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| ntroduction: form factors of

One of the main problem in hadronic physics is to extract
the elemental non-perturbative physical quantities, such as:
quantum number of hadrons, decay constant,
form factor,
parton distribution,distribution amplitude,
GPD, GDA, etc.

The electromagnetic(EM) form factors of proton are two of
them. By the symmetry,the non-perturbative EM current
matrix element of proton can be decomposed as

iO'W
2M

<P(p)13" (0)|P(p) >=u(p)[F(Q*), + F,(Q*) =4-q"]u(p)

Q°=-q’=—(p- p)°




| Nntroduction: measurement in space-like region

Up to now, two methods are used to extract the EM form
factors of proton in the space-like region.

= Rosenbluth method:
extract the EM form factors from the cross section

of un-polarized elastic ep scattering.

= polarization method:
extract the ratio of EM form factor from the polarization

observables in elastic ep scattering.



| Nntroduction: Rosenbluth method

For the un-polarized elastic ep scattering,taking
one photon exchange approximation,

e(p) ¢'(ps)

P(py) §“‘ P'(py)

-

the reduced cross section is written as:

do o G2 (Q2)+§Gé (Q?)




| Nntroduction: Rosenbluth method
do o< Gy, (Q%) +

Ge(Q%)

T = o) £=[1+2(z+)tan*(6,/2)]"

AM?

G. =F—-7F,

G, =F+F

6, the scattering angle of electron in the rest frame.

V

By the measurements of cross sections at fixed Q°
and different &, the EM ffs can be extracted,
and also the ratios of ffs are obtained.




| ntroduction: polarization method

For the polarized ep scattering
e+poe+p

there are polarization observables

R proton polarization perpendicular to proton
momentum in the scattering plane;

Rl proton polarization parallel to proton momentum
in the scattering plane.



| ntr oduction: polarization method
by the one photon exchange approximation, there is

relation
G P E+E' o) E.E' the energies of
R=—E —__T tan—= initial and finial electrons
G, P 2M, 2

The measurements of P.,Pat fixed Q“ and &, can
give us the ratio of the EM ffs.



| ntroduction: resultsfrom experiments

-2

! | exp
e U pRP()Ia rization
B exp

= M p Rosenbluth
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Rosenbluth
method

polarization
method

experimental values of R by Rosenbluth method and polarization method

references in PRL91,142304(2003)

Un-consistent!

Which is right?




| ntroduction: reason-two photon exchange

Such un-consistence is explained by the two-photon-
exchange effects (box diagrams of EM radiative

corrections ) in literatures.

P Py

> > > >

k| la—k
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TPE in ep scatterinc

In literatures, four methods are mainly used to
calculate the TPE correction, and also some model-
independent analysis or fitting are discussed.

model-dependent
dynamical calculation

hadronic model

J. A. Tjon etc;
E. Tomasi-Gustafsson etc

GPD

M. Vanderhaeghen etc

dispersion relation

Alexander Kobushkin etc

pPQCD factorization

M. Vanderhaeghen etc

model-independent
analysis or fitting

M. Vanderhaeghen etc
E. Tomasi-Gustafsson etc
S.N.Yang etc
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. hadronic model

TPE in ep scatterinc
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The Born cross section is calculated with the form
factors from the polarization transfer experiment.

the reduced cross section ) ratio R 12



attering: hadronic mode

1.1F .
(b)

P. G. Blunden, W. Melnitchouk,J. A. Tjon,
PRC72,034612(2005).

Only the N intermediate state

1 is included.

R S S - The results shows the TPE corrections
e to the ratio R by polarization method

is positive and as large as +4% for

(@) 1| Q°=3and as large as +10% for Q* =6

1 005 k 02 = 6 GeV? at small€ . £=0.1
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TPE In ep scattering: cpp

Cross section for ep elastic scattering
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TPE IN ep scatterln hQCD

1.20

1.18}
1.14}

1.10F

0.75 ¢
0.70 |
0.65 |

0.60 |

1.16

112} {7

2325Gev? 1=
Q ’ - 1Dash-Blue: 1y

{ Dotted black: 1y +2y (€OZ)
1 Solidred:  1y+2y (BLW)
1 Dash-dotted green:

.....................

1y + 2y (QCDSF)

consistent with Ex

7%(COZ) . _
3%BLW) © 0.3

Nikolai Kivel, Marc Vanderhaeghen
PRL103,092004(2009).

15



. dispersion method vs. HM

Dmitry Borisyuk, Alexander Kobushkin,

! PRC74,065203(2006).
-0.01
-0.02
003 consistent with each other
0.01F -
858G, /G : . .
‘? E P. G. Blunden, W. Méelnitchouk,J. A. Tjon,
0 ' PRC72,034612(2005).
001l 8G, /G, 4 Only the N intermediate state is included.
0.02}F /,/’/ -
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TPE In ep scattering: summary of theresults

1. the corrections to un-polarized cross sections:
consistent.

2:the corrections to ratio R in polarization method:
un-consistent at high Q* and small € .

= hadronic model: positive and as large as +4% for Q> =3 and as
large as +10% for Q° =6 at £ =0.1.(where only N is included)

= GDPs and pQCD: negative about -5% for Q°=25,5at £=0.3.

Which is right? JLab/Hall C exp. E-04-019
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TPE In ep: rediscussion of hadronic mode

Two problem exists in the calculation of hadronic model
when including the Delta(1232) intermediated state :

= vertex relation 2‘ CK;'O;B,(;?QS/?E

W. Me nitchouk,

= Coulomb term JA. Tjon,
PRL 95,172503(2005),
PRC75,038201(2007).
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TPE In €p: rediscussion of hadronic model

vertex relation P. G. Blunden, S. Kondratyuk,W. Melnitchouk,J A. Tjon,
PRL95,172503(2005), PRC75,038201(2007).

FyNeA — 70[F7/A+N]+ Yo
We modify it as

L osa(P:0) = =21 a0 (P=]" 7,

p is the momentum of proton, q is the momentum of incoming photon.
19



TPE In ep: rediscussion of hadronic mode

The explicit expression

—Fa(q?)

FpaA—}N — 9 [9'1 (g::k@l — kp']’a@l — 'Yp']’ak "qt+ '}’pkq?)
Y MN

+9a(kug — k- qg®) + g3/ Mn (g2 (kuv* — g°k)

+QI,u(q;!j% — '}’ak ) QI))]'Y5T3:

[He _ _Fﬁ(qg)

wa = T BTl (9542k — kur® — Yok - @2 + kvdh)

+go(kugs — k - gag?) —

+qou (g5 k — ¥k - @2)))-

+

g3/ Mn (g2 (k7" — g°k)

P. G. Blunden, S. Kondratyuk,W. Melnitchouk,J A. Tjon,
PRL95,172503(2005), PRC75,038201(2007).
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TPE In €p: rediscussion of hadronic model

P. G. Blunden, S. Kondratyuk,W. Melnitchouk,J A. Tjon,

Coulomb term PRL 95,172503(2005), PRC75,038201(2007).

We take
g,=0.=7.2

Also the form factors F, are modified.

By these modification, the new results:
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TPE In ep: resultsfor un-polarized case
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TPE In ep: resultsfor polarized case
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TPE In €. resultsfor polarized case, high Q?
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For high Q"2 and large € , it shows surprising properties:
the correction to P is very large in this region.

Un-physical ?
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TPE In ep: modify?

Problem ?

Is hadronic model not reasonable when including Delta(1232)
at such Q?and & ? What is the valid region?

Q?=3,5?
£=0.6,0.8,0.97

or modify?
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TPE In €. modify?

to regular the behavior when including Delta(1232), we
add a factor by hand in the loop:

P, Py

> > > -

A (T Vs e
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TPE In ep: resultsfor un-polarized case
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TPE In ep: resultsfor polarized case
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TPE In ep: summary

1. The experiment (JLab/Hall ¢ exp. E-04-019 ) maybe
distinguish which model is reasonable for the TPE
correction in polarization methods:

positive or negative?

2. How to combine those methods is still a problem
(the valid region of different methods, not only
for the TPE, but also the for yZ exchange ).

—

PRL 99,262001(2007), PRC79,062501(2009)(RC):

PRL 100,082003(2008), PRC79, 055201 (2009):

PRL 102,091806(2009):

arXiv:0903.1098 29



TPE Iin time-likeregion

We simply apply the hadronic model to €'e¢ — pp
to give an estimate of two-photon-annihilation
correction

<

=
o IS
5 3
= b e
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TPE In time-likeregion: observables

one-photon annihilation

Un-polarized cross section

do 012\/1 — 4M%,/q?
(d_Q)CM B 4q°

1
X (|GM|2(1 + cos”0) + ?|GE|2511129)
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TPE In time-likeregion: observables

Consider the un-polarized incoming positron, longitudinally
polarized incoming electron, and the polarized antiproton in the
final state,the cross section

do  doyy
d2  d$2

double spin polarization observables B, and P,

[T+ Py&y + Ae Pxéx + Ae P&, ].

2siné

P, = — D\/_{ReIGuG* £l —I—RelGuF*I\r (T — 1)cos#}

P. = —{|G y|* cosb — Re[GMF*]\ 7(t — 1)sin’ )

2
D
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TPE time-like: resultsfor un-polarized case

. s=4GeV? |-~ §, properties:
otop TRV L 5
— 1: odd function of COSE
0.005F T . R
2: contributions from N and

v o.ooo-’“ Delta(1232) intermediate

" state are opposite.
-0.005 - Mo

3: total TPE contributions
-0.010 ; . g \ ; . , . are SmC(”,'
-1.0 -0.5 0.0 0.5 1.0
cos(0)
5 = ) Re{ May Mi}
! | Mo |2

D.Y. Chen, Y.B.Dong, H.Q.Zhovu,
PRC78,045208(2008), PLB675,305(2009).
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TPE time-like: resultsfor P,

0.04 - s=4GeV 2 s N ¥ properties:

A 1: odd function of COS&

0.02

2: main contribution from N
and the Delta(1232)

@  0.00 contribution is very small.

3: relatively larger at

-0.02}+
cosfd =+1
-0-0‘_11_0 05 00 05 10 4 theabsolute contributions
COS(G) are small.

Plv@2y
0 F;) = ;
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TPE time-like: resultsfor P,

0.08

0.04 |

s = AGeV 2 —— properties:

1: odd function of cosé

2: P(w/2)=0
P, (1/2) # 0

QO 0.00

-0.04 +

-0.08

3: non-zero of P, at 7/2
reveal TPE and the large
correction suggests it may

-1.0

deserve to be considered in
the experiment near z/2.
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» TPE In ep scattering played important roles while its
corrections to polarization observables are not clear now.

» How to combine the four methods is still a problem.

» TPE contributionsin e'e” — pp at small Sare usually
small and isrelative larger to polarization observableP, .
This may be a considerable quantity to see TPE directly.

» Other methods to estimate the TPE contribution in time-
like region?

36
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