z)⇡↵

h
a1+

1� (1� y)2

1 + (1� y)2
a3
i
, (3)
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where ✓W is the Weinberg angle.
Sensitivity of PVES asymmetry to the dark photon:

The motivation for the existence of a dark photon in the
general context of the search for dark matter was recently
reviewed by Filippi and Napoli [26]. The idea began with
a proposal [27, 28] of a spin-one gauge boson mixing kine-
matically with the U(1)Y boson in the Standard Model.
It was proposed that it might provide a portal to other
hidden particles through this mixing.
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We use A0 and Z̄ to denote the unmixed versions of the
dark photon and the SM neutral weak boson, respec-
tively.

After diagonalizing the mixing term through field re-
definitions, the physical masses of the Z boson and the
dark photon are [29]
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The SM couplings of the Z-boson, Cv
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= {geV , guV , gdV }
and Ca

Z̄
= {geA, guA, gdA}, will be modified because of the

kinetic mixing [29]
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The strongest constraints on ✏ come from the
NA64 [30] and BABAR experiments [31], leading to
✏  10�3 for MAD  8 GeV. This limit could possibly be
weakened if the detailed structure of the dark sector were
taken into account [32]. The current limit in connection
with electroweak precision observables (EWPO) [33, 34]
leads to ✏  0.03 for dark photon mass up to MZ , while
the upcoming high-luminosity LHC run (HL-LHC) is ex-
pected to place a very strong constraint of ✏  10�6

in this mass region [34]. The exclusion limits from re-
cent e�p DIS analyses are either compatible with [35]
or slightly stronger than the EWPO bound, ✏  0.02
for MAD < 10 GeV [29, 36], which become weaker as
the dark photon mass increases. Especially in the heavy
mass region, to which we restrict our attention, the up-
per limit on ✏ from the DIS determination will go above
0.1 when MAD > MZ [29].
However, in the present context it is crucial that the

dark photon will also contribute to the PVES asymmetry
in DIS because of its axial-vector couplings to the elec-
tron and the quarks. The double di↵erential cross section
can be expressed as
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where f1(x, y) = 1 � y � xyM/2E and � = +1(�1)
represents positive (negative) initial electron helicity.
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For the isocalar deuteron target, 
structure function effects largely cancel
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Going beyond the single boson exchange approximation, the e↵ective couplings can no longer be written as products
of the electron and quark weak couplings and are instead denoted by C1q = g

eq

AV
,C2q = g

eq

VA
,C3q = g

eq

AA
. A comparison

of the measured values of the Ciq couplings with the SM predictions can be used to set limits of the scale ⇤ at which
new interactions may arise. At low energies, well below the scale ⇤, these new interactions can be parametrized by
the e↵ective Lagrangian:

�L = g
2

⇤2

X

`,q

⇢
⌘`q
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¯̀
L�µ`Lq̄L�µqL + ⌘
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`q
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¯̀
R�µ`Rq̄L�µqL + ⌘

`q
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¯̀
R�µ`Rq̄R�µqR

�
, (4)

where the mass limit for ⇤ is defined with the convention g
2 = 4⇡. The coe�cients ⌘`q

i j
take on the values of either +1

or �1, allowing for the possibility of constructive or destructive interference with the SM contributions. These new
The Ciq coe�cients can now be written as the sum of the SM and new physics contributions Ciq = Ciq(SM) + �Ciq,
where:
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(8)

Precision measurements of the Ciq constrain the deviations the possible deviations �Ciq which can be converted into
a mass limit for ⇤ to constrain . Note that di↵erent observables, constructed from the polarized electron and positron
beams, probe unique chiral structures corresponding to specific combinations of the Ciq, or equivalently, the ⌘`q

i j
.

Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
g

e

V
⇡ 0). They have been recently accessed through parity violating deep inelastic scattering which uses polarized

electron beams to measure the cross section asymmetry between left-handed and right-handed electrons

APV =
d�L � d�R

d�L + d�R

. (9)

Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
of C3q couplings as 2C3u �C3d = 1.65 ± 0.453.

• The combination                     is known to within ~50% from the JLAB 6 GeV experiment:

• The combination                      is severely constrained by Qweak and Atomic Parity violation.       

Using Polarized Positrons to Probe the Standard Model

Yulia Furletova1,a) and Sonny Mantry2,b)

1
Je↵erson Lab, Newport News, VA, 23606, USA

2
The University of North Georgia, Dahlonega, GA, 30597, USA

a)yulia@jlab.org
b)Sonny.Mantry@ung.edu

Abstract. A high intensity polarized positron beam, as part of the JLAB 12 GeV program or the proposed electron-ion collider
(EIC), will provide a unique opportunity for testing the Standard Model (SM) and probing for new physics. High lumninosity
and the combination of polarized electrons and positrons incident on protons and deuterons can isolate important e↵ects, enhance
signal over background, and distinguish between possible new physics scenarios. A comparison of cross sections between polarized
electron and positron beams will allow for a precision extraction of the poorly known weak neutral current coupling combination
2C3u�C3d and would complement the proposed plan for a precision extraction of combination 2C2u�Cd at the EIC. These precision
measurements of these neutral weak couplings would constrain new physics scenarios including Leptoquarks, R-parity violating
supersymmetry, and electron and quark compositeness in a manner that complements limits from other low energy experiments and
colliders. The dependence of the charged current cross section on the longitudinal polarization of the positron beam will provide
independent probes to test the chiral structure of the electroweak interactions, constraing Left-Right symmetric models. A polarized
positron can probe charged lepton flavor violation (CLFV) through a search for e

+ ! ⌧+ transitions in a manner that is independent
and complementary to the proposed e

� ! ⌧� searches at the EIC.

INTRODUCTION

EIC luminosity ⇠ 1033�34 cm�2
s
�1

p
s ⇠ 10 � 100 GeV, upgradable to

p
s ⇠ 150 GeV

12 GeV, luminosity ⇠ 1039 cm�2
s
�1

2C1u �C1d

NEUTRAL WEAK COUPLINGS

For electron-hadron scattering, the weak neutral current can be parameterized in terms of contact interactions
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in the region where the virtuality of the exchanged boson satisfies Q
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, where MZ is the Z-boson mass and
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where the mass limit for ⇤ is defined with the convention g
2 = 4⇡. The coe�cients ⌘`q

i j
take on the values of either +1

or �1, allowing for the possibility of constructive or destructive interference with the SM contributions. These new
The Ciq coe�cients can now be written as the sum of the SM and new physics contributions Ciq = Ciq(SM) + �Ciq,
where:

�C1q =
g

2

⇤2

⌘`q
LL
+ ⌘`q

LR
� ⌘`q

RL
� ⌘`q

RR

2
p
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, (5)
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2

⇤2

⌘`q
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+ ⌘`q

LL
� ⌘`q

LL
� ⌘`q

LL

2
p

2GF

, (6)

�C3q =
g

2

⇤2

⌘`q
LL
+ ⌘`q

LL
� ⌘`q

LL
� ⌘`q

LL

2
p

2GF

. (7)

(8)

Precision measurements of the Ciq constrain the deviations the possible deviations �Ciq which can be converted into
a mass limit for ⇤ to constrain . Note that di↵erent observables, constructed from the polarized electron and positron
beams, probe unique chiral structures corresponding to specific combinations of the Ciq, or equivalently, the ⌘`q

i j
.

Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
g

e

V
⇡ 0). They have been recently accessed through parity violating deep inelastic scattering which uses polarized

electron beams to measure the cross section asymmetry between left-handed and right-handed electrons

APV =
d�L � d�R

d�L + d�R

. (9)

Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
of C3q couplings as 2C3u �C3d = 1.65 ± 0.453.

• SOLID is expected significantly improve on this result.
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FIG. 13. Adapted from Ref. [63]: Current experimental
knowledge of the couplings g

eq
V A (vertical axis). The latest

world data constraint (red ellipse) is provided by combining
the 6 GeV Qweak [51] on g

eq
AV (yellow vertical band) and the

JLab 6 GeV PVDIS [53, 54] experiments (grey ellipse). The
SoLID projected result is shown as the cyan ellipse. Also
shown are expected results from P2 (purple and pink vertical
bands) and the combined projection using SoLID, P2, and all
existing world data (magenta ellipse), centered at the current
best fit values.

3. BSM Reach of PVDIS with SoLID

The potential of BSM searches can be generally char-
acterized by the mass scale ⇤, quantified as modifications
of the SM Lagrangian by replacing

GF
p
2
gij !

GF
p
2
gij + ⌘

q

ij

4⇡

(⇤q

ij
)2

, (23)

where ij = AV, V A. We assume that the new physics is
strongly coupled with a coupling g given by g

2 = 4⇡, and
⌘
q

ij
= ±1 corresponds to cases where the new physics in-

creases (+1, constructive) or decreases (�1, destructive)
the couplings. Once combined with the expected results
from the P2 experiment [56], the 90% C.L. mass limit
that can be reached by the SoLID PVDIS deuteron mea-
surement is

⇤eq

V A
= g

s p
2
p
5

GF 1.96�
�
2geu

V A
� g

ed

V A

� = 17.6 TeV ,(24)

where the
p
5 represents the “best case scenario” where

BSM physics a↵ects maximally the quark flavor combi-
nation being measured [64]. Such BSM limits are com-
plementary to those from high energy facilities. As an
example: the LHC Drell-Yan cross section data deter-
mine certain combinations of both the parity-violating
and parity-conserving electron quark couplings, defined

by the observable measured. As a result, the LHC con-
straints appear to have a flat direction in the BSM pa-
rameter space [65]. In this context, PVDIS observables
are sensitive to di↵erent combinations of the couplings,
resolving the ambiguity in the determination of BSM pa-
rameters.
SoLID will undoubtedly push forward the EW/BSM

physics study in the low to medium energy regime. On
the other hand, a variety of challenges exist. First, one
must carry out both electromagnetic and electroweak ra-
diative corrections to high precision. Significant progress
has been made on this topic: The event generator
Djangoh [66], originally developed for HERA cross sec-
tion analysis, has been adapted to fixed-target experi-
ments and to nuclear targets. Modifications were made
such that it can be used to calculate parity violating
asymmetries to high precision, immune to the statisti-
cal limit of a Monte-Carlo program. While there is still
detailed work to be done, we anticipate that the 0.2%
uncertainty projected on the radiative corrections can be
reached. Such progress will also be useful for the similar
program at the EIC.

B. PVDIS Proton Measurement and Hadronic
Physics Study

In Eq. (22), the use of the two � parameters is to ac-
count for possible hadronic e↵ects: �HT for higher twist
(HT) and �CSV for charge symmetry violation (CSV) [67]
at the quark level, both expected to have distinct x

and Q
2 dependencies, especially at high x values. The

PVDIS deuteron measurement has the special property
that most HT e↵ects cancel in the asymmetry, and thus
any sizable HT contribution will indicate the significance
of quark-quark correlations [68]. The CSV e↵ect refers to
the possibility that the up quark PDF in the proton and
down quark PDF in the neutron are di↵erent. Together,
these hadronic physics e↵ects may support certain ex-
planations of the apparent inconsistency of the NuTeV
experiment [69] with the SM [70, 71].
In addition to the deuteron measurement, PVDIS

asymmetries on the proton target will allow us to de-
termine PDF ratio d(x)/u(x) at high x based on the de-
pendence of the structure functions in Eq. (11). The
standard determination of the d/u ratio relies on fully
inclusive DIS on a proton target compared to a deuteron
target. In the large x region, nuclear corrections in the
deuteron target lead to large uncertainties in the d/u ra-
tio. However, they can be completely eliminated if the
d/u ratio is obtained from the proton target alone. For
a proton target in the parton model and omitting sea
quark distributions [63], the PVDIS asymmetry is given
by:

APV,(p) =
3GFQ

2

2
p
2⇡↵

(2geu
AV

�
d

u
g
ed

AV
) + Y [2geu

V A
�

d

u
g
ed

V A
]

4 + d

u

.
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FIG. 13. Adapted from Ref. [63]: Current experimental
knowledge of the couplings g

eq
V A (vertical axis). The latest

world data constraint (red ellipse) is provided by combining
the 6 GeV Qweak [51] on g

eq
AV (yellow vertical band) and the

JLab 6 GeV PVDIS [53, 54] experiments (grey ellipse). The
SoLID projected result is shown as the cyan ellipse. Also
shown are expected results from P2 (purple and pink vertical
bands) and the combined projection using SoLID, P2, and all
existing world data (magenta ellipse), centered at the current
best fit values.

3. BSM Reach of PVDIS with SoLID

The potential of BSM searches can be generally char-
acterized by the mass scale ⇤, quantified as modifications
of the SM Lagrangian by replacing
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where ij = AV, V A. We assume that the new physics is
strongly coupled with a coupling g given by g

2 = 4⇡, and
⌘
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ij
= ±1 corresponds to cases where the new physics in-

creases (+1, constructive) or decreases (�1, destructive)
the couplings. Once combined with the expected results
from the P2 experiment [56], the 90% C.L. mass limit
that can be reached by the SoLID PVDIS deuteron mea-
surement is
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where the
p
5 represents the “best case scenario” where

BSM physics a↵ects maximally the quark flavor combi-
nation being measured [64]. Such BSM limits are com-
plementary to those from high energy facilities. As an
example: the LHC Drell-Yan cross section data deter-
mine certain combinations of both the parity-violating
and parity-conserving electron quark couplings, defined

by the observable measured. As a result, the LHC con-
straints appear to have a flat direction in the BSM pa-
rameter space [65]. In this context, PVDIS observables
are sensitive to di↵erent combinations of the couplings,
resolving the ambiguity in the determination of BSM pa-
rameters.
SoLID will undoubtedly push forward the EW/BSM

physics study in the low to medium energy regime. On
the other hand, a variety of challenges exist. First, one
must carry out both electromagnetic and electroweak ra-
diative corrections to high precision. Significant progress
has been made on this topic: The event generator
Djangoh [66], originally developed for HERA cross sec-
tion analysis, has been adapted to fixed-target experi-
ments and to nuclear targets. Modifications were made
such that it can be used to calculate parity violating
asymmetries to high precision, immune to the statisti-
cal limit of a Monte-Carlo program. While there is still
detailed work to be done, we anticipate that the 0.2%
uncertainty projected on the radiative corrections can be
reached. Such progress will also be useful for the similar
program at the EIC.

B. PVDIS Proton Measurement and Hadronic
Physics Study

In Eq. (22), the use of the two � parameters is to ac-
count for possible hadronic e↵ects: �HT for higher twist
(HT) and �CSV for charge symmetry violation (CSV) [67]
at the quark level, both expected to have distinct x

and Q
2 dependencies, especially at high x values. The

PVDIS deuteron measurement has the special property
that most HT e↵ects cancel in the asymmetry, and thus
any sizable HT contribution will indicate the significance
of quark-quark correlations [68]. The CSV e↵ect refers to
the possibility that the up quark PDF in the proton and
down quark PDF in the neutron are di↵erent. Together,
these hadronic physics e↵ects may support certain ex-
planations of the apparent inconsistency of the NuTeV
experiment [69] with the SM [70, 71].
In addition to the deuteron measurement, PVDIS

asymmetries on the proton target will allow us to de-
termine PDF ratio d(x)/u(x) at high x based on the de-
pendence of the structure functions in Eq. (11). The
standard determination of the d/u ratio relies on fully
inclusive DIS on a proton target compared to a deuteron
target. In the large x region, nuclear corrections in the
deuteron target lead to large uncertainties in the d/u ra-
tio. However, they can be completely eliminated if the
d/u ratio is obtained from the proton target alone. For
a proton target in the parton model and omitting sea
quark distributions [63], the PVDIS asymmetry is given
by:
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Leptophobic Z’

axial-vector quark currents. While the cou-
plings are kinematically accessible at large
scattering angle measurements in fixed tar-
get elastic electron scattering, axial-hadronic
radiative correction uncertainties cloud the
interpretation of the measurements in terms
of fundamental electroweak physics. Parity-
violating DIS using 2H is the only practical
way to measure one combination accurately,
namely 2C2u � C2d. A recent measurement
at 6 GeV at JLab made the first non-zero
measurement of this combination [318], and
a new experiment has been proposed at 11
GeV to constrain this combination to better
than 10%. At the highest envisioned lumi-
nosities, the EIC would o↵er the opportu-
nity to further improve on this constraint by
a further factor of 2 to 3.

Figure 4.3: A Feynman diagram for an ampli-
tude with a vector electron current and axial-
vector hadron current which would be sensitive
to a heavy new vector boson that couples to
quarks and has no couplings to leptons. [319]

One example of the importance of achiev-
ing sensitive constraints on the C2i couplings
is depicted in Fig. 4.3, which shows how a
heavy Z0 boson (predicted in many SM ex-
tensions) could introduce an additional am-
plitude and induce a deviation in the mea-
sured C2i couplings [319]. A remarkable fea-
ture of this amplitude is the fact it is sensi-
tive to the Z0 boson even in the case that it
might not couple to leptons (so-called lepto-
phobic Z0). The limits on the existence of
such bosons from other precision weak neu-
tral current measurements as well as from
colliders is very weak because all signatures

require non-zero lepton-Z0 couplings. Note
that this amplitude cannot contribute to any
tree-level amplitudes nor amplitudes involv-
ing the C1i couplings at the quantum loop
level. The projected uncertainty from the
JLab measurements will be sensitive to a
lepto-phobic Z0 with a mass <

⇠
150 GeV, sig-

nificantly better than the current limit from
indirect searches when there is no significant
Z-Z0 mixing.

The JLab extraction will rely on a simul-
taneous fit of electroweak couplings, higher-
twist e↵ects and violation of charge symme-
try to a series of APV measurements in nar-
row x and Q

2 bins. It is highly motivated
to find ways to improve the sensitivity to the
C2i couplings further, given its unique sen-
sitivity for TeV-scale dynamics such as the
aforementioned Z0 bosons. The kinematical
range for the APV measurement at the EIC
would enable a significantly improved statis-
tical sensitivity in the extraction of the C2i

couplings. Apart from statistical reach, the
EIC measurements will have the added ad-
vantage of being at significantly higher Q

2

so that higher-twist e↵ects should be totally
negligible.

A study of the statistical reach shows
that an EIC measurement can match the sta-
tistical sensitivity of the 12 GeV JLab mea-
surement with ⇠ 75 fb�1. It is also worth
noting that the EIC measurements will be
statistics-limited, unlike the JLab measure-
ment. The need for precision polarimetry,
the limiting factor in fixed target measure-
ments, will be significantly less important at
the corresponding EIC measurement because
2C2u � C2d would be extracted by studying
the variation of APV as a function of the frac-
tional energy loss parameter, y. Thus, with
an integrated luminosity of several 100 fb�1

in Stage II of the EIC, the precision could be
improved by a further factor of 2 to 3. De-
pending on the discoveries at the LHC over
the next decade, it is quite possible that such
sensitivity to C2i couplings, which is quite
unique, would prove to be critical to unravel
the nature of TeV-scale dynamics.
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• Leptophobic Z’s are an interesting BSM scenario since they only 
shifts the  couplings in C2q APV

    

[M.Alonso-Gonzalez, M.Ramsey-Musolf;
M.Buckley,M.Ramsey-Musolf]

• Leptophobic Z’s only affect the b(x) term or the C2q coefficients in APV: 

Leptophobic Z’ 
contributes only to 
the C2q couplings!

2

In the case of deep inelastic scattering (DIS), the beam
asymmetry has a simple form in leading order of one-
photon and one-Z0 exchanges [25]

ADIS
PV =

GFQ2

4
p
2(1 +Q2/M2

Z)⇡↵

h
a1+

1� (1� y)2

1 + (1� y)2
a3
i
, (3)

where a1 and a3 are the ratios of structure functions,
which can be written in terms of parton distribution func-
tions (PDFs),

a1 =
2
P

q eqC1q(q + q̄)
P

q e
2
q(q + q̄)

,

a3 =
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q eqC2q(q � q̄)
P

q e
2
q(q + q̄)

. (4)

Here C1q = 2geAg
q
V and C2q = 2geV g

q
A are the axial-vector

vector (AV) and vector axial-vector (VA) combinations of
the electron and the quark weak couplings, respectively.
The SM couplings are

{geV , guV , gdV } = {�1

2
+ 2 sin2 ✓W ,

1

2
� 4

3
sin2 ✓W ,
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2
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2
,
1

2
,�1

2
} , (5)

where ✓W is the Weinberg angle.
Sensitivity of PVES asymmetry to the dark photon:

The motivation for the existence of a dark photon in the
general context of the search for dark matter was recently
reviewed by Filippi and Napoli [26]. The idea began with
a proposal [27, 28] of a spin-one gauge boson mixing kine-
matically with the U(1)Y boson in the Standard Model.
It was proposed that it might provide a portal to other
hidden particles through this mixing.

L � �1

4
F 0
µ⌫F

0µ⌫ +
m2

A0

2
A0

µA
0µ +

✏

2 cos ✓W
F 0
µ⌫B

µ⌫ . (6)

We use A0 and Z̄ to denote the unmixed versions of the
dark photon and the SM neutral weak boson, respec-
tively.

After diagonalizing the mixing term through field re-
definitions, the physical masses of the Z boson and the
dark photon are [29]

M2
Z,AD
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m2

Z̄

2
[1 + ✏2W + ⇢2

±sign(1� ⇢2)
q
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1� ✏2/ cos2 ✓W
,
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mA0/mZ̄p

1� ✏2/ cos2 ✓W
. (8)

The SM couplings of the Z-boson, Cv
Z̄

= {geV , guV , gdV }
and Ca

Z̄
= {geA, guA, gdA}, will be modified because of the

kinetic mixing [29]

Cv
Z = (cos↵� ✏W sin↵)Cv

Z̄ + 2✏W sin↵ cos2 ✓WCv
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Ca
Z = (cos↵� ✏W sin↵)Ca

Z̄ , (9)

where Cv
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� , C
u
� , C

d
�} = {�1, 2/3,�1/3}. The cou-

plings of the physical dark photon AD to SM particles
are given by

Cv
AD

= �(sin↵+ ✏W cos↵)Cv
Z̄ + 2✏W cos↵ cos2 ✓WCv

� ,

Ca
AD
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Here ↵ is the Z̄ �A0 mixing angle,
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.(11)

The strongest constraints on ✏ come from the
NA64 [30] and BABAR experiments [31], leading to
✏  10�3 for MAD  8 GeV. This limit could possibly be
weakened if the detailed structure of the dark sector were
taken into account [32]. The current limit in connection
with electroweak precision observables (EWPO) [33, 34]
leads to ✏  0.03 for dark photon mass up to MZ , while
the upcoming high-luminosity LHC run (HL-LHC) is ex-
pected to place a very strong constraint of ✏  10�6

in this mass region [34]. The exclusion limits from re-
cent e�p DIS analyses are either compatible with [35]
or slightly stronger than the EWPO bound, ✏  0.02
for MAD < 10 GeV [29, 36], which become weaker as
the dark photon mass increases. Especially in the heavy
mass region, to which we restrict our attention, the up-
per limit on ✏ from the DIS determination will go above
0.1 when MAD > MZ [29].
However, in the present context it is crucial that the

dark photon will also contribute to the PVES asymmetry
in DIS because of its axial-vector couplings to the elec-
tron and the quarks. The double di↵erential cross section
can be expressed as
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(12)

where f1(x, y) = 1 � y � xyM/2E and � = +1(�1)
represents positive (negative) initial electron helicity.
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Probing the Dark Sector
• Strong evidence for dark matter through 
gravitational effects:

- Galactic Rotation Curves
- Gravitational Lensing
- Cosmic Microwave Background
- Large Scale Structure Surveys

• WIMP dark matter paradigm

- Mass ~ TeV
- Weak interaction strength couplings
- Gives the required relic abundance

• However, so far no direct evidence for WIMP dark matter

• Perhaps dark sector has a rich structure including different 
species and gauge forces, just like the visible sector
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a proposal [27, 28] of a spin-one gauge boson mixing kine-
matically with the U(1)Y boson in the Standard Model.
It was proposed that it might provide a portal to other
hidden particles through this mixing.
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The strongest constraints on ✏ come from the
NA64 [30] and BABAR experiments [31], leading to
✏  10�3 for MAD  8 GeV. This limit could possibly be
weakened if the detailed structure of the dark sector were
taken into account [32]. The current limit in connection
with electroweak precision observables (EWPO) [33, 34]
leads to ✏  0.03 for dark photon mass up to MZ , while
the upcoming high-luminosity LHC run (HL-LHC) is ex-
pected to place a very strong constraint of ✏  10�6

in this mass region [34]. The exclusion limits from re-
cent e�p DIS analyses are either compatible with [35]
or slightly stronger than the EWPO bound, ✏  0.02
for MAD < 10 GeV [29, 36], which become weaker as
the dark photon mass increases. Especially in the heavy
mass region, to which we restrict our attention, the up-
per limit on ✏ from the DIS determination will go above
0.1 when MAD > MZ [29].
However, in the present context it is crucial that the

dark photon will also contribute to the PVES asymmetry
in DIS because of its axial-vector couplings to the elec-
tron and the quarks. The double di↵erential cross section
can be expressed as

d2�

dxdy
=

4⇡↵2s

Q4

⇣
[xy2F �

1 + f1(x, y)F
�
2 ]

� 1

sin2 2✓W

Q2

Q2 +M2
Z

(Cv
Z,e � �Ca

Z,e)⇥

[xy2F �Z
1 + f1(x, y)F

�Z
2 � �xy(1� y

2
)F �Z

3 ]

� 1

sin2 2✓W

Q2

Q2 +M2
AD

(Cv
AD,e � �Ca

AD,e)⇥

[xy2F �AD
1 + f1(x, y)F

�AD
2 � �xy(1� y

2
)F �AD

3 ]
⌘
,

(12)

where f1(x, y) = 1 � y � xyM/2E and � = +1(�1)
represents positive (negative) initial electron helicity.

Dark Photon Scenario
• Dark  gauge groupU(1)d

• Interacts with SM via kinetic mixing (and mass mixing)

• Could help explain astrophysical data and anomalies
    [Arkani-Hamed, Finkbeiner, Slatyer, Wiener, …]

• The mixing induces a coupling of the dark photon to the electromagnetic and 
weak neutral currents. ℒint = − eϵJμ

emA′￼μ

    [Also see talks by Neil, Liu]



Dark Photon Scenario

    [Bjorken, Essig, Schuster, Toro; Baten, Pospelov, 
Ritz; Izaguirre Krnjaic, Schuster, Toro]

“Invisible” Dark Photon

• 9 dark X with mX < mZd
/2 and Qdgd � e" ) Br(Zd ! XX̄) ' 1

BABAR: e+e� ! � + invisible

90% CL bound from BABAR Collaboration, Phys.Rev.Lett. 119 (2017) 13, 131804; 1702.03327

GeV-scale“invisible” dark photon gµ � 2 solution ruled out

- Possible loop hole: semi-visible decays

Mohlabeng, Phys.Rev.D 99 (2019) 11, 115001; 1902.05075
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• Active experimental program to search for dark photons
• Active experimental program to search for dark photon

Pioneering work by Bjorken, Essig, Schuster, Toro, 2009

• An early experimental target: gµ � 2 parameter space
Fayet, 2007 (direct coupling) Pospelov, 2008 (kinetic mixing)

Future Prospects
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S. Alekhin et al., arXiv:1504.04855 [hep-ph]

Visibly decaying Zd nearly ruled out as gµ � 2 explanation
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• Beam Dump Experiments: 

• Possible production and detection of DM beams in experiments

• p or e on fixed target ) production of Zd (meson decays, bremsstrahlung,. . . )

Batell, Pospelov, Ritz, 2009 (p beam); Izaguirre, Krnjaic, Schuster, Toro, 2013 (e beam dump)

• Relativistic Zd beam decays into DM particles

• DM interactions with detector via Zd exchange

Example:
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d(Z   Medaited DM Scattering)
(Z  Production)

(Z   Medaited DM Scattering)
d
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Imm smegma
caesarean

a

[Bjorken, Essig, Schuster, Toro]
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In the case of deep inelastic scattering (DIS), the beam
asymmetry has a simple form in leading order of one-
photon and one-Z0 exchanges [25]
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where ✓W is the Weinberg angle.
Sensitivity of PVES asymmetry to the dark photon:

The motivation for the existence of a dark photon in the
general context of the search for dark matter was recently
reviewed by Filippi and Napoli [26]. The idea began with
a proposal [27, 28] of a spin-one gauge boson mixing kine-
matically with the U(1)Y boson in the Standard Model.
It was proposed that it might provide a portal to other
hidden particles through this mixing.
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We use A0 and Z̄ to denote the unmixed versions of the
dark photon and the SM neutral weak boson, respec-
tively.

After diagonalizing the mixing term through field re-
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The strongest constraints on ✏ come from the
NA64 [30] and BABAR experiments [31], leading to
✏  10�3 for MAD  8 GeV. This limit could possibly be
weakened if the detailed structure of the dark sector were
taken into account [32]. The current limit in connection
with electroweak precision observables (EWPO) [33, 34]
leads to ✏  0.03 for dark photon mass up to MZ , while
the upcoming high-luminosity LHC run (HL-LHC) is ex-
pected to place a very strong constraint of ✏  10�6

in this mass region [34]. The exclusion limits from re-
cent e�p DIS analyses are either compatible with [35]
or slightly stronger than the EWPO bound, ✏  0.02
for MAD < 10 GeV [29, 36], which become weaker as
the dark photon mass increases. Especially in the heavy
mass region, to which we restrict our attention, the up-
per limit on ✏ from the DIS determination will go above
0.1 when MAD > MZ [29].
However, in the present context it is crucial that the

dark photon will also contribute to the PVES asymmetry
in DIS because of its axial-vector couplings to the elec-
tron and the quarks. The double di↵erential cross section
can be expressed as
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where f1(x, y) = 1 � y � xyM/2E and � = +1(�1)
represents positive (negative) initial electron helicity.

Dark Photon Scenario: Impact on PVES

• Constraints on Dark Photon parameter space will be independent of the details 
of the decay branching fractions of the dark photon

    [Thomas, Wang, Williams]

• For a light dark photon, the induced coupling to the weak neutral coupling is 
suppressed (due to a cancellation between the kinetic and mass mixing induced 
couplings).

• Let’s consider a heavier dark photon for a sizable coupling to the weak neutral 
current and a correspondingly sizable effect in PVES.

    
[Gopalakrishna, Jung, Wells; Davoudiasl, Lee, Marciano]

    [Thomas, Wang, Williams]
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Sensitivity of PVES asymmetry to the dark photon:

The motivation for the existence of a dark photon in the
general context of the search for dark matter was recently
reviewed by Filippi and Napoli [26]. The idea began with
a proposal [27, 28] of a spin-one gauge boson mixing kine-
matically with the U(1)Y boson in the Standard Model.
It was proposed that it might provide a portal to other
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NA64 [30] and BABAR experiments [31], leading to
✏  10�3 for MAD  8 GeV. This limit could possibly be
weakened if the detailed structure of the dark sector were
taken into account [32]. The current limit in connection
with electroweak precision observables (EWPO) [33, 34]
leads to ✏  0.03 for dark photon mass up to MZ , while
the upcoming high-luminosity LHC run (HL-LHC) is ex-
pected to place a very strong constraint of ✏  10�6

in this mass region [34]. The exclusion limits from re-
cent e�p DIS analyses are either compatible with [35]
or slightly stronger than the EWPO bound, ✏  0.02
for MAD < 10 GeV [29, 36], which become weaker as
the dark photon mass increases. Especially in the heavy
mass region, to which we restrict our attention, the up-
per limit on ✏ from the DIS determination will go above
0.1 when MAD > MZ [29].
However, in the present context it is crucial that the
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It was proposed that it might provide a portal to other
hidden particles through this mixing.

L � �1

4
F 0
µ⌫F

0µ⌫ +
m2

A0

2
A0

µA
0µ +

✏

2 cos ✓W
F 0
µ⌫B

µ⌫ . (6)

We use A0 and Z̄ to denote the unmixed versions of the
dark photon and the SM neutral weak boson, respec-
tively.

After diagonalizing the mixing term through field re-
definitions, the physical masses of the Z boson and the
dark photon are [29]

M2
Z,AD

=
m2

Z̄

2
[1 + ✏2W + ⇢2

±sign(1� ⇢2)
q

(1 + ✏2W + ⇢2)2 � 4⇢2] , (7)

where

✏W =
✏ tan ✓Wp

1� ✏2/ cos2 ✓W
,

⇢ =
mA0/mZ̄p

1� ✏2/ cos2 ✓W
. (8)

The SM couplings of the Z-boson, Cv
Z̄

= {geV , guV , gdV }
and Ca

Z̄
= {geA, guA, gdA}, will be modified because of the

kinetic mixing [29]

Cv
Z = (cos↵� ✏W sin↵)Cv

Z̄ + 2✏W sin↵ cos2 ✓WCv
� ,

Ca
Z = (cos↵� ✏W sin↵)Ca

Z̄ , (9)

where Cv
� = {Ce

� , C
u
� , C

d
�} = {�1, 2/3,�1/3}. The cou-

plings of the physical dark photon AD to SM particles
are given by

Cv
AD

= �(sin↵+ ✏W cos↵)Cv
Z̄ + 2✏W cos↵ cos2 ✓WCv

� ,

Ca
AD

= �(sin↵+ ✏W cos↵)Ca
Z̄ . (10)

Here ↵ is the Z̄ �A0 mixing angle,

tan↵ =
1

2✏W

h
1� ✏2W � ⇢2

�sign(1� ⇢2)
q

4✏2W + (1� ✏2W � ⇢2)2
i
.(11)
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NA64 [30] and BABAR experiments [31], leading to
✏  10�3 for MAD  8 GeV. This limit could possibly be
weakened if the detailed structure of the dark sector were
taken into account [32]. The current limit in connection
with electroweak precision observables (EWPO) [33, 34]
leads to ✏  0.03 for dark photon mass up to MZ , while
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pected to place a very strong constraint of ✏  10�6

in this mass region [34]. The exclusion limits from re-
cent e�p DIS analyses are either compatible with [35]
or slightly stronger than the EWPO bound, ✏  0.02
for MAD < 10 GeV [29, 36], which become weaker as
the dark photon mass increases. Especially in the heavy
mass region, to which we restrict our attention, the up-
per limit on ✏ from the DIS determination will go above
0.1 when MAD > MZ [29].
However, in the present context it is crucial that the
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where f1(x, y) = 1 � y � xyM/2E and � = +1(�1)
represents positive (negative) initial electron helicity.

Dark Photon Scenario: Impact on PVES

• The usual PVDIS asymmetry has the form:

3

For positron scattering, the cross sections can be ob-
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AD,e, respectively [37].
Since the purely electromagnetic cross section does not
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where a�Z1 (a�AD
1 ) and a�Z3 (a�AD
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From Eq. (13) the e↵ect of both Z and AD exchange is
given by the e↵ective couplings
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with R1q and R2q characterizing the corrections to the
SM couplings, arising from the e↵ects of a dark photon.

For this study, the dark photon parameter space cor-
responding to ✏  0.2 in the (✏,MAD ) plane is of most
interest, because it has not been fully excluded by the
existing constraints. The parameters in the “eigenmass
repulsion” region, very near the Z-boson mass, are not
accessible [29].

PREX: As explained earlier, the PREX experiment re-
turned a value for the di↵erence of proton and neutron
radii in 208Pb that was considerably larger than expected
from standard nuclear structure calculations. This may
be interpreted as implying that the slope of the symme-
try energy as a function of density is considerably larger
than hitherto believed. It has been suggested that this
would have important implications for the structure of
nuclei away from stability [38], as well as the properties
of neutron stars – notably their surface thickness and
radii [39, 40].

We first consider the case of very low momentum trans-
fer, Q2 = 0.00616 GeV2, which is relevant for elastic scat-
tering in the PREX experiment [3]. In Fig. 1 we show the
correction R1q in the (✏,MAD ) plane. At this low scale,
the correction to C1q can be as large as several percent
when the dark photon parameters approach the “eigen-
mass repulsion” region. We observe that a correction of

this size is very significant in the context of the PREX
measurement. For example, a value of R1q of order 4%
would lead to a decrease in the deduced neutron radius of
Pb, which would entirely eliminate any tension with the
theoretically prefered values. Finally on this topic, we
observe that at low momentum transfer the dark photon
gives rise to changes in the up and down quark couplings
that are roughly independent of flavor and so cannot sim-
ply be represented by a change in the Weinberg angle.

FIG. 1. The correction factors R1u and R1d at Q2 =
0.00616 GeV2, appropriate to the PREX-II experiment. The
gap on the ✏�M plane is not accessible because of “eigenmass
repulsion” associated with the Z mass.

Deep inelastic scattering at high Q2: Next we investi-
gate the dark photon e↵ects at the much higher momen-
tum scales associated with DIS. This is especially relevant
for the measurements taken at HERA, where the large
values of Q2 accessible in the collider made the measure-
ment of the C-odd valence quark distributions possible.
Both C1q and C2q make significant contributions to the
PVDIS asymmetry in this region. The correction factors
R1q and R2q at Q2 = M2

Z are shown in Figs. 2 and 3, re-
spectively. At this scale the behaviour of the corrections
to C1u and C1d are qualitatively very di↵erent. While the
corrections C1q are relatively small in this case, those for
C2q tend to be negative over the entire region and can be
large in magnitude even if the kinetic mixing parameter
✏ is relatively small.
As values of ✏ as large as 10-15% are not excluded in

the dark photon mass region above 70 GeV, the results
shown in Figs. 2 and 3 suggest that the errors in the
extraction of valence parton distribution functions from
high-Q2 data at HERA could be as large as 10% or more,

• Including the effects of a dark photon, we get additional terms:

    [Thomas, Wang, Williams]
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In the case of deep inelastic scattering (DIS), the beam
asymmetry has a simple form in leading order of one-
photon and one-Z0 exchanges [25]
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where a1 and a3 are the ratios of structure functions,
which can be written in terms of parton distribution func-
tions (PDFs),
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Here C1q = 2geAg
q
V and C2q = 2geV g

q
A are the axial-vector

vector (AV) and vector axial-vector (VA) combinations of
the electron and the quark weak couplings, respectively.
The SM couplings are
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where ✓W is the Weinberg angle.
Sensitivity of PVES asymmetry to the dark photon:

The motivation for the existence of a dark photon in the
general context of the search for dark matter was recently
reviewed by Filippi and Napoli [26]. The idea began with
a proposal [27, 28] of a spin-one gauge boson mixing kine-
matically with the U(1)Y boson in the Standard Model.
It was proposed that it might provide a portal to other
hidden particles through this mixing.
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We use A0 and Z̄ to denote the unmixed versions of the
dark photon and the SM neutral weak boson, respec-
tively.

After diagonalizing the mixing term through field re-
definitions, the physical masses of the Z boson and the
dark photon are [29]
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The SM couplings of the Z-boson, Cv
Z̄

= {geV , guV , gdV }
and Ca

Z̄
= {geA, guA, gdA}, will be modified because of the

kinetic mixing [29]

Cv
Z = (cos↵� ✏W sin↵)Cv

Z̄ + 2✏W sin↵ cos2 ✓WCv
� ,

Ca
Z = (cos↵� ✏W sin↵)Ca

Z̄ , (9)
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plings of the physical dark photon AD to SM particles
are given by
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The strongest constraints on ✏ come from the
NA64 [30] and BABAR experiments [31], leading to
✏  10�3 for MAD  8 GeV. This limit could possibly be
weakened if the detailed structure of the dark sector were
taken into account [32]. The current limit in connection
with electroweak precision observables (EWPO) [33, 34]
leads to ✏  0.03 for dark photon mass up to MZ , while
the upcoming high-luminosity LHC run (HL-LHC) is ex-
pected to place a very strong constraint of ✏  10�6

in this mass region [34]. The exclusion limits from re-
cent e�p DIS analyses are either compatible with [35]
or slightly stronger than the EWPO bound, ✏  0.02
for MAD < 10 GeV [29, 36], which become weaker as
the dark photon mass increases. Especially in the heavy
mass region, to which we restrict our attention, the up-
per limit on ✏ from the DIS determination will go above
0.1 when MAD > MZ [29].
However, in the present context it is crucial that the

dark photon will also contribute to the PVES asymmetry
in DIS because of its axial-vector couplings to the elec-
tron and the quarks. The double di↵erential cross section
can be expressed as
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(12)

where f1(x, y) = 1 � y � xyM/2E and � = +1(�1)
represents positive (negative) initial electron helicity.
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• Equivalent to working with the usual PVDIS formula:

• But with shifted  couplings:Ciq
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FIG. 2. The correction factors R1u and R1d at Q2 = M2
Z .

FIG. 3. The correction factors R2u and R2d at Q2 = M2
Z .

were a dark photon to exist.
In the future, the kinematic coverage of the electron-

ion collider (EIC) [41] planned in the United States, will
allow considerable improvement in our knowledge of the
PDFs over a wide range of x and Q2, as explained in the
EIC Yellow Report[42]. However, without access to a
positron beam, which is not yet certain, the direct deter-
mination of F3 will not be possible. On the other hand,
with improved the measurements of the sea at the EIC

and very accurate measurements of F1,2 at both the EIC
and JLab 12 GeV, the accuracy with which the valence
PDFs are known may be expected to improve signifi-
cantly.
geqAA: One of the key experiments planned with the

SoLID detector at JLab [43] is the first measurement of
the parameter geqAA [44]. At leading order this is the Stan-
dard Model coupling of an electron to a quark with an
axial current at each vertex, otherwise known as C3q.
With the e↵ect of the dark photon, C3q becomes

C3q = CZ
3q +

Q2 +M2
Z

Q2 +M2
AD

CAD
3q = CSM

3q (1 +R3q) . (16)

Like the coe�cients C1,2 discussed above, these are fun-
damental coe�cients in the SM and any confirmed devi-
ation would signal new physics. While it has been tested
at CERN for muons [45], at an accuracy of order 25%,
the axial-axial coupling has never been measured for elec-
trons. The ideal experiment to determine this coupling
is to measure the di↵erence in unpolarized electron and
positron scattering on the deuteron [46]

Ae+e�

d = �3GFQ2Y

2
p
2⇡↵

RV (2geuAA � gedAA)

5 + 4RC +RS
, (17)

where following Ref. [46] geqAA is defined to incorporate
higher order radiative corrections, including, for example,
two-photon exchange.
As shown in Fig. 4, our calculations suggest that there

are kinematic regions where the dark photon could lead
to deviations as large as 5% from SM expectations at the
scale Q2 = 10 GeV2, appropriate to possible experiments
at JLab.
Summary: We have calculated the dark photon con-

tributions to parity-violating electron scattering (PVES).
These contributions are characterized by the corrections
to the standard model couplings C1q, C2q and C3q. For
elastic scattering we showed that there could be a rel-
atively large correction to the neutron radius of the Pb
nucleus deduced from the PVES measurement of PREX.
On the other hand, the allowed changes are su�ciently
small that they have no e↵ect on the interpretation of the
Qweak experiment. In DIS at very high Q2, of relevance
to HERA, the dark photon could induce substantial cor-
rections to the valence parton distribution functions de-
duced from the DIS data. Finally, the electron-positron
asymmetry in DIS o↵ers direct access to the combination
2C3u � C3d, where e↵ects as large as 5% are possible.
These results suggest that it would be extremely valu-

able to have a dedicated program to test for the existence
of a dark photon.

We would like to acknowledge helpful correspondence
with Xiaochao Zheng. This work was supported by
the University of Adelaide and the Australian Research
Council through the Centre of Excellence for Dark
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From Eq. (13) the e↵ect of both Z and AD exchange is
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with R1q and R2q characterizing the corrections to the
SM couplings, arising from the e↵ects of a dark photon.

For this study, the dark photon parameter space cor-
responding to ✏  0.2 in the (✏,MAD ) plane is of most
interest, because it has not been fully excluded by the
existing constraints. The parameters in the “eigenmass
repulsion” region, very near the Z-boson mass, are not
accessible [29].

PREX: As explained earlier, the PREX experiment re-
turned a value for the di↵erence of proton and neutron
radii in 208Pb that was considerably larger than expected
from standard nuclear structure calculations. This may
be interpreted as implying that the slope of the symme-
try energy as a function of density is considerably larger
than hitherto believed. It has been suggested that this
would have important implications for the structure of
nuclei away from stability [38], as well as the properties
of neutron stars – notably their surface thickness and
radii [39, 40].

We first consider the case of very low momentum trans-
fer, Q2 = 0.00616 GeV2, which is relevant for elastic scat-
tering in the PREX experiment [3]. In Fig. 1 we show the
correction R1q in the (✏,MAD ) plane. At this low scale,
the correction to C1q can be as large as several percent
when the dark photon parameters approach the “eigen-
mass repulsion” region. We observe that a correction of

this size is very significant in the context of the PREX
measurement. For example, a value of R1q of order 4%
would lead to a decrease in the deduced neutron radius of
Pb, which would entirely eliminate any tension with the
theoretically prefered values. Finally on this topic, we
observe that at low momentum transfer the dark photon
gives rise to changes in the up and down quark couplings
that are roughly independent of flavor and so cannot sim-
ply be represented by a change in the Weinberg angle.

FIG. 1. The correction factors R1u and R1d at Q2 =
0.00616 GeV2, appropriate to the PREX-II experiment. The
gap on the ✏�M plane is not accessible because of “eigenmass
repulsion” associated with the Z mass.

Deep inelastic scattering at high Q2: Next we investi-
gate the dark photon e↵ects at the much higher momen-
tum scales associated with DIS. This is especially relevant
for the measurements taken at HERA, where the large
values of Q2 accessible in the collider made the measure-
ment of the C-odd valence quark distributions possible.
Both C1q and C2q make significant contributions to the
PVDIS asymmetry in this region. The correction factors
R1q and R2q at Q2 = M2

Z are shown in Figs. 2 and 3, re-
spectively. At this scale the behaviour of the corrections
to C1u and C1d are qualitatively very di↵erent. While the
corrections C1q are relatively small in this case, those for
C2q tend to be negative over the entire region and can be
large in magnitude even if the kinetic mixing parameter
✏ is relatively small.
As values of ✏ as large as 10-15% are not excluded in

the dark photon mass region above 70 GeV, the results
shown in Figs. 2 and 3 suggest that the errors in the
extraction of valence parton distribution functions from
high-Q2 data at HERA could be as large as 10% or more,
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for the photon and Z boson fields, one is left with an
induced coupling of the Zd to the usual electromagnetic
current (with summation over all charged quarks and lep-
tons)

Lint = −eεJµ
emZdµ

Jµ
em =

∑

f

Qf f̄γ
µf + · · · (4)

where the ellipsis includes W± current terms and Qf

is the electric charge (Qe = −1). (It is generally as-
sumed that U(1)d is broken and Zd becomes massive via
a scalar Higgs singlet or a Stueckelberg mass generating
mechanism [13, 14].) Note also that the induced coupling
of Zd to the weak neutral current via Eq. (3) is highly
suppressed at low energies in the above basic scenario
because of a cancellation between ε dependent field re-
definition and Z-Zd mass matrix diagonalization effects
induced by ε (see, for example, Ref. [15] and our Appen-
dices A and B).
The phenomenology of the interaction in Eq. (4) has

been well examined as a function of mZd
and ε (e.g.

Refs. [16–18]). With the assumption 10 MeV ! mZd
!

10 GeV and ε ! O(few × 10−3), bounds have been
given and new experiments are underway to find the Zd

via its production in high intensity electron scattering
[19]. We will consider this same mass range for our phe-
nomenological analysis in this work. The lower bound
mZd

" 10 MeV is required in order that astrophysical
and beam-dump processes do not severely constrain the
interactions of dark Z which, as discussed below, devel-
ops an axionlike component for mZd

→ 0.
Because of its coupling to our particle world via the

small electromagnetic current coupling in Eq. (4), Zd is
often called the “dark” photon (even though that name
was originally intended for a new weakly coupled long-
range interaction [20]).
Here, we generalize the above U(1)d kinetic mixing sce-

nario to include Z-Zd mass mixing by introducing the
2× 2 mass matrix

M2
0 = m2

Z

(

1 −εZ
−εZ m2

Zd
/m2

Z

)

(5)

where mZd
and mZ (with m2

Zd
≪ m2

Z) represent the
“dark” Z and SM Z masses in the limit of no mixing.
The Z-Zd mixing is parametrized by

εZ =
mZd

mZ
δ , (6)

with δ a small model dependent quantity. We ignore the
ε contribution from Eq. (2) in the mass matrix, since its
inclusion would affect this part of our discussion only at
O(ε2) (see Appendix B). The assumed off-diagonal mZd

dependence in Eq. (6) allows smooth mZd
→ 0 behavior

for all εZ-induced amplitudes involving Zd, even those
stemming from nonconserved current interactions. Also,
for simplicity, ordinary fermions are assumed to be neu-
tral under U(1)d, i.e. they do not carry any fundamen-
tal dark charge. Their only couplings to Zd are induced

through ε and εZ . More general cases are possible and
interesting, but beyond the scope of this paper.
So far, δ is rather arbitrary, although 0 ≤ δ2 < 1 is

required to avoid an infinite-range or tachyonic Zd. One
expects δ to be small because of the disparity of mZ and
mZd

. We later show that low energy phenomenology ac-
tually requires δ2 ! 0.006, while rare K and B decays
have sensitivity to δ2 ! 10−4 − 10−6 for low mass Zd.
We will also demonstrate how the form in Eq. (5) natu-
rally emerges in a simple 2HD extension of the SM, the
details of which will be discussed in Appendix B. How-
ever, we emphasize that our general results follow from
Z-Zd mixing through a generic mass matrix of the form
in Eq. (5) and are not exclusively tied to any specific ex-
panded Higgs sector. That mixing could, for example,
potentially arise from loop effects or dynamical symme-
try breaking.
Overall, mixing leads to mass eigenstates Z and Zd

Z = Z0 cos ξ − Z0
d sin ξ

Zd = Z0 sin ξ + Z0
d cos ξ

(7)

where (see Appendix B)

tan 2ξ ≃ 2
mZd

mZ
δ = 2εZ . (8)

It is expected that sin ξ is very small (partly because of
the assumed smallness of mZd

/mZ and partly because
of small δ) and does not measurably affect Z pole pa-
rameters (such as mZ and ΓZ) because these are shifted
fractionally at O(ε2Z), and require only εZ ! O(0.01).
However, it can, nevertheless, lead to other interesting
new phenomenology which overcomes the mZd

/mZ sup-
pression in εZ .
As the first example, we consider very lowQ2 parity vi-

olating effects where the smallness of mZd
/mZ in the in-

duced Zd couplings is offset by them2
Z/m

2
Zd

enhancement
from Z vs Zd propagators. Then we describe the induced
decays K → πZd and B → KZd, as well as the high en-
ergy decay H → ZZd, where the small induced coupling
factor mZd

/mZ is overcome by mK/mZd
, mB/mZd

and
mH/mZd

enhancements, respectively, in the longitudinal
polarization component of the Zd production amplitudes.

III. ATOMIC PARITY VIOLATION AND
POLARIZED ELECTRON SCATTERING

We begin our analysis by writing out the full Zd cou-
pling to fermions from ε as well as εZ .

Lint =

(

−eεJem
µ −

g

2 cos θW
εZJ

NC
µ

)

Zµ
d (9)

where Jem
µ is given in Eq. (4) and

JNC
µ =

∑

f

(T3f − 2Qf sin
2 θW )f̄γµf − T3f f̄γµγ5f (10)
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“Dark” Z implications for Parity Violation, Rare Meson Decays, and Higgs Physics

Hooman Davoudiasl∗, Hye-Sung Lee†, and William J. Marciano‡

Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA

General consequences of mass mixing between the ordinary Z boson and a relatively light Zd

boson, the “dark” Z, arising from a U(1)d gauge symmetry, associated with a hidden sector such
as dark matter, are examined. New effects beyond kinetic mixing are emphasized. Z-Zd mixing
introduces a new source of low energy parity violation well explored by possible future atomic
parity violation and planned polarized electron scattering experiments. Rare K(B) meson decays
into π(K)ℓ+ℓ− (ℓ = e, µ) and π(K)νν̄ are found to already place tight constraints on the size of
Z-Zd mixing. Those sensitivities can be further improved with future dedicated searches at K and
B factories as well as binned studies of existing data. Z-Zd mixing can also lead to the Higgs decay
H → ZZd, followed by Z → ℓ+1 ℓ

−
1 and Zd → ℓ+2 ℓ

−
2 or “missing energy”, providing a potential hidden

sector discovery channel at the LHC. An illustrative realization of these effects in a 2 Higgs doublet
model is presented.

I. INTRODUCTION

The existence of cosmic dark matter is now essentially
established. It appears to constitute about 22% of the
energy-matter budget of the Universe, significantly more
than the 4% attributed to visible matter [1]. Neverthe-
less, the exact nature of dark matter remains mysteri-
ous. Is it mainly a new, cosmologically stable, elementary
particle that interacts with our visible world primarily
through gravity or does it have weak interaction proper-
ties that allow it to be detected at high energy accelera-
tors or in sensitive underground cryogenic experiments?
Both avenues of exploration are currently in progress. A
discovery would revolutionize our view of the Universe
and the field of elementary particle physics.
Recently, a possible generic new property of dark mat-

ter has been postulated [2] to help explain various astro-
physical observations of positron excesses [3]. The ba-
sic idea is to introduce a new U(1)d gauge symmetry
mediated by a relatively light Zd boson that couples to
the “dark” charge of hidden sector states, an example of
which is dark matter. Such a boson has been dubbed the
“dark” photon, secluded or hidden boson, etc [4]. Within
the framework adopted in our work, however, we refer to
it as the “dark” Z because of its close relationship to the
ordinary Z of the Standard Model (SM) via Z-Zd mix-
ing. Consequences of that mixing will be explored in this
paper, where after describing the basic characteristics of
the dark Z, we provide constraints on its properties im-
posed by low energy parity violating experiments such
as atomic parity violation and polarized electron scat-
tering. Future sensitivities are also discussed. We then
briefly describe bounds on the mixing currently obtained
from rare K and B decays along with the potential for
future improvements.
Perhaps the most novel prediction from Z-Zd mixing is
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its implications for high energy experiments. In particu-
lar, it leads to a potentially observable new type of Higgs
decay, H → ZZd, with pronounced discovery signatures
that we describe [5]. We also discuss a 2 Higgs doublet
(2HD) model that exhibits all the features of our general
Z-Zd mixing scenario. (Some works of similar spirit, but
different contexts can be found in, for example, Refs. [6–
10].)

II. SET UP

We begin with what might be called the usual “dark”
boson scenario. It is assumed that a new U(1)d gauge
symmetry of the dark matter or any hidden sector in-
teracts with the SU(3)C × SU(2)L × U(1)Y of the SM
via kinetic mixing between U(1)Y and U(1)d [11]. That
effect is parametrized by a gauge invariant BµνZ

µν
d in-

teraction

Lgauge = −
1

4
BµνB

µν +
1

2

ε

cos θW
BµνZ

µν
d −

1

4
ZdµνZ

µν
d

Bµν = ∂µBν − ∂νBµ Zdµν = ∂µZdν − ∂νZdµ

(1)

with ε a dimensionless parameter that is unspecified (the
normalization of the term proportional to ε has been cho-
sen to simplify the notation in the results that follow).
At the level of our discussion, ε is a potentially infinite
counter term necessary for renormalization. Its finite
renormalized value is to be determined by experiment.
In most discussions, ε is assumed to be ! O(few×10−3).
It could, of course, be much smaller [12].
After removal of the ε cross-term by field redefinitions

Bµ → Bµ +
ε

cos θW
Zdµ (2)

leading to

Aµ → Aµ + εZdµ

Zµ → Zµ − ε tan θWZdµ

(3)
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in Eq. (5) and are not exclusively tied to any specific ex-
panded Higgs sector. That mixing could, for example,
potentially arise from loop effects or dynamical symme-
try breaking.
Overall, mixing leads to mass eigenstates Z and Zd

Z = Z0 cos ξ − Z0
d sin ξ

Zd = Z0 sin ξ + Z0
d cos ξ

(7)

where (see Appendix B)

tan 2ξ ≃ 2
mZd

mZ
δ = 2εZ . (8)

It is expected that sin ξ is very small (partly because of
the assumed smallness of mZd

/mZ and partly because
of small δ) and does not measurably affect Z pole pa-
rameters (such as mZ and ΓZ) because these are shifted
fractionally at O(ε2Z), and require only εZ ! O(0.01).
However, it can, nevertheless, lead to other interesting
new phenomenology which overcomes the mZd

/mZ sup-
pression in εZ .
As the first example, we consider very lowQ2 parity vi-

olating effects where the smallness of mZd
/mZ in the in-

duced Zd couplings is offset by them2
Z/m

2
Zd

enhancement
from Z vs Zd propagators. Then we describe the induced
decays K → πZd and B → KZd, as well as the high en-
ergy decay H → ZZd, where the small induced coupling
factor mZd

/mZ is overcome by mK/mZd
, mB/mZd

and
mH/mZd

enhancements, respectively, in the longitudinal
polarization component of the Zd production amplitudes.

III. ATOMIC PARITY VIOLATION AND
POLARIZED ELECTRON SCATTERING

We begin our analysis by writing out the full Zd cou-
pling to fermions from ε as well as εZ .

Lint =

(

−eεJem
µ −

g

2 cos θW
εZJ

NC
µ

)

Zµ
d (9)

where Jem
µ is given in Eq. (4) and

JNC
µ =

∑

f

(T3f − 2Qf sin
2 θW )f̄γµf − T3f f̄γµγ5f (10)
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• An interesting scenario is that of a “light” Dark-Z.

• And additional mass mixing (for example, from extended Higgs 
sector) can induce sizable dark-Z coupling to the weak neutral 
current:

• Dark-Z couples to the electromagnetic and neutral current coupling:

• The standard kinetic mixing scenario:

(ii) New Model: “Dark Z” 
•  mass ≈ O(1) GeV 
•  coupling = ε×(Photon coupling) + εZ×(Z coupling) 
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• Effective change in presence of dark-Z for 
parity violating asymmetries:
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FIG. 3. E↵ective weak mixing angle running as a function of Q2 shift (the blue band) due to an intermediate mass Zd for (a)
mZd = 15 GeV and (b) mZd = 25 GeV for 1 sigma fit to "�

0 in Eq. (12). The lightly shaded area in each band corresponds to
choice of parameters that is in some tension with precision constraints (see text for more details).

which is further reduced by Z and Zd leptonic branching
ratios. The on-shell branching ratio is given by [33, 36]

BR(H ! ZZd) =
1

�H

q
�(m2

H
,m

2
Z
,m

2
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)
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Z
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(14)

with �(x, y, z) ⌘ x
2 + y

2 + z
2 � 2xy � 2yz � 2zx and

�H(125 GeV) ' 4.1 MeV [41], which shows a rather mZd

independent value over most of the mass range (Fig. 2),
resulting in Eq. (13).

The ATLAS bounds translate into constraints on �
0

as a function of mZd , but depend on the branching ra-
tio for Zd ! `

+
`
�. For BR(Zd ! 2`) ⌘ BR(Zd !

2e)+BR(Zd ! 2µ) ⇡ 0.3 [42], one finds (at 2 sigma) the
nearly constant bound |�0| . 0.02, over the range of mZd

considered in our work. Here we note that in the pres-
ence of allowed dark decay channels (that is, decay into
invisible particles), BR(Zd ! 2`) can be much smaller
than 0.3, which would weaken the constraint on �

0.
The best current bounds on " for the relevant mass

range are given by the precision electroweak constraints,
along with the non-continuous bounds from the e

+
e
� !

hadron cross-section measurements at various experi-
ments [43]. The Drell-Yan dilepton resonance searches
at the LHC experiments (such as in Refs. [44, 45]) have
the potential to give a better bound than precision elec-
troweak constraints [46]. When combined with bounds
on " from precision measurements and production con-
straints [43, 47], one finds |"| . 0.03, for kinetic mixing
alone. However, in our scenario, where a separate source
of mass mixing is also considered [33], that bound can be
somewhat relaxed, via partial cancellation with �

0 depen-
dent contributions to the Z-Zd mixing angle [33], roughly
yielding |"| . 0.04. (See also Refs. [47, 48] for less severe

bounds on " from a recasting of a CMS analysis of Run
1 data, sensitive to H ! ZZd.)
Given the above discussion, a simple combination of

the upper bounds on " and �
0 suggests

|"�0| . 0.0008. (15)

We use the above bound as a rough guide for the allowed
region of parameter space in our discussion below.
For a given mZd , a negative "�

0 in Eq. (12) will shift
the SM prediction in Eq. (1) towards the low Q

2 experi-
mental sin2 ✓W (mZ)MS weighted average in Eq. (6). That
e↵ect is illustrated in Fig. 3 (a), where for mZd = 15 GeV
the blue band corresponds to a 1-� fit to Eq. (7) or
�0.0010 < "�

0
< �0.0003. A similar 1-� band is pre-

sented in Fig. 3 (b) for mZd = 25 GeV with �0.0016 <

"�
0
< �0.0005. In each case, the lighter shaded upper

part of the band corresponds to |"�0| > 0.0008 which
is in some tension with constraints from precision mea-
surements and the rare Higgs decay search by ATLAS, as
explained above. Future improved sensitivity at the LHC
should cover most of the bands in Figs. 3 (a) and (b). For
other mZd values, the 1-� bands are about the same as
our Fig. 3 representative examples; however, for larger
mZd > 25 GeV, the darker parts of the bands allowed
by current constraints narrow. This can be seen from a
comparison of Figs. 3 (a) and (b) that shows how smaller
values of mZd can accommodate a shift in sin2 ✓W (Q2)
more easily, over the currently allowed parameter space
[as suggested by the mZd dependence in Eq.(12)].
In the case of low Q

2 determinations of sin2 ✓W (Q2),
the Qweak polarized e p asymmetry experiment at JLAB,
which measures weak nuclear charge of proton (Qp

weak),
is expected to reach an uncertainty of ±0.0007 after all
existing data are analyzed in the near future. This would
reduce the uncertainty on the weighted average in Eq. (6)
to ±0.00055 and, assuming the same central value as the

F
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FIG. 3. E↵ective weak mixing angle running as a function of Q2 shift (the blue band) due to an intermediate mass Zd for (a)
mZd = 15 GeV and (b) mZd = 25 GeV for 1 sigma fit to "�

0 in Eq. (12). The lightly shaded area in each band corresponds to
choice of parameters that is in some tension with precision constraints (see text for more details).
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with �(x, y, z) ⌘ x
2 + y

2 + z
2 � 2xy � 2yz � 2zx and

�H(125 GeV) ' 4.1 MeV [41], which shows a rather mZd

independent value over most of the mass range (Fig. 2),
resulting in Eq. (13).

The ATLAS bounds translate into constraints on �
0

as a function of mZd , but depend on the branching ra-
tio for Zd ! `

+
`
�. For BR(Zd ! 2`) ⌘ BR(Zd !

2e)+BR(Zd ! 2µ) ⇡ 0.3 [42], one finds (at 2 sigma) the
nearly constant bound |�0| . 0.02, over the range of mZd

considered in our work. Here we note that in the pres-
ence of allowed dark decay channels (that is, decay into
invisible particles), BR(Zd ! 2`) can be much smaller
than 0.3, which would weaken the constraint on �
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The best current bounds on " for the relevant mass

range are given by the precision electroweak constraints,
along with the non-continuous bounds from the e
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hadron cross-section measurements at various experi-
ments [43]. The Drell-Yan dilepton resonance searches
at the LHC experiments (such as in Refs. [44, 45]) have
the potential to give a better bound than precision elec-
troweak constraints [46]. When combined with bounds
on " from precision measurements and production con-
straints [43, 47], one finds |"| . 0.03, for kinetic mixing
alone. However, in our scenario, where a separate source
of mass mixing is also considered [33], that bound can be
somewhat relaxed, via partial cancellation with �

0 depen-
dent contributions to the Z-Zd mixing angle [33], roughly
yielding |"| . 0.04. (See also Refs. [47, 48] for less severe

bounds on " from a recasting of a CMS analysis of Run
1 data, sensitive to H ! ZZd.)
Given the above discussion, a simple combination of

the upper bounds on " and �
0 suggests

|"�0| . 0.0008. (15)

We use the above bound as a rough guide for the allowed
region of parameter space in our discussion below.
For a given mZd , a negative "�

0 in Eq. (12) will shift
the SM prediction in Eq. (1) towards the low Q

2 experi-
mental sin2 ✓W (mZ)MS weighted average in Eq. (6). That
e↵ect is illustrated in Fig. 3 (a), where for mZd = 15 GeV
the blue band corresponds to a 1-� fit to Eq. (7) or
�0.0010 < "�

0
< �0.0003. A similar 1-� band is pre-

sented in Fig. 3 (b) for mZd = 25 GeV with �0.0016 <
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0
< �0.0005. In each case, the lighter shaded upper

part of the band corresponds to |"�0| > 0.0008 which
is in some tension with constraints from precision mea-
surements and the rare Higgs decay search by ATLAS, as
explained above. Future improved sensitivity at the LHC
should cover most of the bands in Figs. 3 (a) and (b). For
other mZd values, the 1-� bands are about the same as
our Fig. 3 representative examples; however, for larger
mZd > 25 GeV, the darker parts of the bands allowed
by current constraints narrow. This can be seen from a
comparison of Figs. 3 (a) and (b) that shows how smaller
values of mZd can accommodate a shift in sin2 ✓W (Q2)
more easily, over the currently allowed parameter space
[as suggested by the mZd dependence in Eq.(12)].
In the case of low Q

2 determinations of sin2 ✓W (Q2),
the Qweak polarized e p asymmetry experiment at JLAB,
which measures weak nuclear charge of proton (Qp
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is expected to reach an uncertainty of ±0.0007 after all
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• Constraints from Higgs Decay:

2

The weighted average from Eqs. (3)-(5)

sin2 ✓W (mZ)MS = 0.2328(9) low Q
2 average (6)

is roughly 1.8 sigma higher than the SM prediction in
Eq. (1)

� sin2 ✓W ' 0.0016(9) (7)

and gives about the same deviation relative to Eq. (2).
Of course, there are still outstanding issues regarding

atomic parity violation theory [27–29] that warrant fur-
ther scrutiny. In addition, NuTeV hadronic e↵ects [30]
and radiative corrections [31, 32] could shift the average
somewhat [3]. However, here, we take the current aver-
age in Eq. (6) at face value and examine its consequences
for an intermediate mass dark Z (Zd) with mZd ⇠
10�35 GeV (the intermediate mass range bounded from
below by the onset of severe constraints from low energy
measurements and from above bymH�mZ) and coupling
to the SM particles via kinetic and Z-Zd mass matrix
mixing. Although the current 1.8 sigma discrepancy is far
from compelling evidence for “new physics”, it does merit
watching as low Q

2 measurements of sin2 ✓W (Q2) along
with independent constraints on Zd mixing improve.

We start our discussion of intermediate mass Zd by
briefly recalling its basic features. That scenario assumes
a U(1)d gauge symmetry associated with a hidden dark
sector. Its gauge boson, Zd, couples to our world (SM)
via kinetic mixing, parametrized by ", and Z-Zd mass
matrix mixing, parametrized by "Z = (mZd/mZ)� [33] 1.
Actually, for an intermediate mass Zd, the combination

�
0 ' � +

mZd

mZ

" tan ✓W (8)

proves important, as it governs the induced weak neutral
current interactions of Zd (throughout our discussion, we
ignore higher order corrections in " and �). It means the
� is replaced by the more general �0 of Eq. (8) for an
intermediate mass Zd. For the usually considered case of
mZd ⌧ mZ , the second term in Eq. (8) [34] is generally
negligible and �

0 ' � becomes a good approximation,
but here it is retained. Depending on the relative sign of
� and ", the Z-Zd mass mixing or �

0 might increase or
decrease as mZd increases.

As a result of mixing, Zd couples to the SM via [33]

Lint = (�e"J
em

µ
� g

2 cos ✓W

mZd

mZ

�
0
J
NC

µ
+ . . .)Zµ

d
, (9)

where the ellipsis represents other induced Zd interac-
tions such as the HZZd coupling [33, 35, 36] that we
subsequently employ. As a consequence of Eq. (9), weak
neutral current SM amplitudes at low Q

2 momentum

1
We note that a new Higgs doublet charged under U(1)d, assumed

in typical models of Z-Zd mass mixing discussed in Ref. [33], can

also lead to non-zero kinetic mixing, via loop e↵ects.
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FIG. 2. BR(H ! ZZd)/�
02 with mZd . For the most part

(mZd . 30 GeV), the branching ratio into ZZd is almost
independent of mZd . BR(H ! ZZd) ⇡ (16� 18) �02.

transfer are rescaled by ⇢d (that is ⇢dGF instead of GF )
and the SM weak mixing angle sin2 ✓W (Q2)SM is replaced
by d sin2 ✓W (Q2)SM [33, 37, 38] with

⇢d = 1 + �
02 m

2
Zd

Q2 +m
2
Zd

(10)

and

d = 1� "�
0 mZ
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cot ✓W
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Q2 +m
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. (11)

The above yields a low Q
2 ⌧ m

2
Zd

shift

� sin2 ✓W ' �"�
0 mZ

mZd

cos ✓W sin ✓W

' �0.42 "�0
mZ
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Note that the e↵ect of ⇢d in Eq. (10) on sin2 ✓W (Q2) is
process dependent. Its largest e↵ect is on the NuTeV re-
sult of Eq. (5), where an upward shift in the experimental
sin2 ✓W (mZ)MS of �02 is induced if R⌫ (the ratio of neu-
tral current to charged current neutrino cross sections) is
employed [31, 32], and �

02
/2 if the Paschos-Wolfenstein

relation [39] is used. Overall, ⇢d has little e↵ect on the
weighted average in Eq. (6). Nevertheless, including the
e↵ect of ⇢d in future more precise studies is warranted.
As can be seen from Eq. (12), the value of sin2 ✓W (Q2)

in our framework depends on mZd , ", and �
0. Let us

then consider next the current constraints on the latter
two quantities over the mZd range of interest here.
Recently, the ATLAS collaboration at the LHC has

reported results for the rare Higgs decay H ! ZZd !
`
+
1 `

�
1 `

+
2 `

�
2 , with `1,2 = e, µ [40]. Assuming Z-Zd mass

mixing parametrized by �
0 and a dominantly SM-like

Higgs boson of 125 GeV, one can show [33] that this
decay has a branching ratio (roughly including Zd phase
space e↵ects [36])

BR(H ! ZZd) ⇡ (16� 18) �02 (13)

g2
dependent
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two quantities over the mZd range of interest here.
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Higgs boson of 125 GeV, one can show [33] that this
decay has a branching ratio (roughly including Zd phase
space e↵ects [36])

BR(H ! ZZd) ⇡ (16� 18) �02 (13)

g2
dependent

with T3f = ±1/2 (T3e = −1/2) and sin2 θW ≃ 0.23 is
the weak mixing angle of the SM. The inclusion of Z-
Zd mixing has introduced parity violation. The JNC

µ Zµ
d

coupling is similar to the JNC
µ Zµ coupling of the SM

Z but reduced by εZ in magnitude. Hence, the name
“dark” Z, since it is the εZ induced interactions that we
primarily address. Note that the effects of ε and εZ can
be combined into a simple form

Lint = −
g

2 cos θW
εZJ

NC′

µ Zµ
d (11)

by the replacement JNC′

µ (sin2 θW ) = JNC
µ (sin2 θ′W )

sin2 θ′W = sin2 θW −
ε

εZ
cos θW sin θW (12)

in Eq. (10). In that format, one can judge the relative
importance of ε in low energy Zd phenomenology. It
depends on the size of (ε/εZ)(cos θW / sin θW ). For ε very
small, it has little effect, but will be significant if ε ∼ εZ .
The new source of parity violation in Eq. (9) or

Eq. (11), is particularly important for experiments
at Q2 < m2

Zd
where the Zd propagator can pro-

vide an enhancement owing to m2
Zd

≪ m2
Z . The

overall effect for parity violating amplitudes MPV
NC =

(GF /2
√
2)F (sin2 θW ) in the SM is (in leading order) to

replace

GF → ρdGF

sin2 θW → κd sin
2 θW

(13)

with [21]

ρd = 1 + δ2
m2

Zd

Q2 +m2
Zd

κd = 1−
ε

εZ
δ2

cos θW
sin θW

m2
Zd

Q2 +m2
Zd

(14)

or from Eq. (6)

κd = 1− ε
mZ

mZd

δ
cos θW
sin θW

m2
Zd

Q2 +m2
Zd

. (15)

It is quite plausible that in a more complete theory,
ε ∝ (mZd

/mZ)δ = εZ . Then, the effects from kinetic
mixing and Z-Zd mixing become similar in form and
magnitude. Here, we allow ε to remain a separate in-
dependent parameter.
Assuming no accidental cancellation between the ρd

and κd in Eq. (14), Cesium atomic parity violation cur-
rently provides the best low energy experimental con-
straint on those parameters over the entire approximate
range of interest (10 MeV ! mZd

! 10 GeV) since
Q2 ≪ m2

Zd
. The nuclear weak charge measured in atomic

parity violation (to lowest order in the SM) is given by
QW = −N+Z(1−4 sin2 θW ) which when compared with
experiment probes new physics. There is excellent agree-
ment between the SM prediction for the weak charge of

Cesium (including electroweak radiative corrections) [22–
24]

QSM
W (13355 Cs) = −73.16(5) (16)

and the experimental value [25–27]

Qexp
W (13355 Cs) = −73.16(35). (17)

Based on the shift due to ε, εZ and δ

QSM
W → −73.16(1 + δ2) + 220

ε

εZ
δ2 cos θW sin θW ,

the above agreement then implies the following con-
straints

∣

∣

∣

∣

δ2(1− 1.27
ε

εZ
)

∣

∣

∣

∣

! 0.005 (1σ) (18)

δ2 ! 0.006 (one-sided 90% C.L.), for ε ≪ εZ .(19)

For ε ≃ εZ , the constraints on δ2 become diluted and
the possibility of cancellation occurs if one tunes ε/εZ ≃
0.8. (We note that the fine tuning ε/εZ ≃ 0.8 is similar
to a relation employed in Ref. [8] to try and reconcile
what appears to be discrepancies in dark matter search
scattering experiments on heavy nuclei. However, such a
scenario is significantly constrained by the bounds on δ
described below.)
An independent constraint primarily applicable to κd

because of its relative insensitivity to ρd comes from par-
ity violating polarized electron-electron Moller scatter-
ing asymmetries [28, 29]. Experiment E158 at SLAC
[30] measured the low energy value of sin2 θW (Q2) at
Q2 ≃ (0.16 GeV)2 and compared it with expectations
based on running the Z pole value sin2 θW (mZ) down to
low Q2 [29]. The good agreement with SM loop effects
leads to (ignoring the small ρd effect)

∣

∣

∣

∣

ε

εZ
δ2
∣

∣

∣

∣

m2
Zd

(0.16 GeV)2 +m2
Zd

! 0.006 . (20)

For m2
Zd

≫ (0.16 GeV)2 and εZ ≃ ε, the constraints
in Eqs. (19) and (20) are essentially the same. How-
ever, for a light mZd

! 200 MeV, the bound in Eq. (20)
can be somewhat diluted. Nevertheless, for some range
of (ε,mZd

) values, Eq. (20) can provide more restric-
tive bounds on δ. For example, consider ε ≃ 2 × 10−3

and mZd
≃ 100 MeV which lie in the region favored by

the current discrepancy between theory and experimen-
tal values of the muon anomalous magnetic moment [31].
In that case, Eq. (20) becomes

|δ| < 0.01 (21)

which is considerably tighter than Eq. (19). If the muon
anomaly discrepancy is because of a light Zd and ε ∼
10−3, that boson’s effect on the value of sin2 θW extracted
from future more precise very low Q2 parity violating
experiments [32] could eventually become observable.
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• Note that this constraint will be 
much weaker if the Dark Z has a 
larger branching fraction to the dark 
sector.  
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FIG. 3. E↵ective weak mixing angle running as a function of Q2 shift (the blue band) due to an intermediate mass Zd for (a)
mZd = 15 GeV and (b) mZd = 25 GeV for 1 sigma fit to "�

0 in Eq. (12). The lightly shaded area in each band corresponds to
choice of parameters that is in some tension with precision constraints (see text for more details).

which is further reduced by Z and Zd leptonic branching
ratios. The on-shell branching ratio is given by [33, 36]

BR(H ! ZZd) =
1
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with �(x, y, z) ⌘ x
2 + y

2 + z
2 � 2xy � 2yz � 2zx and

�H(125 GeV) ' 4.1 MeV [41], which shows a rather mZd

independent value over most of the mass range (Fig. 2),
resulting in Eq. (13).

The ATLAS bounds translate into constraints on �
0

as a function of mZd , but depend on the branching ra-
tio for Zd ! `

+
`
�. For BR(Zd ! 2`) ⌘ BR(Zd !

2e)+BR(Zd ! 2µ) ⇡ 0.3 [42], one finds (at 2 sigma) the
nearly constant bound |�0| . 0.02, over the range of mZd

considered in our work. Here we note that in the pres-
ence of allowed dark decay channels (that is, decay into
invisible particles), BR(Zd ! 2`) can be much smaller
than 0.3, which would weaken the constraint on �

0.
The best current bounds on " for the relevant mass

range are given by the precision electroweak constraints,
along with the non-continuous bounds from the e

+
e
� !

hadron cross-section measurements at various experi-
ments [43]. The Drell-Yan dilepton resonance searches
at the LHC experiments (such as in Refs. [44, 45]) have
the potential to give a better bound than precision elec-
troweak constraints [46]. When combined with bounds
on " from precision measurements and production con-
straints [43, 47], one finds |"| . 0.03, for kinetic mixing
alone. However, in our scenario, where a separate source
of mass mixing is also considered [33], that bound can be
somewhat relaxed, via partial cancellation with �

0 depen-
dent contributions to the Z-Zd mixing angle [33], roughly
yielding |"| . 0.04. (See also Refs. [47, 48] for less severe

bounds on " from a recasting of a CMS analysis of Run
1 data, sensitive to H ! ZZd.)
Given the above discussion, a simple combination of

the upper bounds on " and �
0 suggests

|"�0| . 0.0008. (15)

We use the above bound as a rough guide for the allowed
region of parameter space in our discussion below.
For a given mZd , a negative "�

0 in Eq. (12) will shift
the SM prediction in Eq. (1) towards the low Q

2 experi-
mental sin2 ✓W (mZ)MS weighted average in Eq. (6). That
e↵ect is illustrated in Fig. 3 (a), where for mZd = 15 GeV
the blue band corresponds to a 1-� fit to Eq. (7) or
�0.0010 < "�

0
< �0.0003. A similar 1-� band is pre-

sented in Fig. 3 (b) for mZd = 25 GeV with �0.0016 <

"�
0
< �0.0005. In each case, the lighter shaded upper

part of the band corresponds to |"�0| > 0.0008 which
is in some tension with constraints from precision mea-
surements and the rare Higgs decay search by ATLAS, as
explained above. Future improved sensitivity at the LHC
should cover most of the bands in Figs. 3 (a) and (b). For
other mZd values, the 1-� bands are about the same as
our Fig. 3 representative examples; however, for larger
mZd > 25 GeV, the darker parts of the bands allowed
by current constraints narrow. This can be seen from a
comparison of Figs. 3 (a) and (b) that shows how smaller
values of mZd can accommodate a shift in sin2 ✓W (Q2)
more easily, over the currently allowed parameter space
[as suggested by the mZd dependence in Eq.(12)].
In the case of low Q

2 determinations of sin2 ✓W (Q2),
the Qweak polarized e p asymmetry experiment at JLAB,
which measures weak nuclear charge of proton (Qp

weak),
is expected to reach an uncertainty of ±0.0007 after all
existing data are analyzed in the near future. This would
reduce the uncertainty on the weighted average in Eq. (6)
to ±0.00055 and, assuming the same central value as the

F

with T3f = ±1/2 (T3e = −1/2) and sin2 θW " 0.23 is
the weak mixing angle of the SM. The inclusion of Z-
Zd mixing has introduced parity violation. The JNC

µ Zµ
d

coupling is similar to the JNC
µ Zµ coupling of the SM

Z but reduced by εZ in magnitude. Hence, the name
“dark” Z, since it is the εZ induced interactions that we
primarily address. Note that the effects of ε and εZ can
be combined into a simple form

Lint = −
g

2 cos θW
εZJ

NC′

µ Zµ
d (11)

by the replacement JNC′

µ (sin2 θW ) = JNC
µ (sin2 θ′W )

sin2 θ′W = sin2 θW −
ε

εZ
cos θW sin θW (12)

in Eq. (10). In that format, one can judge the relative
importance of ε in low energy Zd phenomenology. It
depends on the size of (ε/εZ)(cos θW / sin θW ). For ε very
small, it has little effect, but will be significant if ε ∼ εZ .
The new source of parity violation in Eq. (9) or

Eq. (11), is particularly important for experiments
at Q2 < m2

Zd
where the Zd propagator can pro-

vide an enhancement owing to m2
Zd

$ m2
Z . The

overall effect for parity violating amplitudes MPV
NC =

(GF /2
√
2)F (sin2 θW ) in the SM is (in leading order) to

replace

GF → ρdGF

sin2 θW → κd sin
2 θW

(13)

with [21]

ρd = 1 + δ2
m2

Zd

Q2 +m2
Zd

κd = 1−
ε

εZ
δ2

cos θW
sin θW

m2
Zd

Q2 +m2
Zd

(14)

or from Eq. (6)

κd = 1− ε
mZ

mZd

δ
cos θW
sin θW

m2
Zd

Q2 +m2
Zd

. (15)

It is quite plausible that in a more complete theory,
ε ∝ (mZd

/mZ)δ = εZ . Then, the effects from kinetic
mixing and Z-Zd mixing become similar in form and
magnitude. Here, we allow ε to remain a separate in-
dependent parameter.
Assuming no accidental cancellation between the ρd

and κd in Eq. (14), Cesium atomic parity violation cur-
rently provides the best low energy experimental con-
straint on those parameters over the entire approximate
range of interest (10 MeV ! mZd

! 10 GeV) since
Q2 $ m2

Zd
. The nuclear weak charge measured in atomic

parity violation (to lowest order in the SM) is given by
QW = −N+Z(1−4 sin2 θW ) which when compared with
experiment probes new physics. There is excellent agree-
ment between the SM prediction for the weak charge of

Cesium (including electroweak radiative corrections) [22–
24]

QSM
W (13355 Cs) = −73.16(5) (16)

and the experimental value [25–27]

Qexp
W (13355 Cs) = −73.16(35). (17)

Based on the shift due to ε, εZ and δ

QSM
W → −73.16(1 + δ2) + 220

ε

εZ
δ2 cos θW sin θW ,

the above agreement then implies the following con-
straints

∣

∣

∣

∣

δ2(1− 1.27
ε

εZ
)

∣

∣

∣

∣

! 0.005 (1σ) (18)

δ2 ! 0.006 (one-sided 90% C.L.), for ε $ εZ .(19)

For ε " εZ , the constraints on δ2 become diluted and
the possibility of cancellation occurs if one tunes ε/εZ "
0.8. (We note that the fine tuning ε/εZ " 0.8 is similar
to a relation employed in Ref. [8] to try and reconcile
what appears to be discrepancies in dark matter search
scattering experiments on heavy nuclei. However, such a
scenario is significantly constrained by the bounds on δ
described below.)
An independent constraint primarily applicable to κd

because of its relative insensitivity to ρd comes from par-
ity violating polarized electron-electron Moller scatter-
ing asymmetries [28, 29]. Experiment E158 at SLAC
[30] measured the low energy value of sin2 θW (Q2) at
Q2 " (0.16 GeV)2 and compared it with expectations
based on running the Z pole value sin2 θW (mZ) down to
low Q2 [29]. The good agreement with SM loop effects
leads to (ignoring the small ρd effect)

∣

∣

∣

∣

ε

εZ
δ2
∣

∣

∣

∣

m2
Zd

(0.16 GeV)2 +m2
Zd

! 0.006 . (20)

For m2
Zd

( (0.16 GeV)2 and εZ " ε, the constraints
in Eqs. (19) and (20) are essentially the same. How-
ever, for a light mZd

! 200 MeV, the bound in Eq. (20)
can be somewhat diluted. Nevertheless, for some range
of (ε,mZd

) values, Eq. (20) can provide more restric-
tive bounds on δ. For example, consider ε " 2 × 10−3

and mZd
" 100 MeV which lie in the region favored by

the current discrepancy between theory and experimen-
tal values of the muon anomalous magnetic moment [31].
In that case, Eq. (20) becomes

|δ| < 0.01 (21)

which is considerably tighter than Eq. (19). If the muon
anomaly discrepancy is because of a light Zd and ε ∼
10−3, that boson’s effect on the value of sin2 θW extracted
from future more precise very low Q2 parity violating
experiments [32] could eventually become observable.

3

with T3f = ±1/2 (T3e = −1/2) and sin2 θW " 0.23 is
the weak mixing angle of the SM. The inclusion of Z-
Zd mixing has introduced parity violation. The JNC

µ Zµ
d

coupling is similar to the JNC
µ Zµ coupling of the SM

Z but reduced by εZ in magnitude. Hence, the name
“dark” Z, since it is the εZ induced interactions that we
primarily address. Note that the effects of ε and εZ can
be combined into a simple form

Lint = −
g

2 cos θW
εZJ

NC′

µ Zµ
d (11)

by the replacement JNC′

µ (sin2 θW ) = JNC
µ (sin2 θ′W )

sin2 θ′W = sin2 θW −
ε

εZ
cos θW sin θW (12)
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small, it has little effect, but will be significant if ε ∼ εZ .
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It is quite plausible that in a more complete theory,
ε ∝ (mZd

/mZ)δ = εZ . Then, the effects from kinetic
mixing and Z-Zd mixing become similar in form and
magnitude. Here, we allow ε to remain a separate in-
dependent parameter.
Assuming no accidental cancellation between the ρd

and κd in Eq. (14), Cesium atomic parity violation cur-
rently provides the best low energy experimental con-
straint on those parameters over the entire approximate
range of interest (10 MeV ! mZd

! 10 GeV) since
Q2 $ m2

Zd
. The nuclear weak charge measured in atomic

parity violation (to lowest order in the SM) is given by
QW = −N+Z(1−4 sin2 θW ) which when compared with
experiment probes new physics. There is excellent agree-
ment between the SM prediction for the weak charge of

Cesium (including electroweak radiative corrections) [22–
24]

QSM
W (13355 Cs) = −73.16(5) (16)

and the experimental value [25–27]

Qexp
W (13355 Cs) = −73.16(35). (17)

Based on the shift due to ε, εZ and δ
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the above agreement then implies the following con-
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δ2 ! 0.006 (one-sided 90% C.L.), for ε $ εZ .(19)

For ε " εZ , the constraints on δ2 become diluted and
the possibility of cancellation occurs if one tunes ε/εZ "
0.8. (We note that the fine tuning ε/εZ " 0.8 is similar
to a relation employed in Ref. [8] to try and reconcile
what appears to be discrepancies in dark matter search
scattering experiments on heavy nuclei. However, such a
scenario is significantly constrained by the bounds on δ
described below.)
An independent constraint primarily applicable to κd

because of its relative insensitivity to ρd comes from par-
ity violating polarized electron-electron Moller scatter-
ing asymmetries [28, 29]. Experiment E158 at SLAC
[30] measured the low energy value of sin2 θW (Q2) at
Q2 " (0.16 GeV)2 and compared it with expectations
based on running the Z pole value sin2 θW (mZ) down to
low Q2 [29]. The good agreement with SM loop effects
leads to (ignoring the small ρd effect)
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For m2
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( (0.16 GeV)2 and εZ " ε, the constraints
in Eqs. (19) and (20) are essentially the same. How-
ever, for a light mZd

! 200 MeV, the bound in Eq. (20)
can be somewhat diluted. Nevertheless, for some range
of (ε,mZd

) values, Eq. (20) can provide more restric-
tive bounds on δ. For example, consider ε " 2 × 10−3

and mZd
" 100 MeV which lie in the region favored by

the current discrepancy between theory and experimen-
tal values of the muon anomalous magnetic moment [31].
In that case, Eq. (20) becomes

|δ| < 0.01 (21)

which is considerably tighter than Eq. (19). If the muon
anomaly discrepancy is because of a light Zd and ε ∼
10−3, that boson’s effect on the value of sin2 θW extracted
from future more precise very low Q2 parity violating
experiments [32] could eventually become observable.

3



EIC/ECCE Simulation Studies    

[Boughezal, Emmert, Kutz, SM, Nycz,Petriello, Simsek, Wiegand, Zheng]

13

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

Apv(H)

4−10
3−

10 2−10 1−10 1
 X

1

10

210

310

410

 Q
2

EIC/ECCE Preliminary

-1Djangoh e+p 18x275 GeV, 100 fb

 = 70%
p

 e’ (+X);  P→e+p 

with event selection

Apv(H)

2−10

1−10

1

10

210

dApv(H)/Apv(H) (unfolded)

4−10
3−

10 2−10 1−10 1
 X

1

10

210

310

410

 Q
2

EIC/ECCE Preliminary

-1Djangoh e+p 18x275 GeV, 100 fb

 = 70%
p

 e’ (+X);  P→e+p 

with event selection

dApv(H)/Apv(H) (unfolded)

FIG. 4. Projection for A(p)
PV (left), and dA(p)

PV,stat/A
(p)
PV after unfolding (right) for 18⇥275 GeV ep collisions, with event-selection

criteria applied. An integrated luminosity of 100 fb�1 and an proton polarization of 70% are assumed.

extraction presented in the YR, we also carry out projections for 100 fb�1 18⇥275 GeV ep and 10 fb�1 18⇥137 GeV
eD collisions as the “YR reference point”. We abbreviate the ep pseudodata sets as P1, P2, P3, P4, and P5 and the
eD pseudodata sets as D1, D2, D3, D4, and D5; see Table II. The YR reference point is denoted by P6. Simulated
pseudodata sets with polarized hadrons are indicated as �D1–5 and �P1–6, while positron data sets are referred to
as LD1–5 and LP1–6 (with “L” for lepton charge).

As an exercise, we consider the additional statistical power that could be obtained by a hypothetical future high-
luminosity upgrade to the EIC (HL-EIC) that delivers a ten-fold increase in the integrated luminosity (10⇥ higher
than those in Table II) for these measurements. As the EIC is not yet built, there is no technical basis to assume
that such an upgrade is possible. We choose the factor of 10⇥ luminosity increase to explore the sensitivity of the
measurements we study in this paper, without making a comment as to the feasibility of such an upgrade. These
projections will be denoted with an “High Luminosity (HL)” label hereafter.

D1 5 GeV ⇥ 41 GeV eD, 4.4 fb�1 P1 5 GeV ⇥ 41 GeV ep, 4.4 fb�1

D2 5 GeV ⇥ 100 GeV eD, 36.8 fb�1 P2 5 GeV ⇥ 100 GeV ep, 36.8 fb�1

D3 10 GeV ⇥ 100 GeV eD, 44.8 fb�1 P3 10 GeV ⇥ 100 GeV ep, 44.8 fb�1

D4 10 GeV ⇥ 137 GeV eD, 100 fb�1 P4 10 GeV ⇥ 275 GeV ep, 100 fb�1

D5 18 GeV ⇥ 137 GeV eD, 15.4 fb�1 P5 18 GeV ⇥ 275 GeV ep, 15.4 fb�1

P6 18 GeV ⇥ 275 GeV ep, 100 fb�1

TABLE II. Beam energy, beam type, and the corresponding nominal annual luminosity assumed for the EIC in our analysis.
P6 is the YR reference setting.

E. Statistical Uncertainty Projection for Parity-Violating Asymmetries

For a given value of integrated luminosity, the statistical uncertainty of an asymmetry measurement is:

dAstat,measured =
1

p
N

, (42)

where N is the total number of events detected, assumed to be approximately equally divided between the two
scattering types—between left- and right-handed electron beam, between left- and right-handed proton (ion) beam,
or between positron and electron runs. The unfolding process increases the statistical precision only slightly for the
region where the relative statistical uncertainty on the asymmetry is most precise.

If the asymmetry originates from polarization (as for the case of PV asymmetries), one must correct for the beam
polarization:

dA(e)
PV,stat =

1

|Pe|

1
p
N

, and dA(H)
PV,stat =

1

|PH |

1
p
N

. (43)

• Energy and integrated luminosity configurations used in the study:

Electron-Proton PVDISElectron-Deuteron PVDIS

• Also considered High Luminosity (HL) configurations corresponding to an increase by a 
factor of .10

•  million MC events generated DJANGOH + fast smearing method for each of the 
configurations above.  million events for all  and 10 million for .

20
10 Q2 Q2 > 50 GeV2

• Observables studied:

Ae
PV, Ap

PV, AD
PV, Ap

LC, AD
LC

• Also, considered possibility of a positron beam.
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FIG. 6. Comparison of the uncertainty components for the data set D4 in the valence-only scenario (ud) and with the
contributions from the sea quarks (uds). Here, “NL” refers to the currently planned annual luminosity of the EIC, while “HL”
refers to a potential ten-fold luminosity upgrade.

that potentially poorly determined sea quark and strange quark distributions have little e↵ect on this analysis. The
largest single uncertainty component is the statistical uncertainty (shown as a dark red line). This is larger than
both the 1% beam polarization uncertainty (light blue line), and either of the 1% or 2% uncorrelated systematic
uncertainty assumptions (solid and dotted blue lines, respectively). When we switch to the high-luminosity (HL-EIC)
scenario (dotted red line), the statistical uncertainty becomes comparable to the systematic ones. All uncertainties
are significantly smaller than the predicted values of the asymmetry, shown as the solid black line in the plots.

In Fig. 7, we display the di↵erent contributions to the diagonal entries of the uncertainty matrix of the data sets
P5 and �P5. The pattern of uncertainties for P5 is very similar to that observed for D4. The statistical ones are
the largest single uncertainty source, while the PDFs are the smallest. Assuming high luminosity, the statistical
uncertainties become comparable to the anticipated systematic ones. The pattern is di↵erent for �P5: the statistical
uncertainties are largest for all bins, even assuming high luminosity. The PDF uncertainties are also non-negligible,
consistent with the expectation that spin-dependent PDFs are not known as precisely as the spin-independent ones.
The anticipated experimental systematic uncertainties are negligible for all bins.

Finally, we show in Fig. 8 the individual uncertainties for the electron-positron asymmetry data set LP5. The
error budget is di↵erent for this scenario compared to PV asymmetries. Since both beams are unpolarized, there is
no uncertainty related to beam polarization. However, since electron and positron runs occur with di↵erent beams,
there is the possibility of a significant overall luminosity di↵erence between the two runs that can lead to an apparent
asymmetry. We assume an absolute 2% uncertainty, two times the luminosity uncertainty requirement of [27]. Finally,
we consider the possible errors arising from higher-order QED corrections that may di↵erentiate between electron and
positron scattering. We estimate this uncertainty by taking 5% of the di↵erence between the Born-level and NLO QED
results, obtained by using Djangoh. The two largest sources of uncertainty throughout the entire kinematic range are
the luminosity and statistical uncertainties. PDFs, higher-order QED, and anticipated systematic uncertainties are
all significantly smaller.

Summarizing all the figures presented in this section, we can make the following main points:

• The expected statistical uncertainties are the dominant ones for the nominal EIC luminosity. If a high-luminosity
(HL-EIC) upgrade becomes realistic, they become comparable to experimental systematic uncertainties for PV
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FIG. 4. Projection for A(p)
PV (left), and dA(p)

PV,stat/A
(p)
PV after unfolding (right) for 18⇥275 GeV ep collisions, with event-selection

criteria applied. An integrated luminosity of 100 fb�1 and an proton polarization of 70% are assumed.

extraction presented in the YR, we also carry out projections for 100 fb�1 18⇥275 GeV ep and 10 fb�1 18⇥137 GeV
eD collisions as the “YR reference point”. We abbreviate the ep pseudodata sets as P1, P2, P3, P4, and P5 and the
eD pseudodata sets as D1, D2, D3, D4, and D5; see Table II. The YR reference point is denoted by P6. Simulated
pseudodata sets with polarized hadrons are indicated as �D1–5 and �P1–6, while positron data sets are referred to
as LD1–5 and LP1–6 (with “L” for lepton charge).

As an exercise, we consider the additional statistical power that could be obtained by a hypothetical future high-
luminosity upgrade to the EIC (HL-EIC) that delivers a ten-fold increase in the integrated luminosity (10⇥ higher
than those in Table II) for these measurements. As the EIC is not yet built, there is no technical basis to assume
that such an upgrade is possible. We choose the factor of 10⇥ luminosity increase to explore the sensitivity of the
measurements we study in this paper, without making a comment as to the feasibility of such an upgrade. These
projections will be denoted with an “High Luminosity (HL)” label hereafter.

D1 5 GeV ⇥ 41 GeV eD, 4.4 fb�1 P1 5 GeV ⇥ 41 GeV ep, 4.4 fb�1

D2 5 GeV ⇥ 100 GeV eD, 36.8 fb�1 P2 5 GeV ⇥ 100 GeV ep, 36.8 fb�1

D3 10 GeV ⇥ 100 GeV eD, 44.8 fb�1 P3 10 GeV ⇥ 100 GeV ep, 44.8 fb�1

D4 10 GeV ⇥ 137 GeV eD, 100 fb�1 P4 10 GeV ⇥ 275 GeV ep, 100 fb�1

D5 18 GeV ⇥ 137 GeV eD, 15.4 fb�1 P5 18 GeV ⇥ 275 GeV ep, 15.4 fb�1

P6 18 GeV ⇥ 275 GeV ep, 100 fb�1

TABLE II. Beam energy, beam type, and the corresponding nominal annual luminosity assumed for the EIC in our analysis.
P6 is the YR reference setting.

E. Statistical Uncertainty Projection for Parity-Violating Asymmetries

For a given value of integrated luminosity, the statistical uncertainty of an asymmetry measurement is:

dAstat,measured =
1

p
N

, (42)

where N is the total number of events detected, assumed to be approximately equally divided between the two
scattering types—between left- and right-handed electron beam, between left- and right-handed proton (ion) beam,
or between positron and electron runs. The unfolding process increases the statistical precision only slightly for the
region where the relative statistical uncertainty on the asymmetry is most precise.

If the asymmetry originates from polarization (as for the case of PV asymmetries), one must correct for the beam
polarization:

dA(e)
PV,stat =

1

|Pe|

1
p
N

, and dA(H)
PV,stat =

1

|PH |

1
p
N

. (43)

    

[Boughezal, Emmert, Kutz, SM, Nycz,Petriello, Simsek, Wiegand, Zheng]

• Statistical uncertainty dominates
• PDF uncertainty has a small impact
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FIG. 4. Projection for A(p)
PV (left), and dA(p)

PV,stat/A
(p)
PV after unfolding (right) for 18⇥275 GeV ep collisions, with event-selection

criteria applied. An integrated luminosity of 100 fb�1 and an proton polarization of 70% are assumed.

extraction presented in the YR, we also carry out projections for 100 fb�1 18⇥275 GeV ep and 10 fb�1 18⇥137 GeV
eD collisions as the “YR reference point”. We abbreviate the ep pseudodata sets as P1, P2, P3, P4, and P5 and the
eD pseudodata sets as D1, D2, D3, D4, and D5; see Table II. The YR reference point is denoted by P6. Simulated
pseudodata sets with polarized hadrons are indicated as �D1–5 and �P1–6, while positron data sets are referred to
as LD1–5 and LP1–6 (with “L” for lepton charge).

As an exercise, we consider the additional statistical power that could be obtained by a hypothetical future high-
luminosity upgrade to the EIC (HL-EIC) that delivers a ten-fold increase in the integrated luminosity (10⇥ higher
than those in Table II) for these measurements. As the EIC is not yet built, there is no technical basis to assume
that such an upgrade is possible. We choose the factor of 10⇥ luminosity increase to explore the sensitivity of the
measurements we study in this paper, without making a comment as to the feasibility of such an upgrade. These
projections will be denoted with an “High Luminosity (HL)” label hereafter.

D1 5 GeV ⇥ 41 GeV eD, 4.4 fb�1 P1 5 GeV ⇥ 41 GeV ep, 4.4 fb�1

D2 5 GeV ⇥ 100 GeV eD, 36.8 fb�1 P2 5 GeV ⇥ 100 GeV ep, 36.8 fb�1

D3 10 GeV ⇥ 100 GeV eD, 44.8 fb�1 P3 10 GeV ⇥ 100 GeV ep, 44.8 fb�1

D4 10 GeV ⇥ 137 GeV eD, 100 fb�1 P4 10 GeV ⇥ 275 GeV ep, 100 fb�1

D5 18 GeV ⇥ 137 GeV eD, 15.4 fb�1 P5 18 GeV ⇥ 275 GeV ep, 15.4 fb�1

P6 18 GeV ⇥ 275 GeV ep, 100 fb�1

TABLE II. Beam energy, beam type, and the corresponding nominal annual luminosity assumed for the EIC in our analysis.
P6 is the YR reference setting.

E. Statistical Uncertainty Projection for Parity-Violating Asymmetries

For a given value of integrated luminosity, the statistical uncertainty of an asymmetry measurement is:

dAstat,measured =
1

p
N

, (42)

where N is the total number of events detected, assumed to be approximately equally divided between the two
scattering types—between left- and right-handed electron beam, between left- and right-handed proton (ion) beam,
or between positron and electron runs. The unfolding process increases the statistical precision only slightly for the
region where the relative statistical uncertainty on the asymmetry is most precise.

If the asymmetry originates from polarization (as for the case of PV asymmetries), one must correct for the beam
polarization:

dA(e)
PV,stat =

1

|Pe|

1
p
N

, and dA(H)
PV,stat =

1

|PH |

1
p
N

. (43)

    

[Boughezal, Emmert, Kutz, SM, Nycz,Petriello, Simsek, Wiegand, Zheng]

• Statistical uncertainty dominates 
• PDF uncertainties have a small impact for 
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FIG. 7. Uncertainty components for the data sets P5 and �P5.

FIG. 8. The same as in Fig. 7 but for LP5.

asymmetries of the unpolarized hadron, A(e)
PV.

• PDF uncertainties are nearly irrelevant for the asymmetries of unpolarized hadrons, A(e)
PV. They become signif-

icant, second to statistical uncertainties, for PV asymmetries of polarized hadrons, A(H)
PV .

• The luminosity e↵ect dominates over the statistical uncertainty for the majority of the phase space in the case

of electron-positron asymmetries, A(H)
LC , particularly at low x and low Q

2. On the other hand, uncertainties
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FIG. 11. Projected results for sin2
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data and the nominal annual luminosity given in Table 10.1 of the Yellow Report [24], along with existing world data (red
solid circles) and near-future projections (green diamonds); see text for details. Data points for Tevatron and LHC are shifted
horizontally for clarity. The script used to produce this plot is inherited from [43]. The scale-dependence of the weak mixing
angle expected in the SM (blue curve) is defined in the modified minimal subtraction scheme (MS scheme) [33].

unpolarized and polarized PV asymmetries, namely A
(e)
PV and A

(H)
PV , respectively. We factor out the UV cut-o↵ scale

from all the seven Wilson coe�cients, Cr ! Cr/⇤2, and set ⇤ = 1 TeV. We turn on only one or two Wilson
coe�cients at a time and set the remaining ones to zero and linearize the SMEFT expressions with respect to the
Wilson coe�cient(s) of interest. SMEFT asymmetry expressions then generically take the form:

ASMEFT(x,Q
2
, C) = A

theo
SM,0(x,Q

2) + C�(x,Q2) (57)
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unpolarized and polarized PV asymmetries, namely A
(e)
PV and A

(H)
PV , respectively. We factor out the UV cut-o↵ scale

from all the seven Wilson coe�cients, Cr ! Cr/⇤2, and set ⇤ = 1 TeV. We turn on only one or two Wilson
coe�cients at a time and set the remaining ones to zero and linearize the SMEFT expressions with respect to the
Wilson coe�cient(s) of interest. SMEFT asymmetry expressions then generically take the form:

ASMEFT(x,Q
2
, C) = A

theo
SM,0(x,Q

2) + C�(x,Q2) (57)

Projection for Extraction of the Weak Mixing Angle

    

[Boughezal, Emmert, Kutz, SM, Nycz,Petriello, Simsek, Wiegand, Zheng]
• The EIC can extract the weak mixing angle over a previously unexplored range of Q2
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FIG. 4. Projection for A(p)
PV (left), and dA(p)

PV,stat/A
(p)
PV after unfolding (right) for 18⇥275 GeV ep collisions, with event-selection

criteria applied. An integrated luminosity of 100 fb�1 and an proton polarization of 70% are assumed.

extraction presented in the YR, we also carry out projections for 100 fb�1 18⇥275 GeV ep and 10 fb�1 18⇥137 GeV
eD collisions as the “YR reference point”. We abbreviate the ep pseudodata sets as P1, P2, P3, P4, and P5 and the
eD pseudodata sets as D1, D2, D3, D4, and D5; see Table II. The YR reference point is denoted by P6. Simulated
pseudodata sets with polarized hadrons are indicated as �D1–5 and �P1–6, while positron data sets are referred to
as LD1–5 and LP1–6 (with “L” for lepton charge).

As an exercise, we consider the additional statistical power that could be obtained by a hypothetical future high-
luminosity upgrade to the EIC (HL-EIC) that delivers a ten-fold increase in the integrated luminosity (10⇥ higher
than those in Table II) for these measurements. As the EIC is not yet built, there is no technical basis to assume
that such an upgrade is possible. We choose the factor of 10⇥ luminosity increase to explore the sensitivity of the
measurements we study in this paper, without making a comment as to the feasibility of such an upgrade. These
projections will be denoted with an “High Luminosity (HL)” label hereafter.

D1 5 GeV ⇥ 41 GeV eD, 4.4 fb�1 P1 5 GeV ⇥ 41 GeV ep, 4.4 fb�1

D2 5 GeV ⇥ 100 GeV eD, 36.8 fb�1 P2 5 GeV ⇥ 100 GeV ep, 36.8 fb�1

D3 10 GeV ⇥ 100 GeV eD, 44.8 fb�1 P3 10 GeV ⇥ 100 GeV ep, 44.8 fb�1

D4 10 GeV ⇥ 137 GeV eD, 100 fb�1 P4 10 GeV ⇥ 275 GeV ep, 100 fb�1

D5 18 GeV ⇥ 137 GeV eD, 15.4 fb�1 P5 18 GeV ⇥ 275 GeV ep, 15.4 fb�1

P6 18 GeV ⇥ 275 GeV ep, 100 fb�1

TABLE II. Beam energy, beam type, and the corresponding nominal annual luminosity assumed for the EIC in our analysis.
P6 is the YR reference setting.

E. Statistical Uncertainty Projection for Parity-Violating Asymmetries

For a given value of integrated luminosity, the statistical uncertainty of an asymmetry measurement is:

dAstat,measured =
1

p
N

, (42)

where N is the total number of events detected, assumed to be approximately equally divided between the two
scattering types—between left- and right-handed electron beam, between left- and right-handed proton (ion) beam,
or between positron and electron runs. The unfolding process increases the statistical precision only slightly for the
region where the relative statistical uncertainty on the asymmetry is most precise.

If the asymmetry originates from polarization (as for the case of PV asymmetries), one must correct for the beam
polarization:

dA(e)
PV,stat =

1

|Pe|

1
p
N

, and dA(H)
PV,stat =

1

|PH |

1
p
N

. (43)

• Analysis included one loop  running including particle thresholds between  and MS Q2 MZ
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and µ =
p

Q2. Including target-mass correction terms, we can write:
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where M is the nucleon mass. Note that given the moderate Q
2 values of the EIC, the pure-Z contribution to the

structure functions is omitted for the precision relevant to our analysis.
A single pseudodata set is generated using a reference value of sin2 ✓W = 0.231 at the Z-pole and the uncertainties

in A
(e)
PV in each (x,Q2) bin are obtained from simulation studies. Comparing the theory prediction to the pseudodata,

a best-fit value and uncertainty projection for sin2 ✓W at the Z-pole are obtained by minimizing the �
2 function

defined as:

�
2 = [Apseudo�data

�A
theory]T[(⌃2)�1][Apseudo�data

�A
theory] , (55)

where A is a dimension-Nbin vector with Nbin the total number of (x,Q2) bins, ⌃2 is the uncertainty matrix of dimen-
sion Nbin⇥Nbin, described in Section IVC, and sin2 ✓W to be fitted enters Atheory. The PDF portion of the uncertainty
matrix is evaluated using the PDF sets CT18NLO [34] (LHAPDF [35] ID 14400-14458), MMHT2014nlo 68cl [36] (ID
25100-25150), and NNPDF31 nlo as 0118 [25] (ID 303400-303500).

Our results for sin2 ✓W are shown in Tables III and IV for five energy and nominal-annual-luminosity combinations
of ep and eD collisions, respectively. These results are illustrated in Fig. 11. The inner error bars show the combined
uncertainty from statistical and 1% uncorrelated experimental systematics (due to particle background); the median
error bars show the experimental uncertainty that includes statistical, 1% uncorrelated experimental systematics,
and 1% electron polarimetry. The outermost error bars, which almost coincide with the median error bars, include
all the above and the PDF uncertainty evaluated using the set CT18NLO. Results evaluated with the sets MMHT2014
and NNPDF31NLO are similar. Along with our projection with the EIC annual nominal luminosity, we show the “YR
reference point” (blue diamond), obtained from combining 100 fb�1 18 ⇥ 275 GeV ep and 10 fb�1 18 ⇥ 137 GeV
eD pseudodata. Also shown are the expected precision from near-future P2 [37], MOLLER [38], SoLID [39], and
PVDIS [40, 41] experiments, respectively, that will dominate the landscape of low to medium energy scales.

We note that our results have larger uncertainties than in the YR [24], which fits PDFs and sin2 ✓W simultaneously
using the JAM framework [42], possibly due to using realistic detector simulation and accurate running conditions.
On the other hand, we find that PDF uncertainties are likely not the dominant ones for the EIC projections, but the
electron polarization is, for the settings where the integrated luminosity approaches 100 fb�1. Consequently, upgrading
the luminosity of the EIC does not bring significant improvement on the uncertainty of sin2 ✓W , and therefore we do
not show our fitting results for the ten-fold luminosity upgrade.

Beam type and energy ep 5⇥ 100 ep 10⇥ 100 ep 10⇥ 275 ep 18⇥ 275 ep 18⇥ 275
Label P2 P3 P4 P5 P6

Luminosity (fb�1) 36.8 44.8 100 15.4 (100 YR ref)
hQ

2
i (GeV2) 154.4 308.1 687.3 1055.1 1055.1

hAPV i (Pe = 0.8) �0.00854 �0.01617 �0.03254 �0.04594 �0.04594
(dA/A)stat 1.54% 0.98% 0.40% 0.80% (0.31%)

(dA/A)stat+syst(bg) 1.55% 1.00% 0.43% 0.81% (0.35%)
(dA/A)1%pol 1.0% 1.0% 1.0% 1.0% (1.0%)
(dA/A)tot 1.84% 1.42% 1.09% 1.29% (1.06%)

Experimental
d(sin2

✓W )stat+syst(bg) 0.002032 0.001299 0.000597 0.001176 0.000516
d(sin2

✓W )stat+syst+pol 0.002342 0.001759 0.001297 0.001769 0.001244
with PDF

d(sin2
✓W )tot,CT18NLO 0.002388 0.001807 0.001363 0.001823 0.001320

d(sin2
✓W )tot,MMHT2014 0.002353 0.001771 0.001319 0.001781 0.001270

d(sin2
✓W )tot,NNPDF31 0.002351 0.001789 0.001313 0.001801 0.001308

TABLE III. Projected PVDIS asymmetry and fitted results for sin2
✓W using ep collision data and the nominal annual luminosity.

Here, hQ2
i denotes the value averaged over all (x,Q2) bins, weighted by (dA/A)�2

stat for each bin. The electron beam polarization
is assumed to be 80% with a relative 1% uncertainty. The total (“tot”) uncertainty is from combining all of statistical, 1%
systematic (background), 1% beam polarization, and PDF uncertainties evaluated using three di↵erent PDF sets. The rightmost
column is for comparison with the YR.
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Beam type and energy eD 5⇥ 100 eD 10⇥ 100 eD 10⇥ 137 eD 18⇥ 137 eD 18⇥ 137
Label D2 D3 D4 D5 N/A

Luminosity (fb�1) 36.8 44.8 100 15.4 (10 YR ref)
hQ

2
i (GeV2) 160.0 316.9 403.5 687.2 687.2

hAPV i (Pe = 0.8) �0.01028 �0.01923 �0.02366 �0.03719 �0.03719
(dA/A)stat 1.46% 0.93% 0.54% 1.05% (1.31%)

(dA/A)stat+bg 1.47% 0.95% 0.56% 1.07% (1.32%)
(dA/A)syst,1%pol 1.0% 1.0% 1.0% 1.0% (1.0%)

(dA/A)tot 1.78% 1.38% 1.15% 1.46% (1.66%)
Experimental

d(sin2
✓W )stat+bg 0.002148 0.001359 0.000823 0.001591 0.001963

d(sin2
✓W )stat+bg+pol 0.002515 0.001904 0.001544 0.002116 0.002414
with PDF

d(sin2
✓W )tot,CT18 0.002558 0.001936 0.001566 0.002173 0.00247

d(sin2
✓W )tot,MMHT2014 0.002527 0.001917 0.001562 0.002128 0.002424

d(sin2
✓W )tot,NNPDF31 0.002526 0.001915 0.001560 0.002127 0.002423

TABLE IV. Projected PVDIS asymmetry and fitted results for sin2
✓W using eD collision data and the nominal annual

luminosity. The uncertainty evaluation is the same as Table III.

Our results show that the EIC will provide a determination of sin2 ✓W at an energy scale that bridges higher-energy
colliders with low- to medium-energy SM tests. Additionally, data points of di↵erent

p
s values of the EIC can

be combined or the Q
2-dependence of the EW parameter can be explored, depending on the runplan of the EIC.

Furthermore, one could study the exploratory potential of the EIC beyond the scope of a single SM parameter, and
we provide results using the SMEFT framework in the next section.

VI. FRAMEWORK FOR THE SMEFT ANALYSIS

A. Data Generation and Selection

We use the procedure described in Section III to determine the uncertainty of our data projection and the uncertainty
matrix. We consider both ep and eD collisions and concentrate on the two highest-energy settings listed in Table II.
Because collisions with higher center-of-mass energy are more sensitive to SMEFT operators, we choose four data
families with the two highest

p
s to focus on:

10 GeV ⇥137 GeV eD 100 fb�1: D4, �D4, LD4 ,

18 GeV ⇥137 GeV eD 15.4 fb�1: D5, �D5, LD5 ,

10 GeV ⇥275 GeV ep 100 fb�1: P4, �P4, LP4 ,

18 GeV ⇥275 GeV ep 15.4 fb�1: P5, �P5, LP5 .

For the highest
p
s but lower-luminosity set D5, �D5, P5, and�P5, we consider two scenarios: the nominal luminosity

as indicated above and in Table II, and the high luminosity option denoted with an “HL” label with ten-fold higher
statistics.

We use Eq. (44) to generate Nexp = 1000 pseudodata sets for each of the data families. We then impose the
following selection criteria on the bin points, x and Q

2, and the inelasticity, y:

x < 0.5 , Q
2
> 100 GeV2

, 0.1 < y < 0.9 . (56)

These restrictions are designed to remove large uncertainties from non-perturbative QCD and nuclear dynamics that
occur at low Q

2 and high x, where sensivity to SMEFT e↵ects is anyways expected to be reduced. We note that the
condition on y is already applied in the data generation and unfolding stages described in Section III C.

B. Structure of the SMEFT asymmetry corrections

In the computation of SMEFT asymmetry values, ASMEFT, we use the central member of the PDF set under
consideration. We use the PDF sets NNPDF31 nlo as 0118 [25] and NNPDFpol11 100 [26] for the computation of

[Boughezal, Emmert, Kutz, SM, Nycz,Petriello, Simsek, Wiegand, Zheng]

• Projections for weak mixing angle extraction at the EIC from electron-proton PVDIS.

• Projections for weak mixing angle extraction at the EIC from electron-deuteron PVDIS.
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notational simplicity we will drop the explicit dimension labels on the operators and Wilson
coe�cients when no confusion between them can occur.

In Table 1 we compile the operators that a↵ect the Drell-Yan and PVES processes at
leading order in the coupling constants. We have used the notation of Ref. [4] for the
dimension-8 operators. We assume massless fermions as well as minimal flavor violation for
the SMEFT Wilson coe�cients, and have neglected the scalar and tensor operators that
vanish with these assumptions. We note at this point that for each dimension-6 operator
there are two dimension-8 extensions that di↵er in the placement of the covariant derivatives.
We will refer to those compiled in Table 1 as“type-1” operators. The other possibility, which
we will call ”type-2” can schematically be written as ( �µ

 !
D⌫ )( �µ

 !
D⌫ ) in terms of the left-

right derivative
 !
Dµ =

�!
Dµ
�
 �
Dµ. As we will explain in greater detail later the type-1 operators

lead to only an energy-dependent shift of the corresponding dimension-6 e↵ects, while the
type-2 operators lead to a di↵erent angular dependence. The e↵ect of the type-2 dimension-8
extensions can therefore in principle be disentangled through angular variables [32] and we
omit them from our analyses. In Table 1 l and q denote SU(2) lepton and quark doublets

Dimension 6 Dimension 8

O
(1)
lq

�
l�µl

�
(q�µq) O

(1)
l2q2D2 D⌫

�
l�µl

�
D⌫ (q�µq)

O
(3)
lq

�
l�µ⌧ il

�
(q�µ⌧ iq) O

(3)
l2q2D2 D⌫

�
l�µ⌧ il

�
D⌫ (q�µ⌧ iq)

Oeu (e�µe) (u�µu) O
(1)
e2u2D2 D⌫ (e�µe)D⌫ (u�µu)

Oed (e�µe)
�
d�µd

�
O

(1)
e2d2D2 D⌫ (e�µe)D⌫

�
d�µd

�

Olu

�
l�µl

�
(u�µu) O

(1)
l2u2D2 D⌫

�
l�µl

�
D⌫ (u�µu)

Old

�
l�µl

� �
d�µd

�
O

(1)
l2d2D2 D⌫

�
l�µl

�
D⌫

�
d�µd

�

Oqe (q�µq) (e�µe) O
(1)
q2e2D2 D⌫ (q�µq)D⌫ (e�µe)

Table 1: Dimension-6 operators that potentially contribute to the Drell-Yan process and

their relevant dimension-8 extensions. We refer to the dimension-8 operators in this table as

“type-1”. The corresponding “type-2” operators are not shown.

respectively, while e, u and d are the right-handed singlets. ⌧ i are the SU(2) Pauli matrices
andDµ is the covariant derivative. We suppress flavour indices for notational clarity. Though
our analysis of PVES data is only sensitive to first-generation operators it is necessary
to disentangle contributions from di↵erent generations when preparing a global fit of all
operators. A possible strategy in the leptonic sectors was presented in Ref. [42]. The Wilson

3

operators are already well-probed by high invariant mass Drell-Yan distributions at the
LHC [14, 39, 40]. In principle the available LHC data should also be able to constrain
the corresponding dimension-8 operators due to the large integrated luminosity that has
been collected as well as the su�ciently large center of mass energy. In practice the Drell-
Yan process exhibits numerous flat directions that complicates the separation of di↵erent
dimension-6 e↵ects [40, 41], as well the disentanglement of dimension-6 from dimension-
8 operators as we show later in this manuscript. The considerably lower energy of the
PVES experiments leads to a suppression of dimension-8 e↵ects, and therefore sensitivity to
dimension-6 operators only. Combining LHC with SoLID and P2 respectively allows these
di↵erent order operators to be disentangled. We furthermore show that PVES experiments
can be used to lift flat directions in the space of dimension-6 operators when combined with
Drell-Yan data. Our work follows in the spirit of previous analyses that showed how future
data from an electron-ion collider (EIC) could help resolve degeneracies present in SMEFT
fits using Drell-Yan data only [41]. One advantage of the SoLID and P2 experiments is that
they are anticipated to start data-taking within the next few years, as opposed to the longer
time frame of the EIC.

Our paper is organized as follows. In Section 2 we review the aspects of the SMEFT
framework relevant for our analysis. We present and discuss the formulae describing the
Drell-Yan process at the LHC and parity-violating scattering at SoLID and P2 in Section 3.
In Section 4 we present the main results of our paper, combined fits of the Drell-Yan data
with SoLID and P2 projections, and illustrate their potential to di↵erentiate between both
dimension-6 and dimension-8 operators. Finally, in Section 5 we put our findings in perspec-
tive and conclude.

2 Notation and SMEFT formalism

We review in this section aspects of the SMEFT relevant for our analysis of LHC and
projected PVES data. The SMEFT is an extension of the SM Lagrangian including terms
suppressed by an energy scale ⇤ at which the ultraviolet completion is assumed to become
important and new particles beyond the SM appear. Truncating the expansion in 1/⇤ at
dimension-8, and ignoring operators of odd-dimension which violate lepton number, we have

L = LSM +
1

⇤2

X

i

C6
i O6,i +

1

⇤4

X

i

C8
i O8,i + . . . , (1)

where the ellipsis denotes operators of higher dimensions. The Wilson coe�cients Cd
i defined

above are dimensionless. We calculate cross sections to leading order in the coupling con-
stants as well as to dimension-8 in the SMEFT expansion. This includes contributions from
both true dimension-8 operators as well as contributions of dimension-6 operators squared.
For both SoLID and P2 observables we have explicitly checked that dimension-8 contribu-
tions are suppressed like Q2/⇤4, where Q2 < 6GeV2 is the energy transfer relevant for the
SoLID and P2 experiments. Since the SMEFT requires ⇤ to be much greater than the
electroweak scale all dimension-8 e↵ects are completely negligible for PVES kinematics. For

2

Standard Model Effective Theory (SMEFT) 
Operator Basis

    [Boughazel, Petriello, Wiegand]
• The SMEFT basis often used in global fit analysis to constrain new physics beyond the 
electroweak scale:

• Relevant SMEFT operators for DIS processes at dim-6 and dim-8
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` `0 ` `0

q q0 q q0

�, Z

FIG. 1. The Feynman diagrams for ` + H ! ` + X at the parton level from one-boson exchange (left) and SMEFT contact
interactions (right).

The diagrams in Fig. 1 show the partonic tree-level processes that contribute to Eq. (1). These are the contributions
to the total tree-level amplitude from single-photon exchange, single-Z-boson exchange, and the SMEFT contact
interactions. The SMEFT Lagrangian that describes these contact interactions has the form:

LSMEFT =
1

⇤2

X

r

CrOr + · · · , (7)

where the summation index r runs over the set of dimension-6 SMEFT operators and the ellipsis denotes SMEFT
operators of mass-dimension greater than 6. We restrict our analysis to include only the e↵ects of dimension-6 SMEFT
operators since the higher-dimensional operators are formally suppressed by additional powers of E2

/⇤2, where E is
the typical energy scale of the scattering process. Although these e↵ects can be important for Drell-Yan production
at the LHC [9, 10], the low energy of the EIC renders them negligible in this analysis. Or denotes the rth dimension-6
operator and Cr is the corresponding (dimensionless) Wilson coe�cient arising from integrating out the new-physics
degrees of freedom at the scale ⇤. These Wilson coe�cients can be constrained through a comparison of SMEFT
predictions with precision measurements of various processes studied in a variety of experiments across a wide range
of energy scales.

The subset of dimension-6 operators that we consider in our analysis of DIS is given in Table I. We note that
there are additional SMEFT operators but they are known to be far better bounded through other data sets such as
precision Z-pole observables [11–13] and we neglect them here. The above assumptions leave us with the seven Wilson
coe�cients associated with the listed operators which enter the predictions for DIS cross sections and asymmetries.

As seen in Table I, the SMEFT operators Or are expressed in terms of the basis of SM fields before electroweak
symmetry breaking. For the purposes of DIS phenomenology below the electroweak scale, it is useful to rewrite these
SMEFT operators in the vector and axial-vector basis using Dirac fields that describe the massive electrons (e) and
quarks (qf ) after electroweak symmetry breaking, which is a customary parameterization (see e.g. [14]):

LSMEFT =
1

⇤2

X

r

C̃r

nX

f

ē�
µ(ce

Vr
� c

e

Ar
�5)e q̄f�

µ(cf
Vr

� c
f

Ar
�5)qf

o
+ · · · , (8)

where the specific values of the vector and axial-vector couplings—c
e,q

Vk
and c

e,q

Ak
, respectively—for the r

th SMEFT

operator follow from the corresponding chiral and flavor structure of the SMEFT operators. The coe�cients C̃r are
related to the Cr by an overall factor and can be fixed by comparing Eqs. (7) and (8). There is freedom to always
redefine the C̃r by absorbing an overall factor into the couplings ce,q

Vr
, ce,q

Ar
. We specify in Table I the exact definitions

that we use. These couplings are analogous to the vector and axial-vector couplings, ge,q
V

and g
e,q

A
, of the Z-boson but

are instead generated from integrating out UV physics associated with the scale ⇤.
As seen in Fig. 1, the total tree-level amplitude can be decomposed into three contributions:

M = M� + MZ + Mr , (9)

where M� ,MZ , and Mr denote the contributions from single-photon exchange, single-Z-boson exchange, and the
SMEFT operators, respectively. In particular, Mr =

P
i
Mi, where the summation index i runs over the amplitudes

arising from the SMEFT operators listed in Table I. Up to leading order in the SMEFT power counting, where only
dimension-6 SMEFT operators that scale as 1/⇤2 are kept, the total amplitude squared can be written as:

|M |
2 = M�� + 2M�Z + MZZ + 2M�r + 2MZr , (10)

where M�� = |M� |
2, MZZ = |MZ |

2, 2M�Z = M ⇤
�
MZ +M�M ⇤

Z
, 2M�r = M ⇤

�
Mr +MrM ⇤

�
, and 2MZr = M ⇤

Z
Mr +

MrM ⇤
Z
. These denote the amplitudes of the single-photon exchange, single-Z-boson exchange, the interference

between the single-photon and single-Z-boson exhange, the interference between the single-photon exchange and the



SMEFT vs  BasisCiqcoe�cients are in principle dependent on the renormalization scheme chosen. In an MS
scheme they become scale-dependent and run with energy. As we perform only a leading-
order analysis in this work we neglect this running.

Historically it has been customary to parameterize the parity-violating, dimension-6 in-
teractions in terms of the following phenomenological four-fermion Lagrangian [43]:

LPV =
GF
p
2


(e�µ�5e)(C

6
1uu�µu+ C6

1dd�µd) + (e�µe)(C6
2uu�µ�5u+ C6

2dd�µ�5d)

+ (e�µe)(C6
V uu�µu+ C6

V dd�µd) + (e�µ�5e)(C
6
Auu�µ�5u)

+D⌫

✓
e�µ�5e

◆
D⌫

✓
C8

1u

v2
u�µu+

C8
1d

v2
d�µd

◆
+D⌫

✓
e�µe

◆
D⌫

✓
C8

2u

v2
u�µ�5u+

C8
2d

v2
d�µ�5d

◆

+D⌫

✓
e�µe

◆
D⌫

✓
C8

V u

v2
u�µu+

C8
V d

v2
d�µd

◆
+D⌫

✓
e�µ�5e

◆
D⌫

✓
C8

Au

v2
u�µ�5u

◆�
.

(2)

We have extended this parameterization to include the type-1 dimension-8 extensions of the
usual operators. We will refer to this as the PVES basis in this paper. The dimension-6
portion of this phenomenological operator basis can be mapped onto the usual dimension-6
SMEFT basis via the transformation

C6
1u = 2(geR � geL)(g

u
R + guL) +

v2

2⇤2

n
�

⇣
C(1)

lq � C(3)
lq

⌘
+ Ceu + Cqe � Clu

o

C6
2u = 2(geR + geL)(g

u
R � guL) +

v2

2⇤2

n
�

⇣
C(1)

lq � C(3)
lq

⌘
+ Ceu � Cqe + Clu

o

C6
1d = 2(geR � geL)(g

d
R + gdL) +

v2

2⇤2

n
�

⇣
C(1)

lq + C(3)
lq

⌘
+ Ced + Cqe � Cld

o

C6
2d = 2(geR + geL)(g

d
R � gdL) +

v2

2⇤2

n
�

⇣
C(1)

lq + C(3)
lq

⌘
+ Ced � Cqe + Cld

o

C6
V u = 2(geR + geL)(g

u
R + guL) +

v2

2⇤2

n⇣
C(1)

lq � C(3)
lq

⌘
+ Ceu + Cqe + Clu

o

C6
Au = 2(geR � geL)(g

u
R � guL) +

v2

2⇤2

n⇣
C(1)

lq � C(3)
lq

⌘
+ Ceu � Cqe � Clu

o

C6
V d = 2(geR + geL)(g

d
R + gdL) +

v2

2⇤2

n⇣
C(1)

lq + C(3)
lq

⌘
+ Ced + Cqe + Cld

o
. (3)

The dimension-8 part of the phenomenological operator basis can be mapped through the
same transformation with the dimension-6 SMEFT coe�cients replaced by their dimension-8
counterparts in Table 1 and an additional factor of v2

⇤2 . We additionally note that the coe�-
cients of LPV have non-zero SM values unlike the SMEFT coe�cients, due to the inclusion of
SM gauge-boson exchanges in their definitions. For the dimension-8 transformation the SM
o↵set is scaled by v2

M2
Z
. These shifts can be expressed in terms of the left and right-handed

fermion couplings to the Z-boson. The leading-order values for these form factors follow the
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coe�cients are in principle dependent on the renormalization scheme chosen. In an MS
scheme they become scale-dependent and run with energy. As we perform only a leading-
order analysis in this work we neglect this running.

Historically it has been customary to parameterize the parity-violating, dimension-6 in-
teractions in terms of the following phenomenological four-fermion Lagrangian [43]:

LPV =
GF
p
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We have extended this parameterization to include the type-1 dimension-8 extensions of the
usual operators. We will refer to this as the PVES basis in this paper. The dimension-6
portion of this phenomenological operator basis can be mapped onto the usual dimension-6
SMEFT basis via the transformation
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The dimension-8 part of the phenomenological operator basis can be mapped through the
same transformation with the dimension-6 SMEFT coe�cients replaced by their dimension-8
counterparts in Table 1 and an additional factor of v2

⇤2 . We additionally note that the coe�-
cients of LPV have non-zero SM values unlike the SMEFT coe�cients, due to the inclusion of
SM gauge-boson exchanges in their definitions. For the dimension-8 transformation the SM
o↵set is scaled by v2

M2
Z
. These shifts can be expressed in terms of the left and right-handed

fermion couplings to the Z-boson. The leading-order values for these form factors follow the
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• For low energy experiments, typically the  basis of operators based on V-A 
structure after EWSB is used: 

Ciq

• One can find relations between the two bases:



conventions in [44] and amount to

gfL = If3 �Qfs
2
W , gfR = �Qfs

2
W , gZ =

e

sW cW
. (4)

Finally, we note that the axial-axial down-type operators with coe�cients C6
Ad and C8

Ad are
omitted from the Lagrangian in Eq. (2). We will see later that the use of this basis helps
reveal experimental sensitivity to specific ultraviolet completions of the SMEFT that are
obscure in the SMEFT basis for four-fermion Wilson coe�cients.

The basis of dimension-6 semi-leptonic four-fermion SMEFT operators is built from
SU(2) doublets and singlets and consists of seven independent operators after electroweak
symmetry breaking. Näıvely one would expect eight operators making up LPV . This basis
is over-complete since it is formed from fields after electroweak symmetry breaking, and we
can eliminate one operator by making use of the underlying SU(2) symmetry.

3 Review of Drell-Yan and PVES Formulae

In this section we review the formulae describing the Drell-Yan process and the parity-
violating asymmetry parameter APV in PVES. The review of the Drell-Yan cross sections
closely follows Ref. [41].

3.1 Review of Drell-Yan

We first present the cross section for the partonic Drell-Yan process q + q ! e+ + e�.
We decompose the di↵erential cross section into three SM pieces stemming from photon
and Z-boson exchange and their interference, two terms for interference between SM and
SMEFT for each of the dimension-6 and dimension-8 operators respectively and one piece
for the SMEFT dimension-6 squared term:

d�qq̄

dm2
lldY dc✓

=
1

32⇡m2
llŝ

fq(x1)fq̄(x2)

(
d�̂��

qq̄

dm2
lldY dc✓

+
d�̂�Z

qq̄

dm2
lldY dc✓

+
d�̂ZZ

qq̄

dm2
lldY dc✓

+
d�̂�SMEFT6

qq̄

dm2
lldY dc✓

+
d�̂ZSMEFT6

qq̄

dm2
lldY dc✓

+
d�̂�SMEFT8

qq̄

dm2
lldY dc✓

+
d�̂ZSMEFT8

qq̄

dm2
lldY dc✓

+
d�̂SMEFT62

qq̄

dm2
lldY dc✓

)
.

(5)

Here the xi are the partonic momentum fractions and fq(x) the parton distribution function
describing the probability of finding a parton q of momentum fraction x inside the proton.
mll is the invariant mass of the two final state leptons and Y is its rapidity. Finally, c✓ is the
cosine of the center of mass scattering angle of the negatively charged lepton. The hadronic
cross section for the Drell-Yan process is derived by summing over all possible initial state
quarks found inside the proton and integrating over their momentum fractions x1 and x2.
The explicit expressions for the three terms making up the SM contribution to the di↵erential

5

    [Boughazel, Petriello, Wiegand]

SMEFT Constraints from Drell-Yan at LHC

• The SMEFT Wilson coefficients that affect PVES 
also contribute to the Drell-Yan process at the 
LHC

• PVES and the LHC can be complementary to each other in constraining 
new physics



Constraining BSM and Lifting Flat Directions

• PVDIS and Drell-Yan at the LHC are 
sensitive to different combinations of the 
SMEFT Wilson coefficients.

• PVDIS can lift “flat directions” by 
probing orthogonal directions in the 
SMEFT parameter space compared to the 
LHC

28

FIG. 14. 95% CL ellipses for the Wilson coe�cients Ceu and Cqe using the families of data sets D4 and P4 in the simultaneous
(2 + 1)-parameter fits that includes the beam polarization as an additional fitting parameter.

Fig. 15 shows the comparison of the simultaneous fit of the Wilson coe�cients (Ceu, C`u) projected for the EIC to
the corresponding fit with the LHC data adapted from [45]. The LHC fit exhibits a flat direction, i.e. a particular
linear combination of the two coe�cients cannot be determined. A similar comparison is given in Fig. 16 for the pair

(Ceu, C
(1)
`q

), using the nominal- and high-luminosity P4 set of the EIC. We observe that in both figures, projected EIC
fits have di↵erent correlation patterns from the LHC. More importantly, the EIC projected data show the capability
of resolving flat directions and significantly constraining the aforementioned pairs of Wilson coe�cients.
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FIG. 15. 95% CL ellipses for the Wilson coe�cients Ceu and Cqe using the data sets D4 and P4 in the (2 + 1)-parameter fit
that includes the beam polarization as an additional fitting parameter, compared with the corresponding two-parameter fit
from the LHC data [45].

Finally, in Fig. 17, we present the fits from the P4 data set and the LHC adapted from [6] for the pair (C(1)
`q

, C
(3)
`q

).
This figure shows that when the LHC data imposes tight bounds on a pair of Wilson coe�cients, the EIC preliminary
data can introduce far stronger bounds on the same pair of Wilson coe�cients. Moreover, the fits from EIC and LHC
have distinct correlations, which indicates the complementarity of the EIC to the LHC as a future collider. Treating

notational simplicity we will drop the explicit dimension labels on the operators and Wilson
coe�cients when no confusion between them can occur.

In Table 1 we compile the operators that a↵ect the Drell-Yan and PVES processes at
leading order in the coupling constants. We have used the notation of Ref. [4] for the
dimension-8 operators. We assume massless fermions as well as minimal flavor violation for
the SMEFT Wilson coe�cients, and have neglected the scalar and tensor operators that
vanish with these assumptions. We note at this point that for each dimension-6 operator
there are two dimension-8 extensions that di↵er in the placement of the covariant derivatives.
We will refer to those compiled in Table 1 as“type-1” operators. The other possibility, which
we will call ”type-2” can schematically be written as ( �µ

 !
D⌫ )( �µ

 !
D⌫ ) in terms of the left-

right derivative
 !
Dµ =

�!
Dµ
�
 �
Dµ. As we will explain in greater detail later the type-1 operators

lead to only an energy-dependent shift of the corresponding dimension-6 e↵ects, while the
type-2 operators lead to a di↵erent angular dependence. The e↵ect of the type-2 dimension-8
extensions can therefore in principle be disentangled through angular variables [32] and we
omit them from our analyses. In Table 1 l and q denote SU(2) lepton and quark doublets
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Table 1: Dimension-6 operators that potentially contribute to the Drell-Yan process and

their relevant dimension-8 extensions. We refer to the dimension-8 operators in this table as

“type-1”. The corresponding “type-2” operators are not shown.

respectively, while e, u and d are the right-handed singlets. ⌧ i are the SU(2) Pauli matrices
andDµ is the covariant derivative. We suppress flavour indices for notational clarity. Though
our analysis of PVES data is only sensitive to first-generation operators it is necessary
to disentangle contributions from di↵erent generations when preparing a global fit of all
operators. A possible strategy in the leptonic sectors was presented in Ref. [42]. The Wilson
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FIG. 4. Projection for A(p)
PV (left), and dA(p)

PV,stat/A
(p)
PV after unfolding (right) for 18⇥275 GeV ep collisions, with event-selection

criteria applied. An integrated luminosity of 100 fb�1 and an proton polarization of 70% are assumed.

extraction presented in the YR, we also carry out projections for 100 fb�1 18⇥275 GeV ep and 10 fb�1 18⇥137 GeV
eD collisions as the “YR reference point”. We abbreviate the ep pseudodata sets as P1, P2, P3, P4, and P5 and the
eD pseudodata sets as D1, D2, D3, D4, and D5; see Table II. The YR reference point is denoted by P6. Simulated
pseudodata sets with polarized hadrons are indicated as �D1–5 and �P1–6, while positron data sets are referred to
as LD1–5 and LP1–6 (with “L” for lepton charge).

As an exercise, we consider the additional statistical power that could be obtained by a hypothetical future high-
luminosity upgrade to the EIC (HL-EIC) that delivers a ten-fold increase in the integrated luminosity (10⇥ higher
than those in Table II) for these measurements. As the EIC is not yet built, there is no technical basis to assume
that such an upgrade is possible. We choose the factor of 10⇥ luminosity increase to explore the sensitivity of the
measurements we study in this paper, without making a comment as to the feasibility of such an upgrade. These
projections will be denoted with an “High Luminosity (HL)” label hereafter.

D1 5 GeV ⇥ 41 GeV eD, 4.4 fb�1 P1 5 GeV ⇥ 41 GeV ep, 4.4 fb�1

D2 5 GeV ⇥ 100 GeV eD, 36.8 fb�1 P2 5 GeV ⇥ 100 GeV ep, 36.8 fb�1

D3 10 GeV ⇥ 100 GeV eD, 44.8 fb�1 P3 10 GeV ⇥ 100 GeV ep, 44.8 fb�1

D4 10 GeV ⇥ 137 GeV eD, 100 fb�1 P4 10 GeV ⇥ 275 GeV ep, 100 fb�1

D5 18 GeV ⇥ 137 GeV eD, 15.4 fb�1 P5 18 GeV ⇥ 275 GeV ep, 15.4 fb�1

P6 18 GeV ⇥ 275 GeV ep, 100 fb�1

TABLE II. Beam energy, beam type, and the corresponding nominal annual luminosity assumed for the EIC in our analysis.
P6 is the YR reference setting.

E. Statistical Uncertainty Projection for Parity-Violating Asymmetries

For a given value of integrated luminosity, the statistical uncertainty of an asymmetry measurement is:

dAstat,measured =
1

p
N

, (42)

where N is the total number of events detected, assumed to be approximately equally divided between the two
scattering types—between left- and right-handed electron beam, between left- and right-handed proton (ion) beam,
or between positron and electron runs. The unfolding process increases the statistical precision only slightly for the
region where the relative statistical uncertainty on the asymmetry is most precise.

If the asymmetry originates from polarization (as for the case of PV asymmetries), one must correct for the beam
polarization:

dA(e)
PV,stat =

1

|Pe|

1
p
N

, and dA(H)
PV,stat =

1

|PH |

1
p
N

. (43)
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notational simplicity we will drop the explicit dimension labels on the operators and Wilson
coe�cients when no confusion between them can occur.

In Table 1 we compile the operators that a↵ect the Drell-Yan and PVES processes at
leading order in the coupling constants. We have used the notation of Ref. [4] for the
dimension-8 operators. We assume massless fermions as well as minimal flavor violation for
the SMEFT Wilson coe�cients, and have neglected the scalar and tensor operators that
vanish with these assumptions. We note at this point that for each dimension-6 operator
there are two dimension-8 extensions that di↵er in the placement of the covariant derivatives.
We will refer to those compiled in Table 1 as“type-1” operators. The other possibility, which
we will call ”type-2” can schematically be written as ( �µ

 !
D⌫ )( �µ
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D⌫ ) in terms of the left-

right derivative
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Dµ =

�!
Dµ
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Dµ. As we will explain in greater detail later the type-1 operators

lead to only an energy-dependent shift of the corresponding dimension-6 e↵ects, while the
type-2 operators lead to a di↵erent angular dependence. The e↵ect of the type-2 dimension-8
extensions can therefore in principle be disentangled through angular variables [32] and we
omit them from our analyses. In Table 1 l and q denote SU(2) lepton and quark doublets
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Table 1: Dimension-6 operators that potentially contribute to the Drell-Yan process and

their relevant dimension-8 extensions. We refer to the dimension-8 operators in this table as

“type-1”. The corresponding “type-2” operators are not shown.

respectively, while e, u and d are the right-handed singlets. ⌧ i are the SU(2) Pauli matrices
andDµ is the covariant derivative. We suppress flavour indices for notational clarity. Though
our analysis of PVES data is only sensitive to first-generation operators it is necessary
to disentangle contributions from di↵erent generations when preparing a global fit of all
operators. A possible strategy in the leptonic sectors was presented in Ref. [42]. The Wilson
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FIG. 16. 95% CL ellipses for the Wilson coe�cients Ceu and C
(1)
`q using the nominal- and high-luminosity data set P4 in the

(2 + 1)-parameter fit that includes the beam polarization as an additional fitting parameter, compared with the corresponding
two-parameter fit from the LHC data [6].

the projected EIC and the LHC data to be uncorrelated, we also plot the combined fit of the two, which turns out to
even more strongly constrain the chosen pair of Wilson coe�cients. We remark that the e↵ective UV scales probed
with the combined data set exceed 2 TeV.

FIG. 17. 95% CL ellipses for the Wilson coe�cients C
(1)
`q and C

(3)
`q using the nominal-luminosity data set P4 in the (2 + 1)-

parameter fit that includes the beam polarization as an additional fitting parameter, compared with the corresponding fit from
the LHC data [6] and the combined fit of the two.

It should be noted that there appear flat directions in the fits of certain pairs of Wilson coe�cients with the
projected EIC data that utilize the deuteron beam. Examples include (Ceu, Ced) and (C`u, C`d). We can explain
these observations analytically. We find that these pairs always appear in a specific way in asymmetry expressions,
for example 2Ceu � Ced for electron PV asymmetries with unpolarized deuteron. In all such cases, only one of the
data families exhibits this behavior, with the degeneracy broken by another data family.

Our results on the bounds from Wilson coe�cients in simultaneous (2+1)-parameter fits with the beam polarization
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FIG. 4. Projection for A(p)
PV (left), and dA(p)

PV,stat/A
(p)
PV after unfolding (right) for 18⇥275 GeV ep collisions, with event-selection

criteria applied. An integrated luminosity of 100 fb�1 and an proton polarization of 70% are assumed.

extraction presented in the YR, we also carry out projections for 100 fb�1 18⇥275 GeV ep and 10 fb�1 18⇥137 GeV
eD collisions as the “YR reference point”. We abbreviate the ep pseudodata sets as P1, P2, P3, P4, and P5 and the
eD pseudodata sets as D1, D2, D3, D4, and D5; see Table II. The YR reference point is denoted by P6. Simulated
pseudodata sets with polarized hadrons are indicated as �D1–5 and �P1–6, while positron data sets are referred to
as LD1–5 and LP1–6 (with “L” for lepton charge).

As an exercise, we consider the additional statistical power that could be obtained by a hypothetical future high-
luminosity upgrade to the EIC (HL-EIC) that delivers a ten-fold increase in the integrated luminosity (10⇥ higher
than those in Table II) for these measurements. As the EIC is not yet built, there is no technical basis to assume
that such an upgrade is possible. We choose the factor of 10⇥ luminosity increase to explore the sensitivity of the
measurements we study in this paper, without making a comment as to the feasibility of such an upgrade. These
projections will be denoted with an “High Luminosity (HL)” label hereafter.

D1 5 GeV ⇥ 41 GeV eD, 4.4 fb�1 P1 5 GeV ⇥ 41 GeV ep, 4.4 fb�1

D2 5 GeV ⇥ 100 GeV eD, 36.8 fb�1 P2 5 GeV ⇥ 100 GeV ep, 36.8 fb�1

D3 10 GeV ⇥ 100 GeV eD, 44.8 fb�1 P3 10 GeV ⇥ 100 GeV ep, 44.8 fb�1

D4 10 GeV ⇥ 137 GeV eD, 100 fb�1 P4 10 GeV ⇥ 275 GeV ep, 100 fb�1

D5 18 GeV ⇥ 137 GeV eD, 15.4 fb�1 P5 18 GeV ⇥ 275 GeV ep, 15.4 fb�1

P6 18 GeV ⇥ 275 GeV ep, 100 fb�1

TABLE II. Beam energy, beam type, and the corresponding nominal annual luminosity assumed for the EIC in our analysis.
P6 is the YR reference setting.

E. Statistical Uncertainty Projection for Parity-Violating Asymmetries

For a given value of integrated luminosity, the statistical uncertainty of an asymmetry measurement is:

dAstat,measured =
1

p
N

, (42)

where N is the total number of events detected, assumed to be approximately equally divided between the two
scattering types—between left- and right-handed electron beam, between left- and right-handed proton (ion) beam,
or between positron and electron runs. The unfolding process increases the statistical precision only slightly for the
region where the relative statistical uncertainty on the asymmetry is most precise.

If the asymmetry originates from polarization (as for the case of PV asymmetries), one must correct for the beam
polarization:

dA(e)
PV,stat =
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|Pe|

1
p
N

, and dA(H)
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|PH |
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p
N

. (43)
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notational simplicity we will drop the explicit dimension labels on the operators and Wilson
coe�cients when no confusion between them can occur.

In Table 1 we compile the operators that a↵ect the Drell-Yan and PVES processes at
leading order in the coupling constants. We have used the notation of Ref. [4] for the
dimension-8 operators. We assume massless fermions as well as minimal flavor violation for
the SMEFT Wilson coe�cients, and have neglected the scalar and tensor operators that
vanish with these assumptions. We note at this point that for each dimension-6 operator
there are two dimension-8 extensions that di↵er in the placement of the covariant derivatives.
We will refer to those compiled in Table 1 as“type-1” operators. The other possibility, which
we will call ”type-2” can schematically be written as ( �µ
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D⌫ ) in terms of the left-

right derivative
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Dµ =
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Dµ. As we will explain in greater detail later the type-1 operators

lead to only an energy-dependent shift of the corresponding dimension-6 e↵ects, while the
type-2 operators lead to a di↵erent angular dependence. The e↵ect of the type-2 dimension-8
extensions can therefore in principle be disentangled through angular variables [32] and we
omit them from our analyses. In Table 1 l and q denote SU(2) lepton and quark doublets
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respectively, while e, u and d are the right-handed singlets. ⌧ i are the SU(2) Pauli matrices
andDµ is the covariant derivative. We suppress flavour indices for notational clarity. Though
our analysis of PVES data is only sensitive to first-generation operators it is necessary
to disentangle contributions from di↵erent generations when preparing a global fit of all
operators. A possible strategy in the leptonic sectors was presented in Ref. [42]. The Wilson
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FIG. 16. 95% CL ellipses for the Wilson coe�cients Ceu and C
(1)
`q using the nominal- and high-luminosity data set P4 in the

(2 + 1)-parameter fit that includes the beam polarization as an additional fitting parameter, compared with the corresponding
two-parameter fit from the LHC data [6].

the projected EIC and the LHC data to be uncorrelated, we also plot the combined fit of the two, which turns out to
even more strongly constrain the chosen pair of Wilson coe�cients. We remark that the e↵ective UV scales probed
with the combined data set exceed 2 TeV.
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FIG. 17. 95% CL ellipses for the Wilson coe�cients C
(1)
`q and C

(3)
`q using the nominal-luminosity data set P4 in the (2 + 1)-

parameter fit that includes the beam polarization as an additional fitting parameter, compared with the corresponding fit from
the LHC data [6] and the combined fit of the two.

It should be noted that there appear flat directions in the fits of certain pairs of Wilson coe�cients with the
projected EIC data that utilize the deuteron beam. Examples include (Ceu, Ced) and (C`u, C`d). We can explain
these observations analytically. We find that these pairs always appear in a specific way in asymmetry expressions,
for example 2Ceu � Ced for electron PV asymmetries with unpolarized deuteron. In all such cases, only one of the
data families exhibits this behavior, with the degeneracy broken by another data family.

Our results on the bounds from Wilson coe�cients in simultaneous (2+1)-parameter fits with the beam polarization
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criteria applied. An integrated luminosity of 100 fb�1 and an proton polarization of 70% are assumed.

extraction presented in the YR, we also carry out projections for 100 fb�1 18⇥275 GeV ep and 10 fb�1 18⇥137 GeV
eD collisions as the “YR reference point”. We abbreviate the ep pseudodata sets as P1, P2, P3, P4, and P5 and the
eD pseudodata sets as D1, D2, D3, D4, and D5; see Table II. The YR reference point is denoted by P6. Simulated
pseudodata sets with polarized hadrons are indicated as �D1–5 and �P1–6, while positron data sets are referred to
as LD1–5 and LP1–6 (with “L” for lepton charge).

As an exercise, we consider the additional statistical power that could be obtained by a hypothetical future high-
luminosity upgrade to the EIC (HL-EIC) that delivers a ten-fold increase in the integrated luminosity (10⇥ higher
than those in Table II) for these measurements. As the EIC is not yet built, there is no technical basis to assume
that such an upgrade is possible. We choose the factor of 10⇥ luminosity increase to explore the sensitivity of the
measurements we study in this paper, without making a comment as to the feasibility of such an upgrade. These
projections will be denoted with an “High Luminosity (HL)” label hereafter.

D1 5 GeV ⇥ 41 GeV eD, 4.4 fb�1 P1 5 GeV ⇥ 41 GeV ep, 4.4 fb�1

D2 5 GeV ⇥ 100 GeV eD, 36.8 fb�1 P2 5 GeV ⇥ 100 GeV ep, 36.8 fb�1

D3 10 GeV ⇥ 100 GeV eD, 44.8 fb�1 P3 10 GeV ⇥ 100 GeV ep, 44.8 fb�1

D4 10 GeV ⇥ 137 GeV eD, 100 fb�1 P4 10 GeV ⇥ 275 GeV ep, 100 fb�1

D5 18 GeV ⇥ 137 GeV eD, 15.4 fb�1 P5 18 GeV ⇥ 275 GeV ep, 15.4 fb�1

P6 18 GeV ⇥ 275 GeV ep, 100 fb�1

TABLE II. Beam energy, beam type, and the corresponding nominal annual luminosity assumed for the EIC in our analysis.
P6 is the YR reference setting.

E. Statistical Uncertainty Projection for Parity-Violating Asymmetries

For a given value of integrated luminosity, the statistical uncertainty of an asymmetry measurement is:

dAstat,measured =
1

p
N

, (42)

where N is the total number of events detected, assumed to be approximately equally divided between the two
scattering types—between left- and right-handed electron beam, between left- and right-handed proton (ion) beam,
or between positron and electron runs. The unfolding process increases the statistical precision only slightly for the
region where the relative statistical uncertainty on the asymmetry is most precise.

If the asymmetry originates from polarization (as for the case of PV asymmetries), one must correct for the beam
polarization:

dA(e)
PV,stat =

1

|Pe|

1
p
N

, and dA(H)
PV,stat =

1

|PH |

1
p
N

. (43)



• PVDIS and Drell-Yan at the LHC are 
sensitive to different combinations of the 
SMEFT Wilson coefficients.

• PVDIS can lift “flat directions” by 
probing orthogonal directions in the 
SMEFT parameter space compared to the 
LHC

notational simplicity we will drop the explicit dimension labels on the operators and Wilson
coe�cients when no confusion between them can occur.

In Table 1 we compile the operators that a↵ect the Drell-Yan and PVES processes at
leading order in the coupling constants. We have used the notation of Ref. [4] for the
dimension-8 operators. We assume massless fermions as well as minimal flavor violation for
the SMEFT Wilson coe�cients, and have neglected the scalar and tensor operators that
vanish with these assumptions. We note at this point that for each dimension-6 operator
there are two dimension-8 extensions that di↵er in the placement of the covariant derivatives.
We will refer to those compiled in Table 1 as“type-1” operators. The other possibility, which
we will call ”type-2” can schematically be written as ( �µ

 !
D⌫ )( �µ

 !
D⌫ ) in terms of the left-

right derivative
 !
Dµ =

�!
Dµ
�
 �
Dµ. As we will explain in greater detail later the type-1 operators

lead to only an energy-dependent shift of the corresponding dimension-6 e↵ects, while the
type-2 operators lead to a di↵erent angular dependence. The e↵ect of the type-2 dimension-8
extensions can therefore in principle be disentangled through angular variables [32] and we
omit them from our analyses. In Table 1 l and q denote SU(2) lepton and quark doublets

Dimension 6 Dimension 8

O
(1)
lq

�
l�µl

�
(q�µq) O

(1)
l2q2D2 D⌫

�
l�µl

�
D⌫ (q�µq)

O
(3)
lq

�
l�µ⌧ il

�
(q�µ⌧ iq) O

(3)
l2q2D2 D⌫

�
l�µ⌧ il

�
D⌫ (q�µ⌧ iq)

Oeu (e�µe) (u�µu) O
(1)
e2u2D2 D⌫ (e�µe)D⌫ (u�µu)

Oed (e�µe)
�
d�µd

�
O

(1)
e2d2D2 D⌫ (e�µe)D⌫

�
d�µd

�

Olu

�
l�µl

�
(u�µu) O

(1)
l2u2D2 D⌫

�
l�µl

�
D⌫ (u�µu)

Old

�
l�µl

� �
d�µd

�
O

(1)
l2d2D2 D⌫

�
l�µl

�
D⌫

�
d�µd

�

Oqe (q�µq) (e�µe) O
(1)
q2e2D2 D⌫ (q�µq)D⌫ (e�µe)

Table 1: Dimension-6 operators that potentially contribute to the Drell-Yan process and

their relevant dimension-8 extensions. We refer to the dimension-8 operators in this table as

“type-1”. The corresponding “type-2” operators are not shown.

respectively, while e, u and d are the right-handed singlets. ⌧ i are the SU(2) Pauli matrices
andDµ is the covariant derivative. We suppress flavour indices for notational clarity. Though
our analysis of PVES data is only sensitive to first-generation operators it is necessary
to disentangle contributions from di↵erent generations when preparing a global fit of all
operators. A possible strategy in the leptonic sectors was presented in Ref. [42]. The Wilson
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FIG. 4. Projection for A(p)
PV (left), and dA(p)

PV,stat/A
(p)
PV after unfolding (right) for 18⇥275 GeV ep collisions, with event-selection

criteria applied. An integrated luminosity of 100 fb�1 and an proton polarization of 70% are assumed.

extraction presented in the YR, we also carry out projections for 100 fb�1 18⇥275 GeV ep and 10 fb�1 18⇥137 GeV
eD collisions as the “YR reference point”. We abbreviate the ep pseudodata sets as P1, P2, P3, P4, and P5 and the
eD pseudodata sets as D1, D2, D3, D4, and D5; see Table II. The YR reference point is denoted by P6. Simulated
pseudodata sets with polarized hadrons are indicated as �D1–5 and �P1–6, while positron data sets are referred to
as LD1–5 and LP1–6 (with “L” for lepton charge).

As an exercise, we consider the additional statistical power that could be obtained by a hypothetical future high-
luminosity upgrade to the EIC (HL-EIC) that delivers a ten-fold increase in the integrated luminosity (10⇥ higher
than those in Table II) for these measurements. As the EIC is not yet built, there is no technical basis to assume
that such an upgrade is possible. We choose the factor of 10⇥ luminosity increase to explore the sensitivity of the
measurements we study in this paper, without making a comment as to the feasibility of such an upgrade. These
projections will be denoted with an “High Luminosity (HL)” label hereafter.

D1 5 GeV ⇥ 41 GeV eD, 4.4 fb�1 P1 5 GeV ⇥ 41 GeV ep, 4.4 fb�1

D2 5 GeV ⇥ 100 GeV eD, 36.8 fb�1 P2 5 GeV ⇥ 100 GeV ep, 36.8 fb�1

D3 10 GeV ⇥ 100 GeV eD, 44.8 fb�1 P3 10 GeV ⇥ 100 GeV ep, 44.8 fb�1

D4 10 GeV ⇥ 137 GeV eD, 100 fb�1 P4 10 GeV ⇥ 275 GeV ep, 100 fb�1

D5 18 GeV ⇥ 137 GeV eD, 15.4 fb�1 P5 18 GeV ⇥ 275 GeV ep, 15.4 fb�1

P6 18 GeV ⇥ 275 GeV ep, 100 fb�1

TABLE II. Beam energy, beam type, and the corresponding nominal annual luminosity assumed for the EIC in our analysis.
P6 is the YR reference setting.

E. Statistical Uncertainty Projection for Parity-Violating Asymmetries

For a given value of integrated luminosity, the statistical uncertainty of an asymmetry measurement is:

dAstat,measured =
1

p
N

, (42)

where N is the total number of events detected, assumed to be approximately equally divided between the two
scattering types—between left- and right-handed electron beam, between left- and right-handed proton (ion) beam,
or between positron and electron runs. The unfolding process increases the statistical precision only slightly for the
region where the relative statistical uncertainty on the asymmetry is most precise.

If the asymmetry originates from polarization (as for the case of PV asymmetries), one must correct for the beam
polarization:

dA(e)
PV,stat =

1

|Pe|

1
p
N

, and dA(H)
PV,stat =

1

|PH |

1
p
N

. (43)
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FIG. 14. 95% CL ellipses for the Wilson coe�cients Ceu and Cqe using the families of data sets D4 and P4 in the simultaneous
(2 + 1)-parameter fits that includes the beam polarization as an additional fitting parameter.

Fig. 15 shows the comparison of the simultaneous fit of the Wilson coe�cients (Ceu, C`u) projected for the EIC to
the corresponding fit with the LHC data adapted from [45]. The LHC fit exhibits a flat direction, i.e. a particular
linear combination of the two coe�cients cannot be determined. A similar comparison is given in Fig. 16 for the pair

(Ceu, C
(1)
`q

), using the nominal- and high-luminosity P4 set of the EIC. We observe that in both figures, projected EIC
fits have di↵erent correlation patterns from the LHC. More importantly, the EIC projected data show the capability
of resolving flat directions and significantly constraining the aforementioned pairs of Wilson coe�cients.

FIG. 15. 95% CL ellipses for the Wilson coe�cients Ceu and Cqe using the data sets D4 and P4 in the (2 + 1)-parameter fit
that includes the beam polarization as an additional fitting parameter, compared with the corresponding two-parameter fit
from the LHC data [45].

Finally, in Fig. 17, we present the fits from the P4 data set and the LHC adapted from [6] for the pair (C(1)
`q

, C
(3)
`q

).
This figure shows that when the LHC data imposes tight bounds on a pair of Wilson coe�cients, the EIC preliminary
data can introduce far stronger bounds on the same pair of Wilson coe�cients. Moreover, the fits from EIC and LHC
have distinct correlations, which indicates the complementarity of the EIC to the LHC as a future collider. Treating
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Figure 5: Combining the 68% C.L. bounds derived from Drell-Yan data and the P2 pro-
jection in the Ciu/Cid basis contrasting dimension-6 and dimension-8 contributions.

in the high-energy limit s � M2
Z . Although this condition changes as the invariant mass

bin changes, most sensitivity comes from the higher invariant mass bins, leading to the long
tails seen in the plot. The asymmetry parameter APV is in principle dependent on the same
linear combination of coe�cients. However, the dimension-8 piece is suppressed by Q2/⇤2,

and the P2 projection is therefore largely independent of C(1)
l2q2D2 . Combining the Drell-Yan

bounds with the projected P2 results constrains |C(1)
lq | to be less than 0.1, while |C(1)

l2q2D2 | is
bound to be smaller than 8.

5 Conclusions

In this work we have studied the potential impact that future PVES experiments SoLID
and P2 will have on disentangling degeneracies in SMEFT fits, and in separating dimension-
6 from dimension-8 e↵ects. Both experiments can discriminate between combinations of
dimension-6 operators that cannot be resolved by existing Drell-Yan data at the LHC. We
have studied several such examples motivated by previous work [41] to demonstrate this
point. A generic issue that we have discussed extensively in this work is the importance
of studying Wilson-coe�cient bases motivated by specific ultraviolet examples in order to
properly evaluate the impact of di↵erent experiments. In the situation here the use of
the traditional PVES basis in terms of C1q and C2q illustrates complementarity between

15

Figure 6: Combining the 68% C.L. bounds derived from Drell-Yan data and the SoLID
projection in the Ciu/Cid basis contrasting dimension-6 and dimension-8 contributions.

the SoLID and P2 experiments di�cult to see in the SMEFT basis. We have illustrated
through the use of the PVES basis that the bounds on parameter space set by SoLID and
P2 are complementary and how these bounds translate into the standard SMEFT basis. We
have also emphasized that the lower energies of the SoLID experiment can be exploited to
separate dimension-6 from dimension-8 e↵ects when combined with high invariant-mass LHC
data. To demonstrate this point we have presented example fits containing both dimension-
6 four-fermion operators and their dimension-8 extensions. Combined fits of LHC data
and projected SoLID and P2 data break degeneracies between dimension-6 and dimension-8
e↵ects and tighten bounds on individual Wilson coe�cients considerably.
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Disentangling Dim-6 and Dim-8 SMEFT Operators

• Another advantage of low energy PVES experiments:

The large energy of the LHC can make it difficult to disentangle the 
effects of dim-6 or dim-8 (and dim-6 squared) operators.

Low energy PVES will only have sensitivity to dim-6 operators 
providing valuable input to disentangle dim-6 vs dim-8.

This is also true at the EIC
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•  neutral currents (γ, Z exchange, γZ interference)  
•  charged currents (W exchange) 

at high enough Q2 electroweak probes become relevant  

parameterized by new structure functions which probe 
combinations of PDFs different from photon exchange 
--> flavor decomposition without SIDIS, e-w couplings 

hadron-spin averaged case: studied to some extent at HERA (limited statistics) 

hadron-spin difference: Wray; Derman; Weber, MS, Vogelsang; 
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contains  
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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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5  

Electroweak DIS

• The  electroweak probes each probe different flavor 
combinations of nucleon structure functions, allowing for flavor separation.

γ, Z, W±

-NC DIS 

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...
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•  neutral currents (γ, Z exchange, γZ interference)  
•  charged currents (W exchange) 

at high enough Q2 electroweak probes become relevant  

parameterized by new structure functions which probe 
combinations of PDFs different from photon exchange 
--> flavor decomposition without SIDIS, e-w couplings 

hadron-spin averaged case: studied to some extent at HERA (limited statistics) 

hadron-spin difference: Wray; Derman; Weber, MS, Vogelsang; 
Anselmino, Gambino, Kalinowski; 

Blumlein, Kochelev; Forte, Mangano, Ridolfi; … 
contains  

e-w propagators 
and couplings 
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NC Target-flip Parity-Violating Asymmetry

• Polarized beam ion beams at EIC provide a new 
direction for exploring the nucleon spin 
structure:

• NC DIS asymmetry:

8

by properly fixing the values of v1,2 and a1,2; mq is the quark mass and we have dropped
terms proportional to qµ or qν which, when contracted with the leptonic tensor Lµν , give
contributions proportional to m"/E, consistently neglected in the whole paper. If the
quark has opposite spin it suffices to change the sign of s.

The antiquark tensors ωi,µν
q̄,s are defined exactly as in Eq.(21) with the only replacement

γ5 → −γ5; Eq.(22) can then be exploited also for antiquarks and gives ωµν
q̄,s as a result of

the usual replacement in the axial couplings, a1,2 → −a1,2.
Eqs.(20)-(22) give the quark-parton model predictions for the hadronic tensor W i,µν ;

by comparing them with the general expression, Eq.(7), one obtains the quark-parton
model results for the nucleon structure functions. For completeness we list all of them
here, starting from the electromagnetic case (i = γ):

F γ
1 =

1

2

∑

q

e2
q(q + q̄) F γ

2 = 2xF γ
1

gγ
1 =

1

2

∑

q

e2
q(∆q + ∆q̄) gγ

2 = 0
(23)

where q = qP + qA is the number density of quarks of flavour q and ∆q = qP − qA;
analogously for antiquarks.

The interference contribution (i = γZ) is:
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(24)

and the purely weak interaction (i = Z) leads to:
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• CC DIS asymmetry:

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...
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2

polarized nucleons. Djangoh also allows us to study and
quantify the size of electroweak radiative corrections, in
particular QED effects due to the emission of real photons
which can lead to significant shifts of the kinematic vari-
ables away from their “true” or Born-level values. Such
radiative corrections are known to be sizable in certain
kinematic regimes from NC and CC DIS measurements
at HERA and need to be properly unfolded.
We will demonstrate below that at an EIC one can per-

form measurements of CC DIS in the range x ! 0.02 [x !
0.01] and Q2 > 100GeV2, accessible with the planned
lepton and nucleon beam energies of 10 GeV × 250 GeV
[20 GeV × 250 GeV], with good resolution from the JB
method. Since the expected CC single-spin asymmetries
are large for most of the accessible x and Q2 region, rang-
ing from a few percent at low x up to O(80%) at large
x, even modest integrated luminosities of L = 10 fb−1

turn out to be sufficient for first meaningful measure-
ments. We use pseudo-data generated with Djangoh

in the above kinematic domain to study their potential
impact in constraining helicity PDFs. To this end, we
perform a global QCD analysis at next-to-leading order
(NLO) accuracy following the framework and method-
ology of the DSSV collaboration [7]. A similar type of
study was performed recently in Ref. [18] based on EIC
pseudo-data for polarized DIS in the low Q2 region dom-
inated by photon exchange. We note that a first, rough
exploratory study of CC DIS at an EIC, solely based on
simple estimates of expected statistical uncertainties, has
been performed in Sec. 1.12 of Ref. [11].
The remainder of the paper is organized as follows: in

the next Section we shall briefly recall the relevant for-
malism and expressions for the CC DIS cross section to
define our notation and conventions. In Sec. III we in-
troduce the updated event generator package Djangoh

which we utilize in Sec. IV to study the validity and ac-
curacy of the JB method for reconstructing the relevant
DIS kinematic variables from the measured hadronic final
state. In Sec. V we present expectations for the single-
spin asymmetries in CC DIS off polarized protons and
neutrons at an EIC and discuss their potential impact
on determinations of helicity parton distributions in the
context of a global QCD analysis at NLO accuracy. The
main results are summarized in Sec. VI.

II. CHARGED CURRENT DIS OFF
POLARIZED NUCLEONS

The first theoretical studies of electroweak spin-
dependent structure functions date back to the 1970s,
with renewed interest in the HERA era [19–21] when the
possibility to run with longitudinally polarized proton
beams was discussed. In this context, the first event gen-
erator for polarized CC DIS, Pepsi [22, 23], was devel-
oped and some numerical estimates for spin asymmetries
at HERA center-of-mass system (c.m.s.) energies were
performed [24, 25], but without including radiative ef-

fects or scrutinizing the validity of the JB method. NLO
QCD corrections to the polarized CC DIS process have
been calculated in [20]. In this Section we will briefly
review the relevant formalism at NLO accuracy to define
the notations and conventions used throughout the paper
and otherwise refer the reader to the PDG review [26].
The spin-dependent part of the CC cross section for the

scattering of a left-handed electron (W− exchange) off a
longitudinally polarized nucleon target N with helicity
±λN reads

d2∆σW−,N

dxdy
=

=
1

2

[

d2σW−,N(λN = −1)

dxdy
−

d2σW−,N (λN = +1)

dxdy

]

=
2πα2

em

xyQ2
η

[

2Y−xg
W−,N
1 − Y+g

W−,N
4 + y2gW

−,N
L

]

(1)

where

η = 2

(

GFM2
W

4παem

Q2

Q2 +M2
W

)2

(2)

and Y± ≡ 1± (1 − y)2. Here, MW , GF , and αem denote
the W boson mass, Fermi constant, and electromagnetic
coupling, respectively, and Q2 = Sxy with

√
S the avail-

able c.m.s. energy. The corresponding unpolarized CC
cross section d2σW−,N/dxdy can be obtained from (1)
by replacing 2g1 → F3, g4 → −F2, and g5 → −F1; see,
e.g., Ref. [26] for details. We note that Eq. (1) agrees
with the expressions given in [26] except for the extra
factor 1/2 in our definition of d2∆σ, such that the exper-
imentally relevant single-spin asymmetry is defined in the
usual way as

AW−,N
L ≡

d2∆σW−,N/dxdy

d2σW−,N/dxdy
(3)

and will have values |AW−,N
L | ≤ 1.

The structure functions gW
−,N

i in (1) for a proton tar-
get and nf = 4 active quark flavors are given by

gW
−,p

1 (x) = ∆u(x) +∆d̄(x) +∆c(x) +∆s̄(x) , (4)

gW
−,p

5 (x) = −∆u(x) +∆d̄(x) −∆c(x) +∆s̄(x) (5)

at the leading order (LO) or naive parton model approx-
imation. g4 is related to g5 by the Dicus relation [27],
gL ≡ g4 − 2xg5, with gL = 0 at LO (i.e., the analog to
the Callan Gross relation in unpolarized DIS). The∆q(x)
denote the usual helicity parton densities of flavor q in a
longitudinally polarized proton.
The NLO corrections to (4), (5), and gL can be found

in Refs. [20, 21] and can be schematically cast into a
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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
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We propose a modified definition of the jet charge, the “dynamic jet charge”, where the constant
jet momentum fraction weighting parameter, , in the standard jet charge definition is generalized to
be a function of a dynamical property of the jet or the individual jet constituents. The dynamic jet
charge can complement analyses based on the standard definition and give improved discrimination
between quark and gluon initiated jets and between jets initiated by di↵erent quark flavors. We focus
on the specific scenario where each hadron in the jet contributes to the dynamic jet charge with a -
value dynamically determined by its jet momentum fraction. The corresponding dynamic jet charge
distributions have qualitatively distinct features and are typically characterized by a multiple peak
structure. For proton-proton collisions, compared to the standard jet charge, the dynamic jet charge
gives significantly improved discrimination between quark and gluon initiated jets and comparable
discrimination between u- and d-quark initiated jets. In Pythia simulations of heavy ion collisions,
the dynamic jet charge is found to have higher jet discrimination power compared to the standard
jet charge, remaining robust against the increased contamination from underlying event. We also
present phenomenological applications of the dynamic jet charge to probe nuclear flavor structure.

I. INTRODUCTION

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

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

(pp) collisions, but suggested a systematically improvable
framework for studying medium modification for quark
and gluon initiated jets.
In the context of these various tools developed for jet

discrimination, we introduce a modified definition of the
standard jet charge, that we refer to as the dynamic
jet charge. This new definition can complement analy-
ses based on the standard jet charge and allows for im-
proved discrimination between quark and gluon initiated
jets and between u-quark and d-quark initiated jets. We
present simulation results to illustrate the characteristic
properties of the dynamic jet charge and its discrimina-
tion power at the LHC. We also present corresponding re-
sults for Pythia simulations of heavy ion PbPb-collisions
and find that, unlike for the standard jet charge, the dis-
crimination power of the dynamic jet charge remains sim-
ilar to that found in pp-collisions, being largely una↵ected
by the significantly greater underlying activity. While
Pythia simulations account for the increased underlying
event activity in heavy ion collisions, they do not include
nuclear medium e↵ects and the related jet quenching ef-
fects. Further studies of the dynamic jet charge for heavy
ion collisions could be done using the JEWEL [36] or
JETSCAPE [37] simulation which includes hot nuclear
medium (i.e. quark-gluon plasma) e↵ects, and is left for
future work.
The standard definition [1, 17, 18] of the jet charge is

given by the weighted sum

Qi
 =

X

h2i-jet

zh Qh, (1)

for a jet initiated by the parton i and the sum is over all
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FIG. 1. Normalized standard jet charge distributions for the
more forward (top panel) and more central (bottom panel)
of the leading jets in Pythia8 simulations of pp ! j1j2X atp
s = 8 TeV with hadronization and MPI e↵ects turned on.

Selection cuts of 200 GeV < pTj1,j2
< 300 GeV, |⌘j1,j2| < 2.1,

and pTj1
/pTj2

< 1.5 on the leading (j1) and subleading (j2)
anti-kT jets of jet radius R = 0.4 are applied. The blue,
red, and green curves correspond to  = 0.3, 0.5, and 0.7,
respectively.

hadrons h, with charge Qh, in the jet.  > 0 is a constant
parameter that is part of the jet charge definition, and zh
is the jet transverse momentum or energy fraction carried
by the hadron h

zh =
pTh

pTJ

or zh =
Eh

EJ
, (2)

for pp and e+e� colliders, respectively. Here pTh and
Eh denote the transverse momentum and energy of the
hadron h in the jet, respectively. Similarly, pTJ and EJ

denote the total jet transverse momentum and energy, re-
spectively. In this work, we focus on the hadron collider
environment and use the pT -weighted jet charge defini-
tion.

In this work, we propose the dynamic jet charge, de-
noted by Qdyn, defined as

Qi
dyn =

X

h2i-jet

z(P)
h Qh, (3)

for a jet initiated by parton i, where the constant param-
eter  in the standard definition is promoted to a function

FIG. 2. Comparison of the ATLAS data [19] for the standard
jet charge with Pythia 8.240 simulations (default tune). The
average standard jet charge is plotted as a function of the jet
pT in pp ! j1j2X at

p
s = 8 TeV. The average jet charge of

the more forward (top panel) and more central (bottom panel)
of the two leading jets are shown for the values  = 0.3, 0.5, 0.7
corresponding to the blue, red, and green curves respectively.
Selection cuts of 200 GeV < pTj1,j2

< 300 GeV, |⌘j1,j2| < 2.1,
and pTj1

/pTj2
< 1.5 on the leading (j1) and subleading (j2)

anti-kT jets of jet radius R = 0.4 are applied. The jet charge
values correspond to an average over the jet pT bins: [50
GeV,100 GeV], [100 GeV, 200 GeV], [200 GeV, 300 GeV],
[300 GeV, 400 GeV], [400 GeV, 500 GeV], [500 GeV, 600
GeV], [600 GeV, 800 GeV], [800 GeV, 1000 GeV], [1000 GeV,
1200 GeV], and [1200 GeV, 1500 GeV].

(P) of some property “P” of the jet or each individual
jet constituent. Here we focus exclusively on the scenario
where the property P is chosen to be the hadron momen-
tum fraction zh for each hadron in the jet. Thus, each
individual jet constituent contributes to the dynamic jet
charge with the dynamically determined value (zh). We
demonstrate that this dynamic jet charge definition can
allow for enhanced jet discrimination and complement
analyses based on the standard jet charge definition.
One might also consider scenarios where  is a func-

tion of other jet constituent properties such as the
hadron transverse momentum with respect to the jet
axis, (k?h /pTJ ), or more global dynamic jet properties
such as the jet mass, (mJ/pTJ ), or the groomed jet ra-
dius [38, 39], (Rg), in defining the dynamic jet charge.
Furthermore, one might generalize other jet observables,
such as jet angularities [40–46], by transforming the con-
stant parameters that appear in their definitions to dy-

Standard Jet Charge

9

κ=0.3

pp-collisions, 13 TeV
Standard Jet Charge

κ=0.3

- d-quark jet
- u-quark jet

-2 -1 0 1 2
0.0

0.2

0.4

0.6

0.8

1.0

QJ

ξcut=0.3
k<=1.0
k>=0.3

pp-collisions, 13 TeV
Dynamic Jet Charge

- d-quark jet
- u-quark jet

-2 -1 0 1 2
0.0

0.5

1.0

1.5

2.0

2.5

3.0

QJ

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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• Jet Charge can be used to discriminate jet flavor:

Pythia8
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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.
These qualitative di↵erences between quark and gluon

jets can be quantified by the Receiver Operating Char-

Good u vs. d discrimination Poor q vs. g discrimination



Dynamic Jet Charge

Pythia8

9

ξcut=0.3
k<=1.0
k>=0.3

pp-collisions, 13 TeV
Dynamic Jet Charge

- d-quark jet
- u-quark jet

-2 -1 0 1 2
0.0

0.5

1.0

1.5

2.0

2.5

3.0

QJ

-Standard Jet Charge
-Dynamic Jet Charge

pp-collisions, 13 TeV
ROC Curve for QJ

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

u-Quark Jet Efficiency

d-
Q
ua
rk
Je
tR
ej
ec
tio
n

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

3

namic parameters. If and how these dynamic jet charge
definitions lead to increased discrimination power will be
explored in future work.

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

hQi
i =

Z 1

0
dz z

X

h2i-jet

Qh
1

�i-jet

d�h2i-jet

dz
, (4)

where �i-jet denotes the cross section for producing a jet
initiated by the parton i and d�h2i-jet/dz is the di↵eren-
tial cross section for producing the jet in which a hadron
h with momentum fraction z is observed. This can be
brought into the form [18]

hQi
i =

Z 1

0
dz z

X

h2i-jet

Qh

X

j

Z 1

z

dz0

z0
Jij(pTJ , R, z0, µ)

⇥Dh
j

⇣ z

z0
, µ

⌘
, (5)

where the Jij(pTJ , R, z, µ) are perturbatively calculable
coe�cients and the Dh

j (z, µ) are the nonperturbative
fragmentation functions describing the fragmentation of
the parton j into the hadron h which carries away mo-
mentum fraction z from the parton j. The argument
R in the coe�cients Jij denotes the jet radius. The
resummation of large logarithms in ⇠ pTR/⇤QCD, due
to the disparity in energy scales associated with jet dy-
namics and hadronization, is achieved by choosing the
renormalization scale µ ⇠ pTR [47, 48] in the perturba-
tive coe�cients and using the standard DGLAP evolu-
tion to evaluate the fragmentation functions at this scale.
Next-to-Leading Order (NLO) results for the Jij coe�-
cients can be found in Ref. [18]. At Leading Order (LO),

J
(0)
ij (pTJ , R, z, µ) = �ij�(1�z) and the average jet charge

in Eq. (5) becomes

hQi(0)
 i =

X

h2i-jet

Qh D̃h
i (, µ) +O(↵S), (6)

where D̃h
i (, µ) is the Mellin moment of the fragmenta-

tion function Dh
i (z, µ)

D̃h
i (, µ) =

Z 1

0
dz z Dh

i (z, µ) , (7)

with a multiplicative renormalization group evolution
equation

µ
d

dµ
D̃h

i (, µ) =
↵s

⇡
P̃ij() D̃

h
j (, µ) , (8)

where P̃ij() are the standard splitting functions in
Mellin space.

For simulation results, we use Pythia8 (Pythia
8.240) [49] for event generation and FASTJET 3.3.2 [50,
51] for implementing jet algorithms and applying soft

drop grooming [52–54]. Jets are defined using the anti-
kT [55] jet algorithm throughout the manuscript. All
Pythia simulation results presented for pp-collisions and
PbPb-collisions include underlying events correspond-
ing to the Multi-Parton Interaction (MPI) switch being
turned on, unless specified otherwise.
For calibration purposes, we perform Pythia simula-

tions to compare with the ATLAS analysis [19] for pp-
collisions at

p
s = 8 TeV. The two leading jets, j1 and j2,

denoting the leading and subleading jets, respectively, are
subject to pseudorapidity and transverse momentum se-
lection cuts of |⌘j1,j2| < 2.1 and pTj1

/pTj2
< 1.5, respec-

tively. The jets are defined with jet radius of R = 0.4.
These leading jets are classified as either “more cen-
tral” or “more forward”, corresponding to the jet with
a smaller or larger magnitude of pseudorapidity, respec-
tively.
In Fig. 1, we show the simulation results for the stan-

dard jet charge distribution with the Pythia parton-level
setting ‘HardQCD:all = on’ and hadronization and un-
derlying event (MPI) turned on. The three curves in
each panel correspond to the values  = 0.3, 0.5, and
0.7, respectively. The top (bottom) panel corresponds
to jet charge distributions for the more forward (central)
of the two leading jets, each restricted to the jet pT -bin:
[200 GeV, 300 GeV]. Following the ATLAS analysis [19],
Fig. 1 uses jet charge bins of size 0.1 in units of the proton
electric charge e.
In Fig. 2, we show a comparison of the Pythia simu-

lation results with ATLAS data [19] for the average jet
charge as a function of the jet pT -bin. The top and bot-
tom panels correspond to the more forward and more
central jets, respectively. We see that there is good agree-
ment between the Pythia simulation results and the AT-
LAS data.

II. DYNAMIC JET CHARGE

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

Qi
dyn =

X

h2i-jet

z(zh)h Qh. (9)

Thus, each hadron h contributes to the jet charge with
a dynamic -parameter whose value is determined by its
jet momentum fraction zh. Di↵erent functional forms of
(zh) correspond to di↵erent definitions of the dynamic
jet charge.

This dynamic definition is motivated by the observed
dependence of the shape of the standard jet charge distri-
bution on the value of the constant parameter , as seen
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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.
These qualitative di↵erences between quark and gluon

jets can be quantified by the Receiver Operating Char-

Pythia8

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
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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. 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.
These qualitative di↵erences between quark and gluon

jets can be quantified by the Receiver Operating Char-
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FIG. 8. The standard (top) and dynamic (middle) jet charge
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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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TeV, for quark (red) and gluon (blue) initiated jets with se-
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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.
These qualitative di↵erences between quark and gluon

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

I. INTRODUCTION

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

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

(pp) collisions, but suggested a systematically improvable
framework for studying medium modification for quark
and gluon initiated jets.
In the context of these various tools developed for jet

discrimination, we introduce a modified definition of the
standard jet charge, that we refer to as the dynamic
jet charge. This new definition can complement analy-
ses based on the standard jet charge and allows for im-
proved discrimination between quark and gluon initiated
jets and between u-quark and d-quark initiated jets. We
present simulation results to illustrate the characteristic
properties of the dynamic jet charge and its discrimina-
tion power at the LHC. We also present corresponding re-
sults for Pythia simulations of heavy ion PbPb-collisions
and find that, unlike for the standard jet charge, the dis-
crimination power of the dynamic jet charge remains sim-
ilar to that found in pp-collisions, being largely una↵ected
by the significantly greater underlying activity. While
Pythia simulations account for the increased underlying
event activity in heavy ion collisions, they do not include
nuclear medium e↵ects and the related jet quenching ef-
fects. Further studies of the dynamic jet charge for heavy
ion collisions could be done using the JEWEL [36] or
JETSCAPE [37] simulation which includes hot nuclear
medium (i.e. quark-gluon plasma) e↵ects, and is left for
future work.
The standard definition [1, 17, 18] of the jet charge is

given by the weighted sum

Qi
 =

X

h2i-jet

zh Qh, (1)

for a jet initiated by the parton i and the sum is over all
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scattering studies [2–7], finding evidence for quarks in
the nucleon. The jet charge observable has also been ap-
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in tagging the charge of bottom quark jets [10–13] and
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ical framework [29, 30] was introduced to use jet charge
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development of machine learning techniques [15, 21] for
extracting the jet charge. Recently, a color tagger was
introduced [34] as another jet discriminant in order to
distinguish between color singlet states decaying into two
jets from dijet backgrounds. In a recent analysis [35], it
was shown that the quark-gluon jet discrimination power
of the various jet substructure techniques typically wors-
ens in heavy ion collisions, compared to proton-proton
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framework for studying medium modification for quark
and gluon initiated jets.
In the context of these various tools developed for jet

discrimination, we introduce a modified definition of the
standard jet charge, that we refer to as the dynamic
jet charge. This new definition can complement analy-
ses based on the standard jet charge and allows for im-
proved discrimination between quark and gluon initiated
jets and between u-quark and d-quark initiated jets. We
present simulation results to illustrate the characteristic
properties of the dynamic jet charge and its discrimina-
tion power at the LHC. We also present corresponding re-
sults for Pythia simulations of heavy ion PbPb-collisions
and find that, unlike for the standard jet charge, the dis-
crimination power of the dynamic jet charge remains sim-
ilar to that found in pp-collisions, being largely una↵ected
by the significantly greater underlying activity. While
Pythia simulations account for the increased underlying
event activity in heavy ion collisions, they do not include
nuclear medium e↵ects and the related jet quenching ef-
fects. Further studies of the dynamic jet charge for heavy
ion collisions could be done using the JEWEL [36] or
JETSCAPE [37] simulation which includes hot nuclear
medium (i.e. quark-gluon plasma) e↵ects, and is left for
future work.
The standard definition [1, 17, 18] of the jet charge is
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Unpolarized TMD Flavor 
Separation with Jet Charge

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.
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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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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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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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• The EIC is primarily a QCD machine. 

• However, electroweak physics at the EIC can play an important role for:

• This is facilitated by:

-high luminosity  
-wide kinematic range
-polarized beams
-range of nuclear targets

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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Electroweak Physics at the EIC

- constraining new physics via precision measurements of electroweak couplings 
- SMEFT Analyses
- electroweak probes of nucleon spin structure (NC, CC DIS)
- Jet electric charge probe


