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Strange	  Quarks	  in	  ElasAc	  ScaFering
Do	  the	  strange	  quarks	  in	  the	  sea	  play	  a	  significant	  role	  in	  the	  

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

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

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

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

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

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

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

Charge and Magnetization Distributions of Protons and 
Neutrons. "e fundamental quantities that provide the 
simplest spatial map of the interior of neutrons and protons 
are the electromagnetic form factors, which lead to a picture 
of the average spatial distributions of charge and magnetism. 
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Figure 2.5: On the left is the distribution of the charge within the neutron, the combined result of experiments around the 
globe that use polarization techniques in electron scattering. On the right is that of the (much larger) proton distribution for 
reference. The widths of the colored bands represent the uncertainties. A decade ago, as described in the 1999 NRC report 
(The Core of Matter, the Fuel of Stars, National Academies Press [1999]), our knowledge of neutron structure was quite limited and 
unable to constrain calculations, but as promised, advances in polarization techniques led to substantial improvement.
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Figure 2.5: On the left is the distribution of the charge within the neutron, the combined result of experiments around the 
globe that use polarization techniques in electron scattering. On the right is that of the (much larger) proton distribution for 
reference. The widths of the colored bands represent the uncertainties. A decade ago, as described in the 1999 NRC report 
(The Core of Matter, the Fuel of Stars, National Academies Press [1999]), our knowledge of neutron structure was quite limited and 
unable to constrain calculations, but as promised, advances in polarization techniques led to substantial improvement.
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Figure 2.5: On the left is the distribution of the charge within the neutron, the combined result of experiments around the 
globe that use polarization techniques in electron scattering. On the right is that of the (much larger) proton distribution for 
reference. The widths of the colored bands represent the uncertainties. A decade ago, as described in the 1999 NRC report 
(The Core of Matter, the Fuel of Stars, National Academies Press [1999]), our knowledge of neutron structure was quite limited and 
unable to constrain calculations, but as promised, advances in polarization techniques led to substantial improvement.
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Measuring	  Strange	  Vector	  Form	  Factors

~ few parts per millionProton:

Forward angle Backward angle

Spin=0,T=0 4He: Gs
E only! Deuterium: Enhanced GA

γ Z0
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The	  Axial	  Term	  and	  the	  Anapole	  Moment
Anapole	  Moment	  CorrecAon:	  
MulAquark	  weak	  interacAon	  in	  RA(T=1),	  RA(T=0)	  

Zhu,	  Puglia,	  Holstein,	  Ramsey-‐Musolf,	  Phys.	  Rev.	  D	  62,	  033008

•Model	  dependent	  calculaAon,	  with	  large	  uncertainty
•Dominates	  Uncertainty	  in	  Axial	  Term

Difficult	  to	  achieve	  Aght	  experimental	  constraint	  

The Axial Current Contribution 

•! Recall: 

–! Effective axial form factor:  GA
e(Q2) 

–! related to form factor measured in neutrino 
scattering 

–! also contains “anapole” form factor 

–! determine isovector piece by combining proton 
and neutron (deuteron) measurements 

e p 
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“quark pair” 
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Reduced	  in	  importance	  for	  forward-‐angle	  measurements

G0

•Using experimental determination 
for axial form factor would increase 
total FF uncertainty about 70%
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Experimental	  Overview

SAMPLE

HAPPEX

HAPPEX-‐3:	  GE
s	  +	  0.52	  GM

s	  	  at	  Q2	  =	  0.62	  GeV2

Precision	  spectrometer,	  
integraAng

A4

open	  geometry,	  
integraAng,	  
back-‐angle	  only

Open	  geometry

Fast	  counAng	  calorimeter	  for	  
background	  rejecAon

Forward	  and	  Backward	  angles

G0

	  	  	  	  	  	  	  	  Open	  geometry

Fast	  counAng	  with	  magneAc	  spectrometer	  +	  TOF	  
for	  background	  rejecAon

Forward	  and	  Backward	  angles	  over	  a	  range	  of	  Q2

Forward	  angle,	  also	  
4He	  at	  low	  Q2
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Forward-‐angle	  proton	  scaFering

• “Form Factor” error: precision of EMFF (including 2γ) and Anapole correction

η =
τ Gp

M

� Gp
E

∼ Q2
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World	  data	  on	  Gs
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World	  data	  on	  Gs
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World	  data	  on	  Gs
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Model	  guidance	  is	  unclear:	  	  
	  	  	  	  kaon	  loops,	  vector	  dominance,	  Skyrme	  model,	  
chiral	  quark	  model,	  dispersion	  rela7ons,	  NJL	  model,	  
quark-‐meson	  coupling	  model,	  chiral	  bag	  model,	  
HBChPT,	  chiral	  hyperbag,	  QCD	  equali7es,	  …	  

	  	  	  	  -‐	  Dong,	  Liu,	  Williams	  	  	  	  	  PRD	  58(1998)074504	  
	  	  	  	  -‐	  Lewis,	  Wilcox,	  Woloshyn	  	  PRD	  67(2003)013003	  
	  	  	  	  -‐	  Leinweber,	  et	  al.,PRL	  94(2005)	  212001;	  97	  (2006)	  022001
-‐	  Lin,	  arXiv:0707:3844
-‐	  Wang	  et	  al,	  Phys.Rev.	  C79	  (2009)	  065202
-‐	  Doi	  et	  al.,	  Phys.Rev.	  D80	  (2009)	  094503

QCD	  models

Recent significant progress in Lattice QCD:

these	  all	  suggest	  very	  small	  effects

Strangeness Models 

note: caveats…  
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Global	  fit	  of	  all	  world	  data

•Data	  set	  appears	  to	  show	  consistent	  preference	  for	  posiAve	  effect
•Significant	  contribuAons	  at	  higher	  Q2	  are	  not	  ruled	  out.	  

Fit	  includes	  all	  world	  data	  Q2	  <	  0.65	  GeV2	  
G0	  Global	  error	  allowed	  to	  float	  with	  unit	  constraint

Simple	  fit:

GE
s	  =	  ρs*τ

GM
s	  =	  μs
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HAPPEX:	  Built	  around	  the	  HRS
HRS:	  twin	  high-‐resolu7on	  spectrometers,	  built	  for	  (e,e’p)	  studies.	  
•	  Limited	  acceptance	  (~5-‐8	  msr)	  but	  very	  clean.	  	  (Plenty	  of	  acceptance	  in	  forward	  angles.)
•	  12.5o	  minimum	  angle
•	  ~3	  GeV	  maximum	  E’	  	  

StaAsAcal	  FOM	  suitable	  for	  forward-‐angle	  PVeS	  studies	  
•	  Hydrogen,	  Deuterium	  from	  Q2	  ~ [0.25	  GeV2-‐1.0	  GeV2]	  
•	  Helium-‐4	  at	  	  	  Q2	  ~ [0.05	  GeV2-‐0.15	  GeV2]	  

•Very	  low	  backgrounds
•Very	  clean	  isola7on	  of	  4He	  elas7c
•Low	  Q2	  range	  extended	  with	  septum	  
magnet	  for	  6o	  scadering

Forward-‐angle	  program	  plays	  a	  primary	  
role	  in	  strange-‐quark	  studies

•Insensi7ve	  to	  problema7c	  anapole	  
moment

•4He	  interpretability	  very	  robust
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First	  PVeS	  experiment	  at	  JLab

M oller
detector

Steer ing C oils
Position M onitor s
I ntensity M onitor s

detector s

&  contr ol
acquisition

data

CE B AF

H a l l  A

sour ce
polar ized

tar get
hydr ogen

spectr ometer s

HAPPEX at Jefferson Laboratory

C ompton
tar get

C ompton
detector

M oller
tar get

HAPPEX

 
p

p
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p
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raw asymmetry

asymmetry correction

left spectrometer

right spectrometer

χ /dof = 33.65/392

+0.032 +/- 0.034 ppm

-0.002 +/- 0.014 ppm

-10.45 +

A raw= - 0.75
(ppm)

-5.64 +
98 Data

A raw= - 0.75
(ppm)99 Data

~ 95 uA, ~ 38% polarization

~ 40 uA, ~ 70% polarization

Pioneering new technologies 
at JLab

•High polarization from strained cathode
•Attention to polarized source and beam 
transport for precision and stability under 
helicity reversal

•Beam modulation to extract position/energy 
sensitivity

•Beam intensity asymmetry measurement and 
feedback

•Precision Compton polarimetry
•Low noise analog flux integration

Hall	  A	  Proton	  Parity	  Experiment	  	  	  (E91-‐010)
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HAPPEX	  Results
ep	  at	  Q2=0.5	  (GeV/c)2,	  12.3	  degrees

Phys.	  Rev.	  Le+.	  82:1096-‐1100,1999;
Phys.	  Le+.	  B509:211-‐216,2001;
Phys.	  Rev.	  C	  69,	  065501	  (2004)

Gs
E	  +	  0.392	  Gs

M	  	  =
	  0.014	  	  ±	  0.020	  (exp)	  ±	  0.010	  (FF)

APV	  =	  -‐14.92	  ppm	  ±	  0.98	  (stat)	  ppm	  ±	  0.56	  (syst)	  ppm

HAPPEX: Implications and Plans
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0.6

StaAsAcs	  limited.	  Leading	  systema7c	  is	  polarimetry
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HAPPEX-‐II	  /	  HAPPEX-‐He

•Hydrogen	  :	  Gs
E	  +	  α	  Gs

M

•4He:	  Pure	  Gs
E	  

target
APV

Gs	  =	  0	  (ppm)
StaAsAcal	  Error

1H -‐1.7 0.11	  ppm	  (8%)
4He 6.4 0.23	  ppm	  (4%)

	  θ=6	  deg,	  	  	  E	  ~ 3	  GeV,	  	  	  	  Q2	  ~ 0.1	  (GeV/c)2

HAPPEX: Implications and Plans
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HAPPEX-‐III

ConfiguraAon:	  
•	  25	  cm	  cryogenic	  Hydrogen	  Target
•	  100	  μA
•	  89%	  polariza<on

KinemaAcs:	  E	  =	  3.48	  GeV,	  	  θ=13.7o,	  	  	  E’	  =	  3.14	  GeV,	  	  	  Q2	  =	  0.624	  GeV2,	  ε=0.967

APV	  (assuming	  no	  strange	  vector	  FF):	  	  	  	  	  	  	  APV
NS	  =	  -‐24.06	  ppm	  ±	  0.73	  ppm	  

Challenges	  similar	  to	  original	  HAPPEX,	  but	  seeking	  higher	  precision	  

• precision alignment for Q2 uncertainty
• 1% polarimetry
• backgrounds
• linearity   

Gs
E + 0.52 Gs

MSensi<ve	  to



HAPPEX-III Beam Polarizations

HAPPEX-III Electron Beam Polarizations

Final HAPPEX-III polarization results:

Compton: 89.41± 0.21 (statistical) ±0.94 (systematic)%

Moller: 89.22± 1.7(systematic)%

� �� �
Period 1

� �� �
Period 2

� �� �
Period 3

� �� �
Period 4

M Friend (Carnegie Mellon University) HAPPEX-III Compton Polarimetry APS April Meeting 10 / 12
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HAPPEX-‐III	  Error	  Budget
Compton + Moller polarimeters

Spectrometer Calibration

F
le

x
io

 B
o
ar

d

A
D

C
 B

o
ar

d

System

PMT

LEDs

Data Acquisition

DIFF ENABLE

BASELINE ENABLE

Pulser Electronics

Linearity Studies
HRS Backgrounds

Systematic 
uncertainties are 
well controlled - 

experiment is 
statistics 

dominated

δAPV	  	  
(ppm)

δAPV	  /	  APV	  

PolarizaAon 0.20 0.9%
Q2	  Measurement 0.18 0.8%
Backgrounds 0.19 0.8%
Linearity 0.12 0.5%
Finite	  Acceptance 0.05 0.2%
False	  Asymmetries 0.04 0.2%
Total	  SystemaAc	   0.362 1.52%
StaAsAcs 0.778 3.27%
Total	  Experimental	   0.858 3.60%
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Lead	  -‐	  Lucite	  Cerenkov	  Shower	  Calorimeter
•InsensiAve	  to	  background
•DirecAonal	  sensiAvity	  
•High-‐resoluAon

htemp
Entries  80167
Mean     1130
RMS     159.4

P.hapadcR
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

310!0
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2

3

4

5

310!
htemp

Entries  80167
Mean     1130
RMS     159.4

Resolution ~ 15%

3 Data Quality Checks

3.1 Detector Acceptances

Detector acceptances are checked to ensure that the detector is well aligned and not imposing geometric

cut to skew the Q2
. The top two plots in Fig. 3.1 are S0 triggered plots, and the bottom two are detector

triggered plots. The S0 paddles are much bigger than the detector and covers the entire detector plane. The

detector x/y distribution plots with detector triggers look identical to the S0 triggered plots, indicating that

the detector does not impose any geometric cuts on the acceptance.
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Figure 3.1: Detector acceptance plots with S0 and detector triggers. The bounding box is the outline of the

detector with the PMT located at about 1.2m in x.

The cuts used to generate these plots are

LHRS::"P.hapadcL>550 && L.tr.n==1 && abs(ExTgtCor_L.th)<0.07

&& abs(ExTgtCor_L.ph)<0.07 && abs(ExTgtCor_L.dp)<0.05"

RHRS::"P.hapadcR>700 && R.tr.n==1 && abs(ExTgtCor_R.th)<0.07

&& abs(ExTgtCor_R.ph)<0.07 && abs(ExTgtCor_R.dp)<0.05"

D.evtype==2/(D.evtypebits&0x4)==0x4 are added to the LHRS/RHRS cuts to plot S0 triggered events.

10

IntegraAng	  Detector

HAPPEX-III Measurement Hall A Parity Experiment Considerations

HAPPEX-III Setup

Polarized electron beam on unpolarized liquid H2 target

Extended target for high luminosity

Single focal plane Cerenkov detector in each HRS arm

Lead-Lucite sandwich detectors

Clean separation of elastics from inelastic background

Megan Friend (Carnegie Mellon University) HAPPEX-III February 11, 2011 7 / 28

12	  m	  dispersion	  
sweeps	  away	  
inelasAc	  events

detector footprint
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Detector	  Linearity
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Data Acquisition

DIFF ENABLE
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Pulser Electronics

Studied in situ and on bench with LED system optimized to 
linearity for differential rates of similar pulses

Phototube and readout non-linearity 
bounded at the 0.5% level
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Measurements taken in short deviations from high 
rate, to maintain consistent thermal properties
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Q2	  measured	  using	  standard	  HRS	  tracking	  package,	  with	  reduced	  beam	  current

δp	  between	  elasAc	  and	  inelasAc	  peaks	  reduces	  
systemaAc	  error	  from	  spectrometer	  calibraAon

δθ	  ~	  0.55	  mrad	  (0.23%)	  	  

Goal:	  δQ2	  <	  0.5%

Water	  cell	  opAcs	  target	  for	  central	  angle
Q2	  =	  0.6239

Q2	  =	  0.6243

Q2	  =	  0.6241	  ±	  0.0032	  (0.52%)	  

Central	  Angle 0.45%

Beam	  Energy,	  HRS	  momentum 0.11%

DriWs 0.2%

ADC	  weigh0ng 0.1%

Total 0.52%

Determining	  Q2
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Backgrounds
Rescattering probability 

measured during H-I

background f A Net	  
CorrecAon

Net	  
Uncertainty

Aluminum	  
(target	  
window)

1.15%	  
(30%)

-‐34.5	  ppm	  
(30%) 125	  ppb 126	  ppb

Rescadering 0.3%	  
(25%)

-‐63	  ppm	  
(25%) 114	  ppb 55	  ppb

•Aluminum from target windows
•Signal from inelastic electrons scattering 
inside spectrometer
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Compton	  Polarimetry

Online plots from run 20457

Electron detector achieved 1% accuracy for HAPPEX-2,
but e-det system was not functioning for HAPPEX-3

Photon self-triggered analysis has been limited in 
accuracy, and required electron coincidence 
measurements for calibration

Integrating photon detection: 
immune to calibration, pile-up, deadtime, 
response function

New DAQ, with SIS 2230 Flash ADC: Accumulator readout: all FADC samples are 
summed on board for entire helicity window
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Compton	  Polarimetry

Compton spectrum very well simulated
• energy deposition in detector
• linearity
• collimator/detector alignment
• synchrotron light shielding

Pulse-size non-linearity 
mapped by pulsed LED 
system

Analyzing power calculation is rather 
insensitive to these corrections

Compton Polarimetry Compton Beam Polarizations

Theoretical Asymmetry

Calculated using Geant 4 simulation (Gregg)

Generate Compton photons

Let them interact with lead filter/collimator/GSO

Include PMT nonlinearity

Include 2.5% smearing factor

Include complicated pile-up

Megan Friend (Carnegie Mellon University) HAPPEX-III February 11, 2011 20 / 28

Triggered mode: triggered 
“snap shot” of fixed time 
interval (for calibration)

Compton Polarimetry Compton FADC DAQ

FADC DAQ

sis3320 flash ADC

Two simultaneous modes
Accumulator mode

Integrates all pulses
over MPS
No dead time

Triggered mode
Look at pulse
structure and
Compton spectrum

Can also run with FADC
and Compton electron
detector simultaneously

Megan Friend (Carnegie Mellon University) HAPPEX-III February 11, 2011 17 / 28

Combined with beam 
and beam+laser to 

make rate-dependent 
correction

M. Friend et al., arXiv:1108.3116, arXiv:1108.3096



Compton: 89.41± 0.96% 
Moller: 89.22 ± 1.7%

Average: 89.36 ± 0.84%
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Polarimetry	  Summary

laser	  polariza0on 0.80%

Analyzing	  Power 0.33%

Asymmetry 0.43%

TOTAL 0.96%

Compton systematic errors
Target	  Polariza0on 1.5%

Analyzing	  Power 0.3%

Levchuk 0.2%

Background 0.3%

Dead0me 0.3%

other 0.5%

TOTAL 1.7%

Moller systematic errors

HAPPEX-III Beam Polarizations

HAPPEX-III Electron Beam Polarizations

Final HAPPEX-III polarization results:

Compton: 89.41± 0.21 (statistical) ±0.94 (systematic)%

Moller: 89.22± 1.7(systematic)%

� �� �
Period 1

� �� �
Period 2

� �� �
Period 3

� �� �
Period 4

M Friend (Carnegie Mellon University) HAPPEX-III Compton Polarimetry APS April Meeting 10 / 12
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Beam	  Asymmetries
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Trajectory	  at	  target	  averages	  to	  <3nm,<0.5nrad	  

Charge	  asymmetry	  (with	  feedback)	  
averages	  to	  200	  parts	  per	  billion

Implies	  energy	  asymmetry	  at	  3	  ppb

Total	  CorrecAon	  for	  dx,	  dE:
	  	  	  	  -‐0.016	  ppm	  (0.07%)

Individual	  detector	  response	  measured	  
to	  be	  at	  the	  level	  of	  5	  ppb/nm
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HAPPEX-‐III	  Measurement	  of	  APV

ARAW = -21.591 ± 0.688 (stat) ppm

Corrections are then applied:
•backgrounds (-1.0%)
•acceptance averaging (-0.5%)
•beam polarization (11%)

This includes
•beam asymmetry correction (-0.01 ppm)
•charge normalization (0.20 ppm)

3.27%	  (stat)±	  1.5%	  (syst)
total	  correcAon	  ~2.5%	  +	  polarizaAon

Analysis	  Blinded	  ±	  2.5	  ppm
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HAPPEX-‐III	  Result
APV = -23.803 ± 0.778 (stat) ± 0.362 (syst) ppm

Q2 = 0.6241 ± 0.0032 (GeV/c)2 
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HAPPEX-‐III	  Result

A(Gs=0)	  =	  -‐24.062	  ppm	  ±	  0.734	  ppm

Gs
E	  +	  0.52	  Gs

M	  =	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  0.003	  ±	  0.010(stat)	  ±	  0.004(syst)	  ±	  0.009(FF)

APV = -23.803 ± 0.778 (stat) ± 0.359 (syst) ppm
Q2 = 0.6241 ± 0.0032 (GeV/c)2 
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ParameterizaAons

2Q
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Fit	  includes	  all	  world	  data	  Q2	  <	  0.65	  GeV2	  
G0	  Global	  error	  allowed	  to	  float	  with	  unit	  constraint

GE
s	  =	  ρs*τ

GM
s	  =	  μs

GE
s	  =	  ρs*galster

GM
s	  =	  μs*dipole

GE
s	  =	  ρs*	  τ	  +	  a2*τ2

GM
s	  =	  μs	  +	  m2*τ

Models need “bumps” to find 
significant strange effects
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Q2	  =	  0.62	  GeV2	  in	  combinaAon

Combined fit includes form-factor 
uncertainties, experimental bands do not

Zhu constraint is used 
for axial form-factor
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Considering	  only	  the	  4	  HAPPEX	  measurements

•High precision
•Small systematic error
•ε>0.95 - relatively clean 
theoretical interpretation

NS / A NS - APV A 
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

HAPPEX-I (1999) 2 = 0.479 GeV2QM
s+0.39GE

sG

HAPPEX-II (2006) M
s+0.09GE

sG 2 = 0.107 GeV2Q

HAPPEX-II He (2006) E
sG 2 = 0.078 GeV2Q

HAPPEX-III (2011) M
s+0.52GE

sG 2 = 0.624 GeV2Q
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γZ	  box	  contribuAons	  

Performing dispersion integral: real part of correction

resonance

high W

Qweak 
kinematics

0.0047+0.0011
−0.0004 or 6.6+1.5

−0.5%

Wednesday, June 2, 2010
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2
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FIG. 7: Total TBE corrections δN (upper three curves) and δ∆ (lower three curves) versus Q2 for

fixed ε values, ε = 0.1 (dashed), 0.5 (dotted) and 0.9 (solid).

∆ corrections for fixed ε = 0.1, 0.5 and 0.9. At low Q2 the nucleon correction δN increases

as Q2 → 0, but flattens out somewhat for larger Q2. The ∆ correction δ∆, in contrast, is

almost Q2 independent for Q2 <∼ 1 GeV2, except at very high ε, but rapidly becomes large

and negative at higher Q2.

The results for δ∆ are different in shape and magnitude from those reported by Nagata

et al. [20], with the differences more pronounced at large Q2. As observed in Figs. 4 and 5,

the dependence on the input form factors and N∆ couplings is unlikely to account for these

differences. We have checked the numerical calculations of the TBE amplitudes using two

independent computer codes, and find agreement between them. It is not clear therefore

what the origin of the differences may be. Nevertheless, we do agree with the general finding

in Ref. [20] that the ∆ plays an increasingly important role at forward angles compared with

the nucleon.

While the ∆ correction is relatively small for Q2 between around 0.01 and 3 GeV2,

at very low Q2 there can be a sizable enhancement of the γZ contribution at extremely

forward angles, ε → 1, corresponding to large incident electron energies. This point was

made recently in Ref. [33], which argued for a large inelastic Regge contribution in the

high energy limit. In this region the TPE contribution is suppressed, and the Born term is

dominated by the proton weak charge, Qw. Hence the ∆ contribution would be enhanced by

18

Tjon, Blunden, Melnitchouk (2009)
Sibirtsev, Blunden, Melnitchouk, Thomas (2010)
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γZ corrections to forward-angle parity-violating e p scattering

A. Sibirtsev1,2, P. G. Blunden3,2, W. Melnitchouk2 and A. W. Thomas4
1Helmholtz-Institut für Strahlen- und Kernphysik (Theorie), Universität Bonn, D-53115 Bonn, Germany

2Jefferson Lab, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA
3Department of Physics and Astronomy, University of Manitoba, Winnipeg, MB, Canada R3T 2N2

4CSSM, School of Chemistry and Physics, University of Adelaide, Adelaide SA 5005, Australia

We use dispersion relations to evaluate the γZ box contribution to parity-violating electron scat-
tering in the forward limit arising from the axial-vector coupling at the electron vertex. The calcu-
lation makes full use of the critical constraints from recent JLab data on electroproduction in the
resonance region as well as high energy data from HERA. At the kinematics of the Qweak experi-
ment, this gives a correction of 0.0047+0.0011

−0.0004 to the Standard Model value 0.0713(8) of the proton
weak charge. While the magnitude of the correction is highly significant, the uncertainty is within
the anticipated experimental uncertainty of ±0.003.

Amongst the many methods for searching for physics
beyond the Standard Model, the verification of the pre-
dicted evolution of the Weinberg angle from the Z-pole
to very low energies is currently of great interest. In
particular, the Qweak experiment at Jefferson Lab [1] is
designed to measure the weak charge of the proton using
parity-violating elastic electron scattering (PVES) from
the proton to a higher level of precision than previously
possible. In combination with constraints from atomic
parity violation [2], Qweak aims to either discover evi-
dence for new physics beyond the Standard Model that
leads to parity violation in electron scattering or raise the
limit on its mass scale to above 2 TeV, complementing
direct searches at the LHC [3, 4].
In PVES the parity-violating asymmetry in the t → 0

and low energy limit is related to the weak charge of the
proton Qp

W [5]:

APV ≡
σR − σL

σR + σL
→

GF

4πα
√
2
tQp

W , (1)

where σL(R) is the cross section for left- (right-) hand po-
larized electrons, GF is the Fermi constant, and α is the
fine structure constant. The arrow serves to remind that
this relation is only realized when radiative corrections
are properly accounted for, in particular, any residual
dependence on the electron energy E or the momentum
transfer squared t. Including electroweak radiative cor-
rections, the proton weak charge is defined at zero energy
and momentum transfer as [4]

Qp
W = (1 +∆ρ+∆e)(1 − 4 sin2 θW (0) +∆′

e)

+!WW +!ZZ +!γZ(0) , (2)

where sin2 θW (0) = 0.23867(16) is the weak mixing angle
at zero momentum, and the corrections ∆ρ, ∆e and ∆′

e

are given in [4] and references therein. The contributions
!WW and !ZZ from the WW and ZZ box diagrams
can be computed perturbatively, while the γZ interfer-
ence correction!γZ(E) in addition depends on physics at
low momentum scales [4–6]. The current best theoretical
estimate from Ref. [4] is Qp

W = 0.0713(8).
In Eq. (2) we have explicitly introduced a depen-

dence of !γZ(E) on the electron energy E. The energy-

dependence of the other radiative corrections in Eq. (2)
is not expected to be important at the O(GeV) ener-
gies relevant for PVES. The Qp

W extracted from APV in
Eq. (1) will then differ from Qp

W in Eq. (2) by an amount
!γZ(E) − !γZ(0), which we refer to in what follows as
a correction to Qp

W at the particular kinematics of the
electron scattering experiment. In general the γZ term
has contributions from the vector electron–axial vector
hadron coupling of the Z boson (!A

γZ) and from the axial

vector electron–vector hadron coupling of the Z (!V
γZ),

!γZ(E) = !
A
γZ(E) +!

V
γZ(E).

Given that the Qweak experiment has a precision target
of 4.2% on Qp

W [1], if we are to draw meaningful conclu-
sions in relation to the Standard Model it is crucial that
all the radiative corrections to PVES be under control at
a level well below this target. The first studies of the box
corrections [4–6] suggested that they were indeed under-
stood to the required precision, with the uncertainty on
the least constrained, !γZ(0) term being 0.65%.

In their seminal early work, Marciano & Sirlin [6] com-
puted the !A

γZ(0) correction, which is dominant in atomic
parity-violation experiments at very low electron ener-
gies. This correction was further divided into a high-
momentum contribution to the loop integral, computed
at the quark level, and a low-momentum contribution,
computed with the nucleon elastic intermediate state.
The entire uncertainty on the calculation was taken to
arise from the low-energy component [4].

In a stimulating new analysis, Gorchtein and Horowitz
[7] used forward angle dispersion relations to evaluate the
additional correction, !V

γZ(E), which is negligible at the
low electron energies characteristic of atomic parity vi-
olation. However, at the O(GeV) energies relevant for
PVES [1], this correction was found to be large, with
an uncertainty potentially capable of jeopardizing the
interpretation of the Qweak experiment. Recent model-
dependent analyses of the low-energy γZ contribution,
involving only nucleon and ∆ intermediate states, find
smaller but non-negligible effects [8–10].

In this work we revisit this new !
V
γZ(E) radiative cor-

rection with a detailed evaluation of the inelastic con-
tributions, taking full advantage of the wealth of data

At Q2 = 0.6 GeV2, Qweak only about 20% of 
asymmetry: 0.15% for APV for H-III

Also results from Zhou, Kao, Yang, Nagata (2010)

be identified as

δZ(γγ) =
2 ! (M∗

ZMγγ)

2 ! (M∗
ZMγ)

, (26a)

δγ(γZ) =
2 !

(
M∗

γMγZ + M∗
γMZγ

)

2 !
(
M∗

γMZ

) , (26b)

δγ(γγ) =
2 !

(
M∗

γMγγ

)

|Mγ|2
. (26c)

The correction to the Born level PV asymmetry A0
PV can then be represented as

APV = (1 + δ)A0
PV ≡

(
1 + δZ(γγ) + δγ(Zγ)

1 + δγ(γγ)

)
A0

PV , (27)

where APV is the full asymmetry, including TBE corrections, and A0
PV is given in Eq. (19).

Since the electromagnetic TPE correction δγ(γγ) is typically only a few percent [21, 22, 23],

the full correction δ can be written approximately as

δ ≈ δZ(γγ) + δγ(Zγ) − δγ(γγ) . (28)

In the model discussed here, the amplitudes Mγγ , MγZ and MZγ contain contributions

from both nucleon elastic and ∆(1232) isobar intermediate states, which we discuss next.

A. Nucleon Intermediate States

For completeness, here we review the basic elements of the TBE exchange calculation with

nucleon intermediate states. A more complete account can be found in Refs. [19, 21, 22].

For electromagnetic scattering, the total 2γ exchange amplitude for the box and crossed-box

diagrams with a nucleon intermediate state has the form [21]

MγNγ = e4

∫
d4k

(2π)4
ūe(p3)

[
γµSF (p1 − k, me)γν + γνSF (p3 + k, me)γµ

]
ue(p1)

× ūN(p4) Γµ
γ(q − k) SF (p2 + k, M) Γν

γ(k) uN(p2) ∆F (k, λ) ∆F (k − q, λ) , (29)

where me is the electron mass, and the fermion (electron) and gauge boson (photon) prop-

agators are given by

iSF (k, m) =
i (&k + m)

k2 − m2 + iε
, (30)

i∆F (k, λ) =
−i

k2 − λ2 + iε
, (31)

8

Also results from: Rislow, Carlson (2010),
Gorchtein, Horowitz, M. Ramsey-Musolf(2011)

At Q2 = 0.6 GeV2 ~10-3 for APV for H-III
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The	  Axial	  Term	  and	  the	  Anapole	  Moment
Anapole	  Moment	  CorrecAon:	  
MulAquark	  weak	  interacAon	  in	  RA(T=1),	  RA(T=0)	  

G0

How does the correction change with Q2?

( )C.M. Maekawa et al.rPhysics Letters B 488 2000 167–174172

Ž . Ž .Fig. 5. The isoscalar anapole form factor F as function of Q in x PT: leading order LO and next-to-leading order NLO for a few0
1 1'reasonable values of parameters expressed by the ratio rs 2 m h r3g f h .N A A p p NN

Using the same estimates as for the form factor,

3 6mLOqNLO p2r , 1q 1yr² : Ž .0 2 pm10m Np

=
L 2mxSB p

ln y1 y . 17Ž .ž /m pmp N

For r ranging from y2 to 2, r 2
LOqNLO

ranges² :0
from 3 to 1=10y5 MeVy2 .

The isovector anapole moment aNLO comes from1

contributions represented by the diagrams in Figs. 2,

3. We find

2emN 4Ž . Ž . Ž .NLO 2 0 2a s 2h qg h q hŽ .1 A A V V32
6 4p fŽ .p

=
m2

ln qa m , 18Ž . Ž .˜12ž /mp

where

2emN 4Ž . Ž .2 0 Ž2.a m sa q 2h qg h q hŽ .˜ ˜ Ž .1 1 A A V V32
6 4p fŽ .p

=
1

2q1ygy q ln4p . 19Ž .3ž /´

Again, our result has the expected size and agrees
w x Ž2. w xwith Ref. 13 . The term in h agrees with Ref. 6 .A

Contrary to the isoscalar part, the isovector

anapole form factor first appears in next-to-leading

order and reads

em2 1NNLO 2F Q s1yŽ .1 2 NLOa9 4p fŽ . 1p

= 4Ž . Ž . Ž .2 0 22h qg h q hŽ .A A V V3

= NLO2 2F Q y1 . 20Ž .Ž .

( )C.M. Maekawa et al.rPhysics Letters B 488 2000 167–174 173

Fig. 6. The isovector anapole form factor FNLO as function of Q in ChPT, for a few reasonable values of parameters expressed by the1

regularization scale m that parametrizes the size of the counterterm, and by s that states the sign of the counterterm.

Again, for illustration we consider some representa-
Ž . Ž . Ž .tive values of a m : a L s0, a L s˜ ˜ ˜1 1 x SB 1 x SB

2 2 Ž . Žy2a ln L rm , a 550 MeV s 0, a 550˜ ˜Ž .x SB p 1 1
2 2.MeV s y 2 a ln 550 MeV rm , withŽ .Ž .p

42 2 Ž2. Ž0. Ž2.Ž .as em r6 4p f 2h qg h q h andŽ .N p A A V V3

they all are summarized as

2m
22 y1 NLO2 2F Q ,1qs ln F Q y1 ,Ž . Ž .1 3 2ž /mp

21Ž .
Ž . Ž .where ssy1 for a m s0 and ss1 for a m s˜ ˜1 1

Ž 2 2 .y2a ln m rm , ms0.55,1.2 GeV. Fig. 6 showsp
NLOŽ 2 .F Q for these four cases of s and m.1

The isovector mean square radius is

1 em2
NLO N2r s² :1 2 2NLO10m a 4p fŽ .p 1 p

= 4Ž . Ž . Ž .2 0 22h qg h q h . 22Ž .Ž .A A V V3

Ž .Again, using the estimated form factor 21 we have

26 mNLO2 y1r ,s ln . 23² : Ž .1 2 ž /m10m pp

2 NLO ŽFor msL one obtains r s s 370² :xSB 1

.y2 2 NLO ŽMeV and for ms550 MeV, r ss 298² :1

.y2MeV , where ss"1.
We have thus for the first time calculated the

momentum dependence of the anapole form factor in

next-to-leading order in ChPT. Using dimensional

analysis to estimate currently unknown parameters,

we see that the variation with momentum is ;20%

at Q;300 MeV in both isoscalar and isovector

channels. The overall size of the anapole contribu-

tion to electron scattering is thus likely not very

different than that given by the anapole moment

itself. We can compare our result for the isovector

component to the forthcoming SAMPLE measure-

ment. The SAMPLE collaboration will extract an

Maekawa, Phys Lett B 488(2000)

� 

˜ G A
p,n = −τ 3 1 + RA

T = 1( )GA
( 3)

+ 3RA
T = 0GA

( 8) + Δs
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The	  Anapole	  Moment
Zhu error bar, correction scales with FA(Q2)

approx G0 experimental error bar, 
correction scales with FA(Q2)

approx G0 experimental error bar, 
correction assumed flat in Q2

Zhu error bar, correction 
assumed flat in Q2
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Charge	  Symmetry	  ViolaAon
Old	  Story:	  	  theore7cal	  CSB	  es7mates	  indicate	  <1%	  viola7ons	  

Miller	  PRC	  57,	  1492	  (1998)	  	  
Lewis	  &	  Mobed,	  PRD	  59,	  073002(1999)	  	  

New	  Story:	  effects	  could	  be	  large	  as	  sta7s7cal	  error	  on	  HAPPEx	  
data!	  	  	  	  

χPBT,	  B.	  Kubis	  &	  R.	  Lewis	  	  	  Phys.	  Rev.	  C	  74	  (2006)	  015204	  	  	  

Old	  Story:	  Nuclear	  effects	  all	  <<	  1%,	  	  	  no	  explicit	  correc7on	  made.
–4He	  g.s.	  pure	  isospin	  state:	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ramavataram,	  Hadjimichael,	  Donnelly	  	  PRC	  50(1994)1174
–No	  D-‐state	  admixture:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Musolf	  &	  Donnelly	  PL	  B318(1993)263
–Meson	  exchange	  correc7ons	  small:	  Musolf,	  Schiavilla,	  Donnelly	  	  	  	  PRC	  50(1994)2173

New	  Story:	  Nuclear	  admixture	  +	  nucleon	  CSB	  ~	  1%	  ...	  about	  1/4	  HAPPEX-‐He	  error	  bar
Viviani,	  Schiavilla,	  Kubis,	  Lewis,	  Girlanda,	  Keivsky,	  Marcucci,	  Rosa7,	  nucl-‐th/070305

PROTON

Helium-4

Correction at higher 
Q2 not constrainedHAPPEX-‐II:	  	  Gs

E	  +	  0.09	  Gs
M	  =	  0.007	  +/-‐	  0.011	  +/-‐	  0.004	  +/-‐	  0.005	  (FF)

Contribu7on	  from	  	  	  	  	  	  	  	  	  	  	  ~ 0.004-‐0.009

� 

Gu / d near H-II error bar
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Strange	  Vector	  Form	  Factors	  Are	  Small

•	  HAPPEX-‐III	  provides	  a	  clean,	  precise	  measure	  of	  APV	  at	  Q2=0.62	  GeV2,	  and	  finds	  that	  it	  is	  
consistent	  with	  no	  strangeness	  contribuAon	  to	  the	  long-‐range	  electromagneAc	  interacAon	  
of	  the	  nucleon	  	  

•	  Recent lattice results indicate values smaller than these FF uncertainties

•	  Further	  improvements	  in	  precision	  would	  require	  addiAonal	  theoreAcal	  and	  empirical	  
input	  for	  interpretaAon

Q2 = 0.62 GeV2
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Backup



Arrington and Sick, Phys.Rev. C76 (2007) 035201, nucl-th/0612079 
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EMFF

GEp 0.3%
GMp 1.1%
GEn 1.6%
GMn 1.4%
σred 1.1%
RAna 0.6%
Total 2.7%



LEFT:
 AVERAGE:  97.90%, 52.3 degrees  :  99.44%
 WithoutCavity:   98.46%, 48.9 degrees  :  99.65%

RIGHT:
 AVERAGE:  -97.81%, 122.02 degrees  :  -98.59%
 WithoutCavity:   -97.67%, 110.78 degrees  :  -97.72%
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Compton	  Polarimetry,	  Transfer	  FuncAon
• 23 mrad crossing angle
• 1 cm e- beam aperture
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Helicity	  Correlated	  PosiAon	  Differences
Over the ~20 million pairs measured in HAPPEX-II, the average position 

was not different between the two helicity states by more than 1 nanometer 

This was still the leading source of systematic uncertainty in the proton asymmetry



G0 Backward Scattering, PRL 104, 012001 (2010) 

Young et al., Phys.Rev.Lett. 97 (2006) 102002, nucl-ex/0604010 
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Form	  Factor	  SeparaAon E.J. Beise et al., Prog Nuc Part Phys 54 (2005)

SAMPLE

QCD lattice 
suggests 
very small 
effects



AT ∝ �Se · (�ke × �k�
e)
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Transverse	  Single-‐Spin	  Asymmetry	  AT
Beam normal single-spin asymmetry in 
elastic electron scattering

Potential systematic error in APV if 
imperfect cancellation over acceptance

Clear signal from 2-photon exchange 
processes, dominated by excited 

intermediary states

AT = -6.58 ppm ± 1.47 ppm (stat) ± 
0.24 ppm (syst)

Afanasev

HAPPEX 

HAPPEX

Afanasev
Curve	  for	  Eb	  =3	  GeV

AT	  =	  -‐13.51	  ppm	  ±	  1.34	  ppm	  (stat)	  ±	  
0.37	  ppm	  (syst)

Ee	  =	  2.75	  GeV,	  θlab	  ~6o,	  Q2	  
=	  0.077	  GeV2

Without	  inelasAc	  states,	  10-‐9
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The	  Axial	  Term	  and	  the	  Anapole	  Moment

Anapole	  Moment	  CorrecAon:	  
MulAquark	  weak	  interacAon	  in	  RA(T=1),	  RA(T=0)	  

Axial	  form-‐factors	  GA
p,	  GA

n

•	  Determined	  at	  Q2=0	  from	  neutron	  and	  hyperon	  
decay	  parameters	  (isospin	  and	  SU(3)	  symmetries)

•	  Q2	  dependence	  o|en	  assumed	  to	  be	  dipole	  form,	  
fit	  to	  ν	  DIS	  and	  π	  	  electroproducAon

•	  Includes	  also	  Δs,	  fit	  from	  ν-‐DIS	  data

Zhu,	  Puglia,	  Holstein,	  Ramsey-‐Musolf,	  Phys.	  Rev.	  D	  62,	  033008

•Model	  dependent	  calculaAon	  with	  large	  uncertainty
•Uncertainty	  dominates	  axial	  term

� 

˜ G A
p,n = −τ 3 1 + RA

T = 1( )GA
( 3)

+ 3RA
T = 0GA

( 8) + Δs

Difficult	  to	  achieve	  Aght	  experimental	  constraint	  

The Axial Current Contribution 

•! Recall: 

–! Effective axial form factor:  GA
e(Q2) 

–! related to form factor measured in neutrino 
scattering 

–! also contains “anapole” form factor 

–! determine isovector piece by combining proton 
and neutron (deuteron) measurements 

e p 

Z 

! 

“box” 

e p 
! 

“quark pair” 

! 

A
E

= " #( )GE

$
G

E

Z
, A

M
= %G

M

$
G
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Z

A
A

= & 1& 4sin2#
W( ) ' " #( ) GM

$
G
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e
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“mixing” 
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Beam	  Asymmetries
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Trajectory	  at	  target	  averages	  to	  <3nm,<0.5nrad	  

Charge	  asymmetry	  (with	  feedback)	  
averages	  to	  200	  parts	  per	  billion

Implies	  energy	  asymmetry	  at	  3	  ppb

Total	  CorrecAon:	  -‐0.010	  ppm	  (0.05%)

Individual	  detector	  response	  measured	  
to	  be	  at	  the	  level	  of	  5	  ppb/nm
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Q2	  =	  0.62	  GeV2	  in	  combinaAon
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Zhu constraint is used 
for axial form-factor
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Hall	  A	  Compton	  Polarimeter

Resonant cavity “photon target”, up to 2kW intensity

measure	  asymmetry	  independently	  in:
•	  momentum	  analyzed	  electrons	  
•	  photons	  in	  calorimeter

Calibration of the analyzing power 
is usually the leading uncertainty

Electron detector achieved 1% accuracy for HAPPEX-2,
but system was broken for HAPPEX-3


