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At very low Q2, GSE/M relates to the strange matrix elements of
the nucleon (strange radius ps and strange magnetic moment ps)

neutron charge distribution proton flavor distribution
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neutron "pion cloud" proton kaon cloud

The bare mass of the three valance quarks only makes up ~ 1% of the
proton mass, the rest is a sea of gluons, quarks and anti-quarks, which
IS dominated by the up, down and strange quarks.

Do the strange quarks contribute to the electric and magnetic
structure of the proton?
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Fit to “leading order” in Q?,
(only for Q? < 0.65 (GeV/c)?)

G = Ms
GSE — ps*T

Gsy, From backangle
results, neglects
correlation with GS¢



Parity-Violation
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Left/Right handed longitudinally polarized electrons have different cross
sections, which can vary by as much as 0.1%.

Weak Amplitude is 10 smaller than the Electromagnetic Amplitude,
but its interference to EM makes it accessible.
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Experimental Setup
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High Resolution Spectrometers

Spectrometer Concept:
Resolve Elastic

Elastic  detector

Inelastic
\

Quad

Left-Right symmetry to
control transverse
polarization systematic

target

Q Q



Detectors

Acrylic : Lead . Aluminum Frame—»
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Lead-Acrylic sandwich calorimeters.

A

Cherenkov light from each detector stack is caflddiy a PMT.
Doesn’t scintillate, so insensitive to soft backgrds.

Dimensions chosen to contain the image of elastisahttered electrons, and much
of the radiative tail, yet not events from the astic scattering.

Detector orientation adjusted so that the parhef@herenkov cone is pointed
directly at the PMT.



Detector Alignment
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* Entire image of the elastic peak in the focal plsngntained in the detector.

 The inelastics fall outside the detector.



Experimental Method
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Measuring Asymmetry

Ames — Adet o Abeam o ZUBLAxl
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A iincludesA, ., (relative window-to-window beam intensity fluctuzis)
andX f;Axi (random beam fluctuations in energy, position angle)

Left unchecke@ (beam) are the dominant source of systematic errors.

HAPPEX Il could do without very stringent requirements on the beanRREX, which
ran after HAPPEX Ill required very tight control on beam syst&sa



Source Setup

biger,  _Lineak Pockels Cell
Light Polarizer

e | !

Photocathode

+A/4 retardation produces
*+circular polarization

The polarized electrons are generated by photoemission from a GaAsgihote
using Right(R)/Left(L) circularly polarized laser beam.

The electron polarization states are determined by the laseizpbt.
The laser light polarization is prepared using an electro-optic Focé&kl
=+ Quarter-wave phase differences are generatedfraoltages.

PC misalignment introduces huge linear residual birefringence on thre bea
IHWP flips the helicity of the beam (gives us a way of canogliut the beam
systematic effects).

Pockels Cell alignment optimized to minimizg A& position differences



Intensity Feedback
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Beam Modulation
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« Response of the detectors to these
fluctuations can be calibrated by
intentionally varying the beam parameters
concurrently with data taking.

- Relevant parameters: beam position x
and y at the target, angle x and y at the
target, and beam energy.

.The energy of the beam is varied by
applying a control voltage to a vernier
input on a cavity in the accelerator's South
Linac.



Beam Summary
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Total Correction = 10 ppb.
— Total systematic error,
o(beam) = 41 ppb



Measured Asymmetries
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Corrections are negligible

A, =—21.591 % 0.688(stat)ppm



Systematic Errors

o(syst) = V(o(beam)? + o(K)? + o(P,)? + +o(backgrounds)?
+0(Q?)? + a(non — linearity)?)

o(beam) —» Beam Fluctuations
o(K) — Kinematic Acceptance
o(P,) = Beam Polarization
o(backgrounds) — Backgrounds
0(Q?%) - Q? Measurement
o(non — linearity) — Detector & Monitor non linearities



Polarization

Polarization

Laserwise polarizations vs charge accumulated over HAPPEX (accumulator 0)

TAR T
- poe

« Compton: 89.68 +/- 0.95%
« Moller: 89.22 +/- 1.7%

P,=89.59 +/- 0.76%
Systematic Error due tq,R”r(P,) = 202 ppb



Backgrounds: Aluminum

Target Cell is Aluminum. So need to correct for Aluminum
background.

The aluminum backgrounds are dominantly QuasiElastic.
Al background ~ 1.0+/-0.3 % on LHRS, ~ 1.3+/-0.4% on RHRS.
Error on Al window thickness measurement ~ 30%.

Error on Al asymmetry ~ 30%.

Net Al Background ~ 1.15+/-0.35%

Al background correction = 126 ppb
Al background systematic error = 127 ppb



Backgrounds: Inelastic Re-scattering

Tk E=3.118 = 1245
St
B = de*P(E)*R(E) g ot
§ ‘ =R R RN FTENE BEE T
3 . .
P(E) = rescattering probability; y ¢
R(E) = 0,1/0, o i -

0 i = =t 2
(P PVPe (%)

A small fraction of electrons scattered inelastically andcegtsred
Inside the spectrometer after the dipole also make it to thetdete

Inelastics = 0.29+/- 0.075%

Inelastic re-scattering correction = 114 ppb
Inelastic re-scattering systematic error = 55 ppb



Detector Non-Linearity
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Pulser Electronics Systemn
. . . * Non-linearity of the detectors are < 0.1
A pair of blue LEDs is mounted in front of the PMT % y

DIFF LED: toggled at a constant freq., toggled

° 1 0 _li . .
ON/OFE. A conservative 0.5 % non-linearity is

taken as systematic error.

BASELINE LED: driven at varying freq. of up to 800
KHz (observed electron rate @ 100 uA)

The pulses of both LEDs are fixed to be aboutsihe
of the electron pulses.

Systematic Error due to detector non-linearity 9 ppb



Q? Measurement: Central Scattering
Angle
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Dominant error in @is from the uncertainly in
the central angle measurement.

Central angle is measured by survey, and
pointing study. Survey measurements have larger
errors.

In pointing study, the central scattering angle is
determined by measuring energy differences
between the ground state oxygen, first excited
oxygen, iron and hydrogen elastic peaks from
water target runs.

These energy differences can be measured to

Fe " A VL POOTY POPSY PP by 3 G FQ . .
453501 3aT Sy oot 001 013 0 s ew about 150 KeV, which for differences of 32-42
MeV is an uncertainty of only 0.45%.
Hall Center Target Center Uncertainty

LHRS RHRS

LHRS RHRS

Pointing (rad)

Survey (rad)

0.2463 0.2424 0.2466  0.2389 0.0004

0.2443  0.2448 0.2446  0.2413 0.0010




Q% Measurement

| Q% (ADC Weighted) |

s)ilu
5_ — LHRS, qsq:0.6237 Error Source Error Error in Q2
——— RHRS, qsq:0.6239 Central Angle 0.4 mrad 0.32 %
4+
Beam Energy 3.0 MeV 0.10 %
°F HRS 1.5 MeV 0.05 %
21 Momentum
1 Matrix 0.2 mrad 0.16%
E il e TR Elements
82 05 06 07 08 .09
ol gt Beam lum 1.4e-3
2 orofile dif . . ] Fluctuations
o Q- profile different between the HRS due to_ .
differences in acceptances. Drifts in Time 0.2%
: ADC 0.1%
» (Q?varied over the course of the run due tOWeighting
shifts in beam positions.
Total 0.44%

e 3 distinct LHRS measurements, 4 distinct
RHRS measurements.

2 = 0.6421 + 0.0028 (GeV/c)2



Systematic Errors Summary

Error Source Error % of Asymmetry
False Asymmetry 41 ppb 0.17 %
Energy (O ppb)

Position (34 ppb)

Charge (23 ppb)

Polarization 202 ppb 0.85 %
Backgrounds 194 ppb 0.82 %
Aluminum QE (127 ppb)

Inelastic rescattering (55 ppb)

Poletip (136 ppb)

Linearity 129 ppb 0.54 %

Detector linearity (129 ppb)

BCM linearity (5 ppb)

Q? 160 ppb 0.67 %

Kinematic Acceptance 48 ppb 0.20 %

Total 353 ppb 1.49 %




Non-strange Asymmertry

A = AV + As + AA

phys

eGpEG"; + TGpM GnM]

A, = —A4,|(1 —4sin28) —
v "[( SI“6) — = T+ 16y’

1 -2 eGPEGS; + TGpMGs,,
T eGP+ T(6Py)?

(1 — 4 sin? G)E’GP@
G+ TG

Contains higher order corrections

A,=A4,

Ayye = AV + AA = —24.060 £ 0.734(FF) ppm



Form Factors

A

mes

—21.591 + 0.688(stat) ppm

Appys = = (Am,)— PhY.f AD) /(1 — X.f)

N
|

= —23.742 + 0.776(stat) + 0.353(syst) ppm

@ Q% = 0.6421 + 0.0028 (GeV/c)2

Gs; + 0.517G%,, = 0.004 + 0.010(stat) + 0.004(syst) + 0.009(FF)




Form Factors (H3 excluded)
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GSE — ps*T

Gsy, From backangle
results, neglects
correlation with GS¢



0.05

0.00

-0.05

Form Factors

IIIIIIII

IIIIIIIII

HAPPEX-II
GO (FORWARD)
HAPPEX-H

MAMI A4 (different 1)
—_ 3150x(G: +1 G;)

:

4 e = @

FormFactor error

.......

-----

l 1 1 1 I | 1 1 l
0.2 0.4 0.6 0.8 1.0
Q2
GMs

® HAPPEX-He \ s+ SAMPLE +G,

— 3110 GEp I . G0+G,

o5 s A8+G,

Fol — 3110 * G
0.0 lllllll

S0l
0.0 0.1 0.

.4 05 0.6 0.7 0.8 0.9Q12.0

1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.90110

Q? < 0.65 fit is much closer to 0.
All HAPPEX data consistently
point to O strangeness
contribution to form factors.



World Data @ Q?%=0.6 (GeV/c)?
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- Although the data does lean a little positive, vexty pronounced statistically.
- HAPPEX IlI, and the rest of HAPPEX results, whane the most precise
measurements of the strange form factors, ar@aflistently zero.



Conclusions
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- HAPPEX Il measured a strange form factor of O, within the
uncertainty.

- Recent lattice QCD results suggest a non-zero strange foron, fact
but with values smaller than the current FF uncertainties.

- Further improvements in precision would require additional
theoretical improvements.
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Detector Efficiency

| Det Atten Coeff LHRS (% per m) | | Det Atten Coeff RHRS (% per m) |
11.78 19.8—
176} ¢ ! ¢
174 o 0 ; 19.6F-
1M.72 C Avg det attn ~ 19.1% I
N7E o 9 19.41- o a
1168 4 - ¢
11.66 o 19.2 0
- - O
1o O 0 PN "
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Signal output is a strong function of the partglgosition along the detector's length.
Characterizing this dependence is important fbbiating asymmetry measurements.

Installed a single sheet of Plexiglass directlyront of the PMT to filter out UV radiation.
(50%/m decrease in light output without the Pleasgl)

Plexiglass reduced the total signal size, butgyendence of light output along the detector
decreased to about 11.7%/m on the LHRS detectod@ido/m on the RHRS detector.

Look at the detector attenuation to check thatitectors did not deteriorate over the course of
thr run.



Detector Energy Resolution

htemp
x10° Entries 80167 R /
C Mean 1130 —
o RMS 159.4 Gdet meandet

The detector energy resolution
iIncreases the statistical error by
a factor V(1+R?).
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LHRS detector energy resolution is 8.13%, which increases the
statistical error by ~ 0.3%.

RHRS detector energy resolution is 14.1%, which increases the
statistical error by ~ 1.0%.



Transverse Asymmetry

Transverse asymmetry: -10 ppm +/- 5 ppm.

** Estimated horizontal polarization during run: 0.0% +/- 10% **
- acceptance around horizontal: factor of 20%

- acceptance symmetry: factor of 10%

Potential systematic error:

10ppm*20%*10%*10% (horizontal polarization): = 0.02 ppm
(correction = 0)

** Estimated vertical polarization during run: 0.0% +/- 2% **

The left/right arms were nearly perfectly matched in Q2, and
matched in rate/precision as well. They are weighted the

same. There is no nominal first order correction, but we

could conservatively consider the second order terms dPv*dA
and dPv*dWt*sigmaA (but the weights are equal, so dWt = 0 and
we have only one term):

assume transverse is linear in Q2, consider systematic error iniQzpsendent on each arm:

(dQ”2 / Q2) * A*dPv = 0.4% * 10ppm *2% = 0.0008 ppm



Backgrounds: Poletip

Scattering from the magnetized iron in the spectrometer is a potential
source of systematic error.

dA=fP, P, A

fis the fractional signal size (f<<10*), P4, P, are the polarizations of the
scattered electron and the electron in iron (P.; ~ 0.8, P, ~ 0.03) and A'is
the analyzing power (A<=0.11).

Poletip correction = 0 ppb
Poletip systematic error = 136 ppb



Beam Summary

OUT A=-13.068 +/- 3.957 nm OUT A=-35.402 +/- 5.332 nm
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ICH)\L/JV1|? -0.37%+0.22 -6.0+3.2 -13.0%+4.2 -2.2+3.3 -13.1+4.0 -35.4%+5.3
IHWP IN  -0.03+0.22 0.3+3.5 0.8+4.2 0.9+3.6 9.0+3.9 61.0+5.2
IBHOV¥E| -0.20+0.16 -2.9+2.4 -1.8+3.0 -0.7+2.4 -2.2+2.8 12.0+£3.7




Measured Asymmetries

[HWP = OUT

Raw(0-28) Cor(0-28) Reg(0-28) Reg(0-2) Dit(3-28) Raw-Cor | Raw-Reg
det1 21.650 £ 1.352 | 21.686 &+ 1.352 | 21.664 = 1.351 | 21.462 £+ 4.919 | 21.704 £+ 1.406 -0.036 -0.014
det2 20.535 £ 1.349 | 20.554 £+ 1.349 | 20.581 &+ 1.349 | 23.188 + 4.933 | 20.341 £+ 1.403 -0.019 -0.046
det_all 21.060 £ 0.975 | 21.086 &= 0.975 | 21.089 &= 0.974 | 22.303 £ 3.556 | 20.987 &+ 1.013 -0.026 -0.030
detl-det2 | 1.104 &+ 1.910 1.120 + 1.910 1.071 &= 1.909 | -1.909 £+ 6.967 | 1.367 £+ 1.986 -0.017 0.032
IHWP = IN
Raw(0-28) Cor(0-28) Reg(0-28) Reg(0-2) Dit(3-28) Raw-Cor | Raw-Reg
detl 23.049 £ 1.374 | 23.061 £+ 1.374 | 23.074 = 1.373 | 31.353 £ 5.681 | 22,546 &+ 1.416 -0.012 -0.024
det2 21.284 £ 1.372 | 21.257 &+ 1.372 | 21.239 &+ 1.371 | 22.042 £ 5.749 | 21.210 £+ 1.413 0.027 0.045
det_all 22177 £ 0989 | 22,170 £+ 0.989 | 22,167 &= 0.989 | 26.773 £+ 4.103 | 21.886 &+ 1.019 0.007 0.009
detl-det2 | 1.749 &+ 1.942 1.788 + 1.942 1.818 £ 1.941 9.124 + 8.083 1.339 = 2.000 -0.039 -0.069
IHWP = ALL
Raw(0-28) Cor(0-28) Reg(0-28) Reg(0-2) Dit(3-28) Raw-Cor | Raw-Reg
det1 22338 £ 0.964 | 22.362 £ 0.964 | 22.357 £ 0.963 | 25.700 £ 3.719 | 22.122 4+ 0.998 -0.024 -0.019
det2 20.903 £ 0.962 | 20.900 £ 0.962 | 20.904 = 0.961 | 22.702 £ 3.743 | 20.772 £+ 0.995 0.004 -0.001
det_all 21.610 £ 0.694 | 21.620 £ 0.694 | 21.620 &+ 0.694 | 24.221 £ 2.687 | 21.434 £+ 0.719 -0.010 -0.011
detl-det2 | 1.421 + 1.362 1.449 + 1.362 1.438 £+ 1.361 2.794 £ 5.277 1.353 £ 1.409 -0.028 -0.018

A..(Both HRS)

-21.620 +/- 0.694

A.(Left HRS)

A.(Right HRS)

-21.697 +/- 7.406

-17.621 +/- 8.000

Anes(total) =-21.591 +/- 0.688 ppm




Measuring beam jitter sensitivity

The beam jitters and HC position differences gerdalse asymmetries,
and increase the statistical width of measurements.

Two independent methods are used to correct tee Eslymmetries due to
beam HC position differences, and remove the effetbeam |itter.

Beam Modulation: Response of the detectors to theseiations can be calibrated
by intentionally varying the beam parameters corealy with data taking.

Regression: Natural motion of the beam is useddoass out the false asymmetries
due to position differences. Slopes are determinyeda least-squares algorithm.

A .. = Adet + X.[,Axi



Measured Asymmetries
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« Q°profile different between the HRS due to

differences in acceptances.

« Q°varied over the course of the run due to

shifts in beam positions.

o 3 distinct LHRS measurements, 4 distinct

RHRS measurements.



Q¢ Systematic Errors

Error Source Error Error in Q2

Central Angle 0.4 mrad 0.32 %

HRS momentum 1.5 MeV 0.05 %
Beam Energy 3.0 MeV 0.10 %

Matrix Elements 0.2 mrad 0.16 %

BFelﬂr(Rulz%%ngn 1 um 1.4e-3 %
Drifts in Time 0.2 %
ADC Weighting 0.1 %
Total 0.44 %

Q¢ = 0.6421 + 0.0028 (GeV/c)2



Kinematic Acceptance

RHRS hamc asym with diff coll sizes

L
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m10, A<(Q%)> =.22.69
obs

2 =
P10, A<(Q?)> = -22.89

TII]I

 The measured asymmetry is a convolution over a range afi€to
finite acceptance of the spectrometer, and radiative energy losses.

 The acceptance averaged asymmetry is needs to be corrected to get
point scattering kinematics.

A<

obS
= A = 0.995

ver)




Higher-Order Corrections

One-Quark correction

- Electroweak radiative corrections 7
- Calculable in Standard Model with little theoretical i
uncertainty

~

v —Z° couple to g loop |
Anapole I\/Ioment (multi-quark) correctlon

>

Parity Violating pion emission followed by a Parity Conservmg PIOrsSImin
through the strong interaction.

\

I

e |

&

- Purely Weak Interactions among the quarks in the nucleon.
- Large amount of theoretical uncertainty due to the impossibilityabdision of all the
virtual hadronic states in the calculations.



Measuring Asymmetry

Ames — Adet o Abeam o ZUBLAxl

I, —IL dDet
Ai_( )i b= :
Ip+1IL)": Oxi

A iincludesA, ., (relative window-to-window beam intensity fluctuzis)
andX f;Axi (random beam fluctuations in energy, position angle)

o(A_.)? = o(statistical)? + og(systematic)?

mes
g(statistical)? = o(A,,.)*
o(systematic)? » o(beam)? + -

Left unchecke@ (beam) are the dominant source of systematic errors.

HAPPEX Il could do without very stringent requirements on the beanRREX, which
ran after HAPPEX Ill required very tight control on beam syst&sa



Source Setup

N

™M
Laser Linear 8
Light Polarizer s o
+i
o
™M
A, = n,=1.26
Photocathode I
CO
+\/4 retardation produces n,=1.130 * 0.003
*circular polarization
® The polarized electrons are generated by PC misalignment introduces
photoemission from a GaAs photocathode using ~ huge linear residual birefringence
Right(R)/Left(L) circularly polarized laser beam. on the beam, and increases

sensitivity to any voltage fluctuations
® The electron polarization states are determined by

the laser polarization.

® The laser light polarization is prepared using an
electro-optic Pockels cell.

=+ Quarter-wave phase differences are
generated fronx voltages.

Pockels Cell alignment optimized to minimizg A& position differences



