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I. EXECUTIVE SUMMARY

To exploit the full potential of the 12 GeV energy
upgrade of the Continuous Electron Beam Accelerator
Facility (CEBAF) at Je↵erson Lab (JLab), we have de-
signed a new spectrometer, named the Solenoidal Large
Intensity Device (SoLID) [1, 2]. The main feature of
SoLID is its large acceptance and the capacity to oper-
ate at the full CEBAF luminosity of up to 1039 cm�2s�1.
A rich and diverse science program consisting of a set
of high-impact physics experiments has been developed
with SoLID. The SoLID proposal was submitted as a Ma-
jor Item of Equipment (MIE) to the U.S. Department of
Energy (DOE) and, after passing several Director’s Re-
views at JLab, received a successful Science Review from
the DOE in March 2021. We are presently awaiting the
full report describing the review outcome.

The SoLID spectrometer fills a critical void in the sci-
ence reach of Quantum Chromodynamics (QCD) and
fundamental symmetry studies. For illustration, Fig. 1
shows the acceptance and luminosity range covered by
JLab, the Electron-Ion Collider (EIC), and a number of

lower-luminosity facilities that were designed to inves-
tigate the properties of quarks and gluons in the nu-
cleon and their modified behavior in nuclei. To maxi-
mize physics insight, it is essential to explore reactions
over as large a range of Q2 and Bjorken x as possible.
Together, JLab and the EIC will, over the next several
decades, cover a broad and largely complementary kine-
matic range, with SoLID probing key physics and pro-
viding precision data primarily in the high-x region.
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FIG. 1. Landscape of the QCD program. SoLID expands the
luminosity frontier in the large x region whereas the EIC does
the same for low x. Figure adapted from [3].

SoLID can accommodate a variety of experimental con-
figurations for a broad spectrum of physics. Five pri-
mary experiments have been approved with the highest
rating (“A”) by the JLab Program Advisory Committee
(PAC). Three of these are measurements of Transverse-
Momentum-Dependent Distributions (TMDs) describing
the three-dimensional structure of the nucleon in mo-
mentum space via Semi-Inclusive Deep Inelastic Scatter-
ing (SIDIS) with polarized 3He and proton targets [4–
6]. The fourth aims at understanding the origin of
the proton mass via measurements of near-threshold
photo-production and electro-production of the J/ me-
son [7]. The final one will test the electroweak sector of
the Standard Model at low energy and study hadronic
physics in the high-x region [8] through measurements
of Parity-Violating Deep Inelastic Scattering (PVDIS).
In July 2022, two further experiments were approved,
one to study the flavor dependence of the EMC e↵ect
using PVDIS with a 48Ca target [9] and the other to
study hadronic physics with two-photon exchange via
a measurement of the beam-normal single-spin asym-
metry in DIS [10]. In addition, a series of approved
experiments will run simultaneously with the main ex-
periments. These include Deep Exclusive Meson Pro-
duction (DEMP) [11] and Time-like Compton Scattering
(TCS) [12], which access the Generalized Parton Distri-

• High Luminosity ( )
• High data processing rate
• Kinematics: 

• Access to high-  region ( ), sea quark 
effects suppressed

• Polarized electron beams ( polarization)
• Proton and Deuteron Targets (possibly )
• Deuteron is an isoscalar target, many 

hadronic effects cancel
• Extracted physics will be complementary to 

other low energy experiments 
(APV,Qweak,MOLLER, P2, etc), the EIC, and 
the LHC

ℒ ∼ 1039cm−2s−1

2 GeV2 ≲ Q2 ≲ 10 GeV2, x ≳ 0.2
x x ≳ 0.2

85 %
48Ca

• PVDIS at SoLID:
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Figure 10: Projected data with errors for the proposed experiment.

effect depends on strongly on x but is independent of y, in contrast to physics
beyond the Standard Model. This signature will be a powerful method to
demonstrate that CSV is indeed the explanation for any deviation from the
prediction of Equation 12.

7.2 Fitting the PVDIS Data to Untangle the Physics

The observation of CSV is possible with our apparatus only if the effect
varies with x. An x-independent CSV effect would be indistinguishable from
a change in the C1’s. It is quite natural, however, to expect that the x-
dependence is similar to that shown in Figure 9, and we will make that
assumption in our further discussion.

If negligible Q2 and x dependence is observed, we will have to make
plausible assumptions about the form of the possible hadronic effects in order
to untangle the various effects of hadronic and electroweak physics. We plan
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• Precision physics

• Hadronic Physics must be under control for clean interpretation:

• Charge Symmetry Violation (CSV)
• Higher Twist (HT) Effects

•  proton PDF ratio, free of nuclear effects
• strange quark PDFs

d /u

• Measure electroweak parameters:

12

Note that in BSM physics extensions, the couplings may
no longer be expressed as products of electron and quark
couplings.

Using 120 days of 50 µA electron beam with 85%
polarization incident on a 40-cm long liquid deuterium
target, we can measure the PVDIS asymmetry to sub-
percent-level precision within a wide (x,Q2) range, see
Fig. 11. The dominant uncertainties will be from exper-
imental systematics including beam polarimetry (0.4%)
and Q

2 determination (0.2%), assumed to be fully cor-
related among all bins, and radiative corrections (0.2%)
and event reconstruction (0.2%), assumed to be fully un-
correlated in the present projection study. The treatment
of both radiative corrections and event reconstruction as
uncorrelated is a simplifying assumption and will be stud-
ied in full in the actual data analysis.
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FIG. 11. Illustration of PVDIS asymmetry on a deuteron
target in ppm on the (x,Q2) plane. The data are divided into
evenly spaced grid with the bin number shown. The expected
statistical uncertainty is less than 1% in most of the bins.

Fitting projected APV data using the function:

A
data

PV
= A

SM

PV,(d)

✓
1 +

�HT

(1 � x)3Q2
+ �CSVx

2

◆
, (22)

where A
SM

PV,(d)
is expressed in terms of sin2 ✓W and ac-

counting for all correlated and uncorrelated systematic
e↵ects, we arrive at the uncertainty projection shown in
Fig. 12. In Eq. (22), the use of the two � parameters is
to account for possible hadronic e↵ects, to be discussed
in Section IVB.

The SoLID deuteron PVDIS measurement, along with
the upcoming MOLLER [55] at JLab and the P2 exper-
iment [56] at the MESA facility in Mainz, will provide
three new cornerstone measurements of the weak mixing
angle sin2 ✓W in the low to intermediate energy region.
Regarding relevant BSM physics, one possible extension
is for a dark boson (Zd) that would induce an apparent
deviation of sin2 ✓W from the SM prediction at low Q

2.
In this scenario, a comparison of all three experiments
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FIG. 12. Experimental determination of the weak mixing
angle sin2

✓W . Data points for Tevatron and LHC are shifted
horizontally for clarity.

will help to determine the mass of the Zd. Here, SoLID
PVDIS is unique in that its Q2 range will help to distin-
guish between Zd of light masses 50� 200 MeV [57] and
those of intermediate masses (10-35) GeV [58]. Another
possible extension involves a heavy dark photon [59],
whose parameter space can be constrained by PVES,
Atomic PV, and the recent results on theW mass [60, 61].

Furthermore, to fully explore BSM physics, one must
study as many individual components of lepton-lepton
or lepton-quark interactions as precisely as possible, in
addition to the weak mixing angle. The upcoming
MOLLER, P2, and the SoLID PVDIS deuteron measure-
ments will provide precision measurements of the low-
energy e↵ective couplings g

ee

V A
, g

eq

V A
, and g

eq

AV
, respec-

tively. For PVDIS, we do so by expressing A
SM

PV,(d)
in

Eq. (22) as functions of the electron-quark e↵ective cou-
plings and perform a simultaneous fit of the combinations
(2geu

AV
� g

ed

AV
) and (2geu

V A
� g

ed

V A
), shown as the cyan-

colored ellipse in Fig. 13. The PVDIS projection can be
further combined with that from P2 to provide a global
fit, represented by the magenta-colored ellipse. Due to
the small value of geq

V A
’s in the SM, they could be particu-

larly sensitive to BSM physics. One model that the geq
V A

’s
are sensitive to involves the leptophobic Z

0s [62], corre-
sponding to additional neutral gauge bosons (Z 0) with
negligible couplings to leptons, and thus would cause only
sizable axial couplings to quarks while leaving the g

eq

AV

una↵ected.

• Probe BSM physics:

-  couplings

- Weak Mixing Angle ( )
Ciq

θW

- BSM reach  

- Leptophobic 
- Dark Photons
- Dark-Z
- SMEFT Analysis, lift flat directions
- Charged Lepton Flavor Violation (CLFV)

ΛBSM ∼ 10 - 20 TeV
Z′￼
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Electron-Quark Phenomenology

C1u and C1d will be determined to high precision by Qweak, APV Cs

C2u and C2d are small and poorly known: 

! one combination can be accessed in PV DIS

New physics such as compositeness, leptoquarks:

Deviations to C2u and C2d might be fractionally large

A

V

V

A

PV elastic e-p scattering, APV

PV deep inelastic scattering

Moller PV is insensitive to the Cij

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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Figure 1: Combination of the 68% C.L. bounds derived from Drell-Yan data, P2 and
SoLID in the dimension-6 Ciu/Cid basis. Note the non-zero SM at the center of the ellipses.
It corresponds to the loop-corrected first terms of Eq. (3) [60, 61]. In the case of P2 we
include projections for data taken with both hydrogen and carbon targets and a projection
for the QWeak experiment as well as available data from atomic-parity violation.

4.2.1 Dimension-6: Case 1

In a first scenario we assume Ceu, Cqe and Ced to be non-zero and truncate all Matrix
elements at order 1

⇤2 . We see from Eq. (7) that these coe�cients appear in both terms
containing t̂ as well as terms proportional to û. In principle there should not be a flat di-
rection. This is however not the case when analyzing the currently-available high-invariant
mass LHC data [41]; after performing the angular integrations relevant for the mll distribu-
tions the discriminatory power in the angular distributions vanishes. After performing the
angular integration we find that the SMEFT contributions vanishes for

Ced =
Que2 � g2Zg

u
Lg

e
R

Que2 � g2Zg
e
Rg

u
R

Qde2 � g2Zg
e
Rg

d
R

Qde2 � g2Zg
d
Lg

e
R

Ceu ⌘ C(2)
ed . (15)

We perform a 2-dimensional �2 fit after projecting Ced down to C(2)
ed . The constraints are

shown in Figure 2. Due to the flat direction the constraints derived from Drell-Yan data
are fairly loose and only constrain the absolute values of Ceu and Cqe to be smaller than
about 15 and 40 respectively (we normalize the operators to ⇤ = 3TeV and limit the plot

10

Figure 1: Comparison of quark-quark correlations and quark-gluon correla-
tions

Figure 2: Diagrams corresponding to DGLAP evolution. The exception is
diagram (d), which is a quark-gluon operator.
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FIG. 2. Schematic of the CLFV DIS process e±N ! µ±X.

in the final state, but instead have a clear evidence of a
muon track pointing to the vertex.

The proposed SoLID spectrometer(Solenoidal Large
Intensity Detector) [19] will meet the above require-
ments. This high-luminosity and high-acceptance detec-
tor has been proposed for the JLAB 12 GeV program,
and will be able to handle the expected high luminosity,
L ⇠ 1036 - 1039 cm�2s�1. In addition, SoLID can carry
out measurements not only using high intensity unpo-
larized or polarized lepton beams, but also unpolarized
or polarized nuclear targets, which will be important for
distinguishing between di↵erent CLFV mechanisms [20].

The SoLID experiment will run in di↵erent detec-
tor configurations [19], such as the J/ production,
Parity-Violating Deep Inelastic Scattering (PVDIS), or
the dedicated Double Deeply Virtual Compton Scatter-
ing (DDVCS) configuration. For CLFV measurements
J/ and DDVCS setups will be preferable, since both
or them will be equipped with muon chambers. Fig. 3
shows the J/ setup with muon chambers. The CLFV
experimental program could run simuntatiously with the
other approved experiments, since it will not require any
additional hardware equipment. In the J/ configura-
tion, the SoLID spectrometer will be equipped with large-
angle and a forward-angle muon detectors. In addition,
high resolution Gas Electron Multiplier (GEM) cham-
bers, Cherenkov detectors, and Calorimeters will help
muon momentum reconstruction and identification. The
expected muon detection e�ciency in this setup is about
70% for a single muon [21].

The SoLID experiment will have an acceptance in the
polar angle, ✓, in the range of 8o to 24o and 22o to 35o

for the SIDIS and PVDIS configurations, respectively,
and full-2⇡ acceptance in the azimuthal angle �. This is
typical for fixed target configurations where most of the
cross section lies in the forward region due to the overall
kinematic boost of the 11 GeV electron incident of the
stationary proton.

Muon backgrounds must be suppressed or under con-
trol in order to extract bounds on the e+ ! µ+ CLFV
process. Due to the compact size of the detector, the
typical decay length of pions is much bigger than the dis-
tance to the detector from their production vertex. The
survival probability of a pion at a distance L away from

FIG. 3. The SoLID J/ configuration with muon detec-
tors [21]. Other sub-detectors are labeled.

its production vertex is given by [22]

P (L) = e�L/�⇡
D , �⇡D =

p⇡
m⇡c

c⌧, (2)

where �⇡D is pion decay length and ⌧ = 26 ns is the mean-
life of the pion in its rest frame. For example, at SoLID,
the pions will be produced with typical momenta, p⇡,
in the range of 1 GeV to 7 GeV [23]. This corresponds
to a range in the decay length of about 56m to 390m.
This range of decay lengths are to be compared with
the distance of 5m corresponding to the overall detector
dimensions combined with its promiximity to the pion
production vertex. This results in a pion survival prob-
ablity range between 91% and 99% at a distance of 5m
from the pion production vertex. Thus, the muon back-
ground from pion decays is highly suppressed at SoLID
compared to other fixed target experiments with large or
non-compact detectors.

In order to further suppress the muon background from
pion decays and or cosmic rays, it is important to have
high precision charged particle tracking. Such tracking
information will be used to recontruct the charged parti-
cle trajectories and their production vertices. This allow
for separating any signal muons produced at the CLFV
verter from the background muons coming from pion de-
cays. In addition, the low center of mass energy

p
s ⇠

4.5 GeV implies there will no muon backgrounds from the
decays of open charm or bottom mesons. However, there
can be muon backgrounds from the production of J/Psi,
via the strong interaction pair production of cc̄, which
can be easily rejected by tracking the resulting muon pair
back to the J/Psi decay vertex. The SoLID experiment
will have the capability for the needed charged particle
tracking to reject muon backgrounds. In particular, it
will have a tracking spatial resolution of 100 microns,
allowing for a precise reconstruction of the muon decay
vertices [23].



Contact Interactions

• Tree-level Standard Model values:

ℒ =
GF

2 ∑
q

[C1q ēγμγ5e q̄γμq + C2q ēγμe q̄γμγ5q + C2e ēγμγ5e ēγμe]

C2e =
1
2

− 2 sin2 θW

C2q = 2ge
Vgq

A C2e = 2ge
Age

V

C1u = −
1
2

+
4
3

sin2 θW

C1d =
1
2

−
2
3

sin2 θW

C2u = −
1
2

+ 2 sin2 θW

C2d =
1
2

− 2 sin2 θW
SoLID Director’s Review
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PVES Lagrangian

A

V

V

A
e- e-

V

A

L =
X

d

X

ij

Cij
d

⇤4�d
O

ij
d

O
ij
d = ei�µeif j�

µfj

eL/R =
1

2
(1⌥ �5) e

O
ij
d = LLf , LRf , RLf , RRf

<latexit sha1_base64="jPsZlBxzWAn4LaM4zR5JdA6b22w="></latexit>

Cij=Cij
SM+Cij

BSM

SMEFT: Cij
BSM: are 

linear combinations 
of the Cij

6

Renormalized

Tree only SMEFT: Useful for
Global analysis. 

C2e

C1q = 2ge
Agq

V

• For Q2 << (MZ)2 limit, the effective Lagrangian relevant for PVES scattering is given by:



New Physics Effects

• New physics contact interactions arise as a shift in the WNC couplings compared to the SM 
prediction:

+

Examples of Possible Standard Model Extensions

E6 Z’ Based Extensions RPV SUSY Extensions Leptoquarks

e

u e 

u 

d~

e

u e

u

LQ

e 

e u

u

Z’ 

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.

SM contribution New Physics 
contribution

• 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.

SoLID Director’s Review
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PVES Lagrangian

A

V

V

A
e- e-

V

A

L =
X

d

X

ij

Cij
d

⇤4�d
O

ij
d

O
ij
d = ei�µeif j�

µfj

eL/R =
1

2
(1⌥ �5) e

O
ij
d = LLf , LRf , RLf , RRf

<latexit sha1_base64="jPsZlBxzWAn4LaM4zR5JdA6b22w="></latexit>

Cij=Cij
SM+Cij

BSM

SMEFT: Cij
BSM: are 

linear combinations 
of the Cij

6

Renormalized

Tree only SMEFT: Useful for
Global analysis. 

C2e

ℒ =
GF

2 ∑
q

[C1q ēγμγ5e q̄γμq + C2q ēγμe q̄γμγ5q + C2e ēγμγ5e ēγμe]



09/27/2016
Rakitha Beminiwattha

9

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

SoLID Director’s Review

6

BSM PVES Experiments

MOLLER, SoLID, and P2 all improve precision

A !A !A/A(%)
SoLID 500 ppm 3 ppm 0.6

MOLLER 0.035 ppm 0.0008 ppm 2.2

P2 0.020 ppm 0.0004 ppm 2.0

I

l
l

l
l
l

500ppm 500 156 5.0 1046
Taken from P. Souder talk

• SoLID, MOLLER, and P2 are all 
expected to improve precision

Accessing  via Parity-Violating ObservablesCiq, C2e

• SoLID provides unique 
opportunities while also being 
complementary to the wide range 
of other low energy experiments, 
the EIC, and the LHC.



Parity-Violating e-D Asymmetry

• Due to the isoscalar nature of the Deuteron target, the dependence of the asymmetry on 
the structure functions largely cancels (Cahn-Gilman formula).
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B̃n = In,i ⊗ fi, B̃n̄ = In̄,j ⊗ fj (7)

• current presicion δAPV /APV ∼ 10−6.

• all hadronic effects cancel at leading twist. APV is strong candidate for studying HT

effects.
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• Parity-violating e-D asymmetry is a powerful probe of the 
WNC couplings:

5

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

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, 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

[
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

All hadronic effects cancel! Clean probe of 
WNC

• e-D asymmetry allows a precision measurement of the weak mixing angle.

PoS(DIS 2010)269

Electroweak physics at a future EIC Krishna Kumar

1. Introduction

Nearly 50 years ago, soon after the discovery of parity violation in beta decay, Zel’dovich spec-
ulated that there might be an analogous parity violating neutral current interaction [1]. He noted
that if such an interaction existed, then parity violation would be manifested in lepton-nucleon
scattering due to the interference between the weak and electromagnetic amplitudes. He predicted
that if one scatters longitudinally polarized electrons off unpolarized protons and flipped the sign
of the beam polarization, the fractional difference in the cross-section would be:

APV ⌘
sR�sL

sR +sL
' |AZ|

|Ag | '
GFQ2

4pa
' 10�4Q2 (1.1)

For typical fixed target experiments, APV ranges from roughly 10�4 to as small as 10�7. In
the mid-seventies, parity violation in deep inelastic electron nucleon scattering was first observed
at SLAC [2], from which the electron-quark weak neutral current coupling could be extracted. The
measurement was an important validation of the Standard Model, and the extracted value of the
electroweak mixing angle sin2 qW matched the corresponding value obtained from neutral current
neutrino scattering experiments.

Over the past 20 years, the experimental techniques employed to measure these tiny left-right
asymmetries have been steadily refined such that statistical errors and systematic errors approach-
ing a few parts per billion (ppb) are possible [3]. Depending on the choice of target and kinematic
variables, this has facilitated measurements in several important physics topics, such as many-body
nuclear physics, nucleon structure and searches for physis beyond the standard model at the TeV
scale.

2. Parity-Violating Deep Inelastic Scattering

APV in DIS can be written as

APV = Q2 GF

2
p

2pa

h
a(x)+

1� (1� y)2

1+(1� y)2 b(x)
i
, (2.1)

a(x)⌘ Si fi(x)C1iqi/Si fi(x)q2
i , (2.2)

b(x)⌘ Si fi(x)C2iqi/Si fi(x)q2
i . (2.3)

Here, C1i(C2i) are the weak vector(axial-vector) weak charges for the ith quark flavor, x is
the fraction of the nucleon momentum carried by the struck quark, fi(x) are parton distribution
functions and qi are the electromagnetic charges. The a(x) term arises from the product of the
electron axial-vector coupling and the quark vector coupling and is typically the dominant term.
For an isoscalar target such as deuterium, the dependence on structure largely cancels out in the
APV ratio of the weak and electromagnetic amplitudes:

a(x) =
6
5

h
(C1u�

1
2

C1d)+ corrections
i
; (2.4)

b(x) =
6
5

h
(C2u�

1
2

C2d)
q(x)� q̄(x)
q(x)+ q̄(x)

+ corrections
i
, (2.5)

2

GeV2



Corrections to Cahn-Gilman

• Hadronic effects appear as corrections to the Cahn-Gilman formula:

5

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

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

[
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dependence on Q2, one can, in principle, make a clean extraction of R1(HT) by studing the
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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, Wolfenstein; Hobbs,Melnitchouk; SM, Ramsey-Musolf, Sacco; Belitsky, Mashanov, Schafer; 
Seng,Ramsey-Musolf, ….]

•Most recent JAM analysis for SoLID:     
[Whitehill, Dalton, Liu, Melnitchouk, Sato]



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

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
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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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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-
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vector (AV) and vector axial-vector (VA) combinations of
the electron and the quark weak couplings, respectively.
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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 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
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the dark photon mass increases. Especially in the heavy
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PVDIS Asymmetry



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)
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g

2

⇤2

⌘`q
LL
+ ⌘`q
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� ⌘`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.

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

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

2C1u �C1d

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)

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
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� ⌘`q

LL
� ⌘`q
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2
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, (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 for the extraction of the  couplings.C2q

Status of  and CouplingsC1q C2q 13

[2 g
eu

− g
ed

]
AV

−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

[2
 g

e
u
−

 g
e

d
] V

A

−0.20

−0.18

−0.16

−0.14

−0.12

−0.10

−0.08

−0.06

−0.68

−0.1−0.6 −0.4−0.5 −0.3 −0.2 0−1 −0.9

−0.70

−0.8 −0.7

−0.72−0.74−0.76

SM

expected

all

SoLID

P2 H+C

P2 H 

published

Qweak
+ APV

JLab6

all

E122

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
�
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u
g
ed

V A
]

4 + d
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.

(25)

• First unambiguous non-zero result observed for the  couplings!C2q

lipids (glycolipids and phospholipids) with  
different chain lengths and degrees of unsatu-
ration. They then used several strategies to 
detect antigenic activity in this melange, 
including tests of synthetic molecules that 
had the same molecular masses as the mater-
ial eluted from CD1a, and of partially purified 
lipids from various cell types. 

The authors found that epidermal lipids 
bound to CD1a were more stimulatory for the 
CD1a-reactive T cells than lipids from other 
cell types. More specifically, they showed 
that CD1a-reactive T cells recognized highly 
hydrophobic compounds such as squalene and 
triacyl glyceride, which are found naturally in 
the skin, when these were bound to CD1a. This 
reactivity was selective, and other hydrophobic 
molecules such as cholesterol were not recog-
nized by the cells.  

Although CD1 molecules have a hydro-
phobic antigen-binding groove, the com-
pletely hydrophobic character of the antigens 
presented by CD1a is surprising. T-cell anti-
gen receptors typically recognize a composite 
structure of the antigen-presenting molecule 
and the antigen, with the exposed portion of 
the antigen participating in engaging the T-cell 
receptor (Fig. 1a). The exposed portion of lipid 
antigens is normally hydrophilic, containing 
a sugar or phosphate group, with the hydro-
phobic chains buried in the CD1 groove7. But 
the CD1a-binding self-reactive T cells did not 
obey this rule, because they did not require an 
exposed hydrophilic portion of the stimulatory 
lipid-containing antigen. 

In fact, binding of lipids bearing hydrophilic 
groups to CD1a inhibited the response of these 
T cells, presumably by competing with more 
strongly hydrophobic antigens for binding into 
the CD1a groove. Therefore, it seems that the 
self-reactive T-cell antigen receptor requires a 
view of CD1a that is unimpeded by exposed 
hydrophilic groups; the bound lipid may sim-
ply permit or stabilize CD1a into the correct 
conformation. As a consequence, rather than 
recognizing single compounds with high 
specificity, these T cells can be stimulated by 
a range of highly hydrophobic substances that 
fit in the CD1a groove. 

The skin forms a barrier to microbes through 
the generation of sebum — a highly hydro-
phobic substance synthesized in the sebaceous 
glands and secreted onto the outermost layer 
of the skin. Using micro dissected sebaceous 
glands, de Jong et al. demonstrated that sebum 
is highly stimulatory for CD1a-dependent 
self-reactive T cells, and that it is rich in anti-
genic compounds, such as squalene. However, 
sebum is not typically in contact with the 
underlying dermal and epidermal layers that 
contain T cells and Langerhans cells. In nor-
mal skin, this physical separation may prevent 
CD1a-binding self-reactive T cells from being 
constantly exposed to their antigens. But dis-
ruption of the skin barrier by injury, infection 
or inflammation might allow sebum contents 

to permeate the epidermis and bind to CD1a-
expressing Langerhans cells, thereby stimulat-
ing T-cell responses (Fig. 1b). Although this 
may aid general immune defences, in cases of 
prolonged barrier disruption, constant expo-
sure of immune cells to sebum could contribute 
to autoimmune skin diseases such as psoriasis 
and atopic dermatitis. 

Interestingly, squalene is currently used as 
an immune booster (adjuvant) to enhance 
the efficacy of vaccines and immunothera-
pies, and as a carrier for topical delivery to 
hair follicles of drugs for treating hair loss8. 
An auto immune syndrome has also been 
described that is induced by adjuvants, includ-
ing squalene9. It is possible that activation of 
CD1a-binding self-reactive T cells contrib-
utes to this compound’s immune-stimulating 
effects. Certainly, further investigation of the 
regulation of these T-cell responses to skin oils 
is warranted, both for understanding immu-
nity and autoimmunity and in light of the 

increasing therapeutic use of such agents. ■
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PA R T I C L E  P H Y S I C S

Quarks are not 
ambidextrous
By separately scattering right- and left-handed electrons off quarks in a 
deuterium target, researchers have improved, by about a factor of five, on a 
classic result of mirror-symmetry breaking from 35 years ago. S L .67 

W I L L I A M  J .  M A R C I A N O

Symmetry makes the world go round. 
Scientific theories of the physics of 
elementary particles stem from simple 

symmetries that dictate the fundamental 
forces governing our Universe. Sometimes 
symmetries are broken, and that can have 
profound implications. An important case is 
the reflection, or right–left mirror, symmetry 
known as parity. On page 67 of this issue, an 
inter national team at the Thomas Jefferson 
National Accelerator Facility in Newport 
News, Virginia,  reports1 measurements of 
parity-symmetry breaking that confirm expec-
tations and that unambiguously separate the 
electron and (much smaller) quark parity-
violating inter actions. The small quark parity 
violation can be used as a sensitive probe of 
new interactions or to measure subtle nuclear 
effects.

Elementary particles such as electrons and 
quarks (which make up protons and neutrons) 
carry intrinsic angular momentum called spin 
and act much like spinning tops. By conven-
tion, particles spinning clockwise with respect 
to their direction of motion are said to be left-
handed, whereas their mirror images — those 

spinning anticlockwise — are right-handed. 
Parity symmetry swaps left and right, just as 
a mirror does.

Gravity, electromagnetism and strong 
nuclear forces all respect parity; that is, they 
are symmetrical (unchanged) under left–right 
interchanges. However, in 1956, Tsung-Dao 
Lee and Chen-Ning Yang conjectured2 that 
the weak forces responsible for nuclear decays 
and neutrino interactions might violate parity. 
Subsequent experiments not only confirmed 
that feature, but also found that parity violation 
was maximal: only left-handed particles expe-
rienced the weak interaction; right-handed 
particles were not affected by the weak forces 
that were known then. Antiparticles, such as 
antielectrons and antiquarks, exhibited the 
opposite preference — only their right-handed 
components participated in weak interactions. 
For the revolutionary idea of parity violation, 
Lee and Yang received the physics Nobel prize 
in 1957.

Beyond parity violation, small differences 
between the weak interactions of left-handed 
particles and those of right-handed anti-
particles, known as CP violation or matter–
anti matter asymmetry, were subsequently 
observed3. Today, some as yet undiscovered 
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Note that in BSM physics extensions, the couplings may
no longer be expressed as products of electron and quark
couplings.

Using 120 days of 50 µA electron beam with 85%
polarization incident on a 40-cm long liquid deuterium
target, we can measure the PVDIS asymmetry to sub-
percent-level precision within a wide (x,Q2) range, see
Fig. 11. The dominant uncertainties will be from exper-
imental systematics including beam polarimetry (0.4%)
and Q

2 determination (0.2%), assumed to be fully cor-
related among all bins, and radiative corrections (0.2%)
and event reconstruction (0.2%), assumed to be fully un-
correlated in the present projection study. The treatment
of both radiative corrections and event reconstruction as
uncorrelated is a simplifying assumption and will be stud-
ied in full in the actual data analysis.

0.2 0.3 0.4 0.5 0.6 0.7 0.8
 X

3

4

5

6

7

8

9

10

11

12 Q
2

0

200

400

600

800

1000

Apv(ppm)

0 1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

FIG. 11. Illustration of PVDIS asymmetry on a deuteron
target in ppm on the (x,Q2) plane. The data are divided into
evenly spaced grid with the bin number shown. The expected
statistical uncertainty is less than 1% in most of the bins.

Fitting projected APV data using the function:

A
data

PV
= A

SM

PV,(d)

✓
1 +

�HT

(1 � x)3Q2
+ �CSVx

2

◆
, (22)

where A
SM

PV,(d)
is expressed in terms of sin2 ✓W and ac-

counting for all correlated and uncorrelated systematic
e↵ects, we arrive at the uncertainty projection shown in
Fig. 12. In Eq. (22), the use of the two � parameters is
to account for possible hadronic e↵ects, to be discussed
in Section IVB.

The SoLID deuteron PVDIS measurement, along with
the upcoming MOLLER [55] at JLab and the P2 exper-
iment [56] at the MESA facility in Mainz, will provide
three new cornerstone measurements of the weak mixing
angle sin2 ✓W in the low to intermediate energy region.
Regarding relevant BSM physics, one possible extension
is for a dark boson (Zd) that would induce an apparent
deviation of sin2 ✓W from the SM prediction at low Q

2.
In this scenario, a comparison of all three experiments
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FIG. 12. Experimental determination of the weak mixing
angle sin2

✓W . Data points for Tevatron and LHC are shifted
horizontally for clarity.

will help to determine the mass of the Zd. Here, SoLID
PVDIS is unique in that its Q2 range will help to distin-
guish between Zd of light masses 50� 200 MeV [57] and
those of intermediate masses (10-35) GeV [58]. Another
possible extension involves a heavy dark photon [59],
whose parameter space can be constrained by PVES,
Atomic PV, and the recent results on theW mass [60, 61].

Furthermore, to fully explore BSM physics, one must
study as many individual components of lepton-lepton
or lepton-quark interactions as precisely as possible, in
addition to the weak mixing angle. The upcoming
MOLLER, P2, and the SoLID PVDIS deuteron measure-
ments will provide precision measurements of the low-
energy e↵ective couplings g

ee

V A
, g

eq

V A
, and g

eq

AV
, respec-

tively. For PVDIS, we do so by expressing A
SM

PV,(d)
in

Eq. (22) as functions of the electron-quark e↵ective cou-
plings and perform a simultaneous fit of the combinations
(2geu

AV
� g

ed

AV
) and (2geu

V A
� g

ed

V A
), shown as the cyan-

colored ellipse in Fig. 13. The PVDIS projection can be
further combined with that from P2 to provide a global
fit, represented by the magenta-colored ellipse. Due to
the small value of geq

V A
’s in the SM, they could be particu-

larly sensitive to BSM physics. One model that the geq
V A

’s
are sensitive to involves the leptophobic Z

0s [62], corre-
sponding to additional neutral gauge bosons (Z 0) with
negligible couplings to leptons, and thus would cause only
sizable axial couplings to quarks while leaving the g

eq

AV

una↵ected.
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Note that in BSM physics extensions, the couplings may
no longer be expressed as products of electron and quark
couplings.

Using 120 days of 50 µA electron beam with 85%
polarization incident on a 40-cm long liquid deuterium
target, we can measure the PVDIS asymmetry to sub-
percent-level precision within a wide (x,Q2) range, see
Fig. 11. The dominant uncertainties will be from exper-
imental systematics including beam polarimetry (0.4%)
and Q

2 determination (0.2%), assumed to be fully cor-
related among all bins, and radiative corrections (0.2%)
and event reconstruction (0.2%), assumed to be fully un-
correlated in the present projection study. The treatment
of both radiative corrections and event reconstruction as
uncorrelated is a simplifying assumption and will be stud-
ied in full in the actual data analysis.
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FIG. 11. Illustration of PVDIS asymmetry on a deuteron
target in ppm on the (x,Q2) plane. The data are divided into
evenly spaced grid with the bin number shown. The expected
statistical uncertainty is less than 1% in most of the bins.

Fitting projected APV data using the function:

A
data

PV
= A

SM

PV,(d)

✓
1 +

�HT

(1 � x)3Q2
+ �CSVx

2

◆
, (22)

where A
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PV,(d)
is expressed in terms of sin2 ✓W and ac-

counting for all correlated and uncorrelated systematic
e↵ects, we arrive at the uncertainty projection shown in
Fig. 12. In Eq. (22), the use of the two � parameters is
to account for possible hadronic e↵ects, to be discussed
in Section IVB.

The SoLID deuteron PVDIS measurement, along with
the upcoming MOLLER [55] at JLab and the P2 exper-
iment [56] at the MESA facility in Mainz, will provide
three new cornerstone measurements of the weak mixing
angle sin2 ✓W in the low to intermediate energy region.
Regarding relevant BSM physics, one possible extension
is for a dark boson (Zd) that would induce an apparent
deviation of sin2 ✓W from the SM prediction at low Q

2.
In this scenario, a comparison of all three experiments
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will help to determine the mass of the Zd. Here, SoLID
PVDIS is unique in that its Q2 range will help to distin-
guish between Zd of light masses 50� 200 MeV [57] and
those of intermediate masses (10-35) GeV [58]. Another
possible extension involves a heavy dark photon [59],
whose parameter space can be constrained by PVES,
Atomic PV, and the recent results on theW mass [60, 61].

Furthermore, to fully explore BSM physics, one must
study as many individual components of lepton-lepton
or lepton-quark interactions as precisely as possible, in
addition to the weak mixing angle. The upcoming
MOLLER, P2, and the SoLID PVDIS deuteron measure-
ments will provide precision measurements of the low-
energy e↵ective couplings g

ee

V A
, g

eq

V A
, and g

eq

AV
, respec-

tively. For PVDIS, we do so by expressing A
SM

PV,(d)
in

Eq. (22) as functions of the electron-quark e↵ective cou-
plings and perform a simultaneous fit of the combinations
(2geu

AV
� g

ed

AV
) and (2geu

V A
� g

ed

V A
), shown as the cyan-

colored ellipse in Fig. 13. The PVDIS projection can be
further combined with that from P2 to provide a global
fit, represented by the magenta-colored ellipse. Due to
the small value of geq

V A
’s in the SM, they could be particu-

larly sensitive to BSM physics. One model that the geq
V A

’s
are sensitive to involves the leptophobic Z

0s [62], corre-
sponding to additional neutral gauge bosons (Z 0) with
negligible couplings to leptons, and thus would cause only
sizable axial couplings to quarks while leaving the g

eq

AV

una↵ected.
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Note that in BSM physics extensions, the couplings may
no longer be expressed as products of electron and quark
couplings.

Using 120 days of 50 µA electron beam with 85%
polarization incident on a 40-cm long liquid deuterium
target, we can measure the PVDIS asymmetry to sub-
percent-level precision within a wide (x,Q2) range, see
Fig. 11. The dominant uncertainties will be from exper-
imental systematics including beam polarimetry (0.4%)
and Q

2 determination (0.2%), assumed to be fully cor-
related among all bins, and radiative corrections (0.2%)
and event reconstruction (0.2%), assumed to be fully un-
correlated in the present projection study. The treatment
of both radiative corrections and event reconstruction as
uncorrelated is a simplifying assumption and will be stud-
ied in full in the actual data analysis.
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FIG. 11. Illustration of PVDIS asymmetry on a deuteron
target in ppm on the (x,Q2) plane. The data are divided into
evenly spaced grid with the bin number shown. The expected
statistical uncertainty is less than 1% in most of the bins.

Fitting projected APV data using the function:

A
data

PV
= A
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PV,(d)

✓
1 +
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(1 � x)3Q2
+ �CSVx

2

◆
, (22)

where A
SM

PV,(d)
is expressed in terms of sin2 ✓W and ac-

counting for all correlated and uncorrelated systematic
e↵ects, we arrive at the uncertainty projection shown in
Fig. 12. In Eq. (22), the use of the two � parameters is
to account for possible hadronic e↵ects, to be discussed
in Section IVB.

The SoLID deuteron PVDIS measurement, along with
the upcoming MOLLER [55] at JLab and the P2 exper-
iment [56] at the MESA facility in Mainz, will provide
three new cornerstone measurements of the weak mixing
angle sin2 ✓W in the low to intermediate energy region.
Regarding relevant BSM physics, one possible extension
is for a dark boson (Zd) that would induce an apparent
deviation of sin2 ✓W from the SM prediction at low Q

2.
In this scenario, a comparison of all three experiments
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will help to determine the mass of the Zd. Here, SoLID
PVDIS is unique in that its Q2 range will help to distin-
guish between Zd of light masses 50� 200 MeV [57] and
those of intermediate masses (10-35) GeV [58]. Another
possible extension involves a heavy dark photon [59],
whose parameter space can be constrained by PVES,
Atomic PV, and the recent results on theW mass [60, 61].

Furthermore, to fully explore BSM physics, one must
study as many individual components of lepton-lepton
or lepton-quark interactions as precisely as possible, in
addition to the weak mixing angle. The upcoming
MOLLER, P2, and the SoLID PVDIS deuteron measure-
ments will provide precision measurements of the low-
energy e↵ective couplings g

ee

V A
, g

eq

V A
, and g

eq

AV
, respec-

tively. For PVDIS, we do so by expressing A
SM

PV,(d)
in

Eq. (22) as functions of the electron-quark e↵ective cou-
plings and perform a simultaneous fit of the combinations
(2geu

AV
� g

ed

AV
) and (2geu

V A
� g

ed

V A
), shown as the cyan-

colored ellipse in Fig. 13. The PVDIS projection can be
further combined with that from P2 to provide a global
fit, represented by the magenta-colored ellipse. Due to
the small value of geq

V A
’s in the SM, they could be particu-

larly sensitive to BSM physics. One model that the geq
V A

’s
are sensitive to involves the leptophobic Z

0s [62], corre-
sponding to additional neutral gauge bosons (Z 0) with
negligible couplings to leptons, and thus would cause only
sizable axial couplings to quarks while leaving the g

eq

AV

una↵ected.

SoLID Projection Analysis  Extractionsin2 θW
arXiv:2209.13357, SoLID White Paper
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using statistical uncertainties only (dashed lines).
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the d/u PDF ratio at x = 0.7 (right) at Q2 = 4 GeV2 from a combined fit of PDFs and sin2 εW

using Je!erson Lab 11 GeV pseudodata (blue) and the combined 11 GeV and 22 GeV pseudodata

(red), compared with the baseline (black), which is a fit including data from the JAM26 analysis

and APV data from the 6 GeV JLab [65] and SLAC [15, 16].

data also yields significantly smaller uncertainties than just the 11 GeV data. This trend is

apparent for both s
+ and d/u, signaling that high statistics and broad kinematic coverage

will be necessary to constrain the PDFs alongside the electroweak parameters.
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Strong Correlation between PDF effects  
Extraction

sin2 θW
     
[Whitehill, Dalton, Liu, Melnitchouk, Sato]
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Finally, in Fig. 11, we show a projection of the constraints on the running of sin2
ωW with

energy across the range of Q
2 provided by the 11 GeV and 22 GeV Je!erson Lab datasets.

These expectations are compared with the existing experimental results and the running

predicted in the SM from the combined LEP 1 and SLD value for sin2
ωW at the Z-pole [14].

(Interestingly, LEP 1 and SLD measurements themselves appear in tension at the level of

3ε.) While the extracted central value for sin2
ωW in this study is biased by our simulation of

APV pseudodata using the PDG SM results, the small extracted uncertainties illustrate the

potential discriminating power a!orded by APV data. That is, future PVDIS measurements

at Je!erson Lab can provide the most precise test of the SM in the modern era of high

energy and nuclear physics.
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[Whitehill, Dalton, Liu, Melnitchouk, Sato]

Combined fits of  and PDFssin2 θW
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FIG. 11. Projected results for sin2
✓W using ep (top, solid magenta markers) and eD (bottom, solid cyan markers) collision

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)

Extraction of the Weak Mixing Angle

    

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

• SoLID can extract the weak mixing angle with higher precision than the EIC.
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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 s are an interesting BSM scenario since they only shift 
the  couplings in 

Z′￼

C2q APV

    

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

• Leptophobic s only affect the  term or the  coefficients in APV: Z′￼ a3(x) C2q

Leptophobic  
contributes only to 
the C2q couplings!

Z′￼

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
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Here ↵ is the Z̄ �A0 mixing angle,
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�sign(1� ⇢2)
q
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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
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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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In the case of deep inelastic scattering (DIS), the beam
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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
hidden particles through this mixing.
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where Cv
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�} = {�1, 2/3,�1/3}. The cou-
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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
• 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



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

5

• 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

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

Visibly decaying Zd nearly ruled out as gµ � 2 explanation

4

• 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:

DM

Target

Shield (Earth)

Detector

dDM (Z   Decay) DMe Beam

d(Z   Medaited DM Scattering)
(Z  Production)

(Z   Medaited DM Scattering)
d

e

6get

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 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 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-
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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.

Impact of PVES on Dark Photon

• 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).

• Thus, we 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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For positron scattering, the cross sections can be ob-
tained with Ca

Z,e and Ca
AD,e being replaced by �Ca

Z,e and
�Ca

AD,e, respectively [37].
Since the purely electromagnetic cross section does not

contribute to the asymmetry, the numerator receives con-
tributions from � � Z and � �AD interference terms,
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i
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(13)

where a�Z1 (a�AD
1 ) and a�Z3 (a�AD

3 ) have the same form as
Eq. (4), with the corresponding CZ

1q(C
AD
1q ) and CZ

2q(C
AD
2q )

defined by the physical couplings given in Eqs. (9-10).
For Q2 ⌧ M2

Z , APV can be rewritten in terms of the
Fermi constant GF using the relation

Q2

2 sin2 2✓W (Q2 +M2
Z)

=
GFQ2

4
p
2⇡↵

. (14)

From Eq. (13) the e↵ect of both Z and AD exchange is
given by the e↵ective couplings

C1q = CZ
1q +

Q2 +M2
Z

Q2 +M2
AD

CAD
1q = CSM

1q (1 +R1q),

C2q = CZ
2q +

Q2 +M2
Z

Q2 +M2
AD

CAD
2q = CSM

2q (1 +R2q) , (15)

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,

    [Thomas, Wang, Williams]

Dark Photon Scenario: Shift in  (PREX)C1q

Qp
W = − 2[C1u (2Z + N ) + C1d (Z + 2N )]

• can lead to smaller extracted value for neutron radius, enough to 
eliminate tensions between the PREX measurements and theoretical model 
predictions.

R1q ∼ 4 %

C1q = CSM
1q (1 + Rq)
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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-
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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 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
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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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The motivation for the existence of a dark photon in 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)

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

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

• The usual PVDIS asymmetry has the form:
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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]
Impact of PVES on Dark Photon
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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

4

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

3

For positron scattering, the cross sections can be ob-
tained with Ca

Z,e and Ca
AD,e being replaced by �Ca

Z,e and
�Ca

AD,e, respectively [37].
Since the purely electromagnetic cross section does not

contribute to the asymmetry, the numerator receives con-
tributions from � � Z and � �AD interference terms,
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where a�Z1 (a�AD
1 ) and a�Z3 (a�AD

3 ) have the same form as
Eq. (4), with the corresponding CZ

1q(C
AD
1q ) and CZ

2q(C
AD
2q )

defined by the physical couplings given in Eqs. (9-10).
For Q2 ⌧ M2

Z , APV can be rewritten in terms of the
Fermi constant GF using the relation
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2 sin2 2✓W (Q2 +M2
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=
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From Eq. (13) the e↵ect of both Z and AD exchange is
given by the e↵ective couplings

C1q = CZ
1q +

Q2 +M2
Z

Q2 +M2
AD

CAD
1q = CSM

1q (1 +R1q),

C2q = CZ
2q +

Q2 +M2
Z

Q2 +M2
AD

CAD
2q = CSM

2q (1 +R2q) , (15)

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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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,

Dark Photon Scenario: Shift in  (PVDIS, HERA)Ciq

• PVDIS measurements provide independent probes of dark photons, 
complementary to PREX and searches for invisible and visible dark photons.

    [Thomas, Wang, Williams]



Dark Photon Scenario: Shift in  (PVDIS)Ciq

Qualitatively different behavior in shifts to  for different Ciq Q2

Useful to explore dark-photon space over a wide range of Q2

Estimates for the sensitivity of PVDIS at SoLID 
kinematics and luminosity should be made. Easy to 
do with the already established formalism.



Light Dark-Z Parity Violation    
[Davoudiasl, Lee, Marciano]

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
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Zd = Z0 sin ξ + Z0
d cos ξ

(7)

where (see Appendix B)

tan 2ξ ≃ 2
mZd
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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
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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.
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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-
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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‡
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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

∗email: hooman@bnl.gov
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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)

 

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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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
Zd

)

16⇡m
3
H

✓
g mZ

cos ✓W

◆2

⇥
✓
�
0mZd

mZ

◆2
 
(m2

H
�m

2
Z
�m

2
Zd

)2

4m2
Z
m

2
Zd

+ 2

!
(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-
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+
`
�. 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-
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invisible particles), BR(Zd ! 2`) can be much smaller
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0.
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range are given by the precision electroweak constraints,
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+
e
� !
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on " from precision measurements and production con-
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0 depen-
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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
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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
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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
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where the Zd propagator can pro-

vide an enhancement owing to m2
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Z . The

overall effect for parity violating amplitudes MPV
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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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W → −73.16(1 + δ2) + 220
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δ2 cos θW sin θW ,

the above agreement then implies the following con-
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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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≫ (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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FIG. 2. Schematic of the CLFV DIS process e±N ! µ±X.

in the final state, but instead have a clear evidence of a
muon track pointing to the vertex.

The proposed SoLID spectrometer(Solenoidal Large
Intensity Detector) [19] will meet the above require-
ments. This high-luminosity and high-acceptance detec-
tor has been proposed for the JLAB 12 GeV program,
and will be able to handle the expected high luminosity,
L ⇠ 1036 - 1039 cm�2s�1. In addition, SoLID can carry
out measurements not only using high intensity unpo-
larized or polarized lepton beams, but also unpolarized
or polarized nuclear targets, which will be important for
distinguishing between di↵erent CLFV mechanisms [20].

The SoLID experiment will run in di↵erent detec-
tor configurations [19], such as the J/ production,
Parity-Violating Deep Inelastic Scattering (PVDIS), or
the dedicated Double Deeply Virtual Compton Scatter-
ing (DDVCS) configuration. For CLFV measurements
J/ and DDVCS setups will be preferable, since both
or them will be equipped with muon chambers. Fig. 3
shows the J/ setup with muon chambers. The CLFV
experimental program could run simuntatiously with the
other approved experiments, since it will not require any
additional hardware equipment. In the J/ configura-
tion, the SoLID spectrometer will be equipped with large-
angle and a forward-angle muon detectors. In addition,
high resolution Gas Electron Multiplier (GEM) cham-
bers, Cherenkov detectors, and Calorimeters will help
muon momentum reconstruction and identification. The
expected muon detection e�ciency in this setup is about
70% for a single muon [21].

The SoLID experiment will have an acceptance in the
polar angle, ✓, in the range of 8o to 24o and 22o to 35o

for the SIDIS and PVDIS configurations, respectively,
and full-2⇡ acceptance in the azimuthal angle �. This is
typical for fixed target configurations where most of the
cross section lies in the forward region due to the overall
kinematic boost of the 11 GeV electron incident of the
stationary proton.

Muon backgrounds must be suppressed or under con-
trol in order to extract bounds on the e+ ! µ+ CLFV
process. Due to the compact size of the detector, the
typical decay length of pions is much bigger than the dis-
tance to the detector from their production vertex. The
survival probability of a pion at a distance L away from

FIG. 3. The SoLID J/ configuration with muon detec-
tors [21]. Other sub-detectors are labeled.

its production vertex is given by [22]

P (L) = e�L/�⇡
D , �⇡D =

p⇡
m⇡c

c⌧, (2)

where �⇡D is pion decay length and ⌧ = 26 ns is the mean-
life of the pion in its rest frame. For example, at SoLID,
the pions will be produced with typical momenta, p⇡,
in the range of 1 GeV to 7 GeV [23]. This corresponds
to a range in the decay length of about 56m to 390m.
This range of decay lengths are to be compared with
the distance of 5m corresponding to the overall detector
dimensions combined with its promiximity to the pion
production vertex. This results in a pion survival prob-
ablity range between 91% and 99% at a distance of 5m
from the pion production vertex. Thus, the muon back-
ground from pion decays is highly suppressed at SoLID
compared to other fixed target experiments with large or
non-compact detectors.

In order to further suppress the muon background from
pion decays and or cosmic rays, it is important to have
high precision charged particle tracking. Such tracking
information will be used to recontruct the charged parti-
cle trajectories and their production vertices. This allow
for separating any signal muons produced at the CLFV
verter from the background muons coming from pion de-
cays. In addition, the low center of mass energy

p
s ⇠

4.5 GeV implies there will no muon backgrounds from the
decays of open charm or bottom mesons. However, there
can be muon backgrounds from the production of J/Psi,
via the strong interaction pair production of cc̄, which
can be easily rejected by tracking the resulting muon pair
back to the J/Psi decay vertex. The SoLID experiment
will have the capability for the needed charged particle
tracking to reject muon backgrounds. In particular, it
will have a tracking spatial resolution of 100 microns,
allowing for a precise reconstruction of the muon decay
vertices [23].

CLFV(1,2) in DIS

• One can also search for CLFV(1,2) in the DIS process, which can probe different CLFV 
mechanisms and is complementary to the other low energy experiments.

e± + N → μ± + X

• There are already CLFV(1,2) limits from the  and ZEUS collaborations at HERA. For 

example, the  collaboration made searches for the settings:

H1
H1

s = 319 GeV
H1, e−p : ℒ = 166 pb−1

H1, e+p : ℒ = 245 pb−1

[S. Chekanov et.al (ZEUS), A.Atkas et.al (H1)]

[Furletova, SM]
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in the final state, but instead have a clear evidence of a
muon track pointing to the vertex.
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or them will be equipped with muon chambers. Fig. 3
shows the J/ setup with muon chambers. The CLFV
experimental program could run simuntatiously with the
other approved experiments, since it will not require any
additional hardware equipment. In the J/ configura-
tion, the SoLID spectrometer will be equipped with large-
angle and a forward-angle muon detectors. In addition,
high resolution Gas Electron Multiplier (GEM) cham-
bers, Cherenkov detectors, and Calorimeters will help
muon momentum reconstruction and identification. The
expected muon detection e�ciency in this setup is about
70% for a single muon [21].

The SoLID experiment will have an acceptance in the
polar angle, ✓, in the range of 8o to 24o and 22o to 35o

for the SIDIS and PVDIS configurations, respectively,
and full-2⇡ acceptance in the azimuthal angle �. This is
typical for fixed target configurations where most of the
cross section lies in the forward region due to the overall
kinematic boost of the 11 GeV electron incident of the
stationary proton.

Muon backgrounds must be suppressed or under con-
trol in order to extract bounds on the e+ ! µ+ CLFV
process. Due to the compact size of the detector, the
typical decay length of pions is much bigger than the dis-
tance to the detector from their production vertex. The
survival probability of a pion at a distance L away from

FIG. 3. The SoLID J/ configuration with muon detec-
tors [21]. Other sub-detectors are labeled.

its production vertex is given by [22]

P (L) = e�L/�⇡
D , �⇡D =

p⇡
m⇡c

c⌧, (2)

where �⇡D is pion decay length and ⌧ = 26 ns is the mean-
life of the pion in its rest frame. For example, at SoLID,
the pions will be produced with typical momenta, p⇡,
in the range of 1 GeV to 7 GeV [23]. This corresponds
to a range in the decay length of about 56m to 390m.
This range of decay lengths are to be compared with
the distance of 5m corresponding to the overall detector
dimensions combined with its promiximity to the pion
production vertex. This results in a pion survival prob-
ablity range between 91% and 99% at a distance of 5m
from the pion production vertex. Thus, the muon back-
ground from pion decays is highly suppressed at SoLID
compared to other fixed target experiments with large or
non-compact detectors.

In order to further suppress the muon background from
pion decays and or cosmic rays, it is important to have
high precision charged particle tracking. Such tracking
information will be used to recontruct the charged parti-
cle trajectories and their production vertices. This allow
for separating any signal muons produced at the CLFV
verter from the background muons coming from pion de-
cays. In addition, the low center of mass energy

p
s ⇠

4.5 GeV implies there will no muon backgrounds from the
decays of open charm or bottom mesons. However, there
can be muon backgrounds from the production of J/Psi,
via the strong interaction pair production of cc̄, which
can be easily rejected by tracking the resulting muon pair
back to the J/Psi decay vertex. The SoLID experiment
will have the capability for the needed charged particle
tracking to reject muon backgrounds. In particular, it
will have a tracking spatial resolution of 100 microns,
allowing for a precise reconstruction of the muon decay
vertices [23].

CLFV(1,2) in DIS

e± + N → μ± + X

• One can also set limits on CLFV(1,2) at JLAB:

JLAB : ℒ = 1036−39 cm−2 s−1s = 4.5 GeV

• Even though the center of mass energy is very small compared to HERA, corresponding to a 
much lower mass reach, the much larger luminosity could allow for improvement over HERA by 
up to two orders of magnitude.
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The cross section includes only the �12 contribution. z = 1
corresponds to evaluating the cross section at the HERA limit
�HERA
12 � 0.7 TeV�2. An integrated luminosity of L � 5 �

106fb�1 will allow sensitivity to cross sections as small as
� � 0.2 � 10�6 fb (horizontal dashed line). This translates
to an improvement over the HERA limit by a factor of about
100, corresponding to z � 0.01 (red dashed vertical line).

[19]. However, compared to the LHC evnironment, a
polarized lepton beam in the initial state allows better
control in isolating e↵ects from di↵erent types of LQs.
Furthermore, the CLFV studies at CEBAF will comple-
ment future studies at the Electron-Ion Collider (EIC)
which will also search for e ! ⌧ CLFV transitions [3,
12,5]. In fact, due to its much larger luminosity, the
CEBAF bounds on CLFV transitions between the first
two lepton generations are still expected to be stronger
than at the EIC. Thus, in general, the CEBAF positron
program to explore CLFV processes can provide new in-
sights and be complementary to other searches across
a wide variety of experiments.

Conclusions

A polarized positron beam at CEBAF can play an im-
portant role in the search for charged lepton flavor vio-
lation, through a search for the process e+N ! µ+X, at
the intensity frontier. The polarization of the positron
beam can distinguish between di↵erent CLFV mecha-
nisms, such as left-handed vs. right-handed Leptoquarks.
It’s large luminosity allows for improving on HERA lim-
its by up to two orders of magnitude and complement-
ing CLFV searches in other experiments, including pro-
posed CLFV studies at the Electron-Ion Collider (EIC)
via searches for eN ! ⌧X [3,12,5] .
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[19]. However, compared to the LHC evnironment, a
polarized lepton beam in the initial state allows better
control in isolating e↵ects from di↵erent types of LQs.
Furthermore, the CLFV studies at CEBAF will comple-
ment future studies at the Electron-Ion Collider (EIC)
which will also search for e ! ⌧ CLFV transitions [3,
12,5]. In fact, due to its much larger luminosity, the
CEBAF bounds on CLFV transitions between the first
two lepton generations are still expected to be stronger
than at the EIC. Thus, in general, the CEBAF positron
program to explore CLFV processes can provide new in-
sights and be complementary to other searches across
a wide variety of experiments.

Conclusions

A polarized positron beam at CEBAF can play an im-
portant role in the search for charged lepton flavor vio-
lation, through a search for the process e+N ! µ+X, at
the intensity frontier. The polarization of the positron
beam can distinguish between di↵erent CLFV mecha-
nisms, such as left-handed vs. right-handed Leptoquarks.
It’s large luminosity allows for improving on HERA lim-
its by up to two orders of magnitude and complement-
ing CLFV searches in other experiments, including pro-
posed CLFV studies at the Electron-Ion Collider (EIC)
via searches for eN ! ⌧X [3,12,5] .
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sights and be complementary to other searches across
a wide variety of experiments.

Conclusions

A polarized positron beam at CEBAF can play an im-
portant role in the search for charged lepton flavor vio-
lation, through a search for the process e+N ! µ+X, at
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Fig. 6. The positron beam polarization dependence of cross
section for e+N ! µ+X with center of mass energy

p
s = 4.5

GeV, via exchange of the F=0 scalar LQ, SL
1/2, as a function of

the ratio z defined in Eq. (9). The solid black line corresponds
to the cross section for an unpolarized positron beam (Pe = 0).
The gray band corresponds to the linear variation of the cross
section with beam polarization, as shown in Eq. (11). The size
of the band corresponds to a variation of the beam polarization
between [-80%,80%].

TeV�2. The gray band around the solid black line corre-
sponds to the variation of the cross section with polariza-
tion.

The CLFV studies at CEBAF will also complement
future studies at the Electron-Ion Collider (EIC) which
will also search for e ! ⌧ CLFV transitions [8,21,11].
In fact, due to its much larger luminosity, the CEBAF
bounds on CLFV transitions between the first two lepton
generations are still expected to be stronger than at the
EIC. Thus, in general, the CEBAF positron program to
explore CLFV processes can provide new insights and be
complementary to other searches across a wide variety of
experiments.

Conclusions

A polarized positron beam at CEBAF can play an impor-
tant role in the search for charged lepton flavor violation,
through a search for the process e+N ! µ+X, at the in-
tensity frontier. The polarization of the positron beam can
distinguish between di↵erent CLFV mechanisms, such as
left-handed vs. right-handed Leptoquarks. It’s large lu-
minosity allows for improving on HERA limits by two
or three orders of magnitude and complementing CLFV
searches in other experiments, including proposed CLFV
studies at the Electron-Ion Collider (EIC) via searches for
eN ! ⌧X [8,21,11] .
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● High luminosity (~100-1000 higher then HERA)
              HERA: L~1030-31cm-2s-1 (0.5 fb-1)
              EIC: L~1034cm-2s-1 (>50 fb-1)
● Electron and positron beam will probe different types of 

Leptoquarks
  -electron-proton collisions, mainly F=2 LQs prodused
  -positron-proton collisions, mainly F=0 LQs prodused

●  eD (deuterium) vs ep collisions
● LQs are chiral particles, gain in sensitivity due to polarised beams

Preliminary Estimates of CLFV Limits at JLAB

• Limits based on running for 5 years with 
instantaneous luminosity of .  For 
an integrated luminosity a factor of 10 smaller, there is 
still substantial room for improvement over HERA 
limits.

ℒ ∼ 1038 cm−2s−1

• Thus, JLAB could improve on HERA limits by two or 
three orders of magnitude:  z ∼ [0.005 − 0.05]

• This estimate will be modified after taking 
into account acceptance and background 
effects.
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Fig. 4. The e+N �! µ+X CLFV process mediated by the
tree-level exchange of LQ states in the s and u channels.
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Ṽ L
1/2 1 -1/3 e�

LuR ! l�u �L

Table 1. The |F| = 2 leptoquarks in the Buchmüller-Rückl-
Wyler classification. For |F| = 2 leptoquarks, the s-channel
process dominates with an electron beam due to quark vs. anti-
quark initial state PDFs.
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Table 2. The F = 0 leptoquarks in the Buchmüller-Rückl-
Wyler classification. For F=0 leptoquarks, the s-channel pro-
cess dominates with a positron beam due to quark vs. anti-
quark initial state PDFs.

As shown schematically in Fig. 4, the LQs mediate
CLFV transitions at tree-level, allowing for larger cross
sections compared to other scenarios in which CLFV pro-
cesses are typically loop suppressed. For LQ masses MLQ �p

s, the tree-level processes in Fig. 4 are described by con-
tact interactions. In this approximation, the cross-sections [21]
for e�N ! µ�X via F = 0 and |F | = 2 LQs exhange take
the form:
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respectively. Here the kinematic variables u = x(y � 1)s
and f(y) = 1/2, g(y) = (1 � y)2/2 for a scalar LQ and
f(y) = 2(1 � y)2, g(y) = 2 for a vector LQ. The �ij cou-
plings are the lepton-quark-LQ couplings where first and
second indices denote the lepton and quark generations
respectively, and can be related to the h and g couplings
that appear at the Lagriangian level in Eqs. (2) and (3),
up to overall signs and factors of

p
2 which can be shown

in the last columns of Tables 2 and 1, and the subscripts
L or R denote left-handed or right-handed coupling of the
LQ to lepton. Note, that the first and second terms in
the cross sectiion formulae arise from an s-channel and
u-channel LQ-exchange, respectively.

A global analysis using data obtained from the use of
unpolarized and polarized electron and positron beams,
as well as unpolarized and polarized nuclear targets, can
allow for contraints on specific LQ states or combinations
of states. Such an analysis can also be perfomed in the
SMEFT framework [13,12,18]. In particular, the lepton
beam polarization can be used to distinguish between con-
tributions from left-handed and right-handed LQs. Com-
paring limits [20] obtained using a positron beam with
those obtained from an electron beam can also help un-
tangle contributions from F=0 and |F|=2 LQs due to the
di↵erent combinations of quark and anti-quark parton dis-
tribution functions (PDFs) that appear in the s- and u-
channels, as seen in Eqs.(4-7). Finally, the use of proton
vs deutron nuclear targets can distangle contributions of
the di↵erent electric charge states of the LQs correspond-
ing to coupling to up or down type quarks. Thus, the
positron beam studies can be complementary to CLFV
studies planned with an electron beam at the SOLID [17]
experiment at JLAB and at the proposed Electron-Ion
collider (EIC) [7,21].
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Ṽ L
1/2 1 -1/3 e�

LuR ! l�u �L

Table 1. The |F| = 2 leptoquarks in the Buchmüller-Rückl-
Wyler classification. For |F| = 2 leptoquarks, the s-channel
process dominates with an electron beam due to quark vs. anti-
quark initial state PDFs.

Type J Q s-channel process coupling

V L
0 1 +2/3 e+RdL !

n
l+d
⌫̄lu

�L

-�L

V R
0 1 +2/3 e+LdR ! l+d �R
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and f(y) = 1/2, g(y) = (1 � y)2/2 for a scalar LQ and
f(y) = 2(1 � y)2, g(y) = 2 for a vector LQ. The �ij cou-
plings are the lepton-quark-LQ couplings where first and
second indices denote the lepton and quark generations
respectively, and can be related to the h and g couplings
that appear at the Lagriangian level in Eqs. (2) and (3),
up to overall signs and factors of

p
2 which can be shown

in the last columns of Tables 2 and 1, and the subscripts
L or R denote left-handed or right-handed coupling of the
LQ to lepton. Note, that the first and second terms in
the cross sectiion formulae arise from an s-channel and
u-channel LQ-exchange, respectively.

A global analysis using data obtained from the use of
unpolarized and polarized electron and positron beams,
as well as unpolarized and polarized nuclear targets, can
allow for contraints on specific LQ states or combinations
of states. Such an analysis can also be perfomed in the
SMEFT framework [13,12,18]. In particular, the lepton
beam polarization can be used to distinguish between con-
tributions from left-handed and right-handed LQs. Com-
paring limits [20] obtained using a positron beam with
those obtained from an electron beam can also help un-
tangle contributions from F=0 and |F|=2 LQs due to the
di↵erent combinations of quark and anti-quark parton dis-
tribution functions (PDFs) that appear in the s- and u-
channels, as seen in Eqs.(4-7). Finally, the use of proton
vs deutron nuclear targets can distangle contributions of
the di↵erent electric charge states of the LQs correspond-
ing to coupling to up or down type quarks. Thus, the
positron beam studies can be complementary to CLFV
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experiment at JLAB and at the proposed Electron-Ion
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As shown schematically in Fig. 4, the LQs mediate
CLFV transitions at tree-level, allowing for larger cross
sections compared to other scenarios in which CLFV pro-
cesses are typically loop suppressed. For LQ masses MLQ �p
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respectively. Here the kinematic variables u = x(y � 1)s
and f(y) = 1/2, g(y) = (1 � y)2/2 for a scalar LQ and
f(y) = 2(1 � y)2, g(y) = 2 for a vector LQ. The �ij cou-
plings are the lepton-quark-LQ couplings where first and
second indices denote the lepton and quark generations
respectively, and can be related to the h and g couplings
that appear at the Lagriangian level in Eqs. (2) and (3),
up to overall signs and factors of
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2 which can be shown

in the last columns of Tables 2 and 1, and the subscripts
L or R denote left-handed or right-handed coupling of the
LQ to lepton. Note, that the first and second terms in
the cross sectiion formulae arise from an s-channel and
u-channel LQ-exchange, respectively.

A global analysis using data obtained from the use of
unpolarized and polarized electron and positron beams,
as well as unpolarized and polarized nuclear targets, can
allow for contraints on specific LQ states or combinations
of states. Such an analysis can also be perfomed in the
SMEFT framework [13,12,18]. In particular, the lepton
beam polarization can be used to distinguish between con-
tributions from left-handed and right-handed LQs. Com-
paring limits [20] obtained using a positron beam with
those obtained from an electron beam can also help un-
tangle contributions from F=0 and |F|=2 LQs due to the
di↵erent combinations of quark and anti-quark parton dis-
tribution functions (PDFs) that appear in the s- and u-
channels, as seen in Eqs.(4-7). Finally, the use of proton
vs deutron nuclear targets can distangle contributions of
the di↵erent electric charge states of the LQs correspond-
ing to coupling to up or down type quarks. Thus, the
positron beam studies can be complementary to CLFV
studies planned with an electron beam at the SOLID [17]
experiment at JLAB and at the proposed Electron-Ion
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ing to coupling to up or down type quarks. Thus, the
positron beam studies can be complementary to CLFV
studies planned with an electron beam at the SOLID [17]
experiment at JLAB and at the proposed Electron-Ion
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As shown schematically in Fig. 4, the LQs mediate
CLFV transitions at tree-level, allowing for larger cross
sections compared to other scenarios in which CLFV pro-
cesses are typically loop suppressed. For LQ masses MLQ �p

s, the tree-level processes in Fig. 4 are described by con-
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f(y) = 2(1 � y)2, g(y) = 2 for a vector LQ. The �ij cou-
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respectively, and can be related to the h and g couplings
that appear at the Lagriangian level in Eqs. (2) and (3),
up to overall signs and factors of

p
2 which can be shown

in the last columns of Tables 2 and 1, and the subscripts
L or R denote left-handed or right-handed coupling of the
LQ to lepton. Note, that the first and second terms in
the cross sectiion formulae arise from an s-channel and
u-channel LQ-exchange, respectively.

A global analysis using data obtained from the use of
unpolarized and polarized electron and positron beams,
as well as unpolarized and polarized nuclear targets, can
allow for contraints on specific LQ states or combinations
of states. Such an analysis can also be perfomed in the
SMEFT framework [13,12,18]. In particular, the lepton
beam polarization can be used to distinguish between con-
tributions from left-handed and right-handed LQs. Com-
paring limits [20] obtained using a positron beam with
those obtained from an electron beam can also help un-
tangle contributions from F=0 and |F|=2 LQs due to the
di↵erent combinations of quark and anti-quark parton dis-
tribution functions (PDFs) that appear in the s- and u-
channels, as seen in Eqs.(4-7). Finally, the use of proton
vs deutron nuclear targets can distangle contributions of
the di↵erent electric charge states of the LQs correspond-
ing to coupling to up or down type quarks. Thus, the
positron beam studies can be complementary to CLFV
studies planned with an electron beam at the SOLID [17]
experiment at JLAB and at the proposed Electron-Ion
collider (EIC) [7,21].
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and f(y) = 1/2, g(y) = (1 � y)2/2 for a scalar LQ and
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unpolarized and polarized electron and positron beams,
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tributions from left-handed and right-handed LQs. Com-
paring limits [20] obtained using a positron beam with
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tangle contributions from F=0 and |F|=2 LQs due to the
di↵erent combinations of quark and anti-quark parton dis-
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As shown schematically in Fig. 4, the LQs mediate
CLFV transitions at tree-level, allowing for larger cross
sections compared to other scenarios in which CLFV pro-
cesses are typically loop suppressed. For LQ masses MLQ �p
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respectively. Here the kinematic variables u = x(y � 1)s
and f(y) = 1/2, g(y) = (1 � y)2/2 for a scalar LQ and
f(y) = 2(1 � y)2, g(y) = 2 for a vector LQ. The �ij cou-
plings are the lepton-quark-LQ couplings where first and
second indices denote the lepton and quark generations
respectively, and can be related to the h and g couplings
that appear at the Lagriangian level in Eqs. (2) and (3),
up to overall signs and factors of
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2 which can be shown

in the last columns of Tables 2 and 1, and the subscripts
L or R denote left-handed or right-handed coupling of the
LQ to lepton. Note, that the first and second terms in
the cross sectiion formulae arise from an s-channel and
u-channel LQ-exchange, respectively.

A global analysis using data obtained from the use of
unpolarized and polarized electron and positron beams,
as well as unpolarized and polarized nuclear targets, can
allow for contraints on specific LQ states or combinations
of states. Such an analysis can also be perfomed in the
SMEFT framework [13,12,18]. In particular, the lepton
beam polarization can be used to distinguish between con-
tributions from left-handed and right-handed LQs. Com-
paring limits [20] obtained using a positron beam with
those obtained from an electron beam can also help un-
tangle contributions from F=0 and |F|=2 LQs due to the
di↵erent combinations of quark and anti-quark parton dis-
tribution functions (PDFs) that appear in the s- and u-
channels, as seen in Eqs.(4-7). Finally, the use of proton
vs deutron nuclear targets can distangle contributions of
the di↵erent electric charge states of the LQs correspond-
ing to coupling to up or down type quarks. Thus, the
positron beam studies can be complementary to CLFV
studies planned with an electron beam at the SOLID [17]
experiment at JLAB and at the proposed Electron-Ion
collider (EIC) [7,21].
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up to overall signs and factors of

p
2 which can be shown
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as well as unpolarized and polarized nuclear targets, can
allow for contraints on specific LQ states or combinations
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SMEFT framework [13,12,18]. In particular, the lepton
beam polarization can be used to distinguish between con-
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paring limits [20] obtained using a positron beam with
those obtained from an electron beam can also help un-
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tribution functions (PDFs) that appear in the s- and u-
channels, as seen in Eqs.(4-7). Finally, the use of proton
vs deutron nuclear targets can distangle contributions of
the di↵erent electric charge states of the LQs correspond-
ing to coupling to up or down type quarks. Thus, the
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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
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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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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
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Standard Model Effective Theory (SMEFT) 
Operator Basis

    [Boughezal, Petriello, Wiegand]
• The SMEFT framework can be used to constrain new physics beyond the electroweak scale 
in a model-independent manner:

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



Figure 1: Combination of the 68% C.L. bounds derived from Drell-Yan data, P2 and
SoLID in the dimension-6 Ciu/Cid basis. Note the non-zero SM at the center of the ellipses.
It corresponds to the loop-corrected first terms of Eq. (3) [60, 61]. In the case of P2 we
include projections for data taken with both hydrogen and carbon targets and a projection
for the QWeak experiment as well as available data from atomic-parity violation.

4.2.1 Dimension-6: Case 1

In a first scenario we assume Ceu, Cqe and Ced to be non-zero and truncate all Matrix
elements at order 1

⇤2 . We see from Eq. (7) that these coe�cients appear in both terms
containing t̂ as well as terms proportional to û. In principle there should not be a flat di-
rection. This is however not the case when analyzing the currently-available high-invariant
mass LHC data [41]; after performing the angular integrations relevant for the mll distribu-
tions the discriminatory power in the angular distributions vanishes. After performing the
angular integration we find that the SMEFT contributions vanishes for

Ced =
Que2 � g2Zg

u
Lg

e
R

Que2 � g2Zg
e
Rg

u
R

Qde2 � g2Zg
e
Rg

d
R

Qde2 � g2Zg
d
Lg

e
R

Ceu ⌘ C(2)
ed . (15)

We perform a 2-dimensional �2 fit after projecting Ced down to C(2)
ed . The constraints are

shown in Figure 2. Due to the flat direction the constraints derived from Drell-Yan data
are fairly loose and only constrain the absolute values of Ceu and Cqe to be smaller than
about 15 and 40 respectively (we normalize the operators to ⇤ = 3TeV and limit the plot
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Lifting Flat Directions

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

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

    [Boughezal, Petriello, Wiegand]



Lifting Flat Directions

• An example of SOLID probing a unique 
direction in parameter space. Neither the 
LHC, Qweak, P2, or APV have sensitivity in 
this region

• This requires that  is assumed 
to be know from the P2 experiment so 
that the SOLID then directly measures 

2C1u − C1d

2C2u − C2d

    [Boughezal, Petriello, Wiegand]



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
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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.

    [Boughezal, Petriello, Wiegand]
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FIG. 1: LDF parameterizations used in this analysis.
We consider three di!erent forms labeled as LF1 (blue),
LF2 (orange), and LF3 (green). LF1 is chosen as the
default parameterization.

diation. It treats QED radiation o! the initial and final
state leptons and the charged quarks on an equal footing
with QCD radiation. The joint QCD and QED factor-
ization formula for DIS is schematically given by

dω =
1

2S

∑

i,j,a

De/j(ε, µ)→ω fi/e(ϑ, µ)→ε fa/h(x, µ)

→x Ĥia→jX(ŝ, t̂, û, µ), (2)

where dω denotes the cross section that may be di!eren-
tial in kinematic variables such as Q

2 and the Bjorken
variable xB . The indices i, j, a run over all lepton and
parton flavors. The symbol →t for t = ε, ϑ or x de-
note convolutions in the momentum fraction of type “t”.
The functions De/j(ε, µ), fi/e(ϑ, µ) and fa/h(x, µ) denote
the lepton fragmentation functions (LFFs), the lepton
distribution functions (LDFs), and the parton distribu-
tion functions (PDFs), respectively. These distribution
functions satisfy DGLAP evolution equations that resum
logarithmically enhanced collinear QED and QCD radi-
ation. The hard function is given by the partonic cross
section, dω̂(ia ↑ jX), as Ĥia→jX(ŝ, t̂, û, µ) = 2ŝ dω̂. It
is written as the sum of SM and SMEFT contributions:

Ĥia→jX(ŝ, t̂, û, µ) = 2ŝ
{
dω̂

ϑϑ + dω̂
ϑZ + dω̂

ZZ

+ dω̂
ϑSMEFT + dω̂

Z SMEFT
}
, (3)

corresponding to contributions from single photon ex-
change, the interference of single photon and Z-boson
exchange, Z-boson exchange, the interference of single
photon exchange with SMEFT operators, and the inter-
ference of single Z-boson exchange with SMEFT opera-
tors, respectively. We do not include contributions aris-
ing purely from SMEFT operators since their contribu-
tion scales as 1/”4 in the cross section, the same order

FIG. 2: Impact of QED radiation on the unpolarized
cross section (top) and the longitudinal electron spin
asymmetry (bottom) at SoLID, characterized by the
deviation ϖ

ϖ(xB , Q
2) and ϖ

A(xB , Q
2) in Eq. (7). Each

color represents a fixed Q
2 bin of width #Q

2 = 0.5
GeV2, covering the range Q

2 = [2, 10] GeV2.

as the interference between dimension-eight SMEFT op-
erators and the SM contributions.
Impact of QED Radiation: In our analysis, we consider

the unpolarized cross section

dω0 = dωR + dωL, (4)

where dωR and dωL denote the cross sections with right-
handed and left-handed electrons, respectively. The po-
larized cross section is defined as the di!erence

dωe = dωR ↓ dωL, (5)

and the parity-violating longitudinal single spin electron
asymmetry is defined as

Ae =
dωe

dω0
. (6)

We work at tree-level in the partonic cross section and
only consider the leading process-independent QED ra-
diation by setting i = e, j = e, and Ĥia→jX =

2
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Joint QCD and QED Factorization for DIS

● No “1-photon” approximation necessary

● Hard Part counts in powers of both   
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Collision-Induced QED Radiation Effects 

[Liu, Melnitchouk, Qiu, Sato;
Cammarato, Qiu, Watanabe, Zhang]

• Joint QCD+QED factorization approach treats QED 
radiation of electrons and quarks on an equal footing 
through the introduction of lepton distribution and 
fragmentation functions:

• Collision induced QED radiation can result 
in a mismatch between the reconstructed and 
true values of the momentum transfer 
delivered.

• Can significantly affect theoretical 
predictions and the interpretation of data.

• QED radiation is treated as a contribution to the 
cross section rather than effect that must be 
subtracted.
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Joint QCD and QED Factorization for DIS

● No “1-photon” approximation necessary

● Hard Part counts in powers of both   
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Collision-Induced QED Radiation Effects 
on Cross Section and Asymmetries

[Liu, Melnitchouk, Qiu, Sato;
Cammarato, Qiu, Watanabe, Zhang]

• Lepton distribution functions:

• Impact on cross sections and PVDIS asymmetry:
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FIG. 3: Impact of QED radiation on the unpolarized
cross section (top) and the longitudinal electron spin
asymmetry (bottom) at the EIC characterized by the
deviation ω

ω(xB , Q
2) and ω

A(xB , Q
2) in Eq. (7),

respectively. Each color represents a fixed Q
2 bin of size

!log10Q
2 = 0.15, in the range Q

2 = (113, 3572) GeV2.

ωieωaqĤia→jX in Eq. (3). The electron LDF and LFF are
parameterized using the functional form given in Ref. [45]
at the input scale, µ0 = mc = 1.3 GeV. The LDFs,
LFFs, and PDFs are obtained at µ > µ0 by solving the
corresponding DGLAP equations with the evolution ker-
nels at leading order in εs and εem. For simplicity, we
choose the LDF and LFF to have the same form, so that
fe/e(ϑ, µ) = De/e(ϑ, µ). Fig. 1 shows LDFs at the scale
µ
2 = 1000 GeV2 for three parameter choices of the func-

tional form at the input scale, referred to as LF1, LF2,
and LF3. We set LF1 as the default distribution [47], and
study the impact of di”erent parameterizations through
LF2 and LF3.

The calculation of dϖe, needed for the longitudi-
nal electron spin asymmetry Ae, requires replacing the
unpolarized LDF, fe/e(ϑ, µ), with the polarized LDF,
!fe/e(ϑ, µ) = f

+
e/e(ϑ, µ)→ f

↑
e/e(ϑ, µ), where f

+
e/e and f

↑
e/e

denote the LDF for an electron with its spin aligned
and anti-aligned with the original beam electron, respec-
tively. At leading order in QED perturbation theory,

Wilson Operator SMEFT

Coe!cient Label Operator

C(1)
ωq O

(1)
ωq (L̄Lω

µLL)(Q̄LωµQL)

C(3)
ωq O

(3)
ωq (L̄Lω

µε ILL)(Q̄Lωµε
IQL)

Ceu Oeu (ēRω
µeR)(ūRωµuR)

Ced Oed (ēRω
µeR)(d̄RωµdR)

Cωu Oωu (L̄Lω
µLL)(ūRωµuR)

Cωd Oωd (L̄Lω
µLL)(d̄RωµdR)

Cqe Oqe (Q̄Lω
µQL)(ēRωµeR)

TABLE I: Dimension-6 four-fermion SMEFT operators
contributing to the DIS and Drell-Yan processes.

we expect f
↑
e/e(ϑ, µ) ↑ 0. Thus, for simplicity, we set

!fe/e(ϑ, µ) ↓ f
+
e/e(ϑ, µ) ↓ fe/e(ϑ, µ). We note how-

ever that the unpolarized and polarized LDFs are in-
herently non-perturbative distributions due to the possi-
bility of QED radiation producing quark-antiquark pairs
that can radiate gluons nonperturbatively. Thus, in gen-
eral one must allow for the possibility that !fe/e(ϑ, µ) ↔=
fe/e(ϑ, µ). However, we expect this to be a small e”ect
and treat it as negligible in this first analysis.
We parameterize the e”ects of QED radiation on the

cross section and asymmetry as

dϖ0 = dϖ
NR
0 (1 + ω

ω),

Ae = A
NR
e (1 + ω

A), (7)

where dϖNR
0 and A

NR
e denote the cross section and asym-

metry without QED radiation e”ects included, respec-
tively. The functions, ωω(xB , Q

2) and ω
A(xB , Q

2), char-
acterize the relative impact of QED radiation. In Figs. 2
and 3, we show the functions ωω (top panel) and ω

A (bot-
tom panel) for a wide range of (xB , Q

2) values for the
SoLID and EIC facilities, respectively. For SoLID, we use
a center of mass energy,

↗
s = 4.7 GeV, corresponding to

a 12 GeV electron beam impinging on a proton target.
For the EIC, we use

↗
s = 105 GeV, corresponding to a 10

GeV electron beam colliding with 275 GeV proton beam.
The QED radiation e”ects correspond to the default LF1
parameterization in Fig. 1 with fe/e(ϑ, µ) = De/e(ϑ, µ).
We see that the impact of QED radiation can be quite
large, producing order one shifts in the unpolarized cross
section, especially for moderate to large values of xB .
The impact is also typically greater at lower Q

2, corre-
sponding to the larger available phase space for QED ra-
diation. By contrast, the impact of QED radiation on the
longitudinal electron spin asymmetry is relatively small,
producing few percent level shifts. This suggests that
analyses based on asymmetries are more robust against
the e”ects of QED radiation compared to those based
on cross section measurements. This di”erence in sen-
sitivity to QED radiation e”ects between cross sections
and asymmetries can be exploited in global fits of LDFs,
LFFs, PDFs and the SMEFT operators.
SMEFT Analysis : For experiments with characteristic

3
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tively. At leading order in QED perturbation theory,

Wilson Operator SMEFT

Coe!cient Label Operator

C(1)
ωq O

(1)
ωq (L̄Lω

µLL)(Q̄LωµQL)

C(3)
ωq O

(3)
ωq (L̄Lω

µε ILL)(Q̄Lωµε
IQL)

Ceu Oeu (ēRω
µeR)(ūRωµuR)

Ced Oed (ēRω
µeR)(d̄RωµdR)

Cωu Oωu (L̄Lω
µLL)(ūRωµuR)

Cωd Oωd (L̄Lω
µLL)(d̄RωµdR)

Cqe Oqe (Q̄Lω
µQL)(ēRωµeR)

TABLE I: Dimension-6 four-fermion SMEFT operators
contributing to the DIS and Drell-Yan processes.

we expect f
↑
e/e(ϑ, µ) ↑ 0. Thus, for simplicity, we set

!fe/e(ϑ, µ) ↓ f
+
e/e(ϑ, µ) ↓ fe/e(ϑ, µ). We note how-
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fe/e(ϑ, µ). However, we expect this to be a small e”ect
and treat it as negligible in this first analysis.
We parameterize the e”ects of QED radiation on the

cross section and asymmetry as

dϖ0 = dϖ
NR
0 (1 + ω

ω),

Ae = A
NR
e (1 + ω

A), (7)

where dϖNR
0 and A

NR
e denote the cross section and asym-

metry without QED radiation e”ects included, respec-
tively. The functions, ωω(xB , Q

2) and ω
A(xB , Q

2), char-
acterize the relative impact of QED radiation. In Figs. 2
and 3, we show the functions ωω (top panel) and ω

A (bot-
tom panel) for a wide range of (xB , Q

2) values for the
SoLID and EIC facilities, respectively. For SoLID, we use
a center of mass energy,

↗
s = 4.7 GeV, corresponding to

a 12 GeV electron beam impinging on a proton target.
For the EIC, we use

↗
s = 105 GeV, corresponding to a 10

GeV electron beam colliding with 275 GeV proton beam.
The QED radiation e”ects correspond to the default LF1
parameterization in Fig. 1 with fe/e(ϑ, µ) = De/e(ϑ, µ).
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2, corre-
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photon exchange with SMEFT operators, and the inter-
ference of single Z-boson exchange with SMEFT opera-
tors, respectively. We do not include contributions aris-
ing purely from SMEFT operators since their contribu-
tion scales as 1/”4 in the cross section, the same order
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tion functions (PDFs), respectively. These distribution
functions satisfy DGLAP evolution equations that resum
logarithmically enhanced collinear QED and QCD radi-
ation. The hard function is given by the partonic cross
section, dω̂(ia ↑ jX), as Ĥia→jX(ŝ, t̂, û, µ) = 2ŝ dω̂. It
is written as the sum of SM and SMEFT contributions:

Ĥia→jX(ŝ, t̂, û, µ) = 2ŝ
{
dω̂

ϑϑ + dω̂
ϑZ + dω̂

ZZ

+ dω̂
ϑSMEFT + dω̂

Z SMEFT
}
, (3)

corresponding to contributions from single photon ex-
change, the interference of single photon and Z-boson
exchange, Z-boson exchange, the interference of single
photon exchange with SMEFT operators, and the inter-
ference of single Z-boson exchange with SMEFT opera-
tors, respectively. We do not include contributions aris-
ing purely from SMEFT operators since their contribu-
tion scales as 1/”4 in the cross section, the same order

FIG. 2: Impact of QED radiation on the unpolarized
cross section (top) and the longitudinal electron spin
asymmetry (bottom) at SoLID, characterized by the
deviation ϖ

ϖ(xB , Q
2) and ϖ

A(xB , Q
2) in Eq. (7). Each

color represents a fixed Q
2 bin of width #Q

2 = 0.5
GeV2, covering the range Q
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as the interference between dimension-eight SMEFT op-
erators and the SM contributions.
Impact of QED Radiation: In our analysis, we consider

the unpolarized cross section

dω0 = dωR + dωL, (4)

where dωR and dωL denote the cross sections with right-
handed and left-handed electrons, respectively. The po-
larized cross section is defined as the di!erence

dωe = dωR ↓ dωL, (5)

and the parity-violating longitudinal single spin electron
asymmetry is defined as

Ae =
dωe

dω0
. (6)

We work at tree-level in the partonic cross section and
only consider the leading process-independent QED ra-
diation by setting i = e, j = e, and Ĥia→jX =

• Asymmetries are relatively more robust to the effects of QED radiation.

[SM, Qiu, Zhang]
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FIG. 1: LDF parameterizations used in this analysis.
We consider three di!erent forms labeled as LF1 (blue),
LF2 (orange), and LF3 (green). LF1 is chosen as the
default parameterization.
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erators and the SM contributions.
Impact of QED Radiation: In our analysis, we consider

the unpolarized cross section
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where dωR and dωL denote the cross sections with right-
handed and left-handed electrons, respectively. The po-
larized cross section is defined as the di!erence

dωe = dωR ↓ dωL, (5)

and the parity-violating longitudinal single spin electron
asymmetry is defined as
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We work at tree-level in the partonic cross section and
only consider the leading process-independent QED ra-
diation by setting i = e, j = e, and Ĥia→jX =
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Joint QCD and QED Factorization for DIS

● No “1-photon” approximation necessary

● Hard Part counts in powers of both   
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FIG. 4: 95% confidence level contours for the best-fit
values of the (Cωd, Ced) pair of SMEFT coe!cients
using 106 fb→1 of pseudo-data for the unpolarized cross
section (top) and the longitudinal electron spin
asymmetry (bottom) at SoLID.

energy E → ”, new physics e#ects at the scale ” ↑

MW can be parameterized by higher dimensional non-
renormalizable operators

LSMEFT =
1

”2

∑

r

CrOr + · · · , (8)

where the Or denote the dimension-six operators, the Cr

denote the Wilson coe!cients, and the ellipses denote
dimension-eight and higher SMEFT operators. The in-
dex r runs over the SMEFT operators listed in Table I
in the basis of SM fields before electroweak symmetry
breaking. We characterize the impact of SMEFT opera-
tors on the cross section and electron asymmetry as

dω0 = dω
SM
0

(
1 +

∑

r

Cr ε
ε,SMEFT
r

)
,

Ae = A
SM
e

(
1 +

∑

r

Cr ε
A,SMEFT
r

)
, (9)

where dω
SM
0 and A

SM
e denote the SM cross section and

asymmetry, without contributions from SMEFT oper-
ators. In Eq. (9), we have expanded the cross sec-
tion and asymmetry to linear order in the SMEFT Wil-
son coe!cients, Cr, as required when working at order

↓ 1/”2 and ignoring contributions from dimension eight
SMEFT operators. The functions εε,SMEFT

r (xB , Q
2) and

ε
A,SMEFT
r (xB , Q

2) are given by ε
ε,SMEFT
r = dω

Cr
0 /dω

SM
0

and ε
A,SMEFT
r = dω

Cr
e /dω

SM
e ↔ dω

Cr
0 /dω

SM
0 . Here dω

SM
0,e

denote the unpolarized and polarized cross sections in
the SM, respectively. dω

Cr
0,e denote the contributions to

the unpolarized and polarized cross sections from r-th
SMEFT operator, respectively, with Cr factored out.
Eq. (9) is applicable both when QED radiation e#ects are
either included or not included. In each of these cases, it
is understood that dωSM

0 , ASM
e , εε,SMEFT

r , and ε
A,SMEFT
r

are correspondingly computed with or without the QED
radiation e#ects.

FIG. 5: 95% confidence level contours for the best-fit
values of the (Cωd, Ced) pair of SMEFT coe!cients
using 10 fb→1 (top) and 100 fb→1 (bottom) of
pseudo-data for the unpolarized cross section at EIC.

SoLID and EIC Projections: In this section, we make
projections for the impact of QED radiation on the
SMEFT constraints that can be extracted from SoLID
and the EIC. We follow the analysis and procedure of
Ref. [10] to generate pseudo-data for the EIC and per-
form a chi-square analysis by comparing theory predic-
tions with the pseudo-data. We generate pseudo-data,
using the default LF1 setting to account for QED radi-
ation, for the unpolarized cross section and the longitu-
dinal electron spin asymmetry in each of the (xB , Q

2)
bins shown in Figs. 2 and 3 for SoLID and the EIC,
respectively. The statistical uncertainty is based on an
integrated luminosity of 106 fb→1 for SoLID, and two set-
tings of 10fb→1 and 100 fb→1 for the EIC. The statistical
uncertainty is added in quadrature with a 1% system-

Collision-Induced QED Radiation Effects 
on SMEFT Constraints

[Liu, Melnitchouk, Qiu, Sato;
Cammarato, Qiu, Watanabe, Zhang]

• Lepton distribution functions:

• Impact on extracted SMEFT Wilson Coefficients: 4
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section (top) and the longitudinal electron spin
asymmetry (bottom) at SoLID.
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SoLID and EIC Projections: In this section, we make
projections for the impact of QED radiation on the
SMEFT constraints that can be extracted from SoLID
and the EIC. We follow the analysis and procedure of
Ref. [10] to generate pseudo-data for the EIC and per-
form a chi-square analysis by comparing theory predic-
tions with the pseudo-data. We generate pseudo-data,
using the default LF1 setting to account for QED radi-
ation, for the unpolarized cross section and the longitu-
dinal electron spin asymmetry in each of the (xB , Q

2)
bins shown in Figs. 2 and 3 for SoLID and the EIC,
respectively. The statistical uncertainty is based on an
integrated luminosity of 106 fb→1 for SoLID, and two set-
tings of 10fb→1 and 100 fb→1 for the EIC. The statistical
uncertainty is added in quadrature with a 1% system-

cross section asymmetry
• Asymmetries are more robust against the effects of QED radiation

[SM, Qiu, Zhang]



Conclusions

• PVDIS with SoLID at JLAB can provide unique and complementary information to constrain 
new physics

• Allows for precision extractions of the weak mixing angle

• It can provide input for the global SMEFT analysis by lifting flat directions and disentangling 
dim-6 and dim-8 operators

• Can constrain the parameter space of Dark photons/Z and Leptophobic Z-primes

• Hadronic and QED radiation effects must be under control for a reliable interpretation of BSM 
constraints.
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• Parity-Violating asymmetry using longitudinally polarized electron beams, can probe  and :Ciq C2e

 via Parity-Violating Electron Scattering 
(PVES)

Ciq, C2e

ARL =
σR − σL

σR + σL



• Low Energy and forward , elastic electron-proton scattering asymmetry is 
sensitive to the proton weak charge:

(E → 0, Q2 → 0)

Elastic Electron-Proton Scattering Asymmetry

ARL = −
GFQ2

4πα 2 [Qp
W − F(E, Q2)]

Qp
W = − 2[2C1u + C1d] = 1 − 4 sin2 θW

Qweak

Q2(GeV2/c2) E

P2 (MESA)

0.025

155 MeV0.006

1.155 GeV

δQp
W

∼ 4 %

δ sin2 θW
∼ 0.3 %

proton weak charge Proton structure
• At tree-level, the SM value of the proton weak charge is (receives radiative corrections + box 
diagram corrections):

∼ 2 % ∼ 0.15 %



• Low Energy and forward , elastic electron-electron scattering asymmetry is 
sensitive to the proton weak charge:

(E → 0, Q2 → 0)

Moller Scattering Asymmetry

ARL =
GF Q2

2πα [ 1 − y
1 + y4 + (1 − y)4 ]Qe

W

Qe
W = − 2C2e = − 1 + 4 sin2 θW

E158

Q2(GeV2/c2) E

MOLLER

0.026

11 GeV0.0056

50 GeV

δQe
W

∼ 4 %

δ sin2 θW
0.3 %

electron weak charge

• At tree-level, the SM value of the proton weak charge is (receives radiative corrections + box 
diagram corrections):

∼ 2.4 % 0.1 %



Experimental Considerations

e± + N → μ± + X
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FIG. 2. Schematic of the CLFV DIS process e±N ! µ±X.

in the final state, but instead have a clear evidence of a
muon track pointing to the vertex.

The proposed SoLID spectrometer(Solenoidal Large
Intensity Detector) [19] will meet the above require-
ments. This high-luminosity and high-acceptance detec-
tor has been proposed for the JLAB 12 GeV program,
and will be able to handle the expected high luminosity,
L ⇠ 1036 - 1039 cm�2s�1. In addition, SoLID can carry
out measurements not only using high intensity unpo-
larized or polarized lepton beams, but also unpolarized
or polarized nuclear targets, which will be important for
distinguishing between di↵erent CLFV mechanisms [20].

The SoLID experiment will run in di↵erent detec-
tor configurations [19], such as the J/ production,
Parity-Violating Deep Inelastic Scattering (PVDIS), or
the dedicated Double Deeply Virtual Compton Scatter-
ing (DDVCS) configuration. For CLFV measurements
J/ and DDVCS setups will be preferable, since both
or them will be equipped with muon chambers. Fig. 3
shows the J/ setup with muon chambers. The CLFV
experimental program could run simuntatiously with the
other approved experiments, since it will not require any
additional hardware equipment. In the J/ configura-
tion, the SoLID spectrometer will be equipped with large-
angle and a forward-angle muon detectors. In addition,
high resolution Gas Electron Multiplier (GEM) cham-
bers, Cherenkov detectors, and Calorimeters will help
muon momentum reconstruction and identification. The
expected muon detection e�ciency in this setup is about
70% for a single muon [21].

The SoLID experiment will have an acceptance in the
polar angle, ✓, in the range of 8o to 24o and 22o to 35o

for the SIDIS and PVDIS configurations, respectively,
and full-2⇡ acceptance in the azimuthal angle �. This is
typical for fixed target configurations where most of the
cross section lies in the forward region due to the overall
kinematic boost of the 11 GeV electron incident of the
stationary proton.

Muon backgrounds must be suppressed or under con-
trol in order to extract bounds on the e+ ! µ+ CLFV
process. Due to the compact size of the detector, the
typical decay length of pions is much bigger than the dis-
tance to the detector from their production vertex. The
survival probability of a pion at a distance L away from

FIG. 3. The SoLID J/ configuration with muon detec-
tors [21]. Other sub-detectors are labeled.

its production vertex is given by [22]

P (L) = e�L/�⇡
D , �⇡D =

p⇡
m⇡c

c⌧, (2)

where �⇡D is pion decay length and ⌧ = 26 ns is the mean-
life of the pion in its rest frame. For example, at SoLID,
the pions will be produced with typical momenta, p⇡,
in the range of 1 GeV to 7 GeV [23]. This corresponds
to a range in the decay length of about 56m to 390m.
This range of decay lengths are to be compared with
the distance of 5m corresponding to the overall detector
dimensions combined with its promiximity to the pion
production vertex. This results in a pion survival prob-
ablity range between 91% and 99% at a distance of 5m
from the pion production vertex. Thus, the muon back-
ground from pion decays is highly suppressed at SoLID
compared to other fixed target experiments with large or
non-compact detectors.

In order to further suppress the muon background from
pion decays and or cosmic rays, it is important to have
high precision charged particle tracking. Such tracking
information will be used to recontruct the charged parti-
cle trajectories and their production vertices. This allow
for separating any signal muons produced at the CLFV
verter from the background muons coming from pion de-
cays. In addition, the low center of mass energy

p
s ⇠

4.5 GeV implies there will no muon backgrounds from the
decays of open charm or bottom mesons. However, there
can be muon backgrounds from the production of J/Psi,
via the strong interaction pair production of cc̄, which
can be easily rejected by tracking the resulting muon pair
back to the J/Psi decay vertex. The SoLID experiment
will have the capability for the needed charged particle
tracking to reject muon backgrounds. In particular, it
will have a tracking spatial resolution of 100 microns,
allowing for a precise reconstruction of the muon decay
vertices [23].

s = 4.5 GeV

ℒ = 1036−39 cm−2 s−1

• Required experimental capabilities:

-good muon detectors
-good charged particle tracking 
-good vertex resolution 



SoLID Experiment

2 Y. Furletova, S. Mantry: Probing charged lepton flavor violation with a positron beam at CEBAF (JLAB)

Beam Accelerator Facility (CEBAF) at JLAB in the DIS
process:

e+ + N ! µ+ + X. (1)

2 Charged Lepton Flavor Violation at CEBAF

A high intensity positron beam at the CEBAF at JLAB
can search for the CLFV process e+N ! µ+X. The 11
GeV polarized positron beam will impinge on a proton
target at rest, corresponding to a center of mass energy,p

s ⇠ 4.5 GeV. In spite of the relatively small center of
mass energy, the high luminosity, L ⇠ 1036�39 cm�2s�1,
will allow for significant improvement on existing limits
from HERA [4,16].
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Fig. 2. Schematic of the CLFV DIS process e±N ! µ±X.

The experiment should be equipped with detectors,
which could provide a trigger for muons (for example,
muon chambers or a tagger after the hadron-absorber), as
well as a good tracker and, if possible, a vertex detector,
to minimize background from pion-decays. CLFV events
have a similar topology to DIS events where the scat-
tered electron is replaced by muon. The selection should
be based on events which do not have electrons in the final
state, but instead have a clear evidence of a muon track
pointing to the vertex.

The proposed SoLID spectrometer(Solenoidal Large
Intensity Detector) [17] will meet the above requirements.
This high-luminosity and high-acceptance detector has been
proposed for the JLAB 12 GeV program, and will be able
to handle the expected high luminosity, L ⇠ 1036 - 1039

cm�2s�1. In addition, SoLID can carry out measurements
not only using high intensity unpolarized or polarized lep-
ton beams, but also unpolarized or polarized nuclear tar-
gets, which will be important for distinguishing between
di↵erent CLFV mechanisms [25].

The SoLID experiment will run in di↵erent detector
configurations [17], such as the J/ production, Parity-
Violating Deep Inelastic Scattering (PVDIS), or the dedi-
cated Double Deeply Virtual Compton Scattering (DDVCS)
configuration. For CLFV measurements J/ and DDVCS
setups will be preferable, since both or them will be equipped
with muon chambers. Fig. 3 shows the J/ setup with
muon chambers. The CLFV experimental program could
run simuntatiously with the other approved experiments,

since it will not require any additional hardware equip-
ment. In the J/ configuration, the SoLID spectrome-
ter will be equipped with large-angle and a forward-angle
muon detectors. In addition, high resolution Gas Elec-
tron Multiplier (GEM) chambers, Cherenkov detectors,
and Calorimeters will help muon momentum reconstruc-
tion and identification. The expected muon detection e�-
ciency in this setup is about 70% for a single muon [28].

Fig. 3. The SoLID J/ configuration with muon detec-
tors [28]. Other sub-detectors are labeled.

3 Leptoquark Mediated CLFV

It becomes convenient to study CLFV in the Leptoquark
(LQ) scenario in which the CLFV DIS processes e± !
µ±+X can be mediated at tree-level. LQs are color triplet
bosons that mediate transitions between quarks and lep-
tons and carry both baryon number and lepton number.
As seen in Tables. 1 and 2, according to the Buchmüller,
Rückl and Wyler classification [14], there are 14 di↵erent
types of LQs characterized by their spin (scalar or vector),
fermion number F=3B+L (0 or ±2), chiral couplings to
leptons (left-handed or right-handed), SU(2)L represen-
tation (singlet, doublet, triplet), and U(1)Y hypercharge.

The SU(3)C⇥SU(2)L⇥U(1)Y invariant and renormal-
izable interactions are given by the Lagrangian for F = 0
and |F | = 2 LQs as follows:

LF=0 = hL
1/2ūR`LSL

1/2 + hR
1/2q̄L✏eRSR

1/2 + h̃L
1/2d̄R`LS̃L

1/2

+ hL
0
q̄L�µ`LV Lµ

0
+ hR

0
d̄R�µeRV Rµ

0

+ h̃R
0
ūR�µeRṼ Rµ

0
+ hL

1
q̄L�µ⌧ `L · V Lµ

1
+ h.c., (2)

L|F |=2 = gL
0
q̄cL✏`LSL

0
+ gR

0
ūc
ReRSR

0
+ g̃R

0
d̄cReRS̃R

0

+ gL
1
q̄cL✏⌧ `L · SL

1
+ gL

1/2d̄
c
R�µ`LV Lµ

1/2

+ gR
1/2q̄

c
L�µeRV Rµ

1/2 + g̃1/2ū
c
R�µ`LṼ Lµ

1/2 + h.c. (3)

s = 4.5 GeV

ℒ = 1036−39 cm−2 s−1

• Polar angle 
acceptance: SIDIS configuration : θ = [8∘,24∘]

PVDIS configuration : θ = [22∘,35∘]

• Azimuthal angle 
acceptance: full-2π acceptance

Most of the cross section is in the 
forward region due to the kinematic 
boost of a 11 GeV lepton beam.
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FIG. 2. Schematic of the CLFV DIS process e±N ! µ±X.

in the final state, but instead have a clear evidence of a
muon track pointing to the vertex.

The proposed SoLID spectrometer(Solenoidal Large
Intensity Detector) [19] will meet the above require-
ments. This high-luminosity and high-acceptance detec-
tor has been proposed for the JLAB 12 GeV program,
and will be able to handle the expected high luminosity,
L ⇠ 1036 - 1039 cm�2s�1. In addition, SoLID can carry
out measurements not only using high intensity unpo-
larized or polarized lepton beams, but also unpolarized
or polarized nuclear targets, which will be important for
distinguishing between di↵erent CLFV mechanisms [20].

The SoLID experiment will run in di↵erent detec-
tor configurations [19], such as the J/ production,
Parity-Violating Deep Inelastic Scattering (PVDIS), or
the dedicated Double Deeply Virtual Compton Scatter-
ing (DDVCS) configuration. For CLFV measurements
J/ and DDVCS setups will be preferable, since both
or them will be equipped with muon chambers. Fig. 3
shows the J/ setup with muon chambers. The CLFV
experimental program could run simuntatiously with the
other approved experiments, since it will not require any
additional hardware equipment. In the J/ configura-
tion, the SoLID spectrometer will be equipped with large-
angle and a forward-angle muon detectors. In addition,
high resolution Gas Electron Multiplier (GEM) cham-
bers, Cherenkov detectors, and Calorimeters will help
muon momentum reconstruction and identification. The
expected muon detection e�ciency in this setup is about
70% for a single muon [21].

The SoLID experiment will have an acceptance in the
polar angle, ✓, in the range of 8o to 24o and 22o to 35o

for the SIDIS and PVDIS configurations, respectively,
and full-2⇡ acceptance in the azimuthal angle �. This is
typical for fixed target configurations where most of the
cross section lies in the forward region due to the overall
kinematic boost of the 11 GeV electron incident of the
stationary proton.

Muon backgrounds must be suppressed or under con-
trol in order to extract bounds on the e+ ! µ+ CLFV
process. Due to the compact size of the detector, the
typical decay length of pions is much bigger than the dis-
tance to the detector from their production vertex. The
survival probability of a pion at a distance L away from
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tors [21]. Other sub-detectors are labeled.

its production vertex is given by [22]

P (L) = e�L/�⇡
D , �⇡D =

p⇡
m⇡c

c⌧, (2)

where �⇡D is pion decay length and ⌧ = 26 ns is the mean-
life of the pion in its rest frame. For example, at SoLID,
the pions will be produced with typical momenta, p⇡,
in the range of 1 GeV to 7 GeV [23]. This corresponds
to a range in the decay length of about 56m to 390m.
This range of decay lengths are to be compared with
the distance of 5m corresponding to the overall detector
dimensions combined with its promiximity to the pion
production vertex. This results in a pion survival prob-
ablity range between 91% and 99% at a distance of 5m
from the pion production vertex. Thus, the muon back-
ground from pion decays is highly suppressed at SoLID
compared to other fixed target experiments with large or
non-compact detectors.

In order to further suppress the muon background from
pion decays and or cosmic rays, it is important to have
high precision charged particle tracking. Such tracking
information will be used to recontruct the charged parti-
cle trajectories and their production vertices. This allow
for separating any signal muons produced at the CLFV
verter from the background muons coming from pion de-
cays. In addition, the low center of mass energy

p
s ⇠

4.5 GeV implies there will no muon backgrounds from the
decays of open charm or bottom mesons. However, there
can be muon backgrounds from the production of J/Psi,
via the strong interaction pair production of cc̄, which
can be easily rejected by tracking the resulting muon pair
back to the J/Psi decay vertex. The SoLID experiment
will have the capability for the needed charged particle
tracking to reject muon backgrounds. In particular, it
will have a tracking spatial resolution of 100 microns,
allowing for a precise reconstruction of the muon decay
vertices [23].
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The  and DDVCS configurations 
will be equipped with muon chambers
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Beam Accelerator Facility (CEBAF) at JLAB in the DIS
process:

e+ + N ! µ+ + X. (1)

2 Charged Lepton Flavor Violation at CEBAF

A high intensity positron beam at the CEBAF at JLAB
can search for the CLFV process e+N ! µ+X. The 11
GeV polarized positron beam will impinge on a proton
target at rest, corresponding to a center of mass energy,p

s ⇠ 4.5 GeV. In spite of the relatively small center of
mass energy, the high luminosity, L ⇠ 1036�39 cm�2s�1,
will allow for significant improvement on existing limits
from HERA [4,16].
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Fig. 2. Schematic of the CLFV DIS process e±N ! µ±X.

The experiment should be equipped with detectors,
which could provide a trigger for muons (for example,
muon chambers or a tagger after the hadron-absorber), as
well as a good tracker and, if possible, a vertex detector,
to minimize background from pion-decays. CLFV events
have a similar topology to DIS events where the scat-
tered electron is replaced by muon. The selection should
be based on events which do not have electrons in the final
state, but instead have a clear evidence of a muon track
pointing to the vertex.

The proposed SoLID spectrometer(Solenoidal Large
Intensity Detector) [17] will meet the above requirements.
This high-luminosity and high-acceptance detector has been
proposed for the JLAB 12 GeV program, and will be able
to handle the expected high luminosity, L ⇠ 1036 - 1039

cm�2s�1. In addition, SoLID can carry out measurements
not only using high intensity unpolarized or polarized lep-
ton beams, but also unpolarized or polarized nuclear tar-
gets, which will be important for distinguishing between
di↵erent CLFV mechanisms [25].

The SoLID experiment will run in di↵erent detector
configurations [17], such as the J/ production, Parity-
Violating Deep Inelastic Scattering (PVDIS), or the dedi-
cated Double Deeply Virtual Compton Scattering (DDVCS)
configuration. For CLFV measurements J/ and DDVCS
setups will be preferable, since both or them will be equipped
with muon chambers. Fig. 3 shows the J/ setup with
muon chambers. The CLFV experimental program could
run simuntatiously with the other approved experiments,

since it will not require any additional hardware equip-
ment. In the J/ configuration, the SoLID spectrome-
ter will be equipped with large-angle and a forward-angle
muon detectors. In addition, high resolution Gas Elec-
tron Multiplier (GEM) chambers, Cherenkov detectors,
and Calorimeters will help muon momentum reconstruc-
tion and identification. The expected muon detection e�-
ciency in this setup is about 70% for a single muon [28].

Fig. 3. The SoLID J/ configuration with muon detec-
tors [28]. Other sub-detectors are labeled.

3 Leptoquark Mediated CLFV

It becomes convenient to study CLFV in the Leptoquark
(LQ) scenario in which the CLFV DIS processes e± !
µ±+X can be mediated at tree-level. LQs are color triplet
bosons that mediate transitions between quarks and lep-
tons and carry both baryon number and lepton number.
As seen in Tables. 1 and 2, according to the Buchmüller,
Rückl and Wyler classification [14], there are 14 di↵erent
types of LQs characterized by their spin (scalar or vector),
fermion number F=3B+L (0 or ±2), chiral couplings to
leptons (left-handed or right-handed), SU(2)L represen-
tation (singlet, doublet, triplet), and U(1)Y hypercharge.

The SU(3)C⇥SU(2)L⇥U(1)Y invariant and renormal-
izable interactions are given by the Lagrangian for F = 0
and |F | = 2 LQs as follows:
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c
R�µ`LṼ Lµ
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FIG. 2. Schematic of the CLFV DIS process e±N ! µ±X.

in the final state, but instead have a clear evidence of a
muon track pointing to the vertex.

The proposed SoLID spectrometer(Solenoidal Large
Intensity Detector) [19] will meet the above require-
ments. This high-luminosity and high-acceptance detec-
tor has been proposed for the JLAB 12 GeV program,
and will be able to handle the expected high luminosity,
L ⇠ 1036 - 1039 cm�2s�1. In addition, SoLID can carry
out measurements not only using high intensity unpo-
larized or polarized lepton beams, but also unpolarized
or polarized nuclear targets, which will be important for
distinguishing between di↵erent CLFV mechanisms [20].

The SoLID experiment will run in di↵erent detec-
tor configurations [19], such as the J/ production,
Parity-Violating Deep Inelastic Scattering (PVDIS), or
the dedicated Double Deeply Virtual Compton Scatter-
ing (DDVCS) configuration. For CLFV measurements
J/ and DDVCS setups will be preferable, since both
or them will be equipped with muon chambers. Fig. 3
shows the J/ setup with muon chambers. The CLFV
experimental program could run simuntatiously with the
other approved experiments, since it will not require any
additional hardware equipment. In the J/ configura-
tion, the SoLID spectrometer will be equipped with large-
angle and a forward-angle muon detectors. In addition,
high resolution Gas Electron Multiplier (GEM) cham-
bers, Cherenkov detectors, and Calorimeters will help
muon momentum reconstruction and identification. The
expected muon detection e�ciency in this setup is about
70% for a single muon [21].

The SoLID experiment will have an acceptance in the
polar angle, ✓, in the range of 8o to 24o and 22o to 35o

for the SIDIS and PVDIS configurations, respectively,
and full-2⇡ acceptance in the azimuthal angle �. This is
typical for fixed target configurations where most of the
cross section lies in the forward region due to the overall
kinematic boost of the 11 GeV electron incident of the
stationary proton.

Muon backgrounds must be suppressed or under con-
trol in order to extract bounds on the e+ ! µ+ CLFV
process. Due to the compact size of the detector, the
typical decay length of pions is much bigger than the dis-
tance to the detector from their production vertex. The
survival probability of a pion at a distance L away from

FIG. 3. The SoLID J/ configuration with muon detec-
tors [21]. Other sub-detectors are labeled.

its production vertex is given by [22]

P (L) = e�L/�⇡
D , �⇡D =

p⇡
m⇡c

c⌧, (2)

where �⇡D is pion decay length and ⌧ = 26 ns is the mean-
life of the pion in its rest frame. For example, at SoLID,
the pions will be produced with typical momenta, p⇡,
in the range of 1 GeV to 7 GeV [23]. This corresponds
to a range in the decay length of about 56m to 390m.
This range of decay lengths are to be compared with
the distance of 5m corresponding to the overall detector
dimensions combined with its promiximity to the pion
production vertex. This results in a pion survival prob-
ablity range between 91% and 99% at a distance of 5m
from the pion production vertex. Thus, the muon back-
ground from pion decays is highly suppressed at SoLID
compared to other fixed target experiments with large or
non-compact detectors.

In order to further suppress the muon background from
pion decays and or cosmic rays, it is important to have
high precision charged particle tracking. Such tracking
information will be used to recontruct the charged parti-
cle trajectories and their production vertices. This allow
for separating any signal muons produced at the CLFV
verter from the background muons coming from pion de-
cays. In addition, the low center of mass energy

p
s ⇠

4.5 GeV implies there will no muon backgrounds from the
decays of open charm or bottom mesons. However, there
can be muon backgrounds from the production of J/Psi,
via the strong interaction pair production of cc̄, which
can be easily rejected by tracking the resulting muon pair
back to the J/Psi decay vertex. The SoLID experiment
will have the capability for the needed charged particle
tracking to reject muon backgrounds. In particular, it
will have a tracking spatial resolution of 100 microns,
allowing for a precise reconstruction of the muon decay
vertices [23].



Muon Backgrounds
• The dominant background to the CLFV signal muon will come from decays of 
pions to muons:

• This background will be suppressed due to the compact size of of the SoLID 
detector,  so that the typical pion decay length is much bigger than the distance to 
the detector from their production vertex.
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FIG. 2. Schematic of the CLFV DIS process e±N ! µ±X.

in the final state, but instead have a clear evidence of a
muon track pointing to the vertex.

The proposed SoLID spectrometer(Solenoidal Large
Intensity Detector) [19] will meet the above require-
ments. This high-luminosity and high-acceptance detec-
tor has been proposed for the JLAB 12 GeV program,
and will be able to handle the expected high luminosity,
L ⇠ 1036 - 1039 cm�2s�1. In addition, SoLID can carry
out measurements not only using high intensity unpo-
larized or polarized lepton beams, but also unpolarized
or polarized nuclear targets, which will be important for
distinguishing between di↵erent CLFV mechanisms [20].

The SoLID experiment will run in di↵erent detec-
tor configurations [19], such as the J/ production,
Parity-Violating Deep Inelastic Scattering (PVDIS), or
the dedicated Double Deeply Virtual Compton Scatter-
ing (DDVCS) configuration. For CLFV measurements
J/ and DDVCS setups will be preferable, since both
or them will be equipped with muon chambers. Fig. 3
shows the J/ setup with muon chambers. The CLFV
experimental program could run simuntatiously with the
other approved experiments, since it will not require any
additional hardware equipment. In the J/ configura-
tion, the SoLID spectrometer will be equipped with large-
angle and a forward-angle muon detectors. In addition,
high resolution Gas Electron Multiplier (GEM) cham-
bers, Cherenkov detectors, and Calorimeters will help
muon momentum reconstruction and identification. The
expected muon detection e�ciency in this setup is about
70% for a single muon [21].

The SoLID experiment will have an acceptance in the
polar angle, ✓, in the range of 8o to 24o and 22o to 35o

for the SIDIS and PVDIS configurations, respectively,
and full-2⇡ acceptance in the azimuthal angle �. This is
typical for fixed target configurations where most of the
cross section lies in the forward region due to the overall
kinematic boost of the 11 GeV electron incident of the
stationary proton.

Muon backgrounds must be suppressed or under con-
trol in order to extract bounds on the e+ ! µ+ CLFV
process. Due to the compact size of the detector, the
typical decay length of pions is much bigger than the dis-
tance to the detector from their production vertex. The
survival probability of a pion at a distance L away from
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its production vertex is given by [22]

P (L) = e�L/�⇡
D , �⇡D =

p⇡
m⇡c

c⌧, (2)

where �⇡D is pion decay length and ⌧ = 26 ns is the mean-
life of the pion in its rest frame. For example, at SoLID,
the pions will be produced with typical momenta, p⇡,
in the range of 1 GeV to 7 GeV [23]. This corresponds
to a range in the decay length of about 56m to 390m.
This range of decay lengths are to be compared with
the distance of 5m corresponding to the overall detector
dimensions combined with its promiximity to the pion
production vertex. This results in a pion survival prob-
ablity range between 91% and 99% at a distance of 5m
from the pion production vertex. Thus, the muon back-
ground from pion decays is highly suppressed at SoLID
compared to other fixed target experiments with large or
non-compact detectors.

In order to further suppress the muon background from
pion decays and or cosmic rays, it is important to have
high precision charged particle tracking. Such tracking
information will be used to recontruct the charged parti-
cle trajectories and their production vertices. This allow
for separating any signal muons produced at the CLFV
verter from the background muons coming from pion de-
cays. In addition, the low center of mass energy

p
s ⇠

4.5 GeV implies there will no muon backgrounds from the
decays of open charm or bottom mesons. However, there
can be muon backgrounds from the production of J/Psi,
via the strong interaction pair production of cc̄, which
can be easily rejected by tracking the resulting muon pair
back to the J/Psi decay vertex. The SoLID experiment
will have the capability for the needed charged particle
tracking to reject muon backgrounds. In particular, it
will have a tracking spatial resolution of 100 microns,
allowing for a precise reconstruction of the muon decay
vertices [23].

• Pions will be typically produced with momenta in the range:

1 GeV ≲ pπ ≲ 7 GeV

• Thus, the typical pion decay lengths will be in the range:

56 m ≲ λπ
D ≲ 390 m ≫ ∼ 5 m

(Pion decay length) (Overall detector dimensions, combined 
with proximity to pion production vertex)

• Correspondingly, the pion survival probability at the detector is:

pπ ∼ 1 GeV → 91 % survival probabilty
pπ ∼ 7 GeV → 99 % survival probabilty
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e+ + N ! µ+ + X. (1)
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A high intensity positron beam at the CEBAF at JLAB
can search for the CLFV process e+N ! µ+X. The 11
GeV polarized positron beam will impinge on a proton
target at rest, corresponding to a center of mass energy,p

s ⇠ 4.5 GeV. In spite of the relatively small center of
mass energy, the high luminosity, L ⇠ 1036�39 cm�2s�1,
will allow for significant improvement on existing limits
from HERA [4,16].
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The experiment should be equipped with detectors,
which could provide a trigger for muons (for example,
muon chambers or a tagger after the hadron-absorber), as
well as a good tracker and, if possible, a vertex detector,
to minimize background from pion-decays. CLFV events
have a similar topology to DIS events where the scat-
tered electron is replaced by muon. The selection should
be based on events which do not have electrons in the final
state, but instead have a clear evidence of a muon track
pointing to the vertex.

The proposed SoLID spectrometer(Solenoidal Large
Intensity Detector) [17] will meet the above requirements.
This high-luminosity and high-acceptance detector has been
proposed for the JLAB 12 GeV program, and will be able
to handle the expected high luminosity, L ⇠ 1036 - 1039

cm�2s�1. In addition, SoLID can carry out measurements
not only using high intensity unpolarized or polarized lep-
ton beams, but also unpolarized or polarized nuclear tar-
gets, which will be important for distinguishing between
di↵erent CLFV mechanisms [25].

The SoLID experiment will run in di↵erent detector
configurations [17], such as the J/ production, Parity-
Violating Deep Inelastic Scattering (PVDIS), or the dedi-
cated Double Deeply Virtual Compton Scattering (DDVCS)
configuration. For CLFV measurements J/ and DDVCS
setups will be preferable, since both or them will be equipped
with muon chambers. Fig. 3 shows the J/ setup with
muon chambers. The CLFV experimental program could
run simuntatiously with the other approved experiments,

since it will not require any additional hardware equip-
ment. In the J/ configuration, the SoLID spectrome-
ter will be equipped with large-angle and a forward-angle
muon detectors. In addition, high resolution Gas Elec-
tron Multiplier (GEM) chambers, Cherenkov detectors,
and Calorimeters will help muon momentum reconstruc-
tion and identification. The expected muon detection e�-
ciency in this setup is about 70% for a single muon [28].

Fig. 3. The SoLID J/ configuration with muon detec-
tors [28]. Other sub-detectors are labeled.

3 Leptoquark Mediated CLFV

It becomes convenient to study CLFV in the Leptoquark
(LQ) scenario in which the CLFV DIS processes e± !
µ±+X can be mediated at tree-level. LQs are color triplet
bosons that mediate transitions between quarks and lep-
tons and carry both baryon number and lepton number.
As seen in Tables. 1 and 2, according to the Buchmüller,
Rückl and Wyler classification [14], there are 14 di↵erent
types of LQs characterized by their spin (scalar or vector),
fermion number F=3B+L (0 or ±2), chiral couplings to
leptons (left-handed or right-handed), SU(2)L represen-
tation (singlet, doublet, triplet), and U(1)Y hypercharge.

The SU(3)C⇥SU(2)L⇥U(1)Y invariant and renormal-
izable interactions are given by the Lagrangian for F = 0
and |F | = 2 LQs as follows:
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1/2ūR`LSL

1/2 + hR
1/2q̄L✏eRSR

1/2 + h̃L
1/2d̄R`LS̃L

1/2

+ hL
0
q̄L�µ`LV Lµ

0
+ hR

0
d̄R�µeRV Rµ

0

+ h̃R
0
ūR�µeRṼ Rµ

0
+ hL

1
q̄L�µ⌧ `L · V Lµ

1
+ h.c., (2)

L|F |=2 = gL
0
q̄cL✏`LSL

0
+ gR

0
ūc
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• Charged particle tracking spatial 
resolution of 100 microns, allowing for 
precise reconstruction of pion decay 
vertices to further suppress backgrounds.

• Other backgrounds can arise from 
charmed meson decays or  decays. 
Once again tracking and vertex resolution 
capabilities can help suppress such 
backgrounds.

J/ψ

• Due to the small center of mass energy, 
, there are no backgrounds 

from B-meson decays.
s ∼ 4.5 GeV

More detailed simulation studies needed to estimate the impact of acceptance 
and backgrounds on CLFV limits. 
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Corrections to Cahn-Gilman

• Hadronic effects appear as corrections to the Cahn-Gilman formula:

5

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

ARL
CG = − GF Q2
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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
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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
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• Hadronic effects must be well understood before any claim for evidence of new physics can 
be made.
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Some Definitions and Notation

• Asymmetry can be brought into the form:

2

I. INTRODUCTION

In the 1970s parity-violating deep inelastic scattering (PVDIS) of longitudinally polarized

electrons from deuterium played an important role in confirming the Standard Model (SM)

of particle physics [1–3]. The asymmetry

ARL =

σR − σL

σR + σL
, (1)

with σR,L corresponding to the scattering cross-section with positive and negative helicity

electrons respectively, is an excellent probe of the parity-violating electroweak interactions

in the SM. The results of measuring this asymmetry in the early experiments at SLAC

led to the correct description of neutral weak interactions well before the discovery of the

Z boson at CERN and provided a measurement of the weak mixing angle sin
2 θW . Since

then parity-violating electron scattering from various targets has been studied at JLab [4–7],

MIT/Bates [8, 9], Mainz [10, 11], and SLAC[12] as a tool for probing physics beyond the SM

and hadronic structure. Currently, an active program is underway at JLab to continue these

studies with a new level of precision. The Q-Weak experiment [13], which will measure the

weak charge of the proton at low electron momentum transfer (Q2
), is expected to determine

sin
2 θW to 0.3% precision, making it the most precise test of the running of the weak mixing

angle to date. Furthermore, the recently approved 12 GeV upgrade of CEBAF at JLab,

expected to be completed by 2014, aims to begin the next generation Moller and electron-

deuteron scattering experiments. The SOLID proposal [14] for precision parity-violating

electron-deuteron scattering, approved as part of the 12 GeV upgrade, will measure ARL

over a wide kinematic range in Q2
and Bjorken-x to within 1% at each kinematic point. In

addition, two high-precision PVDIS experiments with deuterium have been approved to run

at selected kinematic points with the 6 GeV [15] and 12 GeV [16] beams. These prospects

for high-precision experimental measurements present new challenges for their theoretical

interpretation. In particular, substantial uncertainties in the theoretical interpretation of the

deep inelastic asymmetries will remain unless various effects contributing to the asymmetry

such as new physics beyond the SM, sea quark distributions, Charge Symmetry Violation

(CSV), and higher twist contributions are well understood and disentangled from each other.

Addressing one aspect of these issues is the subject of this paper.

The theoretical interpretation of the deuterium asymmetry can be facilitated by express-

ing it in the following form

ARL = −
(

GF Q2

4

√
2πα

)[
ge

AY1
F γZ

1

F γ
1

+ ge
V Y3

F γZ
3

F γ
1

]
. (2)

Here, ge
V (ge

A) are the vector (axial vector) couplings of the Z-boson to the electron; F γ
1 , F γZ

1 ,

and F γZ
3 are the structure functions arising, respectively, from hadronic matrix elements of

the vector electromagnetic (EM) current, interference of the vector EM and vector weak

6

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

study of R1(HT) is particularly interesting because the leading contribution to R1(HT) that

arises at twist-four is given entirely by a single matrix element that characterizes quark-quark

correlations in the deuteron as first observed in [17, 18]. This is in contrast to R2(HT), which

receives contributions from several different twist-four matrix elements making it difficult

to interpret the effect of correlations among quarks and gluons in terms of any one of the

these matrix elements.

Before giving the explicit expression for R1(HT) that we derive below, we first review

some of the standard notation used in PVDIS pehenomenology. The general expression for

the asymmetry ARL is given in terms of the five structure functions F γ
1,2 and F γZ

1,2,3 takes the

form [21]

ARL = −
( GF Q2

4
√

2πα

)ge
A

(
2xyF γZ

1 − 2
[
1− 1/y + xM

2E

]
F γZ

2

)
+ ge

V x(2− y)F γZ
3

2xyF γ
1 − 2

[
1− 1/y + xM

2E

]
F γ

2

. (13)

This general expression reduces to the Cahn-Gilman formula when the leading twist and

isospin limits are applied to structure functions and when sea quark and CSV effects are

ignored. The F γZ
1,2 and F γZ

3 structure functions arise from the interference of the electro-

magnetic current with the vector and axial part of the weak neutral current respectively.

The asymmetry is often parameterized in terms of the ratio of the longitudinal to transverse

virtual neutral vector boson cross-sections

Rγ(γZ) ≡ σγ(γZ)
L

σγ(γZ)
T

= r2 F γ(γZ)
2

2xF γ(γZ)
1

− 1, r2 = 1 +
4M2x2

Q2
. (14)

In terms of Rγ(γZ) the asymmetry in Eq. (13) takes the form given in Eq. (2), where the

quantities Y1,3 are defined as

Y1 =

(
1 + RγZ

1 + Rγ

)
1 + (1− y)2 − y2

[
1− r2/(1 + RγZ)

]
− 2xyM/E

1 + (1− y)2 − y2
[
1− r2/(1 + Rγ)

]
− 2xyM/E

,

Y3 =

(
r2

1 + Rγ

)
1− (1− y)2

1 + (1− y)2 − y2
[
1− r2/(1 + Rγ)

]
− 2xyM/E

.

(15)

In this notation, the Y1 and Y3 terms arise from the interference of the electromagnetic

current with the vector and axial-vector weak neutal current respectively.
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dependence on Q2, one can, in principle, make a clean extraction of R1(HT) by studing the
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• The  factor has the form:Y1

• The  factor has the form:Y3

• We have used the definitions:



Key features of the Asymmetry Terms

• Asymmetry can be brought into the form:

2

I. INTRODUCTION

In the 1970s parity-violating deep inelastic scattering (PVDIS) of longitudinally polarized

electrons from deuterium played an important role in confirming the Standard Model (SM)

of particle physics [1–3]. The asymmetry

ARL =

σR − σL

σR + σL
, (1)

with σR,L corresponding to the scattering cross-section with positive and negative helicity

electrons respectively, is an excellent probe of the parity-violating electroweak interactions

in the SM. The results of measuring this asymmetry in the early experiments at SLAC

led to the correct description of neutral weak interactions well before the discovery of the

Z boson at CERN and provided a measurement of the weak mixing angle sin
2 θW . Since

then parity-violating electron scattering from various targets has been studied at JLab [4–7],

MIT/Bates [8, 9], Mainz [10, 11], and SLAC[12] as a tool for probing physics beyond the SM

and hadronic structure. Currently, an active program is underway at JLab to continue these

studies with a new level of precision. The Q-Weak experiment [13], which will measure the

weak charge of the proton at low electron momentum transfer (Q2
), is expected to determine

sin
2 θW to 0.3% precision, making it the most precise test of the running of the weak mixing

angle to date. Furthermore, the recently approved 12 GeV upgrade of CEBAF at JLab,

expected to be completed by 2014, aims to begin the next generation Moller and electron-

deuteron scattering experiments. The SOLID proposal [14] for precision parity-violating

electron-deuteron scattering, approved as part of the 12 GeV upgrade, will measure ARL

over a wide kinematic range in Q2
and Bjorken-x to within 1% at each kinematic point. In

addition, two high-precision PVDIS experiments with deuterium have been approved to run

at selected kinematic points with the 6 GeV [15] and 12 GeV [16] beams. These prospects

for high-precision experimental measurements present new challenges for their theoretical

interpretation. In particular, substantial uncertainties in the theoretical interpretation of the

deep inelastic asymmetries will remain unless various effects contributing to the asymmetry

such as new physics beyond the SM, sea quark distributions, Charge Symmetry Violation

(CSV), and higher twist contributions are well understood and disentangled from each other.

Addressing one aspect of these issues is the subject of this paper.

The theoretical interpretation of the deuterium asymmetry can be facilitated by express-

ing it in the following form

ARL = −
(

GF Q2

4

√
2πα

)[
ge

AY1
F γZ

1

F γ
1

+ ge
V Y3

F γZ
3

F γ
1

]
. (2)

Here, ge
V (ge

A) are the vector (axial vector) couplings of the Z-boson to the electron; F γ
1 , F γZ

1 ,

and F γZ
3 are the structure functions arising, respectively, from hadronic matrix elements of

the vector electromagnetic (EM) current, interference of the vector EM and vector weak

- Dominant term in asymmetry
- Can in principle be 
  kinematically distinguished from 
  second term (independent of y)
- Can be sensitive to only quark-
  quark correlations
- A single twist-4 matrix element 
  determines quark-quark 
  correlations.

- suppressed by small electron vector 
  coupling
- Can be kinematically distinguished 
   from second term(dependent on y)
- Can be sensitive to quark-quark 
  and quark-gluon correlations
- Multiple twist-4 matrix elements 
  determine correlations 
- Can be extracted from neutrino 
  scattering data    

[Bjorken, Wolfenstein;
SM, Ramsey-Musolf, Sacco]



Operator Product Expansion

Figure 1: Comparison of quark-quark correlations and quark-gluon correla-
tions

Figure 2: Diagrams corresponding to DGLAP evolution. The exception is
diagram (d), which is a quark-gluon operator.
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Twist-2

Quark-quark correlation(Twist-4)

Quark-gluon correlation (Twist-2 + Twist-4)

3

neutral current (WNC), and interference of the vector EM current and axial vector WNC;

and Y1,3 are functions of Bjorken x, the kinematic variable y [see Eq.(10) below] and the

ratios Rγ and RγZ of longitudinal and transverse cross sections for purely EM and WNC-

EM vector current interference cross sections [see Eq. (14) below]. In the SM, at leading

twist and in the absence of CSV effects, the Y1 term in Eq.(2) is independent of y and

depends only on geA and the vector current coupling of the Z-boson to quarks [3]. Since

geV = −1 + 4 sin2 θW ∼ −0.1, the Y1-term dominates the asymmetry, making its scrutiny

particularly important for the interpretation of the Jefferson Lab PVDIS program.

Considerable theoretical effort has been devoted to disentangling the various contribu-

tions to the asymmetry. The effect of twist-four contributions to the asymmetry was first

considered in papers by Bjorken and Wolfenstein [17, 18] more than thirty years ago, where

it was shown to arise from a single, non-local four-quark operator in the limit of good isospin,

negligible sea-quark and CSV effects, and up to corrections in αs(Q2). Quantitative esti-

mates of twist-four effects were first obtained in [19] where the contribution of the spin-two

operators was estimated using the MIT Bag Model. This analysis was extended in [20] to

include corrections to the F3 structure function(see Eq. (13) below). More recently, twist-

four effects to the asymmetry were estimated by the authors of Ref. [21], who considered

the possibility that Rγ #= RγZ at twist-four (see Eq. (14) below). These authors argued that

such a difference could introduce hadronic uncertainties that might impede the extraction

of CSV effects from ARL.

In this paper, we draw on the observations of [17, 18] that the twist-four contribution to

the Y1 term in ARL for deuterium, given in Eq. (2), arises from a single four-quark operator

involving up- and down-quark fields

Oµν
ud(x) =

1

2
[ū(x)γµu(x)d(0)γνd(0) + (u ↔ d)] (3)

to revisit the analysis of Ref. [21]. Noting that the contribution of Oµν
ud(x) to the electroweak

structure functions satisfies the Callan-Gross relation at leading order in the strong coupling,

we find that

RγZ = Rγ and Y1 = 1, (4)

at twist-four up to perturbative corrections. Consequently, all twist-four effects entering the

dominant term in the asymmetry reside in the ratio F γZ
1 /F γ

1 .

Using the power law dependence in Q2 of the twist-four effects to the Y1-term it may be

possible, with the precision and the wide kinematic range of the PVDIS program at JLab,

to disentangle twist-four effects from CSV effects depending on their relative overall sizes.

To provide theoretical guidance for such a program, we utilize the MIT Bag Model[22] to

estimate the size and variation of the twist-four contribution with Bjorken-x and Q2 as

shown in Fig. 1. These estimates extend the earlier work of Ref. [20] by allowing for the

x-dependences of the twist-two and twist-four contributions to F γ(γZ)
1 to differ. We find that



Form of twist-4 correction
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FIG. 1: The estimate of R1(HT ) as a function of the Bjorken variable x for different values of Q2 in
the MIT Bag Model. The curves from the bottom to top correspond to the valuesQ2 = 4, 6, 8, 10, 12
GeV2 respectively.

One of the main results of this paper is that the relation

Rγ = RγZ = r2 − 1, (16)

known to hold at leading twist due to the Callan-Gross relations of the structure functions,

also holds even after the twist-four contributions to R1(HT) are included at tree level.

Equivalently, the relation

Y1 = 1, (17)

is valid at twist-four up to perturbative corrections in αs(Q2). However, the the twist-four

contribution does affect the ratio F γZ
1 /F γ

1 in the Y1-term of Eq. (2) as
[
F γZ
1

F γ
1

]

CG + HT

= −3

5
(2C1u − C1d)

[
1 +R1(HT )

]
(18)

=
9

10
(1− 20

9
sin2 θW )

[
1 +R1(HT)

]
,

where the first term corresponds to the Cahn-Gilman limit and where, in the second line

we have omitted the electroweak radiative corrections for simplicity of presentation as we

will do throughout much of the remainder of the paper. As we show below, R1(HT) is the

twist-four correction which takes the form

R1(HT) =

[
−4

5(1− 20
9 sin2 θW )

]
F du
1

up(x) + dp(x)
.

(19)
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One of the main results of this paper is that the relation

Rγ = RγZ = r2 − 1, (16)

known to hold at leading twist due to the Callan-Gross relations of the structure functions,

also holds even after the twist-four contributions to R1(HT) are included at tree level.

Equivalently, the relation

Y1 = 1, (17)

is valid at twist-four up to perturbative corrections in αs(Q2). However, the the twist-four

contribution does affect the ratio F γZ
1 /F γ

1 in the Y1-term of Eq. (2) as
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,

where the first term corresponds to the Cahn-Gilman limit and where, in the second line

we have omitted the electroweak radiative corrections for simplicity of presentation as we

will do throughout much of the remainder of the paper. As we show below, R1(HT) is the

twist-four correction which takes the form

R1(HT) =

[
−4

5(1− 20
9 sin2 θW )

]
F du
1

up(x) + dp(x)
.

(19)

• Bag model estimate of quark-quark correlation is below the half-percent level.

• If the Bag Model estimate is accurate, then higher twist effect is small and becomes difficult to 
extract.

    
[SM, Ramsey-Musolf, Sacco ]



Charge Symmetry Violation (CSV)

20

by the Bag Model picture, which correlates the up- and down-quarks largely through the

confinement radius and the Pauli exclusion principle. On the other hand, the absence of

large power corrections would imply that the Y1 term can be interpreted primarily in terms

of the underlying electroweak interactions and/or possible CSV in the parton distributions.

We comment on the implications for probes of CSV and new physics in the following section.

V. CHARGE SYMMETRY VIOLATION AND NEW PHYSICS

To the extent that R1(HT) is either tiny as suggested by the MIT Bag Model estimates

or large enough to be extracted utilizing the 1/Q2-dependence, one may hope to use the

deuterium asymmetry as a probe of CSV and/or new physics. In terms of the former, it has

recently been suggested that HT contributions to the Y1 term in the deuterium asymmetry

may be too large and too theoretically uncertain to utilize this term as a probe of CSV [21].

These suggestions were based on the possibility that Rγ and RγZ could differ substantially,

a possibility we have shown cannot apply at twist four. We now compare the MIT Bag

Model estimate of R1(HT) to the CSV correction, R1(CSV). To that end, we follow the

parameterization of CSV effects utilized in Ref. [21]:

up = u+
δu

2

dp = d+
δd

2
(75)

un = d− δd

2

dn = u− δu

2
.

(76)

In terms of the δu and δd one has

R1(CSV) =

[
1

2

(
2C1u + C1d

2C1u − C1d

)
− 3

10

](
δu− δd

u+ d

)
. (77)

The δu and δd have been constrained by structure function data utilizing the ansatz

δu− δd = 2κf(x)

f(x) = x−1/2(1− x)4(x− 0.0909) , (78)

with κ lying in the range −0.8 ≤ κ ≤ +0.65. Detailed phenomenological and theoretical

analyses of CSV effects can be found in Refs.[21, 40, 41]. In Fig. 2, we show the relative

magnitudes of R1(HT) and R1(CSV) for a representative value of Q2 = 6 GeV2 and κ

given by the extremes of the allowed range. We observe that the Bag Model higher twist

correction is considerably smaller than the possible range for CSV effects. To the extent that
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2 in

the MIT Bag Model. The curves from the bottom to top correspond to the values Q
2 = 4, 6, 8, 10, 12

GeV2 respectively.

deuterium asymmetry as a probe of CSV and/or new physics. In terms of the former, it has

recently been suggested that HT contributions to the Y1 term in the deuterium asymmetry

may be too large and too theoretically uncertain to utilize this term as a probe of CSV [21].

These suggestions were based on the possibility that R� and R�Z could di↵er substantially.

We have shown that at finite Q2 where a twist expansion is still valid, such a possibility

cannot apply at twist four since R� = R�Z at this order in the twist expansion, up to

perturbative corrections. We now compare the MIT Bag Model estimate of R1(HT) to

the CSV correction, R1(CSV). To that end, we follow the parameterization of CSV e↵ects

utilized in Ref. [21]:

up = u +
�u

2

dp = d +
�d

2
(73)

un = d �
�d

2

dn = u �
�u

2
.

(74)
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In terms of the �u and �d one has

R1(CSV) =


1

2

✓
2C1u + C1d

2C1u � C1d

◆
�

3

10

�✓
�u � �d

u + d

◆
. (75)

The �u and �d have been constrained by structure function data utilizing the ansatz

�u � �d = 2f(x)

f(x) = x�1/2(1 � x)4(x � 0.0909) , (76)

with  lying in the range �0.8    +0.65. Detailed phenomenological and theoretical

analyses of CSV e↵ects can be found in Refs.[21, 41, 42]. In Fig. 2, we show the relative

magnitudes of R1(HT) and R1(CSV) for a representative value of Q2 = 6 GeV2 and 

given by the extremes of the allowed range. We observe that the Bag Model higher twist

correction is considerably smaller than the possible range for CSV e↵ects. To the extent that

the Bag Model provides a realistic guide for the magnitude of R1(HT), a series of precise

measurements of the leading term in the asymmetry could provide a powerful probe of CSV

e↵ects.

The implications for probing new physics via R1(new) are less clear. To be concrete, we

follow Ref. [43] and consider new parity-violating contact interactions

Lnew =
4⇡2

⇤2
ē�µ�5e

X

f

hf
V f̄�µf , (77)

where ⇤ is the mass scale associated with the new physics, 2 gives the overall coupling

strength, and the hf
V are the specific vector current couplings to each fermion f . Retaining

only contributions from up- and down-quarks, we obtain the corresponding contribution to

the correction R1(new):

R1(new) =

✓
�16⇡2

3

◆ ⇣ v

⇤

⌘2
✓

2hu
V � hd

V

1 � 20 sin2 ✓W/9

◆
, (78)

where we have expressed the Fermi constant in terms of the Higgs vaccum expectation value

v = 246 GeV.

A given scenario for new physics will determine the specific values of , ⇤, and the hf
V .

For example, E6 grand unified models contain additional U(1) gauge groups that may lead

to the existence of a TeV-scale Z 0 boson. To illustrate the sensitivity of the Y1-term to

this scenario, we consider a particular pattern of symmetry-breaking that gives rise to a

low-mass Z� boson. In this case, the correction R1(new) arises from tree-level exchange of

the Z�. In terms of the parameters appearing in Eqs. (77,78) one has 2 = 2.2↵, ⇤ = M�,

hu
V = 0, and hd

V = �1/20. For M� = 1 TeV, we obtain R1(new) = 1.85 ⇥ 10�3 independent

of Q2. Comparing with Figures 1 and 2, we observe that the scale of this correction is

commensurate with that of R1(HT) in the MIT Bag Model and well below the allowed

• Parameterization of CSV effects:

• Phenomenological model of CSV effects:

    
[Hobbs,Melnitchouk]



CSV vs Higher Twist

• These estimates indicate that HT effects may be small compared to CSV effects.
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FIG. 2: The relative magnitudes of R1(HT ) and R1(CSV ) as a function of the Bjorken-x variable
for a representative value of Q2 = 6 GeV2. using δu−δd = 2κf(x) where f(x) = x−1/2(1−x)4(x−
0.0909) for κ = −0.8. The top curve and bottom curves give R1(CSV ) for the choices κ = −0.8
and κ = 0.65 respectively in Eqs.(77) and (78). The middle curve is the MIT Bag Model estimate
for R1(HT ).

VI. CONCLUSIONS

Parity-violating electron scattering has become a powerful tool for probing both novel

aspects of hadronic and nuclear structure as well as possible indirect signatures of physics

beyond the Standard Model. Its efficacy depends on both significant experimental advances

in controlling systematic uncertainties and attaining high statistics as well as on substantial

developments in the theoretical interpretation of the parity-violating asymmetries. PVDIS

represents a prime example of this synergy between experiment and theory. The first mea-

surements of the deep inelastic asymmetry for a deuterium target relied on the simplest

parton-level description of hadrons, yet the result with a 17% experimental uncertainty (for

the two highest energy points) was sufficient to single out the Standard Model descrip-

tion of the weak neutral current interaction from other alternatives. Today, one anticipates

lower-energy measurements at Jefferson Lab with experimental errors below one percent for

individual kinematic points, making for O(0.5%) combined uncertainties on quantities of

interest. The challenge for theory is to provide a framework for interpreting such precise

results.

In this study, we have attempted to do so for the leading term in the deuterium asymme-

try. In principle, it can be kinematically separated from the subleading term (suppressed by

recently in Ref. [43], though the analysis applied to the asymmetry as a whole and not the Y1 term alone.

After taking into considerations constraints from other electroweak precision observables and direct search

limits, corrections of up to 1.5% on the asymmetry are currently allowed in supersymmetric models.

Bag model estimate 
of higher twist

    
[SM, Ramsey-Musolf, Sacco ]
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Note that in BSM physics extensions, the couplings may
no longer be expressed as products of electron and quark
couplings.

Using 120 days of 50 µA electron beam with 85%
polarization incident on a 40-cm long liquid deuterium
target, we can measure the PVDIS asymmetry to sub-
percent-level precision within a wide (x,Q2) range, see
Fig. 11. The dominant uncertainties will be from exper-
imental systematics including beam polarimetry (0.4%)
and Q

2 determination (0.2%), assumed to be fully cor-
related among all bins, and radiative corrections (0.2%)
and event reconstruction (0.2%), assumed to be fully un-
correlated in the present projection study. The treatment
of both radiative corrections and event reconstruction as
uncorrelated is a simplifying assumption and will be stud-
ied in full in the actual data analysis.
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FIG. 11. Illustration of PVDIS asymmetry on a deuteron
target in ppm on the (x,Q2) plane. The data are divided into
evenly spaced grid with the bin number shown. The expected
statistical uncertainty is less than 1% in most of the bins.

Fitting projected APV data using the function:

A
data

PV
= A

SM

PV,(d)

✓
1 +

�HT

(1 � x)3Q2
+ �CSVx

2

◆
, (22)

where A
SM

PV,(d)
is expressed in terms of sin2 ✓W and ac-

counting for all correlated and uncorrelated systematic
e↵ects, we arrive at the uncertainty projection shown in
Fig. 12. In Eq. (22), the use of the two � parameters is
to account for possible hadronic e↵ects, to be discussed
in Section IVB.

The SoLID deuteron PVDIS measurement, along with
the upcoming MOLLER [55] at JLab and the P2 exper-
iment [56] at the MESA facility in Mainz, will provide
three new cornerstone measurements of the weak mixing
angle sin2 ✓W in the low to intermediate energy region.
Regarding relevant BSM physics, one possible extension
is for a dark boson (Zd) that would induce an apparent
deviation of sin2 ✓W from the SM prediction at low Q

2.
In this scenario, a comparison of all three experiments
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FIG. 12. Experimental determination of the weak mixing
angle sin2

✓W . Data points for Tevatron and LHC are shifted
horizontally for clarity.

will help to determine the mass of the Zd. Here, SoLID
PVDIS is unique in that its Q2 range will help to distin-
guish between Zd of light masses 50� 200 MeV [57] and
those of intermediate masses (10-35) GeV [58]. Another
possible extension involves a heavy dark photon [59],
whose parameter space can be constrained by PVES,
Atomic PV, and the recent results on theW mass [60, 61].

Furthermore, to fully explore BSM physics, one must
study as many individual components of lepton-lepton
or lepton-quark interactions as precisely as possible, in
addition to the weak mixing angle. The upcoming
MOLLER, P2, and the SoLID PVDIS deuteron measure-
ments will provide precision measurements of the low-
energy e↵ective couplings g

ee

V A
, g

eq

V A
, and g

eq

AV
, respec-

tively. For PVDIS, we do so by expressing A
SM

PV,(d)
in

Eq. (22) as functions of the electron-quark e↵ective cou-
plings and perform a simultaneous fit of the combinations
(2geu

AV
� g

ed

AV
) and (2geu

V A
� g

ed

V A
), shown as the cyan-

colored ellipse in Fig. 13. The PVDIS projection can be
further combined with that from P2 to provide a global
fit, represented by the magenta-colored ellipse. Due to
the small value of geq

V A
’s in the SM, they could be particu-

larly sensitive to BSM physics. One model that the geq
V A

’s
are sensitive to involves the leptophobic Z

0s [62], corre-
sponding to additional neutral gauge bosons (Z 0) with
negligible couplings to leptons, and thus would cause only
sizable axial couplings to quarks while leaving the g

eq

AV

una↵ected.
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FIG. 11. Illustration of PVDIS asymmetry on a deuteron
target in ppm on the (x,Q2) plane. The data are divided into
evenly spaced grid with the bin number shown. The expected
statistical uncertainty is less than 1% in most of the bins.
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e↵ects, we arrive at the uncertainty projection shown in
Fig. 12. In Eq. (22), the use of the two � parameters is
to account for possible hadronic e↵ects, to be discussed
in Section IVB.
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will help to determine the mass of the Zd. Here, SoLID
PVDIS is unique in that its Q2 range will help to distin-
guish between Zd of light masses 50� 200 MeV [57] and
those of intermediate masses (10-35) GeV [58]. Another
possible extension involves a heavy dark photon [59],
whose parameter space can be constrained by PVES,
Atomic PV, and the recent results on theW mass [60, 61].

Furthermore, to fully explore BSM physics, one must
study as many individual components of lepton-lepton
or lepton-quark interactions as precisely as possible, in
addition to the weak mixing angle. The upcoming
MOLLER, P2, and the SoLID PVDIS deuteron measure-
ments will provide precision measurements of the low-
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fit, represented by the magenta-colored ellipse. Due to
the small value of geq
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’s in the SM, they could be particu-

larly sensitive to BSM physics. One model that the geq
V A
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are sensitive to involves the leptophobic Z
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sponding to additional neutral gauge bosons (Z 0) with
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FIG. 11. Illustration of PVDIS asymmetry on a deuteron
target in ppm on the (x,Q2) plane. The data are divided into
evenly spaced grid with the bin number shown. The expected
statistical uncertainty is less than 1% in most of the bins.
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counting for all correlated and uncorrelated systematic
e↵ects, we arrive at the uncertainty projection shown in
Fig. 12. In Eq. (22), the use of the two � parameters is
to account for possible hadronic e↵ects, to be discussed
in Section IVB.
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will help to determine the mass of the Zd. Here, SoLID
PVDIS is unique in that its Q2 range will help to distin-
guish between Zd of light masses 50� 200 MeV [57] and
those of intermediate masses (10-35) GeV [58]. Another
possible extension involves a heavy dark photon [59],
whose parameter space can be constrained by PVES,
Atomic PV, and the recent results on theW mass [60, 61].

Furthermore, to fully explore BSM physics, one must
study as many individual components of lepton-lepton
or lepton-quark interactions as precisely as possible, in
addition to the weak mixing angle. The upcoming
MOLLER, P2, and the SoLID PVDIS deuteron measure-
ments will provide precision measurements of the low-
energy e↵ective couplings g
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, g

eq

V A
, and g
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, respec-

tively. For PVDIS, we do so by expressing A
SM

PV,(d)
in

Eq. (22) as functions of the electron-quark e↵ective cou-
plings and perform a simultaneous fit of the combinations
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), shown as the cyan-

colored ellipse in Fig. 13. The PVDIS projection can be
further combined with that from P2 to provide a global
fit, represented by the magenta-colored ellipse. Due to
the small value of geq

V A
’s in the SM, they could be particu-

larly sensitive to BSM physics. One model that the geq
V A

’s
are sensitive to involves the leptophobic Z

0s [62], corre-
sponding to additional neutral gauge bosons (Z 0) with
negligible couplings to leptons, and thus would cause only
sizable axial couplings to quarks while leaving the g

eq

AV

una↵ected.

SoLID Projection Analysis  Extractionsin2 θW
arXiv:2209.13357, SoLID White Paper



    

[Emmert, Nycz, Zheng]

Uncertainty Contributions to APV

Statistical uncertainty

dAstat

PV
=

1

Pe

p
nb

= �stat,b

with Pe = 0.8 and bin event count nb computed from rates for 120
days of run time

Experimental systematic uncertainties

Source Relative Uncertainty dA/A
Beam polarization 0.4%
Q2 determination 0.2%

Event reconstruction 0.2%
Radiative correction 0.2%

Completely correlated (�corr/A = 0.45%)
Uncorrelated (�uncorr/A = 0.28%)

9
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FIG. 11. Projected results for sin2
✓W using ep (top, solid magenta markers) and eD (bottom, solid cyan markers) collision

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)

Extraction of the Weak Mixing Angle

    

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

• SoLID can extract the weak mixing angle with higher precision than the EIC.
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which provides a direct access to d/u without any nuclear
physics e↵ects. In this way, SoLID is complementary to

FIG. 14. Projected results on the PDF ratio d/u from the
PVDIS proton measurement (red points) compared with the
current world fits from a number of PDF groups and their un-
certainties. The error bars of the SoLID projection indicate
the uncertainty in the extracted d/u from statistical uncer-
tainties, while uncorrelated systematic uncertainties are neg-
ligible. The two horizontal shaded bands show the uncertainty
in d/u due to omitting sea quarks in Eq. (25) (model uncer-
tainty, orange-colored band), and from correlated systematic
uncertainties (dark grey band). Projections on MARATHON
and CLAS12 BoNuS are from their respective experimental
proposals [72, 73].

the recent MARATHON experiment at low Q
2 as well

as W production data from Fermilab at high Q
2 [74].

The MARATHON data have been interpreted in di↵erent
ways [75–77], highlighting the importance of the PVDIS
proton measurement that will provide information both
directly on d/u and on nuclear physics models relevant
for future inclusive scattering measurement involving the
deuteron or heavier nuclear targets. Using 90 days of
50 µA electron beam with 85% polarization incident on
a 40-cm long liquid hydrogen target, the projection on
d/u is shown in Fig. 14.

SoLID in its PVDIS configuration can be used to study
more hadronic physics topics. For example, data on PV
asymmetry for nucleon resonances will be collected simul-
taneously with PVDIS running. Resonance APV data
will help to test how well we model the nucleon, explore
quark-hadron duality in the electroweak sector, and help
constrain inputs for radiative corrections of PVDIS. Mea-
surements of the beam-normal single-spin asymmetry An

provides information on two-photon-exchange physics,
see Section VIID.

C. Flavor dependence of the EMC e↵ect

Just as PVDIS can be used to study the d/u ratio in
the valence quark region when measured for the proton,

it can also be used to study the flavor structure of PDFs
if a nuclear target is used. For an isoscalar target with
mass number A, where charge symmetry provides the
expectation uA(x) = dA(x), the PVDIS asymmetry is
independent of the EMC e↵ect as long as all PDFs are
modified in the same way. In an isoscalar nucleus such
a deuteron or 40Ca, it can be used to look for charge-
symmetry violation, although the expectation is that this
would yield a small e↵ect (as discussed in section IVB):
While the EMC e↵ect modifies the PDFs in these nu-
clei, it is assumed that the modification of the up- and
down-quarks is identical, and as such, will cancel exactly
in the ratio of F �Z

1
/F

�

1
and F

�Z

3
/F

�

1
, making the asym-

metry completely insensitive to the conventional (flavor-
independent) EMC e↵ect.

If the EMC e↵ect yields di↵erent nuclear modification
for the up-quark and down-quark PDFs, this modifies
APV making it sensitive to the flavor dependence of the
EMC e↵ect. In non-isoscalar nuclei, the flavor depen-
dence that arises from the di↵erence in Fermi smearing
for protons and neutrons is expected to be extremely
small, except for x > 0.7-0.8, as conventional smear-
ing and binding e↵ects are a small part of the EMC
e↵ect [78, 79]. Over the past decade there have been
several indications that the EMC e↵ect may have a sig-
nificant flavor dependence in non-isoscalar nuclei, as seen
in calculations of the EMC e↵ect using di↵erent cou-
pling for up- and down-quarks to the QCD scalar and
vector potentials [80], and PDF analyses [81, 82] which
explains the tension between neutrino charged-current
scattering and DIS plus Drell-Yan data by allowing for
a flavor-dependent EMC e↵ect. In addition, a range of
models [83] inspired by the observed correlation between
the EMC e↵ect and short-range correlations [84, 85] also
predict a flavor dependence of the EMC e↵ect associ-
ated with the isospin structure of short-distance or high-
momentum pairs of nucleons. In all cases, these models,
calculations, and fits predict an increase in the EMC ef-
fect for protons inside of neutron-rich nuclei.

An experiment has been conditionally approved by
JLab PAC50 [9] to measure PVDIS on 48Ca. The exper-
iment, called PVEMC, uses the exact same configuration
as the PVDIS measurements on hydrogen and deuterium,
except with a 2.4-g/cm2 48Ca target. The 48Ca was cho-
sen to provide a nucleus with a significant EMC e↵ect
and a large neutron excess, while avoiding very high-Z
material which would yield significantly more radiation
for the same target thickness. The kinematic coverage
is similar to that shown in Fig. 11, though the data will
be binned only in x and with a statistical precision at
about 1% or less within each x bin accumulated with 68
days of data taking. The experimental systematic uncer-
tainties are expected to be also similar to the deuteron
measurement.

From the measured APV , we can extract the dominant
a1 contribution (Eq. 11) which is sensitive to the d/u

ratio of the nuclear structure function. This sensitivity
is clear if one evaluates a1 under the assumption that only

Ap
RL =

3GFQ2

2 2πα

(2C1u − d /u C1d) + Y (2C2u − d /u C2d)
4 + d /u
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on the strangeness content of the nucleon (see e.g. G0
experiment [47, 48]), the excess of the neutron distri-
bution in heavy nuclei and its connection to neutron
star physics [49], and determination of the proton weak
charge [50, 51] as a test of the SM [52]. Furthermore,
through measurement of ARL in DIS, a measurement
of the e↵ective electron-quark neutral current couplings
g
eq

V A
[53, 54] was completed that improved the precision

of SLAC E122 by an order of magnitude.
In the DIS region, the asymmetry can be written as

APV = �
GFQ

2

4
p
2⇡↵

[a1 + a3Y ] , (11)

where GF = 1.166 ⇥ 10�5 GeV�2 is the Fermi constant,
↵ is the fine structure constant, and

a1(x) = 2ge
A

F
�Z

1

F
�

1

, a3(x) = g
e

V

F
�Z

3

F
�

1

. (12)

The structure functions F �,�Z

1,3
can be written in the par-

ton model in terms of PDFs qi(x,Q2) and q̄i(x,Q2) of
the target:

F
�

1
(x,Q2) =

1

2

X
Q

2

qi

⇥
qi(x,Q

2) + q̄i(x,Q
2)
⇤
, (13)

F
�Z

1
(x,Q2) =

X
Qqig

i

V

⇥
q(x,Q2) + q̄i(x,Q

2)
⇤
, (14)

F
�Z

3
(x,Q2) = 2

X
Qqig

i

A

⇥
qi(x,Q

2) � q̄i(x,Q
2)
⇤
.(15)

Here, Qqi denotes the quark’s electric charge and the
summation is over the quark flavors i = u, d, s · · · . The
g
e,i

V,A
are the vector and axial coupling of the electron

or quark of flavor i, and in the SM are determined by
the weak mixing angle, and the electric and weak hy-
percharge of the particle. The variable Y is a kinematic
factor given approximately by

Y =
1 � (1 � y)2

1 + (1 � y)2
. (16)

Detailed expressions of Y that include target-mass e↵ect
and the longitudinal structure function FL can be found
in Ref. [54].

Equation (11) shows that by measuring the PVDIS
asymmetry on the proton or nuclei, di↵erent physics top-
ics can be explored. The PVDIS program of SoLID
includes three components: the PVDIS deuteron pro-
gram that is aimed at the precision determination of
electroweak parameters and a search for Beyond-the-
Standard Model (BSM) physics; the PVDIS proton pro-
gram that will provide the PDF ratio d/u in the valence
quark region free of nuclear model dependence; and the
PVEMC program that will study isospin dependence of
the EMC e↵ect by the use of neutron-rich isotopes. With
SoLID fully exploring the high luminosity potential of
CEBAF, we expect to improve the precision of PVDIS
measurement by a factor of ten compared with 6 GeV.

A. PVDIS Deuteron Measurement

1. SoLID as a EW/BSM Facility

The SM is a theoretical framework that explains
successfully nearly all existing phenomena of particle
physics. On the other hand, it is often referred to as
an e↵ective theory at the electroweak scale, and believed
to be only part of a theory that would ultimately en-
compass all three (or four) interactions of nature. Given
that current evidence of new physics, such as dark matter
and neutrino mass, allows many possibilities to extend
the SM to higher energy scales, it is imperative that we
carry out as many high-precision measurements as pos-
sible to test the SM and to shed light on where BSM
physics might occur.
The high intensity beam of CEBAF provides a unique

opportunity for SM and BSM study. The reach of ex-
periments that search for BSM physics, if focused on
new heavy particles, can be approximately characterized
by the product s

p
L where L is the luminosity and s

is the center-of-mass energy of the lepton-nucleon scat-
tering process. Even with the electron ion collider (EIC)
coming online in the near future, the BSM reach of fixed-
target experiments at JLab is still at least one order of
magnitude higher than the EIC if the intensity of CE-
BAF’s 11 GeV beam is matched by the use of a large
acceptance spectrometer, placing SoLID at a unique po-
sition to provide an impact on the landscape of EW/BSM
physics study for the next decade(s).

2. Determination of EW Parameters

To access EW paramters, we measure the PVDIS
asymmetry on a deuteron target, for which the SM ex-
pression simplifies to:

A
SM

PV,(d)
=

3GFQ
2

10
p
2⇡↵

⇥
(2geu

AV
� g

ed

AV
) +RV Y (2geu

V A
� g

ed

V A
)
⇤
,

(17)

where RV (x) ⌘ (uV + dV )/(u+ + d
+) with q

+
⌘ q(x) +

q̄(x) and qV ⌘ q(x)� q̄(x). Using the appropriate electric
charge and the weak isospin of quarks, they are related
to the weak mixing angle ✓W . We define the low energy
electron-quark e↵ective couplings, given in the SM at the
tree level as:

g
eu

AV
= 2ge

A
g
u

V
= �

1

2
+

4

3
sin2 ✓W , (18)

g
eu

V A
= 2ge

V
g
u

A
= �

1

2
+ 2 sin2 ✓W , (19)

g
ed

AV
= 2ge

A
g
d

V
=

1

2
�

2

3
sin2 ✓W , (20)

g
eu

V A
= 2ge

V
g
d

A
=

1

2
� 2 sin2 ✓W . (21)

Extraction of d/u Ratio from PVDIS on 

• PVDIS asymmetry with a proton target (ignoring sea quarks): 

• The PVDIS asymmetry allows for an extraction of proton PDF ratio  in the valence quark 
region, free of nuclear effects.

d /u

• Typically  is extracted from a comparison of fully inclusive DIS on proton vs deuteron 
targets. However, nuclear effects in the deuteron need to be modeled well to extract .

d /u
d /u

• Other complementary experiments (BoNuS, MARATHON) use different nuclear targets to 
extract .d /u


