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Outline

» Parity-violation in electron scattering
* Elastic Vector Strange Form Factors: Gs: and G3,,

- First generation results: HAPPEX-I, SAMPLE, PV-A4
- Latest results:

- 60 (forward-angle)
- HAPPEX-IT and HAPPEX-Helium

* The present situation at Q2 = 0.1 (6eV/c)?
+ The future...



Parity Violating Electron Scattering
— Weak NC Amplitudes
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Tiny (~107°) cross section asymmetry isolates weak interaction



Form Factors
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Adopt the Sachs FF: G =F/ + ) Gy =F +F/
(Roughly: Fourier transforms of charge and magnetization)

NC probes same hadronic flavor structure, with different couplings:
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GZg, provide an important new benchmark for testing
non-perturbative QCD structure of the nucleon



Charge Symmetry

One expects the neutron to be an isospin rotation of the proton™*:
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Isolating the form factors:
vary the kinematics or target
For a proton:

A:t:;%z}&+iw A~ few parts per million

p
A =eGPGL, A, =7G.GZ, A, =-(1-4sin’6, )EG]G:

Forward angle Backward angle
Gé,M =(1- 4sin” &, )1+ R\P)GS,M -1+ R\? )GE,M - GE,M
G,=-G,+As+nF,+R°

For “He: G alone (but For deuterium:
only available at low Q°) enhanced G ,° sensitivity

2 S
A, = CeQ sin” @, + Se
a2 2(Gg +Gg)




Measurement of P-V Asymmetries

A, = Or 701 106 5% Statistical Precision on 1 ppm

oy +0, -> requires 4x10!* counts

Rapid Helicity Flip: Measure the asymmetry at 10-4 level, 10 million times
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‘Polarized source uses optical pumping of strained 1k
photocathode: high polarization and rapid flip 4000 <2000 0 2000 4000

Statistics: high rate, low noise
Systematics: beam asymmetries, backgrounds, Helicity correlated DAQ
Normalization: Polarization, Linearity, Background




Early History: Tests of Weinberg-Salam-Glashow

= (C.Prescott, etall SLACE122 DIS on deuterium
Phys. Lett. 77B, 3 47 (1978), Phys. Lett. 84B, 524 (1979)

= W.Heil, etal Mainz  quasielastic “Be
Nucl. Phys. B327, 1 (1989)

= P, Souder, eta/l MIT/Bates !2C elastic
PRL 65, 694 (1990)



HAPPEX (first generation)

Hydrogen Target: E=3.3 GeV, 6=12.5°, Q2=0.48 (GeV/c)?

—GrpM?
APV — [ F PT] {(1 — 4sin2 0y )—
Ty 2
[eGH (GY +H[GH) + G (GY +|Gi4)]} Ad
(GP)? + (G
APV = -14 .92 ppm + 0.98 (stat) 06 (syst) ppm

- Phys. Rev. Lett. 82,1096 (1999).
ity” Beam @ JLab  Pays. Lerr. B509, 211 (2001);
Phys. Rev. C 69, 065501 (2004)

A, suppressed by &' (1-4sin20,) where &' =[t(l+T)(1-£?)]% ~ (0.08)(0.08) here.



SAMPLE (MIT/Bates)

Q?(GeV?)

Apy (ppm)

Ag + aGS, + BGS (T = 1)

0.1, LH»>

—5.61 = 0.67 £ 0.88 —5.56 + 3.37G'}, + 1.54G

0.1, LD>

—7.06 £ 0.73 £ 0.72

—7.06 + 0.72G%, + 1.66G

0.03, LD>

—3.51 £ 0.57 = 0.58

—2.14 + 0.27G%,; + 0.76G

1.0

&
%
(X

O
X
:‘"yf

XX
XK
‘Q

Gy 0.23 £ 0.36 + 0.40

Ge,=1) = -0.53 + 0.57 + 0.50
E.J. Beise et al/., Prog Nuc Part Phys 54 (2005)
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PV-A4 at Mainz

Fast PbF, calorimeter
= 1022 crystals in 146 frames
* 0 =30-40°, ¢ = 0-360°

x 102
£ 1800
21600
© 1400
1200
1000
800
600
400
200

n0  Elastic Peak
- Elastic Cut

Elastic Cut

LI R . L I
150 200 250
ADC-Channel 32

100

o
©n
<

For Q?=0.108 (GeV/c)?, 16x 10° histograms — 103 elastic scattering events



PV-A4 (MAMI/Mainz)

Q2 (6eV?) | A : stat + syst (ppm) Ges + ai),s
0230 | -544+054+0.26 | Gz+0.225 6,
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"Evidence for Strange Quark
Contributions to the Nucleon's
Form Factors at Q2 = 0.1 GeV?2"

PRL 94, 152001 (2006)

Back Angle runs underway to separate G5, 6, at additional points...



G° (JLab - Hall ©)

 LH,/LD, target (20 cm)
L =2.10% cm=2 s

e Superconducting toroidal magnetiCgeam
spectrometer (Phase 1)

tos
Magnet

(Phase ll)
e 16 “Rings” divided into 8 octants

Forward angle mode (completed):
«LH,: E,=3.0GeV
Recoll proton detection (52°< 6, <76°) Detector 8

E99-016, E01-115 and E01-116

% 0.12<Q2<1.0 (GeVic)? | Elastic cut
< 6
. Counting experiment — separate X /
_ . s 4 Pi
backgrounds via time-of-flight g ™ Inelastic

2| protons
Histograms built each 33 ms ﬂ/\
0 : Do

0 8 16 24 32
Time-of-flight (ns)




G0 Asymmetries (Forward-Angle)
* EM form factors: Kelly PRC 70 (2004) 068202

* Apys = ho vector strange” asymmetry = A(Gg, G = 0)

- inside error bars: stat, outside: stat & pt-p
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G0: Forward-angle results
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Gc = 65, = 0. Hypothesis excluded at 89% C.L.

D.S. Armstrong et a/., PRL 95, 092001 (2005)



HAPPEX (second generation)

E=3 GeV 0=6° Q2= 0.1 (GeV/c)? ,
New results: just

‘Hydrogen : G5: + o. G released (P. Souder

“4He: Pure G5.: AV - - % (2 sin2 0 | Gp””GE ) at Dallas APS meeting)

;o Gg!




IH Preliminary
Results

Raw Parity Violating Asymmetry

A, correction ~11 ppb

raw
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“*He Preliminary
Results

Raw Parity Violating Asymmetry

A.,, correction ~ 0.12 ppm

Helncu'ry Wmdow Pair Asymmetry
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Q? = 0.07725 + 0.0007 GeV?

A, = 5.253 ppm +0.191 ppm (stat)



HAPPEX-ITI 2005 Preliminary Results

HAPPEX-“He: Q2 = 0.0772 + 0.0007 (GeV/c)?
Apy = +6.43 £0.23 (stat) £0.22 (syst) ppm

A(6°=0) = +6.37 ppm
G = 0.004 + 0.014,,, + 0.013, )

HAPPEX-H: Q2 = 0.1089 + 0.0011 (GeV/c)?
Apy =-1.60 £0.12 (stat) £0.05 (syst) ppm

A(G=0) = -1.640 ppm + 0.041 ppm

G5 + 0.088 65, = 0.004 + 0.011,,,)+ 0.005 ) + 0.004



HAPPEX-ITI 2005 Preliminary
Results
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World Data near Q2 ~0.1 GeV?

IH N L I I I B B B :
4 MPLE with 1
0.15 Y calculation 6y® = 0.28 +/- 0.20
. 1 6 = -0.006 +/- 0.016
0.1 _]
005 7% q  ~3% +/- 2.3% of proton
L $) 1  magnetic moment

~0.2 +/- 0.5% of
,,,,,,,,,, electric distribution
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HAPPEX-only fit suggests

0.1 something even smaller:
N Prelimi 6, =0.12 +/- 0.24
.0.15— reliminary
B 6 = -0.002 +/- 0.017
i | Ll | | L1 | | L | | | | L L
-1. -1 -0.5 0 0.5 1 1.
Gs Caution: the combined fit is
M approximate. Correlated errors and

assumptions not taken into account



World data consistent with state of
the art theoretical predictions
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22.

16. Skyrme Model - N.W. Park and H.

Weigel, Nucl. Phys. A 451, 453
(1992).

Dispersion Relation - H.W. Hammer,
U.G. Meissner, D. Drechsel, Phys.
Lett. B 367, 323 (1996).

Dispersion Relation - H.-W. Hammer
and Ramsey-Musolf, Phys. Rev. C 60,
045204 (1999).

Chiral Quark Soliton Model - A.
Sliva et al,, Phys. Rev. D 65, 014015
(2001).

Perturbative Chiral Quark Model -
V. Lyubovitskij et al, Phys. Rev. C 66,
055204 (2002).

Lattice - R. Lewis et a/, Phys. Rev. D
67,013003 (2003).

Lattice + charge symmetry -
Leinweber et al, Phys. Rev. Lett. 94,
212001 (2005) & hep-lat/0601025



A Simple Fit (for a simple point)

0.0
Preliminar

— &  HAPPEX-I (anticipated)
B MaMI A4 (different n)
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Simple fit:

GEs = r_s*1

GMs = mu_s

Includes only data Q%< 0.3 GeV?

Includes SAMPLE constrainted with G,
theory and HAPPEX-He 2004, 2005

G0 Global error allowed to float with unit
constraint

Nothing intelligent done with form
factors, correlated errors, etc.

Quantitative values should NOT be
taken very seriously, but some
clear, basic points:

+  The world data are consistent.

Rapid Q? dependence of strange
form-factors is not required.

- Sizeable contributions at higher
Q2 are not definitively ruled
out. (To be tested by HAPPEX-
ITI, GO and A4 backangle.)



A Global Fit: R.D. Young, et al. nucl-ex/0604010
- all data Q%< 0.3, leading moments of G5, G S

0.15

- Reanalysis of SAMPLE Global Analysis

. 0.1+
huclear corrections (GO, PVA4, SAMPLE,

+ all HAPPEX data)
- Kelly's EMF

0.05¢
Theory, Leinweber et al.
- Float G,¢ separately TP \\<
for neutron and proton 6% CL
0.05! 95% CL

With HAPPEx-2005 data 7|

-0.15

45 4 05 0 __05 1 15
Figures: courtesy of R. Carlini Gy



G° : Backward Angle

* Detect scattered electrons at 6, ~ 110°
— Need separate runs at E = 362, 687 MeV
for Q%= 0.23, 0.63 (GeV/c)’
for both LH, and LD, targets

« Get GSM and GA

Additional detectors:
» Cryostat Exit Detectors (CED) to separate elastic/inelastic e

* Cerenkov detectors for = rejection
First Run - just completed (last weekend)

8 - "tBEDE Cerenkov
Vsl o000 0[O
CED/FPD - ooeel]o
coincidences  ° - DE" 0 - 0
at a4t o0« [
Q=036eV" | . mg  Inelastic
—) 2 0@ Elastic
?'i'ElElT\mmmmm

2 4 6 8 10 12 14 16

FPD incident




HAPPEX-IIT (2008)

¢ HAPPEX
® This Proposal

0 0.2 0.4 0.6 0.8 1.0

Paschke & Souder, EO05-109



Conclusions

+ Marvelous consistency of data, esp. at Q24=0.1 GeV?.

* Q%= 0.1 GeV? data: G5, and G5¢ consistent with zero;
constraining axial FF Yo Zhu et a/. theory favors positive G5,

» Still room (& hints?) for non-zero values at higher Q?

Future:

» 60 Backward: will allow G5), and G°¢ separation at two Q?

* Mainz: PV-A4 backward-angle program underway

* HAPPEX-ITII: high precision forward-angle @ Q% = 0.6 GeV?
+ Qweak: Standard Model test at low Q2 (2009)



Backup Slides



Two Photon Exchange

1. Beyond single boson exchange in electroweak interference:
= vy and yZ box and crossing diagrams.
= effects appear small at large ¢ and small Q?

= not a concern at present experimental precision.

2. Electromagnetic Form Factors used to extract strange form factors:

= which form factors to use?

3. Transverse Asymmetry/Beam normal asymmetry/Vector analyzing power:
= ©® “background” to PV measurements, if electron beam not 100%
longitudinal and detectors not perfectly symmeftric.
= © interesting in its own right - imaginary parts of TPE.



Validity of charge symmetry assumption

u < d
Gem =Gew  Gew = Gel G = Gely
Size of charge symmetry breaking effects in some n,p observables:
* n - p mass difference — (m, - m))/m, ~ 0.14%

+ polarized elastic scatteringi+ p, p+n AA=A - A =(33:6)x 10"
Vigdor et al, PRC 46, 410 (1992)

- Forward backward asymmetryn+p > d+n° A, ~ (17 + 10)x 10**
Opper et al., nucl-ex 0306027 (2003)

— For vector form factors theoretical CSB estimates indicate < 1%
violations (unobservable with currently anticipated uncertainties)

Miller PRC 57, 1492 (1998) Lewis & Mobed, PRD 59, 073002(1999)



Strange Quark Contribution to Proton
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http://www.npl.uiuc.edu/exp/GO/Forward



Friedrich and Walcher, Eur. Phys. J. A, 17, 607 (2003)
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EM Form Factors
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Time of Flight Spectra

Time of flight spectra for all
16 detectors of a single octant
- recorded every 33 ms

| Time of Flight Run 22140 Octant 2

[
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e

(signal)
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Positive Background Asymmetries

Det. 12-16 see smoothly varying peak in background asymmetries
- maximum magnitude ~ +45 ppm

Source is protons from hyperon weak decay scattering inside
spectrometer

- GEANT simulation with generator for hyperon production
based on CLAS data

- simulate both A and =+0 decays
» polarization transfer for A 100%
» assume 70% for =*

+ X0asymmetry scaled by further factor of -1/3 (C6
coefficient)

- simulation explains source; use measured data for actual
analysis



"Side-band" background correction

- Asymmetry and yield measured on either side of elastic peak

-> smooth interpolation is simple

Detector 8 - typical for low o mid Q?
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"Side-band" background correction @ larger Q?

- Background asymmetry ‘large’ & varying significantly under elastic peak

Detector 13 - typical for higher Q?
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7% - 20% error
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Positive Background Asymmetries: GEANT
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G0: Asymmetry with EW Radiative Corrections

Full form of asymmetry used to extract G;+nGy,

A=— 5 5 (1—4sm O, \eGe +1Gy, 1+RV)—
47a2 £GP +1G)

(662G +7GL G J1+ R )-(6G2G: +GLGS, J1+R” )-
<9'<1—4sin2 0, )G&GZ}

where
e _ b T=1 l . T=0 (0) dip
G¢ =—GP(1+R] )+{2(3F D)RL=" + As(1 + R¢ )}GA
and

GP =g,G =(F+D)GiP = — 9
A AS A ( ) A (1+Q2/A2A)2




Simple Fits to World Hydrogen Data

. Fit G:(Q*)+n(Q%E)G; Q%)=

Ara2 eGP +1G)”
gpa Q’ gGEEp (1++TR\§'\(;I) ) (Aphys ~ Auvs (Q2> E; ))

with simple forms for Gy, , G¢

c,Q*
G:lO?% )= 2 2 la Kell
(@) +dQ +d,Q°+dQ"

. (o7)__Gu(Q*=0)
ke )_(1+Q2/ASM2)2

with
G,f/l (Q2 — O): 0.81  from Q?=0.1 GeV?plot, dipole ff



HAPPEXx Error Budget-Helium

2005 2004
False Asymmetries 48 ppb False Asymmetries 103 ppb
Polarization 192 ppb Polarization 115 ppb
Linearity 58 ppb Linearity 78 ppb
Radiative Corrections 6 ppb Radiative Corrections 7 ppb
Q2 Uncertainty 58 ppb Q? Uncertainty 66 ppb
Al background 32 ppb Al background 14 ppb
Helium quasi-elastic background 24 ppb Helium quasi-elastic background 86 ppb
Total 216 ppb Total 205 ppb

Error Budget-Hydrogen 2004

2005
False Asymmetries 17 ppb False Asymmetries 43 ppb
Polarization 37 ppb Polarization 23 ppb
Linearity 15 ppb Linearity 15 ppb
Radiative Corrections 3 ppb Radiative Corrections 7 ppb
Q? Uncertainty 16 ppb Q2 Uncertainty 12 ppb
Al background 15 ppb Al background 16 ppb
Rescattering Background 4 ppb Rescattering Background 32 ppb
Total 49 ppb Total 63 ppb




Determining Q3
Asymmetry explicitly depends on Q?:

- 2 E‘;p n S p n S
APV = GFQ (1_481112 QW )_ E (GE +GE)2+ Z'GM (Gg/l —|—GM)
drra~?2 £(G?)’ +7(G})

Q® =2EE'(I-cos@) | Goal: &, <1%

| — Ez on Left Spectrometer — LeftHRS IV
Q? measured using standard s RMS 001862
HRS tracking package, with 3o
reduced beam current f:::_
= Q® (GeVic)
Q02004 006 008 0.1 012 014 016 018 0.2

Central scattering angle must be measured to 00 < 0.5%
Asymmetry distribution must be averaged over finite acceptance
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