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Anatomy of E122 at SLAC

7

C.Y. Prescott, et al.

! Beam helicity sequence is chosen pseudo-randomly 
• Helicity state, followed by its complement 
• Data analyzed as “pulse-pairs”

The first Parity-Violating Electron Scattering (PVES) Experiment
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Anatomy of E122 at SLAC
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• Beam Monitors to measure 
helicity-correlated changes in 
beam parameters

• High-power cryotarget 
30 cm long for high 
luminosity

The first Parity-Violating Electron Scattering (PVES) Experiment
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Anatomy of E122 at SLAC

7

C.Y. Prescott, et al.

• Magnetic spectrometer 
directs flux to background-
free region

• Flux Integration 
measures high rate 
without deadtime

The first Parity-Violating Electron Scattering (PVES) Experiment
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Modern Electroweak Physics

12

✦ Violation of Approximate (?) Symmetries 

★ Neutrinoless Double-Beta Decay, EDMs, CLFV,… 

✦ Direct Detection of Dark Matter 

✦ Measurements of Neutrino Masses and Mixing 

✦ Precise Measurements of SM observables

Physics down to a length scale of 10-19 m well understood but.....

Many questions still unanswered….
The High Energy Frontier: Collider Physics

The Cosmic Frontier: Particle, Nuclear and Gravitational Astrophysics

Intense beams, ultra-high precision, exotic nuclei, 
table-top experiments, rare processes....

A comprehensive search for clues requires, in addition:
The Intensity/Precision Frontier
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L = LSM +
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�
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1

�2
L6 + · · ·

higher dimensional operators 
can be systematically classified

Dark Sector

(coupling)-1

High Energy Dynamicscourtesy 
V. Cirigliano, 

H. Maruyama, 
M. Pospelov
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BSM Indirect Searches

13

Weak Neutral Current Interactions (WNC) at Q2 << MZ2

Λ (~TeV)

E

MW,Z  
(100 GeV)

Heavy Z’s, light (dark) Z’s, L-R models, compositeness, extra dimensions, SUSY…

L = LSM +
1

�
L5 +

1

�2
L6 + · · ·

higher dimensional operators 
can be systematically classified

Dark Sector

(coupling)-1

High Energy Dynamicscourtesy 
V. Cirigliano, 

H. Maruyama, 
M. Pospelov

Tiny yet measurable deviations from 
SM processes with precise predictions 1

�2
L6

must reach Λ ~ 10 TeV

Search for new flavor diagonal CP-conserving 
neutral currents

f2 f2

l1 l1

Z0
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WNC “Bookkeeping”

14

1-loop calculation 
Czarnecki and Marciano (1995)

4−10 3−10 2−10 1−10 1 10 210 310 410
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)
µ(

Wθ2
sin

  LHC
  LEP 1
  SLC Tevatron

 eDIS

  SLAC-E158

  Qweak

  APV

  P2

  MOLLER

  SoLID

  LHC
  LEP 1
  SLC Tevatron

 eDIS

  SLAC-E158

  Qweak

  APV

RGE Running
Particle Threshold
Measurements
Proposed

MS-Bar curve from PDG 
Erler and Ramsey-Musolf (2003)

Thumb Rule: Weak mixing angle must be measured to sub-1% precision

✦ Atomic Parity Violation: Cs-133 
✦ future measurements and theory challenging

✦ Neutrino Deep Inelastic 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 to 8 improvement possible: SOLID

K. S. Kumar et al 
Ann. Rev. Nucl. Part. Sci. (2013) 63

Erler and Ferro-Hernandez (2018)
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E158

19

~ 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

APV =  (-131 ± 14 ± 10) x 10-9

Phys. Rev. Lett. 95 081601 (2005)
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PVDIS

22

APV in deep inelastic e-D scattering:
e

N X

e
Z γ

 Q2 >> 1 GeV2 , W2 >> 4 GeV2

€ 

APV =
GFQ

2

2πα
a(x) + f (y)b(x)[ ]

a(x): function of C1i’s

b(x): function of C2i’s
For 2H, assuming charge symmetry, 

structure functions cancel in the ratio:

  

€ 

b(x) =
3
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(2C2u −C2d )
uv (x) + dv (x)
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is non-zero (as predicted)

JLab 6 GeV 
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The Weak Charge of the Proton

23

APV in elastic e-p scattering:

€ 

Qweak
p = 2C1u + C1d

€ 

∝1− 4sin2ϑW

Z*

N N

For a 1H target, nucleon structure contribution well-constrained from measurements

Qweak at JLab
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Qweak Apparatus
Production Mode:
180 mA, Integrating

e- beam

E = 1.16 GeV
I = 180 mA
P = 88% Acceptance-defining

Pb collimator

35 cm LH
2
 target

Toroidal 
Spectrometer

High-density concrete
shielding wall

Quartz Bar Detectors
8-fold symmetry

The Weak Charge of the Proton
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p = 2C1u + C1d
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∝1− 4sin2ϑW

Z*
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For a 1H target, nucleon structure contribution well-constrained from measurements

Two Production Runs: Feb-May ’11, Nov ’11-May ‘12

Qweak at JLab

Jefferson Lab
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QWeak Result
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SM: 0.0708 ± 0.0003
Nature 557 (2018) no.7704, 207-211
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New MESA Accelerator
Johannes Gutenberg University (JGU), Mainz, Germany
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P2 at MESA, JGU Mainz

27

-  New MESA hall: end of 2019 
- Installation: 2020 
- Commissioning: 2021 
- Physics in 2021/22

<Aexp> -39.94 ppb
ΔAexp 0.56 ppb    (1.4%)
<Q2> 0.006 GeV2

Δsin2 θW 0.00033           (0.14%)

27

My Guess!
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The 12 GeV Upgrade of  JLab
6 GeV

Two 0.6 GeV linacs

11

12

1.1

CHL-2

Upgrade magnets 
and power supplies

Enhanced capabilities  
in existing Halls

Lower pass beam energies  
still available

GeV

4-Hall Operation fully commissioned 

28
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PVDIS at 12 GeV: SOLID

29

SoLID CLEO PVDIS 

EM Calorimeter 
(forward angle) 

GEM 

Cherenkov 

Baffle 

Target 

 Coil and Yoke 

GEM 

4 months at 11 GeV

2 months at 6.6 GeV

statistical error bar σA/A (%) 
shown at center of bins 
in Q2, x

sea 
quarks

standard model test

higher twist

charge
symmetry
violation• High Luminosity with E > 10 GeV 

• Large scattering angles (for high x & y)  
• Better than 1% errors for small bins 
• x-range 0.25-0.75 
• W2  > 4 GeV2 

• Q2 range a factor of 2 for each x 
– (Except at very high x)

• Moderate running times

Requirements

Strategy: sub-1% precision over broad 
kinematic range: sensitive Standard 

Model test and detailed study of 
hadronic structure contributions
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[2 geu - ged]AV

[2 geu - ged]VA

10 TeV

20 TeV

30 TeV

40 TeV

50 TeV

SLAC-E122
JLab-Hall A
SoLID

30

SoLID New Physics Sensitivity

Qweak, P2 and SOLID will expand sensitivity 
that will match high luminosity LHC reach with 
complementary chiral and flavor combinations

Courtesy: J. Erler

All published + projected SOLID

SoLID projection 6 GeV PVDIS + Qweak + APV

Leptophobic Z’

SOLID can improve sensitivity: 
100-200 GeV range

Current World Fit
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MOLLER at JLab

31

28 m

liquid 
hydrogen
target

upstream
toroid

hybrid
toroid

detector
systems

electron
beam

Parity-Violating Fixed Target 11 GeV electron-electron (Møller) scattering

Unique opportunity leveraging the 12 GeV Upgrade investment

Special purpose 
installation in Hall A

Evolutionary progression to extraordinary luminosity and 
electron beam stability with high longitudinal beam polarization

δ(QeW) = ± 2.1 % (stat.) ± 1.1 % (syst.) 
δ(APV) = 0.73 parts per billion
APV = 35 ppb

60 μA 90% polarized electrons

δ(sin2θW) = ± 0.00028



Low Energy Measurements of  sin2𝜃W Krishna Kumar, May 23, 2018

MOLLER Reach

32

���AZ + Anew

���
2
� A2

Z

⌅
1 +

⇥
Anew

AZ

⇤2
⇧

on Z0 resonance: AZ is imaginary

Anew

New heavy physics: no 
direct coupling to SM 

gauge bosons

Additionally, Anew could be mediated by a new light boson: “dark Z”

Model-independent Picture of 4-Fermion Flavor Diagonal Contact Interactions

Use Common Language for Low Energy and High Energy Measurements

no interference term!
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MOLLER Reach

32

���AZ + Anew

���
2
� A2

Z

⌅
1 +

⇥
Anew

AZ

⇤2
⇧

on Z0 resonance: AZ is imaginary

Anew

New heavy physics: no 
direct coupling to SM 

gauge bosons

Additionally, Anew could be mediated by a new light boson: “dark Z”

Le1e2 =
�

i,j=L,R

g2
ij

2�2
ēi�µeiēj�

µej

1

�2
L6+ ��

|g2
RR � g2

LL|
= 7.5 TeV

�Qe
W

Qe
W

= 2.4%
Anew ⇠ 0.001 ·GF

unprecedented sensitivity!

Qe
W ⇠ 0.045

Model-independent Picture of 4-Fermion Flavor Diagonal Contact Interactions

Use Common Language for Low Energy and High Energy Measurements

no interference term!
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Comparison with e+e- Collisions

33

Best reach on purely leptonic contact interaction amplitudes: LEP200

MOLLER is accessing discovery space that cannot be reached 
until the advent of a new lepton collider or neutrino factory

95% C. L. Reach

E158 Reach

MOLLER Reach

⇤ee
LL ⇠ 8.3 TeV

⇤ee
LL ⇠ 12 TeV

⇤ee
LL ⇠ 27 TeV

LEP200 Reach

Le1e2 =
�

i,j=L,R

g2
ij

2�2
ēi�µeiēj�

µej

gij = 4⇡⌘ij
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Electroweak Theory

34

Unique Opportunity: Purely Leptonic Reaction at Q2 << MZ2

EW Theory Prediction Uncertainty Well Below Projected Experimental Uncertainty

W W
γ

νe

γ Z γ Z

Z

γ
f

Z

γ
Z

γ
W

e-

e-

W W

νe

Z γ
Z γ

Z

γ
W W

e-

e-

Z Z

e-

Z Z

Dominant Contribution at 1-loop

 κ(0) known better than 1% of itself
Erler and Ramsey-Musolf (2003)
Erler and Ferro-Hernandez (2018)

δ(QeW) (theory) = 0.6%, another factor of 2 
improvement with full two-loop calculation

Czarnecki and Marciano (1995)

APV (ee) / ⇢GF

⇥
1� 4(0) sin2 ✓W (mZ)MS

⇤
+ · · ·

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

See talks by:
- A. Aleksejev
- A. Freitas
- R. Ferro Hernandez
- H. Patel
- M. Ramsey-Musolf
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MOLLER Apparatus

• ~ 150 GHz scattered electron rate

• 1 nm control of beam centroid on target

• > 10 gm/cm2 liquid hydrogen target
– 1.5 m: ~ 5 kW @ 85 µA 

• Full Azimuthal acceptance w/ θlab ~ 5 mrad

– novel toroidal spectrometer pair 

– radiation hard, highly segmented integrating 
detectors 

• Robust & Redundant 0.4% beam polarimetry

35

Technical Challenges

GEM GEM
GEM GEM

quartz 
assembly

pion detectors

luminosity
monitor

beam centerline

Single
channel

Liquid Hydrogen Target

spectrometer housing

hybrid spectrometer coil

detector configuration 

detector configuration 

ray traces

Evolutionary Improvements 
from Technology of Third 
Generation Experiments
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MOLLER Status

36

• MOLLER Collaboration  
– 120 authors, 30 institutions, 5 countries 
– Experience from SAMPLE, A4, HAPPEX, G0, 

PREX, Qweak, E158
– 4th generation PVES experiment at JLab

• ~25M$ DOE NP MIE
• goal: construction ’19 - ‘22

Expertise from several generations of successful parity experiments

The US NSAC Long Range Plan 
highlighted MOLLER in the 
Fundamental Symmetries chapter. The 
Plan also calls for new investments in 
Major Items of Equipment (MIEs)

JLab Director’s Review in December 2016
• CD-0 granted by DOE-NP on December 

21, 2016!
• Awaiting project start; DOE Office of 

Science budgets are under heavy stressVery positive outcome of Science Review
• Highlighted unique opportunity: strong 

endorsement for the measurement
• theoretical cleanliness (purely leptonic!)

Latest indication is that an FY ’19 
start for the project is likely

• Science Review: Sep 10, 2014 
– by DOE Office of Nuclear Physics

Rigorous review by a panel of two 
nuclear theorists, two HEP theorists 
and two fundamental symmetries 
experimentalists
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New Physics Examples

37

Unique Opportunity: Purely Leptonic Reaction at Q2 << MZ2

Many different scenarios 
give rise to effective 4-
electron contact interaction 
amplitudes: significant 
discovery potential Doubly-

Charged 
Scalar

e
-

H
-- e

-

e
-

e
-

Lepton Number Violation
���
�Qe

W

Qe
W

��� = 0.14
|hee|2

(M�/1 TeV)2

5 σ for hee ~ 1 and MΔ ~ 1 TeV  

Deviations From Theory Prediction Interpretable as New Physics

V. Cirigliano et al, PRD 70 (2004) 075007
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Z
,

e- e-

e-e-

Heavy Photons (A’ mixed 
with Z0): The Dark Z

H. Davoudiasl, H-S. Lee and W. Marciano

room for 5 σ 
effects 

Ralf Lehnert, J. Phys.: Conf. Ser. 952 (2018) 012008

Constraining Lorentz Invariance

V. Cirigliano et al, PRD 70 (2004) 075007

⇥Z =
mZd

MZ
�



built ultra-stable (10-10 level) 
reference cavity for 7s-8s spectr.

recent highlights

francium tra
p facility

first francium 7s – 8s spectroscopy 
King plot 
isotope shifts of  7s-8s  vs. 7s-7p1/2 
sensitive probe of  electron  

wavefunction inside nucleus

system now ready for 
7s-8s spectroscopy campaign 
towards APNC

Phys. Rev. A 97, 042507 (2018)
M, Kalita et al.
with ab-initio theory by Dzuba, 
Flambaum, Safronova

effect in Fr 18x 
larger than in Cs

Courtesy: 
Gerald Gwinner



Mainz/Berkeley Ytterbium APV
Antypas et al.  arXiv:1804.05747
First demonstration of  
dependence of nuclear  
weak charge on # of 
neutrons.

weak amplitude 
relative to Stark 
induced amplitude 

Experimental accuracy ≈ 0.5% in each 
isotope! Boulder Cs: 0.35% 
But at this point, atomic theory not 
established at this level 
Isotope shifts to 0.05%?? Neutron skins…
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Neutrino Scattering

40
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NuTeV

41

• Most precise 
measurement of 
neutrino-quark 
coupling


• Subtle parton 
physics effects can 
affect the result


• generated great 
interest in both 
nuclear and 
particle 
phenomenology

DIS neutrino and anti-neutrino charged and neutral current cross-sections
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x

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

2a

0.85

0.9

0.95

1

1.05

1.1
2a
naive
2a

Wθ
29/5 - 4 sin

Our  Projections w/ sys

Aµ=12%, 60 days, 800Ca x/X48 from CBT,  2a

Unique opportunity with SOLID

Example Model Prediction

2 month run with 48Ca Target

48Ca PVDIS with SoLID

42

• new insight into medium modification of quark distributions  

Cloet, Bentz, Thomas, arXiv 0901.3559

• Neutron or proton excess in nuclei leads to a isovector-vector mean field (ρ exchange)
•  shifts quark distributions: “apparent” charge symmetry violation 
• Isovector EMC effect: explain at least 2/3 of the NuTeV anomaly

Consider PVDIS on a heavy nucleus

a2 ' 9

5
� 4 sin2 ✓W � 12

25

u+
A � d+A

u+
A + d+A

+ ...
Great leverage for a clean isospin decomposition 
of the EMC effect in an inclusive measurement

Flavor separation of EMC 
effect extremely challenging!
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• new insight into medium modification of quark distributions  

Cloet, Bentz, Thomas, arXiv 0901.3559

• Neutron or proton excess in nuclei leads to a isovector-vector mean field (ρ exchange)
•  shifts quark distributions: “apparent” charge symmetry violation 
• Isovector EMC effect: explain at least 2/3 of the NuTeV anomaly

Consider PVDIS on a heavy nucleus

a2 ' 9

5
� 4 sin2 ✓W � 12

25

u+
A � d+A

u+
A + d+A

+ ...
Great leverage for a clean isospin decomposition 
of the EMC effect in an inclusive measurement

• With hadrons in the initial or final 
state, small effects are difficult to 
disentangle (theoretically and 
experimentally) 

• Precise isotope cross-section ratios 
in purely electromagnetic electron 
scattering: MUCH reduced sensitivity 
to the isovector combination

Flavor separation of EMC 
effect extremely challenging!
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Potential of LBNF (if…)

43

Courtesy : Roberto Petti
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Coherent Neutrino Scattering

44

 ν + A →  ν + A

[total xscn]  ~ A2 * [single constituent xscn]
For ,

The so-called “neutrino floor” (signal!) 
for Dark Matter experiments

Any deviation would be new 
neutrino physics

Courtesy: Kate Scholberg
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COHERENT Result

45

First light at the SNS with 14.6-kg CsI[Na] detector

D. Akimov et al., Science,  2017 
http://science.sciencemag.org/content/early/2017/08/02/science.aao0990

Time

Charge

http://science.sciencemag.org/
http://science.sciencemag.org/
http://science.sciencemag.org/
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Summary and Outlook

46

✦ Measurements of the Weak Mixing Angle 
Central to our understanding of the Standard Model
Remains relevant for BSM searches, especially flavor-diagonal

✦ Parity-Violating Electron Scattering in the next decade 
Technical progress has enabled unprecedented precision
flagship experiments at electron accelerators
Fundamental Nuclear/Nucleon Physics

• Neutron RMS radii of heavy nuclei
• valence quark structure of protons and neutrons

Fundamental Electroweak Physics and BSM Searches 
• Search for new dynamics at the multi-TeV scale
• precision measurement of the weak mixing angle

✦ Atomic Parity Violation and Neutrino Scattering 
The low Q region might become important in the future!
Neutrino scattering should be investigated in any case…
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Backups

47
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Electroweak and Beyond Standard Model Physics at an EIC Krishna Kumar, September 9 2015

Fundamental Symmetries & Neutrinos: 
The Intensity Frontier 

2

Nuclear/Atomic systems address several topics; unique & complementary:

• Neutrino mass and mixing 0νββ decay, θ13, β decay, long baseline neutrino expts… 

• Rare or Forbidden Processes EDMs, charged LFV, 0νββ decay…  

• Dark Matter Searches direct detection, dark photon searches… 

• Precision Electroweak Measurements: (g-2)µ, charged & neutral current amplitudes

Lower Energy: Q2 << MZ
2The Large Hadron Collider, astrophysical observations as well as

• Neutrons: Lifetime, Asymmetries (LANSCE, NIST, SNS…) 

• Underground Detectors:  Dark Matter, Double-Beta Decay 

• Nuclei: Precision Weak Decays, Atomic Parity Violation, EDMs (MSU, ANL, TAMU, Tabletop…) 

• Muons, Kaons, Pions:  Lifetime, Branching ratios, Michel parameters, g-2 , EDMs (BNL, PSI, TRIUMF, FNAL, J-PARC...) 

• Electron Beams: Weak neutral current couplings, precision weak mixing angle, dark photons (JLab, Mainz)

Experimental Facilities/Initiatives/Programs

A comprehensive search to understand the origin of matter requires:
Compelling arguments for “New Dynamics” in the Early Universe
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4-Electron Operator Reach

49

MOLLER reach is 7.5 TeV

Current LHC reach including recent 13 TeV 
running is 5 to 6 TeV for llqq operators

Falkowski and Mimouni:
arXiv: 1511.07434
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MOLLER Context Summary

✦ If LHC sees ANY anomaly in Runs 2 or 3 (~2022) 
The unique discovery space probed by MOLLER will become a pressing 
need, like other sensitive probes (e.g. g-2 anomaly)

✦ Discovery scenarios beyond LHC signatures 
Hidden weak scale scenarios
Lepton Number Violating Amplitudes
Light Dark Matter Mediators

…
50

δ(sin2θW) = ± 0.00024 (stat.) ± 0.00013 (syst.) ~ 0.1%
Best projected uncertainty among projects being considered over next 10 years:

worldwide and at any energy scale

best contact interaction reach for leptons at low OR high energy: 
similar to LHC reach with semi-leptonic amplitudes

To do better for a 4-lepton contact interaction would require: 
Giga-Z factory, linear collider, neutrino factory or muon collider



Electrons are Not Ambidextrous Krishna Kumar, March 22, 2018

Liquid Hydrogen Target

51

• Most thickness for least radiative losses
• No nuclear scattering background
• Small sensitivity to EM field induced polarization

parameter value

length 150 cm

thickness 10.7 gm/cm2

X0 17.5%

p,T 35 psia, 20K

power 5000 W

E158 
scattering
chamber

•Need as much target thickness as technically feasible
•Tradeoff between statistics and systematics
•Default: Same geometry as E158

Progressive evolution 
of sophistication over 
generations of PVES 
experiments; most 
recently, Qweak
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Møller Kinematics
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100% Azimuthal Acceptance

53

Odd number of coils: both forward & backward Møllers in same phi-bite

meters

m
et

er
s

first toroid hybrid
toroidScattered Electron Energy (GeV)

1 2 3 4 5 6 7 8 9 10 11La
b 

Sc
at

te
rin

g 
A

ng
le

 (m
ra

d)

0

5

10

15

20

25

30

All#of#those#rays#of#
θCM=[90,120]#that#
you#don’t#get#here...

...#are#collected#as#
θCM=[60,90]#over#here!



Electrons are Not Ambidextrous Krishna Kumar, March 22, 2018

Spectrometer Engineering

54

▪ Full Azimuthal Acceptance
▪ Warm copper coils
▪ Water coolingVacuum Tank

     Concept
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Integrating Detector Concept

55

• Møller and e-p electrons: 
– radial and azimuthal 

segmentation 
– quartz with air lightguides 

• Pions and muons: 
– quartz sandwich detector 

• Luminosity monitors 
– beam & target density

GEM GEM
GEM GEM

quartz 
assembly

pion detectors

luminosity
monitor

beam centerline

Single
channel

neutrals

‘pion’

luminosity monitor

ee’s

ep’s
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Detector R&D

56

PMT
Light guide

Fused silica tile

P
a
r
t
i
c
l
e

F
l
u
x0.

6 
m

0.7 m to central beam axis

3 
m

Detector assembly

Electrons

PMT

Light guide

Fused silica tile

Cherenkov

Collaboration with Mainz group and availability of test beams has been critical

First MOLLER publication: investigation of air lightguide backgrounds
NIM A 896 (2018) 96–102 

Mainz
Beam 
Test
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MOLLER Uncertainty Table

57
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EW Structure Functions at the EIC

58

e- 1H, 2H, 3He

Ji, Vogelsang, Blümlein, ...
Anselmino, Efremov & Leader, 
Phys. Rep. 261 (1995)

High luminosity: precision measurements of PV observables

The core physics topics of the EIC 
have driven designs that reach  a 
new regime of extraordinarily high 
polarized luminosity, state-of-the-
art collider detector technology 
and precision polarimetry 
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art collider detector technology 
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EW Structure Functions at the EIC
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EW Structure Functions at the EIC
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EIC Weak Mixing Angle

59

Lumi. Sys. ~ 5 x 10-4 

✓ 200 days of beam time 
✓ Int. Lumi. ~267 fb-1(incl. beam/detector eff.) 
✓ Interesting Q2 region: no past or planned 

measurements

Polarized electrons on 
unpolarized deuterons

pol. Sys. ~ 0.5%

Y.X. Zhao, A. Deshpande, KK, S. Riordan (SBU), J. Huang (BNL)
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• ν’s have mass!  individual lepton flavors are not conserved 
• Therefore Lepton Flavor Violation occurs in Charged Leptons too

Lepton Flavor Conservation

60

Is it exact? No! Neutrino Oscillations!
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• ν’s have mass!  individual lepton flavors are not conserved 
• Therefore Lepton Flavor Violation occurs in Charged Leptons too

Lepton Flavor Conservation

60

Is it exact? No! Neutrino Oscillations!

✴ anomaly in muon g-2 (?)

Hagiwara et al: hep-ph/0611102

W̃

�̃µ

µ

�

�̃e

e

µ� e�

6

µ
+
→ e

+
γ

µ ! e�



Low Energy Measurements of  sin2𝜃W Krishna Kumar, May 21, 2018
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µ or τ → eγ, e+e-e, KL→µe, ...

Tau Decays at e+e- colliders

Need very high fluxes for required statistical reach

New high intensity kaon & muon beams and high 
luminosity e+e- colliders all over the world 
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e-τ Conversion Search
• If mixed in with hadron remnants, the tau would be boosted
• If forward in the incident electron direction, the tau would be isolated
• Potential for clean identification with high efficiency: 

– look for single pion, three pions in a narrow cone, single muon: should be 
able to devise several good triggers 

– tau vertex displaced 200 to 3000 microns: would greatly help background 
rejection and maintain high efficiency if vertex detector is included in 
EIC detector design 

61

Even a decade from now, the EIC can compete in the first-to-third generation searches

e� + p! ⌧� + X

1

Topology: neutral current DIS 
event; except that the electron 
is replaced by tau lepton
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e-τ Conversion Search
• If mixed in with hadron remnants, the tau would be boosted
• If forward in the incident electron direction, the tau would be isolated
• Potential for clean identification with high efficiency: 

– look for single pion, three pions in a narrow cone, single muon: should be 
able to devise several good triggers 

– tau vertex displaced 200 to 3000 microns: would greatly help background 
rejection and maintain high efficiency if vertex detector is included in 
EIC detector design 

61

Even a decade from now, the EIC can compete in the first-to-third generation searches

e� + p! ⌧� + X

1

Topology: neutral current DIS 
event; except that the electron 
is replaced by tau lepton

Gonderinger and Ramsey-Musolf, arXiv: 1006.5063

�1�2

M2
LQ

assume 0.1 fb 
cross-section 
sensitivity
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Dark Z to Invisible Particles

62
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Dark Photons: 
Beyond kinetic mixing; 
introduce mass mixing 

with the Z0

arXiv:1203.2947v2

Davoudiasl, Lee, Marciano

http://arxiv.org/find/hep-ph/1/au:+Davoudiasl_H/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Lee_H/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Marciano_W/0/1/0/all/0/1


Low Energy Measurements of  sin2𝜃W Krishna Kumar, May 23, 2018

Spectrometer Engineering

63

• Optics are being fine-tuned
― Reduce backgrounds
― Optimize asymmetry
― Symmetric forward/backward 

• Collimator optimization
• Position sensitivity study

• Engineering work
― Native CAD model
― Water-cooling
― Support structure
― Force calculations

Detector plane distribution
3-D Layout of all 14 coils

Acceptance 
collimator

Field Profile

▪ Full Azimuthal Acceptance
▪ Warm copper coils
▪ Water cooling

Vacuum Tank
     Concept
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PVES Initiatives: Complementarity

64

[2C2u �C2d]

axial-quark couplings

Courtesy:
M. Ramsey-Musolf

SUSY Loops 

GUT Z’ 

Leptophobic Z’ 

RPV SUSY 

Leptoquarks 

Lepton Number Violation 

QWe and QWp::same absolute shift, smaller for others 

High for Qw(Cs), QWe(relative), smaller for others 

axial-quark couplings (C2’s) only 

Different for all four in sign and magnitude 

semi-leptonic only; different sensitivities 

QWe only 

vector-quark couplings
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Generic Model Reach

65

Qe
W = �0.0435[1 + 0.7X(Q2) + 7m2
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Qp
W = 0.0707[1 + 0.43X(Q2) + 4.3m2

Z/m
2
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2
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QW (133Cs) = �73.24[1� 0.023X(Q2)� 0.9m2
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X(Q2) ⌘ ↵�1(sin2 ✓W (Q2)� sin2 ✓W (M2
Z))

2.4% Qe
W =) 1.4% Qp

W, 0.34% QW(12C), 0.3% QW(133Cs)

The projected equivalent uncertainties in competing axial-electron, vector-
electron/quark neutral current amplitudes remain challenging to reach. 

6% 25% 0.6%
published uncertainties

12%
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Polarized Source at JLab

66

! Beam helicity is chosen pseudo-randomly at multiple of 60 Hz 
• sequence of “window multiplets” Example: at 240 Hz reversal

Choose 2 pairs pseudo-randomly, 
force complementary two pairs to 

follow

Analyze each “macropulse” of 8 
any line noise effect here will cancel here

MOLLER will plan to use 1.96 kHz reversal; subtleties in details of timing (e.g. 64-plet)
Noise characteristics have been unimportant  in past JLab experiments: 

Not so for PREX, Qweak and MOLLER....

• Ultrahigh vacuum 
• No field emission 
• Maintenance-free

Electron Gun Requirements

24 Hours
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nt
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om
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ho

to
gu

nRecord Performance (2012):  
180 µA at 89% polarization

B. Matthew Poelker 
2011 E. O. Lawrence Award
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Flux Integration

67

Must minimize (both) random and helicity-correlated fluctuations in average
window-pair response of electron beam trajectory, energy and spot-size.

R

F  + F  
= F  - FL

LR

A
pair

ΔD
2D

ΔD
2D

ΔI
2I

Δ I
2I

-

Δ E
2E

= Δ ΔF
2F

Apair +     A 

Detector D, Current I:  F = D/I

After corrections, variance of Apair must get as close to counting statistics 
as possible: ~ 100 ppm (1kHz pairs); central value then reflects Aphys

I order: x, y, θx, θy, E
II order: e.g. spot-size 

Instantaneous Signal Rate ~ 100 GHz

The characteristics of the JLab beam, both at the 2 kHz time scale (~ppm, 
microns), to grand averages over several days (~ppb, nm), are critical to 

extracting a measurement which is dominated by statistical fluctuations. 

1 kHz Pulse Pair Width: ~100 ppm 10 Billion Pairs: 1 ppb (average 107 s)
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MOLLER Backgrounds

68
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Detector Plane Radial Distributions The primary irreducible backgrounds 
are from electrons scattering elastically 
and inelastically off target protons

• photons and neutrons
– 2-bounce collimation system 

• pions and muons
– real and virtual photo-production and DIS 

– continuous parasitic measurement: guards against 
potential hyperon background
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EW Physics and QCD Interplay

69

✦ Strange Quark Form Factors 

✦ Inelastic backgrounds 

★ Inelastic e-p scattering in diffractive region (Q2 <<1 GeV2, 
W2 > 2 GeV2) pollutes the Møller peak 

✦ Box diagram uncertainties 

★ Proton weak charge modified; inelastic intermediate states 

✦ Parton dynamics in nucleons and nuclei 

★ Higher twist effects 

★ charge symmetry violation in the nucleon 

★ “EMC” style effects: quark pdfs modified in nuclei

p

e-

Z* γ*electrons  
on LH2

Physics of SOLID
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MOLLER Auxiliary Measurements
✦ APV in Inelastic Electron Proton Scattering 

The intermediate rings will directly constrain the weak neutral current 
proton coupling in diffractive kinematics

New input to improved constraints on the box diagram uncertainties for 
calculation of the proton weak charge

Interesting QCD dynamics: related to quark-hadron duality

✦ Transverse Asymmetry Measurements 
Dedicated Møller vector analyzing power measurements with transversely 
polarized beams: exquisite check of our understanding of the apparatus

Parasitic measurements of the vector analyzing power in elastic and 
inelastic electron-proton scattering in an entirely new kinematic regime

• If the physics evolves such that heavier nuclei measurements become 
interesting: apparatus can be used for new measurements that would be 
feasible with just a few hours of beam!

70


