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Outline

Proton & Neutron electric and magnetic form factors

= |Introduction, motivation and formalism
= Traditional and new techniques
= Overview of experimental data

Energy frontier

= High Q2: Proton form factor ratio
and two-photon exchange

= Transition to pQCD

1cl 1 A.Th , W. Weise,
PrQC|S|0n frontler The Sc:::]acfure of fhzeNucleon (2001)
= Low QZ2: Pion cloud effect
= Deviations from dipole FF



Nucleon Elastic Form Factors ...

= Fundamental quantities

= Defined in context of single-photon exchange

= Describe internal structure of the nucleons
= Related to spatial distribution of charge and magnetism

= Rigorous tests of nucleon models
= Determined by quark structure of the nucleon
= Ultimately calculable by Lattice-QCD

* Input to nuclear structure and
parity violation experiments

50 years of ever increasing activity

= Tremendous progress in experiment and theory
over last decade

= New techniques / polarization experiments

= Unexpected results



(Hadronic) Structure and (EW) Interaction

S Factorization!
Interaction _
| F factor? o(structured object)
! orm factor|* =

o(pointlike object)

— Interference!

— Utilize spin dependence of electromagnetic
interaction to achieve high precision

Born Approximation Inelastic

Elastic

Structure

Hadronic
object

Electroweak probe

Lepton scattering Interaction




The Beginnings

Robert Hofstadter
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Nucleon Elastic Form Factors

m General definition of the nucleon form factor
(N(P")| T\ (0)|N(P)) =
a(P') [yHFN(Q?) + iot S FN (Q%) | u(P)

QZ
4M 2

m Sachs Form Factors G = F; — 1 Fy; Gy =F) + F, 7=

m In One-photon exchange approximation above form factors are
observables of elastic electron-nucleon scattering

do /dQ ) Y
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(do /dS2) prott (@) (@) 2
G5(Q%) + 7G3,(Q%) 0
— _E T M2Z 71 27G%,(Q?) tan? 5
€ G% -+ TG%W 011

— , = |14 2(1 tan? —
c(1tn) € + 2(1 4+ 7) tan >




Proton



Rosenbluth Separation
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GPc and GP,, from Unpolarized Data
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GrP: and GP,, from Unpolarized Data
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Nucleon Form Factors and Polarization

m Double polarization in elastic/quasielastic ep or en scattering:
Recoil polarization or (vector) polarized target

12H(e,e’p), 2H(8,e’'p), 2H(e,e’n), 2H(e,e’n), 3He(s,e’n),

m Polarized cross section
o = 0y (1 + P, 15;,14’)

m Double spin asymmetry = spin correlation
—oy 151; A= V27e(1 — €)G Gy sin 6% cos ¢* + T/ 1 — €2G/” cos O*

A try ratio (S tio”) P A Gg
[ | symme ry ratio uper ratio = X —
P 4 Gum

independent of polarization or analyzing power
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Recoil Polarization Technique

= Pioneered at MIT-Bates

= Pursued in Halls A and C, and MAMI A1

= |n preparation for Jlab @ 12 GeV

FIG. 9: Schematic of the polarimeter chambers and analyzer,
showing a non-central trajectory; ¥/ is the polar angle, and

is the azimuthal angle from the y-direction counterclockwise.

Focal-plane polarimeter
Secondary scattering of polarized
proton from unpolarized analyzer

V. Punjabi et al.,
Phys. Rev. C71 (2005) 05520

FIG. 15: Schematic drawing showing the precession by angle
ve of the Py component of the polarization in the dipole of
the HRS.

Spin transfer formalism to account for
spin precession through spectrometer
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Polarized Targets

KTf//QQ external beam experiments

=
BLAST Internal Target:
\ Atomic Beam Source
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Proton Form Factor Ratio
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best candidate
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>800 citations »



Proton Form Factor Ratio
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Proton Form Factor Ratio

=

MpGpE/GpM

(e

F. lachello et al., PLB43 (1973) 191

lachello 1973:

F. lachello, nucl-th/0312074

Drop of the ratio already
suggested by VMD

1 1 | 1 1

4 6 8 10

TGS,
Q2/(GeVic)? ),

A.V. Belitsky et al., PRL91 (2003) 092003

G. Miller and M. Frank, PRC65 (2002) 065205
S. Brodsky et al., PRD69 (2004) 076001
Quark angular momentum

Helicity non-conservation

Logarithmic scaling




Two-Photon Exchange: Exp. Evidence

Two-photon exchange theoretically suggested

TPE can explain form factor discrepancy
J. Arrington, W. Melnitchouk, J.A. Tjon,
Phys. Rev. C 76 (2007) 035205
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Two-Photon Exchange: A Lot of Theory

Two-photon exchange theoretically suggested
Interference of one- and two-photon amplitudes

= P.A.M. Guichon and M. Vanderhaeghen, PRL91 (2003) 142303;
M.P. Rekalo and E. Tomasi-Gustafsson, EPJA22 (2004) 331:
Formalism ... TPE effect could be large

= P.G. Blunden, W. Melnitchouk, and J.A. Tjon,
PRC72 (2005) 034612, PRL91 (2003) 142304: Nucl. Theory ... elastic = half, Delta opposite

= Y.C. Chen et al., PRL93 (2004) 122301: Partonic calculation, TPE large at high Q?

= A.V. Afanasev and N.P. Merenkoyv,
PRD70 (2004) 073002: Large logarithms in normal beam asymmetry

= A.V. Afanasev, S.J. Brodsky, C.E. Carlson, Y.C. Chen, M. Vanderhaeghen,
PRD72 (2005) 013008: high Q2, small effect on asym., larger on x-sec., TPE on R small

= M. Gorchtein, PLB644 (2007) 322: Fwd. angle, dispersion ansatz, TPE sizable
= Y.C. Chen, C.W. Kao, S.N. Yang, PLB652 (2007) 269: Model-independent TPE large
= D. Borisyuk, A. Kobushkin, PRC74 (2006) 065203; 78 (2008) 025208: TPE effect sizable

= Yu. M. Bystritskiy, E.A. Kuraev, E. Tomasi-Gustafsson, PRC75 (2007) 015207:
Importance of higher-order radiative effects, TPE effect rather small!

= M. Kuhn, H. Weigel, EPJA38 (2008) 295: TPE in Skyrme Model
= D.Y. Chen et al., PRC78 (2008) 045208: TPE for timelike form factors 18
= M. Gorchtein, C.J. Horowitz, PRL102 (2009) 091806: gamma-Z box




TPE Predictions for e*/e- Ratio
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Experiments to Verify 2y Exchange

Precision comparison of positron-proton and electron-proton

elastic scattering over a sizable € range at Q% ~ 2-3 (GeV/c)?

et/ e Ratio
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o i
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0.5 Atlowe |1 <Q2>~0.01to 0.8 (GeVic)2 ]
= At hlgh €l Q2> ~ 1-5 (GeV/c)?
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Two-Photon Exchange

Elastic electron-proton to
positron-proton ratio (P. Blunden)
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Two-Photon Exchange

Elastic electron-proton to
positron-proton ratio (P. Blunden)
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OLYMPUS: BLAST@DESY/DORIS

DESY Site

A PROPOSAL TO DEFINITIVELY DETERMINE
THE CONTRIBUTION OF MULTTPLE PHOTON
EXCHANGE IN ELASTIC LEPTON-NUCLEON
SCATTERING

THE OLYMPUS COLLABORATION

September 9, 2008

MI

J. Calarco
University of New Hampshire

June 19, 2007

Abstract




OLYMPUS

pOsitron-proton and
eLectron-proton elastic scattering to test the
hYpothesis of
Multi-
Photon exchange
Using
DoriS
2008 - Full proposal

2010/11 — Transfer of BLAST
2012 — OLYMPUS Running




Projected Results for OLYMPUS
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Other Experiments to Verify TPE
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Experiment proposals to verify hypothesis:

et/e- ratio: CLAS/PR04-116 secondary e+/e- beam - 2011/12
Novosibirsk/VEPP-3 storage ring / intern. target — 2009
OLYMPUS@DESY
(FBLAST@DORIS) storage ring / intern. target — 2012

SSA: PR05-15 (Hall A, trans. pol target); MAMI-A4 (trans. pol. beam)

ge-dependence: PRO04-019 (polarized), PR05-017 (unpolarized) 26



Polarized Target Experiments at High Q2

1.0

O World xn
< JLABO5
- |v MIT-Bates

| | ¢ JLABOO

« JLABO2

r | » JLABO6

@ This experiment

0.6 —

1 | 1 1 1 1 | 1 1 1 1 |
1 2 3

Q% [(GeV/c)]

M.K. Jones et al., PRC74 (2006) 035201

Polarized Target:
Independent verification of recoill
polarization result is crucial

Polarized internal target / low Q?: BLAST
Q2<0.65 (GeV/c)? not high enough to
see deviation from scaling

RSS /Hall C: Q2 = 1.5 (GeVi/c)?

SANE/Hall C: completed March 2009

BigCal electron detector
Recoil protons in HMS parasitically
Extract G./G,, to <56% at Q?=5-6 (GeV/c)>?

27



New Proton Measurements at High Q2

Extension to higher Q? at Jefferson Lab

= GEp-lll /Hall C: PR04-108/PR04-019 P
Completed in spring 2008 4 D

[ '@ T I T
= Sign change of G¢/G,, observed - (/4¢ !
(preliminary, C. Perdrisat @ PANIC08) o N, 1
. A 'ﬂ
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New Proton Measurements at High Q2

Extension to higher Q? at Jefferson Lab

= GEp-lll /Hall C: PR04-108/PR04-019
Q2=5.2,6.8, 8.5 (GeV/c)?
Completed in spring 2008

= Hall C PR05-017 Super-Rosenbluth
Q2=0.9-6.6 (GeV/c)?
Completed in summer 2007

Proposed experiments

= PAC32: PR12-07-109 /Hall A (GEp-IV)
L. Pentcheyv, C.F. Perdrisat, E. Cisbani,
V. Punjabi, B. Wojtskhowski, M. Khandaker et al.

Q2=13,15 (GeV/c)2: Approved

= PAC32: PR12-07-108 /Hall A (high-Q? x-sec.)
S. Gilad, B. Moffit, B. Wojtsekhowski, J. Arrington et al.

Q2=7-17.5 (GeV/c)2: Approved

= PAC34: PR12-09-001 /Hall C (GEp-V)
E.J. Brash, M. Jones, C.F. Perdrisat, V. Punjabi et al.

Q2%=6,10.5,13 (GeV/c)?: Conditionally approved
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Low Q?: BLAST at MIT-Bates

Bates Large Acceptance Spectrometer Toroid

m Symmetric, large acceptance, general purpose detector
Detection of e*, ni%, p, d, n ‘ \“ b T

m Longitudinally polarized electrons in SHR 1= 5
850 MeV, 200 mA, P, = 65% &= | E

Polarized Source i Py
— Linac R K> y

::‘P Q‘i

. - -
Recirculator

i B
2
c -
4
LN &
* .4
"lﬁ-““‘

South Hall Ring

m Highly polarized internal gas target of pure H and D
(Atomic Beam Source)

6 x 1013 atoms/cm2, L = 6 x 1031/(cm?2s), Pyyp = 80% iy -



Proton Form-Factor Ratio u ,GP¢/GPy,

C.B. Crawford et al.,

PRL98 (2007) 052301 |_
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New Proton Measurements at Low Q2

Hall A PR07-004, 08-007 (PAC31/33)

*Recoil polarization, completed 2008
*Polarized target, cond. approved

LEDEX PR05-004,
G. Ron et al., PRL99 (2007) 202002
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New Proton Measurements at Low Q2

Hall A PR07-004, 08-007 (PAC31/33)

*Recoil polarization, completed 2008
*Polarized target, cond. approved
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New Proton Measurements at Low Q2

QIGeVic]
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Rosenbluth separation at low Q2

Precise charge and magnetic radii

MAMI A1 (Three-Spectrometer Facility)
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G"c in Absence of Free Neutron Target

AV = @ Gp oSO+ pGaySIn 07 cos ¢ ~ a cos 0*+b —= sin O*cos ¢*
‘ cG%? + G2 G%,

No free neutron target — elastic and quasi-elastic scattering
Nuclear corrections (FSI, MEC, ...)

Smallness of G" does not allow L-T sep. of d(e,e’n) or d(e,e’)-d(e,e’p)

Gq from A+T,, / 2H(e,e’d)
G"cGP. interference
Schiavilla+Sick

3He(€,e’n) quasielastic
Polarized Helium-3
G"cG",, interference
MAMI A3, A1, Hall A

2H(e,e’d) elastic, A(Q?)
G"cGP interference
Galster, Platchkoy, ...

TR . . —> - .
H(e,e’n) quasielastic 2H(e,e’n) quasielastic
Vector-polarized deuterium Neutron recoil polarization

Gn:G", interference Gn:G",, interference
\ Nikhef, Bates/BLAST, Hall C Bates, MAMI A3, A1, Hall C




Neutron Electric Form Factor G".
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E o

0.04

0.02 [

T T T [ T
— » = <r?> = -0.115(5) in? ]
---- Galster 1971
e Platchkov (Saclay 1990): d(e,e'd) ]

Platchkov 1990

A Schiavilla and Sick 2001
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Warren (JLab 2004)?H(E.eT) |
Zhu (JLab 2001):2H@.e'n)
Passchier (NIKHEF 1999) :zﬁ(t?.,e'n) —
Geis (BLAST 2008)2H(&,e'n)
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------ Galster 1971
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Neutron Electric Form Factor G

E. Geis et al., PRL101 (2008) 042501

0-1 I I I T l
. F A Neutron Recoil Polarization
i . o Polarized Deuterium N
0.08— . O Polarized He-3 _
® This work
- = 1 < s s=sm=an <rr21>

BLAST fit BLAST __

0.06 : |4°

— - — Glazier —

= = = VMD + DR [Lomon]
- VMD + DR [Belushkin]
Cloudy Bag RCQM [Miller] 7]

‘ | ! I ! I
0 0.5 1 1.5

Q®/ (GeV/c)
*Ph.D. work of V. Ziskin (MIT) and E. Geis (ASU)
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How Well is the FSI Effect Known?

= Quasielastic 2H(é,e’n)

m Full Montecarlo simulation
of the BLAST experiment

m Deuteron electrodisintegration <
by H. Arenhovel

m Accounted for FSI,MEC,RC,IC

m Spin-perpendicular beam-
target vector asymmetry AV_,
shows high sensitivity to G".

m Use tensor asymmetry
to control FSI

0.15

0.1

0.05

-0.05

-0.1

-0.15

0.02

-0.02

-0.04

-0.06

*Ph.D. work of V. Ziskin (MIT) and E. Geis (ASU)
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New Measurements of G".

— === VMD - Lomon (2002)

E02-013 PRELIMINARY — C(QMd)GT ier
. . . d(e.e chiavilla & Sic
Polarized He-3, B. Wojtsekhowski EJF, aIn A2
Q2=1.2,1.7, 2.5, 3.5 —— Galster fit (1971)
— = ((qq) Faddeev Eq., Cloet (2008)
0,10 T T T T I T T I T I T T I T I T T T T I
B v Herberg, MAMI  x Passchier, NIKHEF |
L A Madey, Hall C «  Ostrick MAMI i
0.08— m Warren, Hall C o _
L 0 Becker, MAMI ¢ Glazier, MAMI _
| *  Rohe, MAMI #*  Meyerhoff, MAMI |
0.06 - A E02013(Prefim) _ oo oy
cw B . 7
0; - Geis, BATES -
0.04[ A/l —  Preliminary
— ] G. Cates
0.02} — | CIPANPO9
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Future Measurements of G"_
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PAC34 (2009): PR12-09-016 &

B. Wojtsekhowski, G. Cates, S. Riordanetal. &

Hall A: Polarized He-3
Up to Q2 =10 (GeV/c)?

MAMI-A1
Polarized He-3
Q2=0.25, 1.50 (GeV/c)?

c
=

E

PAC34 (2009): PR12-09-006

B.D. Anderson, J. Arrington, S. Kowalski,
R. Madey, B. Plaster, A. Yu. Semenov et al.

Hall C: SHMS + NPOL
Up to Q% = 7 (GeV/c)?
Superseding PR04-110
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| A E02-013 (Preliminary) ——— DSE - C. Roberts i
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G",, in Absence of Free Neutron Target

No free neutron target — elastic and quasi-elastic scattering
Nuclear corrections (FSI, MEC, ...)
Neutron efficiency

ﬂ"I-TE(_e',e’) quasielastic, inclusive N

’ d(e,e’)-p(e,e’) difference

Polarized He-3 |+ aGn? d(e,e’ Ip), d(e,e’n)

Bates, Hall A T = jN 5 Issues: large nucl. corr.

Issues: P, FSI b+cGyy Need to know n-efficiency
/2T-I'('e’,e’) quasielastic, inclusive /k

Vector-polarized deuterium GP 2H(e,e’n) N

Bates/BLAST P o , ratio quasielastic

AL G H(e,e’p)

IncAs (LOI-09-003) A ~ 5 :

Issues: I 1+ ((;§4> SLAC, Bates, Nikhef, MAMI, Hall B
KKnow GP./GPy, GP,, Gy Issues: Know GP,

Need to know n-efficiency
\_ /




Neutron Magnetic Form Factor G",

1.5

T I
e Friedrich & Walcher 2003

=== = = Belushkin 2007

= == : Guidal 2005

Miller 2002

<> * B o D> O %

T T T T T T 11
Hanson (CEA 1973) |
Rock (SLAC 1982)
Markowitz (Bates 1993)
Bruins (Bonn 1995)

Lung (SLAC 1993)

Anklin (NIKHEF/PSI 1994)
Anklin (Mainz/PSI 1998)
Kubon (Mainz 2002)

1
Q?/ (GeV/c)?

Pre-polarization era

m G",, world data from
unpolarized experiments

m Cross section ratio
d(e,e’n)

quasielastic
d(e,e’p)




Neutron Magnetic Form Factor G",

1.5

e Friedrich & Walcher 2003

=== = = Belushkin 2007

= == : Guidal 2005

Miller 2002

<> * B o D> O %

T T T T T 171]
Hanson (CEA 1973)

Rock (SLAC 1982)
Markowitz (Bates 1993)
Bruins (Bonn 1995)

Lung (SLAC 1993)

Anklin (NIKHEF/PSI 1994)
Anklin (Mainz/PSI 1998)
Kubon (Mainz 2002)
CLAS preliminary (2005)

Pre-polarization era

m G",, world data from
unpolarized experiments

m Cross section ratio
d(e,e’n)
d(e,e’p)
+ CLAS preliminary

quasielastic



Neutron Magnetic Form Factor G",

1.5

e Friedrich & Walcher 2003

=== = = Belushkin 2007

= == : Guidal 2005

Miller 2002

CLAS preliminary (2005)

<> * B o D> O %
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Hanson (CEA 1973)

Rock (SLAC 1982)
Markowitz (Bates 1993)
Bruins (Bonn 1995)

Lung (SLAC 1993)

Anklin (NIKHEF/PSI 1994)
Anklin (Mainz/PSI 1998)
Kubon (Mainz 2002)
Lachniet (Jlab/GLAS 2008)

Pre-polarization era

m G",, world data from
unpolarized experiments

m Cross section ratio

d(e,e’n)

d(e,e’p)

+ CLAS preliminary
(final)

quasielastic



Neutron Magnetic Form Factor G",

1.5

e Friedrich & Walcher 2003

= Belushkin 2007

Guidal 2005

Miller 2002

CLAS preliminary (2005)

<« > * B o D> 0O %

T T T T T 171]
Hanson (CEA 1973)

Rock (SLAC 1982)

Markowitz (Bates 1993) —
Bruins (Bonn 1995)

Lung (SLAC 1993)

Anklin (NIKHEF/PSI 1994) _ |
Anklin (Mainz/PSI 1998)
Kubon (Mainz 2002) 7
Lachniet (Jlab/C:LAS 2008) |
Gao (Bates 1994)

Anderson (Jlab 2000/03/07)

>
BLAST prelimirary:d(e,e’) _|

) |
| | [ PN WA

1
Q?/ (GeV/c)?

Pre-polarization era

m G",, world data from
unpolarized experiments

m Cross section ratio
d(e,e’n)
d(e,e’p)
+ CLAS preliminary
(final)
Polarization era

m G", world data + 3He

quasielastic

+ BLAST preliminary



Neutron Magnetic Form Factor G",

Pre-polarization era

1.5_ o — llriedricI:&WaI:Ichcler 2:103I o * H;nson LCEAI 19'73; o | . GnM World data from
— -+ Belushkin 2007 B Rock(SLAG 1962) unpolarized experiments
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Future Measurements of G",

PAC32 (2007): PR12-07-104 ;{31'6-' T
G.P. Gilfoyle, W.K. Brooks, M.F. Vineyard, @ 1a- o oo s -
J.D. Lachniet, L.B. Weinstein et al. C oKubon ~ ¢Arnold  vAnderson
Hall B /CLAS12 2 B
Up to Q2 = 14 (GeV/c)?
0.8f —
ool 5860688886806 808 4 & &
1.5 ) - T"*i** — Solid-LonTion Dashed - Guidal .
Both approved expgeriments. | pree, L
: based on “ratio’ method O (GeVicy
. 1_%‘XMWIH*H U R R T R
£ |
3|
“osp PAC34 (2009): PR12-09-019
I B. Wojtsekhowski, R. Gilman, B. Quinn et al.
- Hall A /BigFamily
Qe Proposed up to Q%= 18 (GeV/c)?

Q? (Gev/cY Approved up to Q? = 12 (GeV/c)?



Nucleon Form Factors: Last Ten Years
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Extensions with Jlab 12 GeV Upgrade
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Summary

m Nucleon electromagnetic elastic form factors
m Tremendous progress during last decade

m High precision, low systematic uncertainties through polarization
experiments

m Worldwide activity at its peak

m Progress in past decade:

O High-Q? surprise in GP/GP,;; strong impact on theoretical picture
Evidence for two-photon exchange effects

O New precise picture of G" for Q%<1.5 (GeV/c)?, G",, <5 (GeVIc)?

0 Evidence for structure beyond Gy, . at low Q? in all form factors

O VMD description very successful

m Many new experiments underway or proposed
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Backup slides
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IncAs: A precision G",, measurement

D-Spin: ~45°

e’: 15°-35¢

e Friedrich & Walcher 2003 CLAS prel.
14— _ [] Gao (Bates 1994)
== " Belushkin 2007 B Anderson (Jlab 2000/03/07)
| . -
== == Guidal 2005 ® BLAST prel.:d(8,¢")
1 3 | Miller 2002 ® IncAs 2.2 GeV projected e:2.2—-6.6 GeV
. [[] IncAs 4.4 GeV projected
/\  IncAs 6.6 GeV projected e’: 15°-35°

LOI-09-003/PAC34

Gh/(_Gp)
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Neutron Electric Form Factor G".

Charge form factor < Charge distribution

0.1 2> =-0.115fm? 2007 BLAST: 3@’
0_095_ ;;:I:u;mgﬂ ~ il : - GalSter 1971
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- Breit frame £ 6\/\\]\\&%
<~ 0.005
7 e
y \ :
0 : —
%02 04 05 08 1 12 14 16 is W
T @/ (Gevie)? 00051 '
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: 1 0 Ne——
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