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Introduction

* Unlike the electron, the proton is not a pointligEementary particle

« A proton is a complicated object with internal sttre and an extended distribution
of charge and current

* Naively, a proton is a bound state of three spihgliarks, held together by strongly
attractivecolor forces mediated bgluons.

* Quarks are light; mass = few MeV, while proton massse\V\> Enormous ratio of
binding energy/constituent mass; bound in the pratove relativistically

« E=md; creation and annihilation of quarks and antigeankthe proton; “dresse:
constituent quarks in a “sea” of quark-antiquarkgand gluons.

* Quarks also carrglectric charge; physicists can precisely probe the quazkg d
iInside the proton using high-energy electron beatmsh interact with quarks
through the well-known electromagnetic force.

 The goal of precision experimental studies of thark structure of the proton is to
understand how the static properties and dynarb&ahvior of protons and
neutrons (nucleons) emerge from QCD, the theothi@tlementary strong
Interactions between quarks
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Overview of Nucleon Form Factors
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Lab Differential Cross Section:
Rosenbluth Formula




Rosenbluth (L/T) Separation

o
o, =1+ 1)e—2 =G +1G,,
UMott

g:{1+ 2(1+ 1) tanz(%ﬁ

* Measure angular depender

of scattering cross section at
fixed Q?

* In OPEX, “reduced cross
section” is linear irz

» Slope and intercept determine
G2, G, respectively
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World Cross-Section Data
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Polarization Transfer
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 Elastic scattering of polarized
electrons from unpolarized
nucleons transfers polarization to
scattered nucleons

* Better sensitivity to G especially
at high ¢

» Determines sign of &G,,

 Much lower sensitivity to
radiative corrections and two-
photon-exchange (TPEX) than
Rosenbluth
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Polarization Transfer and8G,,P
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Precise recoll polarization data for RSP/Gy,P conclusively
revealed a strong deviation fron=RL scaling of cross section data
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Jefferson Lab/CEBAF/TIJNAF
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Figure 3-1: Schematic of the CEBAF accelerator
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New recoil polarization measurements @P/G,,” in Hall C at JLab
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Kinematics

7 GeV? £ Eearn, GeV | 0y, © | ps, GeV | E., GeV  8,°
2.5 0.151 1.873 11.195 | 2.0676 0.532  105.2
25 0.633 2817 30,085 | 2.0676 1.51 11.9
25 0.789 3.680) 36.10 | 2.0676 2.37 30.8
5.2 0.377 4.053 17.94 3.5887 1.27 60.3
6.8 0.507 h.714 19.10 4.4644 2.10 44 .2
8.5 0.236 5.714 11.6 5.407 1.16 | 69.0

* E04-108: three new high’@neasurements
* E04-019: precision measurements at®)5 Gel for threee

values; look for signatures of TPEX

e Beam: ~60-10@A CW, 80-85% polarized (Moller)

» Target: 20 cm LK nominal luminosity ~4 x 19 s'cn?
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HMS+FPP

* High Momentum Spectrometer (HMS),
superconducting, 25° vertical bend magne
spectrometer measures proton: |
« Angles o = =
« Momentum o . - 75N
 \ertex
» Focal Plane Polarimeter:
* Measure transverse components of
proton polarization at the focal ple

4 -
L \Analyzer
nucleus

CH2

If more S+ than S- (+thw)

... more events left than right
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* Measure electron angles, energy
« Separate elastic from inelastic using angular correlation

» Large Jacobian in elastic ep scattering—Ilarge acceptance to
match proton arm

« For F=8.5 GeV, Q.= 143 msr td2,= 6.7 msr

. 11/23/20 KR _
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Data Analysis

» Elastic Event Selection
— Inelasticity variable definitions
— Cut selection and background estimation

o Extraction of Polarization Observart
— Focal plane asymmetry extraction
— Spin precession calculation

Jefferson Lab 5/' - Experimental Hall ¢
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correlation in elastic scattering
* p-p(©O) spectra:
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Elastic Event Selection, Il
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Background Estimation

10 _' e | L L s
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 Estimate background directly from data o

by extrapolating dx, dy distribution under po
the peak (above): et T H"*h
- Data, fitted background and st ';r"ﬂ' H':;Rm""”“
projections . B
 Compare data (top right) and MC dm’ Fe
(bOttom rlght) for dp LS R S A lea S
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Background Subtraction

= 15
C
I
= 1—
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1
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0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22
background fraction

» Background and signal polarizations differ, F.&fia decreases as elastic cuts are
relaxed

o Stability of background-subtracted F. F. ratiotwaut variations including more
background validates background subtraction method
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Extraction of Polarization Observables *

) ) (L.S+)<0 S, S (L.S+)>0
1+ (01(79) + Ay(ﬂ)nypp)Cow LS)=0 L/ ” S+ (L.S-)<0
N*(9,8) =N S22 +(3(9) ma, ()R )sing + e
_C2(29) cos() + s,(F)sin(29) +K | It more S thanS- (42 . nucleus
C_N@.9)
+ Ng
. _5(19){1+ C,Cosp +ssing + |
+ - 71 C2 COS12¢) + 52 S|n<2¢) +K | ... more events left than right

f,—f = 5(’9)?(’9) [P, cosp - P,” sing]

Angular distribution and azimuthal —----. :
asymmetry definitions >
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Polarization Observables—FPP Asymmetry20

0.06 ——————
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Helicity difference asymmetry,{> 8.5 GeV, 0.5°<0 < 14.0°
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Polarization Observables—FPP Asymmetry21

. _ |« { ndt 62.49 /94
0.1 SR S— po ALU1588 + 0.00030
: 0.1048 = 0.0003

0.05—
o R S Sy S
0 1 2 3 1 5 o
{l'fpp

FPP asymmetry, ©2.5 GeV, £=0.15
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Spin Precession, |

' r r r
dS: € Sx gal+(1+ y{g— DBE
d my 2 2

r

r
dv _ € \r/xB
d my
r
"
(de e [0 je L,
dt comoving 2 my
X = VKO g
Q?, GeV? | po, GeV/c | xq, °
2.5 2.0676 108.5
5.2 3.5887 177.2
6.7 4.4644 217.9
8.5 5.4070 2062.2

.gefferson Lab

 BMT equation (1959):
relativistic spin precession in a
magnetic field

e ¥ = precession angle relative to
velocity in a constant, uniform
magnetic field

* Precession angle
corresponding to HMS 25°
central bend for this experiment
shown in table

» Unique spin rotation for each
event, calculated using HMS
COSY model
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Spin Precession, |l

Q’=5.2 GeV?, zero crossing = 180 ° - p1 = (180.00 £ 0.95) °

[
B
<

0.03(—| x~/ndf 3.923/5 _

- | Prob 0.5605 o
0.02—— PO -0.0551+ 0.002809

E pl -6.001e-05 = 0.01661
0.011 -

0

- Q Q
001 Se S| R w
-0.02 : yt Syll Syi n

-k ‘ P
0.03 ?! ,Zt Szn SZ| |

—l 2-6 | 2.8 | | | 3 | | | 3.2 | | | 3-4 | | | 3.6 |

Xo

* Normal asymmetry at focal plane should cross zeyeE0°
 Within statistics, data compatible with this preaio
* Fit: a, = p0 sin(x+pl), <hA>S, P, from COSYagrees withy-dependence of the data
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Spin Precession, Il

L s | x>/ ndf 2.005/4 o "/ ndf 1.287/4
=19 Prob  0.7349 T 0 Prob  0.8636
3E tar 3E tar I
li I i li 4 - I % #

DE § ; ¥ DE : T ¥ "y :
_1; _1; * %

e X~/ ndf 4.864/4 - | | x*/ndf 1.679/4
£ y Prob 0.3015 = 6 Prob 0.7945
32— tar 35_... l
li 2 ? . 1 i | ; J
?g t i H ?g L4 ¥
:2% :z§ }

I—ll‘II—O.SIIIIDI‘IID.SIIIIIIIIII.SIIIIZIIIIZ.S _3...._2...._1.\..0..\.1....2...
em L

R vs. reconstructed kinemati€3s= 8.5 Ge\#, DIPOLE /COSY
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Spin Precession, IV

o FAERe s | LTESe » High-precision data at®2.5 GeV provide
TigeneTiietee Ry LTE'“‘““‘TW? a strong test of spin transport calculation.

o e el %- g « Benchmark test: extracted form factor ratio
“lomeaomr, ] Clamagen iIs independent of reconstructed kinematics
cor j_c,,ﬂﬂ?r I || Samm— « v2 of constant fit close to one for all four

os iy T e target variables:

ek T R « 3 = percent deviation from central
Y ifémfﬂ%?g' _-' momentur

}”i R 18 * 0,,~ Vertical angle

Wl ] * ¢~ horizontal angle

1;0‘08_&05_0-036:;%0{?;5 Ié | 1-2' | -9; (“1"1') I. | * ytar: Vertex

NEESEI Y N 2 g : * P, B and R can vary across acceptance due
" W Mﬁl‘“ﬂﬂ to finite spectrometer acceptance.
L - Effects generally small, especially for R

« Effects on B B larger at smal¢

R and HP,(Born) vs. reconstructed kinematics
DIPOLE/COSY, @*=2.5 GeV, ¢=0.15

GEp-Ill Collaboration 11/12(?/20
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Systematic Uncertainties, GEp-ll|

Q?, GeV? 5.2 6.7 8.5
Ppeng (£-5 Mrad) 0162 .0202 .0378
0,4 (£2 mrad) .0009 .0006 .0002

6 (+0.3%) .0029 .0027 .0024

+
mr;"apfsi(aéip» .0003 0057 0178
Epearr (£:05%) .0002" .0000¢ .0002¢
False asym. .0069 .0057 .0018
Background .0015 .0013 .0130
Rad. Corr. (% of R) 0.05% (AR=-.0002) 0.12% AR ~=-.0004) 0.13% AR =-.0002)
Total AR .018 .022 .043

syst

* Non-dispersive precession uncertainty dominatesybegmatic uncertainty in R

* A, h cance] no uncertainty for R
« Standard radiative corrections (not appliedyligible compared to other uncertainties

Jefferson Lab Exnerlmental HallC
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E04-108 Final Results, |

150 - ° T 7 : : ' b
. ]« Results published A.
_ 1 J. R. Puckett et al.,
- = 1.00 - 71 PRL104, 242301
< 1 (2010)
3 _ « 50% increase in Q
S, 080 | TR 71 coverag
3 i iy : ﬁkl 1+ New data favor a
- @ Jones, Punjabi HMK| N W slowing rate of
sl ~_ | decreaseof R
I st s ] 3 - _—
_0.50 N I IR RN R B
0.0 2.0 4.0 6.0 8.0 10.0  12.0
Q* (GeV®)

11723120k _
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E04-108 Final Results, Il

4.00 -

— 3.00

p

Q¥

2.00

1.00

0.00

I
Lomon

Belitsky
Guidal

0.0

2.0

4.0
Q2

6.0

(GeV?)

8.0

10.0

SEECGLRRLE  GEp-II| Collaboration

28

 Theory curves:
 Lomon 2002, 2006
(VMD)

* Belitsky 2003 (pQCD
scaling)

» Guidal 2005 (GPD)

» Gross, Ramalho, Pena
2008 (covariant spectat
model)

» de Melo 2009 (Bethe-
Salpeter Amplitude)
 Cloet 2009 (Dyson-
Schwinger/Faddeev/quark-
diquark)
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EO04-019 Preliminary Results

0.72

R 068

0.64 -

0.60
1.04
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1.02 |
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1.00
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L |
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0.6

p
0.8

1.0

* Two high€ kinematics cut to the same
acceptance as lowest

« Same Qacceptance

e Same spin transport systematics
* No significante dependence of R at
Q?=2.5 GeVt extracted from
polarization transft
 Strong constraint on TPEX amplitudes
In elastic ep scattering, severely restrict
available calculations
« B/P,(Born) shows an increase wih
with a fewo significance
» Several assumptions built into
extraction of absolute, P
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Theory Overview—Gg,
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e Fits by Lomon in extended Gari-Krumpelmann model, nucl-th/0609020
°p, , ¢, p', ® Mesons + “direct coupling” enforces pQCD asymptotic
behavior

. 11/23/20 K 4
GEp-IIl Collaboration 10 %47 - Xperimental Hall €
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Bethe-Salpeter Amplitude

I B B § 10 |
-Combined Ansatz for ooy o
nucleon Bethe-Salpeter _ . |~ | T~
amplitude anc ) A "3 i
microscopic VMD S e z ]
model, consider Y A
valence and non- T P Y G e
valence components of
the nucleon state in de Melo et al. PLB 671, 153 (2009)

light-front dynamics

11723120k _
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GPDs, |

GeV?

1
/ deH%(z,£,t) = FU(t)

1
/ drE%(z,£,t) = Fi(t)

1

.gefferson Lab

0.50
0.40 b -
\b\‘:‘\;hx,\x
. 0.30 } . )
- 2 )
~ 020
0.10
(} ll » lI »
0 9 A 6 8 10

—t | }(2\«-”2:

* Form factors constrain GPDs through sum
rules: @ moments of vector (H) and

tensor(E) GPDs equal e.m. form factors
* Above: Diehl et al; EPJ C, 39, 1 (2005)
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GPDs, Il
=3
: O 12t

* Guidal et al., PRD 72, 054013 =
2005: Modified Regge = og b

. . o Ve T
parametrization of valence quark < | i
GPDs I -
e Three-parameter fit to nucleon =~ '[7° - .
form factor data G 45 b
» Constraint on E from precisF,, g
data allowed evaluation of Ji sum “. ? I

. O TV
rule: 2J4 = f " doHO(x,0,0) + E4(x,0,0), & | T ﬁ’""i‘
—1 =05 - *
@ *‘\**
M (MRST2002) 2/ (R2 model) 27 (lawice [40]) = | R

u 0.37 0.58 0.74 = 0.12 10" I 10
S e oo 4GV
u+d+s 0.61 0.56 0.66 £ 0.14

11723120k _
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pQCD, |

* Based on dimensional scaling laws for high- - =
Q2 exclusive reactions: g e ’
* Brodsky, Farrar, PRD 11, 1309 (1975)
» Brodsky, Lepage PRL 43, 545 (1979)

g

A AVAVAVAVAVAVAVAVAVA

TP _ y1p'
e ExpectEk.~1/Q" F,. ~ 1/, as G2 @
1p 2p Top 3 yop'
T
T ,
s 1 T3p Gl Yap
%E 0.9; +  Bartel et al. 1973
k=] OSE «  Berger et al. 1971
' g 2 Andivahis et al. 1994
0.7 = +  Kirketal. 1973
LS Approximately satisfied by
0.5° .
T L T Gy Starting at @=5-10
N GeV?
02— 7
0.1? ::
070‘ SIIOIIISIIZOIZSIISZOsz
, Ge
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pQCD, Il

F,/F, vs Q X*/ ndf 6.903 /13

. p0 1.029£0.0551 | __
= 1_4;{' pl 0.2445 + 0.01139 % 0.25: A=245% 11 MaV
lzi = - —e— GEp-I
2L % 0l —=— GEp-1I
1;* ,§ ' n —+ GEp-III
o.s;— 0.15 SRS A | +
0.6— L
C 0.1
04— :
- 0.05
02— -
T T S T I A S ot 1 2 3 4 5 6 7 8
Q% GeV’ Q% GeV’
« Belitsky, Ji, Yuan, PRL 91, 092003 * Proton data for theatio F,/F; well
(2003) described by this modified scaling

» pQCD analysis of Pauli form factor F ¢ Necessary, but not sufficient condition
» Subleading-twist component of light  for validity of pQCD form factor

cone nucleon D. A. leads to logarithmic description
modification of asymptotic scaling ofF

relative to k

A\
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Light cone sum rule calculation of nucleon form factors: Braun, Lenz,
and Wittmann, PRD 73, 094019 (2006)

. 11/23/120 KR 4
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Dyson-Schwinger/Faddeev/q(gq)

—==.r-=00fm

1Yl —— r.=04fm

% o,  Cloet et al., Few Body
"ot B % } D | Systems, 46, 1 (2009)
woop\ CEg T O » smem] o Dressed quarks are
' os[ O _ fundamental degrees of freedom
= « diquark correlations
ol  Solution of Poincare-covariant
-. Faddeev equations based
0 rainbow-ladder truncation of
DSEs of QCD

Dressed-quark core contribution to* photon-nucleon vertex depends

R, for different diquark radii O asingle parameter: diquark

charge radius
* Gg,and G, both possess a
Zero

Jefferson Lab w27 - EXperimental Hall G
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Transverse Densities, |

1.5 » Burkardt, Int. J. Mod. Phys. A 18, 173
o(b) [fm™2] 1 proton (2003)—GPDs related to impact-
0.5 parameter distributions:
0
005 115 2 _ (9 2
b[fm] q(x’b)_fweq Hq(x’t q),
0.1 .
0L ——0 * Miller, PRL 99, 112001 (2007)—model-
,. —04 iIndependent infini-momentum fram
o (b) [fm™] -0.2 transverse charge density from 2D Fourier
-0.3 neutron
0.4 transform of
o 05 1 15 2o °Miller, Piasetzky, Ron, PRL 101,
b[fm] 082002 (2008)—model-independent
magnetization density from,f-
. 2 N id- d2q iq-
p(b) = Zeq fdxq(x, b) = f(Z?T{;'Z F (0 = q?)e'd™®. pu(b) = ,[(277)2 Fy(t = —q?)e'aP.

q

11723120k _
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40N
Pen(B) [fm ]

20k p2(b) [fm ]
) 20" 1
15 pen(b) = - / QdAQJo(Qb)F1(Q?). p2(b) = o / QdQJo(Qb)F5(Q?).
‘ 15 T3
1.0
10
0.5¢
05
02 04 06 08 10 12 14 . . . . . . : b [fm]
poalb) 7] 02 04 06 08 10 12 14

pa(b) [fm™?]

New transverse density e
analysis of FF data:
Miller et al:
arxiv:1010.3629

138

Lar

005 004 006 008 010 012w olhul . i
Pk B Iff_“l':l 00> 010 0.15 0.2c {I-Ei"_:.\
1ot i) [for]
0.50 1.0:1-"“‘\\
u2of 050
0.10}
e 020}
0.10} -

0.02] . S
oo} e 005} -

02 04 06 08 10 12 17 _ = 002t N i

o4 oS 0B 16 12 14
Flis. 7 [Color oniane) gep (solid, bue) (with error bands
(short dashed, rad)). I'IG. & (Colcr online] pz, with error bands

. 11/23/20 KR _
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Covariant Spectator Model

Q" (GeV") @ (Gev?)

SEECGLRRLE  GEp-II| Collaboration

41

3 X

P, i}\\ P
pS

» Gross and Agbakpe, PRC
73, 015203 (2006)

» Also Gross, Ramalho, at
Pefa, PRC 77, 015202 (2008)
» Model nucleon as bound
state of three dressed, valence
constituent quarks

« Covariant spectator

“diguark” on shell

! =

"
fgr
R F /I = ~ -
w7 - EXperimental Hall G
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Theory Overview—TPEX
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Radiative Corrections and TPEX In elasticzegp

 “Standard” QED radiative corrections to
ep cross section data at lowest order in > < i;) < >’ < {9 < &”<
include:
 \ertex corrections i ¥ W
« Vacuum polarization >M< LH>‘<
» Self-energy . . g
* Bremsstrahlung
» Two-photon exchange (TPEX) proce .

where both photons are “hard” preV|oust> y \m@ ‘<} m{} >m/

2} Bom erm {d) Set emengy.

{2} Bremsstrahiung

Fig 24. Bom kerm and kewest order radiative cormection graphs for the electon in elasic

neglected
e Cannot be calculated model-

| Are dmhl mg

independently O

« Have been shown to partially [f:.ﬁ( \,Zﬁ*'(
resolve the discrepancy between ’/” !

L/T and polarization data for G, e el

‘
st

GEp-IlI Collaboration 11/12(?/20 ”ﬂ"
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Formalism for elastic ep with TPEX

p, — _[20=9h o + Gy (s + FE) *In the_Bom
" ey o M2 approximation (one
+ GER(OG) + O(c)| photon exchange
By o R [Gw + ?"C"uh(éi(‘u e “3) mechanism), elastic
I M*1+ ep scattering
e 4” 5 described by two
or = Gt + 'f“a + GEﬁ(ﬂFEﬁwF) real amplitudes ((,
+2GuR(0Gu + 5 F3) + O(e!) Gy), functions of A
Cr §Cn  dCE  vFs ) W'th TP_EX
e {l‘ G | B PR contribution, we
Fd B §, | have instead three
) (fE 1+fc;*_q.,fJ | m“ﬂ'} 1 complex amplitudes,

depend on § ¢

GEp-IlI Collaboration 11/12(?/20 ”ﬂ"
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Experimental studies of TPEX

« Beam and target SSAs in elastic ep scattering:
Imaginary part of TPEX amplitude (target SSA
equivalent to induced recoil polarization in ep
scattering)

e e'p/ep cross section ratio—expect few percent
deviation from unit

* Non-linearity in the Rosenbluth plot—none yet
observed; high precision ep cross section measumsme
In Hall C (experiment E05-017), analysis in progres

* ¢ dependence of Recoll polarization—experiment
E04-019

’_!’f:{,‘,;. -
Jefferson Lab w27 - EXperimental Hall G




TPEX—Hadronic Model

.2
GR / (J'D,

9.0 F sl

* Blunden, Melnitchouk, Tjon, PRC 72,

034612 (2005): TPEX corrections with N

iIntermediate state;

SEECGLRRLE  GEp-II| Collaboration
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- o PT
o LT
- o LT e=0.5-0.8
s LT e=0.2-09

O 1 1 1 1 M 1 1 1 1
0 1 2 3 4 5 6

2 o]
Q (GeVT)

* Nucleon form factors included at each

photon-nucleon vertex

« Correction toog of order few percent, but

stronglye dependent

 Partially reconciles LT/PT results

» Predicts several % increase in R

extracted from [P, ratio at lowe relative

toe=1

11/23/20
10

L - -
1y s

R > = ~ -
w2~ - EXperimental Hall
T Mg

§ TR N
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TPEX—Partonic Model

Rosenbluth w/2-y corrections vs. Polarization data

N
o o
=" _
gf 0.6__ {7 %(}§+ [ ] [ |
¥ o ’

o4 ) C Pol:idonescetal é‘ T
| @ Pol.: Gayou et al. : J
0.2 |-----Pol.: Gayou et al. fit
[V Rosenbluth, Mo-Tsai corr. only

| W Rosenbluth, incl. 2y corr. w/gauss. GPD
OO .......................................

» Afanasev, Brodsky, Carlson, Chen, and VanderhaedtiRb 72, 013008
(2005): TPEX correction related to GPDs in handim@ghanism, valid at
“large” s, u, -t

 Predicts a strong decrease of Pt/Pl atdow

- 11/23/120)KZ8 -
SEECGLRRLE  GEp-II| Collaboration N . Experimental Hall G
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Structure Function Method

1.01 ¢
- L ~
<y
O
1.01 1
- _._-_H_____,_._--—-——-‘-_'__'__' T '
~ 1
o 0.5F
1.01 ——
L_' __d_’__._;__ﬁ_?_________-f—.-.-‘-' Teem 0 5 2. ér é‘ 5
MT-‘ 1 O GeV
O . .
 Bystritskiy et al. PRC 75, 015207 (2007)
0.99— ; : 3  Calculation of RC to elastic ep cross

QIGeVF  section using electron SF approach
 Largely reconciles discrepancy
* \ery small effect predicted for PT results,
In agreement with E04-019 measurements

11723120k _
SEECGLRRLE  GEp-II| Collaboration N . Experimental Hall G
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E99-007 Reanalysis

SRR GEp-l1| Collaboration 7 - Experimental Hall C



Consistency of High-QGg, Data?

 Previous recoil polarization
data well described by a

! straight line for 0.4<@x5.6

| < GeV?

[ k _ » Each data point from GEp-III

0.6

i GR/GY

_|||||||||| T T TTrrT] |[rrr!-rrrr

0.5
04

0.3 at least 1.6 above linear fit to

previous data
. * No compelling reason fc
linear decrease to continue
 Probability of GEp-Ill data
with respect to previous
T~~~ straight-line fit only ~1.4%
@&V« Reanalysis of GEp-Il data

Comparison of Gayou et al. (GEp-II) and to investigate systematic

GEp-Ill data, and linear fit to GEp-I+1]  difference between two
data experiments

Jefferson Lab w4~ - EXperimental Hall

0.2

0.1

0

-0.1




Elastic event selection, GHp h

W E-10Gey e gimaseev| @ osca | ® GEP-Il measurements atb€4.0, 4.8, and

5.6 GeV used a lead-glass calorimeter
O _j"; G “ @ similar to GEp-Ill; nearly identical method

for elastic event selection

S Semmennn Bt e No cut was applied to the proton
e e e L et angle-momentum correlation in the

T = |77 original GEp-ll analysis

o “ e Tail of p(0)-p distribution was interprete
; y wedes)) @S €P radiative tall; these events were

ﬂ:ﬂmmm & S DN SRR

Foo Me¥ E . Me¥ : E Me

Figure 42: Comparison of missing energy spectra using the cuts of Agure 61, Black histograms: no I:'EII."-Zi n CI u d ed i n th e O ri g i n a'I an aIySiS
i * In reality, this tail is a mixture of ep
radiative tail and® photoproduction

* GEp-Ill cut suppresses rad. tail completely
« GEp-Il cut allows some rad. tail events

 Contamination/polarization of
background affects FF ratio extraction

[C2]

11723120k _
GEp-I1ll Collaboration 10 *.Z?;f,;:;,.;;;‘-ExlqprlmentalIIaII[:




10’

10°
e
10°
10°
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10°E

10°
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dx,

Ty m

P

P P T
1 'IJ.S-I] 6-0.-1'-10 'I] I}"'U'.-I 0.6 08

-

* Gayon”

10°
1y
w
10?

10

107

ll:l-l PEFErE L PEFETE PR
=100 -3 0 50 100 150 200

P8y )-p. MeV

Figure 2.5: Background esstimation, l'.,:-"2 — 5.6 GeV?, part 1, Gayou euts, no p,,:.. cut.

1, ] L | P B N | | | |
-1-050.6040.20 02040608

del'_rm’ A

10"
10
10°
10?

10

101

].G—I i

-1 0.8-06-1].-1-1]" l] {}“04(36{3.8
dy ,m

Ba;ml i

w

-50 0 -...|] l[II] l-sl) 200

piey)-p, MeV

Figure 2.6: Background estimation, Q% = 5.6 GeV?, part 1, Gayou cuts, prmiss cut.
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Comparison of background, with and withoud)pi cut, G=5.6 Ge\/

SEECGLRRLE  GEp-II| Collaboration

11/23/20
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Effect of background on GElp data

R(pmissp) | _ ¥* / ndf 122/4 _
' : . | Prob 0.01589 |
fn] PO 0.4175+ 0.05219

|

0.4

-0.2—

c—i—

(&)
—II|III|II\I|IIII|\III|IIII|III|II\I

1 i 1 1 1 i 1 1 1 i 1 1 1 i 1 1 1 i 1 1 1 i
0 20 40 60 80 100
P(6)-p, MeV

Form factor ratio; RgG:/G,, vs. P, (black circles)P, (red squares)
P(0)-p, @=4.8 GeV VS. pP)-p, @=4.8 GeV

19 background transverse polarization is large, oppdsielastic ep.
 Longitudinal polarization same sign, but smaller

* Net effect is a strong negative pull on R due tckigaound; leads to a positive
correction

Jefferson Lab &/' - Experimental Hall ¢
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Preliminary Results of GE) Reanalysis

126 — 71— — T ]

 New analysis identical in : ;

o 1.00 ¢ -

all respe_cts to original _except %o PRELIMINARY ]

for elastic event selection . 5 §

cuts. o Eii E

+ Only additional cut is “Ries;  ax | °3 3 :

.e., pP)-p O, : ?I ]
* R increases for all three?, 3

0.25 —

A Puckett q } 5
largest increase fordx 4.8 - O Gayou ]
Ge\ﬁ - @ Jones, Punjabi

. 0.00 -
e Improved consistency of N
high-Q G¢, data

this work

_D.Eﬁ i 1 | 1 | 1 | 1 | |

* No background subtraction 00 20 40 60 80 100
applied yet, corrections Q* (GeV*)
expected ahR = +.01 or less R, recoll polarization data, GEp-lI|

reanalysis

- 11/23/120)KZ8 ,
SEECGLRRLE  GEp-II| Collaboration N . Experimental Hall G
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Statistical Impact of E04-108

SRR GEp-l1| Collaboration 7 - Experimental Hall C
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SEECGLRRLE  GEp-II| Collaboration

-0.5

Statistical Impact of GEp-Il!

o _| 1+ar
E ? 2 i3
1+ blr5+ b,7° + bgrg

2. 8
TGE%DQQQ 5 b,

—_—
H
—
L
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 Global fit of GP and G,P using

Kelly parametrization: PRC 70,
068202 (2004)

e Including GEp-Ill data pushes zero
crossing from ~9 to ~12 G&y
reduces uncertainty in asymptotic
GeP/G, by a factor of more than

* Details of global analysis to appear
in proceedings of@Workshop on
Exclusive Reactions at High
Momentum Transfer;
arxiv:1008.0855

11723120
/ 1 g’/ 0 7~ - Experimental Hall C
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Global Fit and GP

1

-~
b

10"

TTT II| I}__.H'l'l'l

-

1

10°

z "
!

—

—

-
o

.lfll:L !._.l. pG [J}

1
M

G

o

-
I

GG +1 G

il GP =

1+br+b,r?+b,r° B w
before(aften GeP-iI 10

0.6

11 é II I|IIIiIIiIII|IIIiI
10° 10" ) 10 0 5 10 15 2 25 30 35

l"-T|||| 11

Q’, GeV? Q’, GeV?

» Global analysis using constraint on R from poldarradata brings a small systematic
increase in (3P, consistent with other global analyses; e.g. Aytanm, Melnitchouk,
Tjon, PRC 76, 035205 (2007) (global analysis wWiREK corrections)

. 11/23/120)%z28
S SORELY  GEp-IIl Collaboration .
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Global Fit and E/F,,

4 L
0.9 o

e

0.8

I
/ ‘f 'i
T[T TTr]rt

0.7

— — — e ——— — —

.6

D
1

0.5

I

in
IIII|III

=

Q'F

04

0.3

0.2

~ Global fit of F P, i Global fit of |:2p
_before/after GEp-1lI 0 before/after GEp-IIl

0.1

IIIIEIIIIIII|III|II|III|IIIiI IIIIEIIIIIII|III|II|III|IIIiI
0 5 10 15 20 25 30 35 00 10 15 20 25 30 35

tn

Q’, GeV? Q’, GeV?
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Conclusion

o GEp-Ill results published?RL 104, 242301(2010);
arxiv:1005.3419

e Extended recoil polarization data t@ ©8.5 GeV

 Significant new constraints on high=Qehavior of F. F.
models, GPD moments, transverse charge and
magnetization densities, €

o GEp-2 results nearly final; submission to PRL
expected in December

e E99-007 reanalysis nearly final—new results much
more consistent with E04-108; we will publish,
probably in Phys. Rev. C, very soon

af,f;:’.-' ‘- " =
Jefferson Lab w27 - EXperimental Hall G




Future Measurements of GEp/GMp: The JLab 12(11)
GeV Upgrade

Proton form factors ratio, GEp(3) (E12-07-109)

Proton Arm

GEM
1.0 ; ] T T T T T T T T T T T T INEN GEM \
1 BNL  GEM \ HCalo
BigBen \
GEp(1) - - '\ /
GEp(1l) | Target v R =

GEp(III)

-

GEp(V) Beam .. "=.=m

Eerne

oy 0.5 GEp(IV) \\\: % = I
X ~
S‘ | Electron Arm " Ve, %
;E" BigCal
) ~«~—— Lead-Glass
3 Al filter Calorimeter
0.0 GEM
I lachzlloBliker \ . ¥
VHD, Lomon (3008) O i _ e Large Acceptance
paCT, Relitaicy Ty :

[ oo | measurements to“€15
05 L GeVZ; SBS project (GEp-V)
0.0 4.0 8.0 12.0 1€.0

Q* in GeV? ¢ HMS+B|gCal o Qzll
GeV?in Hall C (GEp-IV)

. 11/23/120 K i
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GEp-lI/GEp-2y Collaboration

Recoil Polarization Measurements of the Proton Electromagnetic Form Factor Ratio

to Q? =8.5 GeV?

A. J. R. Puckett,' * E. J. Brash,%® M. K. Jones,® W. Luo,* M. Meziane,® L. Pentchev,® C. F. Perdrisat,” V.
Punjabi,® F. R. Wesselmann,® A. Ahmidouch,” I. Albayrak,® K. A. Aniol,” J. Arrington,'® A. Asaturyan,'! H.
Baghdasarvan,!? F. Benmokhtar,'? W. Bertozzi,! L. Bimbot,!4 P. Bosted,® W. Boeglin,’® C. Butuceanu,!® P.
Carter,? S. Chernenko,'” E. Christy,® M. Commisso,'? J. C. Cornejo,” S. Covrig,® S. Danagoulian,” A. Daniel,'® A.
Davidenko,!® D. Day,'? S. Dhamija,'® D. Dutta,2° R. Ent,® S. Frullani,?! H. Fenker,® E. Frlez,!2 F. Garibaldi,?! D.
Gaskell.? S. Gilad,! R. Gilman,* 22 Y. Goncharenko,'? K. Hafidi,!? D. Hamilton.?* D. W. Higinhotham,® W.
Hinton,® T. Horn,® B. Hu,? J. Huang,! G. M. Huber,'® E. Jensen,? C. Keppel,® M. Khandaker,® P. King,'® D.
Kirillov,'” M. Kohl.® V. Kravtsov,!® G. Kumbartzki,2? Y. Li,® V. Mamyan,'? D. J. Margaziotis,? A. Marsh,2
Y. Matulenko,® J. Maxwell,'> G. Mbianda,?* D. Meekins,® Y. Melnik,'® J. Miller,2®> A. Mkrtchyan,'! H.
Mkrtchyan,'! B. Moffit,! O. Moreno,” J. Mulholland,'? A. Narayan,?® S. Nedev,?® Nuruzzaman,?® E. Piasetzky,?”
W. Pierce,”? N. M. Piskunov,'” Y. Prok,2 R. D. Ransome,?? D. S. Razin,'” P. Reimer,'® J. Reinhold,'® O.
Rondon,'? M. Shabestari,!2 A. Shahinyan,!! K. Shestermanov,'? T S. Sirca,?® I. Sitnik,'” L. Smykov,'">t G.
Smith,® L. Solovyev,'® P. Solvignon,'® R. Subedi,'? E. Tomasi-Gustafsson,'*2° A. Vasiliev,!® M. Veilleux,?
B. B. Wojtsekhowski,® S. Wood,?® Z. Ye,® Y. Zanevsky,!” X. Zhang,? Y. Zhang,? X. Zheng,'? and L. Zhu!
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FPP Reconstruction

220X10°
o 2000
105%/ CO 1HHOMD 18(3L
H 160} 0%2=8.5 GeV*
e NI AlAAar 140f-| 'J "
e Nuclieal g
10* o 120F
Sl T \i 100E W
o 80
103 J\"\L\m‘m‘__‘_‘_“ "-"“""-n-m—L_,‘ . 60% L‘
S paN
o N
1 0:\ Lo hq:?‘ﬁ#” T L
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o
fop> Pelese?

°
15)flJl"’

 FPP1(FPP2 event distributions:
* Polar anglé (top left)
» Closest approach distancg s
(top right) N
* 0 vs point of closest approach
Z0se (DOttOmM right)

* Black lines represent analysis cuts

50 100 150 200 250 300 350
z

: 20N A
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False Asymmetries

5000

 Helicity-independent VR AT

false/instrumental asymmetries

CaU.S Iigllgyaicceptance/eﬁiciency T e T

* ¢ Misreconstruction: s fI_Z’ISPJ, ii;%ev,

* Misalignment (i) L R T
* Xy resolution asymmetry @

» 0-dependent (bottom right) =85 Gev’

« Cancelled by helicity reversalto Sy

first order s N

» Second-order effects small et

» Measured using sum distribution ~ + -

andcorrected in analysis 5000 O O O O
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Polarized Target Asymmetry anq'G

Uy
¢ -
i ?;; 0.12;
N
- ~E
RS
Nk ;
-
00‘‘‘‘O.SKI‘‘1‘‘‘‘1.5‘l|‘2‘‘‘‘2.5‘Hl3”Qz"(‘;3{/52
 Polarized beam on polarized target
» Beam helicity asymmetry sensitive to
2v/T(l+7)tan% [ .GE GE/GM .
Apys = ———7 - sin 0 cos " == e Maximal sensitivity for target
G polarization perp. to g in scattering plane
+\/T [1 + (1+7) tan? %] cose*] » Nearly all G" data obtained from:

“He,en), He(e,e) 2H(&,eh)
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SEECGLRRLE  GEp-II| Collaboration N . Experimental Hall G




ol %/ ndf 29019 .
oAl po 0.8918 + 0.1221
- ¢ pl 0.2127 + 0.03079
1.2_— "
- " F,/F1, with Belitsky et al
- " PQCD fit after reanalysis;
08— favors smalleA value
l].ﬁ_—
= _ S B
02—
“-IIIIJIIIIIIII|IIII|IIIIllIIIlIIIIIIIIIIIII
1 2 3 4 5 6 7 3
Q' GeV’
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i A =213+ 31 MeV
02— —e— GEp-I
i —=— GEp-II
= L —a— GEp-TIT
=015
r\-:::l : *
ﬁ*i:." e g ® ‘woo * 3 ¥ LI .} +
¥ 0a—
= .
:'I B . . . .
- F,/F,divided by Belitsky pQCD scaling curve
0.05—
“_IIIIJIIIIIIII|IIII|IIIIllIIIlIIIIIIIIIIIII
1 2 3 4 5 6 7 8
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1.5 - Q°F,/F, after reanalysis
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Elastic Event Selection
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 Electron coordinates/angles + proton momentum nredswith excellent resolution;
use these quantities to define cut variables
» Calculated, from E,, p,
» Calculatep, from ¢, (coplanarity)
 Project from vertex to BigCal, compare to measwuedtron coordinates
* Above: projections of horizontal (dx) and verti¢dy) coordinate differences:
* No cut, 36 dp cut, 36 dp anticut
* Tight dp cut rejects some small fraction of elasttents (small “bumps”)
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Traditional interpretation: Charge and Magnetization

Densities
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