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Semi-Leptonic and Leptonic Weak Neutral Currents 
at Q2 ≪ MZ2 
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Neutrino Scattering
Weak-Electromagnetic      

Interference with Electrons

•opposite parity transitions in heavy atoms
•Spin-dependent electron scattering

f2 f2

l1 l1
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(gAegVT +β gVegAT)
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APV ~ 10
−5 ⋅Q2 to

 gV’s are functions of sin2θW

Parity-violating  Electron Scattering (PVES)

Specific choices of  kinematics and target nuclei probe different physics: 

• Mid-70s to late-80’s: goal was to show sin2θW was the same as in neutrino scattering 
• Early 90’s to 2020’s: target couplings probe novel aspects of hadron structure  

 strange quark form factors, neutron RMS radius of heavy nuclei 
• Since late 90’s: precision measurements with carefully chosen kinematics can probe 
physics at the multi-TeV scale via ultra-precise  sin2θW measurements

Weak Charge QW
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Four Decades of  PVES
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photocathodes, polarimetry, high power cryotargets, nanometer beam stability, 
precision beam diagnostics, low noise electronics, radiation hard detectors

•Beyond Standard Model Searches
•Strange quark form factors
•Neutron skin of a heavy nucleus
•QCD structure of the nucleon

SLAC
MIT-Bates

Mainz
Jefferson Lab

Parity-violating electron scattering has 
become a precision tool 

Continuous interplay between probing hadron structure and electroweak physics

• sub-part per billion statistical 
reach and systematic control 
• sub-1% normalization control

State-of-the-art:



The SLAC E158 
Experiment
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PV Electron-Electron (Møller) Sca3ering
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SLAC E158: First Measurement of the Electron’s Weak Charge

electron target:

QW = 1− 4 sin2 θW

Tiny!

€ 

APV ≈ 8 ×10
−8Ebeam (1− 4sin

2ϑW )

1

Λ2
L6+

LH2
4-7 mrad

45 & 48 GeV Beam
85% longitudinal polarization

End Station A at SLAC SLAC E158: 1997-2004

∣∣∣Aγ + AZ + Anew

∣∣∣
2
→ A2

γ

[
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(
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Aγ

)
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(
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Aγ

)]

�(QW )

QW
⇠ 10% =) �(sin2 ✓W )

sin2 ✓W
⇠ 0.5%

A rare opportunity: a well-understood EW process below the scale of electroweak symmetry breaking that is purely leptonic

APV ~ 200 
parts per 
billion 

Q2 = 2meEbeam
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SLAC End Station A
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Circa 2000’s

Stanford Linear Accelerator Center

Two Important Theory 
Papers launched E158
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SLAC E158
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~ 10 ppb statistical error at highest Ebeam, ~ 0.5% error on weak mixing angle

A large number of 
technical challenges

Goal: error small enough to probe TeV scale physics

1997-2004

APV =  (-131 ± 14 ± 10) x 10-9

Phys. Rev. Lett. 95 081601 (2005)
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Tree-level prediction: ~ 250 ppb

E158 Implica<ons
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Tree-level prediction: ~ 250 ppb

E158 Implica<ons
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Phys. Rev. Lett. 95 081601 (2005)

APV =  (-131 ± 14 ± 10) x 10-9

Final E158 Result
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Tree-level prediction: ~ 250 ppb

E158 Implica<ons
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Phys. Rev. Lett. 95 081601 (2005)

APV =  (-131 ± 14 ± 10) x 10-9

Final E158 Result

Czarnecki and Marciano (1995)
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sin2θw

Tree-level prediction: ~ 250 ppb

E158 Implica<ons
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Phys. Rev. Lett. 95 081601 (2005)

APV =  (-131 ± 14 ± 10) x 10-9

Final E158 Result

Czarnecki and Marciano (1995)

some theory extrapolation 
error
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Tree-level prediction: ~ 250 ppb

E158 Implica<ons
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Phys. Rev. Lett. 95 081601 (2005)

APV =  (-131 ± 14 ± 10) x 10-9

Final E158 Result

Czarnecki and Marciano (1995)
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Tree-level prediction: ~ 250 ppb

E158 Implica<ons
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Tree-level prediction: ~ 250 ppb

E158 Implica<ons
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Tree-level prediction: ~ 250 ppb

E158 Implica<ons
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Phys. Rev. Lett. 95 081601 (2005)
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Final E158 Result
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Vol 435 26 May 2005
NEWS AND VIEWS
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Neutral Current “Bookkeeping”
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Thumb Rule: Weak mixing angle must be measured to sub-0.5% precision

MOLLER: improve QW(e) by a factor of 5

JLab Measurements

Only e-e measurement: 
SLAC E158

Czarnecki and Marciano (1995)

Erler and Ramsey-Musolf  (2004) 
Erler and Ferro-Hernandez (2018)

Electroweak Radiative Corrections 
causes weak mixing angle to “run”

✦ Atomic Parity Violation: Cs-133 
✦ future measurements challenging, theory improving 
✦ Neutrino Scattering: NuTeV 
✦ future measurements and theory challenging 
✦ PV Møller Scattering: E158 at SLAC 
✦ statistics limited, theory robust 
✦ next generation: MOLLER (factor of  5 better) 
✦ PV elastic e-p scattering: Qweak 
✦ theory robust at low beam energy 
✦ next generation: P2 (factor of  3 better) 
✦ PV Deep Inelastic Scattering: PVDIS 
✦ theory robust for 2H in valence quark region 
✦ factor of  5 improvement: SOLID

Electron scattering weak charge measurement   
—> weak vector coupling of the target contituents    
—> weak mixing angle extraction
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Weak Neutral Current (WNC) Couplings
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A

V

V
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LPV =
GF√
2
[eγµγ5e(C1uuγµu+ C1ddγµd)

+eγµe(C2uuγµγ5u+ C2ddγµγ5d)]

C1q ∝ (geqRR)
2 + (geqRL)

2 − (geqLR)
2 − (geqLL)

2 PV elastic e-N scattering, 
Atomic parity violation

Lf1f2 =

�

i,j=L,R

(g12i j )
2

Λ2
ij

f̄1iγµf1if̄2jγµf2j

+
new physics

C2q ∝ (geqRR)
2 − (geqRL)

2 + (geqLR)
2 − (geqLL)

2 PV deep inelastic scattering

+Cee(e�
µ�5ee�µe)

Cee / (geeRR)
2 � (geeLL)

2 PV Møller scattering

e-

N X

e-

Z* γ*

QW = 1− 4 sin2 θW
Z*

P2 1H and 12C

E158 and MOLLER



The MOLLER 
Experiment
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The MOLLER Sensitivity
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New  
Physics+

δ(sin2θW) = ± 0.00023 (stat.) ± 0.00012 (syst.)
~ 0.1%

δ(QeW) = ± 2.1 % (stat.) ± 1.1 % (syst.) 

δ(APV) ~ 0.8 ppbAPV ~ 32 ppb
11  GeV, 65 μA 90% beam polarization

MOLLER is the only probe of new purely leptonic 6-dimensional 
operators with reach beyond LEP-200 until the next linear collider

LEP-200 insensitive

MOLLER Reach
LEP200

Simultaneous 
fits to cross-
sections and 

angular 
distributions

95% 
C.L. 
Limits

Conventional Collider Contact Interaction Analysis: 

A new experiment to measure parity-violating 
Møller scattering at Jefferson Lab
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MOLLER Experiment
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Hall A 
Installation  
Overview

Engineering Design and major acquisitions complete and construction ongoing

09/29/22 Devi L. Adhikari 1

LAM Single Module

Target 
Chamber

Collimator 1 & 2

Upstream 
Torus

Downstream 
Torus Drift Region

Tracking 
Chambers

Main 
Detectors

Showermax

Pion 
Detectors

LAMs

SAMs
Downstream 

Scanners
Upstream 
Scanner

Beam

• ~ 50M$ MIE by US DOE NP 
• ~ 12M$: US NSF and Canada 
CFI/Research Manitoba 
• CD-1 granted in Dec 2020 
• CD-2/3 granted May 2024  
• Construction: 2024-25 
• Installation 2025-2026 
• Commissioning: Early 2027 
• Physics thru 2029 and beyond

Polarized 
e-Source Hall A
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MOLLER Under Construction!
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3D Printed Model of Apparatus

Tungsten      collimators

Conical detector pipe

Clamped sub-coil

Bellows between spectrometer 
can and drift pipe

Downstream spectrometer 
top hat

Completed Subcoils

Subsoil 4’s
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MOLLER: Key Numbers
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δ(sin2θW) = ± 0.00023 (stat.) ± 0.00012 (syst.)

Uncertainty budget for APV

Outcome of this Workshop: 
What efforts and collaborations are required to maximize 

MOLLER physics output?

•2027: First physics running 
•2028: Publish number matching E158 
•2030: Accumulate statistics for 
ultimate precision

Ongoing work:  Looking forward to upcoming talks 
NNLO EW Corrections: Lisong Chen
McMule Framework: Sophie Kollatzsch et al.

Møller APV Theory Uncertainty
 Running: well under controlsin2 θW Erler and Ferro-Hernandez (2018)

~ 0.2%

However, shift if using Lattice for HVP: 
Erler, Ferro-Hernandez & Kuberski (2024)

~ 0.5%

Current overall uncertainty with leading 2-loop:
Du, Freitas, Patel, Ramsey-Musolf (2021)
Erler, Ferro-Hernandez & Freitas (2022)

~ 0.4%



MOLLER Auxilliary 
Topics
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MOLLER Spectrometer
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Acceptance defining 
collimator 1 & 2

Møller scatters from 5 <  < 20 
mrad

𝜃𝑙𝑎𝑏

map E-θ correlation for ee scattering to detector

5 toroidal coils of varying strength and shape

radial field component focuses the 
smaller angles and stretches the 
larger angles over the azimuth

inelastic

ep elastic

Møller 
elastic 
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Capturing the Scattered Flux
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Wide variation in flux intensity and weights of different 
scattering processes: 1) e-e, 2) elastic e-p, 3) inelastic e-p

Both radial and azimuthal segmentation 
in scattered flux measurements required 

Heat map on transverse plane 26.5 m from target center 1/7 of the azimuth showing tiling segmentation
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Beam Normal Single Spin Asymmetry
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ECOM = 53 MeV

identical particles!

Møller Scattering: Dixon and Schreiber (2004)

Bn must vanish at 90 degrees in the COM for Møller scattering

Interference between one- and 
two-photon exchange  electron beam polarized 

transverse to beam direction

Measured at E158

Theory References:
     1.  A. O. Barut and C. Fronsdal, (1960)
     2.  L. L. DeRaad, Jr. and Y. J. Ng (1975)
     3.  Lance Dixon and Marc Schreiber:hep/ph-0402221

For identical particles: magnitude 
of asymmetry must be odd around 
90 degrees in the center of mass

Potential systematic error in APV.  
Suppressed by 
- small transverse polarization
- azimuthal acceptance symmetry 
- acceptance symmetry in c.m.s. 
polar angle

E’ (GeV)
115.52.75 8.25

A T
 (p

pm
)

Because the B-field lines have a heptagon shape rather than a circle, 
charged particles undergo “azimuthal defocusing” i.e.             
azimuthal distribution becomes momentum-dependent!

Sometimes called the Transverse Asymmetry AT
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MOLLER Early Run Strategy
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The MOLLER Experiment p. 20

Figure 16: Simulated, cross-section weighted, Møller
and ep electron rates.

Figure 17: Superimposed azimuthal and radial bins
(detector locations) in one toriodal sector (indicated
by the dotted black line).

main Møller scattering asymmetry as well as the background asymmetries that result from elastic and in-
elastic scattering of electrons from the target protons, as shown in Fig. 15. A discussion of this optimization
can be found in Sec. 4.5. Each azimuthal sector defined by one of the toroids is further divided into 4
sub-sectors, so that there are 28 total azimuthal channels at each radial bin. The exception to this is the
Møller radial bin, which is further divided into 3 additional bins, resulting in a total of 84 channels. This
arrangement is illustrated in Fig. 17. Additionally, a “shower-max” quartz/tungsten sandwich detector will
provide a second independent measurement of the flux in the main Møller “peak”. This detector will be less
sensitive to soft photon and charged hadron backgrounds.

In the current design, the quartz active volume of each detector is connected to a PMT by an air-core
light guide. This is done to remove all PMTs from the envelope of scattered electrons and backgrounds
as much as possible while, at the same time, reducing sensitivity to background (the latter resulting in the
choice for the air-core, rather than a solid material). The integrated response of the PMT to the collected
light yield is then the experiment’s measure of the scattered electron flux [50]. Photoelectrons (defined as
electrons created at the PMT cathode, due to incident light) represent the actually collected signal, as a result
of the light created by each event in the active material (quartz) and all noise properties of the detectors are
determined by the average and root-mean-square (RMS) of the photoelectron count distribution for single
detector events!

The total number of photoelectrons depends on the amount of light, due to a single electron event in the
quartz, that is actually incident on the cathode, and the quantum efficiency of the cathode. After emission
of the Ĉerenkov light from the quartz, the amount of light hitting the cathode is a strong function of the
diffractive and reflective properties of the interface between the quartz and the light guide and the light
guide surfaces, as well as the length of the light guide. The orientation of the light guide with respect to
the quartz and the shape of the light guide largely determine the number of reflections the Ĉerenkov light
undergoes, before hitting the PMT cathode. Each reflection reduces the probability for detection at the
cathode. The careful orientation of the entire detector assembly (quartz, light guide, and PMT) with respect
to the envelope of scattered electrons has the potential to reduce the accidental detection of events from the
light guide and reduce backgrounds.

The production of showers inside the quartz, suboptimal geometry, and poor light collection efficiency
typically lead to an increase in excess noise (because they produce additional variation in photoelectron
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laboratory scattering angle

expected grand average 
for the simulated 

experimental acceptance

50 ppb error on AT*Pb in 4 hours: 1 degree precision

simulated: ~1 hour at PT=100%
• set up for physics running 
• convert to vertical polarization 
• run a few hours to few days 
• extract Bn precision & accuracy 

much better than 0.5%

demonstrate complete 
understanding of apparatus: 
simultaneous test of beam 
polarization, radiative corrections, 
detector acceptance, backgrounds

Is Møller Bn theory good to 0.1% 
with Dixon/Schreiber work?

Also worth noting that we 
will measure Bn 

simultaneously for elastic 
and inelastic e-p scattering

Use the Beam Normal Asymmetry to Calibrate the Apparatus
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Extracting MOLLER Physics
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✦ Black: e-e scattering
✦ Red: elastic e-p scattering
✦ Green: inelastic e-p scattering
✦ Dark blue: elastic e-Al scattering
✦ Light blue: inelastic e-Al scattering
✦ Magenta: Al quasi-elastic scattering

R
at

e

0.6 0.7 0.8 0.9 1 1.1
r [m]

0

10

20

30

40

50

60

70

80

90

 [p
pb

]
iA if

Moller
ep elastic
ep inelastic
eAl elastic
eAl quasielastic
eAl inelastic

R1 R2 R3 R4 R5 R6
 E>1 MeV for open regionπ*Asym weighted Radial distributions e/if

R
at

e-
w

ei
gh

te
d

As
ym

m
et

ry

• 16 different tile asymmetries
• “Pre-subtract” Al and pion asymmetry contributions
• Simultaneous fit to 16 measurements with different 

contributions of e-e, e-p elastic, ep-inelastic
• Extract the “weak charge” for e-e, e-p elastic and 

inelastic e-p for 3 different W ranges

Inclusive 11 GeV electron scattering off hydrogen

Radial distributions 26.5 m downstream of the liquid hydrogen target
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PV Electron-Proton Inelastic Scattering
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Mock Fit Extraction with Monte Carlo Trial Data Fit Corrections for Ring-5 Tiles after Fit Extraction

first principles: using electroweak 
neutral current structure functions APV =

GF Q2

2
√

2πα

[
gA

F γZ
1

F γ
1

+ gV
f(y)

2
F γZ

3

F γ
1

]

At high Q2, one can use quark pdf’s and standard model couplings. At forward angles, the prediction is 
. However, for very low Q2, one needs a model as a function of W.APV /Q2 ∼ 8.5 × 10−5

€ 

APV =
GFQ

2

2πα
a(x) + f (y)b(x)[ ]

Deep inelastic scattering

Assumption: APV/Q2 ~ F(W) is constant in 3 W regions

MOLLER 
kinematics:

Ebeam = 11 GeV,  mrad, E’ = 3 to 8 GeV6 < θlab < 20
Q2 ~ 0.001 - 0.02 GeV2, W2 from 1 to 20 GeV2

Diffractive Regime 
(VMD or Pomeron Physics)
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Proton Weak Charge Box Diagram 
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Radiative corrections to the theoretical prediction of the weak charge of the proton

FγZ
1,2(Q

2, W2)
In 3 different 
kinematic regimes

Matsui et al, Gorshtein et al, AJM, CJ, 
compared to PVDIS measurements

DIS Region

There is no data on  in Region II!  MOLLER will make the first ever measurement!FγZ
1

• 	 Hall et al, Phys.Lett.B 731 (2014) 287-292, Phys.Lett.B 733 (2014)

AJM Model

M
O

LL
ER

P2
Q

w
ea

k

No data!!!!



Take Away Message
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Summary
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✦ Unique probe of  TeV-scale purely leptonic interactions: beyond LEP-200 

✦ There is also sensitivity to lepton number violation (doubly-charged scalar 
exchange) and to dark Z bosons (P2 is also sensitive)  

✦ If  the current schedule is maintained (US DOE funding for JLab must 
continue to be healthy), then we could publish an E158-level result by 
summer 2028, and reach our ultimate sensitivity by 2030 ( )  

✦ The STATISTICAL uncertainty is dominant;  uncertainty goal is better than 
current LHC pdf  uncertainty for weak mixing angle  

✦ From this workshop: 

±0.00023 ± 0.00012

★ Plan for MOLLER APV prediction at ~ 0.2%
★ Assistance in evaluating prediction for specific 

experimental acceptance/resolution
★ Take note of Bn: both precision Møller scattering and 

new information on e-p elastic and inelastic scattering


