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Strange	  Quarks	  in	  the	  Nucleon
Strange	  quarks	  exist	  in	  the	  nucleon	  at	  short	  distance	  scales.	  

� 1

0
x(s + s̄)dxMomentum ~ 4%

Gs
E , Gs

M

ρs, µs

Magnetic moment, 
charge radius

How	  do	  they	  influence	  the	  interac8ons	  of	  the	  nucleon?	  
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FIG. 2: The spin-independent neutralino-nucleon scattering cross section as a function of ΣπN

for benchmark models C, L, and M. Note that σχp,SI and σχn,SI are nearly indistinguishable at the

scale used in this plot.
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FIG. 3: The spin-independent neutralino-nucleon scattering cross section ratio along the WMAP-
allowed strips for tan β = 10 (left panel) and tan β = 50 (right panel) for several values of ΣπN .

Experimental constraints from CDMS and XENON10 are also shown.

estimates of the central value for ΣπN is far greater than the typically quoted uncertainty.
In view of this, we also include below some results for lower values of ΣπN .

In Figure 2, we show the ΣπN dependence of σχN,SI for the benchmark models, and
Table IV gives the σχN,SI values for those models for selected values of ΣπN . All the other
parameters are set at their fiducial values (Table I). From the minimal value for ΣπN (σ0 =
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Nucleonic	  Strangeness	  in	  Other	  Arenas
The	  spin-‐independent	  neutralino-‐nucleon	  
sca2ering	  cross	  sec4on	  as	  a	  func4on	  of	  ΣπN.Strange quarks coupling to the Higgs is 

much higher than that of the u/d flavors.
The spin independent neutralino-
nucleon coupling varies by an order 
of magnitude depending on the 
strange condensate of the nucleon

The spin dependent neutralino-
nucleon coupling depends on Δs

Kent Paschke     SPIN ’08         October 9, 2008

Sensitivity to QCD and Nucleon Structure

NuTeV result on Paschos-Wolfenstein 
ratio deviates from SM expectation;  
suspicion focuses on hadronic and 

nuclear effects

Electroweak studies in nuclear systems 
require control of  QCD effects

Sensitivities to QCD or hadronic/nuclear structure 
provide an opportunity to study:

• partonic charge symmetry violation
• higher twist

The well-defined kinematics of  electron 
scattering provide an advantage

Ellis et al, Phys.Rev. D77 (2008) 065026, 
arXiv:0801.3656

s− s̄

NuTeV	  published	  a	  3σ	  devia8on	  
from	  the	  standard	  model	  	  

The	  leading	  hypothesis	  is	  that	  a	  signficant	  
frac8on	  is	  explained	  by	  an	  asymmetry	  in	  
the	  strange	  sea:

Dark Matter Searches

NuTeV Anomaly



Miniboone Collaboration, Phys.Rev. D82 (2010) 092005

Also, see fit by Pate et al., Phys.Rev. C78 (2008) 015207 
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Strange	  Quarks	  in	  Elas8c	  Sca^ering

Δs can be fit in neutrino scattering, but this also 
requires a flavor decomposition of vector 
electromagnetic form-factors
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FIG. 11: The angle between the reconstructed nucleon direc-
tion and the incident beam direction for data and MC after
the NCE, “Proton/Muon”, and “Proton/Neutron” cuts. All
distributions are POT–normalized. Events with θp < 60o are
used in the analysis.
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FIG. 12: The ratio of νp → νp/νN → νN as a function of
the reconstructed energy for data and MC with ∆s values as
labeled.

data sample includes 7,616 events with the following pre-
dicted channel fractions: 55% νp → νp, 10% νn → νn,
14% NCE-like background, 1% dirt background, and 19%
other backgrounds.
The ratio of νp → νp to νN → νN events for data

and MC for different values of ∆s (−0.5, 0, and +0.5) is
shown in Fig. 12, which illustrates the sensitivity of this
ratio to ∆s. The error bars for the data histogram are
the diagonal elements of the full error matrix.

C. Measurement of ∆s.

The full error matrix is used for the χ2 tests of ∆s to
determine the best fit and the confidence interval. The χ2

surface also slightly depends on the value of MA. Assum-
ing MA = 1.35 GeV, the fit to the MiniBooNE measured

νp → νp/νN → νN ratio yields:

∆s = 0.08± 0.26, (1)

with χ2
min/DOF = 34.7/29. Using MA = 1.23 GeV

yields ∆s = 0.00±0.30 with χ2
min/DOF = 34.5/29. The

result is consistent with the BNL E734 measurement [12].
One needs to comment on the implications of Fig-

ures 4, 11, and 12 on the ∆s result. From Fig. 4, one
can see that the MiniBooNE MC overpredicts the to-
tal number of events passing the NCE selection cuts
at high reconstructed energies (T > 250MeV) by as
much as 40%. The NCE proton-enriched sample was
obtained for events with high reconstructed energies,
350 < T < 800 MeV. For these events, looking at the
θp distribution in Fig. 11, it seems that the entire dis-
agreement between data and MC at these energies comes
from the forward-going events, νp → νp. Clearly there
is a deficit of νp → νp in the data, which in principle
implies that this might be due to positive values of ∆s.
However, Fig. 12 and the result in Eq.(1) shows that it
is consistent with zero. This may indicate that there is
also a deficit of νn → νn.
This measurement represents the first attempt at a

∆s determination using this ratio. The systematic er-
rors are quite large, mostly due to large uncertainties
in the optical model of the mineral oil. MiniBooNE
maintains a sensitivity to ∆s for proton energies above
Cherenkov threshold for protons, where the contribution
from NCE-like background is significant. In order to
improve the sensitivity to ∆s, future experiments need
to have good proton/neutron particle identification (pos-
sibly through neutron capture tagging) and extend the
cross-section measurement down to the T < 200 MeV re-
gion, where the contribution from NCE-like background
becomes negligible and where the extrapolation of the
axial form factor to Q2 = 0 becomes less model depen-
dent.

V. SUMMARY.

In summary, MiniBooNE has used a high-statistics
sample of NCE interactions to measure the NCE (νN →
νN) flux-averaged differential cross section, dσ/dQ2 on
CH2. Using MiniBooNE CCQE data, a measurement
of NCE/CCQE cross-section ratio has also been per-
formed. Using POT-normalized distributions of the re-
constructed energy for the NCE sample, χ2 tests for sev-
eral MA and κ values have been performed. The MC
with higher values of MA give a better χ2 than that with
MA = 1.02 GeV. The allowed region for the axial vec-
tor mass using just MiniBooNE NCE data was obtained,
MA = 1.39±0.11 GeV. It is in agreement with the shape
normalized fits of νµ CCQE scattering on neutrons bound
in carbon, oxygen and iron as obtained by recent experi-
ments [6–8, 19]. For energies above Cherenkov threshold,
a sample of NCE proton-enriched events was obtained,
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Strange	  Quarks	  in	  Elas8c	  Sca^ering

Δs can be fit in neutrino scattering, but this also 
requires a flavor decomposition of vector 
electromagnetic form-factors
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FIG. 11: The angle between the reconstructed nucleon direc-
tion and the incident beam direction for data and MC after
the NCE, “Proton/Muon”, and “Proton/Neutron” cuts. All
distributions are POT–normalized. Events with θp < 60o are
used in the analysis.
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FIG. 12: The ratio of νp → νp/νN → νN as a function of
the reconstructed energy for data and MC with ∆s values as
labeled.

data sample includes 7,616 events with the following pre-
dicted channel fractions: 55% νp → νp, 10% νn → νn,
14% NCE-like background, 1% dirt background, and 19%
other backgrounds.
The ratio of νp → νp to νN → νN events for data

and MC for different values of ∆s (−0.5, 0, and +0.5) is
shown in Fig. 12, which illustrates the sensitivity of this
ratio to ∆s. The error bars for the data histogram are
the diagonal elements of the full error matrix.

C. Measurement of ∆s.

The full error matrix is used for the χ2 tests of ∆s to
determine the best fit and the confidence interval. The χ2

surface also slightly depends on the value of MA. Assum-
ing MA = 1.35 GeV, the fit to the MiniBooNE measured

νp → νp/νN → νN ratio yields:

∆s = 0.08± 0.26, (1)

with χ2
min/DOF = 34.7/29. Using MA = 1.23 GeV

yields ∆s = 0.00±0.30 with χ2
min/DOF = 34.5/29. The

result is consistent with the BNL E734 measurement [12].
One needs to comment on the implications of Fig-

ures 4, 11, and 12 on the ∆s result. From Fig. 4, one
can see that the MiniBooNE MC overpredicts the to-
tal number of events passing the NCE selection cuts
at high reconstructed energies (T > 250MeV) by as
much as 40%. The NCE proton-enriched sample was
obtained for events with high reconstructed energies,
350 < T < 800 MeV. For these events, looking at the
θp distribution in Fig. 11, it seems that the entire dis-
agreement between data and MC at these energies comes
from the forward-going events, νp → νp. Clearly there
is a deficit of νp → νp in the data, which in principle
implies that this might be due to positive values of ∆s.
However, Fig. 12 and the result in Eq.(1) shows that it
is consistent with zero. This may indicate that there is
also a deficit of νn → νn.
This measurement represents the first attempt at a

∆s determination using this ratio. The systematic er-
rors are quite large, mostly due to large uncertainties
in the optical model of the mineral oil. MiniBooNE
maintains a sensitivity to ∆s for proton energies above
Cherenkov threshold for protons, where the contribution
from NCE-like background is significant. In order to
improve the sensitivity to ∆s, future experiments need
to have good proton/neutron particle identification (pos-
sibly through neutron capture tagging) and extend the
cross-section measurement down to the T < 200 MeV re-
gion, where the contribution from NCE-like background
becomes negligible and where the extrapolation of the
axial form factor to Q2 = 0 becomes less model depen-
dent.

V. SUMMARY.

In summary, MiniBooNE has used a high-statistics
sample of NCE interactions to measure the NCE (νN →
νN) flux-averaged differential cross section, dσ/dQ2 on
CH2. Using MiniBooNE CCQE data, a measurement
of NCE/CCQE cross-section ratio has also been per-
formed. Using POT-normalized distributions of the re-
constructed energy for the NCE sample, χ2 tests for sev-
eral MA and κ values have been performed. The MC
with higher values of MA give a better χ2 than that with
MA = 1.02 GeV. The allowed region for the axial vec-
tor mass using just MiniBooNE NCE data was obtained,
MA = 1.39±0.11 GeV. It is in agreement with the shape
normalized fits of νµ CCQE scattering on neutrons bound
in carbon, oxygen and iron as obtained by recent experi-
ments [6–8, 19]. For energies above Cherenkov threshold,
a sample of NCE proton-enriched events was obtained,

Do	  the	  strange	  quarks	  in	  the	  sea	  play	  a	  significant	  role	  in	  the	  
electric/magne8c	  charge	  distribu8ons	  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. 

26 QCD and the Structure of Hadrons
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Extrac8ng	  the	  Strange	  Form	  Factor	  
with	  the	  Neutral	  Weak	  Interac8on
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Extrac8ng	  the	  Strange	  Form	  Factor	  
with	  the	  Neutral	  Weak	  Interac8on
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Two equations and three unknowns

Charge Symmetry
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Extrac8ng	  the	  Strange	  Form	  Factor	  
with	  the	  Neutral	  Weak	  Interac8on

Two equations and three unknowns
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Extrac8ng	  the	  Strange	  Form	  Factor	  
with	  the	  Neutral	  Weak	  Interac8on

Two equations and three unknowns

Measuring	  all	  three	  enables	  
separa0on	  of	  up,	  down	  and	  
strange	  contribu0ons

Measure neutral weak 
proton form-factor

Three equations and 
three unknowns

The weak form factor is accessible via parity violation



GZ
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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

γ 2

€ 

~ 10
−4Q2

GeV2

“Anapole” radiative 
corrections are 

problematic
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The	  Axial	  Term	  and	  the	  Anapole	  Moment

Anapole	  Moment	  Correc8on:	  
Mul8quark	  weak	  interac8on	  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	  ofen	  assumed	  to	  be	  dipole	  form,	  
fit	  to	  ν	  DIS	  and	  π	  	  electroproduc8on

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

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

•Model	  dependent	  calcula8on,	  with	  large	  uncertainty
•Dominates	  Uncertainty	  in	  Axial	  Term

€ 

˜ G A
p,n = −τ 3 1+ RA

T = 1( )GA
( 3)

+ 3RA
T = 0GA

( 8) + Δs

Difficult	  to	  achieve	  8ght	  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 
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Reduced	  in	  importance	  for	  forward-‐angle	  measurements
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Experimental	  Overview

SAMPLE

HAPPEX

HAPPEX-‐3:	  GE
s	  +	  0.52	  GM

s	  	  at	  Q2	  =	  0.62	  GeV2

Precision	  spectrometer,	  
integra8ng

A4

open	  geometry,	  
integra8ng,	  
back-‐angle	  only

Open	  geometry

Fast	  coun8ng	  calorimeter	  for	  
background	  rejec8on

Forward	  and	  Backward	  angles

G0

	  	  	  	  	  	  	  	  Open	  geometry

Fast	  coun8ng	  with	  magne8c	  spectrometer	  +	  TOF	  
for	  background	  rejec8on

Forward	  and	  Backward	  angles	  over	  a	  range	  of	  Q2

Forward	  angle,	  also	  
4He	  at	  low	  Q2
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World	  data	  on	  Gs

• “Form Factor” error: precision of EMFF 
(including 2γ) and Anapole correction
• Significant systematic uncertainty in 
higher Q2 points 

η =
τ Gp

M

� Gp
E

∼ Q2

all forward-angle proton data
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World	  data	  on	  Gs

• “Form Factor” error: precision of EMFF 
(including 2γ) and Anapole correction
• Significant systematic uncertainty in 
higher Q2 points 

η =
τ Gp

M

� Gp
E

∼ Q2

all forward-angle proton data

!!"# !! !$"# $ $"# ! !"#

!$"!#

!$"!

!$"$#

$

$"$#

$"!

$"!#

E

s
G

M

s
G

%&'()*+,-./

+0120321.-45
&

6

&7

6$+89:.;1<421.9=>

?97?&((*@!

?&((*@!?

2
 ~ 0.1 GeV

2
Q

At Q2 ~ 0.1 GeV2, 
Gs < few percent of Gp



Kent	  Paschke User’s	  Group	  Annual	  Mee8ng,	  JLab	  -‐	  June	  7,	  2011
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Global	  fit	  of	  all	  world	  data

•Data	  set	  appears	  to	  show	  consistent	  preference	  for	  posi8ve	  effect
•Significant	  contribu8ons	  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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Lead	  -‐	  Lucite	  Cerenkov	  Shower	  Calorimeter
•phototube	  current	  integrated	  over	  fixed	  8me	  periods

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

Hall	  A	  Parity:	  Integra0ng	  in	  the	  High	  Resolu0on	  Spectrometers
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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
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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	  

Polariza8on 0.20 0.8%
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	  Systema8c	   0.369 1.51%
Sta8s8cs 0.778 3.27%
Total	  Experimental	   0.857 3.60%
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Q2	  measured	  using	  standard	  HRS	  tracking	  package,	  with	  reduced	  beam	  current

δp	  between	  elas8c	  and	  inelas8c	  peaks	  reduces	  
systema8c	  error	  from	  spectrometer	  calibra8on

δθ	  ~	  0.55	  mrad	  (0.23%)	  	  

Goal:	  δQ2	  <	  0.5%

Water	  cell	  op8cs	  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%

DriZs 0.2%

ADC	  weigh4ng 0.1%

Total 0.52%

Determining	  Q2
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Backgrounds
Rescattering probability 
measured during H-I

background f A Net	  
Correc8on

Net	  
Uncertainty

Aluminum	  
(target	  
window)

1.15%	  
(30%)

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

RescaLering 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
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 read out in two modes:

Accumulator readout: all FADC samples are 
summed on board for entire helicity window

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
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Compton	  Integra8ng	  Analysis,	  online
Online plots from run 20457
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Compton	  Polarimetry

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

Non-linearity mapped out in with pulsed LED 
system.   

Analyzing power calculation is 
not extremely sensitive 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



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

Average: 89.36 ± 0.84%
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Polarimetry	  Summary

laser	  polariza4on 0.80%

Analyzing	  Power 0.33%

Asymmetry 0.43%

TOTAL 0.96%

Compton systematic errors
Target	  Polariza4on 1.5%

Analyzing	  Power 0.3%

Levchuk 0.2%

Background 0.3%

Dead4me 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
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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	  Correc8on:	  -‐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	  correc8on	  ~2.5%	  +	  polariza8on

Analysis	  Blinded	  ±	  2.5	  ppm
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HAPPEX-‐III	  Result
APV = -23.803 ± 0.778 (stat) ± 0.359 (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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Q2	  =	  0.62	  GeV2	  in	  combina8on

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
•Clean theoretical interpretation

NS / A NS - APV A 
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
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s+0.39GE

sG
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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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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	  contribu8on	  to	  the	  long-‐range	  electromagne8c	  interac8on	  
of	  the	  nucleon	  	  

•	  Recent lattice results indicate values smaller than these FF uncertainties

•	  Further	  improvements	  in	  precision	  would	  require	  addi8onal	  theore8cal	  and	  empirical	  
input	  for	  interpreta8on

Q2 = 0.62 GeV2
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Backup
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Parameteriza8ons
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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
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Detector	  Linearity
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System

PMT

LEDs

Data Acquisition

DIFF ENABLE

BASELINE ENABLE

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

Normalized Baseline (DIFF OFF)
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Jack/H-3 @ -1600V, Diff @ 18KHz, Baseline @ 20-501KHz

Measurements taken in short deviations from high 
rate, to maintain consistent thermal properties



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	  Separa8on E.J. Beise et al., Prog Nuc Part Phys 54 (2005)

SAMPLE

QCD lattice 
suggests 
very small 
effects
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Strangeness Models 

note: caveats…  

10% of  

Model	  guidance	  is	  unclear:	  	  
	  	  	  	  kaon	  loops,	  vector	  dominance,	  Skyrme	  model,	  
chiral	  quark	  model,	  dispersion	  rela0ons,	  NJL	  model,	  
quark-‐meson	  coupling	  model,	  chiral	  bag	  model,	  
HBChPT,	  chiral	  hyperbag,	  QCD	  equali0es,	  …	  

	  	  	  	  -‐	  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
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The	  Axial	  Term	  and	  the	  Anapole	  Moment

Anapole	  Moment	  Correc8on:	  
Mul8quark	  weak	  interac8on	  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	  ofen	  assumed	  to	  be	  dipole	  form,	  
fit	  to	  ν	  DIS	  and	  π	  	  electroproduc8on

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

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

•Model	  dependent	  calcula8on	  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	  8ght	  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 

! 
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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	  Correc8on:	  -‐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	  combina8on
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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
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Integra8ng	  Photon	  Analysis
Electron detector achieved 1% accuracy for HAPPEX-2,
but system was broken 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 read out in two modes

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
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Integra8ng	  Analysis,	  online	  plots
Run 20457
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Experimental	  Overview

GM
s,	  (GA)	  at	  Q2	  =	  0.1	  GeV2

SAMPLE

HAPPEX GE
s	  +	  0.39	  GM

s	  	  at	  Q2	  =	  0.48	  GeV2

GE
s	  +	  0.08	  GM

s	  	  at	  Q2	  =	  0.1	  GeV2

GE
s	  	  at	  Q2	  =	  0.1	  GeV2	  	  	  (4He)

GE
s	  +	  0.48	  GM

s	  	  at	  Q2	  =	  0.62	  GeV2

Precision	  
spectrometer,	  
integra8ng

A4

open	  geometry,	  
integra8ng

GE
s	  +	  0.23	  GM

s	  	  at	  Q2	  =	  0.23	  GeV2

GE
s	  +	  0.10	  GM

s	  	  at	  Q2	  =	  0.1	  GeV2

GM
s,	  GA

e	  at	  Q2	  =	  0.23	  GeV2

Open	  geometry

Fast	  coun8ng	  calorimeter	  for	  
background	  rejec8on

G0

GE
s	  +	  η	  GM

s	  	  over	  Q2	  =	  [0.12,1.0]	  GeV2

GM
s,	  GA

e	  at	  Q2	  =	  0.23,	  0.62	  GeV2

	  	  	  	  	  	  	  	  Open	  geometry

Fast	  coun8ng	  with	  magne8c	  spectrometer	  +	  TOF	  
for	  background	  rejec8on
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The	  Neutral	  Current	  and	  Nucleon	  Vector	  
Form	  Factors

Strange	  quarks	  exist	  in	  the	  nucleon	  at	  short	  distance	  scales.	  
Do	  they	  play	  a	  role	  in	  elas8c	  proton	  sca^ering?
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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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Strange	  Quarks	  in	  Elas8c	  Sca^ering

Δs can be fit in neutrino scattering, but this also 
requires a flavor decomposition of vector 
electromagnetic form-factors

?

Gp
E =

2
3
Gu,p

E − 1
3
Gd,p

E − 1
3
Gs

E

Do	  the	  strange	  quarks	  in	  the	  sea	  play	  a	  significant	  role	  in	  the	  
electric/magne8c	  charge	  distribu8ons	  in	  the	  nucleon?
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FIG. 11: The angle between the reconstructed nucleon direc-
tion and the incident beam direction for data and MC after
the NCE, “Proton/Muon”, and “Proton/Neutron” cuts. All
distributions are POT–normalized. Events with θp < 60o are
used in the analysis.
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FIG. 12: The ratio of νp → νp/νN → νN as a function of
the reconstructed energy for data and MC with ∆s values as
labeled.

data sample includes 7,616 events with the following pre-
dicted channel fractions: 55% νp → νp, 10% νn → νn,
14% NCE-like background, 1% dirt background, and 19%
other backgrounds.
The ratio of νp → νp to νN → νN events for data

and MC for different values of ∆s (−0.5, 0, and +0.5) is
shown in Fig. 12, which illustrates the sensitivity of this
ratio to ∆s. The error bars for the data histogram are
the diagonal elements of the full error matrix.

C. Measurement of ∆s.

The full error matrix is used for the χ2 tests of ∆s to
determine the best fit and the confidence interval. The χ2

surface also slightly depends on the value of MA. Assum-
ing MA = 1.35 GeV, the fit to the MiniBooNE measured

νp → νp/νN → νN ratio yields:

∆s = 0.08± 0.26, (1)

with χ2
min/DOF = 34.7/29. Using MA = 1.23 GeV

yields ∆s = 0.00±0.30 with χ2
min/DOF = 34.5/29. The

result is consistent with the BNL E734 measurement [12].
One needs to comment on the implications of Fig-

ures 4, 11, and 12 on the ∆s result. From Fig. 4, one
can see that the MiniBooNE MC overpredicts the to-
tal number of events passing the NCE selection cuts
at high reconstructed energies (T > 250MeV) by as
much as 40%. The NCE proton-enriched sample was
obtained for events with high reconstructed energies,
350 < T < 800 MeV. For these events, looking at the
θp distribution in Fig. 11, it seems that the entire dis-
agreement between data and MC at these energies comes
from the forward-going events, νp → νp. Clearly there
is a deficit of νp → νp in the data, which in principle
implies that this might be due to positive values of ∆s.
However, Fig. 12 and the result in Eq.(1) shows that it
is consistent with zero. This may indicate that there is
also a deficit of νn → νn.
This measurement represents the first attempt at a

∆s determination using this ratio. The systematic er-
rors are quite large, mostly due to large uncertainties
in the optical model of the mineral oil. MiniBooNE
maintains a sensitivity to ∆s for proton energies above
Cherenkov threshold for protons, where the contribution
from NCE-like background is significant. In order to
improve the sensitivity to ∆s, future experiments need
to have good proton/neutron particle identification (pos-
sibly through neutron capture tagging) and extend the
cross-section measurement down to the T < 200 MeV re-
gion, where the contribution from NCE-like background
becomes negligible and where the extrapolation of the
axial form factor to Q2 = 0 becomes less model depen-
dent.

V. SUMMARY.

In summary, MiniBooNE has used a high-statistics
sample of NCE interactions to measure the NCE (νN →
νN) flux-averaged differential cross section, dσ/dQ2 on
CH2. Using MiniBooNE CCQE data, a measurement
of NCE/CCQE cross-section ratio has also been per-
formed. Using POT-normalized distributions of the re-
constructed energy for the NCE sample, χ2 tests for sev-
eral MA and κ values have been performed. The MC
with higher values of MA give a better χ2 than that with
MA = 1.02 GeV. The allowed region for the axial vec-
tor mass using just MiniBooNE NCE data was obtained,
MA = 1.39±0.11 GeV. It is in agreement with the shape
normalized fits of νµ CCQE scattering on neutrons bound
in carbon, oxygen and iron as obtained by recent experi-
ments [6–8, 19]. For energies above Cherenkov threshold,
a sample of NCE proton-enriched events was obtained,


