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EM proton form factors
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Two photon exchange

- Iy-2y interference is of the order of a=e?/4p=1/137

* In the 70’s it was shown [J. Gunion and L. Stodolsky, V. Franco, F.M. Lev,
V.N. Boitsov, L. Kondratyuk and V.B. Kopeliovich, R. Blankenbecker...] that, at
large momentum transfer, the sharp decrease of the FFs, if the if the

momentum is shared between the two photons, may compensate o
* The calculation of the box amplitude requires the description of intermediate
nucleon excitation and of their FFs at any Q%

« Different calculations give quantitatively different results -

S > »< s > =

Theory not enough constrained!
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The Rosenb/ufh separaﬁon

Linearity of the reduced cross section |

— tan<6, dependence
—Holds for Iy exchange only
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The polarization method (theory:1967)
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The polarization induces a term in the cross section proportional to 6¢ G,
Polarized beam and target or

polarized beam and recoil proton polarization
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Polarization Experiments

A.l. Akhiezer and M.P. Rekalo, 1967

160 F = T T ' 1 ' H
Jlab-GEp collaboration [ T T :
1) "standard" dlpOIe function 1.20 -_ % S _
for the nucleon magnetic FFs _ - . T
GMp and GMn oy 100 %. o % f I S
2) linear deviation from the \H.:. 0.80 - @ ]
dipole function for the O, 060 | ° - -
electric proton FF GEp 2 o0 F ’ h i
3) QCD scaling not reached 020 |- E % )
3) Zero crossing of GEp? 0'00 % 1
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A.J.R. Puckett et al, PRL (2010) , PRC (2012), PRC (2017)
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Model independent statements

A sizable 2y contribution would invalidate the FFs extraction as well as
all experimental results based on the Born approximation.

*One-photon exchange: *Two-photon exchange:
*Two (real) EM form factors *Three (complex) amplitudes
*Functions of one variable (1) *Functions of two variables (s,t)

* Breaks the linearity of the Rosenbluth plot

* Induces:
— charge-odd observables (asymmetry in e* p cross section)
— P-odd polarizations (Py)

* The expansion parameter is (Za), o = e4/4x = 1/137.
— It is expected to increase

* When Z increases
« At small angles
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Check of linearity of the Rosenbluth plot

Simple parametrization:

0" HQ2€) = eGA(QY) +7GA(QY) + aF(Q? ©),

/l
F(Qz, 6) — € Ef(T)(QZ)I

FTQY) =

C
[14 0%(GeV) */0.711[14 Q*(GeV)* /m7. 41>

1y 2v interference is charge-odd!

F(Q*,x)=—=F(Q*,=X).  g(ep)—o(e*p) B aF(Q% ¢)
x = [J/(IT+¢€)/(1=¢)] ole-p)+oletp)  eGL(0?) +1GL(0%)

E. T-G., G. Gakh, Phys. Rev. C72,015209 (2005)
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Check of linearity of the Rosenbluth plot

0" HQ2€) = €Go(Q?) + TGY(QY) + aF(QYe),

H ’_i‘ n:ll"“.i"‘ .-? ‘* *
|
n A
LY LSl B S
' From the data:
* | <C>=0.5%0.6
" L FOW | ® ati . |
— - " * deviation from linearity
<< 1%!
Q’IGeV’]

E. T-G., G. Gakh, Phys. Rev. C72,015209 (2005)
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Check of e-independence of &g /Gy,

A.I Akhiezer and M.P. Rekalo, 1967 Q.._ M Meziane Géplz collaboration. _
PRL 106 (2011) 132501
P — _hP /26(1 —¢€) GpGu \..;0.73 - G]?_P(I) .
t = e G2 + <G E-t/ i |
' Q 0.71
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R TS "ot Y. Bystritskiy, E.A.Kuraev, E.T-G, P}?C 75, 015207 (2007)
Q* [GeVZ] P. Blunden et al., PRC 72,034612 (2005) (mainly GM)

J.Arrington, W Melnitchouk, J.A. Tjon, 4 Afanasev et al., PR.D 72,013008 (2005) (mainly GE)

PR. C76, 035205 (2007)
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N.Kivel and M. Vanderhae

hen, PR.L.103:092004 (2009
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Polarization Experiments

A.l Akhiezer and M.P. Rekalo, 1967
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Word data on e /e* scattering
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C-odd asymmetry in e /e” scattering

E.A. Kuraev, V.V. Bytev, S.Bakmaev and E.T-G, PRC 78, 015295 (2008).

o 1.20 = 1.2[

9 © :
2115 C=097,099 | &45  ¢=0.4
K N\ A + - ‘ ..............
¥ 0°=3GeVi e | —

2y exchange

5 1
| §1n2p—|-lnxlnp+Li2 (1— _) — Liy (1 a B) ’
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_ e\ _ o _VItTH VT
p = (1—?) =1+ 2F/M sin (6’/2),:1:—4@_\/?,
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CLAS, VEPP-3, OLYMPUS....

VEPP-3 @ Novosibirsk:

=1.6, 1.0 (and 0.6) GeV

Claimed precision

= CLAS @ JLAB : = 0.5 - 4.0 GeV continuous | V- Kohl
= OLYMPUS @ DESY:- = 2.0 GeV

= Low Q?, large € range | | | |

= Overlapping kinematics — Sihmeus T VERRZ Rumi

around 1%

ISHEPP,19-1X-2018

Egle TOMASI-GUSTAFSSON




/A\A

« Measure ratio of e*-p cross to 1% total error OL¥M DU_\
» unpolarized 2 GeV e* beams available at DORIS, DéSY
» detector BLAST from MIT-Bates

12
Yount+Pine 1962 HH g phen.
Browman 1965 +oH Guttmann pl hen.
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A
. 1

/
11/

095 4 3 = = = =

. KOhl 1.25 »— / Q2=4.10 GeV2
1.20 _ 0 390 o2

Q% =264 GeV?

July 2011 o’

Expected ~6% effect at £€=0.4, Q?=3.2 GeV? TS
J. Guttmann, N. Kivel, M. Meziane, and M. Vanderhaeghen, | S
EPJA 47, 77 (2011 min
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CLAS @ JlLab e

3-Dipole Chicane

T ——— PhotonIBIocker Bea_m Calorimeter
Radiator Monitor Target
EEN -] | OHONEO N J 0J (1 0J 0J [ .
Tagger Magnet LEGEND
Tagger 4 Photons
Beam Dump | m Electrons
@ Positrons

VEPP-3 @ Novosibirsk

E=1and 1.6 GeV

Nal =

Csl

Drift chambers
Nal

Proportona « Dedicated ESEPP generator
cre b > (A. Gramolin, V. Nikolenko,

V. Fadin, R.E. Gerasimov...)

Storage cell
(hydrogen target)

Scintillators

E 3
(polystyrene)
Csl

T osm LA. Rachek et al., PRL 114, 062005 (2015)
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CLAS
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Ry,

V. Rimal, PRCY5, 065201 (2017)
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VEPP

roa | LA. Rachek et al., PRL 114, 062005 (2015)
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OLYMPUS

B.S. Henderson et al., PRL 118, 092501 (2017)
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® OLYMPUS |
I CLAS
A VEPP

AR [ S S T NN SN TN T N T T v b by o by Ly

02 04 06 08 05 1 15 2 25
< Q% [GeV?]

Compatible with unity?
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® OLYMPUS
M CLAS
A VEPP

02 04 06 08 05 1 15 2 25
< Q%[GeV?
All data OLYMPUS CLAS VEPP
Experiment
< Roy > 0.999+ 0.001 | 0.9994 0.001 {0.997 £ 0.002] 1.006+ 0.002
X2/N(1) 69.3/35=1.98 | 19/19=1.00 | 12.1/11=1.1 | 23.7/3=7.9
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From Experiment to Theory

« C-odd asymmetry-

Aodd _ do(etp — etp) —do(e p — e p) _ Oodd _ R—1 n_ 1+ Aodd
- do(etp — etp)+do(ep—ep) 14+ 0epen R+1° 1 — A,

« Measured Ratio:

do™*(etp — etp) 1+ deven — 02y — Os

Rmeas L _

- domeas(e—p — e~ p) R Y S 02y + Os

. . 1 — 527
« Published ‘Hard contribution’ 2y = o,
Y

* To be compared with theory:-

o I — A(I)gd(l T 5even) T 5M
1+ AR (1 Geven) — Ot
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Radiative corrections

 1st order radiative corrections usually applied to the data

RC(e p)

-0.24

-0.26

C=0.99
0?=3 GeV?

—— Maximon-Tjon
....... Mo-Tsai
------- Meister-Yennie

-0.28

Cea ISHEPP,19-1X-2018
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—— Maximon-Tjon
....... Mo-Tsai
------- Meister-Yennie




Radiative corrections: VEPP

02 04 06 08 05 1 15
£ Q*[GeV?]
<Q?>=1 GeV? <e>=1 GeV?
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Radiative corrections (CLAS)

-IIII 1 1 IIIIIIIII
04 05 06 07 08 09 0.5 1 1.52 ,
€ Q[GeV]

<Q?>=1 GeV? <e>=1 GeV?
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Radiative corrections (OLYMPUS)

1.04}

1.02[

o(e’p)/a(ep)

<nold Ll 2T ' , A w1 e
i !|| :ll |' Ji uins Fimlill 1N I - “' ||'1” FI‘" ’| " Il
- I‘ |||| i |_ ol . - l |" I:E _"| | | ]' ;

0.98|

0_96-|"'|"'|l---|||||||..I....|,,,,

<Q?>=1 GeV? <e>=0.7 GeV-?
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Difference Exp-Theory

« Difference Maximon-Tjon

0.02- .
< | L
mll— C_ =T " - :
P N EN N .
. B st e g « Difference
—0.02‘—-‘ ® owrus |- P < 2%
i T W cLAS [ X
T | A vepp T L .
02 04 06 08 05 1 15 2 25
| | c Goei’ | No evident
 Difference Mo-Tsai increase
: with €, Q2
0.02_— ‘ +
< F
T |
mC\l
—0.02_— ® OLYMPUS
i T M CcLAS
| | A VEPP
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Radiative Corrections (e p)

lé%dzvahls et al PRD50 5491 (1 994)

O_ — gGZ +’ZG2 : Wlth rad correctlon —:
R E M| ™ FQ>=1.75Ge :

95 | |

May change i
the slope of o,

85 F

8.0 F

(and even the sign!!/)

7.5
RC to the cross section. 70 L
—large (may reach 40%) s |

o - without rad. correction —~ 7

6.0 ! | ! | ! | ! |
0.0 0.2 0.4 0.6 0.8 1.Q

€
E. T-G., G. Gakh, PRC 72, 015209 (2005)

—calculated at first order
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Radiative Corrections (SF method)

Andivahis et al., PRD50, 5491 (1994)

~—SLAC data

SLAC data
corrected by SF

‘ Jlab Polarization
e 2 4 5 - data
QY GeV?]
Yu. Bystricky, E.A.Kuraev, E. T.-G, Phys. Rev. C 75, 015207 (2007)
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PHYSICAL REVIEW C 93, 055201 (2016)

25 1 1 1 1
20} Reanalysis of Rosenbluth measurements of the proton form factors
s M A. V. Gramolin® and D. M. Nikolenko
% Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia
o £ (Received 28 March 2016; published 10 May 2016)
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Figure 3: Difference at Q> = 5 GeV?2.
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Other issues in data

. 2 2
- Correlations G~ versus Gy

~ 2.0

&
ge iD\w 2 - <@> Q2 < 2 Ge\%)

L

©RC(e) ; 'O %
1.41 w | L %f |
- L
0.5 Q2> de\ﬂ
\ \ \ \ \ \ \
R V0.9 1 14 0809 1 1.1 1.2
GMZ/MZGQ GMQ/MQGQ

E.T-G, Phys. Part. Nucl. Lett. 4, 281 (2007)

- Normalizations
- of different sets of data
- within a set of data
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Normalization

Andivahis et al., PRD50, 5491 (1994)

Two spectrometers
(8 and 1.6 GeV)

2 points at low €

1 gy

Fixed renormalization
oo for the lowest ¢ point
e c=0.956
° (acceptance correction)

Increases the slope!
G = Gy
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Andivahis et al., PRD50, 5491 (1994)

Direct extraction of the Ratio

Ored = G (R%e + 1),

c 1
Re)
S %1297 —¢— Gep Coll. I
S Q) ——  Andivahis
0.98 (5 2| —#— This work (from [20])
o —tf— This work (from [20]-HE)
1.5
0.96 [ ]
1Te
® L] ]
o ‘%’ []
0.94 0.5~ $
0
ol d—‘-l L 4
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Conclusion - Discussion

Experimental results DO NOT favor a large 2y effect
*Other explanations are likely

*Radiative corrections

Normalization, correlations in experimental data

*Models should be developed in all Q2 range

Large effort in Space- and Time — like regions is ongoing to
measure form factors more precisely in a wider kinematical range

VEPP-3
Novosibirsk

«&% BESy MEP panda B
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Different Data Sets

- GEp Coll.
- Bartel
Christy
—-Janssen
-+ Berger

ISHEPP,19-1X-2018
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Electric contribution to ep cross section

eG4
FE=1+T/(LZR2)' O'R=8GIZZ+TG]%4
ke 1? 4 GEp Coll
Ty ? . il
10"15— ’ ..0.* +
| 'ty T T 1 G =G
107 +,
5 *T T G <Gy,
10‘35—

—4III|III|III|III|II|III
0 "2 4 6 8 10 12
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Nucleon FFs above 6 GeV

ol | | SLAC-PUB-372 4

: 0/ OD Sentember 1967 l
g |.4 r‘ )
g 12 r L k ! W
o
i hu “ki _.
R ak kil
L oosE L suACH oL resTs ) )1 {
o OTHER MEASUREVENTS, o 207 (evis? 1 }
= * DESY { MTEANA g€ 1) -
& OF] o Dosy ) s s e I

+ STANFORD {
osl  *CEA :

S0

- lf éo @ | ‘Wc)’l 1%) 50 oesce
(Q)* [6eV?]

...which makes evident any disagreement

with the dipole prediction

R. Taylor

(Q)* [GeV?]
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Nucleon FFs above 6 GeV

1 LJ T
16 F / S]
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N i I it | }
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3
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o OTHER MEASUREMENTS. ¢* 07 (Gevicl?
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o = CORNELL
+ STANFORD
04r & CEA
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...which makes evide

with the dipole predic
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electron/positron scattering

+5__ ot
daeh.eh (dO’

O —= A(Q?*) + B(Q?) tan? -
d dQ)Mott [ (@) (€2%) tan 2}

Born approximation

2y exchange:
1Al S VS Vi s VR

O’ p)-o(ep) 2ReM, M,

O(e+p) + 0(€_p) UBorn

Asymmetry

The effect is enhanced in the ratio
R o(e’p) _1+4
olep) 1-4

= 0y,,,(1+4Re M| M, )
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