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Qweak	  uses	  parity-‐viola4ng	  elas4c	  electron-‐proton	  
scaPering	  to	  measure	  the	  proton’s	  	  neutral	  weak	  
charge	  at	  Jefferson	  Lab	  	  
	  
•  Precision	  Standard	  Model	  test	  	  
•  tests	  “running	  of	  sin2θW”	  from	  M2

Z	  to	  low	  Q2	  	  

•  sensi4ve	  to	  new	  TeV	  scale	  physics	  
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Outline	  

•  Mo4va4on	  and	  formalism	  

•  Experiment:	  technical	  challenges	  and	  achievements	  

•  First	  measurement	  of	  proton’s	  weak	  charge	  –	  results	  and	  
implica4ons	  

	  
•  Status	  of	  analysis	  towards	  final	  precision	  result	  
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Proton’s	  Neutral	  Weak	  Charge	  

	  	  →	  	  Accidental	  suppression	  
	  	  	  	  	  	  	  	  	  	  sensi4vity	  to	  new	  physics	  

   Qγ      QZ 
u +2/3   1 − 8/3 sin2θW 
d −1/3 −1 + 4/3 sin2θW 
   

 

 

The	  Standard	  Model	  prescribes	  the	  couplings	  of	  the	  fundamental	  
par4cles	  to	  each	  other	  →	  	  

Electromagne4c	  force	  →	  proton’s	  electric	  
charge	  
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Weak	  force	  →	  proton’s	  neutral	  weak	  charge	  -‐	  Qweak	   

Qweak
p = 2 1−8 / 3sin2 θW( )+1 −1+ 4 / 3sin2 θW( )

         =1− 4sin2 θW ~ 0.07

sin2θW	  	  →	  
“weak	  mixing	  angle”	  	  



The	  Hunt	  for	  New	  Physics	  
Two	  complementary	  approaches	  to	  searching	  for	  “New	  Physics”	  
 
“Energy	  fron4er”	  	  
-‐	  like	  LHC	  –	  Large	  Hadron	  Collider	  
	  
→	  Make	  new	  par4cles	  (“X”)	  directly	  
in	  high	  energy	  collisions	  

“Precision	  fron4er”	  	  
-‐	  examples:	  Qweak	  at	  JLab,	  µ(g-‐2),	  
EDM,	  ββ	  decay,	  n	  β	  decay,	  etc.	  
	  
→	  Look	  for	  indirect	  effect	  of	  new	  
par4cles	  (“X”)	  made	  virtually	  in	  low	  
energy	  processes	  
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spin (+) 

spin (-) 

1 GeV e- beam 

proton 
target 

(elastic) scattered e- at small angle 

(180 µA for 2000 hr) 

2.5×1016 (1 + A ) e- 

2.5×1016 (1 - A ) e- 

Parity	  viola4ng	  asymmetry:	  
	  	  	  A	  ~	  	  -‐	  2.3	  ×	  10-‐7	  	  or	  -‐230	  ppb	  (parts	  per	  billion)	  
	  

propor4onal	  to	  the	  proton’s	  weak	  charge	  (“Qweak”)	  
	  
Asymmetry	  measured	  with	  precision	  of	  ~2%	  (5	  ppb)	  →	  sensi4ve	  Standard	  Model	  test	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  →	  probe	  for	  certain	  types	  of	  “New	  Physics”	  

Elas4c	  scaPering	  of	  longitudinally	  polarized	  electrons	  on	  
protons	  	    e-  +  p  →  e-  +  p 
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The	  Qweak	  Experiment:	  The	  Essen5als	  
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Qweak	  experiment	  :	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  exploit	  the	  interference	  between	  EM	  and	  weak	  interac4ons	  

Qp
W = 1 - 4sin2θW    

Parity-‐Viola5ng	  Asymmetry	  –Accessing	  the	  Neutral	  Weak	  Sector	  
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By	  running	  at	  a	  small	  value	  of	  Q2	  (small	  beam	  
energy,	  small	  scaPering	  angle)	  we	  minimize	  our	  
sensi4vity	  to	  the	  effects	  of	  the	  proton’s	  detailed	  
spa4al	  structure.	  
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“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-‐
viola4ng	  asymmetry	  in	  elas4c	  scaPering	  of	  longitudinally	  polarized	  electrons	  on	  proton.	  

==
EM

NCPV
M
M2A

At	  forward	  scaPering	  angles	  and	  low	  4-‐momentum	  transfer:	  

proton’s	  weak	  charge:	  	  
Qp

weak	  =	  1	  –	  4	  sin
2θW	  	  at	  tree	  level	  

Parity-‐Viola5ng	  Asymmetry	  for	  the	  Qweak	  Experiment	  
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Electroweak Corrections

- Most of these well known and precisely 
  calculated – except for gZ-box
- gZ-box: signi?cant energy-dependent
  correction ?rst identi?ed by Gorchtein
  & Horowitz
- Hall et al model dependence constrained
  by JLab PVDIS data

PRL 107, 081801 (2011)

Qweak E
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Qweak E

Most	  significant	  radia4ve	  correc4on:	  	  γ-‐Z	  Box	  Diagram	  

Energy	  Dependent	  Electroweak	  Radia5ve	  Correc5ons	  
→ For	  useful	  Standard	  Model	  test	  all	  electroweak	  radia4ve	  correc4ons	  need	  to	  be	  	  	  	  	  	  
	  	  	  	  	  	  under	  good	  theore4cal	  control	  
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	   	   	  OLDER	  CALCULATIONS	  

	  	  

Example:	  laPer	  correc4on	  is	  ~	  7.8	  ±	  0.5%	  of	  Qp
w	  

(Hall,	  et	  al.,	  Phys.	  Rev.	  D	  88,013011	  (2013))	  
	  
-‐	  calcula4ons	  are	  primarily	  dispersion	  theory	  type	  
-‐	  error	  es4mates	  can	  be	  firmed	  up	  with	  PVDIS	  data	  
 

Qweak	  correc4on	  
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Standard	  Model	  Test	  –	  “Running	  of	  sin2θW“	  
Full	  expression	  for	  proton’s	  weak	  charge	  with	  all	  radia4ve	  correc4ons:	  

Correct	  for	  all	  calculated	  electroweak	  radia4ve	  correc4ons	  
Extract	  sin2θW	  for	  comparison	  with	  other	  probes	  

QW(e) 
E158 

QW(Cs) 
APV 

QW(p) 
Qweak 

Precise	  low	  energy	  
measurements:	  
•  E158	  Moller	  
	  	  	  	  	  	  electron’s	  weak	  charge	  
	  
•  Cs	  Atomic	  Parity	  Viola4on	  
	  	  	  	  	  	  	  mostly	  neutron	  weak	  charge	  
	  
•  Qweak’s	  measurement	  of	  

proton	  weak	  charge	  	  
	  	  	  	  	  	  will	  complete	  this	  low	  energy	  	  
	  	  	  	  	  	  weak	  charge	  “triad”	  
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First Results: Weak Mixing Angle
At tree level: Q p

W
 = 1 - 4sin2q

W

Curve from Erler,
Kurylov, Ramsey-Musolf,
PRD 68, 016006 (2003)

Each experiment 
sensitive to 

different types 
of new physics

4% of 
Qweak Data



Parameterize	  new	  physics	  with	  a	  new	  contact	  interac4on	  in	  the	  Lagrangian:	  

Arbitrary	  quark	  flavor	  dependence	  of	  new	  physics:	  

g=coupling 
Λ=mass scale 

Possible	  New	  Physics	  Scenarios:	  

Ramsey-‐Musolf,	  Phys.	  Rev.	  C	  60,	  015501	  (1999),	  	  Erler,	  et	  al.	  Phys.	  Rev.	  D	  68,	  016006	  (2003)	  

Sensi5vity	  to	  New	  Physics	  at	  TeV	  Scales	  

5/30/14	   MESON	  2014	   11	  



“Dark	  photon”	  –	  possible	  portal	  for	  new	  force	  to	  communicate	  with	  SM	  
•  Astrophysical	  mo4va4on:	  observed	  excess	  in	  positron	  data	  
•  Could	  explain	  muon	  g-‐2	  anomaly	  

New	  Physics	  Scenarios	  –	  A	  Recent	  Example	  
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FIG. 6: Running of the effective weak mixing angle, sin2 θW (Q2) with energy scale Q. The solid (black) curve is the SM
prediction, and the shaded regions are predictions with a dark Z for given masses (a) mZd

= 50 MeV and (b) mZd
= 100,

200 MeV with ε2 from the aµ green band in Fig. 1. BNL kaon decay constraints are applied. The red points and their error
bars represent, respectively, the average Q and the anticipated sensitivities for JLab Moller, Mainz MESA (P2), and JLab
Qweak. The results depend on the charged Higgs mass, and mH± = 160 GeV is used.

of the preferred ε parameter region that can explain the
3.6σ muon g− 2 discrepancy. Considering that there are
active analysis of existing data and numerous future ex-
periments, it is expected the whole region will be tested
soon and possibly ruled out. Of course, a more interest-
ing outcome would be discovery of the dark sector.

Interestingly, the K → π + nothing searches (BNL
E787+E949) can exclude the scenario of dominant Zd

decay into invisible particles in large parts of the dark
photon parameter space. Used in conjunction with re-
cent bounds from e+e− → γ + ‘missing energy’ [41, 53]
(based on BaBar results [54]), one can significantly con-
strain the gµ − 2 preferred ε parameter space. We em-
phasized that for the dark Z, which is essentially a dark
photon with a more general coupling, we can potentially
evade the current rare kaon decay constraints on missing
energy searches due to the possibility of a cancellation be-
tween the kinetic mixing and Z−Zd mass mixing. As the
light Zd contribution to the muon anomalous magnetic
moment is independent of its decay branching ratio, the
Zd can still remain as the solution to the muon anomaly.
In this case, low energy polarized electron scattering as
well as atomic parity violation predictions can provide
sensitive tests of that scenario.
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under Grant No. PHY-1068008. W.M. acknowledges par-
tial support as a Fellow in the Gutenberg Research Col-
lege. H.L. appreciates hospitality during his visit to BNL.

Appendix A: Formalism

The amplitude for K±(k) → π±(p)+Zd(q) is given by

M(K± → π±Zd)

=
(

εA
〈

π±(p)|q2s̄LγµdL − qµq
ν s̄LγνdL|K

±(k)
〉

±δ
mZd

mZ
B
〈

π±(p)|d̄LγµsL|K
±(k)

〉

)

ϵ∗µ(q) (A1)

=
1

2
f+(q

2)

(

εm2
Zd

A± δ
mZd

mZ
B

)

(k + p)µ ϵ
∗µ(q) (A2)

where we have used ϵµ(q) qµ = 0 and the hadronic matrix
elements

〈

π±(p)|s̄γµd|K
±(k)

〉

= f+(q
2) (k + p)µ , (A3)

〈

π±(p)|s̄γµγ5d|K
±(k)

〉

= 0 , (A4)

with f+(0) = 1. We have allowed for a ± arbitrariness in
the relative sign of A and B because A is dependent on
long distance QCD effects that could change its sign. We
also assume that A is real in our discussion. In principle,
it could have an imaginary part. We avoid that issue by
focusing on mZd

< 2mπ, since imaginary parts are due
primarily to 2 pion intermediate state in the chiral ex-
pansion [74]. Taking the formalism introduced in Ref. [4]
(for A) and Refs. [64, 65] (for B), we have

A =
1

(4π)2
eW

m2
K(f+/2)

(A5)

B =
1

(4π)2
g3m2

tmZ

8m3
W

(U∗
tdUts)X1 (A6)

where we have included only a dominant top quark
loop term in B. (For an approach based on the SM

“Dark	  parity	  viola4on”	  	  
(Davoudiasl,	  Lee,	  Marciano,	  arXiv	  1402.3620)	  
•  Introduces	  a	  new	  source	  of	  low	  energy	  parity	  viola4on	  through	  mass	  mixing	  

between	  Z	  and	  Zd	  with	  observable	  consequences	  
•  Complementary	  to	  direct	  searches	  for	  heavy	  dark	  photons	  
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Parity-‐Viola5ng	  Electron	  Sca=ering	  Experiments	  –	  	  
A	  Brief	  History	  

Pioneering	  (1978)	  early	  SM	  test	  
SLAC	  E122	  PVDIS	  –	  PrescoP	  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	  rela4ve	  errors	  



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
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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

Produc4on:	  ~	  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	  During	  Installa5on	  

P.M. King;  Qweak;  APFB2014 10

Qweak During Installation

Acceptance-defining
Pb collimator

Toroidal 
Spectrometer

Quartz Bar
Detectors

e- beam

High-density concrete
shielding wall



How	  do	  we	  take	  the	  bulk	  of	  our	  data?	  	  PrePy	  
simple	  actually…	  
	  
• 	  Integrate	  the	  light	  signal	  in	  the	  Cerenkov	  
detectors,	  sum	  them,	  and	  record	  the	  value	  every	  
1	  msec	  
	  
• 	  “Normalize”	  the	  integrated	  signal	  (S)	  to	  the	  
amount	  of	  charge	  (Q)	  in	  the	  beam	  	  

	  
• 	  Flip	  the	  electron	  beam	  helicity	  and	  form	  the	  
asymmetry	  from	  four	  adjacent	  data	  samples:	  

	  
• 	  Repeat	  2	  billion	  4mes!	  (2200	  hours	  of	  data-‐
taking)	  to	  get	  desired	  sta4s4cal	  error	  

  
Q
SY =

Parity-‐Viola5ng	  Electron	  Sca=ering	  Method	  

236 ppm 
per quartet 
(= 4 msec) 

APV =
Y + −Y −

Y + +Y −
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Qweak	  Technical	  Challenges	  

Sta4s4cs	  on	  	  	  	  
	  

• 	  Small	  coun4ng	  sta4s4cs	  error	  requires	  →	  
• 	  	  reliable	  high	  polariza4on,	  high	  current	  polarized	  source	  
• 	  	  high	  power	  cyrogenic	  LH2	  targets	  
• 	  	  large	  acceptance	  high	  count	  rate	  detectors/electronics	  
	  

	  	  	  	  	  	  while	  minimizing	  contribu4ons	  of	  random	  noise	  from	  	  	  	  	  	  	  	  	  
• 	  target	  density	  fluctua4ons	  
• 	  electronics	  noise	  (in	  integra4ng	  mode)	  	  

Systema4cs:	  
	  

• 	  Minimize	  helicity-‐correlated	  beam	  proper4es	  (	  	  	  	  	  	  	  	  	  	  )	  
	  

• 	  	  Capability	  to	  isolate	  elas4c	  scaPering	  from	  other	  background	  processes	  
	  	  	  	  	  	  	  	  	  	  	  	  	  (dilu4on	  factor	  	  	  	  	  	  	  	  	  	  	  	  ,	  background	  asymmetry	  	  	  	  	  	  	  	  	  	  )	  
	  

• 	  High	  precision	  electron	  beam	  polarimetry	  (	  	  	  	  	  	  	  	  	  	  )	  
	  

• 	  Precision	  Q2	  determina4on	  	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  
 

 
 

Aep = 
Ameas      Afalse  

Pbeam 
fback Aback  (for	  fback <<  1)	  

Afalse  

Ameas 

Aback  fback 

Aep ∝	  Q2 

Pbeam 
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Liquid	  Hydrogen	  Target	  
•  World’s	  highest	  power	  cryotarget	  ~	  3	  kW	  

•  Used	  computa4onal	  fluid	  dynamics	  (CFD)	  	  

•  Designed	  to	  minimize	  contribu4on	  to	  random	  
	  	  	  	  	  noise	  from	  target	  density	  fluctua4ons	  –	  “boiling”	  
	  
Achieved!	  46	  ppm	  <	  236	  ppm	  coun4ng	  sta4s4cs	  noise	  

Assumes	  1/f	  

42	  ppm	  at	  169	  µA,	  
4x4	  mm2	  raster!	  

	  Need	  fast	  reversal!	  

	  FFT	  of	  normalized	  yield	  spectrum	  	  



•  Main	  detector:	  Large	  array	  of	  eight	  Cerenkov	  radiator	  bars	  (each	  200	  x	  18	  x	  1.25	  cm3)	  
	  
• 	  ar4ficial	  fused	  silica	  for	  UV	  transmission,	  polished	  to	  25	  Angstroms	  (rms)	  

• 	  Spectrosil	  2000:	  rad-‐hard,	  non-‐scin5lla5ng,	  low-‐luminescence	  

• 	  Two	  5”	  PMTs	  per	  	  bar,	  S20	  cathodes	  for	  high	  light	  levels	  

• 	  Yield	  100	  pe’s/track	  with	  2	  cm	  Pb	  pre-‐radiators	  

Qweak	  Main	  Detector	  
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Qweak	  requires	  ΔP/P	  ≤	  1%	  	  	  

Strategy:	  use	  2	  independent	  polarimeters	  

•  Compton (photon & electron) polarimeter (1%/h)"
•  Continuous, non-invasive  "
•  Known analyzing power provided by 

circularly-polarized laser"

•  Use existing <1% Hall C Møller polarimeter: "
•  Low beam currents, invasive"
•  Known analyzing power provided by 

polarized “saturated” Fe foil in a 3.5 T field."

	  Møller	  Polarimeter	  	  

	  Compton	  Polarimeter	  	  

Compton	  	  	  	  	  	  	  
Moller	  

Preliminary	  

Precision	  Polarimetry	  
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Large	  A	  (asymmetry)	  &	  f	  (frac4on)	  make	  this	  our	  largest	  
correc4on.	  Determined	  from	  explicit	  measurements	  

using	  Al	  dummy	  targets	  &	  empty	  H2	  cell.	  

•  Dilution from windows measured with"
   empty target (actual target cell windows)."
•  Corrected for effect of H2 using simulation"
   and data driven models of elastic and "
   quasi-elastic scattering. "

•  Asymmetry measured from thick Al targets"
•  Measured asymmetry agrees with 
expectations"
   from scaling."

Need correction for 
hydrogen presence 

Aluminum	  Window	  Background	  
(from published Run 0 result)"

5/30/14	   MESON	  2014	  
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False	  Asymmetry	  Correc5ons	  –	  Beam	  Related	  
Parity-‐viola4ng	  electron	  scaPering	  -‐	  	  the	  whole	  accelerator	  is	  part	  of	  the	  experiment!	  

Helicity-‐correlated	  beam	  parameters	  	  
(posi4on,	  size,	  energy):	  
•  Controlled	  by	  careful	  laser	  setup	  at	  polarized	  

source	  (kept	  to	  <	  few	  nm	  in	  Hall	  C)	  
•  Corrected	  for	  by	  measuring	  parameter	  differences	  
	  	  	  	  	  	  and	  sensi4vity	  slopes	  with	  2	  techniques:	  
	  	  	  	  	  	  natural	  and	  driven	  beam	  mo4on	  

Qweak	  in	  Hall	  C	  

Polarized	  source	   CEBAF	  Linear	  Accelerators	  

1 sum	  

2 3 4

5

678
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Outline	  

•  Mo4va4on	  and	  formalism	  

•  Experiment:	  technical	  challenges	  and	  achievements	  

•  First	  measurement	  of	  proton’s	  weak	  charge	  –	  results	  and	  
implica4ons	  

	  
•  Status	  of	  analysis	  towards	  final	  precision	  result	  



5/30/14	   MESON	  2014	   26	  

Brief	  History	  of	  Qweak	  
Brief	  4meline	  of	  Qweak	  	  

•  Proposal	  2001	  
•  Design/construc4on	  2003	  –	  2010	  
•  Data-‐taking	  2010	  –	  2012	  
•  Finished	  in	  May	  2012	  when	  Jlab	  “6	  GeV	  Era”	  ended	  

May	  18,2012:	  JLAB	  Director	  Hugh	  Montgomery	  
“pulls	  the	  plug”	  on	  the	  “6	  GeV	  Era”	  
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Brief	  History	  of	  Qweak	  
Brief	  4meline	  of	  Qweak	  	  

•  Proposal	  2001	  
•  Design/construc4on	  2003	  –	  2010	  
•  Data-‐taking	  2010	  –	  2012	  
•  Finished	  in	  May	  2012	  when	  Jlab	  “6	  GeV	  Era”	  ended	  

May	  18,2012:	  JLAB	  Director	  Hugh	  Montgomery	  
“pulls	  the	  plug”	  on	  the	  “6	  GeV	  Era”	  

August 25, 2013  
Hall  C  flooded  …  30”  water 

“and	  then	  the	  rains	  came”	  –	  Great	  Hall	  C	  flood	  –	  
Aug.	  25,	  2012	  	  

May	  2014:	  Jefferson	  Lab	  has	  begun	  12	  GeV	  commissioning;	  first	  physics	  beams	  in	  fall	  2014	  
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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	  	  
•  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

PRL 111, 141803 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

4 OCTOBER 2013

0031-9007=13=111(14)=141803(7) 141803-1 ! 2013 American Physical Society
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Extrac5on	  of	  Qweak	  from	  e-‐p	  Asymmetry	  
Run	  0	  Results	  (1/25th	  of	  total	  dataset)	  –	  published	  in	  PRL	  111,	  141803	  (2013)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  at	  	  

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

PRL 111, 141803 (2013) P HY S I CA L R EV I EW LE T T E R S
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	  determina4on	  of	  proton’s	  weak	  charge	  in	  good	  agreement	  with	  Standard	  Model	  

Qweak	  



5/30/14	   MESON	  2014	   30	  

Quark	  Vector	  Coupling	  Constants	  

Improved	  precision	  on	  quark	  coupling	  constants	  APV + PVES"
Combined Result"

only	  4%	  of	  Qweak	  data	  

C1u  = −0.1835± 0.0054

C1d  = 0.3355± 0.0050

Combining	  this	  result	  with	  the	  most	  precise	  
atomic	  parity	  viola4on	  experiment	  we	  can	  also	  
extract,	  for	  the	  first	  4me,	  the	  neutron’s	  weak	  
charge:	  

QW
n (PVES+APV) = −0.975± 0.010
QW

n (SM) = −0.9890 ± 0.0007
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Running	  of	  Weak	  Mixing	  Angle	  
Using	  calculated	  electroweak	  radia4ve	  correc4ons	  can	  extract	  mixing	  angle	  for	  
comparison	  with	  other	  observables:	  



5/30/14	   MESON	  2014	   32	  

Outline	  

•  Mo4va4on	  and	  formalism	  

•  Experiment:	  technical	  challenges	  and	  achievements	  

•  First	  measurement	  of	  proton’s	  weak	  charge	  –	  results	  and	  
implica4ons	  

	  
•  Status	  of	  analysis	  towards	  final	  precision	  result	  
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Status	  of	  Analysis	  of	  Full	  Qweak	  Dataset	  
Data	  analysis	  in	  progress	  for	  the	  full	  dataset	  
Example:	  Status	  of	  correc4ons	  for	  helicity-‐correlated	  beam	  parameters	  
(sensi4vity	  of	  detector	  asymmetries	  to	  beam	  posi4on	  varia4ons)	  
-‐  “Regression”:	  Natural	  jiPer	  of	  beam	  parameters	  
-‐  “Dithering”:	  Occasional	  “large”	  driven	  varia4on	  of	  each	  beam	  parameter	  
	  

-‐  Correc4ons	  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	  correc4ons	  other	  

than	  beam	  parameter	  correc4ons	  
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Conclusions	  

	  
Final	  result	  using	  full	  dataset	  expected	  ~	  1	  year	  from	  now	  
•  Sta4s4cal	  error	  5	  4mes	  smaller,	  reduced	  systema4cs,	  no	  show	  
stoppers	  found	  in	  analysis	  so	  far	  

•  Addi4onally,	  many	  ancillary	  results	  under	  analysis	  

First	  published	  result	  from	  the	  Qweak	  experiment	  	  
	  PRL	  111,141803	  (2013)	  	  	  	  -‐	  based	  on	  just	  4%	  of	  data	  taken	  

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

First	  determina4on	  of	  proton	  and	  neutron	  weak	  charges:	  	  

QW
p (PVES) = 0.064 ± 0.012

QW
p (SM) = 0.0710 ± 0.0007

QW
n (PVES+APV) = −0.975± 0.010

QW
n (SM) = −0.9890 ± 0.0007

In	  good	  agreement	  with	  Standard	  Model	  predic4ons	  	  
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Backups	  
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Ancillary	  Measurements	  
Qweak	  made	  several	  ancillary	  measurements	  to	  determine	  and	  
constrain	  background	  processes	  and	  correc4ons	  –	  	  
many	  will	  result	  in	  physics	  publica4ons	  

P.M. King;  Qweak;  APFB2014 21

Ancillary Measurements

– PV asymmetry:

● elastic 27Al

● N ® D 
(E = 1.16 GeV, 0.877 GeV) 

● Near W = 2.5 GeV 

(related to gZ box)

● Pion photoproduction 
(E = 3.3 GeV)

Many additional measurements under analysis:

– PC Transverse asymmetry:

● elastic ep

● elastic 27Al, Carbon

● N ® D 

● Møller

● Near W = 2.5 GeV

● Pion photoproduction 
(E = 3.3 GeV)


