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Parity-‐Viola+ng	  Electron	  Sca3ering	  –	  The	  Basics	  

•  Longitudinally	  polarized	  electrons	  on	  unpolarized	  targets	  –	  	  
	  	  	  	  	  	  e,	  p,	  d,	  4He,	  9Be,	  12C,	  208Pb	  
•  Measure	  small	  parity-‐viola+ng	  cross	  sec+on	  asymmetry	  	  
	  	  	  	  	  	  	  (~	  20	  ppb	  –	  100	  ppm)	  
•  Elas+c	  and	  deep	  inelas+c	  kinema+cs	  

•  Neutral	  weak	  current	  –	  Standard	  Model	  test	  and	  select	  hadronic	  physics	  topics	  
	   6/17/2015	   Intense	  Electron	  Beams	  Workshop	   4	  
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Parity-Violating Electron Scattering

 Scattering amplitudes will have both EM and weak contributions.

 Measure the parity-violating asymmetry:
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Exploit	  the	  interference	  between	  EM	  and	  weak	  interac+ons	  
Parity-‐Viola+ng	  Asymmetry	  –Accessing	  the	  Neutral	  Weak	  Sector	  
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Low	  energy	  PVES	  experiments	  –	  typically	  very	  small	  asymmetries,	  very	  large	  rates	  



Parity-‐Viola+ng	  Electron	  Sca3ering	  –	  The	  Physics	  

Standard	  Model	  Tests:	  sensi+ve	  to	  new	  
physics	  from	  mul+-‐TeV	  dynamics	  and	  
MeV-‐scale	  mediators	  
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Neutral	  current	  matrix	  elements	  measured	  in	  PVES	  give	  access	  
to	  Standard	  Model	  and	  hadronic	  physics	  topics	  	  

Neutron	  skin	  in	  heavy	  nuclei:	  
applica+on	  to	  neutron	  rich	  ma3er	  
equa+on	  of	  state	  and	  neutron	  stars	  

Strange	  form	  factors:	  contribu+on	  of	  
strange	  quark	  sea	  to	  nucleon’s	  
electromagne+c	  proper+es	  

QCD	  valence	  quark	  structure	  of	  
nucleons/nuclei:	  from	  parity-‐viola+ng	  
deep	  inelas+c	  sca3ering	  (PVDIS)	  

CHAPTER 2. MOTIVATION 22

for the hydrogen data. We estimate that we can obtain a 2% error on d/u over a range of
x bins, with the highest having an average x = 0.7, in 90 days of running. The achievable
precision is illustrated in Figure 2.9.

This proposal, 90 days
(follows MRST-2004)

Figure 2.9: Uncertainties in d/u together with error bars corresponding to results from
APV for a hydrogen target.

2.5.2 Induced Nuclear Isospin Violation

The ratio of the structure functions between complex nuclei and deuterium

R�
EMC =

4uA(x) + dA(x)

4u(x) + d(x)
(2.11)

where u(d)A is the normalized PDF for quarks in the nucleus, have been observed to
depend on x. For parity violation, the PDFs are weighted di↵erently:

R�Z
EMC =

1.16uA(x) + dA(x)

1.16u(x) + d(x)
(2.12)

The quantity that is practical to measure is the super-ratio

RSuper =
AA

PV

AD
PV

=
R�Z

EMC

R�Z
EMC

(2.13)

d/u 



PV	  Electron	  Sca3ering	  –	  First	  Sugges+on	  
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1956,	  1957	  –	  Lee,	  Yang,	  Wu:	  Parity	  Viola+on	  observed	  in	  charged	  weak	  current	  
1959:	  Zel’dovich	  suggests	  –	  What	  about	  neutral	  weak	  currents?	  

Expect	  EM/neutral	  weak	  interference	  –	  observable	  when	  sca3ering	  longitudinally	  polarized	  
electrons	  on	  unpolarized	  target	  nuclei	  
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First	  PV	  Electron	  Sca3ering	  Experiment	  –	  1978	  –	  SLAC	  E122	  

Presco3	  et	  al.,	  PLB	  77,	  347	  (1978)	  
Presco3	  et	  al.,	  PLB	  84,	  524	  (1979)	  

Charles	  Presco3	  and	  collaborators:	  
	  

e-‐	  +	  d	  →	  e-‐	  +	  X,	  	  	  	  	  Q2	  ~	  1.6	  GeV2	  

	  

PV	  deep	  inelas+c	  sca3ering	  at	  SLAC	  
	  

E122&at&SLAC&(1978)

APV in Deep Inelastic Scattering from 
liquid Deuterium Q2 ~1 (Gev)2 

C.Y.(PrescoF,(et#al.

e- e-

N X

Z*?

Volume 77B, number 3 PHYSICS LETTERS 14 August 1978 

mined from cavities 50 m apart. The beam charge was 
determined using the standard toroid monitors [18].  
The resolutions per pulse were about 10 #m in posi- 
tion, 0.3/~rad in angle, 0.01% in energy, and 0.02% in 
beam intensity. A microcomputer  driven feedback sys- 
tem used posit ion and energy signals to stabilize the 
average beam position, angle, and energy. Using the 
measured pulse to pulse beam information together 
with the measured sensitivities of  the yield to each of  
the beam parameters, we made corrections to the asym- 
metries for helicity dependent  differences in beam pa- 
rameters. For  these corrections, we have assigned a sys- 
tematic error equal to the correction itself. The most 
significant imbalance was less than one part per mil- 
lion in E 0 which contr ibuted - 0 . 2 6  × 10 -5  to A/Q 2. 

We combine the values ofA/Q 2 from the shower 
counter for the two highest energy points to obtain 

A/Q 2 = ( - 9 . 5  + 1.6) X 10 -5  (GeV/c) - 2  (deuterium). 
(6) 

We do not include the point  at 16.2 GeV because it 
contains fairly strong elastic and resonance contribu- 
tions. The sign implies a greater yield from electrons 
with spin antiparallel to momentum.  For  this com- 
bined point  the average value o f y  = 1 - E'/E 0 is 0.21 
and the average value of  Q2 is 1.6 (GeV/c) 2. The 
quoted error, based on preliminary analysis, is derived 
from a statistical error of  +0.86 × 10 -5  added linearly 
to estimated systematic uncertainties of  5% in the val- 
ue of  IPel, and of  3.3% from asymmetries in beam pa- 
rameters. We determined experimentally that  the n -  
background contr ibuted less than 0.1 X 10 -5  to A/Q 2. 
The result in eq. (6) includes normalization corrections 
of 2% for the 7r- background, and 3% for radiative cor- 
rections. 

Any observation of  non-conservation of  pari ty in 
interactions involving electrons adds new information 
on the nature of  neutral currents and gauge theories. 
Certain classes of  gauge theory models predict no ob- 
servable pari ty violations in experiments such as ours. 
Among these are those l e f t - r igh t  symmetric models 
in which the difference between neutral current neu- 
trino and anti-neutrino scattering cross sections is ex- 
plained as a consequence of  the handedness of  the neu- 
trino and anti-neutrino, while the underlying dynamics 
are pari ty conserving. Such models are incompatible 
with the results presented here. 

The simplest gauge theories are based on the gauge 
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Fig. 4. Comparison of our result for deuterium with two SU(2) 
× U(1) predictions using the simple quark-parton model for 
nucleons. The outer error bars correspond to the error quoted 
in the text (eq. (6)). The inner error bars correspond to the 
statistical error. The y-dependence ofA/Q 2 for various values 
of sin20w is shown for two models: Weinberg-Salam (solid 
lines) and the hybrid model (dashed line). 

group SU(2) × U(1). Within this framework the original 
Weinberg-Salam ( W - S )  model  makes specific weak 
isospin assignments: the left-handed electron and quarks 
are in doublets, the right-handed electron and quarks 
are singlets [19].  Other assignments are possible, how- 
ever. In particular, the "hybr id"  or "mixed"  model  
that assigns the right-handed electron to a doublet  and 
the right-handed quarks to singlets has not  been ruled 
out by neutrino experiments.  

To make specific predictions for pari ty violation in 
inelastic electron scattering, it  is necessary to have a 
model for the nucleon, and the customary one is the 
simple quark-parton model.  The predicted asymme- 
tries depend on the kinematic variable y as well as on 
the weak isospin assignments and on sin20w, where 
0 w is the Weinberg angle. Fig. 4 compares our result 
for two SU(2) × U(1) models. The simplest model  
( W - S )  is in good agreement with our measurement for 
sin20w = 0.20 -+ 0.03 which is consistent with the val- 
ues obtained in neutrino experiments.  The hybrid rood- 
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•  Weak	  neutral	  current	  observed	  in	  ν-‐e	  1973	  
•  Interference	  between	  EM	  and	  weak	  neutral	  

current?	  Lack	  of	  signal	  in	  atomic	  PV	  expts.	  in	  
mid-‐70’s	  caused	  confusion	  

•  E122	  first	  result	  in	  1978:	  	  A	  =	  -‐	  (152	  ±	  26)	  x	  10-‐6	  

Ø  	  	  first	  measurement	  of	  parity-‐viola+on	  in	  the	  	  	  	  	  
	  	  	  	  	  	  	  neutral	  weak	  current	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  consistent	  with	  ν-‐e	  	  	  sin2θW	  =	  0.224	  ±	  0.020	  
	  

"Finally,	  parity-‐viola+on	  in	  the	  neutral	  currents	  was	  
discovered	  at	  the	  expected	  level	  in	  electron-‐nucleon	  
sca3ering	  at	  SLAC	  in	  1978,	  and	  amer	  that	  most	  physicists	  
took	  it	  for	  granted	  that	  the	  electroweak	  theory	  is	  essen+ally	  
correct.”	  

	  

Steven	  Weinberg	  
"The	  Making	  of	  the	  Standard	  Model”	  on	  the	  occasion	  of	  the	  CERN	  30th	  
anniversary	  celebra+on	  of	  discovery	  of	  neutral	  currents	  AND	  20th	  
anniversary	  celebra+on	  of	  discovery	  of	  W/Z	  bosons	  
hep-‐ph/0401010	  



E122	  had	  essen+ally	  all	  the	  features	  that	  con+nue	  to	  be	  used	  in	  PV	  e-‐e,	  e-‐N	  
	  
•  Polarized	  source:	  photoemission	  from	  GaAs	  polarized	  source	  

•  Rapid,	  pseudo-‐random	  helicity	  reversal:	  minimizes	  effects	  of	  drims	  

•  Slow	  helicity	  reversal	  –	  calcite	  prism,	  g-‐2	  precession	  check	  

•  Accurate	  measurement	  and	  control	  of	  beam	  proper+es	  (correc+ons	  procedure	  for	  helicity-‐correlated	  beam	  
proper+es)	  

•  High	  power	  cryotarget	  –	  30	  cm	  	  LD2	  target	  

•  Magne+c	  spectrometer	  –	  isolates	  process	  of	  interest	  

•  Integrate	  phototube	  outputs	  instead	  of	  pulse	  coun+ng	  (~700	  MHz	  instantaneous	  rates)	  
	  
•  Beam	  polarimetry	  –	  Moller	  polarimeter	  
	  

Presco3	  et	  al.,	  PLB	  77,	  347	  (1978)	  
Presco3	  et	  al.,	  PLB	  84,	  524	  (1979)	  
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SLAC	  E122	  -‐	  Seminal	  Technical	  Developments	  

See	  S.	  Baunack	  plenary	  talk	  and	  	  
Grames,	  Covrig,	  Kargiantoulakis	  parallel	  
talks	  	  
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Key	  Beam	  Parameters	  of	  Published	  PVES	  Experiments	  
Experiment Phys. Asym (ppm) Beam Energy Beam Current, 

Polarization 
Target length and 
type 

SLAC E122 -152 ± 15 ± 15 16 – 22 GeV 2-8 µA, 37% 30 cm LD2 

Bates C12 1.62 ± .38 ± .05 250 MeV 30-60 µA, 37% 2.3 cm C 

Mainz Be9 -9.4 ± 1.8 ± 0.5 300 MeV 7 µA, 42% 1.3 cm Be 

SAMPLE proton -4.92 ± 0.61 ± 0.73 200 MeV 40 µA, 36% 40 cm LH2 

SAMPLE deuteron -6.79 ± 0.64 ± 0.55 125, 200 MeV 40 µA, 36% 40 cm LD2 

A4 p @ .23 GeV2 F -5.44 ± 0.54 ± 0.26 854 MeV 20 µA, 80% 10 cm LH2 

A4 p @ .11 GeV2 F -1.36 ± 0.29 ± 0.13 570.4 MeV 20 µA, 80% 10 cm LH2 

A4 p @ .22 GeV2 B -17.23 ± 0.82 ± 0.89 315 MeV 20 µA, 70% 23 cm LH2 

HAPPEx – I -15.05 ± 0.98 ± 0.56 3.3 GeV 35 µA, 70% 15 cm LH2 

HAPPEx – II H -1.58 ± 0.12 ± 0.04 ~3 GeV ~45 µA, 85% 20 cm LH2 

HAPPEx – II He 6.40 ± 0.23 ± 0.12 ~3 GeV ~45 µA, 85% 20 cm LH2 

HAPPEx – III -23.80 ± 0.78 ± 0.36 3.5 GeV 100 µA, 89% 25 cm LH2 

G0 forward -1.51 ± 0.44 ± 0.28 3 GeV 40 µA, 74% 20 cm LH2 

G0 backward -11.25 ± 0.86 ± 0.51 359, 684 MeV 60 µA, 86% 20 cm LH2,LD2 

E158 -0.131 ± 0.014 ± 0.010 45,48 GeV 8-12 µA, 85% 156 cm LH2 

PREX – I  0.6571 ± .0604± .0130 1.06 GeV 70 µA, 90% 0.5 mm 208Pb 

PVDIS@6 GeV -91 ± 3 ± 3 5 - 6 GeV 100 µA, 90% 20 cm LD2 

QWEAK -0.279 ± 0.035 ± 0.031 1.165 GeV 180 µA, 89% 35 cm LH2 

Highest	  beam	  current	  employed	  to	  date:	  180	  ,	  89%	  pol.	  for	  Qweak	  at	  Jlab	  
Several	  experiments	  in	  above	  list	  ran	  at	  E	  <	  500	  MeV	  
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Parity-‐Viola+ng	  Electron	  Sca3ering	  Experiments	  –	  	  
A	  Brief	  History	  

Pioneering	  (1978)	  early	  SM	  test	  
SLAC	  E122	  PVDIS	  –	  Presco3	  et	  al.	  
A	  =	  -‐152	  ppm	  
	  

Strange	  Form	  Factors	  	  
(1998	  –	  2009)	  
SAMPLE,	  G0,	  A4,	  HAPPEX	  
A	  ~	  1	  –	  50	  ppm	  
	  

Standard	  Model	  Tests	  
(2003	  –	  present)	  
SLAC	  E158	  Moller:	  A	  =	  -‐	  131	  ppb	  
JLAB	  Qweak:	  A	  ~	  -‐230	  ppb	  
→	  smaller	  asymmetries,	  	  
	  	  	  	  	  	  smaller	  absolute	  and	  rela+ve	  errors	  
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SOLID
• Unique'access'to'axial'weak'hadronic'coupling'tests'
unRilluminated'corner'of'BSM'parameter'space

• Broad'program'of'hadronic'studies:'highRx'partonic'
structure,'transverse'spin'structure,'nuclear'
modifica>on,'QCD'studes

PVeS&provides&a&powerful&probe&for&new,&beyond<Standard<Model&neutral&currents&

New'neutral'currents'might'appear'as'contact'
interac>ons'or'quantum'loop'level'correc>ons'or'
light,'weakly'coupled'interac>ons.''

A'range'of'experiments,'including'PVeS'from'
electrons'and'nuclei,'will'be'required'in'the'search'
for'new'physics

MOLLER
• Unprecedented'precision'test'on'sin2θW'
to'0.1%'at'low'energies

P2
• Share'many'challenges,'with'differences'at'low'energies
• polarimetry,'false'asymmetries,'halo/background,'target'design...Future:	  MOLLER,	  P2@MESA,	  SOLID,	  

12C@MESA,	  PREX-‐II,	  CREX	  
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Note:	  many	  of	  the	  proposed	  low	  energy	  experiments	  or	  ideas	  in	  the	  following	  slides	  are	  
described	  in	  further	  detail	  in	  these	  recent	  conferences:	  
PEB13:	  Workshop	  to	  Explore	  Physics	  Opportuni+es	  with	  Intense,	  Polarized	  Electron	  
Beams	  up	  to	  300	  MeV,	  MIT,	  Cambridge,	  MA,	  March	  2013	  
PAVI14:	  From	  Parity	  Viola+on	  to	  Hadron	  Structure,	  Skaneateles,	  NY,	  July	  2014	  



The	  Standard	  Model	  prescribes	  the	  couplings	  of	  the	  fundamental	  fermions	  to	  the	  Z	  boson:	  

For	  low	  energy	  electroweak	  tests	  (Q2	  <<	  M2
Z),	  restrict	  to	  parity-‐viola+ng	  e-‐q	  and	  e-‐e	  four-‐

fermion	  contact	  interac+on:	  
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Standard	  Model	  Weak	  Neutral	  Current	  Couplings	  

quark	  vector:	  C1u,	  C1d	  	  	  	  	  	  	  	  	  	  	  quark	  axial-‐vector:	  C2u,	  C2d	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  electron:	  Cee	  

C1u	  ,C1d	  ,	  Cee	  :	  “Weak	  Charges”:	  neutral	  current	  analog	  to	  the	  electric	  charges	  
	  



The	  Hunt	  for	  New	  Physics	  
Two	  complementary	  approaches	  to	  searching	  for	  “New	  Physics”	  
 
“Energy	  fron+er”	  	  
-‐	  like	  LHC	  –	  Large	  Hadron	  Collider	  
	  
→	  Make	  new	  par+cles	  (“X”)	  directly	  
in	  high	  energy	  collisions	  

“Precision	  fron+er”	  	  
-‐	  examples:	  Weak	  charge	  measurements	  
at	  JLab,	  µ(g-‐2),	  EDM,	  ββ	  decay,	  n	  β	  
decay,	  etc.	  
	  
→	  Look	  for	  indirect	  effect	  of	  new	  
par+cles	  (“X”)	  made	  virtually	  in	  low	  
energy	  processes	  

6/17/2015	   Intense	  Electron	  Beams	  Workshop	   14	  



Past	  example	  of	  interplay	  between	  energy	  fron+er	  and	  precision	  fron+er	  
	  

“Precision	  fron+er”	  
Precision	  electroweak	  measurements	  (LEP	  at	  CERN	  and	  SLD	  at	  SLAC)	  were	  sensi+ve	  to	  “virtual	  
top	  quarks”	  in	  loops	  	  
	  

Prior	  to	  the	  direct	  top	  quark	  discovery,	  theorists	  predicted	  it	  would	  fall	  in	  a	  range	  from	  	  
145	  GeV/c2	  -‐	  185	  GeV/c2	  
 

“Energy	  fron+er”	  
	  Top	  quark	  was	  produced	  directly	  at	  Tevatron	  at	  Fermilab	  in	  1995	  

Direct	  produc+on	  at	  energy	  fron+er	  

Indirect	  evidence	  at	  precision	  fron+er	  
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Historical	  Example:	  Top	  Quark	  



Sensi+vity	  to	  New	  Physics	  at	  TeV	  Scales	  
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Model-‐independent	  way	  to	  quan+fy	  effects	  of	  poten+al	  new	  high	  energy	  dynamics	  	  (ie.	  heavy	  
Z’s,	  compositeness,	  extra	  dimensions,…)	  is	  from	  expressing	  them	  in	  terms	  of	  	  neutral	  “contact”	  
4-‐fermi	  interac+ons:	   L = LSM + Lnew

Search&for,&or&study,&new&neutral&currents

mass(scale(Λ,(coupling(g(for each fermion and handedness combination(

Eichten, Lane and Peskin, PRL50 (1983)

Consider     or   

� 

f1 f1 → f2 f2

� 

f1 f2 → f1 f2

Lf1f2 =
�

i,j=L,R

(g12
i j )2

�2
ij

f̄1i�µf1if̄2j�µf2j

Heavy Z’s and neutrinos, technicolor, 
compositeness, extra dimensions, SUSY…

Many&new&physics&models&give&rise&to&new&neutral&current&interac/ons

Zo
Low energy WNC interactions (Q2<<MZ

2)
Heavy(mediators(=(contact(interac6ons

Electromagnetic amplitude 
interferes with Z-exchange as 

well as any new physics
|M� +MZ +Mnew|2 ! M2

�


1 + 2

MZ

M�
+ 2

Mnew

M�

�

Example:&
Standard&model&
e+q&couplings&

C2q = (geqRR)
2 � (geqRL)

2 + (geqLR)
2 � (geqLL)

2

C1q = (geqRR)
2 + (geqRL)

2 � (geqLR)
2 � (geqLL)

2

precision(measurement(to(test(for(
new(possible(couplingsA

V

V

ASM SM

L = LSM + Lnew
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mass(scale(Λ,(coupling(g(for each fermion and handedness combination(
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� 

f1 f2 → f1 f2

Lf1f2 =
�

i,j=L,R

(g12
i j )2

�2
ij

f̄1i�µf1if̄2j�µf2j

Heavy Z’s and neutrinos, technicolor, 
compositeness, extra dimensions, SUSY…

Many&new&physics&models&give&rise&to&new&neutral&current&interac/ons

Zo
Low energy WNC interactions (Q2<<MZ

2)
Heavy(mediators(=(contact(interac6ons

Electromagnetic amplitude 
interferes with Z-exchange as 

well as any new physics
|M� +MZ +Mnew|2 ! M2

�


1 + 2

MZ

M�
+ 2

Mnew

M�

�

Example:&
Standard&model&
e+q&couplings&

C2q = (geqRR)
2 � (geqRL)

2 + (geqLR)
2 � (geqLL)

2

C1q = (geqRR)
2 + (geqRL)

2 � (geqLR)
2 � (geqLL)

2

precision(measurement(to(test(for(
new(possible(couplingsA

V

V

ASM SM

Precision	  of	  current	  and	  future	  low	  energy	  experiments	  è	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  mass	  reach	  of	  Λ/g	  in	  the	  mul+-‐TeV	  region.	  

(See	  Erler,	  Horowitz,	  Mantry,	  Souder,	  Ann.	  Rev.	  Nucl.	  Part.	  Sci.	  64	  (2014)	  for	  detailed	  mass	  reach	  
comparisons)	  	  
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SLAC	  E158:	  First	  Measurement	  of	  Electron’s	  Weak	  Charge	  

Q2	  ~	  .026	  GeV2	  	  	  	  θ	  ~	  4	  –	  7	  mrad	  	  	  	  	  	  	  E	  ~	  48	  GeV	  
at	  SLAC	  End	  Sta+on	  A	  
	  

Dipole	  chicane	  +	  QQQQ	  spectrometer	  +	  Cu-‐
quartz	  shower	  detector	  

Results:	  PRL	  95	  081601	  (2005)	  
APV	  =	  -‐131	  ±	  14	  (stat)	  ±	  10	  (syst)	  ppb	  

Qe
W=-‐0.0369	  ±	  0.0052	  

sin2θeff(Q2=0.026	  GeV2)	  =	  0.2397	  ±	  0.0010	  ±0.0008	  
	  

 ) CQ Wee
e
W θ−−=−≡ 2sin41(2

eeee ʹ′+ʹ′→+
!

Parity-‐viola+ng	  	  Møller	  sca3ering	  

suppressed	  in	  SM	  
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JLab	  Qweak:	  First	  Measurement	  of	  Proton’s	  Weak	  Charge	  
[ ] ( ) CCQ W1d1u

p
W θ−=+−≡ 2sin4122

P.M. King;  Qweak;  APFB2014 8

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

A ~
−GF
4πα 2

$

%
&

'

(
) Q2 Qweak

p +Q4B Q2( )$
%&

'
()

QW
p (PVES) = 0.064 ± 0.012

Aep = −279 ± 35(stat)± 31(syst) ppb

Q2 = 0.0250 (GeV / c)2

(1/25th	  of	  total	  dataset)	  –	  published	  in	  
PRL	  111,	  141803	  (2013)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
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JLab	  Qweak:	  First	  Measurement	  of	  Proton’s	  Weak	  Charge	  
[ ] ( ) CCQ W1d1u

p
W θ−=+−≡ 2sin4122

P.M. King;  Qweak;  APFB2014 8

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

A ~
−GF
4πα 2

$

%
&

'

(
) Q2 Qweak

p +Q4B Q2( )$
%&

'
()

QW
p (PVES) = 0.064 ± 0.012

Aep = −279 ± 35(stat)± 31(syst) ppb

Q2 = 0.0250 (GeV / c)2

(1/25th	  of	  total	  dataset)	  –	  published	  in	  
PRL	  111,	  141803	  (2013)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

See	  R.	  Carlini	  talk	  

Full	  dataset	  being	  
analyzed;	  final	  results	  
soon	  	  



JLab	  PVDIS	  –	  Recent	  C2u,	  C2d	  	  Determina+on	  
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Measurement of the Parity-Violating 
Asymmetry   in eD Deep Inelastic 

Scattering 

Nature 506, 67–70 (06 February 2014)	

The Jefferson Lab PVDIS Collaboration	

See also News & Views, Nature 506, 43–44 (06 February 2014)	


Significant	  improvement	  in	  knowledge	  of	  C2u	  ,	  C2d	  

•  E	  =	  6.067	  GeV	  
•  20	  cm	  liquid	  deuterium	  (LD2)	  target	  
•  100	  µA	  polarized	  beam	  with	  90%	  beam	  polariza+on	  
	  
•  Two	  kinema+c	  points:	  
• Q2	  =	  1.1	  GeV2	  	  	  	  xB	  =	  0.24	  ,	  	  	  θ	  =	  12.90

o	  
• Q2	  =	  1.9	  GeV2	  	  	  	  xB	  =	  0.30	  	  	  	  	  θ	  =	  20.00

o	  

PVDIS&+&Hall&A

Phys.Rev. C91 (2015) 4, 045506 
Nature 506 (2014) 7486, 67-70 

• Hall&A&spectrometers&&
• 100&μA,&90%&polariza/on,&6&GeV&beam&
• Fast&coun/ng&DAQ&+&pion&rejec/on,&
kinema/c&segmenta/on

A

V

V

ASM SM

C2q = (geqRR)
2 � (geqRL)

2 + (geqLR)
2 � (geqLL)

2

C1q = (geqRR)
2 + (geqRL)

2 � (geqLR)
2 � (geqLL)

2
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Phys.Rev. C91 (2015) 4, 045506 
Nature 506 (2014) 7486, 67-70 
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V

V
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C2q = (geqRR)
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2 + (geqLR)
2 � (geqLL)

2
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2 + (geqRL)

2 � (geqLR)
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2

JLab	  PVDIS	  –	  Recent	  C2u,	  C2d	  	  Determina+on	  
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Measurement of the Parity-Violating 
Asymmetry   in eD Deep Inelastic 

Scattering 

Nature 506, 67–70 (06 February 2014)	

The Jefferson Lab PVDIS Collaboration	

See also News & Views, Nature 506, 43–44 (06 February 2014)	


Significant	  improvement	  in	  knowledge	  of	  C2u	  ,	  C2d	  

•  E	  =	  6.067	  GeV	  
•  20	  cm	  liquid	  deuterium	  (LD2)	  target	  
•  100	  µA	  polarized	  beam	  with	  90%	  beam	  polariza+on	  
	  
•  Two	  kinema+c	  points:	  
• Q2	  =	  1.1	  GeV2	  	  	  	  xB	  =	  0.24	  ,	  	  	  θ	  =	  12.90

o	  
• Q2	  =	  1.9	  GeV2	  	  	  	  xB	  =	  0.30	  	  	  	  	  θ	  =	  20.00

o	  
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Standard	  Model	  Test	  –	  “Running	  of	  sin2θW“	  
“Running”	  of	  the	  weak	  mixing	  angle	  due	  to	  electroweak	  radia+ve	  correc+ons	  à	  	  
Key	  predic+on	  of	  the	  Standard	  Model	  
	  
	  
Any	  disagreement	  with	  SM	  predic+on	  could	  be	  a	  signature	  of	  “New	  Physics”	  

Precise	  low	  energy	  
measurements:	  
•  E158	  Moller	  
	  	  	  	  	  	  electron’s	  weak	  charge	  
	  
•  Cs	  Atomic	  Parity	  Viola+on	  
	  	  	  	  	  	  	  mostly	  neutron	  weak	  charge	  
	  
•  Qweak’s	  measurement	  of	  

proton	  weak	  charge	  (when	  
final)	  

	  
Experiments	  being	  considered	  
for	  E	  <	  500	  MeV	  have	  prospects	  
of	  improving	  2	  out	  of	  these	  3.	  



MOLLER	  Experiment	  at	  11	  GeV	  JLab	  
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MOLLER&at&11GeV&JLab

28 m

liquid 
hydrogen
target

upstream
toroid

hybrid
toroid

detector
systems

electron
beamδ(QeW) = ± 2.1 % (stat.) ± 1.0 % (syst.) 

δ(APV) = 0.73 parts per billion

APV = 35.6 ppb

60 μA 90% polarized

An ultra-precise measurement of the weak mixing angle using Møller scattering

LH2 5+10&mrad
11&GeV&Beam

Parity-‐viola+ng	  	  Møller	  sca3ering	  

eeee ʹ′+ʹ′→+
!

•  Precision	  goal	  –	  2.4%	  on	  electron’s	  weak	  charge	  	  
	  	  	  	  	  	  	  	  	  	  -‐	  factor	  of	  5	  improvement	  over	  E158	  
	  

•  0.1%	  precision	  on	  sin2θW	  at	  low	  Q2	  –	  
comparable	  to	  best	  collider	  determina+ons	  

•  Sensi+ve	  to	  new	  neutral	  current	  amplitudes	  at	  ~	  
10-‐3	  GF	  

 ) CQ Wee
e
W θ−−=−≡ 2sin41(2

Status:	  
•  120	  collaborators,	  30	  ins+tu+ons	  

from	  US,	  Canada,	  Germany	  
•  $20-‐25M	  MIE	  Proposal	  
•  Very	  posi+ve	  outcome	  of	  Sept.	  

2014	  DOE	  NP	  Science	  Review	  
•  3-‐4	  years	  construc+on	  
•  3	  years	  running	  

See	  K.	  Kumar	  talk	  



P2	  at	  Mainz	  MESA	  –	  Proton	  Weak	  Charge	  
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[ ] ( ) CCQ W1d1u
p

W θ−=+−≡ 2sin4122

A ~
−GF
4πα 2

$

%
&

'

(
) Q2 Qweak

p +Q4B Q2( )$
%&

'
()

Status:	  
•  Collaborators	  from	  Germany	  and	  

US	  
•  Funding	  approval	  by	  DFG	  
•  R&D	  in	  progress	  
•  Aim	  to	  run	  from	  2017-‐2020	  

See	  D.	  Becker	  talk	  

•  Ebeam=	  155	  MeV,	  25-‐45o	  	  
•  Q2	  =	  0.0049	  GeV2	  	  
•  60	  cm	  LH2	  target,	  150	  μA,	  10,000	  hours	  
•  Total	  rate	  ~	  0.5	  THz	  
•  A	  =	  -‐	  28	  ppb	  to	  	  1.5%	  

•  Improve	  Jlab	  Qweak’s	  determina+on	  of	  proton	  
weak	  charge	  by	  factor	  of	  2.5	  

	  

•  0.13%	  precision	  on	  sin2θW	  

!e + p→ e ' + p

MESA/P2&at&Mainz
New&research&machine&based&on&ERL&will&also&
support&a&high+current&extracted&beam&at&
100+200&MeV&suitable&for&a&PV&experiment

• rate&up&100x,&Q2&down&10x:&same&FOM&of&Apv&and&2x&FOM&on&QWp&
• reduced(sensi6vity(to(radia6ve(correc6ons(and(proton(structure

Qweak:&proton&structure&F contributes&~30%&to&
asymmetry, ~2%&to&δ(QW

p)/&QW
p

Negligible&for&significantly&lower&Q2

• Ebeam(=(150(MeV,(25E45o((
• Q2(=(0.0048(GeV2(
• 30(cm(target,(150(uA,(104(hours(

• APV(=(E20(ppb(to(2.1%((0.4ppb)(
•δ(sin2θW)&=&0.2%&

• Development&underway&
• Funding&approved&by&DFG&
• P2&produc/on&planned&2017+2019&

spectrometer(concept

Possible&program&of&
neutron&distribu/on&

measurements&also&being&
explored&for&P2&device

Run	  at	  low	  energy;	  reduce	  hadronic	  contribu+ons	  
and	  gamma-‐Z	  box	  radia+ve	  



C12	  @	  P2	  MESA	  –	  Weak	  Charge	  of	  the	  12C	  Nucleus	  
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PV	  Elas+c	  Electron	  Sca3ering	  	  
on	  J=0,	  T=	  0	  Nucleus:	  

APV =
GFQ

2

2πα
sin2θW

The achievable precision in ŝ2
z = sin2ΘW was numerically determined with a Monte-Carlo simulation for beam

energies between 100 MeV and 300 MeV, a beam current of 150 µA, a measuring time of 2500 h, and for detector
acceptance angles ranging from 2◦ to 20◦. We assumed a beam polarization 85% with an error of 0.3%. Figure 2
demonstrates that the total error in sin2ΘW is dominated by the contribution of the beam polarization uncertainty
rather than by the statistical error. The graph on the right summarizes the minimum values for the total error in
sin2ΘW . It shows that we can obtain a relative error of 0.3% with high detector acceptence angles and beam energies
larger then 150 MeV. As the weak charge of the 12C-nucleus is proportional to sin2ΘW , this corresponds to a relative
error in the weak charge of 12C of 0.3%.

FIGURE 2. Monte-Carlo determination of the relative precision in sin2ΘW for various different beam energies and detector

settings; Left: example graph for the simulated scattering angle dependence of the relative precision of sin2ΘW at fixed beam

energy and detector acceptence angle; Right: Minimum of δ sin2ΘW for different beam energies and detector acceptence angles.

EXPERIMENTAL SETUP

The current investigations for P2 favor a solenoid magnet as a spectrometer to separate electrons, that are scattered
elastically under the scattering angle of interest from undesired background. As shown in figure 3 the detector will be
a 2π symmetric ring. For the 12C experiment, the P2 hydrogen target can be replaced by a 5-finger graphite target to
ensure high luminosities but suppress double scattering inside the target.

In order to find a suitable spectrometer, detector, and collimator setup, a Geant4 ray tracing study was carried out.
Figure 4 shows the distance of the electron trajectories from the beam axis ρ . Such plots were created for a variety
of target positions and for spectrometer magnetic fields ranging from 0.1 T to 1 T. When studying the results of
the simulation, a setting with which we can place the detector at a focal point of the electrons of interest and with

FIGURE 3. Scheme of the experimental setup for the measurement of the Weak Charge of the 12C-nucleus.

88

See	  K.	  Kumar,	  P.	  Souder,	  O.	  
Moreno	  talks	  

Bates	  12C	  (Souder,	  et	  al.)	  1980’s	  
Sta+s+cs	  limited	  APV	  =	  1.62	  ±0.38±0.05	  ppm	  	  
δ(sin2θW)/(sin2θW) ~ 24% 
	  
C12@MESA:	  K.	  Gerz,	  PEB13	  
δ(sin2θW)/(sin2θW) ~ 0.3% 
~	  factor	  of	  3	  be3er	  than	  133Cs	  APV;	  	  
sensi+ve	  to	  nearly	  same	  C1u	  ,C1d	  combina+on	  

12C	  @MESA	  



SoLID	  at	  Jlab:	  Solenoidal	  Large	  Intensity	  Device	  
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The MOLLER Experiment Krishna Kumar, April 18, 2015

Other New Initiatives

15

MESA

•Funding approval from DFG 
•R&D in progress 
•Aim to run from 2017-20

Technically challenging: 
great synergy with JLab program 

Improve(JLab(Qweak(by(a(factor(of(2.5:!!
δ(sin2θW) = ± 0.00030 (stat.) ± 0.00017 (syst.)

P2 at Mainz, Germany

SoLID CLEO PVDIS 

EM Calorimeter 
(forward angle) 

GEM 

Cherenkov 

Baffle 

Target 

 Coil and Yoke 

GEM 
Strategy: sub-1% precision over broad 

kinematic range: sensitive Standard 
Model test and detailed study of 
hadronic structure contributions

SoLID at JLab

Following talk by Haiyan Gao

Parity-‐viola+ng	  Deep	  Inelas+c	  Sca3ering	  on	  H	  and	  D	  
	  
Strategy:	  sub-‐1%	  precision	  over	  broad	  kinema+c	  range:	  
•  Sensi+ve	  Standard	  Model	  Test	  (par+culary	  axial-‐vector	  C2u	  ,C2d)	  
•  Detailed	  study	  of	  QCD	  hadronic	  structure	  contribu+ons	  

Status:	  
•  Obtaining	  CLEO	  solenoid	  
•  Good	  feedback	  from	  Feb.	  2015	  

Director’s	  review	  
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•  Two	  most	  precise	  values	  of	  sin2	  θW	  at	  Z	  pole	  (SLC	  ALR	  and	  LEP	  A
b
�)	  disagree	  by	  3σ	  	  

	  
•  MOLLER	  goal	  is	  

-‐  comparable	  sensi+vity	  to	  these	  two	  most	  precise	  collider	  values	  (±0.00029)	  
-‐  precise	  enough	  that	  result	  will	  have	  an	  impact	  on	  the	  central	  value	  of	  the	  world	  

average	  

•  The	  exis+ng	  low	  energy	  data	  leave	  much	  discovery	  space	  for	  the	  much	  more	  precise	  
future	  measurements	  –	  MOLLER,	  P2@MESA,	  C12@MESA,	  SOLID	  

δ(sin2θW ) ~ ± 0.00024(stat.) ± 0.00013 (syst.)   

Weak	  Mixing	  Angle	  –	  sin2θw	  -‐	  Future	  
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Most	  significant	  radia+ve	  correc+on:	  	  γ-‐Z	  Box	  Diagram	  
-‐	  significant	  theory	  effort	  in	  past	  several	  years	  

Energy	  Dependent	  Electroweak	  Radia+ve	  Correc+ons	  
→ For	  useful	  Standard	  Model	  test	  all	  electroweak	  radia+ve	  correc+ons	  need	  to	  be	  	  	  	  	  	  
	  	  	  	  	  	  under	  good	  theore+cal	  control	  

6/17/2015	   Intense	  Electron	  Beams	  Workshop	   28	  

See	  C.	  Carlson	  talk	  

Proton	  weak	  charge:	  

Authors	   Vector	  Υ-‐Z	  rad.	  
corr.	  for	  Q_W_p	  

Rislow	  &	  Carlson,	  PRD	  83,	  113007	  (2011)	   0.0057±0.0009	  
Gorchtein,	  Horowitz,	  Ramsey-‐Musolf,	  PRC	  84,	  015502	  (2011)	   0.0054±0.0020	  
Hall,	  Blunden,	  Melnitchouk,	  Thomas,	  Young,	  arXiv:1504.0397	   0.0054±0.0004	  

Electron	  weak	  charge:	  
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(∼3.7σ ). Below, we show that parity-violating electron scattering off 12C may also be a good probe
of parity-violating Zd effects if low ⟨Q⟩ can be achieved.

5. SELECTED THEORETICAL ISSUES

5.1. Radiative Corrections to Parity-Violating Møller Scattering

The asymmetry APV in the Møller scattering process e−e− → e−e− (61) is a powerful probe of New
Physics with relatively small theoretical uncertainties. In the mid 1990s, the proposed precision
of the E158 measurement (Section 2.2) spurred the calculation of one-loop corrections, which
shifts APV for Møller scattering by ∼40% (50). Indeed, given the plans to further improve the
E158 measurement (the MOLLER proposal; see Section 3.2), there has been significant progress
in controlling uncertainties in APV from higher-order radiative corrections at a level better than
1% (50, 53, 115–118). For Q2 ≪ m2

Z, the tree-level expression is modified by radiative corrections
as follows (50):

APV = − ρGF Q2
√

2πα

1 − y
1 + y4 + (1 − y)4

{

1 − 4κ(0) sin2 θW (mZ)MS

+ α(mZ)
4πŝ 2 − 3α(mZ)

32πŝ 2 ĉ 2 (1 − 4ŝ 2)[1 + (1 − 4ŝ 2)2]

+ F1(y, Q2) + F2(y, Q2)

}

,

31.

where y = Q2/s ,
√

s is the center-of-mass energy, ŝ ≡ sin θW (mZ)MS, and ĉ ≡ cos θW (mZ)MS. The
overall factor of ρ = 1 + O(α) arises from radiative corrections (31, 50) to GF, which is defined
through the muon decay process. The first and second terms in the second line of Equation 31
arise from WW and ZZ box diagram contributions, respectively. The WW box correction provides
an ∼4% enhancement to the asymmetry. The ZZ box contribution, however, is suppressed by
(1−4 sin2 θW ) and gives only an ∼0.1% correction. The F1(y, Q2) term (50) includes box, external
leg, and vertex corrections involving at least one photon. The dominant effect, however, arises
from the γ − Z0 vacuum polarization and anapole moment contributions (Figure 2) that are
encoded in κ(0). The effective weak mixing angle at Q2 = 0 in terms of the MS value at the Z0

pole is defined in terms of κ(0) as

sin2 θW (0) = κ(0) sin2 θW (M Z)MS, 32.

corresponding to Equation 21 evaluated at Q2 = 0. However, the experiment is conducted at
finite Q2, and the corresponding finite-Q2 vacuum polarization effects are contained in F2(y, Q2),
which is very small (50).

A purely perturbative one-loop calculation gives

κ(0) = 1 − α

2πŝ 2

⎧
⎨

⎩
1
3

∑

f

(T3 f Q f − 2ŝ 2 Q2
f ) ln

m2
f

m2
Z

−
(

7
2

ĉ 2 + 1
12

)
ln ĉ 2 +

(
7
9

− ŝ 2

3

)}
,

33.

where the sum in the first line is over the quark and lepton flavors. However, at Q2 = 0 the light-
quark contribution to the γ − Z0 vacuum polarization is nonperturbative and must be estimated
using a dispersion relation that relates these effects to data on e+e− → hadrons. The result of such

www.annualreviews.org • Low-Energy Measurements of the Weak Mixing Angle 255

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
01

3.
63

:2
37

-2
67

. D
ow

nl
oa

de
d 

fro
m

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 V
irg

in
ia

 T
ec

h 
U

ni
ve

rs
ity

 o
n 

07
/1

1/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.

NS63CH10-Kumar ARI 9 September 2013 18:3

(∼3.7σ ). Below, we show that parity-violating electron scattering off 12C may also be a good probe
of parity-violating Zd effects if low ⟨Q⟩ can be achieved.

5. SELECTED THEORETICAL ISSUES

5.1. Radiative Corrections to Parity-Violating Møller Scattering

The asymmetry APV in the Møller scattering process e−e− → e−e− (61) is a powerful probe of New
Physics with relatively small theoretical uncertainties. In the mid 1990s, the proposed precision
of the E158 measurement (Section 2.2) spurred the calculation of one-loop corrections, which
shifts APV for Møller scattering by ∼40% (50). Indeed, given the plans to further improve the
E158 measurement (the MOLLER proposal; see Section 3.2), there has been significant progress
in controlling uncertainties in APV from higher-order radiative corrections at a level better than
1% (50, 53, 115–118). For Q2 ≪ m2

Z, the tree-level expression is modified by radiative corrections
as follows (50):

APV = − ρGF Q2
√

2πα

1 − y
1 + y4 + (1 − y)4

{

1 − 4κ(0) sin2 θW (mZ)MS

+ α(mZ)
4πŝ 2 − 3α(mZ)

32πŝ 2 ĉ 2 (1 − 4ŝ 2)[1 + (1 − 4ŝ 2)2]

+ F1(y, Q2) + F2(y, Q2)

}

,

31.

where y = Q2/s ,
√

s is the center-of-mass energy, ŝ ≡ sin θW (mZ)MS, and ĉ ≡ cos θW (mZ)MS. The
overall factor of ρ = 1 + O(α) arises from radiative corrections (31, 50) to GF, which is defined
through the muon decay process. The first and second terms in the second line of Equation 31
arise from WW and ZZ box diagram contributions, respectively. The WW box correction provides
an ∼4% enhancement to the asymmetry. The ZZ box contribution, however, is suppressed by
(1−4 sin2 θW ) and gives only an ∼0.1% correction. The F1(y, Q2) term (50) includes box, external
leg, and vertex corrections involving at least one photon. The dominant effect, however, arises
from the γ − Z0 vacuum polarization and anapole moment contributions (Figure 2) that are
encoded in κ(0). The effective weak mixing angle at Q2 = 0 in terms of the MS value at the Z0

pole is defined in terms of κ(0) as

sin2 θW (0) = κ(0) sin2 θW (M Z)MS, 32.

corresponding to Equation 21 evaluated at Q2 = 0. However, the experiment is conducted at
finite Q2, and the corresponding finite-Q2 vacuum polarization effects are contained in F2(y, Q2),
which is very small (50).

A purely perturbative one-loop calculation gives

κ(0) = 1 − α

2πŝ 2

⎧
⎨

⎩
1
3

∑

f

(T3 f Q f − 2ŝ 2 Q2
f ) ln

m2
f

m2
Z

−
(

7
2

ĉ 2 + 1
12

)
ln ĉ 2 +

(
7
9

− ŝ 2

3

)}
,

33.

where the sum in the first line is over the quark and lepton flavors. However, at Q2 = 0 the light-
quark contribution to the γ − Z0 vacuum polarization is nonperturbative and must be estimated
using a dispersion relation that relates these effects to data on e+e− → hadrons. The result of such
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(∼3.7σ ). Below, we show that parity-violating electron scattering off 12C may also be a good probe
of parity-violating Zd effects if low ⟨Q⟩ can be achieved.

5. SELECTED THEORETICAL ISSUES

5.1. Radiative Corrections to Parity-Violating Møller Scattering

The asymmetry APV in the Møller scattering process e−e− → e−e− (61) is a powerful probe of New
Physics with relatively small theoretical uncertainties. In the mid 1990s, the proposed precision
of the E158 measurement (Section 2.2) spurred the calculation of one-loop corrections, which
shifts APV for Møller scattering by ∼40% (50). Indeed, given the plans to further improve the
E158 measurement (the MOLLER proposal; see Section 3.2), there has been significant progress
in controlling uncertainties in APV from higher-order radiative corrections at a level better than
1% (50, 53, 115–118). For Q2 ≪ m2

Z, the tree-level expression is modified by radiative corrections
as follows (50):

APV = − ρGF Q2
√

2πα

1 − y
1 + y4 + (1 − y)4

{

1 − 4κ(0) sin2 θW (mZ)MS

+ α(mZ)
4πŝ 2 − 3α(mZ)

32πŝ 2 ĉ 2 (1 − 4ŝ 2)[1 + (1 − 4ŝ 2)2]

+ F1(y, Q2) + F2(y, Q2)

}

,

31.

where y = Q2/s ,
√

s is the center-of-mass energy, ŝ ≡ sin θW (mZ)MS, and ĉ ≡ cos θW (mZ)MS. The
overall factor of ρ = 1 + O(α) arises from radiative corrections (31, 50) to GF, which is defined
through the muon decay process. The first and second terms in the second line of Equation 31
arise from WW and ZZ box diagram contributions, respectively. The WW box correction provides
an ∼4% enhancement to the asymmetry. The ZZ box contribution, however, is suppressed by
(1−4 sin2 θW ) and gives only an ∼0.1% correction. The F1(y, Q2) term (50) includes box, external
leg, and vertex corrections involving at least one photon. The dominant effect, however, arises
from the γ − Z0 vacuum polarization and anapole moment contributions (Figure 2) that are
encoded in κ(0). The effective weak mixing angle at Q2 = 0 in terms of the MS value at the Z0

pole is defined in terms of κ(0) as

sin2 θW (0) = κ(0) sin2 θW (M Z)MS, 32.

corresponding to Equation 21 evaluated at Q2 = 0. However, the experiment is conducted at
finite Q2, and the corresponding finite-Q2 vacuum polarization effects are contained in F2(y, Q2),
which is very small (50).

A purely perturbative one-loop calculation gives

κ(0) = 1 − α

2πŝ 2

⎧
⎨

⎩
1
3

∑

f

(T3 f Q f − 2ŝ 2 Q2
f ) ln

m2
f

m2
Z

−
(

7
2

ĉ 2 + 1
12

)
ln ĉ 2 +

(
7
9

− ŝ 2

3

)}
,

33.

where the sum in the first line is over the quark and lepton flavors. However, at Q2 = 0 the light-
quark contribution to the γ − Z0 vacuum polarization is nonperturbative and must be estimated
using a dispersion relation that relates these effects to data on e+e− → hadrons. The result of such
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QW
e =

Purely	  leptonic	  process;	  electroweak	  radia+ve	  correc+ons	  under	  control	  at	  sub	  1%	  level	  
(1	  loop,	  Czarnecki	  and	  Marciano,	  2	  loop:	  Aleksejevs,	  Barkanova)	  



BSM:	  Examples	  of	  TeV	  Scale	  New	  Physics	  Reach	  

RPC	  and	  RPV	  Supersymmetry	  	  

Doubly	  Charged	  Scalars	  	  

Naturally	  arise	  in	  many	  extended	  Higgs	  
sector	  models;	  lepton	  number	  viola+ng	  
MOLLER	  sensi+vity:	  Λ	  >	  5	  TeV	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (LEP-‐200	  ~	  3	  TeV)	  

RPC	  

RPV	  

MOLLER	  +	  
P2	  

Includes	  LHC	  constraints;	  	  	  
Erler,	  Su	  arXiv:	  	  1303.5522	  
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Future	  low	  energy	  SM	  tests	  are	  quite	  
complementary	  to	  each	  other	  in	  	  
Beyond	  the	  Standard	  Model	  sensi+vi+es	  

Only	  affects	  C2q	  

See	  K.	  Kumar	  talk	  



BSM:	  Sensi+vity	  to	  MeV	  Scale	  Mediators	  
“Dark	  photon”	  –	  possible	  portal	  for	  new	  force	  to	  communicate	  with	  SM	  
•  Astrophysical	  mo+va+on:	  observed	  excess	  in	  positron	  data	  
•  Could	  explain	  muon	  g-‐2	  anomaly	  
“Dark	  parity	  viola+on”	  	  
(Davoudiasl,	  Lee,	  Marciano,	  arXiv	  1402.3620)	  
•  Introduces	  a	  new	  source	  of	  low	  energy	  parity	  viola+on	  through	  mass	  mixing	  

between	  Z	  and	  Zd	  with	  observable	  consequences	  
•  Complementary	  to	  direct	  searches	  for	  heavy	  dark	  photons	  
•  Example:	  possible	  devia+ons	  of	  sin2θW	  for	  dark	  photons	  respec+ng	  kaon	  decay	  

constraints	  	  

6/17/2015	   Intense	  Electron	  Beams	  Workshop	   30	  

PEB&Workshop,&Boston,&March&2013Precision&EW&Studies&with&PVESKent&Paschke

Can&there&be&light&new&physics?

19

Dark photon, couples to Dark Sector massive particles but 
with small E&M couplings to known matter

Hypothesis could explain (g-2)µ discrepancy, 511keV line in 
galactic core, Pamela high energy positron excess

E141

E774

KLOE

BaBar

ae aΜ

aΜ ex
plaine

d

APEX Test MAMI

!For ∆2#10$6"

Moller

MESA

APV Combined

5 10 50 100 500 10001%10$7

5%10$7

1%10$6

5%10$6

1%10$5

5%10$5

1%10$4

mZd !MeV"

!2

The(Z(mass(eigenstates(is(mostly(Zo,(but(with(a(liFle(bit(Zd0(
The(propagator(no(longer(reduces(to(the(
contact(interac6on(for(low(E(PVES,(due(to(light(
component(in(the(Z0(coupling(

Requires(δ <~10-3(to(have(remained(hidden(at(
the(ZEpole(and(in(meson(decay

Complementary&to&direct&heavy&photon&searches:
Life/me/branching&ra/o/decay+mode&model&
dependence&&vs&mass&mixing&assump/on

Beyond&kine/c&mixing:&introduce&mass&mixing&with&Z0

But&what&if&the&dark&Zd0&had&no&couplings&at&all&to&
the&3&known&genera/ons&of&ma5er?

Davoudiasl, Lee, Marciano Phys.Rev.Lett. 109 (2012) 031802
Phys.Rev. D85 (2012) 115019

Phys.Rev. D89 (2014) 9, 095006 

See	  H.	  Davoudiasl	  talk	  for	  further	  details	  



Outline	  

•  Parity-‐Viola+ng	  Electron	  Sca3ering	  (PVES):	  Basics	  and	  
Brief	  History	  

	  
•  Physics	  drivers	  for	  PVES	  –	  past	  and	  future	  experiments	  
–  Standard	  Model	  tests	  and	  beyond	  Standard	  Model	  reach	  
– Neutron	  skin	  of	  heavy	  nuclei	  
–  Strange	  form	  factors	  

	  
•  Outlook	  and	  workshop	  goals	  for	  this	  topic	  
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Neutron	  Skin	  of	  Heavy	  Nuclei	  

6/17/2015	   Intense	  Electron	  Beams	  Workshop	   32	  

Horowitz	  	  

Rn − Rp =

rn
2 − rp

2

Neutron	  	  Skin	  	  
Nuclear	  theory	  predicts	  a	  neutron	  “skin”	  in	  
heavy	  nuclei	  
Neutron	  distribu+on	  is	  not	  sensi+ve	  to	  the	  
charge-‐sensi+ve	  photon	  
è access	  through	  weak	  charge	  distribu+on	  

&Weak&Charge&Distribu/on&of&Heavy&Nuclei

208Pb

Nuclear&theory&predicts&a&neutron&
“skin”&on&heavy&nuclei Neutron&distribu/on&is&not&accessible&to&

the&charge+sensi/ve&photon.

proton neutron

Electric&charge 1 0

Weak&charge ~0.08 1

knowledge of rn  highly model dependent  
Symmetry  energy   of   nuclear  matter  =  
the energy  cost  of  

rn(calibrates(the(Equa/on&of&State(of(
neutron((rich(maFer

γ
for(spinE0(nucleus

APV ⇡ GFQ2

4⇡↵
p
2

FW

Fch

PVES&provides&a&clean&probe&of&the&
neutron&distribu/on&

PREX:&APV&to&3%&from&208Pb
+>&rn&to&0.06&fm

CREX:&APV&to&2.5%&from&48Ca
+>&rn&to&0.02&fm

For	  spin	  0	  nucleus:	  
&Weak&Charge&Distribu/on&and&Symmetry&Energy
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relativistic meson
relativistic point coupling
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Skyrme

covariant meson
covariant point coupling

((R.J.((Furnstahl()

The&single&measurement&of&Fn&translates&
to&a&measurement&of&rn&(via&mean+field&

nuclear&models)

rn&in&208Pb&provides&input&to&models&to&pin&
density&dependence&of&symmetry&energy

(see&also&M.&Miorelli,&Poster)

•  Measurement	  of	  Rn	  in	  208Pb	  calibrates	  the	  
equa+on	  of	  state	  in	  neutron	  rich	  nuclear	  
ma3er	  (determines	  density	  dependence	  of	  
symmetry	  energy)	  	  

•  Applica+ons	  to	  neutron	  stars,	  heavy	  ion	  
physics,	  atomic	  parity	  viola+on	  



PREX	  and	  CREX	  at	  Jefferson	  Lab	  
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Neutron&Skin&at&JLab

A [ppm]
-800 -600 -400 -200 0 200 400 600 800

1

10

210
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FIGURE 1. Distribution of the asymmetries for a typical run at 70µA. Beam-related
noise has been subtracted using the standard “dither correction” method. The width of
171 ppm is consistent with counting statistics.
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Experimental Setup
• Std. Hall A HRS Spects. with detector huts well shielded against bkgds.
• Running dual, symmetric arms cancels out Atrans and other systematics
• Use septum magnet to bend 5o to 12.5o

• Upgraded polarimetry (non-inv. Compton∼ 1%, Inv. Moller∼ 1%)
• 0.5mm thick Lead in between two 0.15mm Diamond targets (∼ 1×1in2)
with cryogenically cooled frame; used fast rastered beam
• Quartz Cerenkov detectors with 18-bit integrating ADCs

Dustin McNulty, PANIC11, Massachusetts Institute of Technology, Cambridge, MA, July 24 - 29, 2011 11

Very&clean&separa/on&of&
elas/c&events&by&HRS&op/cs

&no&PID&needed;&detector&
sees&only&elas/c&events

Q2 ~ 0.01 GeV2 APV ~ 0.6 ppm
Rate ~1.5 GHz5o scattering angle

• 0.5&mm&208Pb&foil,&70&μA&
• 5o&sca5ering&&
• Pb~&90%&+/+&1%

Hall	  A	  at	  Jefferson	  Lab	  PV	  eN	  elas+c	  
•  PREX:	  208Pb	  

–  uniform	  nuclear	  ma3er,	  neutron	  star	  structure	  

•  CREX:	  48Ca	  
–  finite	  size	  effects,	  within	  reach	  of	  microscopic	  

calcula+ons	  
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PRL 108  (2012)  112502

Asymmetry   leads  to   RN PREX-I   has  established  a   neutron skin   
at    ~95 % CL 

Neutron  Skin  =  RN - RP =  0.33  + 0.16  - 0.18   fm   

12/15Robert  Michaels,  CIPANP 2015
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Very&clean&separa/on&of&
elas/c&events&by&HRS&op/cs

&no&PID&needed;&detector&
sees&only&elas/c&events

Q2 ~ 0.01 GeV2 APV ~ 0.6 ppm
Rate ~1.5 GHz5o scattering angle

• 0.5&mm&208Pb&foil,&70&μA&
• 5o&sca5ering&&
• Pb~&90%&+/+&1%

PREX-I (2012): 
APV = 0.657 ± 0.060(stat) ± 0.014(sys) ppm
rn - rp= 0.33+0.16-0.18 fm

Summer&2017:&PREX&(3%&APV,&rn&to&0.06&fm),&CREX&(2.5%&APV,&rn&to&0.02&fm)&
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C.	  Sfien+,	  PEB13,	  PAVI14	  	  

E	  ~	  200	  MeV	  
Both	  far	  and	  near	  detector	  setups	  
in	  P2	  solenoidal	  spectrometer	  give	  
needed	  separa+on	  from	  208Pb	  first	  
excited	  state	  
	  	  

See	  C.	  Horowitz	  talk	  for	  more	  ideas	  for	  Nuclear	  Weak	  Form	  Factors	  at	  
low	  energies	  	  



Outline	  

•  Parity-‐Viola+ng	  Electron	  Sca3ering	  (PVES):	  Basics	  and	  
Brief	  History	  

	  
•  Physics	  drivers	  for	  PVES	  –	  past	  and	  future	  experiments	  
–  Standard	  Model	  tests	  and	  beyond	  Standard	  Model	  reach	  
– Neutron	  skin	  of	  heavy	  nuclei	  
–  Strange	  form	  factors	  

	  
•  Outlook	  and	  workshop	  goals	  for	  this	  topic	  
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Strange	  quark	  sea	  contributes	  to	  nucleon	  
momentum.	  	  	  
Ques+on	  from	  late	  1980’s:	  
How	  does	  it	  contribute	  to	  other	  nucleon	  proper+es?	  
mass,	  spin,	  electromagne+c	  form	  factors…	  

PEB Workshop, 03/14/2013 Yury Kolomensky, Parity Violation 

Strangeness in Nucleons
32

Quark Model QCD?
Strange quarks carry nucleon momentum: Other external properties affected?

1980’s

Strange Sea
     measured in            
          νN scattering

?
Breaking of SU(3) flavor symmetry 
introduces uncertainties 

€ 

Δs ~ N s γµγ 5s N

€ 

N s γµs N ≠ 0?

?
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Figure 2.5: On the left is the distribution of the charge within the neutron, the combined result of experiments around the 
globe that use polarization techniques in electron scattering. On the right is that of the (much larger) proton distribution for 
reference. The widths of the colored bands represent the uncertainties. A decade ago, as described in the 1999 NRC report 
(The Core of Matter, the Fuel of Stars, National Academies Press [1999]), our knowledge of neutron structure was quite limited and 
unable to constrain calculations, but as promised, advances in polarization techniques led to substantial improvement.

But quarks can have a transverse spin preference, denoted as 
transversity. Because of effects of relativity, transversity’s rela-
tion to the nucleon’s transverse spin orientation differs from 
the corresponding relationship for spin components along its 
motion. Quark transversity measures a distinct property of 
nucleon structure—associated with the breaking of QCD’s 
fundamental chiral symmetry—from that probed by helicity 
preferences. The first measurement of quark transversity has 
recently been made by the HERMES experiment, exploiting 
a spin sensitivity in the formation of hadrons from scattered 
quarks discovered in electron-positron collisions by nuclear 
scientists in the BELLE Collaboration at KEK in Japan.

Fueled by new experiments and dramatic recent advances 
in theory, the entire subject of transverse spin sensitivities in 
QCD interactions has undergone a worldwide renaissance. 
In contrast to decades-old expectations, sizable sensitiv-
ity to the transverse spin orientation of a proton has been 
observed in both deep-inelastic scattering experiments with 
hadron coincidences at HERMES and in hadron production 
in polarized proton-proton collisions at RHIC. The latter 
echoed an earlier result from Fermilab at lower energies, 
where perturbative QCD was not thought to be applicable. 
At HERMES, but not yet definitively at RHIC, measure-
ments have disentangled the contributions due to quark 
transverse spin preferences and transverse motion preferences 
within a transversely polarized proton. The motional prefer-
ences are intriguing because they require spin-orbit correla-

tions within the nucleon’s wave function, and may thereby 
illuminate the original spin puzzle. Attempts are ongoing to 
achieve a unified understanding of a variety of transverse spin 
measurements, and further experiments are planned at RHIC 
and JLAB, with the aim of probing the orbital motion of 
quarks and gluons separately.

The GPDs obtained from deep exclusive high-energy 
reactions provide independent access to the contributions 
of quark orbital angular momentum to the proton spin. As 
described further below, these reaction studies are a promi-
nent part of the science program of the 12 GeV CEBAF 
Upgrade, providing the best promise for deducing the orbital 
contributions of valence quarks.

The Spatial Structure of Protons and Neutrons
Following the pioneering measurements of the proton 

charge distribution by Hofstadter at Stanford in the 1950s, 
experiments have revealed the proton’s internal makeup with 
ever-increasing precision, largely through the use of electron 
scattering. The spatial structure of the nucleon reflects in 
QCD the distributions of the elementary quarks and gluons, 
as well as their motion and spin polarization.

Charge and Magnetization Distributions of Protons and 
Neutrons. The fundamental quantities that provide the 
simplest spatial map of the interior of neutrons and protons 
are the electromagnetic form factors, which lead to a picture 
of the average spatial distributions of charge and magnetism. 

26 QCD and the Structure of Hadrons
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“Rosenbluth”-‐like	  separa+on	  to	  determine	  neutral	  weak	  form	  factors	  

GE ,M
Z =(1−4sin 2θW )GE ,M

p −GE ,M
n −GE ,M

s

Obtain	  “strange”	  form	  factors:	  

  )( 2QGs
E

  )( 2QGs
M

	  Strange	  electric	  form	  factor:	  ss	  contribu+on	  to	  nucleon’s	  spa+al	  charge	  distribu+on	  	  

Strange	  magne+c	  form	  factor:	  ss	  contribu+on	  to	  nucleon’s	  spa+al	  magne+za+on	  
distribu+on	  	  
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1992	  –	  2011:	  Worldwide	  program	  on	  strange	  form	  factors	  measured	  with	  PVES	  

Mainz	  PV-‐A4:	  
Loca+on:	  Mainz	  MAMI	  microtron	  
Targets:	  p,d	  
Kinema+cs:	  forward	  &	  backward	  angles	  	  
Q2	  =	  .11,	  .23,	  .62	  GeV2	  

SAMPLE:	  
Loca+on:	  MIT-‐Bates	  
Targets:	  p,d	  
Kinema+cs:	  backward	  angle,	  Q2	  =	  .038,.10	  GeV2	  

HRS!

Hall A	

HAPPEx	  I,	  II,	  III:	  
Loca+on:	  Jefferson	  Lab	  Hall	  A	  
Targets:	  p,	  4He	  
Kinema+cs:	  forward	  angle,	  Q2	  =	  .10,.48,	  .62	  GeV2	  

G0:	  
Loca+on:	  Jefferson	  Lab	  Hall	  C	  
Targets:	  p,	  d	  
Kinema+cs:	  forward	  &	  backward	  angles	  	  
Q2	  =	  .1	  –	  1	  	  GeV2	  
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4

FIG. 2: Constraints on Gs
E and Gs

M at Q2 ⇠ 0.62GeV2.
The experimental bands are from the results presented in this
letter (HAPPEX-III) and the G0 measurements [7, 17].

is small for forward-angle studies where the small coef-
ficient

p
1� ✏2(1 � 4 sin2 ✓W ) suppresses the axial term.

The uncertainty in these corrections, as a fraction of the
axial form factor, is assumed to be constant with Q2.
Standard electroweak corrections [16] are also included
in ANS and contribute negligible uncertainty. Additional
radiative corrections involving two-photon exchange, ex-
pected to be at the level of 0.03% [14], are neglected.
Comparing ANS to the measured APV , the strange-quark
contributions are determined to be Gs

E + 0.517 Gs
M =

0.003± 0.010± 0.004± 0.009, where the error bars corre-
spond to statistical, systematic, and the ANS uncertain-
ties, respectively.

Our result is compared to previous measurements from
the HAPPEX collaboration in Fig. 1, which displays
(APV � ANS )/ANS , the fractional deviation from the-
oretical expectation in the absence of strange-quark con-
tributions. TheQ2 and specific form-factor sensitivity for
each measurement are noted on the figure. The error bars
include experimental uncertainties, while the uncertainty
in ANS is taken to be zero for this plot. For forward angle
scattering at each indicated Q2, the HAPPEX measure-
ments represent the most accurate determinations of the
strange vector matrix elements; they show no indication
of a signal for strange-quark contributions to the form
factors.

The constraints on the 2-D space spanned by Gs
E and

Gs
M from all measurements near Q2 ⇠ 0.62GeV2 are

shown in Fig. 2. The experimental constraints at 1�
are represented by the shaded bands indicating the com-
bined statistical and experimental systematic error bars.
The contours, representing the 68% and 95% uncertainty
boundaries as indicated, combine all three measurements
and also account for the uncertainties in ANS . The in-
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FIG. 3: Results of strange-quark vector form factors for all
measurements of forward-angle scattering from the proton.
The global fit is described in the text. The solid curve repre-
sents a 3% contribution to the comparable linear combination
of proton form factors.

dependently separated values resulting from this fit are
Gs

E = 0.047 ± 0.034 and Gs
M = �0.070 ± 0.067, with a

correlation coe�cient of �0.93. The combined constraint
is consistent with Gs

E = Gs
M = 0.

Figure 3 shows all published data on the net
strangeness contribution Gs

E + ⌘Gs
M in forward-angle

scattering measurements from the proton versus Q2.
Here, ⌘ = ⌧Gp

M/(✏Gp
E), and is approximately numeri-

cally equal to Q2/(GeV2) over the range of the plot.
Data from the HAPPEX [10, 11], G0 [7], and A4 [8, 9]
collaborations are shown. On each data point, the error
bars indicate both the statistical error and the quadra-
ture sum of statistical and uncorrelated systematic error.
For the G0 data, some systematic uncertainties are corre-
lated between points with a magnitude indicated by the
shaded region at the bottom of the plot. A shaded re-
gion around the zero-net-strangeness line represents the
uncertainties in ANS at 1�; this uncertainty is not also
included in the individual data points.

While there is no reliable theoretical guidance on the
possible Q2-dependence of the strange form factors, it is
reasonable to expect that they would not change rapidly
with Q2, consistent with nucleon form factors in this
range which are described to a reasonable precision by
smooth dipole or Galster parameterizations [14]. The
cross-hatched region displays the 1� region allowed by
a leading-order fit in which Gs

M is taken to be constant
and Gs

E is proportional to Q2. This parameterization fol-
lows that of [18, 19]. The fit includes all published data,
including HAPPEX-II 4He [11] and backward-angle pro-
ton measurements [17, 20, 21], and takes the correlated
uncertainties in the G0 forward-angle data into account
but neglects the uncertainty in ANS . The confidence

Worldwide	  forward	  angle	  results	  
Strange	  form	  factor	  separa+on	  at	  
Q2	  =	  0.1	  GeV2	  

Global	  fits:	  
•  R.D.	  Young,	  et	  al.	  PRL	  97,	  10200	  (2006)	  	  	  	  
•  J.	  Liu,	  et	  al.	  PRC	  76,	  025202	  (2007)	  	  	  	  	  	  	  	  	  	  	  	  
La�ce:	  D.	  Leinweber	  et	  al.	  PRL	  94,	  212001	  (2005)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  D.	  Leinweber	  et	  al.	  PRL	  97,	  022001	  (2006)	  

Conclusion:	  Strange	  quark	  sea	  contribu+ons	  to	  proton	  form	  factors	  are	  consistent	  with	  zero	  
and	  not	  more	  than	  a	  few	  percent	  of	  the	  overall	  proton	  electromagne+c	  form	  factors.	  	  	  
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Are	  further	  strange	  form	  factor	  measurements	  warranted?	  
State-‐of-‐the-‐art	  la�ce	  QCD	  calcula+ons	  set	  the	  scale	  of	  what	  is	  interes+ng.	  
Recent	  la�ce	  predic+ons	  for	  the	  strange	  magne+c	  moment:	  	  
GM

s  (Q2 = 0) ≡ µs  = -0.07± 0.03 µN   
GM

s  (Q2 = 0) ≡ µs= -0.022± 0.004± 0.004± 0.006 µN   

4

FIG. 3. Strange-quark and disconnected light-quark electric and magnetic form factors, with statistical error bars. The curves
result from the z-expansion fits; the inner bands show the statistical uncertainty and the outer error bands show the combined
statistical and systematic uncertainties (added in quadrature). The charge factors are not included.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Q2 (GeV2)

�0.05

0.00

0.05

0.10

0.15

G
s E

+
h

G
s M

G0
HAPPEX

A4
lattice

FIG. 4. Linear combination of form factors, Gs
E + ⌘Gs

M ,
probed by forward-angle parity-violating elastic ep scatter-
ing experiments [5–7, 9–11, 13, 14]. The coe�cient ⌘ depends
on the scattering angle and Q2; for the lattice data we use the
approximation ⌘ = AQ2, A = 0.94 GeV�2 [10]. In the low
Q2 region we also show the linear dependence on Q2 resulting
from the estimated charge radius and magnetic moment at
the physical point.

we observe, suggesting that the quark masses are too
large for ChPT at this order. Therefore, we resort to a
simple linear interpolation in m2

loop

. We also adjust to
the physical nuclear magneton, and obtain at the physi-
cal point:

(r2E)s = �0.0067(10)(17)(15) fm2,

(r2M )s = �0.018(6)(5)(5) fm2,

µs = �0.022(4)(4)(6) µN ,

(7)

�0.5 �0.4 �0.3 �0.2 �0.1 0.0 0.1
µs (µN)

lattice QCD (this work, mp = 317 MeV)

lattice QCD (this work, physical point)

lattice QCD [17]

connected LQCD + octet µ from expt. [16]

. . . same, with quenched lattice QCD [29]

finite-range-regularized chiral model [30]

light-front model + deep inelastic scattering data [31]

perturbative chiral quark model [32]

dispersion analysis [33]
parity-violating elastic scattering [34]

FIG. 5. Determinations of the strange magnetic moment:
from direct lattice QCD calculations (this work and Ref. [17];
red circles), models and phenomenology [16, 29–33] (green
squares), and from a recent global analysis of parity-violating
elastic scattering data [34] (blue diamond).

where the first two uncertainties are statistical and sys-
tematic (as estimated above). The third error is the dif-
ference between the value at the physical point and on
our lattice ensemble (using the physical nuclear magne-
ton), and serves as an estimate of the uncertainty due to
extrapolation to the physical point.

The experiments run at forward scattering angles were
sensitive to a particular linear combination of form fac-
tors, Gs

E + ⌘Gs
M , which we show in Fig. 4. Our results

and the experimental data are both broadly consistent
with zero, although the lattice data have much smaller
uncertainties. This suggests that it will be quite chal-

Green,	  et	  al.,	  arXiv:1505.01803	  	  

Shanahan,	  et	  al.,	  PRL	  114,	  091802	  (2015)	  	  
Shanahan,	  et	  al.,	  PRL	  114,	  091802	  (2015)	  	  

See	  K.	  Kumar	  talk	  for	  possibili+es	  for	  strange	  radius	  at	  low	  energies	  

Possible	  backangle	  measurements	  at	  low	  energies?	  
•  ”A4	  style”	  fast	  calorimeter	  during	  P2,	  θ	  ~	  140	  –	  150o,	  150	  MeV,	  150	  μA,	  60	  cm	  LH/D2	  

targets,	  1000	  hours	  each	  è	  δGs
M	  ~	  ±	  0.05	  μN	  	  	  (Baunack,	  PEB2013)	  

•  “SAMPLE”	  style	  air	  Cerenkov,	  θ	  ~	  130	  –	  170o,	  not	  yet	  es+mated	  



Summary	  
•  Parity-‐viola+ng	  electron	  sca3ering	  has	  proven	  to	  be	  an	  important	  
tool	  
–  Provides	  stringent	  low	  energy	  tests	  of	  the	  Standard	  Model	  
–  Addresses	  nuclear/nucleon	  structure	  issues:	  strange	  form	  factors	  and	  
neutron	  “skin”	  

	  

•  Workshop	  parameters:	  E	  <	  500	  MeV;	  appear	  to	  be	  many	  
interes+ng	  prospects	  and	  maybe	  we	  will	  hear	  more	  at	  this	  
workshop	  
–  Standard	  Model	  tests:	  Proton	  weak	  charge	  P2@MESA,	  C12	  weak	  
charge	  (12C@MESA)	  –	  nicely	  complementary	  to	  MOLLER	  and	  SOLID	  

–  Neutron	  skin:	  perhaps	  availability	  of	  a	  dedicated	  low	  energy	  machine	  
makes	  it	  possible	  to	  measure	  nuclear	  weak	  form	  factors	  for	  a	  series	  of	  
nuclei	  

–  Strange	  form	  factors:	  perhaps	  newly	  designed	  experiments	  could	  probe	  
strange	  form	  factors	  at	  the	  level	  of	  precision	  suggested	  by	  la�ce	  QCD	  
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