HAPPEX-IIl and Strangeness Contributions
to the Nucleon Vector Form-factors

Kent Paschke

UNIVERSITYs VIRGINIA

HAPPEX Collaboration

PAVI’'11

Rome, Italy ]
September 2011




Strange Quarks in Elastic Scattering

Do the strange quarks in the sea play a significant role in the
electric/magnetic charge distributions in the nucleon?
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Measure the neutral weak proton form-factor
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Three equations and three unknowns

Measuring all three enables
separation of up, and
strange contributions
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Strange Quarks in Elastic Scattering

Do the strange quarks in the sea play a significant role in the
electric/magnetic charge distributions in the nucleon?
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Measure the neutral weak proton form-factor

Three equations and three unknowns
! Measuring all three enables
e separation of up, and
neuTon Droton strange contributions
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Strange Quarks in Elastic Scattering

Do the strange quarks in the sea play a significant role in the
electric/magnetic charge distributions in the nucleon?
neutron charge distribution

— 0.2 .
| e—) : : .
£ " e e B proton flavor distribution
Té " neutron "pion cloud" _a_)o
é 0.05
Lo proton "kaon cloud"
L
-0.05—
OHH0|5HH1IIHI1l5lHI£HH2|5HHI|3HH3|5HH4

Measure the neutral weak proton form-factor

Three equations and three unknowns
! Measuring all three enables
e separation of up, and
neuTon Droton proton strange contributions

Charge Symmetry
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Strange Quarks in Elastic Scattering

Do the strange quarks in the sea play a significant role in the
electric/magnetic charge distributions in the nucleon?

neutron charge distribution
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Measure the neutral weak proton form-factor
Three equations and three unknowns

0

Y Z .
Measuring all three enables
e separation of up, and
Py, o proton strange contributions
2 1 1
G = gG% — gG% — gGsE The weak form factor is
accessible via parity violation
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G? = ngE — gGE — §GE
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Measuring Strange Vector Form Factors

/ ZO// —4 N2
A:GR_GLOC \ . 1070
C,+0 Y 2 GeV?
N\
- -
Proton: A=| 2L | Ae T Ay Ay goy, parts per million
) G,
Ap = gG%G’% Ay = 7'(' CM Ag = (1 — 481112 Ow)él GI;VIGVA
“Anapole” radiati
Forward angle Backward angle ni%?rzcain': ;\;2
problematic
GE M — (]_ 4SlI1 9 )G%,M — E’M _
Spin=0,T=0 4He: Gsg only! Deuterium: Enhanced G,
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The Axial Term and the Anapole Moment

Anapole Moment Correction: G _73(1+R£=1)G<3)

= A

Multiquark weak interaction in Ra{™?1), Ra(™0)
+3RT=°G'® + As -
Zhu, Puglia, Holstein, Ramsey-Musolf, Phys. Rev. D 62,033008 | 7
ANVA
‘Model dependent calculation, with large uncertainty - \§ \/
‘Dominates Uncertainty in Axial Term oy’ P
OX
Difficult to achieve tight experimental constraint
.. Y ~Z
Reduced in importance for forward-angle measurements SO
1.0 | | P
05 | B GO | “mixing”
;/ 0.0 ’ Z — ] YavaV
=05 o T . - Y
S I e G @) [11] p
-1.0¢ » SAMPLE [1] | “quark pair’
-1.5 | > Zhu et al. [12
20— S ‘Using experimental determination
0.0 0.2 0.4 0.6 0.8 1.0 1.2 for axial form factor would increase
Qz (Ge\/z) total FF uncertainty about 70%

UNIVERSITYs VIRGINIA Kent Paschke PAVI’11, Rome, Italy



HAPPEX

Experimental Overview

SAMPLE

open geometry,
integrating,
—=  back-angle only

Precision spectrometer,
integrating

Forward angle, also
“He at low Q?

HAPPEX-3: G.* + 0.52 G,,° at Q2 = 0.62 GeV?

[~ |

1ie [UNIVERSITYof VIRGINIA

A4

Open geometry

background rejection

Forward and Backward angles

G 0 Electron Beam

Open geometry

LH, Target

Fast counting with magnetic spectrometer + TOF
for background rejection

Forward and Backward angles over a range of Q?
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Forward-angle proton scattering

o =0.15
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0.00

-0.05

* “Form Factor” error: precision of EMFF (including 2v) and Anapole correction
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World data on G°

. all forward-angle proton data
s 0.15
u(’:) B = GO (FORWARD) A,s uncertainty
& - ® HAPPEX-H T Gp
_ _ M 2
+ 0.10p | n=—p ~ Q
caD 1T - v MAMI A4 (different) € E l
0.05(— l I I I l
0.00F $i AI { 1
-0.05—
_0.10_ 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0.0 0.2 0.4 0.6 0.8 1.0,
Q
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World data on G°

all forward-angle proton data

o =015
Q) B = GO (FORWARD) A,s uncertainty
= - ® HAPPEX-H T Gp
4+ 0.10— n = i\)/[ -~ QQ
I I B e T T T [ T T T 1 » B v MAMI A4 (different) EGE l
4 SAMPLE with O -
0-15 ’ G, \calculation B

i d g

HAPPEX-He

At Q2~0.1 GeV?,
Gs < few percent of Gr
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World data on GS

all forward-angle proton data

P 0.15 B
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QCD models

Model guidance is unclear:

kaon loops, vector dominance, Skyrme model, LI LA L L L L B L L L BB LI
chiral quark model, dispersion relations, NJL model, 0.15F & -
guark-meson coupling model, chiral bag model, - )
HBChPT, chiral hyperbag, QCD equalities, ... 0.1~ “ l l e

- = )

0.05 % . gl -

s I i

GE 0: )

Recent significant progress in Lattice QCD: 4 o5/ 3

- Dong, Liu, Williams PRD 58(1998)074504 - -

- Lewis, Wilcox, Woloshyn PRD 67(2003)013003 0.1 1 -

- Leinweber, et al.,PRL 94(2005) 212001; 97 (2006) 022001 - . . -

- Lin, arXiv:0707:3844 0.15- 0" ~ 0.1 GeV -

- Wang et al, PhyS.ReV. C79 (2009) 065202 . |4.TT_|'| W S T N

- Doi et al., Phys.Rev. D80 (2009) 094503 45 4 1405 Qg 05 1 15

M
these all suggest very small effects
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Global fit of all world data

» = 0.15
(O] B = GO (FORWARD) A,s uncertainty
-— B Global Fit g
® HAPPEX-H -
= 0.10— ”f’
o LW B u v MAMI A4 (different) _,——" |
o
0.05 —
0.00 (===
B h
-0.05—
B GO correlated error
_0.1 O B | | | I | | | I | | | I | | | I | | | I
Simple fit: 0.0 0.2 04 0.6 0.8 1.0 5
G =p.*1 Q
Fit includes all world data Q?< 0.65 GeV?

S — . . .
GM = M GO Global error allowed to float with unit constraint

*Data set appears to show consistent preference for positive effect
*Significant contributions at higher Q? are not ruled out.
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HAPPEX: Built around the HRS

HRS: twin high-resolution spectrometers, built for (e,e’p) studies.

e Limited acceptance (~5-8 msr) but very clean. (Plenty of acceptance in forward angles.)
e 12.5° minimum angle

e ~3 GeV maximum FE’

Statistical FOM suitable for forward-angle PVeS studies
e Hydrogen, Deuterium from Q% ~ [0.25 GeV?-1.0 GeV?]
e Helium-4 at Q? ~ [0.05 GeV?-0.15 GeV?]

I *VVery low backgrounds

*Very clean isolation of “He elastic
Low Q? range extended with septum
magnet for 6° scattering

Forward-angle program plays a primary
role in strange-quark studies
Insensitive to problematic anapole
moment

**He interpretability very robust
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First PVeS experiment at JLab
Hall A Proton Parity Experiment (E91-010)

polarized
sour ce

HAPPEX
Hall A

Compton
target

Compton
detector

Moller — " Moller
detector ' tar get

CEBAF w

=-5.64 + 0.75

~ 95 uA, ~ 38% polarization

,=-10.45 +0.75
(ppm)

~ 40 uA, ~ 70% polarization

99 Da'ra

hydrogen
target . 4 \\
& —

spectrometers

acquisition
& control

*High polarization from strained cathode
*Attention to polarized source and beam

detectors

' [ Steering Coils i
' m Position Monitors !
|
|

. — Intensity Monitors

__________________

UNIVERSITYs VIRGINIA

-Beam modulation to extract position/energy

‘Beam intensity asymmetry measurement and

*Precision Compton polarimetry
s * - OW NOISE analog flux integration |

Pioneering new technologies
at JLab

transport for precision and stability under
helicity reversal
sensitivity

feedback

Kent Paschke
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HAPPEX Results
ep at Q%=0.5 (GeV/c)?, 12.3 degrees

Apy =-14.92 ppm * 0.98 (stat) ppm  0.56 (syst) ppm

G*; +0.392 G5, =
0.014 0.020 (exp) + 0.010 (FF)

HAPPEX

HAPPEX : SEEEY >

Q2 (GeV/c)?

Statistics limited. Leading systematic is polarimetry

Phys. Rev. Lett. 82:1096-1100,1999;
Phys. Lett. B509:211-216,2001;
=20 T E 00 25 B Phys. Rev. C 69, 065501 (2004)

> G,,(0.48)

I ————————————
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HAPPEX-Il / HAPPEX-He

HRS
0=6 deg, E~3 GeV, Q?~0.1(GeV/c)? /
Septum e
Eleeacr’;ro‘n soem )6deg 12.5 deg
’ew, target Old.ta;g;ejc B eam axis
position position
-Hydrogen : G5 + a G®),
“He: Pure G5; S —
o SAMPLE with -
APV _@ 231112 GW | GL 0.15 G, calculation :
2 GZT | GZT 0.1 -
0.05 _f
S
Apy . 4 GEO
target Statistical Error | = [HAPPEX“He | “Sg&d) 4 B
G*=0 (ppm) -0.05
H -1.7 0.11 ppm (8%) -0.
“He 6.4 0.23 ppm (4%) -0.15- 07~ 0.1 Gev *
—1.|5| | I—|1I - I—(l)él | IOS' B |OE5E B I‘;I - I1.5
Statistics limited. Leading systematics are polarimetry, Q? scale Gy

aiis UNIVERSITYs VIRGINIA Kent Paschke PAVI’11, Rome, Italy



HAPPEX-III

Challenges similar to original HAPPEX, but seeking higher precision

Configuration:
« 25 cm cryogenic Hydrogen Target
« 100 A
« 89% polarization

Kinematics: E =3.48 GeV, 6=13.7°, E'=3.14 GeV, Q?=0.624 GeV?, €=0.967
sensitiveto G + 0.52 G,

A, (assuming no strange vector FF): APVNS =-24.06 ppm £ 0.73 ppm

- precision alignment for Q2 uncertainty
* 1% polarimetry

* backgrounds

* linearity

I ————————————
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HAPPEX-III Error Budget

Compton + Moller polarimeters
GAPV 6APV / APV 5 0.93F i W Polarization from Moller

2 o e Spot Moves
( pPpm ) / g 0.91
0.9

Polarization 0.20 0.9% | 089

Q2 Measurement 0.18 0.8%

. | .
100

20
Charge accumulated (C)

Backgrounds 0.19 0.8%

Linearity 0.12 0.5%

Spectrometer Calibration

Finite Acceptance 0.05 0.2%

«— H'

False Asymmetries 0.04 0.2%

Total Systematic 0.362 1.52%
1" Excited 0" —>

Statistics 0.778 3.27% ST ,

Total Expe ri mental 0.858 3.60% 0.015 ’-6’0'1:5-0‘665‘ % 0005 0.01 6015 002 0.025 0.03 ke’

HRS Backgrounds

Linearity Studies —
D /\1 - 1 F: © :3 N O S I T W RN T N DD --- DRI LI I
>~ . Systematic
: | uncertainties are
— , % X P (pl.'}b.).:p,, (%) -
U] e ass - L : E ) well CO.ntrOIIe.d
Ai?i R BASELINE ENABLE E " BF ex p e rl m e nt I S
HI g L i b, statistics
o - Data Acquisition L e ’ - »
Pulser Electronics System E O Itegrating Method domlnated

10 18 20
(PyP)P, (%)
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Integrating Detector

: : ; Resolution ~ 15%
Lead - Lucite Cerenkov Shower Calorimeter x10 - a0
‘Insensitive to background sE RMS 159.4
Directional sensitivity .
High-resolution N
° 3__
Calorimeter -y | :
L& > : ‘-.’ [ \ 2__
A A 3’ I >__ D -
S C -
i : 1
phototube  Integrator - ,
F A I o O I B s [
8504 06 08 1 12 14 16 18 2 22
P.hapadcR
%10 RHRS Detector Plane Dist.
100+ fraggsr e
o 10°
. 50F—----efeeees s.}i Vi nakafaaaa e s s
E I 53
> L
Q -
E -_ B0 - R T .
o L
s I 5
§ 50 -iennn R A s ATAL- IR I .
2 L :
0 : . . .
100: 12 m diSperSion ...................................
H sweeps away L 1
H inelastic events {00 THgger
I T T - [ W O M U T RN NN N AN NUENT T NN RN AN AN
109202 0 02 04 06 08 1 12 14
Detector Plane x (m)

HEEEEEEEEEEEEE=———————
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Detector Linearity

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

| Jack/H-3 @ -1600V

9.92

9.9

9.88

% 9.86
S
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o
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| Joe/H-C @ -1200V

Normalized Baseline (DIFF OFF).
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~
w
N
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IIIIIIIIIIIIIIIIIIIIIII
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0.4 0.6 0.8 1
Normalized Baseline (DIFF OFF)

>
/\4 PMT
> TN,
LEDs
L N
. : 4 N
JUUUUUUu § DIFF ENABLE
IR 2 2
............................ s =t
Fie oo | R 2
; BASELINE ENABLE .9 5
i 5 a)
Imm n <
: . J
~ g Data Acquisition
Pulser Electronics System

S
PAVI’11, Rome, Italy
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Phototube and readout non-linearity
bounded at the 0.5% level

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




Determining Q2

Q? measured using standard HRS tracking package, with reduced beam current

Goal: 60%< 0.5%

Water cell optics target for central angle

RMS

UUUUUUU

0 01297

| < H*

| 1" Excited O™°

et mN-ﬂJ

........ jirjny GYWpNpNIN] L B |

l

b | “‘J"T‘"J

JJ Ground o! | >I:

56
Fe

1, €

-0. 015 -0.01 -0005 0

0005 0.01 0.015 0.02 0.025 0.03

Op between elastic and inelastic peaks reduces
systematic error from spectrometer calibration

60 ~ 0.55 mrad (0.23%)

Q2 = 0.6241 + 0.0032 (0.52%)

UNIVERSITYs VIRGINIA

Kent Paschke

Q? (ADC Weighted) |

X 10
6F
5: —— LHRS, Q2=0.6239
—— RHRS, Q2=0.6243
ar
3f
2f
1t
X 1 1 L 1 1 1 A l 1 1 L L l L L A L l 1 l 1
8.4 0.5 0.6 0.7 0.8 0.9
Q% (GeV?)
Central Angle 0.45%
Beam Energy, HRS momentum 0.11%
Drifts 0.2%
ADC weighting 0.1%
Total 0.52%
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Backgrounds

*Aluminum from target windows
‘Signal from inelastic electrons scattering
inside spectrometer

Rescattering Probability
=

Rescattering probability
measured during H-I

o 2R
= :
::a-‘ 2.5 :_-—
© g 2 F
a
E 1.6 - A
wJ - - o
: 1T E e
™ 0.5 [
Y] N
= | ST TRT TR Y O N VY VY T T I TR T 1
f? - = %5 10 20
¥ e (Po-P)/Po (%)
e
& Counting Msthod el) ?
< Integrating Method + +

PUR T S T T | L PO [T ST T ST T Y S S T 1

background f A Net. NEt.
Correction | Uncertainty
Aluminum
1.15% -34.5 ppm
t t 125 ppb 126 ppb
(targe (30%)  |(30%) R PP
window)
: 0.3% -63 ppm
Rescattering (25%) (25%) 114 ppb 55 ppb

5 e 15 20 25 30
(Pa=P) Py (%)
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Compton Polarimetry

Electron detector achieved 1% accuracy for HAPPEX-2,

but e-det system was not functioning for HAPPEX-3 4.535 GeV

=1.165 eV

=2
k

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

Asymetrie longitudinale (%)
C a NV W & U OO N D

Integrating photon detection: i
immune to calibration, pile-up, deadtime, e
response function k (MeV)

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

: Sum Accumulator 0 vs MPS | ﬁ'"?i ::::: ’:"‘:f” | diff0 | - ':d ﬂbh?” = - Laserwise Asymmetries Over the Rur] o Laser right
<10 .
=} [ Mean x 1.115e+05 [ Meann 1.501e+04 e f
5 300 Masay 55840407 350 I e SR E 50.04] Beam Polarization = 88.40 4/ 0.65'1 * Laser left
—"- [ Uncut 8.4380+04 Laser fught E !
- | ! Tor0? | Laser Lef ;oos
5250 | CU( | 300 Laser ON 2 . i 4 ¢ e
E Anods current on - 286uA [ ] I ‘ 20.02}
E 200 Anode current off: 108uA 2501 Y =
- Ancde current tr o BuA l il ‘;_’0015
200! { | - S
150 " f ,‘ ‘||1 3 o .
i 150) /| 'i\ o Online plots
[ | ! t
iu‘.u!,hdl‘uu’u.m dun l”l’ﬂll‘l'ilr‘l l!,d‘ 100/ | rf, | \‘ 0.02| . s
’ S Y iesd A A0 G BB B R B N B RS N N R N O
- Wi | o e 003 '
thuulnnumlmh ‘non .Nl l'”" UL l'u 50/ i B \
[ ) i
0""“‘ ........ !Jf_._‘?“w’ i _JM.._ X 10 D S peg gty O EFEr T BT ari e P
0 20 40 60 80 100 120 140 160 180 200 220 Qs 20 5 40 5 0 i 10 15 20 25 0 20 40 60 80 100 120 140 160

MPS diffo Laseor Cycle
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Compton Polarimetry

Triggered mode: triggered

Combined with beam

“snap shot” of fixed time Pulse-size non-linearity and beam+laser to
interval (for calibration) mapped by pulsed LED make rate-dependent
Snapshot 1 Run 20999 B o SyStem " Graph to Fit | correction
3700; Ge e 8 e
L c C
3680 — Q 0.109:—
3660:— “ut) o.mss;— ]
3640; E o.msag—
B 2 (}.10345—
3620;— :§ (}.10825—
L LL 0108 —
3600:_ -c 0.10?8: {
3580 — k) »
0o 20 a0 e s 100 120 40 8 Her
I S B ¥ S Y S ¥ B
hDataSignal Scaled Light Deposited
MC and Data Compton Spectra Entries 8597310
60000 — Mean 8646
B RMS l 7052
{1 .
50000 77 —|— oata Compton spectrum very well simulated
400005_\\ * energy deposition in detector
u | \\wf MC cutside of fit range ° I I nearlty
30000 \ - collimator/detector alignment
20000 ‘-\’  synchrotron light shielding
il \
10000 - \ Analyzing power calculation is rather
i N insensitive to these corrections
05000 10000 15000 20000 25000 30000

Energy (raus)

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

E 093;— . ;3:;:1:::2: from Moller
N 092 :
S 991 I : }
= T |
0.9— IS ] %
0.89 1 I | |
s | i %
0.88— i { }
0.87 — l L
o.asi_l | ' | E |
’ s 0 0 200
Charge accumulated (C)

Moller systematic errors  Compton systematic errors

Target Polarization 1.5%
Compton: 89.41+ 0.96% Analyzing Power 0.3% laser polarization | 0.80%
Moller: 89.22 + 1.7% Levchuk 0.2% Analyzing Power | 0.33%
Average: 89.36 = 0.84% Background | 0.3% SIS | B
Deadtime 0.3% TOTAL 0.96%

other 0.5%

TOTAL 1.7%
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Beam Asymmetries

OUT A=-0.368 +/- 0.224 ppm
asym_bcm1 _ : OUT A=-35.402 +/- 5.332 nm
oy IN A=-0.032 +/- 0.221 ppm diff_bpm12x IN A=61.049 +/- 5.186 nm
r4s AVG A=0.202 +-0.157 ppm 0.15F AVG A=12.025 +/- 3.721 nm

o

5 0.1F + t ?
0%. s {-#H_# 0.05F +; 4,1"'} B ++

-1F ® - - 4

; - BTINERT X;
2 -0.052—1‘{' +‘+‘F”' ;
3_ -0.1;— }
B I S T T T w 0 5 10 15 20 25 30
Charge asymmetry (with feedback) Implies energy asymmetry at 3 ppb

averages to 200 parts per billion

OUT A=-2.220 +/- 3.258 nm

dift_bpmabx IN A=0.872 +/- 3.579 nm Individual detector response measured

N | AVG A=-0.700 +/- 2.416 nm

0.08F to be at the level of 5 ppb/nm
0.06F ¢

0.04f
0.02F
OF
-0.02F
0.04E

.0.06F
0.085

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

Trajectory at target averages to <3nm,<0.5nrad

I ————————————
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HAPPEX-IIl Measurement of Apy

Apaw=-21.591 £ 0.688 (stat) ppm

This includes

beam asymmetry correction (-0.01 ppm)
-charge normalization (0.20 ppm)

OUT / IN from “slow” spin
reversals to cancel systematics

B Entries 2.694749e+07
= RMS 3733
IIIIIIIIIIIIIIII | 111 1 | 1 1 11 1 111 111 1 X1 03
-20 1 5 1 0 -5 0O 5 1 0 1 5 20
parts per million

c - .
§ 30;_ T } : combined 2T-arr:1 data
— — . 1 A A |
200 T IS IR
2 10 OUT A=21.086 +/- 0.975 ppm, N=381, >= 1.00, P=0.51
£ o IN A=22.170 +/- 0.989 ppm, N=409, 2= 1.09, P=0.09
T Ut AVG A=21.620 +/- 0.694 ppm, N=791,%2= 1.05, P=0.18
-;Og I | S T } 1 }
208 —————— | S
'30?} ' 4
-40-‘.— L | A R R B
0 5 10 15 20 25
data “slug”

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

3.27% (stat)x 1.5% (syst)

total correction ~2.5% + polarization

Analysis Blinded + 2.5 ppm

UNIVERSITYs VIRGINIA

Kent Paschke

PAVI’11, Rome, Italy



HAPPEX-IIl Result

APV= -23.803 +0.778 (stat) + (0.362 (syst) ppm
Q2 =0.6241 £ 0.0032 (GeV/c)?

P 0.15
Q) B = GO (FORWARD) A,s uncertainty
f . 5 o HAPPEXH Global Fit -
m(_') L B MAMI A4 (differentn)
0.05 —
0.00 (===
-0.05—
- GO cor}élated error
_0.1 0 B | | | I | | | I | | | I | | | I | | | I
0.0 0.2 0.4 0.6 0.8 1.0 5
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HAPPEX-Ill Result

APV= -23.803 +0.778 (stat) + 0.359 (syst) ppm

Q2 =0.6241 £ 0.0032 (GeV/c)?

A(G°=0) = -24.062 ppm £ 0.734 ppm

0.05

0.00

-0.05

® HAPPEX-I A,s uncertainty
= GO (FORWARD) -] Global Fit
® HAPPEX-H
! u v  MAMI A4 (differentn) l [ ]
l _____ B e o e o e

G, +0.52 G5y, =

0.003  0.010,,,, * 0.004, + 0.009;,
I ! ! I

0.2 0.4 0.6 0.8

1.0
Q2

il UNIVERSITYsf VIRGINIA

Kent Paschke

PAVI’11, Rome, Italy




Parameterizations

0.15 S = *
= ® HAPPEX-III GE - ps T

For
= GO (FORWARD)

® HAPPEX-H GMS = IJ'S
MAMI A4 (differentr) I | Fit includes all world data Q2< 0.65 GeV?

GO Global error allowed to float with unit constraint

0.00

mmmmm» - sssssssssmmﬁms

N SRR L] LY oL
e D e

B W L L e & SIEE ety Sonchhoenn

pramstssta R R

_0.10 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0.0 0.2 0.4 0.6 0.8

-0.05

- * 1 0.15 — * ¥2
® HAPPEX-III GES - ps gaISter "(’52 ® HAPPEX-II GES - ps T+ax"T
= GO (FORWARD) . . —
® HAPPEX-H GM =l15*d|po|e + 0.10

0 W
o

MAMI A4 (differentm) I !

= GO (FORWARD) s "
® HAPPEX-H GM - u's"' m; T

MAMI A4 (differentm) I !

0.05 0.05

e 0.00

0.00{«E=

— — ~
~
| | ~
~
— — \
~
- - ~
~
-0.05— -0.05— S
L] . 555555555555555555555 L] - P >5$$5$$5$5 T \

| S mmmmmﬁsﬁsm .‘-5 S.‘-F' S.‘-‘.G .‘-:- | .u:-:-.‘-F smmmmﬁs.ﬁsmﬁssﬁssﬁ PR \

8 mmmmmmmmmmmmmmmm e e .. 0 o8 [ e e i e

55555555555555565565565:0 }6556”6 e e S e o 5555555555555555555555 55555555555555555555» 556556”6556556”65565» }6556556 5565565565565565565565565 555555555555555555555555555555 3 56556”0-
— A, B s, SO s ] = s s s e s R

_0.10 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | _0.10 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
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Q% =0.62 GeV? in combination

0.15

0.1

0.05

E O

-0.05

— 68.3%
— 95%

Zhu constraint is used
for axial form-factor

- IIII|IIII|IIII|II
0'1-%.4 -0.3 02 -01 O 0.4

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

Kent Paschke PAVI’11, Rome, Italy
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Considering only the 4 HAPPEX measurements

HAPPEX-III (2011) — e— G;+0.52G;, Q®=0.624 GeV’
HAPPEX-I (1999) o ; G:+0.39G, Q%=0.479 GeV?
HAPPEX-II (2006) e G40.09G; Q2=0.107 GeV>
HAPPEX-II He (2006) ¢ G; Q? = 0.078 GeV?
I ! I ! I ! i ! I ! I ! I
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
( Apy 'ANS )/ANS
o =015
Q) B ¢ HAPPEX- A,s uncertainty
- B = GO (FORWARD) 1 Global Fit
+ 0.10— HAPPEX-H T -
Vcisl-u - 'u v MAMI A4 (differentm) ! ngh precision
0.05F- I l -Small systematic error
S (T T L O — -£>0.95 - relatively clean
0.00[—==ehHiiF 3522 T2 TT ST theoretical interpretation

-0.05

GO correlated error

_0.1 0 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0. 04 0.6 0.8 1.0

(=)
o
]
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vZ box contributions

Apy = (1+05)A%, = (1+5Z<w>+5v<zfv>
1+57(w)

) A0,

(1+Ap+ AL (1 — 4sin® Oy (0) + AY)

+ l:|VVV[/ -+ |:’ZZ + DWZ(O) 9

0.04

0.02
(‘\]/-\
=

& 0
2

~0.02

0.01 0.1
2 2
O (GeV)

Tjon, Blunden, Melnitchouk (2009)

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

At Q% = 0.6 GeV? ~10-3 for Apv for H-llI

UNIVERSITYs VIRGINIA

Kent Paschke

0.4r

2
L v
iy
l/’
02_ I/,
4
. /)
i

Qweak

kinematics

resonance

T 15 2 25 3 35 4

E (GeV)

Sibirtsev, Blunden, Melnitchouk, Thomas (2010)

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

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

e
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The Axial Term and the Anapole Moment

Anapole Moment Correction: Anapole Form Fagtor
Isoscalar
Multiquark weak interaction in Ra{™1), RA(T=0) i
~pn T=1 (3) 0.8 r
G =-7,(1+ R{™')G}
+/3R"=°G'® + As s |
N 04 -
— w0 T
— — - LO+NLO for r=
. Lo oz - tomey
How does the correction change with Q= o LoNOfer2
00 ‘ 260 ‘ 460 ‘ 6(I)0 ‘ 800
| Q (MeV)
1.0 Anapole Form Factor
05 ' . G O ) | ' Isowlactor
T 0.0 |
!';.(_: | ] S 15 | //////// 1
< =1 Ga Q) [11] I
» SAMPLE [1] | N
. 1L €l | 2 05 oMy
D D S Rt
04 06 08 1.0 12 o
2 Rp— .?2 Q (MeV)
Q- (GeV~) Maekawa, Phys Lett B 488(2000)
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The Anapole Moment

Zhu error bar, correction scales with Fa(Q?)

» =015
) ®  MAPPEXII
— | * GO (FORWARD)
+ 010 ‘ ® HAPPEX-H
u(:Dlu Lk v MAMI A4 (different ) v
0.05 ’
: ts P .
aF
0.00 i e t
+ 'Y L |
| 9|
0.05'
GO correlated error
DAt —+———t L L
0.0 0.2 0.4 0.6 0.8 1.0 2
Q
approx G0 experimental error bar,
correction scales with Fa(Q?)
» =015
o) : ®  HAPPEX.II
- : ' * GO (FORWARD)
+ 0.10 . ® HAPPEX-H
w W : i Y MAMI A4 (differant 1) !
0.05 1 !
: s ' € o
0 00: ! .I"O.!. o ‘
+ 'Y L
gk
0.05.
GO correlated error
-0_10 .....................
0.0 0.2 0.4 0.6 0.8 1.0 2
Q

UNIVERSITYs VIRGINIA

Zhu error bar, correction
assumed flat in Q2

®  MHAPPEXI
= GO (FORWARD)

® HAPPEXH

r: ¥ MAMI A4 (different 1) .
0.05' t . '
0.00' 'ii°.';:. - + !
0.05'
GO correlated error
)0 [ | MU S S S S R ——
0.0 0.2 0.4 0.6 0.8 1.0
Qz
approx G0 experimental error bar,
correction assumed flat in Q2
» = 0.15 "
I o HAPPEXI
(,D: : * GO (FORWARD)
+ 0.0 . ® HAPPEX-H
(I(JDUJ '.'. Y MAMI A4 (d'memnl n v
0.05' t . ’ [
0.00; ' ii’.'ii. ’ + '
0.05.
GO correlated error
.0.10 .....................
0.0 0.2 0.4 0.6 0.8 182

Kent Paschke
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Charge Symmetry Violation

[ PROTON
0.000 —

Old Story: theoretical CSB estimates indicate <1% violations ootl U

Miller PRC 57, 1492 (1998) B

Lewis & Mobed, PRD 59, 073002(1999) o 0002 - 7
New Story: effects could be large as statistical error on HAPPEXx %:'ij'_ ]
data!

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

0,005 : L : ' '
0.0 0.1 1III.E 03
Q' [(G=Vie)]

Contribution from G*'“~ 0.004-0.009 near H-ll error bar | Correction at higher

HAPPEX-II: G°. +0.09 G5, =0.007 +/- 0.011 +/- 0.004 +/- 0.005 (FF) Q? not constrained
[ Helium-4 ]
Old Story: Nuclear effects all << 1%, no explicit correction made.
-*He g.s. pure isospin state: Ramavataram, Hadjimichael, Donnelly PRC 50(1994)1174
-No D-state admixture: Musolf & Donnelly PL B318(1993)263

-Meson exchange corrections small: Musolf, Schiavilla, Donnelly PRC 50(1994)2173
New Story: Nuclear admixture + nucleon CSB ~ 1% ... about 1/4 HAPPEX-He error bar
Viviani, Schiavilla, Kubis, Lewis, Girlanda, Keivsky, Marcucci, Rosati, nucl-th/070305

I ————————————
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Strange Vector Form Factors Are Small

o =015
Q) - ¢ HAPPEX-lI A,s uncertainty
: : - GO (FORWARD) — GIObaI Fipt p 0-15 T T TT | T TT | T TT | T 1T

0.10— ® HAPPEX-H — 3% of (G +nG)) i _ !
m+UJ | v MAMI A4 (different ) g " . B Q2 =0.62 GeV?2 -
B : ] A —
O | 5 |
0.05 R ]
———— 0.05— .

0.00- : :
- 0.05 -
-0.05 — - ’
N 041 —68.3% -
- 0 correlated error [ —95% . N
-0.1 0 I I I I I I I I I I I I I I I I I I I I 0 1 :I 11 | L1 11 | I | | | “‘ 1 | I | 1 I’W”;' | ‘|‘\‘;‘4
0.0 0.2 0.4 0.6 0.8 1.0 5 0132 03 -02 -0.1 0 01 02 03 04
Q Gy

« HAPPEX-III provides a clean, precise measure of Apy at Q?=0.62 GeV?, and finds that it is
consistent with no strangeness contribution to the long-range electromagnetic interaction
of the nucleon

 Recent lattice results indicate values smaller than these FF uncertainties

e Further improvements in precision would require additional theoretical and empirical
input for interpretation

I ————————————
UNIVERSITYs VIRGINIA Kent Paschke PAVI’11, Rome, Italy



Backup
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R e e 110+« - ¢ - oo

- Arrington and Sick (tpc) i r —— Arrington and Sick (tpc)

e Arrington and Sick
eobludaine — Arrington and Sick

1.05;

1.0;\?__“ : 1 ] x\.l, i

o s o s -
) O il
- - 3 ~ - o N
Q(DUJ ! ® Dwelench (Manz) g 1 1 00'\ : )‘(.. Pece{CEA)
9 L ® Gayou(2002) (Hat' ) o ST ‘ | a(;: P -I gpeoer (Bom)

1 g e ’} w' + 8 GeP? | 0.3%

Og'— @ Punpts (Ml A) l '{ "’L’" DESY)
= a  Gayou (2001) (Hall R) | l [i 0'95 -l O _::_:V,”‘,A.‘.‘ (Masnz)

Bosind (SLAC)

¥  MaclLachian (Hak C) l ol A sind (SLAC) | 0
O  Jones (2005) (Hall C) L % S i G M P 1 . 1 /0
. O  Hs(Hat A) — T Chemty (Hak C) .

095" oz 04

06 08 1.0

1.2 : 7 & Hadson (CEA) J ' s % GMn 1'4%

0 Markowitz (MIT-Bates)
i Anidin (1994) (Mainz)

@ Anderson (Hal A)
|
10 ’ RAna O 6%
! ' . » [ 1 T
Mayorhaft (Mainz) : \* ¢ . " '
i : o . 1 ||Total | 2.7%

Lachniet (Hall B, unpubishad)

n
M

GLIG
G/ u.Gp

L J
<
A

- Oninck (Madrg) -3 -

0. 1 5 b O ~3;13f ;ktul-_‘.u : : — 09 — —

B emen(aC) —— Arrington and Sick

- » Bermuth (Man2) - = .

Ghazer (Man2)

®  Plastar (Ha C) ' —— Arrington and Sick
u Goss (MIT-Baes) - - .

1

- - ._ll 11111 Ll 111 ll 11111 L1l 11111 L1l L L | - l 1 '8 - . ' .
028001 02 03 04 05 06 07 08 09 10 080 0.2 0.4 0.6 0.8 1.0

Q? [GeV?] Q? [GeV?]

Arrington and Sick, Phys.Rev. C76 (2007) 035201, nucl-th/0612079
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Compton Polarimetry, Transfer Function

E 23 mrad crossing angle
- 1 cm e- beam aperture !

¥ ~ﬂ
Me ’i\\;,: Z
: !\"CC\ \\\
j ‘, N 195S /
! (Q‘(;r ‘>\ ' o:{ Y
\‘ MO J .‘/‘/
B S
s cd o e 1
T T Ve
Theta@Exit (deg)
- Cavity Transfer Function (Right) |
P 97, -97.5
g - el
w
® ®
. -98.
g :
LEFT: R
AVERAGE : 97.90%, 52.3 degrees : 99.44%
withoutCavity: 98.46%, 48.9 degrees : 99.65%
RIGHT:
AVERAGE : -97.81%, 122.02 degrees : -98.59% 0 eta@ixtegy
withoutCavity: -97.67%, 110.78 degrees : -97.72%
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Helicity Correlated Position Differences

Over the ~20 million pairs measured in HAPPEX-II, the average position
was not different between the two helicity states by more than 1 nanometer

| X position difference

10°

10°
10*
10°

102

10

||||mI| ||||mI| ||||I1|'1 ||||mI| ||||mI| ||||mI| T1

1
-40 -30 -20 -10

|_X angle difference

0.56 +0.53 nm
RMS =2.77 um

10 20 30 40 50
micron

10
10°
10*
10
107

10

T30 —20 ~10

This was still the Ieading source of sxstematic uncertaintx in the Eroton asxmmetrx

PAVI’11, Rome, Italy
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—0.26* 0.24 nrad
RMS = 1.23 urad

0 10 20 30

u rad

| Y position difference

1.69 £ 1.83 nm

LY angle difference

100
micron

ol
($)]
o'

10

|||I'ITI1 |||I'ITI1 |||I'ITI1 |||I'I'II‘ LRLLLLLL |

-40 -30 -20

Kent Paschke

Y 0.21 £0.25 nrad
RMS = 1.29 urad

-10 0 10 20 30 40



Form Factor Separation | olesmssreswerm o sems

i\ SAMPLE

N\ FOIAN
N RSN i
0.2 Dz
a) J
0.1 " e
® ® This letter
® PVA4[3 e e e n
0.1 - . QCD lattice
. suggests
‘) ( .................... : Very small
» ceooooho ) effects
'1 4 1 'V Adelaide [29] :/ """"""
i 3;} n | = Kentucky [30]
O : “ e ——
0.2 ' T
0.4
Young et al., Phys.Rev.Lett. 97 (2006) 102002, nucl-ex/0604010
10— ; f
0.5 c) 2
T 0.0 — 1.0
=2 - !
i Ve hw " S G GaceelQ?) [11] oy 02
-1.0 ﬁ » SAMPLE [1] S 0.0}
20 R - R
00 02 04 06 08 1.0 12 10
Q% (GeV?) e
GO Backward Scattering, PRL 104, 012001 (2010)

iilli UNIVERSITYf VIRGINIA Kent Paschke PAVI'11, Rome, Italy



Transverse Single-Spin Asymmetry A-

Normal beam asymmetry for elastic ep-scattering

Unitarity-based model predictions

O~-. ] T T T T 1 T I 1 T 1 1 I 1 1

L] 1 T 1 Ll L] 1 T

Ill

024 ppm (syst)

\\
\
N
\\‘-

fl1‘ IIIIT

7f E=3GeV

S A&M, single-pion, W_ =2 GeV
cut ~~——
- P&VdH, single-pion, W =2 GeV P T v
9 afl. single-pion. W o= 2 G Afanasev
"~ |— A&M, all channels, no W-cut

(N YT Y TN N W WY TN WO NN TR W TN TN SN NN NN SN W NN SN NN NN
-10
0

AT = -6.58 ppm + 1.47 ppm (stat) :':

5 10 15 20
8 . deg
om

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

.

. .
» >

- - L.
- > R =

)

Normal Asymmetry [10

Beam normal single-spin asymmetry in
elastic electron scattering

-10}

-20

AT O<§€° (Ee X Eé)

Potential systematic error in Apy if

imperfect cancellation over acceptance

. . .
Normal beam asymmetry for elastic e- He scattering

Unitarity-based model predictions

L} 1 ! 1 T L} Ll

i Curve for E, =3 GeV

1 1 i 1 l 1 1 ]

T T T T T T T I T T

Afanasev

T T I T | Ll T I T T T T

Without inelastic states, 10

¢

A;=-13.51 ppm * 1.34 ppm (stat) *
0.37 ppm (syst)

1 1 1 1 1 1 I 1 1 l L 1 1 1 l L 1 L 1

0.05 0.1 0.15 0.2 0.25 0.3

- -
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The Axial Term and the Anapole Moment

~

G =-1,(1+ R™')GY
+V3R,™'G'Y + As

- Determined at Q?>=0 from neutron and hyperon
decay parameters (isospin and SU(3) symmetries)

Axial form-factors G,P, G,"

- Q2 dependence often assumed to be dipole form,
fit to v DIS and it electroproduction P

* Includes also As, fit from v-DIS data

Anapole Moment Correction:

Multiquark weak interaction in Ra(™=1), Ra(™=0) D
Zhu, Puglia, Holstein, Ramsey-Musolf, Phys. Rev. D 62, 033008
‘Model dependent calculation with large uncertainty /
‘Uncertainty dominates axial term &\
P

Difficult to achieve tight experimental constraint

UNIVERSITYs VIRGINIA Kent Paschke PAVI’11, Rome, Italy



Beam Asymmetries

OUT A=-0.368 +/- 0.224 ppm OUT A=-35.402 +/- 5.332 nm
asym_bcm1 IN A=-0.032 +/- 0.221 ppm diff_bpm12x IN A=61.049 +/- 5.186 nm

2F AVG A=-0.202 +/- 0.157 ppm 0.15E AVG A=12.025 +/- 3.721 nm

3 : ?
;é.+,1i]. | + | + + 4 m IR
- : T : 0.05F ;
_1;_ It ]e o 1] T + Of—*$.++ +$ ?‘ 5 +§++
2 -0.052—1‘{' +‘+‘F”' ;
3_ -0.1;— }
o TE 202530 0 5 10 15 20 25 30
Charge asymmetry (with feedback) Implies energy asymmetry at 3 ppb

averages to 200 parts per billion

OUT A=-2.220 +/- 3.258 nm

dift_bpmabx IN A=0.872 +/- 3.579 nm Individual detector response measured

N | AVG A=-0.700 +/- 2.416 nm

0.08F to be at the level of 5 ppb/nm
0.06F ¢

0.04f
0.02F
OF
-0.02F
0.04E

.0.06F
0.085

Total Correction: -0.010 ppm (0.05%)

Trajectory at target averages to <3nm,<0.5nrad

I ————————————
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Q% =0.62 GeV? in combination

0-15IIIIIII

Zhu constraint is used

0.1 for axial form-factor

0.05

-0.05— — 68.3% G0-only

—— 95% GO0-only

- IIII|IIII|IIII|II [ 1 1
0'1-%.4 -0.3 -02 -0.1 O 0.1 0.2
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Hall A Compton Polarimeter

Electron Beam

E =4.535 GeV
k=1.165 eV

Photon detector

Section efficace o, (barn)
=
[=2]
l

Magnetic Chicane

0.;1.[‘. | - P | il 1

Resonant cavity “photon target”, up fo 2kW intensity 0 50 100 150 200 250 300 350
k (MeV)

F E,-4.535 GeV
- k,=1.165 eV

4 =1 :Pnye><<;4th>

LD n+n”

Calibration of the analyzing power
Is usually the leading uncertainty

Asymetrie longitudinale (%)
S - N W Jli N OO N D

I
—_
TTTTT

measure asymmetry independently in:

L .8

50 100 150 200 250 306 ® l350
e momentum analyzed electrons k(MeV)

ppeRapiog g =gral

|
ON

e photons in calorimeter

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