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Introduction

* Form Factor
response of system to momentum transfer Q,
often normalized to that of point-like system
Examples:
< Scattering of photons by bound atoms
<Nuclear beta decay
<X-ray scattering from crystal
<Electromagnetic and weak probing of nucleon
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Nucleon Electro-Magnetic Form Factors

A Fundamental ingredients in "Classical” nuclear theory
- A testing ground for theories constructing nucleons from quarks and gluons
* Provides insight in spatial distribution of charge and magnetization
- Wavelength of probe can be tuned by selecting momentum transfer Q:
<0.1 GeV? integral quantities (charge radius,...)
0.1-10 GeV? internal structure of nucleon
>20 GeV?2  pQCD scaling

Caveat: If Q is several times the nucleon mass (~Compton wavelength),
dynamical effects due to relativistic boosts are introduced, making physical
interpretation more difficult
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Formalism

Dirac (non-spin-flip) F, and Pauli (spin-flip) F, Form Factors

a’E 'cos (—)
— (E,0) = 5-[(R® +x°1F,) + 21(F, + &F,) " tan’ (—)]
4E’sin (—)

do
dQ

with E (E") incoming (ou’rgoing) energy, 0 scattering
angle, k anomalous magnetic moment and t = Q2/4M?

Alternatively, Sachs Form Factors G: and G,, can be used

GM _GE = Q2
xk(1+7) AM 2

F =G + G, F, =

a’E'cos’ (g)

Oy =

2 2
A
Y TOu 2762 tan’ G o 4E7sin ()

1+7

In ‘rhe Breit (centre-of mass) frame the Sachs FF can be written as the Fourier
transforms of the charge and magnetization radial density distributions
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The Pre-JLab Era

- Stern (1932) measured the proton magnetic moment p, ~ 2.5 iy
indicating that the proton was not a point-like particle
- Hofstadter (1950's) provided the first measurement of the proton's
radius through elastic electron scattering
- Subsequent data (< 1993) were based on:
Rosenbluth separation for proton,
severely limiting the accuracy for GgPat Q%> 1 GeV?

- Early interpretation based on Vector-Meson Dominance

* Good description with phenomenological dipole form factor:

2
A’ :
G, =9—= With A=0.84GeV
N +Q

corresponding to p (770 MeV) and o (782 MeV) meson resonances
in timelike region and to exponential distribution in coordinate space
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Global Analysis

P. Bosted et a/.
PRC 51, 409 (1995)

5
G2 IG, =G} /G, = [1+ ZaiQi];
=1

: 4
ol | y G" /GD=[1+ZbiQ‘]; Gl =0
i=1

Three form factors very similar
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Ge" zero within errors -> accurate
data on G¢" early goal of JLab
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Modern Era

Akhiezer et al., Sov. Phys. JETP 6, 588 (1958) and
Arnold, Carlson and Gross, PR C 23, 363 (1981)
showed that:

accuracy of form-factor measurements can be significantly improved by
measuring an interference term G¢6G,, through the beam helicity
asymmetry with a polarized target or with recoil polarimetry

Had to wait over 30 years for development of

* Polarized beam with
high intensity (~100 yA) and high polarization (>70 %)
(strained GaAs, high-power diode/Ti-Sapphire lasers)
* Beam polarimeters with 1-3 % absolute accuracy
* Polarized targets with a high polarization or
- Ejectile polarimeters with large analyzing powers
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Spin Transfer Reaction

Joc G +0xQx*G,,

Polarized electron transfers longitudinal polarization to G,
but transverse polarization to G,

No error contributions from
& — _ RE+E tan(ij - analyzing power
GM |I>I 2M 2 - beam polarimetry

Polarimeter only sensitive to transverse polarization components
Use dipole magnet to precess longitudinal component to normal
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Double Polarization Experiments to Measure G";

» Study the (e,e'n) reaction from a polarized ND; target
limitations: low current (~80 nA) on target
deuteron polarization (~25 %)

* Study the (e,e'n) reaction from a LD, target and
measure the neutron polarization with a polarimeter
limitations: Figure of Merit of polarimeter

» Study the (e,e'n) reaction from a polarized 3He target
limitations: current on target (12 pA)
target polarization (40 %)
huclear medium corrections

G A 0
2
= =—- 7+ 71+ 7)tan"(3)
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Neutron Electric Form Factor Gg"
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Galster:

a parametrization
fitted to old (<1971)
data set of very
limited quality
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Most recent results (Mainz, JLab) are in
excellent agreement, even though all
three different techniques were used
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Measuring G",

Old method: quasi-elastic scattering from 2H
large systematic errors due to subtraction of proton contribution

d°c(eD = e'n(p))

* Measure (en)/(ep) ratio r __ UEdQ.dO
Luminosities cancel ° d’c(eD =e'p(n))
Determine neutron detector efficiency dE'dQ,dQ

* On-line through e+p->e'+m*(+n) reaction (CLAS)
- Off-line with neutron beam (Mainz)

* Measure inclusive quasi-elastic scattering of f polarized 3He

~(cos VR +2sin G cosp Vo Ry

R+ directly sensitive to (6")?

v R +V:R;
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Preliminary G",, Results from CLAS

1.2

Arnold

Rock

Lung
Markowitz
Anklin(1994)
Bruins
Anklin(1998)
Kubon

Gao
Xu(2000)
Xu(2002)

| sk - — ] CLAS (preljm)
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G,\" closely follows G behaviour up to 5 GeV?
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Early Measurements of GgP

relied on Rosenbluth separation

measure do/dQ at constant Q2

GeP inversely weighted with Q?, increasing the systematic error
above Q2 ~ 1 GeV?

O'R(QZ,) [1+ jEE'(TCEEQ) (GF )(Q )+ (Gp) (Q)H S —

Mo - i 500 -

¢ 2.50 06.00

2 . 5,0 1 P 2302883

Q" =4EE'sin“(2)| |¢=
2 1+2(1+ 7)tan?(0/2) QM
At 6 GeV? o changes by only 8% iz /y/&/'h
from e=0 to e=1 if GgP=6,P/ 1, 8 -
Hence, measurement of G P with = .
10% accuracy requires 1. 6% I |
cross-section measurement _,%/,"}’_
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Spin Transfer Reaction H(e,e'p)

P, =0

n

+hP, = Fh2y (1 + r)GEth'jtan(@ )

+hP, =xh(E, + E, )(Gy; )2,/ 1+ r)tanzki)/ M/,

l, = {G (QZ)} + T{Gp(Qz)} L1+ 2(1+ 7)tan ( ﬂ

GP P E E. (6’ No error contributions from
—E _ _ + tan - analyzing power
G, P 2M \2) - beam polarimetry
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JLab Polarization Transfer Data

1.5 T

E93-027 PRL 84, 1398 (2000) -
Used both HRS in Hall A with FPP I

E99-007 PRL 88, 092301 (2002)
used Pb-glass calorimeter for electron

detection o match proton HRS
acceptance

Reanalysis of E93-027 (Pentchev)
Using corrected HRS properties

No dependence of polarization transfer
on any of the kinematic variables

0.0
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Super-Rosenbluth (E01-001)

J. Arrington and R. Segel (hucl-ex/0410010)

 Detect recoil protons in HRS-L to diminish

sensitivity to:

* Particle momentum

* Particle angle

* Rate
Use HRS-R as luminosity monitor
Very careful survey

£E=2842, 4=12.682, P0=2978.86, Q2=4.1
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Rosenbluth Compared to Polarization Transfer

2.0

= L Arrngton

B & Chisty

L O Segel

5
LL& : ﬁ | L
& ! ]
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T e 0
& IGeV

John Arrington performed detailed reanalysis of SLAC data

Hall C Rosenbluth data (E94-110, Christy) in agreement with SLAC data

No reason to doubt quality of either Rosenbluth or polarization transfer data
Investigate possible theoretical sources for discrepancy
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Two-photon Contributions

w, G/ Gy,

Guichon and Vanderhaeghen (PRL 91, 142303 (2003))
estimated the size of two-photon corrections (TPE)
necessary to reconcile the Rosenbluth and
polarization transfer data

~ 12 ~ 12 — 0]21456
to Bull s B afe ol o Y
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o 0.02
Need ~3% value for Y,, (6% correction to &- ;
slope), independent of Q2 which yields minor 001 ¢
correction to polarization transfer 0
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Two-Photon Contributions (cont.)

Blunden, Melnitchouk and Tjon (PRL L& ' ' ' T '
91, 142304 (2003)) investigated the * |
. . 1

box (and cross) diagram in the s * ob ﬁ #XL ! !

radiative correction, but only the . osl | 1

elastic contribution. The yp form = . °{+ + |>< \ |

factor was assumed to follow a 0.6} * |

monopole dependence. - o, Hg o4 ®

Need estimate of inelastic 04T dipole FF 0505 = 0‘ i

(resonance) contributions! 0.2} X corrected Rosenbluth -
I o corrected PT -

Recent calculations use a more sl t, o

realistic dipole form factor, 9 1 2 , 8 , % & 8

decreases the discrepancy even more Q (GeV™)
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Two-Photon Contributions (cont.)

o/ (1, Gp Y
Chen et al. (PRL 93, 122301 (2004)) 24 12
Model schematics: 122 L2 = 0’ = 4GV +
* Hard eq-interaction 118 £ 114 [
- GPDs describe quark g 112 |
emission/absorption Lz | rodl:
*  Soft/hard separation ol 06 B
. Assume fﬂCTOI"iZGTiOH D 02040608 1 0 0204 06 0.E 1
: 1.08
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Experimental Verification of TPE contributions

1.15

Experimental verification
* non-linearity in e-dependence
(test of model calculations)

- fransverse single-spin asymmetry
(imaginary part of fwo-photon
amplitude)

* ratio of e*p and ep cross section
(direct measurement of two-photon
contributions) 0 v

existing data set

CLAS PR04-116

* CLAS experiment EO4-116 aims at a
measurement of the ¢-dependence of the
e+/e- ratio for Q2-values up to 2.0 GeV?

* At the VEPP-3 ring that ratio will be
measured at two - and Q2-values

I
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Reanalysis of SLAC data on G,

Extraction with ratio constraint

1.2

11—
E. Brash et al. (PRC 65, 051001 =
(2002)) have reanalyzed SLAC =
data with JLab 6¢P/6,P results - -
as constraint, using a similar o 9
fit function as Bosted S F

] . ° o~ 08— A Andivahis (1994)
Reanalysis results in 1.5-3% = % Bartel (1973)
1 — *  Berger (1971)
increase of G,P data 07F o Lt 1970
= O Janssens (1966)
0.6— o Sill (1993)
— - - Bosted (1995)
0.5:_ — This work
Y, 1= INRERIT NIRRT
10 i 10
Q [GeV?]
e e Y T T
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Theory

is,iv m2

Fl,é — ng m? +XQ2 Fl,z(Qz)
A Vector Meson Dominance X

Photon couples to nucleon exchanging vector meson (p,®,)

Adjust high-Q? behaviour to pQCD scaling

Include 2m-continuum in finite width of p

Lomon 3 isoscalar, isovector poles, intrinsic core FF
Tachello 2 isoscalar, 1 isovector pole, intrinsic core FF
Hammer 4 isoscalar, 3 isovector poles, no additional FF

A Relativistic chiral soliton model
Holzwarth  one VM in Lagrangian, boost to Breit frame
Goeke NJL Lagrangian, few parameters

A Lattice QCD (Schierholz, QCDSF)
quenched approximation, box size of 1.6 fm, m_= 650 MeV
chiral "unquenching” and extrapolation to m_= 140 MeV (Adelaide)

o W o Vo Vo Vo

e 74 f ——= . y-
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Vector-Meson Dominance

charge magnetization
—— lachello
—— Lomon
S Hammer
—— Holzwarth
---------------------- Goeke
—— Lattice
neutron
-0.00}-
y_ } A Q’ [Gevzl Q? [GEV2]
-:‘Cfff'{fﬁf@ Cate— we— Thomas Jefferson National Accelerator Facility )
- - -

Operated by the Southeastern Universities Research Association for the U.S. Department Of Energy Trieste, October 14, 2004 24



Chiral Extrapolation of Lattice QCD

* Problem is how to extrapolate LQCD results to the physical pion mass
* QCDSF uses a linear extrapolation in m_for the dipole mass fitted to the FF

* Adelaide group uses the same for the isoscalar radii, but an a/m_+ bln(m_)
behaviour for the isovector radii

- Additionally, one should question whether a chiral extrapolation is valid at
m =650 MeV

20 - . . - . ! 1.5
L8 | i — lachello
- G [ —— Lomon
Le Gp = Hammer
14} 1 —— Holzwarth
agl2 ---- Goeke
-.- 10 T - T — Lattice
10 by e B S G
= i ..-"'5: o - 7S [ - SO S LET P
4 08 st ) G T
0.6 G SR, f‘r R Pt 0.5
B r."' |
04 1 |
0.2 }
0.0 : : - - : : i
0.0 0.5 10 15 20 25 30 35 oL— '2 ———
Q" [GeV] 0 ‘ Q* [GeV?
mm = {efferson Clab Thomas Jefferson National Accelerator Facility e —
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Theory

- Relativistic Constituent Quark Models
Variety of g-q potentials (harmonic oscillator, hypercentral, linear)
Non-relativistic freatment of quark dynamics, relativistic EM currents
* Miller: extension of cloudy bag model, light-front kinematics
wave function and pion cloud adjusted to static parameters
* Cardarelli & Simula
Isgur-Capstick oge potential, light-front kinematics
constituent quark FF in agreement with DIS data
* Wagenbrunn & Plessas
point-form spectator approximation
linear confinement potential, Goldstone-boson exchange
» Giannini et al.
gluon-gluon interaction in hypercentral model
boost to Breit frame
* Metsch et al.
solve Bethe-Salpeter equation, linear confinement potential

o W W o W
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Relativistic Constituent Quark

charge magnhetization
15 1.2
i | ; —— Miller
% | .
Gu T G . —— Simula
1.0 "t [ INi
- 1o AR 4 P4 f T~ Giannini
roton r
P : —— Plessas
os|- e NlETSCH
i 0.8
0.0, 5 4 5 0 2 4 6
Q’ [GeV?] Q° [GeV?]
- 1‘2_
a5 -+ Miller (no m-cloud) a7 :
w i
Gp -
L 1.0
0.04 [
neutron | B
0.00f 0'8?
: é ; : 0 2 ‘ °
Q° [GeV?] Q° [GeV?]
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Time-Like Region

* Can be probed through ete- -> NN or inverse reaction

— lachello 1 N lachello
- = Hammer - = Hammer
41— = Dubnicka 8 B Dubnicka
n —
&t | Gy [
—L u L
I-LpGD - R 61—
21— } _
41—
o I
. L
B v N
0] R . , ; : : : : | : : . . . : | |
-15 -10 -5 E)15 -10 -52 5
Q° [GeV 2] Q [GeV ']

* Data quality insufficient to separate charge and magnetization contributions
* No scaling observed with dipole form factor
* Tachello only model in reasonable agreement with data
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Charge and Magnetization Radii

2 4 6 dG 2
(r >s47sz(r)r dr:_G(O) dgg )

Experimental values

<rg?> 1/2= 0.895+0.018 fm
<ry2>,1/2= 0.855+0.035 fm
<rg?>, = -0.0119+0.003 fm?
<ry®>,/2= 0.87+0.01 fm

Even at low Q2-values Coulomb distortion effects have to be taken into account
Three non-zero radii are identical within experimental accuracy

dGi@Y)]  _dR"@Q)|  E'(O)
dQ? 10=0" dQ? 19=0 4Mm?

Foldy ferm = -0.0126 fm? canceled by relativistic corrections (Isgur)
implying neutron charge distribution is determined by 6"

e e Y T T
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0.1

Low Q¢ Systematics
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Berger et al.
Hanson et al.
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Kubon et al.
Xu et al.
Anklin, et al.
Anklin, et al.
Lung et al.
Rock et al.

o
Q [GeV]

All EMFF show minimum (maximum for Gc") at Q # 0.5 GeV
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Pion Cloud

* Kelly has performed simultaneous fit to all -
four EMFF in coordinate space using IS 0
Laguerre-Gaussian expansion and first-order =
approximation for Lorentz contraction of of
local Breit frame =
c |
~ Q? (Q \ % 0 :
Gew (K)=Gey (Q)(L+ 7) with k*=—— and 7= =) —
B :
* Friedrich and Walcher have performed a E ol :
similar analysis using a sum of dipole FF for — §
valence quarks but neglecting the Lorentz - | :
contraction 5 1Of
* Both observe a structure in the protonand G ¢ :
neutron densities at ~0.9 fm which they © %: .

ssign t ion cloud : :
assign to a pion clo i ]

- Hammer et al. have extracted the pion cloud assigned to the NN2w
component which they find to peak at ~ 0.4 fm
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High-Q? Behaviour

Belitsky et al. have included logarithmic corrections in pQCD limit

0.2
A =300 MeV — |achello
— Miller
5 — Holzwarth
0.15-4 In-z(Q )Q 2 Giannini

0.1

0.05

neutron

6

Q? [GeV?]

They warn that the observed scaling could very well be precocious

P Y. V. V. V..

mm— fefferson Clul— mmmm—Thomas Jefferson National Accelerator Facility

- - N -
Operated by the Southeastern Universities Research Association for the U.S. Department Of Energy

Trieste, October 14, 2004 32



Proton Tomography

Generalized Parton Distributions

(see presentation by Michel Garcon)

Diehl et al. (hep-ph/0408173) have
fit the GPDs to existing EMFF data
set, consistent with Regge
phenomenology at low x and simple
high-x behaviour

They obtain good description of
G ,(Q?) and WACS and provide
visualization of GPDs

4
QFA

[GeV]

1.0t

PV Vo Vo V|
-:‘( 5/ etlersan G :fff b

- e ' o
Operated by the Southeastern Universities Research Association for the U.S. Department Of Energy

0

u,(x,b) = j (ZTA)Ze‘bA HY(x,t =—A?)

x=0.05

| dipole *x=0.3
parametrizati
GPD fit
.

Xx=0.6

0 2 4 6 8 10
-1 -0.5 0 0.5
Q2 [GeV?] [£m]
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Future extensions for GgP

B JLab data
| R A —— 1 & Expected error bars for JLab E01-109
e 4 JLab upgrade, Hall C with HMS
i ® JLab upgrade, Hall C with SHMS
0.8 » JLab upgrade, Hall A standard MAD
il p» JLab upgrade, Hall A upgraded MAD
0.6 -]
g :
Qﬂ_ 0.4 :— —:
L - -
9 o2fF -
0.0F :
0.2 -
_0.4 : L _1__1 [ 1 [ — ] - 1 I L 1 I 1 | ;\\1 1| 1 ] | I 1 :
0 2 4 6 8 10 12 14
2 2
Q" (GeV/c)

* Perdrisat et a/ EO1-109 (expected to run late 2006)
Use Hall € HMS (with new FPP) and larger Pb-glass calorimeter
* MAD in Hall A or SHMS in Hall C at 11 GeV

P Y. V. V. V..
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Ge" and GeP measurements from BLAST

Magnetic
Coils
Time-of-Flight ) [
Scintillators Session v car ¥ - o .
&, Friday 14:30 oo : |
0 0 0 . u,G | o
cerenioy | Vitaliy Ziskin xS S S
Recoil Counters Fr'|day 14:50 M L
C o
. Chris Crawford | o8-
Time-of-Fligh i . mlnary
Scintillators 0.6 prell
Storage ring sk
Internal target C [+ BLAST850Mev
pe-psz.25 0.2 | ¢ BLAST projected
Lead Glass 25% statistics P
0 |||ll||||||K||||F|||||!||||I|I|| 'llll]
0.2 0.3 0.4 .5
Q’ [GeV’]

Detectors

Key features of BLAST measurement:
- Asymmetry ratio from two sectors minimizes systematic uncertainties
* Quick change from polarized hydrogen (G¢°) to polarized deuterium (G.")

¥ oo ¥ e s ¥

-:‘Cffq{fgmmf Cate— we— Thomas Jefferson National Accelerator Facility 1
W o T
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Future Extensions for G¢"

0.20

Eden
Pazachier
Herberg
Cefrick
Madey
Seimetz
Wilarren
Jones
Becker
Berrmuth
E02-013

o0 oc @&+ ¥ = x 4

Hf=t
I=]
i

« E02-013 (Hall A) - polarized beam, polarized 3He target, 100 msr electron
detector and neutron detector allow extension to 3.4 GeV? (will run early 2006)
« At 11 GeV further improvements of polarized 3He target extension to ~7 GeV/?

e W W e e W

Tt . ? ] . y-
[ ] (,C/f{{/emm “ali e Thomas Jefferson National Accelerator Facility N
- - - -
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Strange Quarks in the Nucleon

Strange quarks (s3 pairs) can contribute to the mass, momentum, spin,
magnetic moment and charge radius of the nucleon

* Mass: X term in m-N scattering at Q% = 0 ~ 45 MeV
implies an ss contribution to the nucleon mass —
- (N|Ss|N)~0-300 MeV

* Momentum: deep-inelastic neutrino scattering indicate ss carry
significant nucleon momentum at Xg;,q, < 0.1

1
. Spin: spin-dependent deep-inelastic lepton scattéxfitg previdade
estimate for the ss contribution to the nucleon gpin

+ Parity violating electron scattering can provide es’riméi‘élﬁof 5‘rh4aN$x~ 0--20%

contributions to the nucleon's magnetic moment and charge radius

Aﬁﬁﬂ»—n

— (/ffc wson CFal —)

"-f - - ""llﬂ" S’
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Neutral Weak Nucleon Form Factors Ggsand Gs

Parity-violating asymmetry for elastic electron-proton scattering

o -o [ G.Q?)eGIGE+1G)G] —&'(1-4sin’ 4, )5, G;,

Al =— =| -
"o vo | dzav2) Gy +7(Gy)
Q’ 1 . ;
== s= o= (-8
TaM? T @ (e 2) V@-s)ee )
2 1 1
Gl =SGY, —ZGY, —=GS
Introduce flavor form factors =Moo g TEMo g e g TEM
0 2 1 .. 1 .
GEM ZEGS,M _EGEM _EGE,M

Assume isospin symmetry |\G'=GM =G

. G{ =G -G G{=GI'-G]

to extract the strange form factor from the measured A,

GI;,M :(1_4Sin26</vplzp,|v| ~Ge.y —Gé,’ﬁ

/‘\f\ﬂ"\ﬂ"\ﬂ'\

- y f[{ vesane Cfalh —)
\w‘ \-*‘ e "'-f S’
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Extracting the Strange Form Factors

o,-0 [ GQ )eGLG] +1G}G, — &'(1- 4sin” 4, )G/,G;
o +o \ 4rav2) eG2) +2(G})

The measured asymmetry has three Z°%-exchange contributions: Gé, G,f/l , G/i
To separate these one needs three measurements:

At a forward angle on the proton

At a backward angle on the proton

At a backward angle on the deuteron

oA+ oA,
L=
Oy
G ,¢ also has three components

neutral weak axial form factor

anapole moment

(electroweak) radiative corrections

Y s N N s
w efferson Cfoal—] Thomas Jefferson National Accelerator Facility T
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Instrumentation for PVES

M G++G_ A A 2N

Need
- Highest possible luminosity
- High rate capability
* High beam polarization

N ~10% —10" I!!

Detectors
* Integrating:
hoise, radiation hardness
» Counting:
dead time, background rejection

Spectrometer
* Good background rejection
- Scatter from magnetized iron

Cumulative Beam Asymmetry Helicity flips
- Helicity-correlated asymmetry - Pockels cell
Ax~10 nm, AT/I~1 ppm, AE/E~100 ppb + half-wave plate flips

PV Vo Vo V|
4 f
-:‘( 5/&:((‘@33'{1;: € :ffré ——
L A A
Operated by the Southeastern Universities Research Association for the U.S. Department Of Energy Trieste, October 14, 2004 40
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The Experimental Program for G5 and G)s

Lab type target  Q? Aphys sensitivity status
Exp GeV? ppm
MIT-Bates
SAMPLE int H 0.1 8 p+0.46 % published
SAMPLE-II int D 0.1 8 4+2.06,Z  published
SAMPLE-TIT int D 0.03 3 1+3.06,Z  published
JLab Hall A
HAPPEX int H 048 15 6+0.396,5  published
HAPPEX-IT int H 0.10 1.5 65+0.086,3 2004/5
HAPPEX-He int He 0.10 10 Pe 2004/5
Mainz
A4 count H,D 0.10,0.23 1-10 Ges, 63 running
JLab Hall C
60 count HD 01-08 1-30 G, Gyy° 2004/6
-i‘:.‘}czz::: ;,3,,?; Thomas Jefferson National Accelerator Facility ]
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SAMPLE at MIT-Bates

* Measure 6,5 at Q? ~0.1 GeV? | !

- Air-Cherenkov detector """“’”f“m”‘“’“mn [ o)
covering 2 sr from 130°-170°

- Integrating electronics for
asymmetry measurements

* Pulse-counting mode for
background measurements

SAMPLE (1998): H, target
Epeam 200 MeV

SAMPLEIT (1999): D, target
Eieam 200 MeV

SAMPLETIT (2001): D, target
Eieam 125 MeV

™ muvinas venicioun ivauunian Accelerator FaC|||ty

(j\-/'\-/é\-/
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Results from the Deuterium Measurements

SAMPLE Deuteron Asymmetry

SAMPLE lli
SAMPLE I

0.038 0.091 2
Q° (GeV/c)

Physics Asymmetry (ppm)
=

T.Ito et al, PRL 92, 102003 (2004)

-c:“( f]e:[fe*m'w: € -:f’f{; =
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SAMPLE at MIT-Bates

7

2000002002002 262020220 2%
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30 e 20202020 002620202 20 % %0 Y —
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D
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HAPPEx-T in Hall A at JLab

( CEBAF ) Q? = 0.477 GeV?

Year P,  Current Integrated
[76]  [pA] Charge [C]

1998 37 100 80

1999 70 35 75

1999 75 45 15

polarized
source

Moller
detector

hydrogen
target

1999: first parity violation measurement
with strained GaAs photocathode

acquisition
& control

detectors <

,,,,,,,,,,,,,,,,,,, | Aoy = -14.92 £ 0.98 + 0.56 ppm

' O Steering Coils phy ~

. B Position Monitors | ASM = -16.46 + 0.88 ppm
'— Intensity Monitors | Ges +0.392 64,5 =0.014 + 0.20 £ 0.10

,,,,,,,,,,,,,,,,,,,,

Aniol et al., PRC 69, 065501 (2004)

P Y. V. V.v.."
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HAPPEx-H and HAPPEx-He

3 GeV beam in Hall A O, ~6° Q?~ 0.1 GeV?

target | Apy 65= 0 | Stat. Error | Syst. Error sensitivity ?e'f:{Sionlg'BO
] | Tppml Lpprn] pavid Lhuillier
IH 16 0.08 004 | 8(65%:+0.0865,) = 0.010
‘He +7.8 0.18 0.18 3(6%¢) = 0.015

Septum magnets (not shown)

High Resolution Spectrometers oM _ |
detectors Elastic Rate:

1H4: 120 MHz
“He: 12 MHz

Brass-Quartz integrating detector

Cherenkov

: A at Jlab

Tt . ? ] . y-
- (E/ef__{,fe-mm “al e Thomas Jefferson National Accelerator Facility
- e ' o
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2004 4He Data: "Unblinded” A

Nevents = 2946659 Nevents = 3652936

10°] RMS = 2017.1 r RMS = 1731.2 . 4He run: June 8-22, 2004
i - Dense gas target
+ Super-lattice photocathode
» Beam Polarization ~ 86%
* Beam asymmetries small
* No active position feedback

(= III|IIIIII\I|I\I |l I Y I II|IIIIIIII|\I Ll
-15000-10000 -5000 © 5000 10000 15000 -15000-10000-5000 O 5000 10000 15000

Asymmetry (ppm), Left HRS Asymmetry (ppm), Right HRS
Helicity Window Pair Asymmetry |Araw = * 3.87 ppm £0.71 ppm (stat)

Raw ASVIT] metrv (after beam corrections)
.} 1 +

* Charge asymmetry < 0.4 ppm 10
» Position difference < 10 nm

5
* Energy difference < 10 ppb =
+ Angle difference <5 nrad %B:_ Perfect sign-flip with /1/2 plate
i 4%
A, correction < 0.2 ppm _wﬂ e-4He Data Prellmlnar
A,—\AAA _HII‘II15HA52mmet ( m)vsSIu
s g[& wson Cfat — m— Thomas Jefferson National Acceleralt’or Famlﬁg/ P g_

\-’ - - S’
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“He Physics Result

Apy (after all corrections): Preliminary/
+7.40 + 0.89 (stat) + 0.57 (sys) ppm

- Beam asymmetry corrections ~ 0.1 ppm
* Normalization errors dominate
» Ongoing analysis to significantly reduce these errors

0.15,
; na SAMPLE
Theory prediction (no strange quarks): o1
+7.82 ppm 0.05"
6% (Q? = 0.1 GeV?) = Gee
-0.019 + 0.041 (STGT) +0.026 (SYS) -0.05-HAPPEX-He - new result (preliminary)
- Statistics to be increased by x10 01 Q2=0.1 GeV?
- Tentatively scheduled for late 2005 S ™
01508 04 0 0.4 0.8
P e Y Ve Y GSM

- C‘fq{fe-zmﬂ ‘26— e Thomas Jefferson National Accelerator Facility
- ' o -’
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'H Run and Future Prospects

0.15,

« Successful tH run, June 24 - July 26 2004 . EOO4 rtmcj )
 ~8M window pairs in final data sample | ’°€*~;19004Xpec ed results
* Preliminary results by end of October 0.05 2

o Statistics to be increased by x5 (late 2005) G ol
E |

'0'05.‘ HAPPEX-He, 2004, prelimina sult

Entries 1038300

30 Hz Window-Pair B v 21s 01"
Polarization Asymmetry ‘

Q2 =0.1 GeV?

-0.15 -

. %08 04 0 04 081
Entries 8078662 1 Lum_lnosr[y 0.15 G M
: o monitor AS¢
ol RMS 623 i o
01 Anticipated results
1% after final run (2005)
100, ppm 005
102%— primary oTarlge'l' densi-ry fIUC-‘-ua-‘-ions < 10-4 0 E-....-.....................:;."'.':a.._-: e
ok detector -Detector asymmetry gaussian G° 055
1_ sum over 5 orders of magnitude =
R | (I (e | 51 -0.1-
-4000 -2000 0 2000 4000 i Q2 — 0 1 GeV
"‘""""""me B S R ¥ S Y-

- (‘C] qffem‘aﬁ/ 2
' o -’ S
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A4 at Mainz

- Detector: 1022 PbF, blocks
covering 0.8 sr from 30° to 40°
* Counting experiment at 100 kHz

'L”mitm°git°" ) per channel, summing over 9
O WeRr Lerenkov adjacent channels

single detector spectrum

20cm LH2 | | : x10°_
target —— -
15002—
= A
1200;_ : 7}0 épeak
;_ _Elasiic Cut
800~ R :
MAMI = P
Emax 855 MeV 400
20 pyA on 20 cm LH, =
% 50 100 ;50 200 25|o

¥ v W V¥

- (Ef%{jfemaﬂ, ‘26— e Thomas Jefferson National Accelerator Facility 1
- - o -’
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A4 at Mainz

|__AO0 at theta=35.0 deg |

Forward measurements A, =
at Q2=0.23 and 0.10 GeV? B *
[ppm] |
) - :
00 I ‘0.65I — I(Il!1I — IO.lIS‘ — I0[2I — ‘0.1'25
Q2 [GeV?]
Q2= O 23 GeV?
Aohy= .44 £ 0.54 + 0.26
G S+ O 225 G = O 039 + O 034 Fufur-e Pr-ogr-am
Q= O 10 GeV? - Rotate detector to backward angle
A= -140+0.29 £ 0.11 * Measure proton and deuteron
Ges + 0.106 G4, = 0.074 £ 0.036 at 0.23, 0.47 GeV?
-if?/zz:; ? T:::' Thomas Jefferson National Accelerator Facility e —

- - - "'--’ S’
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G0 Experiment

Caltech, Carnegie Mellon, W&M, Hampton, IPN-Orsay,
LPSC-Grenoble, Kentucky, La. Tech, NMSU, JLab, TRIUMF,
UConn, UIUC, UMan, UMd, UMass, UNBC, VPI, Yerevan

Electron Beam

Use SC toroidal magnet with detector
segmented in eight identical sectors

— 20 cm long LH, target
— Counting mode (TOF spectra)

Measure forward and backward asymmeftries
— recoil protons for forward measurement
— electrons for backward measurements

- elastic/inelastic for 'H, elastic for “H

Forward angle measurements complete
First (800 MeV) backward angle run late 2005

Vo W V¥V W
" 16/5:[/ ersan Tfalh =

R EAAN -
Operated by the Southeastern Universities Research Association for the U.S. Department Of Energy

e Thomas Jefferson National Accelerator Facility

Superconducting
Coils

Particle

‘ Detectors

LH, Target

Epeamn = 3 GeV
0.33-0.93 GeV
Ibeam =40 “A
Pbeam = 75%
0= 52-76° AQ =09 sr
104 - 116° 0.5 sr

Ifar'ge'r = 20 cm

L=21x10*® cm?s™

A~ -2 to -50 ppm (forward)
-12 to -70 ppm (backward)

Trieste, October 14, 2004 52



superconducting magnet
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GO0 Preliminary Result: Blinding Factor of 25%

Full statistics - present best background correction

0

t 44 Session V
2 by Friday 15:10
g . + } Julie Roche
' t
o
~ + : Statistical + Systematic errors
0
? 8 + | E - G: =G, =0
() o
e o) /
; -12 > :
gf) "q:) 20
14 = -
0 2 4 6 8 10 12 14 16 E
Detector number E
~.-30|
. 0
Increasing Q? === £ |
Detectors 13-15: stay tuned 40|
Do Not QUOTC!

. I R . . L .
0.2 0.4 0.8 1

e Q2 (GeV?)

mm— fefferson Clul— mmmm—Thomas Jefferson National Accelerator Facility
- - - -
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Strange Form Factors G¢s and G,3

Rosenbluth separation of G5 and G,,¢

1 1
- A HappexIl + He* (projected) - B Sample 2000
08 | @O GO (projected) 08 [ -
/v MAMI-A4 (projected)
06 |- — Latlice 0.6 [
- —  ChiPT . -
04 | e : 04 |
0.2 |- { 0.2 |-
— --" :D -------------- B
0 o @ 0
-0.2 S 0.2 |
Gg | o |
-0-6 | ] ] ] | | ] ] | ] ] ] | ] ] -0-6 | ] ] Ll | ] | | ] ] Ll | |
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Q? (GeV)® Q? (GeV)®

Projected G° data indicated by open symbols are not approved yet

P Y. V... V..
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Lattice QCD for Strange Form Factors

0.2 —— | | | |
o 01 B
Z
z | non' :
2 ||||||||||||||||||||||?II’II]II||||||I|I||||||IHHHHHHH|
© 0'H_H:HHHHH”IHH””H”!”!." ||||||||||||| \II|I||IIIII|IIIIII|IIIIII|II\-I
- maximaln'
-0.1 ' | I | ! | | | |
0 0.2 0.4 0.6 0.8 1
02 — 1 1 1 " T
o T | _
Ol 0.1+ no M
@ i
) aximal n']
0 ! | ! | | rr1 | n
0 0.2 0.4 0.6 0.8 1
-qz[Gevzl
A S R R
mm— fefferson Clul— mmmm—Thomas Jefferson National Accelerator Facility
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Quenched QCD

Wilson fermions

Chiral PT extrapolation
6,,5(0.1) = 0.05 + 0.06
(SAMPLE)

6¢5+0.0396,,5=0.07 + 0.05
(HAPPEXx)

Lewis, Wilcox & Woloshyn
PRD 67, 013003 (2003)
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Combined LQCD/ChPT Prediction for p.

1.4

1.5

1.2

1.1

1.0

0.9

0.8 : :

Leinweber et a/.
hep-lat/0406002

1, =F

\

)

Hs

loop

Hy

4

0.0

* Charge symmetry

e Chiral symmetry
» Unquenching

* Measured octet maghetic moments

2.0

a

Lattice calculation

~~

L

S

= -0.051 i@.OZl u[:])

a

a

Ll —)

- g [/ezs{m

\-’\-I\-/ -’
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Theoretical Predictions for p,

1.0 , | | | T |
0.0 86 I R
i_ l A <«—— SAMPLE result
| | %
0.0F 1 @ - } SN T &
RN i
:i & Q. | - * . I. 1
~0.5r i§ g
| A
—1.0 : | | | | |
0 5 10 1S 20 20
Vector Meson Dominance Other:
Skyrme QCD equalities
Kaon Loops quark form factors
LatticeQcO
-:‘:&@z:i: A(Z“: Thomas Jefferson National Accelerator Facility ]
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Axial Form Factor: MINERVA at FermilLab

* Best dipole fit to existing neutrino data yields M, = 1.001 + 0.02 GeV

- Pion electroproduction provides M, = 1.014 + 0.016 GeV - g,
GA (Q ) = ( 2 \
QE scattering, v,, F,(Q®)/dipole, M;=1.014 GeV 2L1+M,§ J
- | | % Minerva, IIJ‘A(QIE) errors o
1.50 GgP(Q?), Cross Section/dipold QE, v,,Form Factor contribution, M,=1
' T p o BNL 81, D,, Baker et al. = B A T AP L mh
. o ANL 82, D, Miller et al. - Fp eGE °Gg ° Gy )
1.25 h O FNAL 83, D,, Kitagaki et at.] i o s m M
2 X % * b 4 X
8" D + + + 5 X% w x 8"
il,oo.- «*;..)im x|y ’i‘ xI( % E 04 TR L R L R ER
:\2@ L X Xk I( ll( ] E _ oo
~— i - o |
< - ] o) o
=~ 0.75 i 3] 0zh . i
o) E= Tl
u1] t [ 00
Lo
0.50 . L
o | . O'O_E’muomﬂ o & B 8 8 & ? @ o oo :I}
0 2 4 6 0 2 4 6
Q2 [GeV?] Q2 [GeV?]

- Neutrino QE scattering
* High-precision measurement of NC axial form factor o Q2 = 5 GeV?

P Y. V. V.v.."
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Transverse Spin Asymmeftry

_ox(0)-0,(0) _
8(0)_ O-T(H)+G¢(9) _A(0)<P> T -
/et /e' e ¢ e e
AL/ Y/ A
e | Jr/ p e / lv P }; Z{
p p P p

Provides tests of models for two-photon exchange effects
But A, ® 10 while A ~ 0.01

target

e L Ve Yon

m— effersan Cfal — wmmmm—nThomas Jefferson National Accelerator Facility I
O T
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Transverse Spin Asymmetry (SAMPLE)

Measure azimuthal dependence of beam helicity asymmetry
with beam polarized transverse to scattering plane

-A, (ppm)
40 T
B _ 20
H7.5 |
15 |
i 125 |
R0 o - 10 |
L 75 . E=0.2 GeV
g e
o, 25 |
o) - e :
~ o — - 80 100 120 140 160 180
: B
=
—20 [~ — N
L | { | E=4.0 GeV
—40 L 1 1 L 1 L 1 L L 1 L L 1 L
0 100 200 300 400 -
¢ (deg.) [
. I R ST RIS H SR R
0 100 120 140 160 180
A=-154+ 5.4 ppm o,
S. P. Wells et al., PRC 63, 064001 (2001) Afanasev et al., hep-ph/0208260
e o T Ve Y s
-:‘(_fjf{{fé’-mm “ad — we— Thomas Jefferson National Accelerator Facility —

- - N -
Operated by the Southeastern Universities Research Association for the U.S. Department Of Energy

Trieste, October 14, 2004 61



Transverse Spin Asymmetry (A4)

Intermediate state: proton, itN states (MAID)

(B. Pasquini)
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Summary

« Very active experimental program on nucleon form factors thanks to
development of polarized beam (> 100 pA, > 75 %) with small helicity-correlated
properties, polarized targets and polarimeters with large analyzing powers

« Electromagnetic Form Factors
« G discrepancy between Rosenbluth and polarization transfer not an
experimental problem, but probably caused by TPE effects
* G precise data up to Q% = 1.5 GeV?
« G," precise data up to Q2 = 5 GeV?, closely following dipole behaviour
 Further accurate data will continue to become available as benchmark
for Lattice QCD calculations

* Large experimental activity in strange FF studies (SAMPLE, HAPPEx, A4, G°)
« Thus far, no significant signal for ss contributions, but new accurate data will
be accumulated over the next few years
« Significant advances in measurement of transverse SSAs
« Sensitive test of TPE calculations
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SPARES
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Introduction

SM Lagrangian

g g l T
L. =—e) 2 (X)A (X)———J 2 (xX)Z (X)———=J (X)W (x)+HC
=8 G OO0~ G (e 0Z,00 =5 7 OO0

e \

EM current coupled to photon and Zo-bo\on field

Elastic electron scattering

Elastic neutrino scattering, parity-violati

Weak neutral current coupled to neu‘rralyzglboson field

electron scattering

/

Beta decay, inelastic neut

Weak charged current coupled to charged W-boson fields

rino scattering

P V. V.V V..
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G"e Experiment with Neutron Polarimeter

* Use dipole to precess neutron spin

* Up-down asymmetry & proportional
to neutron sideways polarization . Gf 7(1+s)

* 6¢/6,, depends on phase shift & w.r.t. Eeesin(y +6)= G| =-tano
precession angle y

28

Top Rear Array
Fit to Data for Q= 1.15 (GeV/c)”

Rear Veto/Tagger

E=A Psin(X+d) |

Front Array

Asymmetry, & (%)
o

Bottom Rear Array/' it _
) -5

Front Veto/Tagger & ]
. Charybdis / -100 -50 0 50 100
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Target LD2, LH2 recession Angle, X (deg)
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Measurement of G",, at low Q?
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High-Q? behaviour

Basic pQCD (Bjerken) scaling predicts o
F, o l/Q4 F,oc 1/Q P

X F,/F, « I/Q2 (Brodsky & Farrar) | 5 P

Data clear'ly do not follow this trend g

Schlumpf (1994), Miller (1996) and
Ralston (2002) agree that by
* freeing the p; O pQCD condition 0.5
- applying a (Melosh) transformation o a
relativistic (light-front) system
» an orbital angular momentum component
is introduced in the proton wf (giving up

SUB) + CQ FF
e BLB)
=== COM
Saliton
— —- COM + Goldstone

QEFEHIFHJ

helicity conservation) and one obtains 0.75
[x] lez/ F,c1/Q _"i—;ké—iggf:i

- or equivalently a linear drop off of E s [ —

Ge/Gy with Q2 R
Br'odsky argues that in pQCD limit non- C 8 £60.007

zero OAM con’rmbu’res to both F; and F, 0.25
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From Raw to Physics Asymmetries

Form raw asymmetries from measured yields:

Y =Y
g —
N
AR =R, -P.

Correct asymmetries for background effects:

? fl fc

Apply dilution factors:

= e S———
phys A%lg
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Highly Polarized Beam

‘ Mean = -0.109+- 0.344 ppm

30F

‘ Mean = -5.654+- 2.601 ppb

* 4He running used
superlattice photocathode

* no active position feedback

- <P,>=0.8695 +0.0011
(stat)
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G0 Appendix: Leakage Current Correction

Unanticipated effect: leakage of beam
from Hall A, B lasers into C
Hall A,B beams are 499 MHz, Hall C
beam is 32 MHz
TOF cuts means elastic signal 'sees’ 32
MHz beam, but beam current monitors
respond o A+B+C beam
— if large current asymmetry in A, B
— false asymmetry in C beam
Measure effect using signal-free region
of TOF spectra
— verify with studies with other
lasers turned of f + high-rate
luminosity monitors
— also verify with low-rate runs.
Typical: 40 nA leakage, 40 yA main
beam; leakage asymmetry ~500 ppm
Net systematic uncertainty 0.1 ppm
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