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“The sea, once it casts its spell, holds one in its net of wonder forever.” 
                           -Jacques Yves Cousteau



Outline
• Strange quark contributions to the nucleon

• G0 Backward angle measurement and analysis

• Strange and Axial Form Factor Results
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We have measured parity-violating asymmetries in elastic electron-proton and quasielastic electron-

deuteron scattering at Q2 ¼ 0:22 and 0:63 GeV2. They are sensitive to strange quark contributions to

currents in the nucleon and the nucleon axial-vector current. The results indicate strange quark

contributions of & 10% of the charge and magnetic nucleon form factors at these four-momentum

transfers. We also present the first measurement of anapole moment effects in the axial-vector current at

these four-momentum transfers.

DOI: 10.1103/PhysRevLett.104.012001 PACS numbers: 13.60."r, 11.30.Er, 14.20.Dh, 25.30.Bf

At short distance scales, bound systems of quarks have
relatively simple properties and QCD is successfully de-
scribed by perturbation theory. However, on the size scale
of the bound state, #1 fm, the QCD coupling constant is
large and the effects of the color fields are a significant
challenge, even in lattice QCD. In addition to valence
quarks, e.g., uud for the proton, there is a sea of gluons
and q !q pairs that plays an important role. From a series of
experiments measuring the parity-violating asymmetries of
electrons scattered from protons and neutrons, we can

extract the contributions of strange quarks to nucleon
ground state charge and magnetic form factors. These
strange quark contributions are exclusively part of the
quark sea because there are no strange valence quarks in
the nucleon.
The SAMPLE [1], HAPPEx [2], PVA4 [3], and G0 [4]

experiments have previously reported measurements of
these parity-violating asymmetries. Using the combined
forward angle asymmetries and the SAMPLE backward
angle proton and deuteron measurements, a complete ex-
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What’s in a proton?
valence quarks carry baryon number 
and account for 1% of total mass (u, d)

Nucleon Structure

At the size scale of the bound state, ~1 fm, the QCD 
coupling constant is large and the effects of the color fields 
are a significant challenge, even in lattice QCD.

sea of strongly coupled self interacting 
gluons and associated quark-antiquark 
pairs (u,d and ... s)

q

q



Mass / Scalar matrix 
element

Mass / Scalar matrix 
element πN Scattering J. Gasser, H. Leutwyler, et.al.

MomentumMomentum
νN DIS NUTEV

SpinSpin
(Semi-)Inclusive DIS HERMES, COMPASS

Vector Matrix 
Elements / FF

What do we know 
about the strange sea?



Predictions
Loops/Poles - Model the nucleon fluctuating into meson states.
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Figure 1.3: Example of phenological hadronic models which introduce strangeness into the proton.
Kaon loop (left) and phi meson poles (right) diagrams are shown.

Many of these hadronic models assume an exact SU(3)L × SU(3)R flavor symmetry for their

QCD lagrangian in the limit where the light quark masses vanish, so called chiral perturbation

theory (CHPT) [15]. This technique, however, is one which relies on the input of measured quan-

tities, so called counter terms, to predict another value [49]. For strange properties of the nucleon

this theory is non-predictive as it effectively requires input of measured µs and rs values. Cal-

culations beyond CHPT are needed to obtain predictions that might guide nucleon strangeness

measurements.

In the kaon loop model, a consistent chiral expansion is abandoned and the proton is typically

taken to fluctuate into a strange meson and a hyperon state. Most typically this ’intermediate

state’ is modeled as a kaon (K+) containing an s and a Λ hyperon containing an s quark. This

allows the strange content to spatially separate, resulting in a non-zero strange magnetic moment

and charge radius. A common feature among the various calculations using this method is the

prediction of a positive strange charge radius, arising from the fact that the lighter Kaon carrying

the positively charged anti-strange quark is further from center of mass of the system than the

heavier hyperon. This model is appealing because it is directly motivated by the pion loop model

used successfully in many chiral perturbation calculations on the neutron. However, for studying

the strange form factors, higher order terms as well as rescattering effects are import in attaining

an accurate picture.
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Lattice QCD - Starts from the 
fundamental interaction of 
quarks/gluons to predict µs.  

Beck/Holstein



Form Factors
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FFs characterize the extended nature of a particle

Rosenbluth Data

GM,E(0) = µ, q
Fourier Transform of 

Electric and Magnetic Dist. 
in specific frame



Flavored Form Factors

{Gu,p
E,M , Gd,p

E,M , Gs,p
E,M} = {Gd,n

E,M , Gu,n
E,M , Gs,n

E,M}

plus charge symmetry

(see G. A. Miller PRC 57 (98) 1492.; B. Kubis and R. Lewis, PRC (74) , 015204)

Note: Charge symmetry breaking effects are typically 
small (~1%) compared to the experimental precision

1
3
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Flavored Form Factors
Gs,p

E,M = (1− 4 sin2 θw)Gγ,p,
E,M −Gγ,n

E,M −GZ,p
E,M

Electromagnetic form factors and the weak mixing angle 
are well measured quantities in this context. 

Measurements of the neutral weak form factors are needed 
for flavor separation. Elastic e-p cross sections are sensitive to 

both Υ and Z exchange but .... 

p

e e

Z

p

e e 2
+

p

e e

Z

p

e e 2

+2~1 ~ 9 × 10-9~ 2 × 10-4

Υ dominates!



Accessing Neutral 
Weak Currents

p

e e

Z

p

e eThe parity violating cross 
term allows one to form an 
observable which is sensitive 

to GZ:

APV =
dσR − dσL

dσR + dσL
∼

2M∗
γMPV

Z

|Mγ |2

= − GF Q2

4
√

2πα

�Gγ
EGZ

E + τGγ
MGZ

M − (1− 4 sin2 θW )��Gγ
MGe

A

�(Gγ
E)2 + τ(Gγ

M )2

~10-5

APV is sensitive to axial form factors at backward angles 
(D. H. Beck and R. D. McKeown, Ann. Rev. Nucl. Sci. 51, 189)



Axial Current 
Contribution

Ge
A = GAτ3 + ηFA + Re + ∆s

GA , from γμγ5, probes the spin–isospin distribution of the 
nucleon and has been measured in neutrino scattering

e p

Zγ

“mixing”

e p
γ

“quark pair”

Nucleon anapole form factor from the effective parity- 
violating coupling between real photons and nucleons

s spin contribution suppressed and measured in DIS

Ordinary
Radiative
Effects

e p

Z

γ

“box”



PVES Measurements
3 measurements at a given Q2 are needed 

to separate the form factors.

e-p scattering at forward angles
e-p scattering at backward angles

and e-d scattering at backward angles

AD = − GF Q2

4
√

2πα
× Numn + Nump

Denomn + Denomp

Sensitive to the axial form factor



PVES Measurements
Expt/LabExpt/Lab Target/Angle Q2 (GeV2) Aphy (ppm) s Sensitivity Status

SAMPLE/BatesSAMPLE/Bates
SAMPLE I LH2/145 0.1 -6 μs + 0.4GA 2000
SAMPLE II LD2/145 0.1 -8 μs + 2GA 2004
SAMPLE III LD2/145 0.04 -4 μs + 3GA 2004

HAPPEx/JLabHAPPEx/JLab
HAPPEx LH2/12.5 0.47 -15 GE + 0.39GM 2001
HAPPEx II, III LH2/6 0.11 -1.6 GE + 0.1GM 2006, 2007
HAPPEx He 4He/6 0.11 +6 GE 2006, 2007
HAPPEx LH2/14 0.63 -24 GE + 0.5GM (2009)

A4/MainzA4/Mainz
LH2/35 0.23 -5 GE + 0.2GM 2004
LH2/35 0.11 -1.4 GE + 0.1GM 2005
LH2/145 0.23 -17 GE + ηGM + η’GA 2009
LH2/35 0.63 -28 GE + 0.64GM (2009)
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Figure 1.19: The world data constraints on (Gs
E , Gs

M ) at Q2 = 0.1 (GeV/c)2. The form fac-
tors of Kelly are used. Different bands in the plot represent SAMPLE-H (solid red), SAMPLE-
D (dashed red), HAPPEx-H-a (dashed blue), HAPPEx-H-b (solid blue), HAPPEx-He-a (dashed
pink), HAPPEx-He-b (solid pink), PVA4-H-b (solid green), and the lowest three Q2 bins in G0
forward angle (solid black). The yellow and gray blue (dark) ellipses represent 68.27% and 95% con-
fidence contours around the point of maximum likelihood. The black cross represents GsE=GsM=0.
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G0 probes Q2 larger than 0.1 GeV2
G0/JLabG0/JLab

Forward LH2/35 0.1 to 1 -1 to -40 GE + ηGM 2005
Backward LH2/LD2/110 0.23, 0.63 -12 to -45 GE + ηGM + η’GA 2009



G0 Collaboration

Caltech, Hendricks College, Orsay, LA Tech, Ohio, JLab, TRIUMF,  
Kentucky, Manitoba, Winnipeg, Zagreb, Yerevan Physics Institute

Graduate Students:
 C. Capuano (W&M), A. Coppens (Manitoba), C. Ellis (Maryland), 

J. Mammei (VaTech), M. Muether (Illinois), J. Schaub (NMSU)
             M. Versteegen (Ph.D. Oct. 09 Grenoble); S. Bailey (Ph.D. Jan. 07 W&M)

Analysis Coordinator:
 F. Benmokhtar - Carnegie Mellon (Maryland)



CEBAF at JLab
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Figure 2.2: Laser Table Schematic.

one axis is changed relative to that along the other. For the G0 experiment, laser light is first passed

through a passive linear polarizer then the Pockels Cell. The Pockels Cell is oriented so that its

axes are rotated 45◦ with respect to the direction of the polarized light. Voltage is the applied to

the cell so that the phase of one of the two components of the laser light becomes retarded relative

to the other by a quarter-wave length by the time the light exits creating circular light with a

helicity depending on which axis retards more heavily (Fig 2.4).

In essence, the Pockels Cell acts as a quarter-wave plate with a user controllable retardation

sign. It allows the helicity of the light to be changed on a pulse by pulse basis which in turn allows

the polarization sign of the electrons leaving the emittance gun be controlled. This is crucial for the

G0 experiment as it allows the helicity dependent asymmetry of the electron-proton cross section

to be sampled on a time scale much shorter than typical slow drifts in beam properties. In practice,

the helicity (left- or right-handed) of the beam is changed every 1/30 second (a macropulse, MPS).

The choice of the 1
30 second interval was to make the asymmetry measurements insensitive to 60Hz

line frequency. Four such macropulses are pseudorandomly arranged into one of two ”quartet”

structures, + - - + or - + + - and the asymmetry of each quartet is measured. The quartet struc-

ture is chosen such that the positive and negative helicity pulses are measured at the same average

time, thereby eliminating the effect of linear drifts. The asymmetry is then calculated quartet by

quartet as:

43

Text

Polarized Source

•Fast fiber laser system
•Polarization control via 
Pockels Cell
•Controllable laser intensity 
via IA
•Slow Helicity control via IHWP
•Lattice Ga-As cathode provides >80% pol.
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polarization component. Any vertical component of polarization exiting the injector arises from

imperfect cancellation of the longitudinal field integral of the focusing solenoids acting on the

horizontal polarization component exiting the Wien filter and is small.

X

Z

P η
Wien

MAGNETIC

FIELD

ELECTRIC

FIELD

 Beam 

Figure 2.6: Diagram of a Wien filter indicating the rotation of the beam polarization relative to
the beam direction (ηWien) in crossed magnetic and electric fields ( E

B = β ). In this experiment,
the electric field and the spin rotation are in the horizontal plane.

2.1.3 CEBAF Accelerator System

After the Wien filter orients their spin such that they will be longitudinally polarized upon

entering the hall, the electrons enter the accelerator system. The accelerator system, consisting

of two linear accelerators (LINAC), uses microwaves to accelerate the injected electrons by more

than 400 MeV each per pass. The LINACs are connected via return arcs for up to 5 repetitive

accelerations. After acceleration to the desired energy (687 MeV and 360 MeV for G0), the beam

is then steered into a hall via the ”switchyard” magnets. The energy of the beam is measured by

a position monitor (IPM3HC12) located near the entrance of the hall in a dispersive section of the

beamline.

The superconducting radio-frequency (RF) cavities used to accelerate the electrons operate

at 1499 MHz, with alternating beam delivery to each hall at a rate of 1499
3 = 499 MHz. The

simultaneous 3 hall delivery of beam is achieved using 3 different lasers (one for each hall) incident

on the common GaAs cathode. They are timed to be π
3 out of phase with each other. The

accelerator is designed such that it is able to deliver a maximum of 200 µA of electron beam

current at energies up to 6 GeV. The G0 backward angle experiment ran with a 687GeV and

362MeV electron beam with an intensity up to 60µA.
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Injector

•Wien filter aligns the electron spin 
longitudinally within 2° in 100 keV beamline
•The polarization of the beam is monitored 
with a Mott polarimeter in the injector and a 
Moeller polarimeter in the hall



CEBAF at JLab

Electrons are accelerated to 362 and 687 MeV in the tandem 
recirculating LINACs before being steered into Hall C



CEBAF at JLabCEBAF at JLab

•Beam charge and position  monitors 
(BCMs/BPMs) measure charge, x and y 
position, and angle 

•A set of 8 azimuthally placed luminosity 
monitors provide additional spin and 
target density information from ~4° 
Moeller electrons

A Luminosity Monitors

Eight luminosity detectors (Lumis) were placed at very forward beam angles in order

to check for beam induced false asymmetries and to monitor target density fluctuations.

The Lumis capitalize on the fact that forward beam angles see very high rates of scattered

electrons, with a small expected asymmetry.

Figure 1: An illustration of the placement of the Lumis in relationship to one another and the beam line.

B Detectors

The Lumis are Čerenkov detectors comprised of a synthetic quartz scintillator, copper wire

mesh filter, and a photomultiplier tube with a low gain base. They were configured in two

sets of four detectors placed around the beam line as shown in Fig. 1. The set of detectors

numbered 1-4, are 376.98 cm downstream from the center of the target and sitting at a lab

angle of 3.74◦. The second set of detectors, numbered 5-8, are 354.12 cm downstream from

the center of the target and sitting at a lab angle of 3.98◦. The scintillators are Spectrosil

2000, a synthetic fused silica, from Saint Gobain Quartz. Each crystal measures 3.56 cm ×

3.56 cm × 7.62 cm and all six faces are finished with an optical polish. The quartz has an

index of refraction, n = 1.47, resulting in a threshold velocity of βt = 0.68. Because the

scattered electrons are relativistic, β ∼ 1, they will emit photons as they traverse the quartz.

6



CEBAF at JLab
•Helicity changed every 1/30 sec (MPS).  

• Form a pseudo-random quartet structure in helicity (+--+ or -++-).

• Excellent “parity quality” with active charge and position feedback:    

   Aq< 0.3 ppm, Δ(x,y)<20 nm, ΔӨ(x,y)<1 nrad, ΔE < 3 eV 

• Beam Polarization 85.8%

Draft of January 22, 2010 at 16 : 41
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Figure 2.8: Moeller polarization measurements taken during 687 MeV running. Inner error bars
denote statistical errors only, while out errors bars denote statistical and pointtopoint errors added
in quadrature. The solid line is a constant fit while dashed lines show the error on the fit.
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Detection scheme

20 cm cryo-target

Superconducting Magnetic
Spectrometer

Lead Collimators

2 scintillator arrays (FPD/CED) 
providing kinematic selection
Cerenkov detector for e/pi 

seperation 1:85 rejection factor





Electron Yields
      LH2, 687 MeV            LH2, 362 

        LD2, 687 MeV          LD2, 362 MeV  

Elastic
Inelastic

Background



Asymmetries
Each psuedo-random quartet in each cell in each octant,  

Insertable half waveplate 
allows manual control of 

asymmetry sign for 
systematics control.

~100M quartets 
collected for each 

data set

Elastic locus average for each octant, IHWP (H687)

Ameas =
Y+ − Y− − Y− + Y+

Y+ + Y− + Y− + Y+



Analysis Strategy

LH2 Aphys

H, D Raw Asymmetries, Ameas

Instrumental & Beam 
corrections:

Helicity-correlated beam 
properties

Electronic Deadtime/Randoms
Beam polarization

Background corrections: 
Dilution Factors 

 Backgrounds from target 
Pion Contamination 

Q2 Determination

GE
s  GM

s  GA
e   LD2 Aphys

Forward angle results
GE

s+ηGM
s 

Unblinding

Radiative Corrections

Electromagnetic Form 
Factors



Instrumental Corrections
Helicity-correlated beam false asymmetries ~ 0.1 ppm

Draft of January 22, 2010 at 16 : 41

Target Energy IHWP AresRDM
AresDT

H 362 in 0.000630 ± 0.002357 0.0598 ± 0.0037
out 0.006989 ± 0.002505 -0.0677 ± 0.0039

H 687 in -0.149871 ± 0.024309 0.0582 ± 0.0074
out 0.148692 ± 0.023672 -0.0762 ± 0.0072

H(Apr) 687 in -0.609012 ± 0.225605 0.0000 ± 0.0016
out 0.956066 ± 0.238122 0.0000 ± 0.0013

D 362 in -0.038896 ± 0.007305 0.0228 ± 0.0025
out 0.044397 ± 0.007716 -0.0418 ± 0.0025

D(Mar) 687 in -0.350286 ± 0.083535 0.0072 ± 0.0020
out 0.391399 ± 0.096918 -0.0099 ± 0.0025

D(Nov) 687 in -0.270101 ± 0.101882 -0.0016 ± 0.0015
out 0.427925 ± 0.142798 -0.0005 ± 0.0014

Table 3.2: Deadtime residuals

yield as a linear combination of the beam parameters.

Ymeas = Ycorr + Σi
dY

dPi
Pi (3.15)

where Ycorr is the true yield that is not contaminated by fluctuations in beam parameters, and Pi

is one of the 6 beam parameters monitored for helicity-correlation. The asymmetry is of course,

Ameas =
Y+ − Y−

Y+ + Y−
(3.16)

Combining these two equations, one gets

Acorr =
Ymeas+ + Σi

dY
dPi

Pi+ − Ymeas
−

− Σi
dY
dPi

Pi
−

Ymeas+ + Σi
dY
dPi

Pi+ + Ymeas
−

− Σi
dY
dPi

Pi
−

(3.17)

≈
Ymeas+ − Ymeas

−

+ Σi
dY
dPi

(Pi+ − Pi
−

)

Ymeas+ + Ymeas
−

+ Σi
dY
dPi

(Pi+ − Pi
−

)
(3.18)

≈
Ymeas+ − Ymeas

−

+ Σi
dY
dPi

(Pi+ − Pi
−

)

Ymeas+ + Ymeas
−

(3.19)

Finally, the yield measured over the entire run is the average of the two helicity states, < Ymeas >

= Y++Y
−

2 , so

Acorr = Ameas +Afalse ≈ Ameas +
1

2 < Y >
Σi

dY

dPi
δPi (3.20)

where δPi is the HC difference in the beam parameter. The overall HC differences in the beam

parameters can be seen on table ?? in the experimental apparatus section. The slopes were cal-

culated using 3 different methods. Two are based on measurements of the yield using natural

85

Cross check with sensitivities determined from natural 
beam motion and from deliberate ‘coil-pulsing’ run



Instrumental Corrections
Electronic Deadtime/Randoms

• Direct (out-of-time) 
randoms measurement 

•Deadtime determined 
through simulated electronics 
chain,  measured singles 
asymmetries and studied via 
current scans

•Multi-hit effects are small

Simulated full electronics chain and studied 
via current scans
LH2, 687 MeV, 60 μA   	

 ~7%
LH2, 362 MeV, 60 μA   	

 ~6% 
LD2, 687 MeV, 20 μA   	

 ~9%
LD2, 362 MeV, 35 μA   	

 ~13%    



Instrumental Corrections
Beam polarization 1/P = 1/.858 +/- 0.02 (ppm) 

Ks: correction for transverse beam 
component <.04 ppmAel =

1
P
×Ameas + Ks

LD2 362 MeV: Preliminary, Uncorrected Runs with 
transverse electron 
spin were take for 
all target/energy 
combinations.



Backgrounds: Field Scans
Use simulation shapes to help determine dilution factors 

Tar Q2 
GeV2 fal fpi fother ftotal

H 0.22 0.129 ± 0.064 0 ± 0.001 0.003 0.132 ± 0.064

D 0.22 0.099 ± 0.050 0 ± 0.002 0.005 0.104 ± 0.050

H 0.628 0.110 ± 0.055 0 ± 0.001 0.023 0.133 ± 0.060

D 0.628 0.061 ± 0.031 0.04 ± 0.015 0.029 0.13 ± 0.045

Ael =
Ameas − falAAl − fpi−Api− − fotherAother

1− fal − fpi− − fother

Api/other~0
AAl~AD with 15% uncer. 
fpi- from t.o.f./Cer. studies
fAl from empty target 



Ordinary Radiative 
effects

Draft of November 16, 2009 at 14 : 31

Figure 3.25: Amplitudes for virtual internal radiative corrections.

Figure 3.26: Amplitudes for real internal radiative corrections.

is then simply the ratio of the two

Rc =
Atree

ARC
(3.57)

After a simulation (8M events) is run good electron events are binned by FPD-CED detector

pair, and the appropriate (M2/M3) cerenkov efficiency is applied to get a rate. An asymmetry is

calculated for good elastic electron or quasi-elastic electron events using a weighted average over all

events. The radiative correction to the experimental data is then applied on either a0 alone or to

each of a0-a4. The difference between the two is less than 0.05% to the final corrected asymmetry

and the correction for a0, Rc(a0), alone was used for the final physics asymmetry.

The resulting correction had an average statistical certainty of ±0.002 for ARC . Other parame-

ters were analyzed to determine their contribution to the uncertainty in the asymmetry correction

including target density, elastic window, spectrometers magnetic field, deuterium cross section,

asymmetry model, and momentum mass model. The only parameter change that resulted in a

change in the correction outside of the statistical uncertainty, was the choice of deuterium model.

This induced an additional uncertainty of ±0.003. The corrections for all of the asymmetry coef-

ficients, listed by incident beam energy, are shown in Table 3.13 for deuterium targets, and Table

3.14 for hydrogen targets.
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Atree

ARC

Found to be ~1.035 
from simulation
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Figure 3.28: (a) one-photon-exchange, (b) Z-boson-exchange, (c) TPE, and (d) γZ-exchange dia-
grams for elastic e-p scattering. Corresponding cross-box diagrams are implied.
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Figure 3.29: (a) TPE and (b) γZE box diagrams with ∆ intermediate states. Corresponding crossed
diagrams are implied.

3.13 Summary
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–2-boson corrections 
(Arrington, Blunden, 
Melnitchouk, et al.; Zhou, Kao & 
Yang, priv. comm.) found to 
contribution less than .3 ppm



Systematics Summary 

equally among these parameters and applied via linear
regression.

A superconducting toroidal spectrometer, consisting of
an eight-coil magnet, and eight detector sets, detected the
electrons scattered at an angle of about 110! from 20 cm
liquid hydrogen and deuterium targets [18]. Each detector
set included two arrays of scintillators, one near the exit of
the magnet (‘‘CED’’), and the second along its focal sur-
face (‘‘FPD’’). This combination of detectors allowed us to
separate electrons from elastic and inelastic scattering
(Fig. 1). An aerogel Čerenkov detector with a pion thresh-
old of 570 MeV, used in coincidence with the scintillators,
allowed us to distinguish pions and electrons. The largest
pion to electron ratio (deuteron target at 684 MeV) was
5:1; the Čerenkov detector had a rejection factor" 85with
an electron efficiency of about 85%.

Generically, the measured asymmetry has two compo-
nents

Ameas ¼ ð1% fÞAel þ fAb; (4)

where Ael is the raw elastic asymmetry, Ab the background
asymmetry, and f the background fraction. The back-
grounds in the region of the elastic locus (see Fig. 1)
amount to 10%–15% of the signal. In the elastic locus,
the aluminum target windows dominate the backgrounds in
the case of the proton and low-energy deuteron measure-
ments; misidentified !% also contribute significantly for
the high-energy deuteron measurement. The aluminum
fraction was measured using runs with gaseous hydrogen
in the target (Table I). The aluminum asymmetry was taken

to be the same as that of the deuteron (both effectively
quasielastic scattering only) with an additional uncertainty
of 5% for nuclear effects. The background corrections are
small because the background asymmetries generally have
values close to those of the elastic asymmetry.
High speed scalers recorded the individual events for all

CED-FPD pairs for both electrons and pions. All asymme-
tries were corrected for measured rate dependent effects
(Table II). For elastic scattering, dead-time corrections
generally dominated those from accidentals and amounted
to (15% of the yield based on the measured beam current
dependence, and led to an uncertainty of about 0.5 ppm in
the asymmetries. In the high-energy deuteron measure-
ment, accidentals from pion signals in the scintillators in
coincidence with random signals from the Čerenkov domi-
nated the correction. In this case, the correction to the
asymmetry was %7:0) 1:8 ppm. Electromagnetic radia-
tive corrections [19] of ð3–3:5Þ ) 0:3% and small two
boson exchange effects (1%) [20] were also applied to
the asymmetries. Table II shows the corrections to the
raw elastic asymmetry, Ael, as well as the final asymmetries
Aphys and their statistical and systematic uncertainties.
Figure 2 shows the three new elastic form factors, Gs

E,

Gs
M, and Ge;T¼1

A , extracted from Aphys, at Q
2 ¼ 0:221 and

0:628 GeV2 [21]. These results utilize a simple interpola-
tion of our earlier forward angle measurements [22]. We
have chosen the Kelly [23] electromagnetic nucleon form
factors, Gp;n

E;M, as the basis for these determinations to be

consistent with our deuteron model [7]. The isoscalar
contributions to Ge

A are taken from Refs. [12,14]. In addi-

TABLE I. Measured and raw elastic asymmetries [Eq. (4)]. f is the background fraction for the
dominant contribution (Al target cell) to the yield. Misidentified !% contribute significantly only
for the high Q2 deuteron measurement with f! ¼ 0:034) 0:010. !Acorr are the contributions to
the overall point-to-point and global systematic uncertainties (Table II) due to these background
corrections.

Target Q2 (GeV2) Ameas (ppm) f Ael (ppm) !Acorr (ppm)

H 0.221 %9:72 0:13) 0:064 %9:22 )0:11) 0:40
D 0.221 %13:50 0:099) 0:050 %13:57 )0:02) 0:08
H 0.628 %36:9 0:11) 0:050 %37:0 )0:61) 0:86
D 0.628 %37:4 0:061) 0:031 %39:4 )0:48) 0:23

TABLE II. Corrections to the raw elastic asymmetries (Table I), and the resulting final physics asymmetries. Rate and ‘‘Other’’
corrections are additive; beam polarization and electromagnetic (EM) radiative corrections are multiplicative. ‘‘Other’’ corrections
include those for helicity-correlated beam parameters, the small transverse component of beam polarization, and two-boson exchange.
The uncertainties for the corrections are point-to-point and global systematic; for the physics asymmetry the uncertainties are
statistical, point-to-point, and global systematic.

Target Q2 (GeV2) Rate (ppm) Other (ppm) Beam polarization EM radiative Aphys (ppm)

H 0.221 %0:31) 0:08) 0 0:22) 0:08) 0:01 ð1=0:858Þ ) 0:02) 0:01 1:037) 0:002) 0 %11:25) 0:86) 0:27) 0:43
D 0.221 %0:58) 0:21) 0 0:06) 0:10) 0:01 ð1=0:858Þ ) 0:02) 0:01 1:032) 0:004) 0 %16:93) 0:81) 0:41) 0:21
H 0.628 %1:28) 0:18) 0 0:29) 0:11) 0:01 ð1=0:858Þ ) 0:01) 0:01 1:037) 0:002) 0 %45:9) 2:4) 0:8) 1:0
D 0.628 %7:0) 1:8) 0 0:34) 0:21) 0:01 ð1=0:858Þ ) 0:01) 0:01 1:034) 0:004) 0 %55:5) 3:3) 2:0) 0:7
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equally among these parameters and applied via linear
regression.

A superconducting toroidal spectrometer, consisting of
an eight-coil magnet, and eight detector sets, detected the
electrons scattered at an angle of about 110! from 20 cm
liquid hydrogen and deuterium targets [18]. Each detector
set included two arrays of scintillators, one near the exit of
the magnet (‘‘CED’’), and the second along its focal sur-
face (‘‘FPD’’). This combination of detectors allowed us to
separate electrons from elastic and inelastic scattering
(Fig. 1). An aerogel Čerenkov detector with a pion thresh-
old of 570 MeV, used in coincidence with the scintillators,
allowed us to distinguish pions and electrons. The largest
pion to electron ratio (deuteron target at 684 MeV) was
5:1; the Čerenkov detector had a rejection factor" 85with
an electron efficiency of about 85%.

Generically, the measured asymmetry has two compo-
nents

Ameas ¼ ð1% fÞAel þ fAb; (4)

where Ael is the raw elastic asymmetry, Ab the background
asymmetry, and f the background fraction. The back-
grounds in the region of the elastic locus (see Fig. 1)
amount to 10%–15% of the signal. In the elastic locus,
the aluminum target windows dominate the backgrounds in
the case of the proton and low-energy deuteron measure-
ments; misidentified !% also contribute significantly for
the high-energy deuteron measurement. The aluminum
fraction was measured using runs with gaseous hydrogen
in the target (Table I). The aluminum asymmetry was taken

to be the same as that of the deuteron (both effectively
quasielastic scattering only) with an additional uncertainty
of 5% for nuclear effects. The background corrections are
small because the background asymmetries generally have
values close to those of the elastic asymmetry.
High speed scalers recorded the individual events for all

CED-FPD pairs for both electrons and pions. All asymme-
tries were corrected for measured rate dependent effects
(Table II). For elastic scattering, dead-time corrections
generally dominated those from accidentals and amounted
to (15% of the yield based on the measured beam current
dependence, and led to an uncertainty of about 0.5 ppm in
the asymmetries. In the high-energy deuteron measure-
ment, accidentals from pion signals in the scintillators in
coincidence with random signals from the Čerenkov domi-
nated the correction. In this case, the correction to the
asymmetry was %7:0) 1:8 ppm. Electromagnetic radia-
tive corrections [19] of ð3–3:5Þ ) 0:3% and small two
boson exchange effects (1%) [20] were also applied to
the asymmetries. Table II shows the corrections to the
raw elastic asymmetry, Ael, as well as the final asymmetries
Aphys and their statistical and systematic uncertainties.
Figure 2 shows the three new elastic form factors, Gs

E,

Gs
M, and Ge;T¼1

A , extracted from Aphys, at Q
2 ¼ 0:221 and

0:628 GeV2 [21]. These results utilize a simple interpola-
tion of our earlier forward angle measurements [22]. We
have chosen the Kelly [23] electromagnetic nucleon form
factors, Gp;n

E;M, as the basis for these determinations to be

consistent with our deuteron model [7]. The isoscalar
contributions to Ge

A are taken from Refs. [12,14]. In addi-

TABLE I. Measured and raw elastic asymmetries [Eq. (4)]. f is the background fraction for the
dominant contribution (Al target cell) to the yield. Misidentified !% contribute significantly only
for the high Q2 deuteron measurement with f! ¼ 0:034) 0:010. !Acorr are the contributions to
the overall point-to-point and global systematic uncertainties (Table II) due to these background
corrections.

Target Q2 (GeV2) Ameas (ppm) f Ael (ppm) !Acorr (ppm)

H 0.221 %9:72 0:13) 0:064 %9:22 )0:11) 0:40
D 0.221 %13:50 0:099) 0:050 %13:57 )0:02) 0:08
H 0.628 %36:9 0:11) 0:050 %37:0 )0:61) 0:86
D 0.628 %37:4 0:061) 0:031 %39:4 )0:48) 0:23

TABLE II. Corrections to the raw elastic asymmetries (Table I), and the resulting final physics asymmetries. Rate and ‘‘Other’’
corrections are additive; beam polarization and electromagnetic (EM) radiative corrections are multiplicative. ‘‘Other’’ corrections
include those for helicity-correlated beam parameters, the small transverse component of beam polarization, and two-boson exchange.
The uncertainties for the corrections are point-to-point and global systematic; for the physics asymmetry the uncertainties are
statistical, point-to-point, and global systematic.

Target Q2 (GeV2) Rate (ppm) Other (ppm) Beam polarization EM radiative Aphys (ppm)

H 0.221 %0:31) 0:08) 0 0:22) 0:08) 0:01 ð1=0:858Þ ) 0:02) 0:01 1:037) 0:002) 0 %11:25) 0:86) 0:27) 0:43
D 0.221 %0:58) 0:21) 0 0:06) 0:10) 0:01 ð1=0:858Þ ) 0:02) 0:01 1:032) 0:004) 0 %16:93) 0:81) 0:41) 0:21
H 0.628 %1:28) 0:18) 0 0:29) 0:11) 0:01 ð1=0:858Þ ) 0:01) 0:01 1:037) 0:002) 0 %45:9) 2:4) 0:8) 1:0
D 0.628 %7:0) 1:8) 0 0:34) 0:21) 0:01 ð1=0:858Þ ) 0:01) 0:01 1:034) 0:004) 0 %55:5) 3:3) 2:0) 0:7
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Background corrections

Additional Instrumentation corrections

Additive Multiplicative

Point-to-point as well as global errors were determined for all asym. corrections

The final asymmetry includes statistical, pt-pt, and global error terms



• Starting from asymmetries, need
–deuterium model (Schiavilla, priv. comm.)
–electromagnetic form factors (Kelly PRC 70 (2004))

• Interpolation of G0 forward angle measurement            
(D. S. Armstrong et al., PRL 95, 092001)

In addition



Results
Error bars: statistical and statistical 
plus point-to-point systematic; 
shaded bars show global systematic 
uncertainties (for G0 points). 

For GEs and GMs, an extraction at Q2 
= 0.1 GeV2 from Liu as well as the 
results of the PVA4 (Mainz) 
experiment are shown.

Note: PVA4 assumes GeA value 
based on Zhu and dipole

Lattice calculations from Adelaide 
and Kentucky groups are shown.

For GAe, results from the SAMPLE 
experiment are shown together with 
the calculation of Zhu, et al.

arXiv:0909.5107v2

G0



Conclusions
• We have measured backward angle parity-violating 

asymmetries in elastic electron-proton and quasi-elastic 
electron-deuteron scattering at Q2 = 0.221 and 0.628 
GeV2. 

• From the asymmetries we have determined GEs , GMs and 
GAe which indicate that the strange quark contributions 
to the nucleon form factors are <10%, and provide the 
first information on the Q2 dependence of GAe. 

• Additional forward angle experiments at Q2 = 0.63 GeV2 
are planned at Jefferson Lab and Mainz to further 
improve the precision of these determinations.

-Thank you
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Transverse Asymmetries
• Elastic scattering:                                          

Second order e.m. effects generate single-spin 
asymmetries

•Real part of M2γ related to important contribution 
to longitudinal scattering: GE/GM ratio

Pasquini & Vanderhaeghen PRC 70 (2004) 045206

Ei = 570 MeV

LD2 362 Preliminary

An ∝
Mγ ImMγγ

|Mγ |2

570 MeV

LH2 362



Deuterium Model

• Calculation from R. Schiavilla



Contributions to Overall Form Factors



  Measured Asymmetries

LH2 362 MeV

            LD2 687 MeVLH2 687 MeV

LD2 362 MeVLH2 362 MeV



Asymmetry Uncertainties

• Hydrogen, 687 MeV Value
(ppm)

Stat
(ppm)

Sys Pt
(ppm)

Sys Gl
(ppm)

Total
(ppm)

Measured Asymmetry -38.14 2.43

Background Asymmetry -38.27 0.40

Dilution Correction
-38.27

0.47 0.52

Transverse Correction 0.008

Rate Correction -38.39 0.17

Beam Polarization -44.76 0.52 0.53

EM Radiative Correction -46.14 0.16

Physics Asymmetry -46.14 2.43 0.84 0.75 2.68



Asymmetry Uncertainties

• Deuterium, 687 MeV Value
(ppm)

Stat
(ppm)

Sys Pt
(ppm)

Sys Gl
(ppm)

Total
(ppm) 

Measured Asymmetry -44.02 3.34

Background Asymmetry -46.05 0.050

Dilution Correction
-46.05

0.38

Transverse Correction 0.009 0.008

Rate Correction -46.35 1.82

Beam Polarization -54.03 0.62 0.64

EM Radiative Correction -55.87 0.19

Physics Asymmetry -55.87 3.34 1.98 0.64 3.92



Asymmetry Uncertainties

• Hydrogen, 362 MeV Value
(ppm)

Stat
(ppm)

Sys Pt
(ppm)

Sys Gl
(ppm)

Total
(ppm)

Measured Asymmetry -9.941 0.872

Background Asymmetry -9.441 0.034

Dilution Correction
-9.441

0.109 0.362

Transverse Correction 0.025 0.008

Rate Correction -9.444 0.090

Beam Polarization -11.010 0.223 0.132

EM Radiative Correction -11.416 0.022 0.000

Physics Asymmetry -11.416 0.872 0.268 0.385 0.990



Asymmetry Uncertainties

• Deuterium, 362 MeV Value
(ppm)

Stat
(ppm)

Sys Pt
(ppm)

Sys Gl
(ppm)

Total
(ppm) 

Measured Asymmetry -14.047 0.813

Background Asymmetry -14.114
Dilution Correction

-14.114
0.020

Transverse Correction 0.038

Rate Correction -14.152 0.232

Beam Polarization -16.498 0.331 0.197

EM Radiative Correction -17.018 0.059

Physics Asymmetry -17.018 0.813 0.411 0.197 0.932



Comparison to theory



Scaler Counting issue  
• An occasional bit drop in a North American scaler was 

traced down to trigger electronics. At  high rates: LD2 target 
at 362 MeV. This was fixed during the run (Jan07) 

• Problem blind to helicity. 

 Exaggerated 
re-production 
 with a Pulser
- Pulser data
-Simulation

5σ cut removes ~1% of our data  for 
362MeV LD2,which is the worst case! 

Uncut 7σ 6σ 5σ 4σ 3σ • Test by cutting data; 
compare with 

   French octants.  
• Confirmed by 

unchanged asymmetry
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Target Energy IHWP AresRDM
AresDT

H 362 in 0.000630 ± 0.002357 0.0598 ± 0.0037
out 0.006989 ± 0.002505 -0.0677 ± 0.0039

H 687 in -0.149871 ± 0.024309 0.0582 ± 0.0074
out 0.148692 ± 0.023672 -0.0762 ± 0.0072

H(Apr) 687 in -0.609012 ± 0.225605 0.0000 ± 0.0016
out 0.956066 ± 0.238122 0.0000 ± 0.0013

D 362 in -0.038896 ± 0.007305 0.0228 ± 0.0025
out 0.044397 ± 0.007716 -0.0418 ± 0.0025

D(Mar) 687 in -0.350286 ± 0.083535 0.0072 ± 0.0020
out 0.391399 ± 0.096918 -0.0099 ± 0.0025

D(Nov) 687 in -0.270101 ± 0.101882 -0.0016 ± 0.0015
out 0.427925 ± 0.142798 -0.0005 ± 0.0014

Table 3.2: Deadtime residuals

yield as a linear combination of the beam parameters.

Ymeas = Ycorr + Σi
dY

dPi
Pi (3.15)

where Ycorr is the true yield that is not contaminated by fluctuations in beam parameters, and Pi

is one of the 6 beam parameters monitored for helicity-correlation. The asymmetry is of course,

Ameas =
Y+ − Y−

Y+ + Y−
(3.16)

Combining these two equations, one gets

Acorr =
Ymeas+ + Σi

dY
dPi

Pi+ − Ymeas
−

− Σi
dY
dPi

Pi
−

Ymeas+ + Σi
dY
dPi

Pi+ + Ymeas
−

− Σi
dY
dPi

Pi
−

(3.17)

≈
Ymeas+ − Ymeas

−

+ Σi
dY
dPi

(Pi+ − Pi
−

)

Ymeas+ + Ymeas
−

+ Σi
dY
dPi

(Pi+ − Pi
−

)
(3.18)

≈
Ymeas+ − Ymeas

−

+ Σi
dY
dPi

(Pi+ − Pi
−

)

Ymeas+ + Ymeas
−

(3.19)

Finally, the yield measured over the entire run is the average of the two helicity states, < Ymeas >

= Y++Y
−

2 , so

Acorr = Ameas +Afalse ≈ Ameas +
1

2 < Y >
Σi

dY

dPi
δPi (3.20)

where δPi is the HC difference in the beam parameter. The overall HC differences in the beam

parameters can be seen on table ?? in the experimental apparatus section. The slopes were cal-

culated using 3 different methods. Two are based on measurements of the yield using natural

85
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Figure 3.20: Octant 5 - Field scan from single elastic cell near on the inelastic edge of elastic locus.
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Figure 3.21: Octant 5 - Example of scalings applied to the simulation for fitting.

the ε which minimizes the χ2 as follows.

δχ2

δε
=

∑

(bfili

δ

δε
(
Y measured
total,bfili

− εY simulation
total,bfili

)2

ε2(δY simulation
total,bfili

)2
) = 0 (3.43)

∑

bfili

−Y measured
total,bfili

Y simulation
total,bfili

ε+ (Y simulation
total,bfili

)2

(δY simulation
total,bfili

)2
= 0 (3.44)

ε =

∑

bfili

(Y measured
total,bfili

)2

(δY simulation
total,bfili

)2

∑

bfili

Y measured
total,bfili

Y simulation
total,bfili

(δY simulation
total,bfili

)2

(3.45)

δε =

√

√

√

√

√

√

√

(
∑

bfili

(Y measured
total,bfili

)2

(δY simulation
total,bfili

)2
)3

(
∑

bfili

Y measured
total,bfili

Y simulation
total,bfili

(δY simulation
total,bfili

)2
)2

(3.46)

The validity of this method can then be tested by evaluating the reduced χ2 with the ε and errors
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