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Outline	
  

1) Intro	
  to	
  Parity-­‐Violating	
  Electron	
  Scattering	
  (PVES)

2) Qweak:
• first	
  results	
  on	
  the	
  proton’s	
  weak	
  charge
• prospects	
  for	
  final	
  result
• Sensitivity	
  to	
  new	
  physics	
  

3) Further	
  Standard	
  Model	
  Tests	
  with	
  PVES:	
  
Plans	
  at	
  JLab-­‐12	
  GeV
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A	
  brief	
  history	
  of	
  parity	
  violation

R

R

L

L

1930s	
  – weak	
  interaction	
  needed	
  to	
  explain	
  nuclear	
  β decay

1950s	
  – parity	
  violation	
   in	
  weak	
  interaction;
V-­‐A	
  theory	
  to	
  describe	
  60Co	
  decay

1970s	
  – neutral	
  weak	
  current	
  observed	
  	
  	
  	
  
at	
  Gargamelle

late	
  1970s	
  – parity	
  violation	
  observed	
  in	
  electron	
  scattering	
  	
  -­‐ SLAC	
  E122
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Parity-­‐violating	
  electron	
  scattering
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Electroweak	
  interference

Proposed	
  by	
  Ya.	
  B.	
  Zeldovich JETP	
  36	
  (1959)



Phys.  Lett.  77B  (1978)

Pioneering	
  
Experiment
SLAC	
  E122

Textbook	
  Physics:	
  	
  	
  High	
  Energy	
  Physics	
  	
  (D.H.	
  Perkins)

Deep-­‐inelastic	
  scattering	
  from	
  
isoscalar	
  target

9/22/16 Symmetry	
  Tests	
   in	
  Nuclei	
  and	
  Atoms	
  -­‐ KITP 5



Pivotal to	
  establishing	
  
Weinberg-­‐Salam-­‐Glashow	
  
SU(2)×U(1)	
  gauge	
  theory	
  

Techniques

Optically	
  pumped	
  electron	
  
source:	
  rapid	
  helicity	
  reversal,	
  

integrate	
  scattered	
  flux

monitor	
  &	
  feedback	
  to	
  control	
  
electron	
  beam	
  fluctuations

Also	
  critical	
  test	
  of	
  parton	
  
model	
  

Followed	
  by:

1989:	
  	
  	
  Mainz	
  	
  	
  	
  	
  9Be	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
W.	
  Heil et	
  al.	
  	
  	
  

1990:	
  	
  MIT/Bates	
   	
  	
  	
  12C	
  	
  	
  	
  	
  	
  
P.A.	
  Souder	
  	
  et	
  al.

SLAC	
  E122	
  	
  cont’d
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SLAC	
  Experiments
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SLAC	
  E122	
  – crucial	
  confirmation	
  of	
  	
  WSG	
  electroweak	
  model

• Electron-­‐deuteron	
  deep	
  inelastic	
   scattering
• High	
  luminosity:	
   	
  photoemission	
   from	
  NEA	
  GaAs cathode
• Rapid	
  helicity-­‐flip	
  (sign	
  of	
  e-­‐ polarization)
• Polarimetry to	
  determine	
  beam	
  polarization
• Magnetic	
  spectrometer:	
  backgrounds	
  and	
  kinematic	
  

separation

APV ~	
  100	
  ± 10	
  ppm

SLAC	
  E158	
  – 1999
• electron-­‐electron	
  scattering	
  -­‐ purely	
  leptonic interaction
• electron-­‐electron	
  weak	
  attractive	
  force	
  had	
  never	
  before	
  

been	
  measured!
APV ~	
  -­‐131	
  ± 14	
  ± 10	
  ppb

sin2θW=0.20±0.03

sin2θW=0.2403±0.0013



Weak	
  Charges

8

←

08/01/2016 Armstrong	
  	
  ECT*

Electroweak	
  Lagrangian→ Parity-­‐Violating	
  electron-­‐quark	
  term:	
  

←	
  Proton’s	
  Weak	
  Charge
(”accidental”	
  suppression:	
  	
  	
  
enhanced	
  sensitivity	
  to	
  new	
  
physics)

Large	
  θSmall	
  θ



Qweak:	
  Proton’s	
  weak	
  charge	
  	
  

Use	
  four-­‐fermion	
   contact	
  interaction	
  to	
  
parameterize	
   the	
  effective	
   PV	
  electron-­‐
quark	
  couplings	
  (mass	
  scale	
  and	
  coupling)

Erler,	
  Kurylov,	
  and	
  Ramsey-­‐Musolf,	
  PRD	
  68,	
  016006	
   2003

Planned	
  	
  4%	
  measurement	
  of proton’s	
  
weak	
  charge	
  -­‐ probes	
  TeV-­‐scale	
  new	
  
physics

New	
  physics:
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For	
  forward	
  angle	
  scattering	
  
at	
  low	
  Q2 :	
  	
  
APV accesses



9/22/16 Symmetry	
  Tests	
   in	
  Nuclei	
  and	
  Atoms	
  -­‐ KITP 10

Qweak:	
  Proton’s	
  weak	
  charge	
  	
  



SUSY	
  “phase	
  space”

Kurylov,	
  Ramsey-­‐Musolf,	
  Su	
  (2003)	
  



SM

Qweak
kinematics Hadronic term	
  extracted	
  from	
  fit

Extracting	
  the	
  weak	
  charge

12

𝐴%& = −
𝐺*𝑄,

4𝜋𝛼 2
𝑄1
2 + 𝐵 𝜃, 𝑄, 𝑄,

Hadron structure	
  enters	
  here:	
  electromagnetic	
  and	
  
electroweak	
  form	
  factors…

The	
  previous	
  strange	
  form	
  factor	
  program	
  (experiments	
  at	
  MIT/Bates,	
  JLab
and	
  MAMI)	
  	
  allow	
  us	
  to	
  subtract	
  our	
  hadronic	
  contribution

𝐴789 =
:;<
:=

𝐴> = −
𝐺*𝑄,

4𝜋𝛼√2

One	
  must	
  extrapolate	
  to	
  𝑄, = 0.
We	
  measure	
  𝐴2ABC%&

at	
  𝑄, = 0.025	
  𝐺𝑒𝑉,.	
  

Reduced	
  asymmetry	
  more	
  convenient: Data	
  rotated	
  to	
  𝜃HIJ = 0
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Electroweak	
  Radiative Corrections
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Electroweak	
  Radiative Corrections
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Meeting	
  PVES	
  Challenges

1508/01/2016 Armstrong	
  	
  ECT*

-­‐ 180	
  μA	
  beam	
  current	
  	
  	
  	
  (JLab record)
-­‐ High	
  power	
  cryogenic	
  target
-­‐ Rapid	
  helicity	
  reversal	
   	
  	
  (960	
  Hz)
-­‐ Small	
  scattering	
  angle:	
  	
  toroidal	
  magnet,	
  large	
  acceptance
-­‐ 6	
  GHz	
  detected	
  rates:	
  data-­‐taking	
  in	
  integrating	
  mode
-­‐ Radiation	
  hard	
  detectors
-­‐ Low	
  noise	
  18-­‐bit	
  ADCs
-­‐ Exquisite	
  control	
  of	
  helicity-­‐correlated	
  beam	
  parameters
-­‐ Four	
  different	
  kinds	
  of	
  helicity	
  reversal:

Rapid	
  	
  	
   (Pockels cell	
  at	
  source)	
  
Slow	
  	
  	
  	
  	
  	
  	
  	
  (insertable λ/2	
  plate)	
  
Ultra	
  slow	
  	
  	
  (Wien-­‐reversal,	
   	
  	
  g-­‐2	
  spin	
  flip)

-­‐ Two	
  independent	
  high-­‐precision	
  beam	
  polarimeters
-­‐ High	
  resolution	
  Beam	
  Current	
  monitors
-­‐ Dedicated	
  Tracking	
  system	
  for	
  kinematics	
  determination
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Main	
  detectors
8-­‐fold	
  symmetry

Vertical	
  drift	
  
chambers	
  (VDC)

(rotate)

Trigger	
  
scintillator

Shield	
  wall

Lintels	
  

QTOR	
  

Lead	
  collar	
  

Cleanup	
  
collimators	
  

Target

Tungsten	
  
plug Horizontal	
  drift	
  

chambers	
  (HDC)
(rotate)

Acceptance	
  
defining	
  
collimator	
  

QTOR	
  

08/01/2016 Armstrong	
  	
  ECT*

The	
  Qweak Apparatus
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The	
  Qweak Apparatus



Qweak ran	
  from	
  Fall	
  2010	
  – May	
  2012	
  	
  	
  (Hall	
  C	
  at	
  JLab)	
  	
  
Four	
  distinct	
  running	
  periods:

• Hardware	
  checkout	
  (Fall	
  2010-­‐January	
  2011)
• Run	
  0	
  (Jan-­‐Feb	
  2011)
• Run	
  1	
  (Feb	
  – May	
  2011)
• Run	
  2	
  (Nov	
  2011	
  –May	
  2012)

First	
  result

18

We	
  have	
  completed	
  and	
  unblinded the	
  analysis	
  of	
  “Run	
  0”	
  
(about	
  1/25th of	
  our	
  total	
  dataset).	
  

𝐴%&
2 = −279± 35 𝑠𝑡𝑎𝑡 ± 29	
  (𝑠𝑦𝑠) ppb 𝑄, = 0.0250± 0.0006	
  GeV,

𝐸J8IZ = 1155	
  MeV 𝜃8]] = 7.90	
  °
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D.	
  Androic et	
  al.	
  	
  	
  Phys.	
  Rev.	
  Lett.	
  111	
  (2013)141803.	
  

Good	
  agreement	
  with	
  Standard	
  Model	
  prediction



Reduced	
  Asymmetry

Hadronic part	
  
extracted	
  through	
  
global	
  fit	
  of	
  PVES	
  
data.

19

in	
  the	
  forward-­‐angle	
  limit	
   (θ=0)
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The	
  C1q &	
  the	
  neutron’s	
  weak	
  charge
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The	
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Combining	
  this	
  result	
  with	
  
the	
  most	
  precise	
  atomic	
  
parity	
  violation	
  experiment
we	
  can	
  also	
  extract,	
  for	
  the	
  
first	
  time,	
  the	
  neutron’s	
  
weak	
  charge:



Qweak Run	
  2	
  – Quality	
  of	
  Data

22
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Expect	
  final	
  result	
  early	
  next	
  year;	
  will	
  be	
  statistics-­‐limited	
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PVDIS	
  at	
  6	
  GeV
Repeat	
  of	
  SLAC	
  E122	
  
to	
  5x	
  higher	
  precision	
  (JLab,	
  Hall	
  A)

Sensitive	
  to:	
  	
  C2u &	
  C2d	
  	
  
(axial	
  quark	
  – vector	
  electron)

D.	
  Wang	
  et	
  al.	
  	
  Nature	
  	
  506 (2014)67

Two	
  kinematic	
  settings:
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Qweak and	
  PVDIS	
  combined
Electron	
  &	
  quark	
  compositeness	
   or	
  
contact	
  interaction	
  limits*:

*convention	
  of	
  Eichten,	
  Lane	
  &	
  Peskin
PRL	
  50,	
  811	
  (1983)

Yellow:	
  Qweak initial	
  +	
  E122
Red:	
  	
  Qweak +	
  PVDIS	
  6	
  GeV	
  

c.f.	
  	
  	
  HERA	
  (ZEUS	
  &	
  H1)	
  limits	
  
>3.2	
  	
  &	
  	
  >3.8	
  TeV on	
  eV-­‐qA term

c.f.	
  	
  ATLAS,	
  	
  PRD	
  87 015010(2013)
>9.5	
  TeV &	
  	
  	
  >12.1	
  TeV

in	
  left-­‐left	
   isoscalar model	
  

(need	
  to	
  assume	
  all	
  other	
  contact	
  interactions	
  
are	
  zero;	
  PVES	
  does	
  not	
  need	
  this	
  assumption)

>5.8	
  TeV &	
  >4.6	
  TeV
(constructive	
  &	
  destructive	
  int.	
  with	
  SM)	
  	
  



Future:	
  PVES	
  at	
  JLab in	
  12	
  GeV era
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MOLLER -­‐ precision	
  Standard	
  Model	
  test	
  by	
  measuring	
  weak	
  
charge	
  of	
  electron	
  in	
  PV	
  electron-­‐electron	
   scattering
(revisit	
  SLAC	
  E158)	
  	
  

SOLID -­‐ precision	
  Standard	
  Model	
  test	
  by	
  measuring	
  PV	
  DIS	
  on	
  	
  	
  
deuteron:	
  improved	
  access	
  to	
  quark	
  weak	
  axial	
  couplings	
  C2q

Large	
  kinematic	
  coverage:	
  disentangle	
  CSV	
  and	
  higher-­‐twist	
  effects

Elsewhere:	
   	
  	
  P2 experiment	
  at	
  Mainz/MAMI	
  	
  	
  	
  	
  	
  (→ Kurt	
  Aulenbacher’s talk)	
  
improve	
  Qweak by	
  factor	
  of	
  2-­‐3	
  at	
  lower	
  Q2
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MOLLER	
  at	
  12	
  GeV

Parity-­‐violating	
  electron-­‐electron	
   scattering:	
  
weak	
  charge	
  of	
  electron	
  

Update	
  SLAC	
  E158

APV	
  	
  =	
  	
  35	
  ppb
Luminosity:	
   3x1039 cm2/s	
  
75	
  𝜇𝐴	
  	
  80%	
  polarized	
  beam

δ(APV)	
  =	
  0.73	
  ppb	
  	
  
δ(Qe

W)	
  =	
  ± 2.1	
  %	
  (stat.)	
  ± 1.1	
  %	
  (syst.)	
  

LEP2	
  (gLR and	
  sum)	
  mass	
  scale	
  sensitivity:	
  ~5.2	
  and	
  4.4	
  TeV

MOLLER:	
  Lepton	
  compositeness	
   (strong	
  coupling)	
  – 47	
  TeV
Sensitivity	
  to:	
  Doubly-­‐charged	
  scalar,	
  heavy	
  Z’,	
  SUSY,	
  dark	
  Z…	
  



MOLLER	
  and	
  weak	
  mixing	
  angle
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Reminder:	
  at	
  tree-­‐level
QW

e =	
  	
  	
  	
  (1	
  – 4	
  sin2θW)

Higgs	
  discovery	
  at	
  LHC	
  
allows	
  firm	
  prediction	
  of	
  
MOLLER	
  asymmetry	
  in	
  
Standard	
  Model
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MOLLER	
  apparatus



SOLID	
  – accessing	
  the	
  C2q’s
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XN

e-­‐

Z*	
   γ*

e-­‐

Cahn	
  and	
  Gilman,	
  PRD	
  17	
  1313	
  (1978)	
  polarized	
  electrons	
  on	
  deuterium
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Red	
  ellipses	
  are	
  PDG	
  fits

Blue	
  bands represent	
  expecteddata:	
  
Qweak	
  (left)	
  and	
  PVDIS-­‐6GeV	
  (right)

Green	
  bands are	
  proposed	
  SOLID	
  PVDIS

SOLID	
  – accessing	
  the	
  Ciq’s



SOLID	
  – Large	
  Acceptance	
  Device
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PVES	
  Experiment	
  Summary
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(Kent	
  Paschke)
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Summary
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Thanks	
  to	
  the	
  organizers	
  for	
  the	
  kind	
  invitation!
And	
  thanks	
  to	
  you	
  who	
  stayed	
  for	
  my	
  talk	
  rather	
  than….

• Qweak:	
  First	
  measurement	
  of	
  proton’s	
  weak	
  charge,	
  consistent	
  with	
  
Standard	
  Model,	
  	
  25x	
  more	
  data	
  soon	
  to	
  be	
  released

• Qweak and	
  PVDIS	
  at	
  6	
  GeV:	
  	
  constraints	
  on	
  new	
  physics	
  

• MOLLER and SOLID:	
  	
  major	
  programs	
  after	
  JLab upgrade
two	
  complementary	
  Standard	
  Model	
  tests.
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