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The Sea in the Nucleon
The nucleon contains three quarks… 
embedded in a teeming sea of gluons and 
addi7onal quarks and an7‐quarks. 

Quark sea contribu8ons to nucleon 
sta8c proper8es are unseMled

The sea is dominated by the three 
light quark flavors: up, down, strange

strangeness contribution must be from the sea

Spin   polarized DIS
 ΔS = 0.0-0.10

Strange charge radius and magnetic moment

Strange mass
πN scattering: 0-30% 

Goal: Determine the contributions of the strange quark sea (      ) 
to the charge and magnetization distributions in the nucleon :  
“strange form factors”  Gs

E and Gs
M 

s̄s



Strangeness Models 

note: caveats…  

10% of  

Models - a non-exhaustive list:  
kaon loops, vector dominance, Skyrme model, 
chiral quark model, dispersion relations, NJL model, 
quark-meson coupling model, chiral bag model, 
HBChPT, chiral hyperbag, QCD equalities, … 

What about QCD on the lattice? 
    - 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, PRC 79(2009)065202
- Doi et al., hep-lat 0903.3232
these suggest very small effects

might the strange quark 
behave in the same way?

?

Expecta8ons for Nucleon Strangeness
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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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Flavor‐separa8ng the Vector Form Factors
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Charge Symmetry
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Flavor‐separa8ng the Vector Form Factors
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Flavor‐separa8ng the Vector Form Factors
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Two equations and three unknowns

Measuring all three enables 
separa7on of up, down and 
strange contribu7ons

Measure neutral weak 
proton form-factor

Three equations and 
three unknowns
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Forward angle Backward angle
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Interference with EM 
amplitude makes 
Neutral Current (NC) 
amplitude accessible

Measuring Strange Vector Form Factors
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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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The Axial Term and the Anapole Moment

Anapole Moment Correc8on: 
Mul8quark weak interac8on 
modifies axial form‐factor

Axial form‐factors GA
p, GA

n:

• Biggest uncertainty comes from radia8ve correc8ons

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

•Large uncertainty es8mated to account for specific 
uncalculated terms
•Uncertainty dominates axial term
•Difficult to achieve 8ght experimental constraint  

� 

˜ G A
p,n = −τ 3 1 + RA

T = 1( )GA
( 3)

+ 3RA
T = 0GA

( 8) + Δs

This adds a new degree of freedom to the strange 
quark extraction (really, two, for both isoscaler and 
isovector anapole terms)
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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 + 8ming 
for background rejec8on
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Goal: Small Asymmetry Measured 
to a Few Percent

la
se
r

Pockels
Cell

Psuedo-random, rapid helicity flip

Flux ~ 1-100 MHz

δ(APV ) =
540 ppm√
25× 106

∼ 110 ppb

σA ~ 540 ppm50 MHz @ 15 Hz

Measure the asymmetry to high 
precision, millions of  times

0.05% precision

25 million trials

HAPPEX-II
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Experimental Techniques for PVeS

- beam polarimetry
- absolute energy scale and angle measurement (Q2)
- detector linearity
- background dilutions

Systematic Accuracy - False Asymmetries
- Large acceptance or very forward angle
- Spectrometers: separate background channels, minimize re-scattered backgrounds 
(especially magnetized material)

- Helicity-correlated beam asymmetries small: ΔI /I  < 1 ppm, Δx ~ 1 nm, ΔE/E ~ 1 ppb 
- Measurements of sensitivity to beam position changes
- sign flips (g-2, laser optics)

Statistical Precision
- High beam current, high polarization
- High power cryotargets with small density fluctuations
- Large acceptance
- Precision beam monitoring
- Large acceptance, or very forward angle, spectrometer
- Integrating Detection: low noise, linear

Systematic Accuracy - Normalization
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HAPPEX at JLab
HRS: twin high‐resolu7on spectrometers 
• Limited acceptance (~5‐8 msr) but very clean. 
• Sta8s8cal FOM suitable for forward‐angle studies
• 6‐14o angles,  2.8‐3.5 GeV  
• 500 kHz ‐ 50 MHz signal rates: analog integra7on

• H2 at Q2 ~ 0.1, 0.5, 0.62 GeV2

• Helium‐4 at Q2 ~ 0.1 GeV2 

•Highest sta7s7cal precision at specific 
kinema7cs

•Very clean isola7on of 4He elas7c
•Very low backgrounds ( f ~ 1.5% )

12 m dispersion 
sweeps away 
inelas7c events

Overlap the elas8c line 
and integrate the flux

clean measurement of GMs, GEs
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Precision Data at Q2 ~0.1 GeV2 shows small Gs

Cau8on: the combined fit is approximate.  
Correla8ons due to common assump8ons or 
sources of error are not taken into account.

For a more rigorous treatment, see 
published fits by:
R. Young et al., Phys. Rev. Lett 97, 
102002 (2006) 
or
J.Liu et al., Phys. Rev. C 76, 025202 
(2007)

~3% +/‐ 2.3% of GM
P

~0.2 +/‐ 0.5% of GE
P

Excellent consistency 
between data sets

Contours: 
68.7%, 95% c.l.
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World Data vs. Q2

Simple fit to “leading order” in Q2

Includes only data Q2 < 0.3 GeV2 

GE
s = ρs*τ

GM
s = μs

R. Young et al., Phys. Rev. Lett 97, 
102002 (2006) 

Again, a more careful fit with 
somewhat different assumptions is 
available::

G0 Global error allowed to float with unit 
constraint

Zhu et al axial constraints are used 
Includes backangle results as constraint on GM

s 
only (neglects correla7ons with GE

s  from 
extrac7on)

Sources of correlated error, such as 
electromagne7c form factor assump7ons 
are neglected 

Sizeable contribu8ons at 
higher Q2 are not s8ll not 
defini8vely ruled out. 

η ∼ Q2

3Gn
E

3
10

Gp
M
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Expected data at higher Q2

η ∼ Q2 HAPPEX‐III

3Gn
E

3
10

Gp
M

δ(GE
s + 0.48 GM

s) ~ 0.015

Q2 ~ 0.62 GeV2

Data taking completed 
in 2009

Statistics-limited error bar, with 
leading systematic error from 
polarimetry

Analysis proceeding similarly to 
HAPPEX-I : 

K. A. Aniol et. al., Phys. Rev. C69, 
065501(2004)
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Beam Polariza8on for HAPPEX‐III

• Energy-weighted integration minimizes calibration uncertainties 
• Non-statistical jitter dominated by background instabilities
• Analysis still in progress

Compton: <P> ~ 90%
Moller: <P> ~ 89%

Expected systematic error 
1-2% on each

Compton
Moller
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HAPPEX‐III analysis underway

Background, Q2, polarimetry, PMT linearity analyses underway

(Blinded) asymmetry analysis nearly complete

Results expected Fall 2010



Outlook for improved precision

The uncertainties in the axial 
form-factor continue to 
complicate interpretation in terms 
of GsE/M 

Anapole correction and 
other ΥΥ and ΥZ box

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

Charge Symmetry Breaking

New improvements on precision (in the forward angle) may test charge symmetry

Electromagnetic Form Factors
Limited to few percent precision (including 2-γ uncertainties)

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

tion to the experimental uncertainties already discussed,
the point-to-point systematic uncertainties for the form
factors include contributions from the backward angle
incident energies, four-momentum transfers, electromag-
netic form factors, and the deuteron model. The largest
contributions are from the momentum transfer and deu-
teron model, increasing this systematic uncertainty by
about 10% (relative to the total from Aphys). The global
uncertainties include contributions from the uncertainties
in the forward angle incident energy, the electroweak
radiative corrections [24], and the isoscalar part of Ge

A. In
this case the largest contribution is from the electroweak
radiative corrections and increases the global uncertainty
by a few percent.

Figure 2 also shows an extraction ofGs
E andGs

M atQ2 ¼
0:1 GeV2 using a lowQ2 fit to previous data [5]. Lacking a
backward angle deuteron measurement, the PVA4 points
shown [3], in contrast to our results, assume a value for

Ge;T¼1
A determined by the normalization of Ref. [12]

[shown in Fig. 2(c)], and a dipole form factor with a
mass parameter of 1.032 GeV. The determinations of

Ge;T¼1
A in the SAMPLE experiments [1] assume Gs

M ¼
0:23" 0:36" 0:40. The contributions from both Gs

E and
Gs

M in the SAMPLE measurements are small relative to the
uncertainties.
The results indicate that strange quarks make small

( & 10%) contributions to the ground state charge and
magnetic form factors of the nucleon. Although the total
s quark momentummeasured in deep-inelastic scattering is
approximately one half that of u and d sea quarks [25], our
results suggest no significant spatial separation of s and !s,
consistent with the small differences in their measured
momentum distributions [26]. The positive value of Gs

E
at Q2 ¼ 0:628 GeV2 reflects the systematically positive
values of the quantity Gs

E þ !Gs
M observed in the forward

angle G0 measurements [4]. The values of Ge
A reported

here give the first experimental indication of the Q2 de-
pendence of the nucleon anapole moment effects [27,28].
In summary, we have measured backward angle parity-

violating asymmetries in elastic electron-proton and qua-
sielastic electron-deuteron scattering at Q2 ¼ 0:221 and
0:628 GeV2. These asymmetries determine the neutral
weak interaction analogs of the ordinary charge and mag-
netic form factors of the nucleon, together with the effec-
tive axial form factor. From the asymmetries we have
determined Gs

E, G
s
M, and Ge;T¼1

A , which indicate that the
strange quark contributions to the nucleon form factors are
& 10%, and provide the first information on the Q2 depen-

dence of Ge;T¼1
A . Future forward angle experiments at

Q2 ¼ 0:63 GeV2 at Jefferson Lab and Mainz will further
improve the precision of these determinations.
We gratefully acknowledge the strong technical contri-

butions to this experiment from many groups: Caltech,
Illinois, LPSC-Grenoble, IPN-Orsay, TRIUMF, and par-
ticularly the Accelerator and Hall C groups at Jefferson
Lab. CNRS (France), DOE (U.S.), NSERC (Canada), and
NSF (U.S.) supported this work in part.
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FIG. 2 (color online). The form factors (a) Gs
E, (b) G

s
M, and

(c) Ge
A determined by the G0 experiment forward- and

backward-angle measurements. Error bars show statistical and
statistical plus point-to-point systematic uncertainties (added in
quadrature); shaded bars below the corresponding points show
global systematic uncertainties (for G0 points). For Gs

E and Gs
M,

the extraction from Ref. [5] as well as the results of the PVA4
(Mainz) experiment [3] are shown. Recent calculations from
Adelaide [29] and Kentucky [30] groups are also shown; for the
former the uncertainties are smaller than the symbols. For
Ge;T¼1

A , results from the SAMPLE experiment [1] are shown
together with the calculation of Zhu et al. [12].

PRL 104, 012001 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

8 JANUARY 2010

012001-4

PRD 62 
(2000)

G0 Forward/
Backward

Anapole uncertainty 
contribution to H-III: 1.5% 
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Summary

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

• Significant and accessible 
contribu8ons are s8ll allowed... but 
the range has been narrowed.  

•No more than a few percent of the 
neutron charge or proton magne8c 
moment can be due to strange quarks

• Precision data at middle Q2 can 
finish the ques8on of large 
contribu8ons to the vector form‐
factors

3Gn
E

3
10

Gp
M

HAPPEX-III (expected Fall 2010)




