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Outline

* Parity violation in electron scattering
* Vector Strange Form Factors: |G, and G,
+ Experimental Effort

+ Results from 60 at backward angles:

- Separated form factors at Q2% =0.23, 0.63 (GeV/c)?
- Other physics results

» Implications & Conclusions

“There is no excellent beauty that hath not some

strangeness in the proportion "
Francis Bacon 1561-1626



Strangeness in the nucleon

* P=uud+uu +dd+sS+g +.....

~
Nucleon in QCDM « Sea »

%, e s quark: clean candidate to study the sea
% o

eeege e How much do virtual §§ pairs contribute
to the structure of the nucleon ?
Momentum : 4% (DIS)
Spin:0to-10% (polarized DIS)
Mass : 0 to 30% (mN-sigma term)
(significant uncertainties on the latter two)

4

also: OZI violations in pp = —
wy

=

o=

Goal: Determine the contributions of the strange quark sea ( S5 )
to the charge and magnetization distributions in the nucleon :

Vector “strange form factors™ GS; and GS,



Parity Violating Electron Scattering
—> Weak NC Amplitudes
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amplitude makes Neutral —) “ry ‘ EM ‘
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accessible
Small (~10°) cross section asymmetry isolates weak interaction



Nucleon Form Factors

Adopt Sachs FF: G =F/ +1F) G, =F"+F]

(Roughly : Fourier transforms of charge and magnetization)

NC and EM probe same hadronic flavor structure, with different couplings:

2 1 1
GZJ;/M = _GE/M __Gg/M __GE/M

3 3 3

G7,, = (l—gsin2 0, )G}f/M - (l—gsin2 0, )Gg/M - (l—gsin2 0, )Gg/M

G4/ provide an important benchmark for testing
non-perturbative QCD structure of the nucleon



Charge Symmetry

One expecTs the neu’rr'on to be an isospin rotation of the proton™:

G _ n,u p.s n,s
E/M = E/M’ E/M — E/M?>? E/M — E/M
2 1 1
Gg’/l;v[ = _GZ/M __GZ/M __G;?/M 2 1 1
N7/ d u s
3 3 3 Gl);/M = _GE/M 3 GE/M 3 GE/M
G"Pem Ggm GPe 77 Measured
Charge d Shuffl
Y, g uffle =
G E.M “symmetry” G E.M > GnE,M —
GZ,pE,M GSE,M GSE,M +—T<N]| sy*s N>

PV

O, -0, M M, G.0 F(
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- e 1 A
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*recent work: B. Kubis & R. Lewis Phys. Rev. C 74 (2006) 015204



Isolating individual form factors:
vary kinematics or target
For a proton:

B GFQ ’
4me/§

A, =eGlGZ, A, =tGlG., A,=-(-4sin’6, EG’G:

A +4,+4,

9,

A= ~ few parts per million

Forward angle Backward angle
GE,M = (1_4Sin28W )(1+R15 )Gg,M - (13 +RI’; )GZ?,M _stf,M
G¢=-1,(1+R™™)G ,+3RT°G* +As

For 4He: G alone For deuteron:
, enhanced G ,¢ sensitivity
G.O | ., G,
Ay = sin” 6, + . 0,4,+0,4,
o2 2(Gy +Gp) Ay =

Oy



Theoretical Approaches to Strange Form Factors

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, ...

. . A S
- no consensus on magnitudes or even signs of Gy and G, !

Only model-independent statement: | G, (o =0)=0

a challenging problem in non-perturbative QCD

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; PRL 97 (2006) 022001
- Loi, et al. arXiv:0903:3232 [hep-ph] situation is unsettled



Strangeness Models
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The Axial Current Contribution

20

unp

Recall:

A, =€0)G, Gy, A, =1G}, Gy,
A, =~(1-4sin’6, ) £(6) G}, G;

G =-1,(1+R"™)G , +v3RTG® +As

- Effective axial form factor: G,°(Q?)

- related to form factor measured in neutrino
scattering
- also contains “anapole” form factor

- determine isovector piece by combining proton
and neutron (deuteron) measurements

N

N



Parity-Violating Electron Scattering Program
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Summary of data at Q% =0.1 GeV?

8III|IIII|I I|IIII|IIII|II!I|IIII|I[I_
Solid ellipse: Q2~ 0.1 GeV2 -
K. Paschke, private comm,
[same as J. Liu, et al SAMPLE with

G, calculation

PRC 76, 025202 (2007)],
uses theoretical constraints
on the axial form factor

et al (5065 HAPPEX-He’

Dashed ellipse:
R. Young, et al.
PRL 97 (2006) 102002,
does not constrain G,
with theory

% Electric Contribution

note: Placement of SAMPLE band
on depends on choice for G,
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Geu y ( _ l) %100 % Magnetic Contribution
(thanks to K. Paschke, R. Young)
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EM
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G° (JLab - Hall €)

- Superconducting toroidal
magnhetic spectrometer

- 16 "Rings" of detectors

Forward angle mode (completed):
.LH,: E,=3.0GeV

Recoil proton detection (52°< 6,<76°) -
L 0.12<Q%?¢10 (6eV/c)? il Elastic cut

| /

4t Pions

- Counting experiment - separate
backgrounds via time-of-flight

Inelastic

0 P

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

Yield (kHz/pA/ns)




EM form factors:

G0: Forward- angle results J.J.Kelly, PRC 70,

068202 (2004)

L Correlated systematic

00— + +H+

= GO (FORWARD)
i A HAPPEX-|
01— » HAPPEX-H (2005) ¥ HAPPEX-H (2004)
- [7 . HAPP.EX',S o .‘ ,MA.M”.M (G!ifferlent .") |
0.0 0.2 0.4 0.6 0.8 1.0

Q2

G.=G;, =0 Hypothesis excluded at 89% C.L.
D.S. Armstrong et al., PRL 95, 092001 (2005)




GO Back Angle Appam‘rus schematic

CED +

Single Octant Schematic

}Shielding

Focal Plane Detector

( Cryostat Exit Detector -

Kinematic ' ,
separation of
elastic, inelastic

Polarized electron beam at 362, 687 MeV, I ~ 20-60 uA
Target: 20 cm LH,, LD,

Elastic, inelastic scattering at ~108°, AQ ~0.5 sr
Electron/pion separation using aerogel Cerenkov



Superconducting
Magnet

FPD (1 octant)



CED

CED

Electron Yields

4 6 8 10 12 14 16
FPD
L inelastic electrons

LD2, 687 MeV

.6 493

Gl 5

40
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- N [ g o 9 ~N © ©
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background regions (quasi) elastic electrons
LH2, 687 Me C LH2, 362 MeV
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- N w b (3 o ~N -] ©o

CED
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Analysis Strategy

Blinding
Factors
X0.75-1.25

H, D Raw Asmietries, AmJ
Corrections
Scaler counting correction

Rate corrections (electronics)*
Helicity-correlated corrections

Background asymmetry

Beam polarization®
EM radiative correction

Q? Determination* —= H, D Physics Asymmetries, A,

i

s s e Forward measurements
GE > GM > GA EM form factors®

*See talk by F. Benmokhtar



Scaler Counting Problem

Electronics sorts detector coincidences (scatez ] |

scale2
(CED; and FPD)) into separate scaler channels Entries 37773
. . r ) Mean 2.956e+04
- FPGA-based system in North American r Bench Test RMS 5589

10’ L

electronics (4 octants)

[
10‘L—

Error in FPGA programming, two short

(~3 ns) pulses could be sent to scaler in< 7 ns
- ~ 1% of events have such pulse pairs (worst case)

» Such pulse pairs sometimes cause

X total count in scaler | allcount2
scaler to drop or add bits =
- Detailed simulation of ASIC with propagation = Simulation o
delays between (flip flop) elements 1075
E |
- Effect on asymmetry is <0.01 A, i )

- Test by cutting data :
- compare with French octants, and with 10 MJ J‘
— | | h | J | " ‘l

data after FPGA fixed

g
:

:
i
oa
g



Polarized Beam Properties

Charge asymmetry (ppm) X difference ([n]m)

o . . % =
85.8% Polarization > F Out 013163000602 /<5209 E [ Ou $571022:427883 /=240
@ F ‘ Pt ‘
*(see F. Benmokhtar's talk) £ ¢ ,w/ feedback ol
o uf ‘ =
. . <t 1o 1 r
Polarization reversal: 30 Hz, 3 gl il
c o L
O r £
random quartets (+--+, -++-) [
’ i 0314602 010677 7= 4195 Wy AT ASTIR F 22598 |
32000 nw0 3400 32600 - 32800 33000 " 32000 32200 32400 3600 y 32800 000 “
Slow helicity reversal:
7\/ 2 wave plafe IN Cmd oOuT EW:_ Out. BAT8852 287934 /73210 T E out Tamie0=022009, /2078
By S
sw:— g 0:_
Helicity-correlated properties:
00— .
Achieved g s
Beam Parameter L= C }
(OUT-IN)/2 r In: 50.80557 + 2.36641;” = 3.558 f In: -8.90424 = 0.23344 1 = 2.502
32000 32200 32400 32600 32800 33000 " 32000 32200 32400 32600 32800 3000 “
charge asymmetry 0.09 +/- 0.08 ppm
X position difference -19+4/-3  nm T b Out LMO6501004, =140 ;?.E YET Ot 001343 = 0.00071,7 = 2660
(= E ~ ],: ‘
y position difference -17 +/-2 nm g <
x angle difference -0.8 +/-0.2 nrad &
of
y angle difference 0.0 +/-0.1 nrad f-
b of-
energy difference 25+/-05 eV oE I 331000822 2 292 WE I 0008502000073 7= 4537
B 6 32000 32200 32400 JZU"EO' 32800 33000 B 32000 32200 32400 32650’ 32800 3000 "
Beam halo (out 6 mm) <0.3x10

Run Number



Correcting Beam Asymmeftries
Ay = A - Ag S 5B,AX,

ra
‘natural beam jitter (regression)

Determine Slopes from oo modulation (coil pulsing)

Independent methods provide a cross-check.
Each subject to different systematic errors.

Regression: Coil Pulsing:

* Natural beam motion, measure * Induce non-HC beam motion with
yield vs. beam parameter coils, measure dS/dC;, dx/dC;

- Simultaneous fit establishes - Relate slopes to dS/dx;

independent sensitivities

Sensitivities ~bx smaller than at forward angle



Correcting Beam Asymmeftries
- Adet ) AQ i 2i=1,5ﬁiAXi

‘natural beam jitter (regression)

A

raw

Determine Slopes from

| Slope vs. Octant |

‘beam modulation (coil pulsing)

1oy

m
=2
-

X slopcg (%/mm)
=
o

-0.051

0.1

-0.15

(=
T [

Yay

%/mm)

Slope vs. Octant |

i

+

l]lllll

llllll!lllllll
5 6 7

8
Octant #

1 aY %/mm)

Y slope (%/mm)
¢ e
I

%
R

Yay

-0.05_—

-o.1l—llllllllllll

Octant #

Consistent sensitivities from regression and coil pulsing

Net false asymmetry ~ 0.1 ppm



Rate Corrections™

Counting experiment: must correct yields for Random Coincidences

& Deadtime before calculating asymmetry

« Randoms: small except for 687 MeV LD2 (higher pion rate)
- Direct (out-of-time) measurement

Deadtime corrections: Simulated
complete electronics chain using
measured singles rates, efc.

Data | Correction | Asymmetry | systematic

set to Yield (%) | Correction | error (ppm)
(Ppm)

H 362 |6 0.3 0.06

HG687 |7 1.4 0.17

D362 |13 0.7 0.2

D687 |9 6 1.8

= N W H» OO O N 0 ©

Deadtimes (%)

= N W OO N OO O
TT TTTTTT

LH2, 687 MeV |77

6.7 6.5

75 6.1 .

54 43

LH2, 362 MeV igr ’

59 52 53

59 52 54
. 6.0 51 51
58 5.0 48
6.1 5.0 438
4.8 46 4.7
, R

PR T BT S I
6 8 10 12

I |
14 16 °

*more details: see F. Benmokhtar's talk



Elastic Asymmetries

- Hydrogen, 687 MeV  (similar for all target/energy combos)
+ Effect of rate, helicity-correlated corrections:

[ In (BLUE) and Out (RED) | 1 ndf 52237 | | In (BLUE) and Out (RED) | 1* 1 ndf 571817
;r)ob o Ozsggg Prob 0.573
TE\ N * 1442 TE\«&CE { ) 4338 + 2908
S : : — ! S F i i .
8 40 [~ T f S T \Q‘“_ T T * * T
= - * f
§ o §2(;:-—
€ £ Pass 1-Raw asymmetries o> ew | 8 F e !
(— - 10 35' - - - - ) f
g Js y y 474285 g o~ 2-Scaler counting correction X P
> “F @ 0
D L e e I L
Py 4 C ¢ Y *
o ! Qo= *
:21‘1‘1‘1:;31 T T T T T
Oct 1 2 ) 4 L) 3 7 3
Oct
[ In (BLUE) and Out (RED) | 1 indl 5459507 ||In (BLUE) and Out (RED) 1/ ndf 5491/(7
2 i 2 sl
— 4487 + 3. o 4485+ 3
§ ) } ——E\ 0 *
s F—¢ 2 — S .; ! 4 —
% 205— Tl 5687 e _ ) ) Fndi 66897
s °F 3-Rate correction o o 4l € of 4-Linear regression correction P o 008
E : & E : / / SRYA
20— 20 f=
3 ; LNy ;
= 40 =
e — - e
= 0~
_80:1 'l [ B | { e} l PR R T S A N T A A | l PR T U U B N O I | :, | | L ? L | L | | 1

"~
=
-
o
o
~
o
=
r~
w
=
o
o
—
o
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Backgrounds

Primary background from aluminum target windows
- about 12% of yield for all target/energy combinations
- carries same asymmetry as deuterium (within ~ 2%)

JU contamination in D at 687 MeV
- 5% contribution (measured), nearly zero asymmetry (measured)

Hydrogen

A — meas f Al AAI -]Fother other
el
1 _ f Al f.other

Deuterium:

meas - f pion plon f other other

el —
1 - fpion — J other

with — f. ~222% A =0

other

>



Backgrounds: Magnetic Field Scans

Use simulation shapes to help determine dilution factors

D, 687 MeV, CED 8 FPD 13

— 0.07 » Data

< - : :
3. C Nominal setting e Simulation total
N 0.06 — o \ * Quasielastic (radiated)
T , )
~ - }{' * Inelastic (radiated)
- - Aluminum (target cell)
% 0.05 [ i
o - ’ k ’* ¥ decay
0.04 — .
- ¢ 1
- ¢ | : ¢ %é
- } } ; ¢ ¢ o
— é L
0.03 | * }i o, ;o
- } { o
0.02 — ’
- . * *
001 ) .
. - e 0 ‘B ° + i
o I o
O_l.l I.l L9 I.I l’l Iil IQ | Iu | I: lV | I;' | r! | I.‘. | 9 I 3 | ® | I
2000 2500 3000 3500 4000 4500 5000

Magnet Current (A)



CED

Oct2_eCED_FPD (Hz/uA)

300

2

2tic Field Scans

,sormine dilution factors

“D13

3 & 100 » Data
2 0  Simulation total
1 ¢ Quasielastic (radiated)
4 6 8 10 12 "o ae * |Inelastic (radiated)
- - : Aluminum (target cell)
% 0.05 l e
o - } ¢ ¥ decay
0.04 — .
— @ .
- ¢ | : ¢ h
— + } * ¢ ¢ {
I é L
003 MR g
- | { *
0.02 — . . *
B o .
0.01— e [ i .
~ ) é * ®
- ¢! . 2 2 p 9 $
0_1‘1 ot 10 (%] %, ,®, |®, ¥, 1 [T S T T ?l o |
2000 2500 3000 3500 4000 4500 5000

Magnet Current (A)



Other Corrections to Asymmetries

- Beam normal single-spin asymmetry (transverse asymmetry)

o Any small transverse component in beam polarization + imperfect detector
azimuthal symmetry + beam-normal spin asymmetry = false asymmetry

o Measured asymmetry directly with transverse beam = see J. Mammei's talk

Net correction < .01 ppm

* EM radiative corrections [Tsai (1971)]

LH2 687 with Radiation

LH2 687 no Radiation

A0 AD
Entries 55750 Entrles 239418
Mean -36.88 Mean -38.27
z RMS 3.408 000 RMS 1.269
2600 S L
] ]
< z [
2500 200
@ e |
400 -
600~
300
400
200 B
100 el
&' """" L e e o e s e e e i v
0 70 -60 -50 40 -30 20 -10 0 S T S T S T R T T1]
A0 (ppm) A0 (ppm)
=< Entries 5 ;‘""“ 2032;212
1" 0.64 14 ean 0.
z e K v RMS _ 0.01227
J700F 5200 C
® 2
— )
& 600 a4 000
500 — E
800
400 F
600
300 C
200 400
100 200
ST PR RPN oA Lt LR It I is i bt E
R T D R R R

Q2 (GeV)

Q2 (GeV)

GEANT: Calculate asymmetry
based on kinematics at vertex
after radiation, compare to tree
level; both calculated after
dE/dx in target

Tgt/Energy AO rc AO tree RCcorrec‘tion
LD2 687 -46.6 -48.43 3.7%
LD2 362 -13.64 -14.17 3.9%
LH2 687 -36.81 -38.22 3.8%
LH2 362 -10.1 -1049 3.9%



Asymmetry Uncertainties (1)

* Hydrogen, 687 MeV

Value | Stat | Sys Pt| Sys Gl Total
(ppm) | (ppm) | (ppm) | (ppm) | (ppm)
Measured Asymmetry -38.14 | 2.43
Background Asymmetry 3827 0.40
Dilution Correction 0.47 0.52
Transverse Correction 0.008
Rate Correction -38.39 0.17
Beam Polarization -44.76 0.52 0.53
EM Radiative Correction -46.14 0.16
Physics Asymmetry -46.14 | 243 | 0.84 0.75 2.68



Asymmetry Uncertainties (2)

« Deuterium, 687 MeV

Value | Stat | Sys Pt| Sys Gl Total
(ppm) | (ppm) | (ppm) | (ppm) | (ppm)

Measured Asymmetry -44.02 | 3.34

Background Asymmetry 46.05 0.050

Dilution Correction 0.38

Transverse Correction 0.009 [ 0.008

Rate Correction -46.35 1.82

Beam Polarization -94.03 0.62 0.64

EM Radiative Correction -55.87 0.19

Physics Asymmetry -55.87 | 3.34 | 1.98 0.64 3.92



Asymmetry Uncertainties (3)

- Hydrogen, 362 MeV

Value | Stat | Sys Pt| Sys Gl Total
(ppm) | (ppm) | (ppm) | (ppm) | (ppm)
Measured Asymmetry -9.941 | 0.872
Background Asymmetry 9441 0.034
Dilution Correction 0.109 | 0.362
Transverse Correction 0.025 | 0.008
Rate Correction -9.444 0.090
Beam Polarization -11.010 0.223 | 0.132
EM Radiative Correction -11.416 0.022 | 0.000
Physics Asymmetry -11.416 | 0.872 | 0.268 | 0.385 0.990



Asymmetry Uncertainties (4)
* Deuterium, 362 MeV

Value | Stat | Sys Pt| Sys Gl Total
(ppm) | (ppm) | (ppm) | (ppm) | (ppm)

Measured Asymmetry -14.047 | 0.813

Background Asymmetry 14114

Dilution Correction 0.020

Transverse Correction 0.038 [ 0.008

Rate Correction -14.152 0.232

Beam Polarization -16.498 0.331 | 0.197

EM Radiative Correction -17.018 0.059

Physics Asymmetry -17.018 | 0.813 | 0.411 | 0.197 0.932



Determining Form Factors

Starting from asymmetries, need
- Effective Q?determination® - simulation
- Deuteron model (Schiavilla, priv. comm.)
- Electromagnetic form factors™ (Kelly PRC 70 (2004))
- Electroweak Radiative corrections

check on 2-boson corrections*
(Arrington, Blunden, Melnitchouk, et al.; Zhou, Kao & Yang, priv. comm.)

O,
5t ",
: -

-10} :

Interpolation of
G0 forward angle data:

Aphys (ppm)
o

25}
.30+ %
B0 02 04 06 08

*see F. Benmokhtar's talk

Q° (GeV?)



Deuteron Model

. . . S S e
Calculation from R. Schiavilla Aphys =a, + alGE + azGM + a3GA
- includes FSI and 2-body effects
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EM form factors:

Forward Angle Results - reminder ..y rrem,

068202 (2004)

o =0.2
L) L
f L Correlated systematic /'
o W B
M 01—
L . + !
-] + H + | l
0.0 'l' H—r+
B = GO (FORWARD)
i 4  HAPPEX-I
01— » HAPPEX-H (2005) ¥ HAPPEX-H (2004)
| v HAPPEX-3 l ®  MAMI A4 (different n) |
0.0 0.2 0.4 0.6 0.8
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Backward Angle Results: Preliminary

* Using interpolation of 60 forward measurements
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Contributions to Overall Form Factors
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NEXT STEP: fit 33 separate asymmetry measurements for
H, D, He targets
- at this point, not all data at quite the same level...
consistent EM form factors, radiative corrections, CSV...



Preliminary Inelastic Asymmetries

G, N2 (Q?) : Isovector (AI=1), spin-flip form factor - encodes space/spin
structure in transition fo I=3/2 resonance, analogous to G, (Q?)
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[OUT + IN =0.07 £ 5.1 ppm]

Raw data: Backgrounds,
radiative corrections
not yet included

[OUT + IN =-9.9 + 10.5 ppm]

We seek theory guidance
for the deuteron case



Asymmetry (ppm)

N
o

—_
(9]

—_
o

9}

-10

-15

-20

Preliminary Pion Asymmetries

- Measure inclusive = from D target, dominated by photoproduction
- Asymmetry at Q? =0 not zero 2 constrain small asymmetry “d,"
- d, related to the anomalous AS = 1 hyperon decays

LD2 362 MeV

(OUT = IN)/2 = -0.56 + 1.03 ppm
[OUT + IN = 3.84 % 2.15 ppm]
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working on systematic
uncertainties
(~ 0.5 ppm):



Summary

Comparison of electromagnetic and weak neutral elastic form
factors allows determination of strange quark contribution

- large distance scale dynamics of the sea

Small positive G, at higher Q?, (5, consistent with zero, small
quenching of ¢ , consistent with theory

- next step: global fit to all 33 asymmetries

First measurement of neutral current NA transition around Q2 = 0.3 GeV?
First measurement of PV asymmetry in inclusive - production at low Q?

see J. Mammei's talk: First measurements of tfransverse asymmetries in
- back angle elastic scattering from H, D targets
- Inclusive m production

“Do not infest your mind with beating on the strangeness of
this business” - W. Shakespeare (The Tempest)




