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* Pioneered by Hofstadter et. al at
P P

Stanford in 1950s, first proton form P\ 4

factor measurement reported in 1955.

* As theory for Strong force, QCD has
been tested well in the asymptotic region,
understanding hadron structure in
confinement region still challenging.

» Dirac and Pauli form factors: F; , F, V k’
Jhadonic = €U(P)Y*F(Q%) + igzﬂl\v/lqv F,(Q*)lu(p) single photon exchange
2 2 (Born approximation)
Q" =-q
do _ 1 E2(02 E2(02) 4+ 2(F (O2) + E. (O2))2 2 O,
= oo 7 1R (Q7) +7[F(Q7) + 2(F(Q7) + F,(Q7))" tan” ]}
dQ 1+7 2
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* Linear combination of F; and F,, gm:
Fourier transform of the charge is
(magnetization) densities in the Breit s g
frame at non relativistic limit. »

L
—
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d O 1 2 ia 2 !‘mmt?‘?fﬁ“ A Xjﬁ(}% %ﬁ% %J%% | 4 )
= O Mot [Ge +—Gul 0 I il |
dQ 1 + z- g 0.8 A Qattan [04] * Hohler [7] & Berger [T1] | :
Electric: ~ Gg =R —1F, 0.7E-{wvawrm | e < ’
. s Sln:on .BEI}I I Blartell _T’IS]I I {PJanssers [tsa]I 0 | [ o
Magneth. GM = Fl + F2 0'160'2 2x107 1t|)'1 2x10”" 1I 2 3 45678
Q*[(GeVic)]
« Early experiments found ~ dipole & 14
1.05

form (Q? < 2 GeV?), naively
corresponds to an exponential 1
shape in space.

2
G 2y _ 14 Q P 0.85
o(Q7)=( O.7]GeV2)

0.75
Ge

A Qattan[04] | B Waker[50] | ¢ Berger[71]
@ Andivahis [34] |  Hohbler[78] | A Price [F1] i

/Ll — 1 0.7 ¥ silp3 4 Borkowski [74] | % Lit 7o)
P G fr Bosted [22] | O Bartel [73] 5 Janssens 58]
M 065_ 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1
107 2x1072 10" 2x10™ 1 2 3 4567 10 20 30
Q’ [(GeVic)]
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* Direct measurement of form factor ratios
by measuring the ratio of the transferred
polarization P,and P, .

P, = -2 7t(1+ 7)G:G,, tang—ze

_ E.+E. > 6,

I,P, r(1+ 7)G/, tan >

G_E _ _ﬂ (Ee + Ee') tan ee

G,, P 2M

Advantages: w2t T
* Only one measurement is needed for each Q2. 10 ;%ﬁ%&&ﬂu’ﬁi‘i@%éﬁﬁ _____________ | _
* Much better precision than a cross section =} %%ﬁﬁ T :
measurement. Sl % | ;
» Complementary to XS measurements. ¢y 0.6 F % {J@ =
« Famous discrepancy between Rosenbluth and :f"ﬂ 1 ] ; ]
polarized measurement, mostly explained by ' : { :
2-y exchange. 0.2 F ]
(J. Arrington, et al., Phys. Rev. C 76 035205 (2007)) 0.0 =——= '1;3'_1 E— '1'6'0 e 1{'},
Q? [GeV?]
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Argonne . FFs at Low Q?
* Small Q — larger length scale, « 2003 — Fit by Friedrich & Walcher
closely related to the proton size. Eur. Phys. J. A17, 607 (2003):
o ” o1 | | | * Smooth dipole form + “bump
GEO i} E G5 i, ey & dip”
| ‘éh | » All four FFs exhibit similar
’ \F‘E’”‘”‘* ’ structure at small momentum
oos | 005 transfer (Q2 ~ 0.25 GeV?).
o1l Y * Proposed interpretation: effect
5 Q [GeV] 5 of pion cloud.
GEO.OS /M * Gy {)&;5_ = e Improved EMFFs:
B « Strange form factors through
0 ot 0 \JE . - PV
0051 0051 1 * Proton Zemach radius and
01 . bl : ) hydrogen hyperfine splitting
@ [ee @ (vl * Proton charge RMS radius.
J. Friedrich and Th. Walcher, Eur. Phys. J. A 17, 607 (2003 2\ _ —6 d 2
' - () Ge i (0) {dQZ Cem(Q )Lo

’ ' 5
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Argonne . World Data
104F o Prisbes » Bates BLAST result consistent with 1.
1.02 N g = Ronetal Crawford et al., Phys. Rev. Lett 98 052301
o S ——— — (2007)
098 TG <& « Substantial deviation from unity is
oo R observed in LEDEX (Ron etal.).
Q o004l N TR » Both data inconsistent with F&W fit.
o e S \ « New dedicated experiment E08-007.
09F ..., e s 4 ‘
0.88F- ——— offeta Procau :
e Belushkin, Hammer & Meiner VMD
0-86:IIIIIlJIFal‘aSISIFI'l[‘I:"tlal.lLIC(‘I}M:L|1ll||lIJI]IIIlJIIIIII11 |Illl
0 014 02 03 04 05 06 07 08 09 1
Q? [GeV/cF
i,
(a4
« Complementary to the high precision
XS measurement at Mainz (Q2~ 0.003
—1 GeV?).
] 02 0.4 0.6 08 1
E=855 MeV E=1.53 GeV B8 o—
E<180 MeV mmmmm  E'-530 Mel s G>160° m—
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Pion Rejector _
FPP Rear Chamber _/ \
FPP Analyzer \

* Ap/p0: = 4.5% ,
» out-of-plane: = 60 mrad

E.: 1.192GeV FPP Front Chamber _ % * in-plane: = 30 mrad

Pp: ~83% \\§ e « AQ: 6.7msr

2 Gas Cherenkov
RN +QQDQ
PR e » Dipole bending angle 45°
Compton Raster Moller 6 cm LHfl Targf;_.--\ \ O VDC+FPP
g W ISR P S S wanee |+ P, 0.55~0.93 GeV/c

t ! \VA ‘\\_‘ _:’ ! Gas Cherenkov

P,
Wire Chambelr_ .
» Non-focusing Dipole
* Ahi ision (<19 Bi
ghprecision (<1%) ~__ «Big acceptance.
survey of the proton FF ratio. *Ap: 200-900MeV
* 8 Q2 data points: 0.3 ~ 0.7 e AQ: 96Msr

(GeVl/c)2. « PS + Scint. + SH

Jeffe:?son Lab MENU2010 !
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Argonne == BigBite Spectrometer
Scintillator
 Detect scattered electrons. -
 Only elastic-peak blocks were e’
In the trigger.

 Background minimized with
tight elastic cut.

Pre-shower Shower

\ events Row vs. Column (Reverse Column} |_ Column
T 11} b L] 3 2 1 0

!7001

600/

—(5001

-—400l

—300

200/

I1oon

'95'.05 0.04 003 002 001 0 001 002 003 004 c(|J.()5
p
fer :
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proton dpkin

* HRS acceptance cut: g
14000 —
* out of plane: +/- 60 mr -
; 12000—
* in plane: +/-30 mr -
10000—
» momentum: +/- 0.04 (dp/p,) -
. 8000[—
* reaction vertex cut -
6000—
4000—
* FPP cuts: socol
* scattering angle 6y, 5° ~ 25°
-8.05 -0.04 -0.03 -002 001 ©0 001 0.02 0.03 0.04 0.05

* reaction vertex (carbon door)
* conetest cut

51 TEEos L 0= ke -

6, (deg)

‘ =:I350
« Other cuts: ot
 Coin. Timing cut
« Coin. event type (trigger)
* single track event
* dpkin (proton angle vs.

momentum) et

[T Bl T S
45,05 01 002 0. 0
b

250

50

Jeffg?son Lab MENU2010
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I
I~

Analyzer

i

o}

Chamber 1 Chamber 2 K/ ¢ y
Chamber 3 Chamber 4 \
\
v X
T * Left-right asymmetry gives the
oors al | vertical component while the up-
TELLT down asymmetry gives the horizontal
component.

* Need well determined scattering
azimuthal angle @,,,, chamber
alignment checked with straight
through data.

Jeffg?son Lab MENU2010 ©
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Argonne Focal Plane Asymmetry

» Detection probability at focal plane with
azimuthally angle ¢,

f*= %f[ﬁ Ay(efpp)(Pxf'“’IO sin(@,,) - nypp COS (¢, ))]

* Helicity difference:

faf—f+_f » 1[Ay(PXprO sin(@,,) — P, cos (¢, )] =Ccos (4 +5)
T

1
C="APP) +(PPY e

-0.1102 + 0.0009437

fpp 0.2

_ Ty
tano = T 0.15

K& 0% & s : g g

* By dipole approximation: .

fop =0.05 -

G :
—ENSH’]Z X wK 0.1
pfpp
M y 0.15

R=u

p

S [ P 130 140 160

100 150 200 250 300
o

o

-0.2

(k: kinematic factor)
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A

Spin Transport in HRS (COSY)

¥2 / ndf 7613/7 ¥2 / ndf 8.508 /11
1.05 po 0.9087 + 0.005322 121 po 0.9085 + 0.005317
E 1.15F = cosy
1 | | =
n T T 116 {: O DIPOLE
0_95:_ :} {’ 1.055—
- 1E
g [ {. + ; % . + I g {- g ! -}
09— : 095
(0] N (V] C
== - + [} T T == = l [ S | * I
: 09f | LA T !
0.85:— e ;
C = COsY =
0.8 % E} 0-8E E} '{'
C O DIPOLE 0750 :}
C_ | | \ | \ | L | 1 E. I R L | i P L 00
075504 20.02 0 0.02 0.04 07" 003 -002  -0.01 0 001 002 003
6P q)lg
¥2 / ndf 11.44 /11 ¥2 I ndf 10.86/9
1.05 p0 0.908 + 0.00532 1.05 po 0.9081+ 0.005319
C | = cosy N
_ | o piPoLE N
1T 1T
- 0.95— + EL - 0.95—
% [ + T J! 1 ] % [ ! | [ Jr
09 T 15 T i I ¥ % 09 | T % % % +
085t 0.85F [ = cos i
= = O DIPOLE
08_"""""' | L L ! 0‘....|....|.‘..|....\...|.‘.|...|....
©7 008 004 002 0 0.02 0.04 0.08 0025 002 -0.015 -001 -0005 0 0005 001 0015
elg ylg
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* Spin transport: OPTICS and COSY---major uncertainty (0.7 ~ 1.2 %)

» Others negligible: FPP alignment, Al end cap contamination, VDC
reconstruction, spectrometer settings, beam energy, charge asymmetry, pion
contamination, etc.

0.025
—&— Stat.
—=— HRS Optics
0.02 —&— COSY
—&¢— FPP alignment
0.015 —4A— Total Syst.
. < 001

AuGEl G
(]
(=]
3

o
. = =N
l—b_%_‘b_|

-0.005

-0.01

—

L1 1 II[IIIIIIIIIII]III]IIIIlIIlIIII]
035 04 045 05 0535 06 065 07

Q? [GeV/c]

-0.015

of
wL
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E08-007 Final Results

1.05[— ©  Punjabietal (GEp-)  Agreement with
- ¢ Crawford et al. (BLAST) . .
; O Ronetal. (LEDEX) independent analysis of
- Paclone et al. (E03-104) 2
- l g | . ool Paolone et al. at 0.8 GeV?2.
r— L}J ---------- N « Slow decrease with Q2. A
- ' “%*Ji ''''''''' ) few percent below typical
= = bl I . .
(0] i 'f ...... expectations.
cwoes— 4 oo TR o
o4 - ‘} } ~~~~~~  No obvious indication of
i ‘} 'E } + ‘‘‘‘‘‘ R “Structure”, inconsistent
0.9 - Kelly Fit } with F&W fit.
T meeeee AMT . .
- Arrington & Sick Fit . I\_Io obvmus_trend to rise
I Friedrich & Walcher Fit g UICk|y to unlty at the
085_II 1 1 I 1 1 1 1 I 111 1 I 11 1 1 l 1111 I 1111 | 1111 | 1111 | 1111 | 111 IOWESt Q2 pOInt'
0O 01 02 03 04 05 06 07 08 09 1
Q? [GeV/c]’
Jeff;?son Lab MENU2010

OThomas Jefferson National Accelerator Facility
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Argonne " Comparison with Models

105 O  Punjabi et al. (GEp-I)

— ¢  Crawford et al. (BLAST)

- O Ronetal (LEDEX)
Paolone et al. (E03-104)

® [EO08-007 |

0.9 Miller LECBM

B Boffi et al. PFCCQM

B Belushkin, Hammer & Meissner VMD
B Lomon GK(05)

— Faessler et al. LCQM

0.85[—

O 01 02 03 04 05 06 07 08 09 1
Q? [GeV/c]

Jeff;?son Lab MENU2010 .
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Argonne " Results with World Polarization Data
1.2 B
b
0.8~ 0 (H, (}
= = %
(--:? B O Punjabi et al. (GEp-I) %
o w 06—
(% — O Gayouetal. (GEp-lI) %’
: ¢ Crawford et al. (BLAST) (} }
0.4 __ ¥ LEDEX reanalysis (Preliminary) {J
— Paclone et al. (E03-104) %
0_2__ ® GEPII
B A E08-007 | ®
0 1 1 1 1 1 1 1 L1 I 1 1 1 1 1 1 Lil
10 1 2 2
Q° [GeV]
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1.02

« Combined global fits (John Arrington). B
* AMT fit (black) : include all previous data 1
with TPE correction.

* New fit (red) : same procedure, include
new data. 0.96
* Preliminary fits suggest lower G¢ (~2%).

—— J. Arrington (new)

0.98 —— AMT

G/G,

0.94

A NEEEE FEEEE RN NS RN I S A A A
095 "01 02 03 04 05 06 07 08 09 1
Q? [GeV/c]

105'_ o JLab (old)
' : ¢ Bates BLAST 1.06
L e JLab (new) i
- l []’ - —— J. Arrington (new)
1 1.04—
~ — AMT
= i L
Q B 1.02-
o w i -
(g. 0.95_— SQD i
| =
B ] B
i 1
0.9 L
: J. Arrington (new) B
i 0.98—
- AMT :
0.85(7 | | | I | | | | | -
e L L LU v b by by by s Ly s b by a by v g by y vy
0 01 02 03 04 05 06 07 08 09 1 0% "01 02 03 04 05 06 07 08 09 1
Q? [GeV/c] Q@ [GeV/cP
¢ ' 17
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Argonne..... Impacts |
» Strangeness _form factor by PV: G [(1 _ dsin? ) — SCEn(Cn + Cn) + 7Carp(Garn + Core)
asymmetry arises from the o im0y o £(GEp)? + 7(Garp)?
interference between EM and (1 45in? Oy 'y G
neutral weak current. T G+ (G

oo M, + Mg \2

ME = M, + M3, Q? AA AA/c  DA/A  Exp.
ME = M+ ME 038 -0.178 042 1.6% GOFWD
o _on—on ‘MRE B |MLE 056 -0.347 050 1.6% GOFWD
or+oL  [MET+ [ MH 1.0  -0414 030 08% GOFWD
+ Rely on knowledge of EMFFs. 0.50 -0.299 050 1.7% HAPPEXIII

. L 0.231 +0.038 012 0.2%  GOBCK
« With New FF parameterization, °

HAPPEX 111 results shift ~ 0.5¢ 0.65 0.142 0.14 0.3% GO BCK

Table: Difference in the extracted asymmetries.

Jeffe:?son Lab MENU2010 .
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Argonne " Impacts I
* Proton Zemach radius: Quantity value (ppm) uncertainty (ppm)
E —(1+ A +Ap +Ap +Ap LA Ep (Ehfﬁ((i_p)/Eﬂ) -1 1 103.48 0.01
s = (Lt Ageo + A weak T+ As) F— 1136.19 0.00
Alj\)+A1\)+A\\e| 0.14
Ag=Ay + AL +A, A, =207 ey T ' |
- m, +m, Az (using [31]) —41.43 0.44
dQ A% (using [31]) 5.85 0.07
= ——f —[Ge(Q*)G, (Q*)/(A+x,)-1] Ayl (this work, using [31]) 1.88 0.64
— Total 1102.63 0.78
Defici Q8D 0.78
* FFs at Low Q? (<1 GeV?) accounts for =
>70% of r,, and also dominate the Carlson, Nazaryan, and Griffioen, arXiv:0805.2603v1 (2009)
uncertainty.
P — .: FFs r, (fm) Az year
0.0010 | ; Dipole 1.025 -39.29 -
< 00008 E FW 1.049 -40.22 2003
2 0.0006 f E Kelly 1.069 -40.99 2004
; 0.00042 - AS 1.091 -41.85 2007
0.0002 g g AMT 1.080 -41.43 2007
O [GeVT]

Jeff;?son Lab

®Thomas Jefferson National Accelerator Facility
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Argonne Future Outlook
« E08007 analysis finalized.  Second half of the experiment (DSA) is
* Publication in preparation. tentatively scheduled in early 2012
» Updated paper for LEDEX (G. Ron et al.)
in preparation. A = V5COSU'Gy +V,Sind cosy GG,
- o] Punjabi et al. (GEp-I) phys (gGép " TGf/p )/[8(1+ T)]
Losffhitt + 4§ E 4 o |
. o ket (803100  Opportunity to see the FFR
- % l | L E08-007 I projection behavior at even lower Q2 (0.015-
L 1T 1] 0.4 GeV?) region.
I o
O %; % % * Third independent measurement,
= 0'95: b + direct comparison with BLAST,
B} } % ‘H ‘1’ } examine any unknown systematic
09— {' + errors for previous measurements.
Z * Challenges: Solid polarized

085 g s 0 b e T b T 6e 1 proton target & effect of target
Q*[Gev/ic?  field to septum magnets.

L )
Jefﬁg?son Lab MENU2010 ’
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* Nucleon FFs are fundamental quantities describing the nucleon internal structure,
and has been a longstanding subject of interest in nuclear and particle physics.

* pPQCD not applicable at low momentum transfer region, precision FF measurements
are needed for all the experimental accessible region to test various models.

A new high precision measurement was conducted in Jefferson Lab Hall A at low Q?,
new results strongly deviate from unity, systematically lower than previous world data.

» While adding further constraints on various models, high precision data also have
Impacts to other physics quantities: proton Zemach radius, strange form factor through
PV, etc.

« Future experiments accessing extremely lower Q? are necessary, more “unexpected”
results? ...

Jeff;?son Lab MENU2010 -

OThomas Jefferson National Accelerator Facility
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Thank you!
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Back up slides
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Argonne * Spin Transport in HRS
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[L.tr.tg_ph:L.tr.tg_dp|

0.05

2500— P ol )
5 © K8 -2% fm% 0.04Fd 25
2000~ 0.03 el
B j‘{ JLLk 0.02
1500 0.01
B /J o
1000(— 001EH
- -0.02 5] e _- -
500 -0.03 v
E -0.04 —r= "0 4 P
8.0770.008 0.006 0.004 -0.002 0 0.002 0.004 0.006 0,008 0.01 0.ggted KL : i 0
ph-ph(dp) -
x2 I ndf 7.371/8
x 117 PO 0.9114:10.007066 o .
L Kke-2% * Binning test for graphical cut.
1.05
; » A rough check for existence of any
0954 {. | possible background under elastic
0.0 ; - : peak.
0.85§ +
ook * No obvious indication of
i dependence on such variable.
0.75° 9,005 -0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004
ph-ph(dp)
. ' 2
JEff;?SOI'\ Lab MENU2010 °
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Argonne "~ COSY Spin Precession Matrix

, [ Polarization at FPP ]
target variables

Optics ma‘rrEX/[ Set #0 J \ ﬂ
_ [COSY spin map] — [ SP matrix S ]

COSY reverse m [ Tar‘gesfe\;a#r‘;;l bles } ﬂ

» Different SP matrix were generated by « Uncertainties on target
changing the default settings in COSY: variables (OPTICS):
« dipole radius, drift distances, « dp: 0.001
quadrupoles alignment *y tg: 0.001 m
- central bending angle: 5.5 mrad e ph_tg: 0.7~1.2 mrad
* use COSY transport map to e th_tg: 1 mrad

reconstruct target variables

L ' 27
Jeff;?son Lab MENU2010
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* With the extract ratio constraint, refit the world reduced cross section data.
1.1 — .
- bl
1- ¥y l 3 4
> 0.9 I
O N
o= [ }
Q) B
0.8 . Qattan et al. Borkowskietal. < Janssensetal. ‘}
B O Andivahis etal. A Bartel et al. % Christy et al.
B B Walker et al. Price et al. ® EO8007 | + E03-104 {, %
0.7 | % Bosted etal, Berger et al.
B * Sill et al. Litt et al.
06_IIIIII| 1 | IIIIII| 1 1 IIIIII| |
107 1 10
Q? [GeV/c]

Jeff;?son Lab MENU2010 *
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Argonne " Extraction of Polarization

« Full spin precession by COSY:

- differential algebra-based. plr _ [ Sw
» defines the geometry and related setup of piv Sy
magnets. |
S;= Y. Clmrxkg'ymgns® focal plane
k,I,m,n,p
* Weighted-sum: 1 N
flo) = fo(l + A PY + )\yhP;g + A.h P, ’
T A, =
» efficiency cancels with different beam helicity A =

21

2 ”
[ fonds = P [T plo)N0 +

2m 2 \
0 0

27 _
J P / F(O)N2do.
0

Pl
S Ty S. Tz l
nhP}

S Sy nhP

target frame

Ay (Syzsing — S, cos @)

nA, (S, sin ¢ — S, cos )

nA,(Sy. sin ¢ — S, cos ).

27
hP ]O FO)INA.do + — (z,. A ) ) ( IO z,/\z_,-)\y‘i) (

Zz‘ )‘y.é-)\z,z' Ei /\z.i-/\z.i

hpy
hPt

Jeftg?son Lab MENU2010

®Thomas Jefferson National Accelerator Facility
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1
2

the old parameterization.

Isovector Shifts

Impacts |11

» Isoscalar & Isovector FFs (important for Lattice QCD):

FiS = (Fip +Fin)1FiV :%(Fip _Fin)

* Plots show fractional change in IS and 1V FFs by using the new parameterization vs.

Isovector Shifts

K’/—\ 0.005f
0.000! |
= ~0.005 — Gg < 0.000|
< -0.010] G 3
< : M Lﬁ—“‘ [
E:]j -0.015¢ < —0.005
~0.020} '
~0.025! ~0.019]

Q? [GeV?

00 02 04 06 08 10

00 02 04 06 08 1.0

Q? [GeV?]

Jeff;?son Lab
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1.1 e
= | %2/ ndf 5.623/13 - | %2/ ndf 15.96 /13
105 | PO 0.9258 +0.005515 105 P9 0.9092+0.0052
1: 1
o= - o= -
) - ] -
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