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Nucleons have Structure!

[l Anomalous magnetic moments of p and n
O. Stern, Nature 132 (1933) 169

[ Non-zero neutron charge radius from scattering of thermal neu-
trons on atoms

[ Experiments on Nucleon Structure go back to the mid 1950’s at
Stanford, see Nuclear and Nucleon Structure, R. Hofstader, W.A. Ben-
jamin (1963).

North pole /IT

< _2 D 2 Negative meson
"eloud"
Proton core

u' Magnetic effect of meson
South pole "eloud”
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Motivation

[ FF are fundamental quantities
[0 Describe the internal structure of the nucleon

[0 Provide rigorous tests of QCD description of the nucleon

Symmetric quark model, with all valence quarks with same wt: Gz =0
G's # 0 — details of the wavefunctions

[ Necessary for study of nuclear structure

Few body structure functions

50 years of effort has produced much but - - - what is new?

[J New techniques, unexpected behavior, and a reinvigorated

theoretical effort have made the last decade one of dynamic progress.
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On FF

The few body system is our best source of information about NN potential, FSI
and MEC.

Quark spin-dependent interaction breaks the mass degeneracy of the ground
state baryons also leads to a segregation of charge within the nucleon. If the per-
turbing force is more repulsive for quarks with parallel than antiparallel spins,
the induced charge radius < r* >,, will be negative.

2
ch

Explains (rZ,) of “*Ca as compared to *°Ca
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Formalism

do E’ )2 [ 2 2 2 ) o 2
= OMott /= ( 1) + 7 2(F1‘|‘F2) tan (96)+(F2) 7F1,2 —F1,2(Q )
dQ FEo

Q? = 4EFE'sin?(0/2)

FP(0) =1
EnFi F2(0) = 1.79
GE,M

electron nucleon .
In Breit frame F; and F5 related to
\ charge and spatial curent densities:
p=Jo=2eM[F — TF3]

Ji = euy;ulF1 + F2li=1,2,3

Gp(Q%) = 1(Q%) — 712 (Q%) G (Q7) = 11 (Q%) + 12 (Q7)

[J For a point like probe G and G s are the FT of the charge and magnetizations
distributions in the nucleon, with the following normalizations

Q? = 0 limit: G% =1GE =0 sz\/f = 2.79 G, = —1.91 one-photon approx.
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Rosenbluth formula, separation

G2 4 1G2
ons | ZEXTEM | o062 tan2(9/2)
1+ 7

do e(1+71)

= 7G3,(Q%) +e G5 (Q?)
df ONS N ~ s N——

intercept slope

[ Intercept and slope give Gjs and G g
[0 Gpr dominates for large 7.

Must control kinematics, acceptances
and radiative corrections.

Data consistent with one-photon ex-
change

e 1 =1+42(1+7)tan(6/2)?
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Proton data from Rosenbluth

Y
Y

p 2
G(@?) ~ )

N

Scaling Law

N\

5 0050 ED

Andivahis
Walker 1 s Andivahis
Hohler i B Walker
Price ] [ sill
Hohler
Price

L L \-\- ‘
10
Q?(GeVic)?

10
Q?(GeVic)?

0 G consistent with Gp, but

- large uncertainties at large Q

- systematic differences foreshadow limitations of Rosenbluth

0 G%, modified relative to G at large Q?
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Charge Distribution

Exponential charge distribution, p (r) = poe” /o, generates the dipole

form and Gp = (1 + 09721) gives a rms radius of 0.81 fm

Plot of op = C‘llg 6(;;87) taken at fixed Q2 as a function of € should be a
straight line. The intercept of the line is 27G%,, while the slope is G%.
Errors in G and G, are determined from the errors in the determina-

tion of the slope and intercept.

Linearity of the Rosenbluth formula is based on single photon exchange.
As we shall see, this long held assumption is now being reexamined.

Scaling law and dipole scaling are good to 10% up to almost 10 GeV?2.
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Traditional techniques to measure Neutron Form Factors
[J No neutron target
[l proton dominates neutron
[ G'}; dominates G
1, and G, measured through:

[ Elastic scattering “H(e, ¢/)*H

0 Inclusive quasielastic scattering: 2H(e, ¢/) X

[ Exclusive quasielastic: neutron in coincidence: “H(e, e'n)p

d(e,e'n)p

[] Ratio techniques d(e,e’p)n

(quasielastic)
Complications: Rosenbluth, subtraction of proton

Even with simplest nucleus — no escaping nuclear physics
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No free neutron targets — scattering from a nucleus, D, SHe

Neutron is not free - can not avoid engaging the details of the nuclear
physics.

Minimize sensitivity to the how the reaction is treated and maximize
the sensitivity to the neutron form factors by working in quasifree kine-
matics.

CLAS

d(e,e’n)p

[ Ratio techniques Z2775-

minimizes roles of g.s. wavefunction and FSI.

[ ratio techniques demand careful calibration of neutron detector efficiency.
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G't; unpolarized

4

B Kubon (02)
A Anklin (98+94)

1 Markow tz (93)

1
QF(GeVic)?
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Anklin ratio
ratio

Lung D(e, e )X

Markowitz — D(e,e'n)p

D(e,e'n)p

D(e, e'p)n

ratio =




G, before Polarization

Extract from e-D elastic scattering:

do
dS?

small 6. approximation

Galster71
Simon81
Galster 5.6

1
0.4 0.6

Q® (GeV/c)?

Galster Parametrization: G =
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Notes on e-D

Galster —early 70’'s ~ Simon —early 80’s ~ Platchov — early 90’s

Elastic e — D scattering at small angles
Neutron—proton interference a plus
Spin-1 ground state: three form factors, Go , Go , Gum
AQ*) =G+ §nGo + 50°Ghy B(Q®) = gn(n+1)GLy

_ Q2
= 4M%

A1a(Q?) (sum of proton and neutron responses with deuteron wavefunc-
tion weighting) deduced after corrections for relativistic effects and MEC
Subtract magnetic dipole using parametrization of data

S and D state functions to unfold nuclear structure for various potentials
to get isoscalar form factor

Subtract proton form factor to get G'%

Sensitive to deuteron wavefunction model and MEC
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Theory&Lattice

Lattice-Quenched QCD Ever since the pioneering numerical simulations of lattice QCD in 1981, the calculation of the light hadron spectrum
has been a fundamental subject in lattice QCD. QCD simulations on the lattice, however, require a huge amount of computer time. Therefore,
most large scale simulations have been performed using an approximation of neglecting the effects of quark pair-creations and annihilations in
the vacuum (quenched approximation). This reduces the computer time by a factor more than 100 and enables QCD simulations on relatively
large lattices with high statistics.

Extrapolation of quark massess incorporate the constraints of chiral symmetry

Hank Thacker Donal: Most, if not all, of the calculations of nucleon form factors to date have used what are called Wilson or Wilson-Dirac
fermions. This refers to the particular way of discretising the Dirac opeator for quarks on the lattice. The up and down quark masses have a
mass of about 4 and 7 MeV respectively, using standard conventions. Wilson fermions work very well for quark masses greater than about 40
or 50 MeV, but by the time you get down to about 30 MeV, the statistics suddenly go all to hell from what is called the "exceptional configuration
problem." My collaborators (Bardeen, Duncan, and Eichten) and I were the first ones to diagnose this problem and implement a cure for it. In
our recent work, we have been able to get down to quark masses of about 15 to 20 MeV. But up till now, all of our calculations have been focused
on chiral symmetry and, specifically, properties of scalar and pseudoscalar mesons. Also, there have been some relatively recent theoretical
developments regarding how to put very light quarks on a lattice (keywords: overlap Dirac operator, Ginsparg-Wilson relations). Future
calculations of nucleon form factors will certainly use these new light-quark methods and hopefully get much closer to the physical quark
masses. There is also an extensive amount of theoretical work on the general problem of "chiral extrapolation”, i.e. understanding from a chiral
Lagrangian framework how various quantities depend on the quark mass so we can do more believable extrapolations to the physical values.
The state of the art in the whole subject of light quark properties in lattice QCD is a rapidly developing subject. Most of the new technology has
not been applied to nucleon form factors yet, so vastly improved calculations will certainly be forthcoming. I myself have been focusing more
on mesons recently (which are simpler and more directly relevant to chiral symmetry), but baryon structure will certainly be studied at much
lighter quark masses in the relatively near future. -Hank

m/% gp gdp 2
—= = (1 )| Fu@?)
mp+Q fp fp

F1,F2 at low Q2 are known from meson physics and have the monopole form. Due to the additonal pwer of g2 in meson propagator it dies out
and we are left with the photon nucleon coupling.

VMD-PQCD: Eq 2 from GK (1085)

IV
Fl =

Baryons 04, Palaiseau, France, October 25-29, 2004 9-2



Models of Nucleon Form Factors
VMD F(Q*) =3, ijﬁa Fy;n (Q7)

breaks down at large Q*

Lu, Thomas, Williams (1998)

Fy o< Fy (%) helicity conservation

Counting rules: Fi o< %
Q°F,/F1 — constant
JLAB proton data: QF>/F — constant
Hybrid VMD-pQCD GK, Lomon
Lattice Dong .. (1998)
RCOM point form (Wagenbrunn..)
light front (Cardarelli ..)
Soliton Holzwarth
LFCBM Miller

Helicity non-conservation pQCD (Ralston..) LF (Miller..)
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Theoretical Models
1.5

A Litt et al. 1970
] Berger et al. 1971
® Price et al. 1971 -
X Bartel et al. 1973

L O Walker 1994
- A Andivahis 1994

Radyushkin 1984
Iachello, Jackson, Lande 1973 - Chung and Coester 1991

Hoehler 1976 B
. Mergell, Meissner, Drechsel 1996

Jerlmings, Flranlﬁ, Milller F996| |

-0.5 L | L | L | L | L -0.5
0.0 2.0 4.0 6.0 8.0 10.0 0.0 2.0 4.0 6.0 8.0

Q* in GeV? Q® in GeV?

gepgmp jlab vsth early 11/11/02 gepgmp jlab vsth prior 11/07/02
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Theoretical Models

0.10
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Spin Correlations in elastic scattering

0 Dombey, Rev. Mod. Phys. 41 236 (1968): p(€, e’)
0 Akheizer and Rekalo, Sov. Phys. Doklady 13 572 (1968): p(€, €', p)
0 Arnold, Carlson and Gross, Phys. Rev. C 23 363 (1981): *H(€, ¢')p

Essential feature:

d
d—;:;..(G +...Gh) . PPNGEGM+ PP”GQJ

(da/dQ)unpol AT All

Early work at Bates, Mainz starting in early 1990’s

Baryons 04, Palaiseau, France, October 25-29, 2004 13



Spin Correlations

Scofield, Phys. Rev. 141 1352 (1966): all

Dombey, Rev. Mod. Phys. 41 236 (1968): p(€, e’)

Akheizer and Rekalo, Sov. Phys. Doklady 13 572 (1968): p(€, €', p)
Hey and Kabir, Phys. Rev. 187 1990 (1969): p(e, €', p)

Arnold, Carlson and Gross, Phys. Rev. C 23 363 (1981): *H(€, e’i)p

Blankleider and Woloshyn, Phys. Rev. C 29, 538 (1984), polarized “He as
an effective polarized neutron

Arenhoevel, Leidemann and Tomusiak, Z. Phys. A 331 123 (1988), Polar-
ization Observables in d(e, e'n)p

O O O o

]
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Recoil Polarization

/ Electron scattering plane

Secondary
scattering
plane

IoPr= — 2~/ T —|—’7’ GEGMtaIl 6/2)
1
Ion—— +E )VT(1 + 7)G3 tan? (0. /2)

Direct measurement of form factor ratio by
measuring the ratio of the transfered
polarization P; and P,
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Recoil

In elastic scattering of polarized electrons from a nucleon, the recoil nucleon obtains P; and Py sensitiveto G - G py and G %\/[ respectively.

Elastic scattering of polarised nucleons on unpolarised protons has analysing power € (6, ) due to spin-orbit term Vy g in NN interaction:

(L.S+)<0 (L.S+)>0

S+

(L.S-)>0 (L.S-)<0

- T

L Analyzer

. nucleus
If more S+ than S- (+P™") ...

¢ .\ Ty

e

L~
—
1
=l
X
ol

X

=l

ol

... more events left than right

Left-right asymmetry is observed if the proton is polarized vertically, strong interaction with analyzer nucleus depends on its spin.
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Recoil Polarization — Principle and Practice

Interested in transfered polarization, P, and P;, at the target

Polarimeters are sensitive to the perpendicular components only,
P and PP °!

Measuring the ratio P,/ P, requires the precession of P, by angle x
before the polarimeter.

If polarization precesses x (e.g. in a dipole):
PR =siny - hP, and PP = hP,

PP =~ P in scattering plane and proportional to GGy

PR is related to G2,

0 GY /G, via 'H(€, €'p) at Jefferson Lab and Mainz

0 G%/G"%, via ?H(¢, ¢/ni)p at Jefferson Lab and Mainz
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Quality of polarimeter data optimized by taking advantage of proper flips (he-
licity reversals).

L22N0:1—|—pAy Q—I—ﬁ]

Using the geometric means, L = /L LsandR = v/ R1 R, the false (instrumen-
tal) asymmetries, a and 3, cancel.
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G, at Jefferson Lab (Hall A)

E93-027 (data taken in 1998)
Jones et al., PRL 84, 1398 (2000)

0 G2 /G?, outto Q% = 3.5 GeV/c”
[0 Electron in one HRS and proton in FPP in other HRS

E99-007 (data taken in 2000)
Gayou et al. PRL 88, 092301 (2002)

0 G2 /G? . outto Q% = 5.6 GeV/c”

[l electron in one spectrometer and proton in FPP in other

[ above @ = 3.5 proton in FPP in one spectrometer and electron in

calorimeter.
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G, at Jefferson Lab (Hall A)

O left-right asymmetry = P,/F

polarization in vertical direction

0 up-down asymmetry = P
polarization in the horizontal

direction

front tracking analyzer back tracking
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G, in Hall A

Azimuthal Distribution

N(®, ) = No(9)e(9) {1 n [hAy(ﬁ)Ptfpp + ainstr] sin ¢ — [hAy(ﬁ)P;PP n bim] cos go}

Aximuthal Asymmetry (+/-)

hee:

45000

44000 T
43000
42000
41000
40000
39000
38000
37000

36000

35000
0 200

(@ (degrees)

[ Difference between 2 helicity states
— instrumental asymmetries cancel, Pg and A, cancel.

— gain access to the polarization components
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G in Hall A
Difference between 2 helicity states (Q? = 5.6)

0.02

= NIN,

N*/N

0 Fit Nt — N~ with F(¢) = Ccos(p + ) — tand = lf’tfpp/lf’fbpp ~ 7°

0 PP =siny-hP, PP =hp,

6/) 96
—N tan(;)
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G, in Hall A — Results

Plessas 2001 —
Holzworth 2002
Lomon 2002

oo, (+2 mrd)
8,,, (+2 mrd)

+—— Non-—disp. plane
Disp. plane ® JLab 1998

> COSY calc. T ‘ m JLab 2000
v——¥ Background

>
e
S
©
T
o
&)
-
>
QO
e
©
S
O
]
2
>
w
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G, in Hall A — Results
2.0 |||||||||||||||||||||)| ° ||||||||||||||||||||||

7

- SLAC, Andivahis et al - 1 VMD Lomon 2002
- JLab Jones e.a. e - 2 soliton

- JLab Gayou e.a. - 3 Frank et al 1996
7 4 CQ, G. Miller, 2002

/ 9 di—quark

/

/ - ) 6 cloudy bag

6 /% 75T
//>g % % % |

p
A ]

d 1 VMD Lomon 2002 1

i 2 soliton

3 Franck et al. 1996
4 CQ, G. Miller, 2002 SLAC, Andivahis et al

JLab Jones e.a.
JLab Gayou e.a.

5 di—quark
6 cloudy bag

0.0 III|III|III|III|III|II 0.0 III|III|III|III|III|III|
0. 1. 2. 3. 4. 5. . 0. 1. 2. 3. 4. 5. 6.

q2f2r1 007 12/10/02 Q < ]ln G ev < qf2f1 007 12/10/02 Q < ]LIl G eV <
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Polarization Experiments on the Neutron

Laboratory

Collaboration

Q*(GeV/c)®

Reaction

Reported

MIT-Bates

E85-05
BLAST

0.255
0.1-0.8

“H(E,e'n)
>H(&,e'n)

1994
2004

Mainz-MAMI

A3

0.31

SHe(&, e'n)

1994

A3
A3

0.15, 0.34
0.385

“H(E,e'n)

1999
1999

Al

0.67

1999/2003

Al

0.3, 0.6, 0.8

in 2004

NIKHEF

0.21

1999

Jetferson Lab

E93026

0.5, 1.0

2001 /2004

E93038

0.45, 1.15, 1.47

2003
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G5 through recoil polarization
Recoil polarization, 2H(€, €'17)p , Mainz & JLAB

[J In quasifree kinematics, Py is sensitive to G and insensitive to
nuclear physics

Up-down asymmetry ¢ = transverse (sideways) polarization

Py = &y | P. Apol. Requires knowledge of P, and A,

Rotate the polarization vector in the scattering plane (with dipole
magnet) and measure the longitudinal polarization, Py = &/ P. A,

Take ratio, 2=

' B . P. and A, cancel

E93038 at JLAB’s Hall C: Three momentum transfers, Q? = 0.45, 1.13,
and 1.45(GeV /c)?. Data taking 2000/2001

See talk by
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Notes on Extraction of the neutron form factors

No free neutron targets — scattering from a nucleus, D, *He

Neutron is not free - can not avoid engaging the details of the nuclear physics.
Minimize sensitivity to the how the reaction is treated and maximize the sensi-

tivity to the neutron form factors by working in quasifree kinematics.

[0 Indirect measurements: The experimental asymmetries (£, A8 Ao
are compared to theoretical calculations.

[ Theoretical calculations are generated for scaled values of the form factor.

[] Form factor is extracted by comparison of the experimental asymmetry
to acceptance averaged theory.
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Top Rear Array

Z (Momentum Direction)

Rear Veto/Tagger Polarization
. Vector

Front Array
-

" ToOHMS
N

X
X

"L +90 deg.

4o

Bottom Rear Array/ /

Front Veto/Tagger

e
Charybdis

Target LD2, LH2

Lead Curtain

Taking the ratio eliminates the dependence on the analyzing power and
the beam polarization — greatly reduced systematics
GE

@ — Ktand  where tand = Pj/

/

Baryons 04, Palaiseau, France, October 25-29, 2004
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Notes on recoil polarimeter

Neutron Recoil Polarization at JLab E93-038, Madey et al.
Dipole magnet for spin precession

Lead curtain suppresses background

Front tagger identifies charged particles

4x5 front array detects nucleon

Rear tagger distinguishes (n,n) from (n,p)

Segmentation permits tracking

Up/down asymmetry measures sideways polarization

Baryons 04, Palaiseau, France, October 25-29, 2004 24-1



I e 0 A N T T T T I
10 20 0 10 20
CTOF-CTOF _,_ (ns) ATOF-ATOF _,_(ns)

Left: Coincidence TOF for neutrons. Difference between measured TOF and
calculated TOF assuming quasi-elastic neutron. Right: AT OF' for neutron in
front array and neutron in rear array.

ATOF is kept as the four combinations of (-,+) helicity, and (Upper,Lower)
detector and cross ratios formed. False asymmetries cancel.

- (%)/ E=(r—1)/(r+1)
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Q2 =1.14 (GeV/c)2 O (n,n) In Front CA p/p = -3/+5%

I I I I I
x?/ndf = 0.90

: I
i fv!uNr'-r". ﬂ."lﬂ ."Ii.’".r',:‘l.’.ﬂ' I ",,Irlfl W";“di. &
O T R ilo S A TSI A S
‘l + ] ! E ’y ’l el ;h‘ E‘| m,liu

A

£, =-1.29+0.13 % .

| | | | | | 1
100 150 200 250 300 350 400 450

i 2.5F . .
lendf:0.79 ok X = +90° lendf:0.59

2.5

S Hl
- -7.5 —T+ |

-10
-12.5

§ =6.21£0.33% &, =-6.36+0.36 %
I I I I I

10 20 10 20
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. in Hall C via ?H(é, e'ni)p

: 2 2
Fit to Data for Q = 1.15 (GeV/c)

E=A Psin(X+3) |

)
S
ws
>
=
Qo
£
E
>
7
<

0
Precession Angle, X (deg)

{ ocsin(y +0) =g
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X R. Schiavilla

X Zhu

X J. Golak

X C.Herberg

¢ M.Ostrick

¢ I.Passchier

¢ Bermuth

© Seimetz/Glazier
0O Madey

——— Galster Curve

1.0

Q® (GeV/c)?
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Beam-Target Asymmetry - Principle s
normal

Polarized Cross Section:
o= -+ hA po!arizstiog
Beam Helicity h + 1 | |

A:—:

oy —o—- A
oy +o_ b

AT ATL

Ve

B CLCOS@*(GM)E—F?)Sin@*COS(I)*GEG]\;. - NT — N
c(Gr) +d(Gr) TN N
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Beam-Target Asymmetry - Practice
[l No free neutron
Unpolarized materials

Protons dominate

The deuteron and *He only approximate a polarized neutron

Scattering from other polarized materials
Indirect measurement of form factors

Taking ratio of A7y /A7 not always practical; errors arising from P,
and P,
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B93-026  D(<.¢m)p [ o(hP) =00 (1+hPAL)]

is sensitive to G,

has low sensitivity to potential models

has low sensitivity to subnuclear degrees of freedom (MEC, IC)
in quasielastic kinematics

Sensitivity to G’z — Insensitivity to Reaction

>o 0.1 >o 0.1
o =1

[
< [ < [
Gg=0.5xGalster i N

Gg=1.0xGalster i
- : [ N+MEC+IC
Gg=1.5xGalster N+MEC+IC+REL

/N

\/

IIIIIIIIIIIIIIIII -0. -IIIIIIIIIIII IIIIIII IIIIIIIIIII
100 150 200 250 300 350 100 120 140 160 180 200 220 240

6" (deg) By (deg)
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'win Hall C
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Notes on Hall C Setup

Polarized Target

Chicane to compensate for beam deflection of ~ 4 degrees
Scattering Plane Tilted

Protons deflected ~ 17 deg at Q% = 0.5

Raster to distribute beam over 3 cm?” face of target
Electrons detected in HMS (right)

Neutrons and Protons detected in scintillator array (left)

OO O oo dd o i

Beam Polarization measured in coincidence Moller polarimeter

Baryons 04, Palaiseau, France, October 25-29, 2004 32-1



Frequency

o s 104 Solid Polarized Targets
Refrigerator
e iﬁ frozen(doped) 1°NDj3
“He evaporation refrigerator
5T polarizing field
remotely movable insert
dynamic nuclear polarization

NMR Coll

—=B

— 5T

(inside caoil)

7656A1
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Polarized Target
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Gen Target Performance, 10Sep01

T i T i T i T

N w B
o o o

Deuteron Polarization (%)
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o

800
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Neutron Detector

Highly segmented scintillator
Rates: 50 - 200 kHz per detector

Pb shielding in front to reduce
background

2 thin planes for particle ID (VETO)
6 thick conversion planes

142 elements total, >280 channels

/

Protons

Beam
Height

—
Neutrons

JIITTT I IrT Ty

[)[s](e](e] (][] [e][¢] (s} S) () [e] [e][e)[e) (6]

[s](e)[e][e][e][e)[e][e)[¢][s)(¢] 8] (e} (6] (e} 6] (e} (6] [S) 6] (@) ¢] @) (] [S] (]

110me

“M.0cm 1
(length:160cm)

o

cm

1998
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Extended front section for
symmetric proton coverage

PMTs on both ends of scintillator
Spatial resolution ~ 10 cm

Time resolution ~ 400 ps

Provides 3 space coordinates, time

and energy

I PRI I T IR
20  -10 0 10 20
Coincidence Time (ns)

36



. . = /
Experimental Technique for D (‘e’, e'n)p

For different orientations of h and P: N"* o o (h, P)
Beam-target Asymmetry:

NTT _ NlT _I_Nll _ NTl

_ L VvV
CT NTT L NI+ NI £ NTT =hPfAcq

Asymmetry

Neutron

0.1 0 0.1 0.2
Vertical Slope
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E93026 and World Polarization Data

X R. Schiavilla

X Zhu

X J. Golak

X C.Herberg

¢ M.Ostrick

¢ [.Passchier

¢ Bermuth

© Seimetz/Glazier

0O Madey

0O Warren

——— Galster Curve
GEp Q2 dep

—8—

ray
i
i
!
L 1

!
|
1

L X

1.0

Q® (GeV/c)®

Falls off like proton above Q2 = 1.

=
o
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Relevant Theories

0.10 . .

X R. Schiavilla
X Zhu
X J. Golak
X C.Herberg
& M.Ostrick
¢ [.Passchier
¢ Bermuth
© Seimetz/Glazier
O Madey
O Warren
— Simula
— Lomon
— GBE-CQM
— Miller
- Holzwarth
-+ Hammer
——— Galster Curve

0.5 1.0

Q° (GeV/c)?
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—
SHe

"o
Gy, via

(€, ¢') X, E95-001

/H%[ Diode Laser

Large Helmholtz Small Helmholtz

Helmholtz Coils x

RF coils

795 nm

_e beam Electron Beam

Pickup Coils

ydet —yae |
qge _ A4
Araw — quT +qul = AeXp X Pth

[ Elastic scattering as monitor of P, P;. Very effective — 1.7% contribution to

error!

0 P, P7,h", h™ to minimize false asymmetries

Baryons 04, Palaiseau, France, October 25-29, 2004
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—
G%, via “He(e, ¢') X
1.2

Markowitz 1993
Anklin 1994
Bruins 1995
Anklin 1998
Gao 1994

This work
Kubon 2001

08 L ‘
0.0 0.1 0.2 0.3 0.4 05 0.6 0./ 0.8 0.9
Q% (GeV/c)?

E95001, Wu et al.. PRC 67 012201(R) (2003)
dots: Lomon

short-dash: Holzwarth

solid: Lu

long dash: Mergell
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n-at High Q% in CLAS

d D(e,e’n)p
mor _ f(Gh, Gp)

do D(e.e’p)n =~ £(GP GP
d_QQE f( M> E)

Rp =

Has advantages over D(e,e’), D(e,e'n)p

[1 No Rosenbluth separation or subtraction of dominant proton
[0 Ratio insenstive to deuteron model
[0 MEC and FSI are small in quasielastic region

[] Large acceptance to veto events with extra charged particles

[J Data taken with hydrogen and deuterium target simultaneously

(] Precise determination of neutron detection efficiency by via H (e, e'nn™)
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Experimental Advantages/Demands

Using the known values of G, , G, , G% , extract G}, .

[1 Insensitive to

— Luminosity
— Electron radiative processes

— Reconstruction and trigger efficiency

[] Requires

— Precise determination of absolute neutron detection efficiency

Neutron Detection Efficiency

[] Data taken with hydrogen and deuterium target simultaneously

D H2

0 tag neutrons with H, target via H (e, e'nr™)
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— In-situ efficiency, timing, angular resolution determination
— Insensitive to PMT gain variations

— Small acceptance correction

[ Two beam energies, two field polarities
0 G7;at the same Q7 in different parts of drift chambers and magnetic field

[ Neutrons detected in forward calorimeter, large angle calorimeter

Overlapping Measurements of G'

(Semi-schematic)

°Q2 (GeV?)
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Gy Preliminary results from CLAS

[ Selected World Data |

14

=
N
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[ e5 Preliminary data |

J.Lachniet CLAS 2004

00°%0000000° _ ,,000000 ¢++

- PRELIMINARY "

G,, preliminary acceptance corrections
G no radiative corrections
Hn%5p _
no nuclear corrections

statistical errors only
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o
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Preliminary results show a minimal deviation from dipole in contrast
to the modern parametrization of the historical data set which shows a
10-15% deviation from the new Hall B data.
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G"; , Status of Rosenbluth Separations

_doe(1+71)

1.8 —T
= Litt
dS? O Mott

= TG (Q)+eGR(QY) [ Fa ww

C Andivahis
14 . Price

1.2 |
1.0 b=
0.8 |
06 F
5Gr o §(or(el)—or(e2))(Ae)  (1G2,/G) %4}

0.2 b
0

OR

Fundamental problem: o insensitive
to G%, at large Q*. With uG% = G%,
G, contributes 8.3% to total cross

section at Q% = 5.

J. Arrington:

Phys. Rev. C68:034325, 2003

[J E94-110 consistent with global fit

[1 Rules out experimental systematics

[1 e dependence must be large
[J Unconsidered € dependent radiative

correction
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Super—-Rosenbluth, p(e, p)
Reduces size of dominant corrections
Rate nearly constant for protons

No p dependent systematics

Sensitivity to angle momentum reduced
Luminosity monitor (second arm)

Background small
Qattan et al. nucl-ex/0410010

1

o
o]

Baryons 04, Palaiseau, France, October 25-29, 2004

[ Q% = 2.64 GeV?
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Q? = 3.2 Electron Proton
€ 0.13-0.87 | 0.13-0.87
0 22.2-106.0 | 12.5-36.3
p [GeV/c] | 0.56-3.86 2.47
2210 17] 6-340 120-170
99 [%/%] | 11.5-14.2 | 5.0-5.3
291%/deg] | 3.6-37.0 | 5.6-19.0
Rad. Corr. | 1.37-1.51 | 1.24-1.28
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Possible explanation: radiative corrections

There are radiative corrections to Rosenbluth experiments that are not included
in the analysis

These corrections are: Linear in € and only weakly Q* dependent.
2 2 2 2
Gy++Ge Gy+ = Ge

A

data

Gy, ak,ne)A G,, plus extra
radiative corr. radlatlve COlIT.

1" 0 1 ¢

Low t (Low Q?) High © (High Q?)

fhEnT R [ X

Two-photon exchange

bremsstrahlung vertex corrections
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Two-Photon Contributions
Rosenbluth formula holds only for

single photon exchange
Certain two-photon processes can

occur
They are e dependent and can effect

the Rosenbluth extraction
These have been calculated in the

past, but are now being reexamined

[0 In the past, two-photon calculations
were done assuming only soft pho-
tons so hadronic structure did not
play a role

Blunden, Melnitchuk and Tjon have
done such a calculation: the inter-
mediate state was as nucleon with a
monopole form factor.
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Two Photon Contributions
Guichon and Vanderhaeghen wrote down general expression and estimated the

size of the two-photon contribution required to explaining the discrepancy.

2
oy = 1 {T+5||SE||2 e (T+ ||GEI|> Yz (v QQ)}

2¢ G g 2¢ |Ggl 2
V(e { |éf;| T (1_ m@El)YQV(V’Q )}

They find Y2, to be on the order of a few % which would generate a 6%

correction to the € slope and only slightly modify the recoil polarization results.

0'=325GeV’ 18 | O =4V Chen, Afanasev, ef al. have used a differ-
: * ent approach than BMT:

[ hard scattering from quark

7 L [1 GPDs describe the quark emission

02040608 1 0 02040608 I and absorption

[0 They argue that when taking the PT
form factors as input the addition of
the 2—photon correction reproduces
the Rosenbluth data

Other work by Tomasi and Rekalo

; Q2:5G6V2 . ;Q2:6GgV2

0 02040608 1 0 02040608 1

Baryons 04, Palaiseau, France, October 25-29, 2004 48



Two-Photon Contributions

E01-001 analysis
TPE of Chen et al.
TPE and Coulomb correct. (JA & 1S)

Still a discrepancy, of which only
one-half is explained

J. Arrington, priv. comm.

Experimental Tests are Possible

o(etp)
o(e~p)

[] Rosenbluth linearity
[] Recoil polarization, p,,
0 p' (e, e')p (SSA)

Baryons 04, Palaiseau, France, October 25-29, 2004
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Notes on two-photon

e /e~ and A, are due to interference of the real parts of the one and two photon
terms. Recoil polarization is a measure of the imaginary part

Possible to use elastic electron-nucleon scattering to observe the T-odd parity
conserving target single spin asymmetry. It is time reversal odd but A, does
not violate time-reversal invariance.

__ 01—9)
Ay = orto)

Single spin asymmetry A, arises from interference between one-photon and
two-photon exchange amplitudes and is sensitive to the two-photon exhange
amplitude. The normal spin asymmetry is related to the absorptive part of the
elastic eN scattering amplitude. Since the one-photon exchange amplitude is
purely real, the leading contribution to A4, is of order O(e*), and is due to an
interference between one- and two photon exchange amplitudes.
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Data and Theory

~._OGE CQM

See,
Se—oe—o—, .

VMD + pQCD

— MIT-Bates:)lH(é,e’ﬁ)
| O Mainz: 1H§e,e;p)
W JLab: 'H(e,ep
! | ! |
0 1 2

[ R R
M JLab E93038: 2H(e,e’n)
O MIT-Bates: 2H(e,e'n)
@ JLab: 2H(e,e’n)
O Mainz Al: *He(e,e’n) ~~"NOGE CQM
A Mainz A3: 2H(e.e'n) “rceM —
¥ Mainz A3: *He(e,e’n)
" O NIKHEF: 2Fi(e,e’n) VMD + pQCD |

0

0.4

0.6 0.8 1
Q* [(GeVic)’]
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Prospects for future measurements

0 Precision measurements of G'% out to Q° = 1.5 (GeV/c)? at Mami-C via

3}Te>(é’, e'n)

L via BPTé(é’, e'n) out to Q° = 3.4 (GeV/c)? in Hall A at JLAB
— Extension to 5 (GeV/c)? in Hall A with 12 GeV upgrade.
% via “H(€, e'it)p to 4.5 (GeV/c)? at JLAB’s Hall C

Precision measurements up to Q° ~ 1 (GeV/c)? of G% and G%, with internal
polarized targets and BLAST.

Form factor ratio (G%,/G% ) out to 9 (GeV /c)® via 'H(€, e’p) in Hall C at
JLAB with 6 GeV beam, 2005-2006.

— Extension out to 12.4 (GeV/c)* with 12 GeV upgrade.
Gy out to 14 (GeV/c)* with an upgraded CLAS and 12 GeV upgrade.

G*, t0 8 (GeV/c)? (as part of new proposal to measure B(Q?) at 180 degrees
in Hall A).
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Conclusion

[0 Outstanding data on G%, out to high momentum transfer — spawning a
tremendous interest in the subject and the re-evaluation of our long held
conception of the proton.

Finally G’z measurements of very high quality from Mainz and Jefferson Lab

out to 1.5 (GeV /c)? exists, allowing rigorous tests of theory.

Data sets out to large Q° from future experiments will further constrain any
model which attempts to describe the nucleon form factors.

A resolution of the G%, data from recoil polarization and Rosenbluth
techniques will have applications in similar experiments from nuclei and
deepen our understanding of physics and experiment.

Although the major landmarks of this field of study are now clear, we are left
with the feeling that much is yet to be learned about the nucleon by refining and

extending both measurement and theory. R.R. Wilson and ].S. Levinger, Annual
Review of Nuclear Science, Vol. 14, 135 (1964).
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