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Outline	
  

•  Parity-­‐Viola7ng	
  Electron	
  Sca=ering:	
  Formalism	
  and	
  
Physics	
  Mo7va7on	
  

•  The	
  Qweak	
  Experiment:	
  Measurement	
  of	
  the	
  Proton’s	
  
Weak	
  Charge	
  

•  The	
  MOLLER	
  Experiment:	
  Measurement	
  of	
  the	
  Electron’s	
  
Weak	
  Charge	
  



Parity-­‐ViolaJng	
  Electron	
  ScaCering	
  –	
  The	
  Basics	
  

•  Longitudinally	
  polarized	
  electrons	
  on	
  unpolarized	
  targets	
  –	
  	
  
	
  	
  	
  	
  	
  	
  e,	
  p,	
  d,	
  4He,	
  9Be,	
  12C,	
  208Pb	
  
•  Measure	
  small	
  parity-­‐viola7ng	
  cross	
  sec7on	
  asymmetry	
  	
  
	
  	
  	
  	
  	
  	
  	
  (~	
  20	
  ppb	
  –	
  100	
  ppm)	
  
•  ElasJc	
  and	
  deep	
  inelas7c	
  kinema7cs	
  

•  Neutral	
  weak	
  current	
  –	
  Standard	
  Model	
  test	
  and	
  select	
  hadronic	
  physics	
  topics	
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5

Parity-Violating Electron Scattering

 Scattering amplitudes will have both EM and weak contributions.

 Measure the parity-violating asymmetry:
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Qweak	
  and	
  MOLLER	
  Experiments	
  at	
  JLab	
  
Qweak	
  Experiment:	
  parity-­‐viola7ng	
  e-­‐p	
  elas7c	
  sca=ering	
  to	
  measure	
  
proton’s	
  weak	
  charge	
  
•  last	
  experiment	
  in	
  Hall	
  C	
  in	
  “6	
  GeV	
  era”	
  
•  data-­‐taking	
  2010	
  –	
  2012	
  (~	
  1	
  year	
  total	
  beam	
  7me)	
  
•  First	
  results	
  on	
  proton’s	
  weak	
  charge	
  (based	
  on	
  4%	
  of	
  the	
  dataset)	
  published	
  in	
  

Phys.	
  Rev.	
  LeC.	
  111,	
  141803	
  (2013)	
  
•  Apparatus	
  described	
  in	
  NIM	
  A781,	
  105	
  (2015)	
  
•  Analysis	
  of	
  full	
  dataset	
  underway;	
  final	
  results	
  expected	
  early	
  next	
  year	
  

MOLLER	
  (Measurement	
  of	
  a	
  Lepton-­‐Lepton	
  Electroweak	
  ReacJon):	
  parity-­‐
viola7ng	
  e-­‐e	
  elas7c	
  (Møller)	
  sca=ering	
  to	
  measure	
  electron’s	
  weak	
  charge	
  
•  ini7a7ve	
  for	
  Hall	
  A	
  in	
  “12	
  GeV	
  era”	
  
•  approved	
  by	
  JLab	
  PAC	
  in	
  Jan.	
  2009	
  
•  Successfully	
  reviewed	
  by	
  JLab	
  Director’s	
  Review	
  in	
  2010	
  and	
  DOE	
  Science	
  Review	
  

in	
  2014	
  
•  Aiming	
  for	
  factor	
  of	
  5	
  improvement	
  over	
  previous	
  measurement	
  of	
  SLAC	
  E158	
  
•  See	
  Moller	
  white	
  paper:	
  arXiv:1411.4088	
  for	
  further	
  details	
  



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-­‐viola7ng	
  e-­‐q	
  and	
  e-­‐e	
  four-­‐

fermion	
  contact	
  interac7on:	
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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	
  
	
  



Proton’s	
  weak	
  charge:	
  
	
  
parity-­‐viola7ng	
  elas7c	
  ep	
  sca=ering	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  e	
  +	
  p	
  →	
  e	
  +	
  p	
  
•  Running	
  complete:	
  JLab	
  Qweak	
  ~	
  5%	
  on	
  Qp

W	
  
•  Published:	
  Qweak	
  commissioning	
  ~	
  17%	
  on	
  Qp

W	
  
•  planned:	
  Mainz	
  MESA/P2	
  	
  ~	
  2.5%	
  on	
  Qp

W	
  
Qe

W	
  and	
  Q
p
W	
  are	
  suppressed	
  in	
  Standard	
  Model	
  →	
  increased	
  sensi7vity	
  to	
  new	
  physics.	
  

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

Z 

N e 
 ) CQ Wee

e
W θ−−=−≡ 2sin41(2Electron’s	
  weak	
  charge:	
  

parity-­‐viola7ng	
  Møller	
  sca=ering	
  	
  	
  	
  	
  	
  e	
  +	
  e	
  →	
  e	
  +	
  e	
  
•  published:	
  SLAC	
  E158	
  ~	
  13%	
  on	
  Qe

W	
  
•  planned:	
  JLAB	
  MOLLER	
  	
  ~	
  2.4%	
  on	
  Qe

W	
  

[ ] ( ) CCQ W1d1u
p

W θ−=+−≡ 2sin4122

“Neutron’s	
  weak	
  charge”:	
  
	
  
	
  
	
  
Atomic	
  parity	
  viola7on	
  	
  
•  published:	
  Cesium	
  ~	
  0.5%	
  on	
  QA

W	
  
•  planned:	
  KVI	
  Ra,	
  FrPNC@TRIUMF	
  
	
  	
  	
  	
  	
  	
  ~	
  0.2%	
  on	
  QA

W	
  

[ ]
( ) -N N-Z

NZCNZCNZ,Q

W

1d1u
A

W

≈θ−≈

+++−≡
2sin41

)2()2(2)(
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“Weak	
  Charges”	
  in	
  Low	
  Energy	
  Neutral	
  Current	
  Tests	
  

	
  

Most	
  precise	
  low	
  energy	
  
measurements	
  define	
  a	
  weak	
  charge	
  
“triad”	
  (M.	
  Ramsey-­‐Musolf)	
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Physics	
  PotenJal	
  of	
  Precision	
  Electron	
  Weak	
  Charge	
  
Measurement	
  from	
  MOLLER	
  	
  

High	
  precision	
  measurement	
  
of	
  suppressed	
  SM	
  observable	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  sensiJve	
  to	
  new	
  neutral	
  current	
  amplitudes	
  as	
  weak	
  as	
  	
  ~	
  10-­‐3	
  GF	
  
Most	
  sensi7ve	
  probe	
  of	
  new	
  flavor	
  and	
  CP-­‐conserving	
  neutral	
  current	
  
interac7ons	
  over	
  next	
  decade	
  
	
  	
  	
  -­‐	
  new	
  TeV	
  scale	
  dynamics	
  (Z’,	
  supersymmetry,	
  doubly	
  charged	
  scalars,…)	
  
	
  	
  	
  	
  -­‐	
  weakly	
  coupled	
  MeV	
  –	
  GeV	
  scale	
  mediators	
  (dark	
  photons,	
  …)	
  

	
  
	
  

 δ(QW
e ) /QW

e ~ ± 2.4%

QW
e = − 1− 4sin2θW( ) ~ −.046

The	
  MOLLER	
  experiment	
  provides:	
  
•  Excellent	
  sensiJvity	
  to	
  Beyond	
  Standard	
  Model	
  (BSM)	
  physics	
  

•  High	
  precision	
  benchmark	
  point	
  within	
  the	
  
Standard	
  Model	
  

	
  
	
  	
  	
  ~	
  0.1%	
  precision,	
  comparable	
  to	
  sensi7vity	
  of	
  	
  	
  	
  
	
  	
  	
  best	
  collider	
  determina7ons	
  

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

Other	
  measurements	
  	
  
on	
  same	
  Jmescale	
  

δ(sin2θW)	
  

Mainz	
  MESA	
  P2	
   ~	
  ±0.00034	
  
Final	
  Tevatron	
   ~	
  ±0.00041	
  
LHC	
  14	
  TeV,	
  300	
  u-­‐1	
   ~	
  ±0.00036	
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MOLLER 
goal

•  Two	
  most	
  precise	
  values	
  of	
  sin2	
  θW	
  at	
  Z	
  pole	
  (SLC	
  ALR	
  and	
  LEP	
  A
b
u)	
  disagree	
  by	
  3σ	
  	
  

	
  

•  MOLLER	
  goal	
  is	
  
-­‐  comparable	
  sensi7vity	
  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	
  

•  MOLLER	
  is	
  the	
  only	
  method	
  available	
  in	
  the	
  next	
  decade	
  to	
  directly	
  address	
  this	
  issue	
  at	
  
the	
  same	
  level	
  of	
  precision	
  and	
  interpretability	
  

	
  

•  ±	
  10σ	
  discovery	
  potenJal	
  at	
  Q2	
  <<	
  M2
Z	
  

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

Weak	
  Mixing	
  Angle	
  –	
  sin2θw	
  –	
  PotenJal	
  MOLLER	
  Impact	
  



Most	
  significant	
  radia7ve	
  correc7on:	
  	
  γ-­‐Z	
  Box	
  Diagram	
  
-­‐	
  significant	
  theory	
  effort	
  in	
  past	
  several	
  years	
  

Energy	
  Dependent	
  Electroweak	
  RadiaJve	
  CorrecJons	
  
→ For	
  useful	
  Standard	
  Model	
  test	
  all	
  electroweak	
  radia7ve	
  correc7ons	
  need	
  to	
  be	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  under	
  good	
  theore7cal	
  control	
  

8/5/2015	
   Hadron-­‐China-­‐2015	
   9	
  

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
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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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(∼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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Purely	
  leptonic	
  process;	
  electroweak	
  radia7ve	
  correc7ons	
  under	
  control	
  at	
  sub	
  1%	
  level	
  
(1	
  loop,	
  Czarnecki	
  and	
  Marciano,	
  2	
  loop:	
  Aleksejevs,	
  Barkanova)	
  



SensiJvity	
  to	
  New	
  Physics	
  at	
  TeV	
  Scales	
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Model-­‐independent	
  way	
  to	
  quan7fy	
  effects	
  of	
  poten7al	
  new	
  high	
  energy	
  dynamics	
  	
  (ie.	
  heavy	
  Z’s,	
  
compositeness,	
  extra	
  dimensions,…)	
  is	
  expressing	
  it	
  in	
  terms	
  of	
  	
  neutral	
  “contact”	
  4-­‐fermi	
  interac7ons:	
  

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

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   
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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

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

(See	
  Erler,	
  Horowitz,	
  Mantry,	
  Souder,	
  Ann.	
  Rev.	
  Nucl.	
  Part.	
  Sci.	
  64	
  (2014)	
  for	
  detailed	
  mass	
  reach	
  comparisons)	
  	
  

“Energy	
  fron7er” -­‐	
  like	
  LHC	
  
	
  

→	
  Make	
  new	
  par7cles	
  (“X”)	
  directly	
  in	
  
high	
  energy	
  collisions	
  

“Precision	
  fron7er” –	
  weak	
  charge,	
  g-­‐2(μ),	
  etc.	
  
	
  

→	
  Measure	
  indirect	
  effects	
  of	
  new	
  par7cles	
  (“X”)	
  
made	
  virtually	
  in	
  low	
  energy	
  processes	
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Qweak&MOLLER:	
  TeV-­‐Scale	
  New	
  Physics	
  Reach	
  Examples	
  
Complementarity	
  to	
  Possible	
  LHC	
  Z’	
  	
  

RPC	
  and	
  RPV	
  Supersymmetry	
  	
  

Doubly	
  Charged	
  Scalars	
  	
  

Naturally	
  arise	
  in	
  many	
  extended	
  Higgs	
  
sector	
  models;	
  lepton	
  number	
  viola7ng	
  
MOLLER	
  sensi7vity:	
  Λ	
  >	
  5	
  TeV	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (LEP-­‐200	
  ~	
  3	
  TeV)	
  

RPC	
  

RPV	
  

MOLLER	
  +	
  
P2	
  

Includes	
  LHC	
  constraints;	
  	
  	
  
Erler,	
  Su	
  arXiv:	
  1303.5522	
  

Erler,	
  Rojas	
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Qweak	
  &	
  MOLLER:	
  SensiJvity	
  to	
  MeV	
  –	
  GeV	
  Scale	
  Mediators	
  
“Dark	
  photon”	
  –	
  possible	
  portal	
  for	
  new	
  force	
  to	
  communicate	
  with	
  SM	
  

“Dark	
  parity	
  viola7on”	
  	
  
(Davoudiasl,	
  Lee,	
  Marciano,	
  arXiv	
  1402.3620)	
  
•  New	
  source	
  of	
  low	
  energy	
  parity	
  viola7on	
  through	
  mass	
  mixing	
  between	
  Z0	
  and	
  Zd	
  	
  
•  Complementary	
  to	
  direct	
  searches	
  for	
  heavy	
  dark	
  photons;	
  observable	
  even	
  if	
  direct	
  

decay	
  modes	
  are	
  “invisible”	
  
•  Example:	
  possible	
  devia7ons	
  of	
  sin2θW	
  for	
  dark	
  photons	
  respec7ng	
  rare	
  kaon	
  decay	
  

constraints	
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MOLLER

Anticipated sensitivity

mdark Z 100 MeV

APV Cs
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SLAC
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DIS

Anticipated sensitivity
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FIG. 3. E↵ective weak angle running as a function of Q2 shift (the blue band) due to an intermediate mass Zd for (a) mZd = 15
GeV and (b) mZd = 25 GeV for 1 sigma fits to "�0 in Eq. (12). The lightly shaded area in each band corresponds to choice of
parameters that is in some tension with precision constraints (see text for more details).

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

BR(H ! ZZd) =
1

�H

q
�(m2

H ,m2
Z ,m

2
Zd

)

16⇡m3
H

✓
g mZ

cos ✓W

◆2

⇥
✓
�0
mZd

mZ

◆2
 
(m2

H �m2
Z �m2

Zd
)2

4m2
Zm

2
Zd

+ 2

!
(14)

with �(x, y, z) ⌘ x2 + y2 + z2 � 2xy � 2yz � 2zx and
�H(125 GeV) ' 4.1 MeV [41], which shows a rather mZd

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

The ATLAS bounds translate into constraints on �0

as a function of mZd , but depend on the branching ra-
tio for Zd ! `+`�. For BR(Zd ! 2`) ⌘ BR(Zd !
2e)+BR(Zd ! 2µ) ⇡ 0.3 [42], one finds (at 2 sigma) the
nearly constant bound |�0| . 0.02, over the range of mZd

considered in our work. Here we note that in the pres-
ence of allowed dark decay channels (that is, decay into
invisible particles), BR(Zd ! 2`) can be much smaller
than 0.3, which would weaken the constraint on �0.

The best current bounds on " for the relevant mass
range are given by the precision electroweak constraints,
along with the non-continuous bounds from the e+e� !
hadron cross-section measurements at various experi-
ments [43]. The Drell-Yan dilepton resonance searches
at the LHC experiments (such as in Ref. [44]) have the
potential to give a better bound than precision elec-
troweak constraints [45]. When combined with bounds
on " from precision measurements and production con-
straints [43, 46], one finds |"| . 0.03, for kinetic mixing
alone. However, in our scenario, where a separate source
of mass mixing is also considered [33], that bound can be
somewhat relaxed, via partial cancellation with �0 depen-
dent contributions to the Z-Zd mixing angle [33], roughly
yielding |"| . 0.04. (See also Refs. [46, 47] for less severe

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

the upper bounds on " and �0 suggests

|"�0| . 0.0008. (15)

We will use the above bound as a rough guide for the al-
lowed region of parameter space in our discussion below.
For a given mZd , a negative "�0 in Eq. (12) will shift

the SM prediction in Eq. (1) towards the low Q2 experi-
mental sin2 ✓W (mZ)MS weighted average in Eq. (6). That
e↵ect is illustrated in Fig. 3 (a), where for mZd = 15 GeV
the blue band corresponds to a 1-� fit to Eq. (7) or
�0.0010 < "�0 < �0.0003. A similar 1-� band is pre-
sented in Fig. 3 (b) for mZd = 25 GeV with �0.0016 <
"�0 < �0.0005. In each case, the lighter shaded upper
part of the band corresponds to |"�0| > 0.0008 which
is in some tension with constraints from precision mea-
surements and the rare Higgs decay search by ATLAS, as
explained above. Future improved sensitivity at the LHC
should cover most of the bands in Figs. 3 (a) and (b). For
other mZd values, the 1-� bands are about the same as
our Fig. 3 representative examples; however, for larger
mZd > 25 GeV, the darker parts of the bands allowed
by current constraints narrow. This can be seen from a
comparison of Figs. 3 (a) and (b) that shows how smaller
values of mZd can accommodate a shift in sin2 ✓W (Q2)
more easily, over the currently allowed parameter space
[as suggested by the mZd dependence in Eq.(12)].
In the case of low Q2 determinations of sin2 ✓W (Q2),

the Qweak polarized e p asymmetry experiment at JLAB,
which measures weak nuclear charge of proton (Qp

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

Intermediate	
  mass	
  (~10	
  –	
  35	
  GeV)	
  Zd	
  
(Davoudiasl,	
  Lee,	
  Marciano,	
  arXiv	
  1507.00352)	
  
-­‐	
  Rela7on	
  to	
  rare	
  Higgs	
  decays	
  –	
  	
  

H→ Z Zd or H→ Zd Zd



Parity	
  viola7ng	
  asymmetry:	
  
	
  	
  	
  A	
  ~	
  	
  -­‐	
  2.3	
  ×	
  10-­‐7	
  	
  or	
  -­‐230	
  ppb	
  (parts	
  per	
  billion)	
  
	
  

propor7onal	
  to	
  the	
  proton’s	
  weak	
  charge	
  (“Qweak”)	
  
	
  

Requires:	
  
•  High	
  polariza7on,	
  high	
  current	
  polarized	
  source	
  (record	
  180	
  μA	
  ,	
  89%	
  polarized	
  beam	
  

delivered	
  rouJnely	
  for	
  Qweak)	
  
•  High	
  power	
  cryogenic	
  LH2	
  target	
  (Qweak:	
  world’s	
  highest	
  power	
  (3	
  kW),	
  lowest	
  density	
  

fluctuaJon	
  target)	
  
•  Large	
  acceptance	
  spectrometer	
  with	
  ability	
  to	
  separate	
  elas7c	
  and	
  background	
  processes	
  
•  High	
  count	
  rate	
  detectors/electronics	
  	
  	
  

spin (+) 

spin (-) 

1 GeV e- beam 

proton 
target 

(elastic) scattered e- at small angle (~ 8o) 

(180 µA for 2000 hr) 

2.5×1016 (1 + A ) e- 

2.5×1016 (1 - A ) e- 

Elas7c	
  sca=ering	
  of	
  longitudinally	
  polarized	
  electrons	
  on	
  protons	
  	
  
 e-  +  p  →  e-  +  p 

The	
  Qweak	
  Experiment	
  at	
  JLab:	
  The	
  EssenJals	
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By	
  running	
  at	
  a	
  small	
  value	
  of	
  Q2	
  (small	
  beam	
  
energy,	
  small	
  sca=ering	
  angle)	
  we	
  minimize	
  our	
  
sensi7vity	
  to	
  the	
  effects	
  of	
  the	
  proton’s	
  detailed	
  
spa7al	
  structure.	
  

( )
2Q

2
0

20 4

4
Q

2
QQ pweakFd d GA B

d
Q

d
σ σ
σ σ

+ −
→
→

−

θ 

+

− −⎡ ⎤ ⎡ ⎤≡ ⎯⎯⎯→ +⎢ ⎥ ⎣ ⎦+ πα⎣ ⎦

“Form	
  factor”	
  term	
  due	
  to	
  finite	
  proton	
  size	
  
–	
  hadronic	
  structure	
  (~	
  30%	
  for	
  Qweak)	
  

The	
  Qweak	
  experiment	
  at	
  JLAB	
  determines	
  the	
  proton’s	
  weak	
  charge	
  by	
  measuring	
  the	
  parity-­‐
viola7ng	
  asymmetry	
  in	
  elas7c	
  sca=ering	
  of	
  longitudinally	
  polarized	
  electrons	
  on	
  proton.	
  

==
EM

NCPV
M
M2A

At	
  forward	
  sca=ering	
  angles	
  and	
  low	
  4-­‐momentum	
  transfer:	
  

proton’s	
  weak	
  charge:	
  	
  
Qp

weak	
  =	
  1	
  –	
  4	
  sin
2θW	
  	
  at	
  tree	
  level	
  

Parity-­‐ViolaJng	
  Asymmetry	
  for	
  the	
  Qweak	
  Experiment	
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Electroweak Interaction The Q

Weak

Apparatus The Q

Weak

Data First Results Summary

The Q
Weak

Experiment

Event versus current mode

• Event mode
• each event individually registered
• event selection or rejection possible

time0 100 ns

µA

• Current or integrating mode
• high event rates possible (event every nanosecond!)
• no suppression of background events possible

time0 100 ns

µA

. . .

11

Qweak	
  Experimental	
  Apparatus	
  

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

Produc7on:	
  ~	
  800	
  MHz	
  rates	
  
must	
  integrate	
  PMT	
  current	
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Qweak	
  Experimental	
  Apparatus	
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Qweak Apparatus
Production Mode:
180 mA, Integrating

Tracking Mode:
50 pA, Counting
(Q2 Systematics)

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

Horizontal
Drift Chambers

Vertical
Drift Chambers

Trigger
Scintillators

Quartz Bar Detectors
8-fold symmetry

Electroweak Interaction The Q

Weak

Apparatus The Q

Weak

Data First Results Summary

The Q
Weak

Experiment

Event versus current mode

• Event mode
• each event individually registered
• event selection or rejection possible

time0 100 ns

µA

• Current or integrating mode
• high event rates possible (event every nanosecond!)
• no suppression of background events possible

time0 100 ns

µA

. . .

11

Tracking	
  (event)	
  mode:	
  	
  low	
  rate;	
  
each	
  event	
  individually	
  registered	
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Qweak	
  Apparatus	
  During	
  InstallaJon	
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7 

Q-Weak Apparatus!

7 

Quartz Cerenkov Bars 

Toroidal Magnet 
Spectrometer 

Collimators 
Vertical Drift Chambers 

Trigger Scintillator 

Horizontal  
Drift Chambers 

LH2 Target 

Electron beam 



Qweak	
  Data	
  Taking	
  Periods	
  and	
  First	
  Results	
  
Qweak	
  had	
  ~	
  1	
  calendar	
  year	
  of	
  beam	
  split	
  into	
  3	
  running	
  periods	
  
Each	
  period	
  had	
  its	
  own	
  “blinding	
  factor”	
  to	
  avoid	
  analysis	
  bias:	
  	
  

•  Run	
  0:	
  January	
  –	
  February	
  2011	
  (commissioning	
  data)	
  	
  
•  Run	
  1:	
  February	
  –	
  May	
  2011	
  
•  Run	
  2:	
  November	
  2011	
  –	
  May	
  2012	
  

Run	
  0	
  results	
  (about	
  1/25	
  of	
  data	
  set)	
  published	
  in	
  PRL	
  in	
  Oct.	
  2013	
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The Qweak experiment has measured the parity-violating asymmetry in ~ep elastic scattering at Q2 ¼
0:025 ðGeV=cÞ2, employing 145 !A of 89% longitudinally polarized electrons on a 34.4 cm long liquid

hydrogen target at Jefferson Lab. The results of the experiment’s commissioning run, constituting approxi-

mately 4% of the data collected in the experiment, are reported here. From these initial results, the measured

asymmetry is Aep ¼ $279% 35 (stat) % 31 (syst) ppb, which is the smallest and most precise asymmetry

ever measured in ~ep scattering. The smallQ2 of this experiment has made possible the first determination of

theweak charge of the protonQp
W by incorporating earlier parity-violating electron scattering (PVES) data at

higher Q2 to constrain hadronic corrections. The value of Qp
W obtained in this way is Qp

WðPVESÞ ¼
0:064% 0:012, which is in good agreement with the standard model prediction of Qp

WðSMÞ ¼ 0:0710%
0:0007. When this result is further combined with the Cs atomic parity violation (APV) measurement,

significant constraints on the weak charges of the up and down quarks can also be extracted. That PVESþ
APV analysis reveals the neutron’s weak charge to be Qn

WðPVESþ APVÞ ¼ $0:975% 0:010.

DOI: 10.1103/PhysRevLett.111.141803 PACS numbers: 12.15.$y, 14.20.Dh, 14.65.Bt, 25.30.Bf
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ExtracJon	
  of	
  Qweak	
  from	
  e-­‐p	
  Asymmetry	
  
Run	
  0	
  Results	
  (1/25th	
  of	
  total	
  dataset)	
  –	
  published	
  in	
  PRL	
  111,	
  141803	
  (2013)	
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The standard model (SM) of electroweak physics is
thought to be an effective low-energy theory of a more
fundamental underlying structure. The weak charge of the
proton Qp

W is the neutral current analog to the proton’s
electric charge. It is both precisely predicted and sup-
pressed in the SM and thus a good candidate for an indirect
search [1–5] for new parity-violating (PV) physics between
electrons and light quarks. In particular, the measurement
of Qp

W ¼ "2ð2C1u þ C1dÞ determines [2,6] the axial elec-
tron, vector quark weak coupling constants C1i ¼ 2geAg

i
V .

This information is complementary to that obtained in
atomic parity violation (APV) experiments [7–9], in par-
ticular, on 133Cs where QWð133CsÞ ¼ 55Qp

W þ 78Qn
W ,

which is proportional to a different combination,
C1u þ 1:12C1d.

The uncertainty of the asymmetry reported here is less
than that of previous parity-violating electron scattering
(PVES) experiments [10–21] directed at obtaining had-
ronic axial and strange form-factor information [22]. The
theoretical interpretability of the Qweak measurement is
very clean as it relies primarily on those previous PVES
data instead of theoretical calculations to account for
residual hadronic structure effects, which are significantly
suppressed at the kinematics of this experiment.

The asymmetry Aep measures the cross section (!)
difference between elastic scattering of longitudinally po-
larized electrons with positive and negative helicity from
unpolarized protons:

Aep ¼ !þ " !"
!þ þ !"

: (1)

Expressed in terms of Sachs electromagnetic (EM) form
factors [23] G"

E, G
"
M, weak neutral form factors GZ

E, G
Z
M,

and the neutral-weak axial form factor GZ
A, the tree level

asymmetry has the form [1,24]

Aep ¼
!"GFQ

2

4#$
ffiffiffi
2

p
#
&

!
"G"

EG
Z
E þ %G"

MG
Z
M " ð1" 4sin2&WÞ"0G"

MG
Z
A

"ðG"
EÞ2 þ %ðG"

MÞ2
#
; (2)

where

"¼ 1

1þ 2ð1þ %Þtan2 &
2

; "0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
%ð1þ %Þð1" "2Þ

q
; (3)

are kinematic quantities,GF the Fermi constant, sin2&W the
weak mixing angle, "Q2 is the four-momentum transfer
squared, % ¼ Q2=4M2, where M is the proton mass, and &
is the laboratory electron scattering angle. Equation (2) can
be recast as [5]

Aep=A0 ¼ Qp
W þQ2BðQ2; &Þ; A0 ¼

!"GFQ
2

4#$
ffiffiffi
2

p
#
: (4)

The dominant energy-dependent radiative correction [25]
to Eq. (4) that contributes to PVES in the forward limit is

the "-Z box diagram arising from the axial-vector coupling
at the electron vertex, hV

"ZðE;Q2Þ. This correction is

applied directly to data used in the Qp
W extraction prior to

the fitting procedure (described below). Then Qp
W is the

intercept of Aep=A0 vs Q
2 in Eq. (4). The term Q2BðQ2;&Þ

which contains only the nucleon structure defined in terms
of EM, strange, and weak form factors, is determined
experimentally from existing PVES data at higher Q2

and is suppressed at low Q2. The Q2 of the measurement
reported here is 4 times smaller than any previously
reported ~ep PV experiment, which ensures a reliable
extrapolation to Q2 ¼ 0 using Eq. (4).
The "-Z box diagram hV

"ZðE;Q2Þ has been evaluated

using dispersion relations in [26–31]. Interest in refining
these calculations and improving their precision remains
high in the theory community. Recently, Hall et al. [32]
made use of parton distribution functions to constrain the
model dependence of the "-Z interference structure func-
tions. Combined with important confirmation from recent
Jefferson Lab (JLab) PV ~ed scattering data [33], these
constrained structure functions result in the most precise
calculation of hV

"Z to date. Their computed value of the

contribution to the asymmetry at the Qweak experiment’s
kinematics is equivalent to a shift in the proton’s weak
charge of 0:005 60' 0:000 36, or 7:8' 0:5% of the SM
value 0:0710' 0:0007 for Qp

W [34]. While the resulting
shift in the asymmetry compared to the Qp

W term is sig-
nificant, the additional 0.5% error contribution from this
correction is small with respect to our measurement uncer-
tainty. Charge symmetry violations are expected [35–38] to
be ( 1% at reasonably small Q2, and any remnant effects
are further suppressed by absorption into the experimen-
tally constrained BðQ2;&Þ. Other theoretical uncertainties
are negligible with respect to experimental errors [4,32].
The Qweak experiment [39] was performed with a

custom apparatus (see Fig. 1) in JLab’s Hall C. The
acceptance-averaged energy of the 145 'A, 89% longitu-
dinally polarized electron beam was 1:155' 0:003 GeV at
the target center. The effective scattering angle of the
experiment was 7.9) with an acceptance width of
*' 3). The azimuthal angle ( covered 49% of 2#,
resulting in a solid angle of 43 msr. The acceptance-
averaged Q2 was 0:0250' 0:0006 ðGeV=cÞ2, determined
by simulation.
The electron beam was longitudinally polarized and

reversed at a rate of 960 Hz in a pseudorandom sequence
of ‘‘helicity quartets’’ (þ""þ) or ("þþ"). The
quartet pattern minimized noise due to slow linear drifts,
while the rapid helicity reversal limited noise due to fluc-
tuations in the target density and in beam properties.
A half-wave plate in the laser optics of the polarized source
[40,41] was inserted or removed about every 8 hours to
reverse the beam polarity with respect to the rapid-reversal
control signals. The beam current was measured using
radio-frequency resonant cavities. Five beam position
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week ending

4 OCTOBER 2013

141803-2

Aep = −279 ± 35(stat)± 31(syst) ppb Q2 = 0.0250 (GeV / c)2

Qweak	
  	
  
(4%	
  of	
  data,	
  
3	
  days@100%)	
  	
  

Global	
  fit	
  of	
  world	
  PVES	
  data	
  up	
  to	
  Q2	
  =	
  	
  0.63	
  GeV2	
  is	
  done	
  to	
  extract	
  the	
  proton’s	
  
weak	
  charge	
  	
  

QW
p (PVES) = 0.064 ± 0.012 QW

p (SM) = 0.0710 ± 0.0007
First	
  determina7on	
  of	
  proton’s	
  weak	
  charge	
  in	
  good	
  agreement	
  with	
  Standard	
  Model	
  

Qweak	
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ImplicaJons	
  of	
  First	
  Proton	
  Weak	
  Charge	
  Measurement	
  
Improved	
  precision	
  on	
  quark	
  
vector	
  coupling	
  constants	
  

C1u  = −0.1835± 0.0054
C1d  = 0.3355± 0.0050

Combining	
  this	
  result	
  with	
  the	
  most	
  
precise	
  atomic	
  parity	
  viola7on	
  
experiment	
  we	
  can	
  also	
  extract,	
  for	
  the	
  
first	
  7me,	
  the	
  neutron’s	
  weak	
  charge:	
  

QW
n (PVES+APV) = −0.975± 0.010

QW
n (SM) = −0.9890 ± 0.0007
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First	
  contribuJon	
  of	
  proton	
  
weak	
  charge	
  to	
  “weak	
  
charge	
  triad”	
  in	
  running	
  plot	
  



Qweak	
  First	
  Result	
  –	
  CorrecJon/Error	
  Summary	
  	
  

Largest	
  uncertainty	
  contribu7ons	
  for	
  ini7al	
  result	
  
•  False	
  asymmetries	
  from	
  helicity-­‐correlated	
  differences	
  in	
  beam	
  parameters	
  

(13	
  ppb)	
  
•  Backgrounds	
  from	
  beamline	
  sca=ering	
  (23	
  ppb)	
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Status	
  of	
  Full	
  Qweak	
  Dataset	
  Analysis	
  –	
  Beam	
  CorrecJons	
  
Data	
  analysis	
  in	
  progress	
  for	
  the	
  full	
  dataset	
  
Example:	
  Status	
  of	
  correc7ons	
  for	
  helicity-­‐correlated	
  beam	
  parameters	
  
(sensi7vity	
  of	
  detector	
  asymmetries	
  to	
  beam	
  posi7on	
  varia7ons)	
  
-­‐  “Regression”:	
  Natural	
  jiCer	
  of	
  beam	
  parameters	
  
-­‐  “Dithering”:	
  Occasional	
  “large”	
  driven	
  variaJon	
  of	
  each	
  beam	
  parameter	
  
	
  

-­‐  Correc7ons	
  based	
  on	
  the	
  two	
  methods	
  are	
  in	
  excellent	
  agreement	
  for	
  this	
  subset	
  
of	
  	
  our	
  data	
  	
  

•  Includes	
  about	
  77%	
  of	
  Run	
  2	
  dataset	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  (~	
  50%	
  of	
  overall	
  dataset)	
  
•  Asymmetries	
  have	
  no	
  correc7ons	
  other	
  

than	
  beam	
  parameter	
  correc7ons	
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Excellent	
  consistency	
  between	
  
regression	
  and	
  dithering	
  
observed	
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Status	
  of	
  Full	
  Qweak	
  Dataset	
  Analysis	
  –	
  Beamline	
  Backgrounds	
  

Sim. with “plug” Sim. without “plug” 

2

2
⇡ . %.

Background	
  detector	
  
asymmetries	
  up	
  to	
  20	
  ppm	
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Status	
  of	
  Full	
  Qweak	
  Dataset	
  Analysis	
  –	
  Beamline	
  Backgrounds	
  

23

Blinded Asymmetries

Inclusion	
  of	
  beamline	
  background	
  correcJon	
  improves	
  the	
  staJsJcal	
  consistency	
  
of	
  both	
  the	
  Physics	
  and	
  “NULL”	
  asymmetry	
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PVeS Experiment Summary
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G0

G0

E122

Mainz-Be

MIT-12C

SAMPLE H-I

A4
A4

A4

H-II
H-He

E158

H-III

PVDIS-6

PREX-I
PREX-II

Qweak

SOLID

Moller
MESA-P2

MESA-12C

Pioneering
Strange Form Factor (1998-2009)
S.M. Study (2003-2005)
JLab 2010-2012
Future

PVA

)
PV

(Aδ

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

Compelling&new&opportuni>es&in&PVeS

23

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...

Parity	
  viola7ng	
  asymmetry:	
  
APV	
  ~	
  	
  	
  35	
  ×	
  10-­‐9	
  	
  or	
  35	
  ppb	
  (parts	
  per	
  billion)	
  
δAPV	
  ~	
  ±	
  0.7	
  ppb	
  	
  (2.4%	
  precision)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  next	
  genera7on	
  in	
  size	
  and	
  precision	
  
of	
  asymmetry	
  for	
  parity-­‐viola7ng	
  electron	
  
sca=ering	
  experiments	
  
	
  
	
  

propor7onal	
  to	
  the	
  electron’s	
  weak	
  charge	
  Qe
W	
  

-­‐	
  precisely	
  predicted	
  in	
  Standard	
  Model	
  
	
  
At	
  tree	
  level	
  
	
  
2.4%	
  precision	
  on	
  Qe

W	
  	
  	
  	
  	
  0.1%	
  on	
  sin2θW	
  

Elas7c	
  sca=ering	
  of	
  longitudinally	
  polarized	
  electrons	
  on	
  unpolarized	
  electrons	
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The	
  MOLLER	
  Experiment	
  at	
  JLab:	
  The	
  EssenJals	
  

eeee ʹ′+ʹ′→+
!

QW
e = − 1− 4sin2θW( )

MOLLER	
  experiment	
  approved	
  by	
  JLAB	
  PAC	
  in	
  Jan.	
  2009	
  
Successfully	
  reviewed	
  by	
  JLab	
  Director’s	
  Review	
  in	
  2010	
  and	
  DOE	
  Science	
  Review	
  in	
  2014	
  
Will	
  be	
  factor	
  of	
  5	
  improvement	
  over	
  previous	
  measurement	
  of	
  SLAC	
  E158	
  	
  

Parity-­‐Viola7ng	
  Møller	
  sca=ering	
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Parity	
  ViolaJng	
  Asymmetry	
  in	
  Møller	
  ScaCering	
  
Under	
  assump7on	
  of	
  126	
  GeV	
  Higgs	
  SM	
  boson,	
  the	
  parity-­‐viola7ng	
  asymmetry	
  
in	
  Møller	
  sca=ering	
  is	
  predicted	
  at	
  the	
  sub-­‐1%	
  level	
  of	
  theore7cal	
  accuracy:	
  

e
A

e
Vee gg  C 2≡

−e −e
QW

e = −4gV
e gA

e = − 1− 4sin2θW( )

At	
  tree	
  level	
  in	
  Standard	
  Model:	
  

At	
  tree	
  level	
  electron’s	
  weak	
  charge	
  is	
  given	
  by:	
  

Derman	
  and	
  Marciano	
  (1978)	
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MOLLER	
  Experiment:	
  Conceptual	
  Overview	
  

28 m

liquid 
hydrogen
target

upstream
toroid

hybrid
toroid

detector
systems

electron
beam

Θlab	
  =	
  0.23o	
  –	
  1.1o	
  

E’	
  =	
  1.7	
  –	
  8.5	
  GeV	
  

•  11	
  GeV,	
  90%	
  polarized,	
  60	
  μA	
  electron	
  beam	
  
•  150	
  cm	
  long,	
  5	
  kW	
  LH2	
  target	
  
•  Precision	
  collima7on	
  (“2-­‐bounce”	
  design	
  minimizes	
  backgrounds)	
  
•  Novel	
  two	
  (warm)	
  toroid	
  spectrometer	
  
•  Variety	
  of	
  integra7ng	
  and	
  coun7ng	
  detectors	
  for	
  main	
  measurement	
  and	
  backgrounds	
  	
  

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

δ(sin2θW) = ± 0.00026 (stat.) ± 0.00012 (syst.) ~ 0.1%

Matches(best(collider((ZEpole)(measurement!(

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

��
|g2

RR � g2
LL|

= 7.5 TeVLe1e2 =
�

i,j=L,R

g2
ij

2�2
ēi�µeiēj�

µej

best contact interaction reach for leptons at low OR high energy
To do better for a 4-lepton contact interaction would require:  

Giga-Z factory, linear collider, neutrino factory or muon collider

LH2 5+10&mrad
11&GeV&Beam
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Projected	
  Uncertainty	
  Budget	
  and	
  Experimental	
  Challenges	
  
The MOLLER Experiment p. 26

Error Source Fractional Error (%)
Statistical 2.1
Absolute Normalization of the Kinematic Factor 0.5
Beam (second order) 0.4
Beam polarization 0.4
e+ p(+�) ! e+X(+�) 0.4
Beam (position, angle, energy) 0.4
Beam (intensity) 0.3
e+ p(+�) ! e+ p(+�) 0.3
�(⇤) + p ! (⇡, µ,K) +X 0.3
Transverse polarization 0.2
Neutral background (soft photons, neutrons) 0.1
Total systematic 1.1

Table 4: Summary of projected fractional statistical and systematic errors.

4 Systematic Control

The proposed APV measurement in some sense constitutes a fourth generation parity-violation experiment
at Jefferson Laboratory. Apart from the obvious challenge of measuring a raw asymmetry with a statistical
error less than 1 ppb, an equally challenging task is to calibrate and monitor the absolute normalization
APV at the sub-1% level. The collaboration continues to gain extensive experience on all aspects of such
measurements as work continues on executing and analyzing the third generation experiments PREX [46]
and Qweak [47].

We tabulate our estimates of the most important systematic errors in decreasing order of importance
in Table 4. It is instructive to recall that the raw asymmetry is about 32 ppb and that the raw statistical
error is 0.6 ppb or about 2%. In the following subsections, we describe some of the principal challenges of
controlling systematic errors in the proposed measurement and provide justification for the projected errors
in the table.

4.1 Beam Fluctuations

As described in Secs. 3.1 and 3.5, the scattered flux would be integrated over the duration (⇠ 500 µs) of
each helicity window. Equation 12 shows how one then extracts a signal proportional to the raw cross-
section asymmetry by removing beam correlations. In this section, we summarize the upper limits for
the random and helicity-correlated fluctuations in order to achieve the systematic error goals in Table 4.
Apart from active techniques to control helicity correlations in the laser beam as well as in the low energy
electron beam, one also gains additional suppression due to so-called “adiabatic damping” and with the use
of several methods of “slow helicity reversal”. Many more details on these issues based on experience from
past experiments can be found in App. A.

Numerical estimates for ↵j were made using Monte Carlo simulation, with results which are similar
to expectations based on scaling the beam-motion sensitivities measured in HAPPEX-II. They are listed in
Table 5. Using these numbers, the required monitoring resolution to achieve counting statistics for 1 kHz
window pairs is . 3 µm in position, and 10 ppm in intensity. The position monitor resolution will be
straightforward to achieve based on previous experience in HAPPEX-II, PREX and Qweak. On the other

Sta7s7cs:	
  High	
  power	
  beam,	
  target;	
  large	
  acceptance;	
  minimize	
  random	
  noise	
  sources	
  
	
  

Beam	
  quality:	
  Minimize	
  helicity-­‐correlated	
  beam	
  proper7es;	
  small	
  random	
  fluctua7ons	
  
	
  

Polarimetry:	
  Redundant,	
  high-­‐precision	
  polarimetry	
  
	
  

Backgrounds:	
  Novel	
  spectrometer,	
  “2	
  bounce”	
  collima7on,	
  auxiliary	
  detectors	
  
	
  

Tracking:	
  kinema7c	
  factor,	
  backgrounds	
  

Builds	
  on	
  experience	
  from	
  previous	
  PVES	
  experiments	
  like	
  E158	
  and	
  Qweak	
  	
  

All	
  systema7cs	
  
required	
  at	
  
sub-­‐1%	
  level	
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Spectrometer	
  –	
  KinemaJcs	
  and	
  Azimuthal	
  Acceptance	
  
Op7mized	
  spectrometer:	
  	
  
50%	
  azimuth,	
  100%	
  acceptance	
  
	
  
FOM	
  op7mized	
  at	
  90o	
  in	
  COM	
  

•  Accept	
  all	
  Møller	
  sca=ered	
  electrons	
  in	
  range	
  ΘCM	
  =	
  60o	
  –	
  120o	
  

•  Exploit	
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momentum) Møller tracks so that they only experience field for a short distance in the magnet, which results
in a negative curvature in the downstream part of the coil. The details of the conceptual design, Monte Carlo
studies and preliminary studies of the mechanical design are presented in App. D

3.4 Detectors

The MOLLER apparatus consists of a number of detector systems. These include integrating (current mode)
detectors, for the asymmetry measurements of both signal and background, and beam and target monitoring,
as well as tracking (counting mode) detectors for spectrometer calibration, electron momentum distribution
and background measurements. An overview of the main detector systems is shown in Fig. 13. The toroidal
spectrometer will focus the Møller electrons ⇡ 28 m downstream of the target center onto a ring with a cen-
tral radius of ⇡ 100 cm and a radial spread of ⇡ 10 cm. As we describe in the following, the region between
a radius of 60 to 110 cm will be populated by a series of detectors with radial and azimuthal segmentation.
These detectors will measure APV for Møller scattering and, equally important, will also measure APV for
the irreducible background processes of elastic and inelastic electron proton scattering. Detectors at very
forward angle will monitor window to window fluctuations in the scattered flux for diagnostic purposes.
Lead-glass detectors placed behind the main Møller ring detectors and shielding, combined with two planes
of gas electron multipliers (GEMs) will measure hadronic background dilutions and asymmetries. Finally,
four planes of GEM tracking detectors will be inserted periodically just upstream of the integrating detec-
tors, at very low current, to track individual particles during calibration runs and to measure the detailed
shapes of all the charged particle trajectories. The following subsections provide a brief overview of the
various detector systems, including basic criteria and design choices. Additional details about the design
and prototype testing status of the various detectors can be found in the appendices (E, F and H).

GEM GEM
GEM GEM

quartz 
assembly

pion detectors

luminosity
monitor

beam centerline

Figure 13: Layout of the main integrating and tracking detectors. Predicted trajectories from elastically
scattered electrons from target protons (green) and target electrons (blue) are also shown.

3.4.1 Main Integrating Detectors

For the primary APV measurement, the detector response will be integrated over the duration of each helicity
window to measure the scattered flux. Integration of the signal, rather than event counting mode, is required,
due to the high flux of scattered electrons. The ideal detector material is artificial fused silica (henceforth
”quartz”), since it is radiation-hard, and has negligible scintillation response. When operating detectors in
integrating mode, there is no way to make event mode cuts, based on pulse shape, and true counting statistics
is not achievable. Therefore the two primary concerns for the detector design are to reduce background
sensitivity as much as possible and to reduce excess noise to a level that allows the detectors to operate
as close to counting statistics as possible. Both of these issues are intimately connected to the detector
geometry. In particular, aside from electronic noise, the level of excess noise in the detectors is primarily
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a result of two competing effects as a function of increasing quartz thickness: shower activity inside the
active detector material, which increases fluctuations in the detector response, and increasing single event
light yield, which decreases the width of the average detector response. Both of these depend on the detector
geometry, as further explained below.

In addition, the detectors must measure the relative flux in the nominal acceptance, be insensitive to soft
backgrounds, and be radiation-hard. Because the tail of all radiative electron-proton elastic and inelastic
processes results in an important systematic correction, the detector must be able to measure these back-
ground electrons in several bins, so trends in yield and asymmetry can be compared to simulations. The
detector must also minimize cross-talk between adjacent radial bins, with widely differing asymmetries,
and minimize electron hit location and electron incident angle dependent biases. The latter point, again,
primarily places restrictions on the individual detector active material geometry. Additionally, event-mode
acquisition at much lower beam currents for systematic studies is also required, for the purpose of back-
ground determination and momentum transfer determination. Having chosen the optimal detector material,
the most important task is the optimization of the detector geometry, as further discussed below.

Figure 14: Transverse distribution of Møller (black)
and ep (red) electrons 28.5 m downstream of target

r (m)
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

R
at

e 
(G

H
z/

5m
m

)

0

1

2

3

4

5

6

7

8

9

10
Moller
Elastic ep
Inelastic ep

R1    R2      R3        R4               R5                   R6

Detector Plane Radial Distributions

Figure 15: Radial distribution of Møller (black), ep
elastic (red), and ep inelastic electrons 28.5 m down-
stream of target. The vertical black lines delineate
the proposed radial segmentation into 6 rings (R1
thru R6). The principal APV measurement will be
carried out in ring R5.

The primary acceptance collimator is divided into seven sectors, evenly distributed around the azimuth,
covering exactly one-half the azimuth as described in Sec. 3.3 above. Figure 14 shows a Monte Carlo
simulation of the transverse distribution of the scattered electrons, with the Møller electrons shown in black
and the electrons from elastic electron-proton scattering (”ep”) shown in red. Figure 15 shows that the
”ep” peak flux is concentrated primarily at a smaller radius of ⇡ 75 cm and at radii larger than ⇡ 110
cm. However, the significant ”ep” rate below the Møller peak at 100 cm has important consequences for
the design of the integrating detector assembly. Due to azimuthal defocusing in the magnets the Møller
electrons populate the full range of the azimuth at the detector plane. However, as can be seen in Fig. 16, the
electron rate is highly non-uniform within a ring and mostly still focused on the individual seven sectors. The
figures demonstrate that a detailed understanding of the signal, background fraction, and spectrometer optics
requires high detector segmentation, both in the radial and azimuthal dimensions. In addition, azimuthal
segmentation is also needed, since defocusing results in a correlation between azimuthal angle and E0.

To address the criteria discussed above, the detector will be segmented, both in the radial and the az-
imuthal direction. Currently there are six planned radial bins that are being optimized for measuring the
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a result of two competing effects as a function of increasing quartz thickness: shower activity inside the
active detector material, which increases fluctuations in the detector response, and increasing single event
light yield, which decreases the width of the average detector response. Both of these depend on the detector
geometry, as further explained below.

In addition, the detectors must measure the relative flux in the nominal acceptance, be insensitive to soft
backgrounds, and be radiation-hard. Because the tail of all radiative electron-proton elastic and inelastic
processes results in an important systematic correction, the detector must be able to measure these back-
ground electrons in several bins, so trends in yield and asymmetry can be compared to simulations. The
detector must also minimize cross-talk between adjacent radial bins, with widely differing asymmetries,
and minimize electron hit location and electron incident angle dependent biases. The latter point, again,
primarily places restrictions on the individual detector active material geometry. Additionally, event-mode
acquisition at much lower beam currents for systematic studies is also required, for the purpose of back-
ground determination and momentum transfer determination. Having chosen the optimal detector material,
the most important task is the optimization of the detector geometry, as further discussed below.
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and ep (red) electrons 28.5 m downstream of target
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The primary acceptance collimator is divided into seven sectors, evenly distributed around the azimuth,
covering exactly one-half the azimuth as described in Sec. 3.3 above. Figure 14 shows a Monte Carlo
simulation of the transverse distribution of the scattered electrons, with the Møller electrons shown in black
and the electrons from elastic electron-proton scattering (”ep”) shown in red. Figure 15 shows that the
”ep” peak flux is concentrated primarily at a smaller radius of ⇡ 75 cm and at radii larger than ⇡ 110
cm. However, the significant ”ep” rate below the Møller peak at 100 cm has important consequences for
the design of the integrating detector assembly. Due to azimuthal defocusing in the magnets the Møller
electrons populate the full range of the azimuth at the detector plane. However, as can be seen in Fig. 16, the
electron rate is highly non-uniform within a ring and mostly still focused on the individual seven sectors. The
figures demonstrate that a detailed understanding of the signal, background fraction, and spectrometer optics
requires high detector segmentation, both in the radial and azimuthal dimensions. In addition, azimuthal
segmentation is also needed, since defocusing results in a correlation between azimuthal angle and E0.

To address the criteria discussed above, the detector will be segmented, both in the radial and the az-
imuthal direction. Currently there are six planned radial bins that are being optimized for measuring the
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Figure 19: A perspective view of the integrating detector assembly and the upstream GEM trackers.

The dilution measurement will be carried out in an auxiliary calibration run at very low current, where
pions will be identified by looking for MIP signals in both the Møller ”peak” sandwich detector as well as
the Pb-glass detector, both in time coincidence with a track from the two downstream GEM detectors. The
asymmetry measurement would be carried out during production running. Two methods are being investi-
gated: either integrating the Pb-glass signal or designing a fast-counting electronics chain that establishes a
coincidence between a Pb-glass MIP signal and a GEM track.

The final detector at the right edge of Fig. 13 is the so-called ”luminosity monitor”, which consists of
quartz detectors that will detect the charged particle flux at extreme forward angles. Such monitors have two
purposes. Since they have higher statistics (by a factor of 5 to 10) than the primary Møller flux, they serve
as a sensitive diagnostic of target density fluctuations, beam fluctuations and electronics noise. The small
scattering angle also implies that they should have a much smaller parity-violating asymmetry, so that they
can also serve as a ”null asymmetry monitor”.

In the current spectrometer design, we have determined that the forward angle charged particle flux
in the ✓

lab

range between 2 and 2.5 mrad should not feel any fields. We therefore plan to instrument the
region between 6.0 and 7.5 cm thirty meters downstream of the target with eight luminosity detectors; the
detection technique will be similar in concept to the main integrating detectors i.e. a thin quartz plate with
an associated air light guide and photomultiplier tube. The placement of these detectors can be discerned
from Figs. 18 and 19.
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Figure 16: Simulated, cross-section weighted, Møller
and ep electron rates.

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

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

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

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

The production of showers inside the quartz, suboptimal geometry, and poor light collection efficiency
typically lead to an increase in excess noise (because they produce additional variation in photoelectron
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After the modeling has been fine-tuned with calibration data, the Q2 distribution of the background
under the Møller peak can be estimated from the Monte Carlo simulation. The average Q2 is 0.004 GeV2.
Assuming an uncertainty of 4% on the knowledge of Qp

W , this leads to a 0.3% systematic error

4.5.2 Inelastic ep Scattering

A more challenging background correction is due to the smaller dilution from inelastic ep scattering. Even
though the contribution from the background is expected to be small, . 0.5%, the asymmetry correction
can be significantly larger due to the fact that the estimated coupling to the Z boson is more than an order of
magnitude larger than Qe

W . Indeed, this background was studied in E158 and the parity-violating asymmetry
from inelastic electron-proton scattering was consistent with the formula Ainel.

PV ⇠ 0.8⇥ 10�4 ·Q2[GeV�2].
This is to be contrasted with Ael.

PV ⇠ 1.0⇥ 10�5 ·Q2[GeV�2], while AMøll.
PV is another 40% smaller.
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Figure 20: The black, red and green curves are radial rate distributions from Møller, elastic e-p and inelastic
e-p scattering at the detector plane 28.5 m downstream of the target. The left plot is the rate distribution
in log scale whereas the right plot shows individual APV contributions in linear scale in units of ppb.
The proposed radial segmentation of the scattered electron flux is superimposed. The six rings r1 thru r6
correspond to the numbered quartz detectors as shown in Fig. 18

We have done a preliminary optimization of the radial segmentation of the integrating detectors that
will allow us to measure the relevant combination of vector couplings and make a reliable background
correction to the raw Møller asymmetry. The six radial extents of the numbered quartz tiles shown in
Fig. 18 correspond to the six radial bins shown in Fig. 20, where the segmentation is overlaid on the Monte
Carlo radial distributions for scattered Møller, elastic ep and inelastic ep electrons. The left plot is the rate
distribution of the three components whereas the right plot are the individual estimated contributions to APV

in each radial bin. The Møller electrons primarily hit the red quartz (r5) and the radial extent of this ring will
be varied somewhat as a function of the azimuthal position with respect to the mid-plane of each toroidal
sector to optimize the figure of merit; this variation is reflected by the thicker lines in the figure.

It is remarkable that the APV contributions to rings 2 and 3 are dominated by the contribution from
inelastic ep scattering (the right plot of Fig. 20) whereas the rates in these bins are dominated by elastic ep
scattering. This is because the inelastic ep coupling is expected to be 20 times bigger than the elastic ep
coupling, whereas the inelastic ep flux (green) is only 5 to 10 times smaller than the elastic (red) flux (left
plot Fig. 20). Those measurements can be used to estimate the correction due to the inelastic ep background
in the “red” (r5) detectors that contain the raw Møller asymmetry of interest.

We use an ansatz for Ainel.
PV such that the inelastic e-Z vector coupling can be different in three different

Radial	
  fi	
  Ai	
  distribu7on:	
  Contribu7ons	
  to	
  APV	
  

Radial	
  binning	
  of	
  measurements	
  –	
  measurement	
  of	
  background	
  asymmetries	
  under	
  
“Møller	
  peak”	
  
•  Elas7c	
  e-­‐p:	
  ~8.9%	
  of	
  signal;	
  asymmetry	
  well	
  known	
  
•  Inelas7c	
  e-­‐p:	
  <0.5%	
  of	
  signal	
  but	
  asymmetry	
  ~	
  x20	
  larger	
  and	
  not	
  well	
  known	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  The	
  asymmetry	
  weighted	
  inelas7c	
  contribu7on	
  dominates	
  rings	
  2	
  and	
  3,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  so	
  it	
  will	
  be	
  measured	
  there	
  
	
  	
  	
  	
  	
  	
  	
  

Color	
  coding:	
  Møller:	
  black,	
  elas7c	
  e-­‐p:	
  red,	
  inelas7c	
  e-­‐p:green	
  
Ameas = fi Ai

i
∑



8/5/2015	
   Hadron-­‐China-­‐2015	
   34	
  

MOLLER	
  Complementarity	
  to	
  LHC	
  	
  

•  If	
  LHC	
  sees	
  ANY	
  anomaly	
  in	
  Runs	
  2	
  or	
  3	
  (~2022)	
  
–  The	
  unique	
  discovery	
  space	
  provided	
  by	
  MOLLER	
  will	
  become	
  a	
  
pressing	
  need,	
  like	
  other	
  sensiJve	
  probes	
  (eg.	
  g-­‐2	
  anomaly)	
  

•  If	
  LHC	
  observes	
  no	
  anomaly	
  in	
  next	
  decade,	
  MOLLER	
  sensiJve	
  
to	
  discovery	
  scenarios	
  beyond	
  LHC	
  signatures	
  
–  Hidden	
  weak	
  scale	
  scenarios	
  (eg.	
  compressed	
  supersymmetry)	
  
–  Lepton	
  number	
  violaJng	
  amplitudes	
  
–  Light	
  dark	
  maCer	
  mediators	
  
–  …	
  
	
  

Most	
  sensiJve	
  discovery	
  reach	
  over	
  the	
  next	
  decade	
  for	
  CP-­‐/
flavor-­‐	
  conserving	
  or	
  lepton	
  number	
  violaJng	
  scaCering	
  
amplitudes	
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Timeline:	
  Past	
  and	
  Future	
  
Past:	
  
•  JLab	
  PAC	
  approval	
  Jan.	
  2009,	
  JLab	
  Director’s	
  review	
  Jan.	
  2010	
  
•  JLab	
  PAC37	
  Ranking/Beam	
  Alloca7on	
  Jan.	
  2011	
  (A	
  ra7ng,	
  344	
  PAC	
  days)	
  
•  DOE	
  Science	
  Review	
  of	
  MOLLER	
  Experiment	
  –	
  Sept.	
  2014	
  

–  Report	
  received	
  at	
  lab	
  recently;	
  excerpts:	
  
–  “…	
  NP	
  concludes	
  that	
  the	
  proposed	
  MOLLER	
  experiment	
  has	
  very	
  strong	
  scienBfic	
  

merit.	
  ….	
  Purely	
  leptonic	
  …	
  is	
  well	
  moBvated	
  …	
  would	
  be	
  of	
  high	
  scienBfic	
  impact	
  …	
  	
  ”	
  
–  “…	
  theoreBcal	
  cleanliness	
  …	
  makes	
  it	
  unique	
  among	
  the	
  low-­‐Q2	
  probes	
  of	
  the	
  SM”	
  
–  “Significant	
  progress	
  …	
  in	
  design	
  of	
  the	
  liquid	
  hydrogen	
  target...;	
  novel	
  design	
  of	
  the	
  

hybrid	
  toroidal	
  magneBc	
  spectrometer	
  is	
  impressive.”	
  
–  “…experimental	
  collaboraBon	
  is	
  strong	
  with	
  world-­‐class	
  experience	
  in	
  previous	
  PV	
  

electron	
  scaPering	
  experiments.”	
  
–  “…collaboraBon	
  is	
  bold	
  in	
  seQng	
  the	
  new	
  goal…,	
  thorough	
  in	
  examining	
  possible	
  

systemaBc	
  effects.”	
  
–  “The	
  panelists	
  believe	
  the	
  experiment	
  has	
  the	
  potenBal	
  to	
  be	
  a	
  flagship	
  effort	
  for	
  JLAB	
  

and	
  the	
  NP	
  community.”	
  

Next	
  Steps:	
  
•  JLab	
  Director’s	
  Technical	
  Feasibility/Cost/Schedule	
  Review	
  planned	
  for	
  Fall	
  2015	
  
•  DOE	
  Technical	
  Feasibility	
  review	
  poten7ally	
  late	
  in	
  2015	
  



Summary	
  
•  Parity-­‐viola7ng	
  electron	
  sca=ering	
  provides	
  stringent	
  low	
  energy	
  tests	
  of	
  

the	
  Standard	
  Model	
  
	
  

•  	
  Qweak	
  Experiment:	
  Parity-­‐viola7ng	
  elas7c	
  e-­‐p	
  sca=ering	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  First	
  result:	
  	
  PRL	
  111,141803	
  (2013)	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  based	
  on	
  just	
  4%	
  of	
  data	
  taken	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  first	
  determina7on	
  of	
  proton’s	
  weak	
  charge	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  final	
  result	
  using	
  full	
  dataset	
  expected	
  early	
  next	
  year	
  	
  
	
  

•  MOLLER	
  Experiment:	
  Parity-­‐viola7ng	
  elas7c	
  e-­‐e	
  sca=ering	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  new	
  ini7a7ve	
  being	
  developed	
  for	
  Jlab	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  an7cipated	
  0.1%	
  precision	
  on	
  weak	
  mixing	
  angle	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  sensi7ve	
  down	
  to	
  10-­‐3	
  GF	
  ;	
  mass	
  scales	
  to	
  Λ/g	
  ~	
  7.5	
  TeV	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  best	
  discovery	
  reach	
  for	
  flavor	
  and	
  CP	
  conserving	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  process	
  over	
  next	
  decade	
  

QW
p (PVES) = 0.064 ± 0.012 QW

p (SM) = 0.0710 ± 0.0007
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The	
  MOLLER	
  CollaboraJon	
  
~	
  35	
  ins7tu7ons,	
  	
  ~	
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  people	
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