On Two-photon exchange effects

in the form factors
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EM probe to explore

@ Electric and magnetic nucleon form factors
(Pion and deuteron form factors)

@ Nucleon-resonance transitions

eN—>N",yp—>A(S,,,D,....)

® Nucleon spin structure
Parton distribution functions

@ Generalized parton distribution functions

2016/9/27 MSU, Moscow



History of Nucleon Structure Study

1933: First (Indirect) Evidence of Proton Structure
magnetic moment of the proton: p,=eh/2m c(1l+k) !
anomalous magnetic moment: ;= 1.5 +- 10%
1960s: Discovery: Proton Has Internal Structure
elastic electron scattering Nobol B 04a
1970s: Discovery of Quarks (Partons)

deep-inelastic scattering

Nobelpreis 1961

'Hv.-"‘
U A . B -
ReeLL =
8 -y

J.T. Friedman .R.' Taylor H.W. Kendall Robert Hofstadter,

Nobel Prize 1990 Nobel Prize 1961

1980s-1990s: Spin Structure
2000s: Multi-dimension Structure



a a

-.Man?' experimental measurements have been carried out
since last century:

* The fundamental properties of nucleon

Charge and magnetization distributions
* Test model calculations of the intrinsic structure

of nucleon
Nearly all the measurements used Rosenbluth separation
The scaling behavior of the EM form factors of nucleon

G¢(Q*) =G\ (Q°)/ u, =Gy (Q°)/ 1, =G (Q7)

 New and improved technique makes the measurement
more precisely and can provide information more accurate

2016/9/27 MSU, Moscow



Form factors of Nucleon (from ep)

@ Nucleon has its intrinsic structure p(uud), n(udd)

@ Photon and nucleon interaction is not point-like

 One-photon exchange

‘Electron-photon:
‘Nucleon EM

vertex:

i,

M

F=F'+h

2016/9/27

b
;= Y

K — 99
T# = o

Gu(@) = R(Q)+R(@),
R(Q)-7R(@Q).

MSU, Moscow



Form factors of Nucleon
Space like

Measurement (I)—Rosenbluth Separation (OPE)

Differential cross section:

do ao € 2 (/2 € ~2 /2
do (d—ﬂ)mmm{cm@ )+ £64(@)

(d_or) _ a’E'cos*(6/2)
dQY/ Mot AE3sin*(8/2)

e = [1+ 2(r + 1)tan®(6/2)]

2016/9/27 MSU, Moscow



Form factors of Nucleon FFs In OPE

Reduced cross section: Rosenbluth separation

on = G3(Q)+ =GH(Q)

B Proton form factor measurements from Rosenbluth separations
— Gy Well measured to 10 GeV?, data out to 30 GeV?
— Gg, well known to 1-2 GeV?, data to ~6 GeV?

- AQ*=0.39+0.01 - <Q®*>=0.389
30 - Fit givezs p:%).OzBD:):I:O.OSB
® The form factors are determined - oL by :
: 25 | .
from the slope and intercept : ;
" G 2]
3‘20 - €
. . ° h - .
if Q?is large, large systematic o 15 fgx¥ k|
error for Gt A '
10 | :
e Geis sensitive to the g 05 | :
dependent-term 00
0.0 0.2 0.4 0.6 0.8 1.0
0=180° € 0=0°
2016/9/27 MSU, Moscow

e =[1+2(r +1)tan®(6/2)] "



H Mid ’90s brought measurements using improved techniques
— High luminosity, highly polarized electron beams

Measurement (II) polarized Separation (precise measurement)
) N | Electron scattering plane

GEg, /Gy, Ratio by Polarization Transfer in ¢p — ep

Initial: Electron polarized

A= +1;

Secondary scattering plane

{4: Final proton polarization
vector

M. K. Jones et al., Phys. Rev. Lett. 84 (2000) 1398.
O. Gayou et al., Phys. Rev. Lett. 88 (2002) 092301.
V. Punjabi et al., Phys. Rev. C 71 (2005) 055202.

do o’E' cos*(f/2) 0 0 E+ E
dQ ~ 4E3sin(6,/2) (T+ 1)e [TGM T EGE] T /\B[ M

x/T(1 + 7)Gy tan® 92—824 - 2—24/7(14+ 7)GyGEtan 92—824 : :'f:] }
11

2016/9/27 MSU, Moscow




‘ GEg,/Gu, Ratio by Polarization Transfer inep — ep

_ E+ FE 5 5, 0c
P, = T, V7(T + 1)G%, tan (5)
2 6.
Pa: — ——\/’T(T—I— 1)GMGE tan(—)
Iy 2
P, 2M Gg 0.
— = — cot(—)
P, E+ E Gy 2

2M ! v
— _E, T B Rpolam’zatz’on COt(?

)

2016/9/27 MSU, Moscow
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Form factors of Nucleon FFs In OPE
Measurements:

—_
S
=]

=

=|

—
=

e

RRosenbluth ~ 1 | e
+ Ry=1—0.1306Q7

,u,pGE/GM
o
>
-

0.0:llll,llllllllllllll|IIlI|IIII|:

M. K. Jones et al., Phys. Rev. Lett. 84 (2000) 1398. 0 1 2 3 4 D 6
O. Gayou et al., Phys. Rev. Lett. 88 (2002) 092301. Q® [GeV]*
V. Punjabi et al., Phys. Rev. C 71 (2005) 055202.

R pusentiuth = 1 — 0.07620Q? + 0.0048060Q"* + 0.0012980Q°.
Rpoiarization = 1 — 0.1306Q% + 0.004174Q* — 0.000752Q°.

2016/9/27 MSU, Moscow
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Measurements of proton form factors

Comparing the measurements of Rosenbluth
separation and polarization transfer, it is shown an
unexpected and significant different dependence on Q°
for GE than on G'S/'.

This has been interpreted as indicating a difference
between the spatial distributions of the charge and
magnetization at short distances.

Two-photon exchange

corrections believed to explain the
discrepancy

P.A.M.Guichon and M.Vanderhaeghen, PRL 91,
142303 (2003)

2016/9/27 MSU, Moscow
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MT Corrections : (L. M. Mo and Y. S. Tsal, in 60s)

Two-photon exchange process Elastic scattering:

D1 D3 b1 b3
k q—k
e (p) e (ps)
P2 P4 [ D4

e (p1) e (p3) e () e (p3)

N(p») N(ps) N(ps) N(ps) N(p2) N(pa)

2016/9/27
MSU, Moscow 16



MT Corrections: TPE In SL

Inelastic process:

Bremsstrahlung

2016/9/27 MSU, Moscow
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High order elastic contributions: (da) (da) (dﬂ) (d{?f
— + —
Erpt. elastic inelastic

— — 1 4+4).
d) dﬂ)ﬂmﬁnbiufft[ ! )

d0 0

M = f(Q?, e)My + M,

Vertex corrections for electron-
photon coupling

Independent on g,

Vacuum polarization }
P contribute a

M,

Diverge part of proton-photon common factor
coupling
Diverge part of two-photon
exchange
Need to be study
Finite part of two-photon further
— exchange
Ml ~ E—
Finite part of vertex corrections Contribution is
of proton-photon much smaller

2016/9/27 MSU, Moscow
18



MT Corrections TPE In SL

(1). Two-photon exchange amplitudes

®* Intermediate state: Nucleon
* The finite contribution is simply ignored

* Momentum of one of photons in the denominator and numerator
sets to O

(2). Vertex correction for electron-photon is the same
as Mgller scattering

(3). Vertex correction for proton-photon is the same as (1)

2016/9/27 MSU, Moscow
19



Two-photon exchange (proton form factors):

 Baryonic level:
‘Intermediate states are baryon resonances;

P. A. M. Guichon and M. Vanderhaeghen,
PRL 91, 142303, 03

L. C. Maximon et al., Phys. Rev. C 62 (2000) 054320.
P. G. Blunden et gl, Phys. Rev. Lett. 91 (2003) 142304,
«Quark level: H ()

*To consider TPE on quark level :

‘To set a simple connection between the e-q and e-N
‘Generalized parton distribution (6PD) PRL 93
-Constituent quark model NPA782

2016/9/27 MSU, Moscow
20



General analysis TPE In SL

General expression of the matrix element: inciuding TPE

7 = 7 n ?:O'#qu
e {u(p3)7uu(p1)”(174) |[Fiy* + F YT,

+ﬁ(p3)’m'>fsu(p1)ﬁ(p4)’r“’>’5éA“(p2)}'

G, (QZ)OPE +AG (ing)
Gy (Qz’g) =G, (QZ)OPE +AG,, (Qz’g)

N
-
—
@)

)
™
N
[l

2016/9/27 MSU, Moscow
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Analysis

—_

TPE in SL

: 7 € |{_EI'.-1|2 q |@HI a y"l'}-:;
ar = |Gyl { . [lG.uF (7 |G“|} 1{.1IEIG_U|}
Pe 2¢ Ge| | . 2 |Gl vFy
Pr , _ : | - TE (22 gL
p: T'11+‘:]{|"5'.w| +l 1+F|G”|} {MIW;-"IH}
{-:!rl_” = _F'l + Fg,
Ei:j._‘ = .EE'[ - Tﬁg.
ff’ﬁ-n
Y5, = R(JFH::'J.H"‘). v=(s—u)/4
~ |2
(Remp )2 _ |GE| +2(r + | El
Rosenbluth — v 192 ~ 273
G m| |Gul
RE%P _ |GE| + (1 . 2¢ |GE| )Y
polarization |GM| 1+e |GM| 2y
2016/9/27 .
. Moscow
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Calculations TPE In SL

Two-photon exchange amplitudes of
electron-proton scattering

N Bk (N Ny(k)
\r2r 4 ‘
M™ =« f 2r) {Da(k) +Db(ae)}‘

Leptonic tensor and hadronic tensor

iF\.Ta(k) L'Ej?)(k)ﬂ'(a)#v(k),

LY = u(p)syu(pr — k)wulpr),
w(pa)Ly(q — k)(p2 + k + ML (k)u(pa).

LE) (kY HOW (),
ﬁ(p) 3.—:;”(}5,3 + tif-)"}',,'li (pl ) )
= 4(pa)U,(q — k) (P2 + k + ML, (k)u(pa).

yul D3 y4l ps
k q—k
2016/9/27
Do P4 Do P4
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General analyses TPE In SL
Results: Yo | R(-22)

0.05

0.04

0.03

0.02

0.01

0.00

2 ‘éE K ‘éE‘
(R;ag;enbluth) = | G~M|2 | 2(7 | ‘éM‘)Yg,Y
2016/9/27 MSU, Moscow

P. A. M. Guichon, M. Vanderhaeghen, Phys. Rev. Lett. 91 (2003) 142303. **



e e

TPE contributions  p ¢ ginden e ol, Phys. Rev. Lett. 91 (2003) 142304,

Contribution to cross section Contribution to the ratio
000 | ' . . 1.2
oot L A = Opyu — Opr (b) | 1 _
ton ] 0.8 |
oorl 0.6 -
ol 0.4 -
oos | ——Q@?=3Gev? 021
------ Q’=6GeV’ o
1y
or =07 (1+A 2 _ P2 _h,?
R R ( ) R = Rexp b,upr

m) b~ 3%, b,uir =0.39
MSU, Moscow ?exp — 1, R — 078




TPE-1n-Sk—(contributed-by-other-nucleon-resonances)

2016/9/27

d*k ok Nb(k) N.(k) Ng(k)
M _ 4 C :
e e{%[Pw mm*mw*mw]
I N-Intermediate I I A-Intermediate I
MR n(p. @)
F 2
= EZRT?{gf‘?[g”“M — PV ="'y p-q

+ v g1+ gX1p'q* — " p - ql + (g5 / MR)
< [q*(p'y* — g™ P +q" @GP — v p - D1} Prlg.

where p® and ¢V are the four-momenta of the resonance

and photon, respectively, and gfzj are coupling constants

discussed below. The Lorentz factor P = 5 if R = P33,

and Prp = 1 if R = D13 or R = D33; and the isospin factor

Ip =Tt R=P33orR=D33, and I =11t R = D13.
The vertices of the spin 1/2 resonances read

egRFr(q?) e
2M

where for R = P11, Pp=1land Iz = 1;for R = S11, Pp =
vs and I = 1; and for R = 531, Pg = ys and I = T;.

26



TPE In SL (contributed by other nucleon resonances)

T I
| Ag=0.84 GeV

@_ _
95 -
9.0 =
N _
S
8.5 - =
s |
8.0 - =
7.5 -
-—— Born + 2v [N + P33]
i — B-lnrn+27 [N +|F'33+ D13+|D33+P11 +|S11 + 831]
0.0 0.2 0.4 0.6 0.8 1.0

c

FIG. 1. Effect of adding the two-photon exchange correction to
the Born cross section, the latter evaluated with the nucleon form fac-
tors from the polarization transfer experiment [1]. The intermediate
state includes a nucleon and indicated hadron resonances. We show
the reduced cross section divided by the square of the standard dipole
form factor GL(Q?%) = 1/[1 + Q@*/(0.84 GeV)?]*. The data points at
four fixed momentum transfers are taken from Refs. [2.3].

2016/9/27 MSU, Moscow

Inclusion of the excited
state resonance
contributions reduces
the nucleon elastic TPE
by ~15% at Qaround

4 GeV*

27



Summary for TPE on proton form factors

2016/9/27 MSU, Moscow
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by H. J. Weber

1.50

2
g &N/ FDEQZL

G_EO L] I 1 I T

Q? [Gev?]

2016/9/27 MSU, Moscow
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QM with 5-quark components

=
|
@]
10° T T T T
g all ——
[ 3q oo
L 5
107" F
[P
] 2 [
o 10 :
107 F
10'4 1 1 1 1

2016/9/27 ©

4
Q

2

6
(Gev?)

10

T T T T Bl
Antiquark i S-wave E
Antiquark in P-wave

0% (Gev?)

calculated proton electric form factors to the dipole form in the presence of a ggggg contribution
the §- (solid curve) and P-states (dashed curve). The data points correspond to those in Fig. 3.

MSU, Moscow 31

Fig. 4. Calculated proton electric form factor in the presence of a gggag contribution with the antiquark in the P-state.



3, Phenomenological approach,

deuteron form factors
two-photon exchange

2016/9/27 MSU, Moscow
32



Our Phenomenological approach:

The mass operator represented by II(p?)

D
L .L
X - X (3872)
D*
in Collaboration with Amand Faessler,
ImD=Xﬂ"F Thomas Gutsche, and V. E. Lyubovitskij
g; d‘l (yl L D
=5L  O)DCc+y/ DD (x—y/ 2+ Dlx+y/ DD* (x—y/2)]
1 Gy S G
Correlation T

function Two fields 33




Compositeness condition:

Bound state description of hadronic molecules in QFT based

on compositeness condition: weinberg,PR1963;Salam, Nuov.Cim. 1962
Heyashi et al.,Fortsch. Phys. 1967

The coupling g IS determined by the condition

‘ Zﬂ/f—l— mM I

with the derlvatlve of the mass operator Exp. input

Y (miy) = @Hﬁw(mﬁ;)=g§4dn§‘f%ﬁ2)u@
P

Wwith the mass operator 11(p” ) represented by: T

X = - X
- XXl International Baldin 34
D Seminar(Dubna, Sept.19-24, 2016)

2016/9/27



Vertex function

local kmit #(y?) — 8“)(y)

Four-dimensional covariant calculation

2016/9/27 XXIII International Baldin
Seminar(Dubna, Sept.19-24, 2016) 35



Applications

1), Hadronic molecules: old -
renewed interest in heavy mesons
2), Effective approach is applied
to the states (Compositeness)
3), Hadronic loop is considered
4), Decay modes: some c\bar{c}
. +dominate hadronic picture

1), Open charmed mesons: Ds(2317)

2), X(3872) ‘Other applications:

3), Y-type: Y(4260), Y(3940),
Z-type: Z(4430), Zc(3900); Zb(10610), Zb(10650)
4), A _(2940), = (2800)

2016/9/27 XXIII International Baldin
Seminar(Dubna, Sept.19-24, 2016)
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Deuteron-Electromagnetic-form-factors—eb—(5=1)

Electron-deueron elastic scattering (OPE)

(Plps ¥ 1,0)| s ) “ ) s
= —eép ! [Gl(QE)%J*(f) -E(2)
B 2 E*O) - E) )] :'
+ GoOHIENE=D) - q) — EF(ANED) - fl’)]} 1D (o D (pa)
do do Deuteron: spin-1 particle
dQ ~ dQ M{,HID(DPE)’

Io(OPE) = A(Q%) + B(Qz)tﬂnz;

AQ%) = GLQN + 31pG (0 + 513G H(0Y.  Gy=Gy Gg=Gi -Gy +(1+1p)Gs,
B(Q*) = 4tp(1 + 1p)G},( 0. Ge = Gy +31pGy.

2016/9/27 MSU, Moscow
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Deuteron form factors ( parameterizations,

1 2
- 107 &
10"; F
- ] 102 ¢
o I o - :
10t [ sl
C 3 10 =
- = g - .
- C ™N T L3t
10° 104 £ 1
_||||||||||||||||||||||||||||||||||||| -5_||||||||||||||||||||||||||||
0 02040608 1 1.2 1.4 1.6 1.8 2 10" "5 1 15 2 925 3
Q% [GeV?
i)
]
10 5
o 13_
o F
107 =
102 f
:III|III|III|III|III|III|III|III|III|III :
s by e by ey by by by e b b e by e by
0 02040608 1 12141618 2 MSU, Moscow =2, 555 s s e e e

Q* [GeV?] QUG 3



TPE on deuteron TPE In eD

Electron-deueron elastic scattering (TPE)

2 §]
e

MP = Eﬁ(ki, $3)Vpit(ky, 51)2 G:M.

i=1
where e (k) —k+K e (k) e (k)—k+K e (k})
MY = (g™ §)P", '
MY = [EME™ - q)— (& - )E™]. K2

|

My = _ZME-}(% - gNE™ - q)P", plp

g
K+

and .-( §
. D _

n

|
M = —=(&- K)E™ - K)P",

2M3,
MY = (16" K)+ (5 - K)E™]. “ v
1
Mg = Sz )E™ - K) — (& - K)E™ - gl P, PRC74, 064006
D
2016/9/27 MSU, Moscow
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- By considering Two-photon exchange corrections

do do

. ) . = 1
Gi(s, 01 = Gi(QM) + G(s. 07, a9~ dQyy
where G;’s correspond to the contributions arising from the — d_g [[(A + AA)+ (B + AB)tan’ E}
one ]'l R , '-(3}!, e y . ds2 Mot 2
-photon exchange and G,™'s stand for the rest which would
come mostly from the TPE. In the OPE approximation, G4 = + Ao (8, QE}}
G5 = Gg = 0. Itis easy to see that G; (1 = 1,2, 3) 1s of order ]
of (@)’ and G\”(i = 1,....., 6) are of order a. = 0y [[(A + AA)cot’ S+ B+ &B}}

5 6'
+ Ao (8. 0%) cot? E]

2 2 5 0 " e 2 2w
Ac(f, Q°) = x er cot” EI(Q?: - 1G -21Gy+ 2t AA =2 [GE-RE(GE] ) + ETGH RE(G;}}')

xRe(GF") + 7= | (@7 = Gy - 20 +57 GoRe(G)

D

~

6 ,
B 20 (2 472
+2r°Gs — 2rtan 253) RE(Ga) +%[{2r + )Gy — 2t + )G + 21(t + 1)G3]

-|-2T([21'+ DGy — @t + 1)Gs ){RC(GEE]*)._
+21(t + I}G;)Re(fo”)“ :

8 ;
AB = t(l+ )G uRe(G).

2016/9/27 MSU, Moscow PR€74, 064006
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Approach

= gpD}(x) f dydp(y)p(x +y/2Cy*n(x - y/2)

+H.c.,

Lp(@) = 9pDL(@) [ dup*(@+ /2o )M - u/2) + He,

Correlation function (Cut-off) PRC78, 035205
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Deuteron EM form factors (vertex)

1), Loop

I n 2), Nucleon
form
N factors
(a)
o i Two-Body

current

-
N Iy Iy

N Iy n
2016/9/27 N N N

{a) (b) (c) 42




One-Body

- =

NN N
I g) a § . » %
4 —igx i w2y, 9y o .
= [ d'xe " N(x)" F (g7) + Fy' (g7 Nix), A
EH’EH -
g ? :
7" (q) = —igp f d*xd*yDi(x)®p(y)p(x + v/2) i ! z
D D 2] D D D
x4y 2 _
% Cy¥n(x — y/2) f dze% + Hc.
x (a) (b) (c)

Two-Bod
y There is a number of possible contributions to the two-body

: : . Doy AN : .
JAN = J4Nl JAN:2 JWN 3y operator J'(g) = J"(g). We restrict to the three simplest
it {E}] " (E]'] T it {‘?] T H [E}] terms with}ihe smallepst number of derivatives

I g) = f d*xe g FNV(gM)i(x)y* C p(x) ;
% PICYaiTa"n(x) + He, ”;jii”
_ : . - _ N N
7N g) = j d*xe~9 gy FV (¢D)i(x)d C p(x)
% p(x)Cio,,g ' n(x)+ H.c.,
I (g) = f d*xe " g3 Fy' N (g7) [A(x)y*“ C p(x)]

X 1@ u — 3 p(x)Cyan(x)],




10-*

S .8 E‘t S ——
= 1.-.'l| i .-rl.
E h - it Sl ||._!
LI
[ v/ -
v
!
1[:' it ] L 3 v s 1 4 4 4 4
| - , L3 2 2.5
Q(GeV')

FIG. 4. Form factor |G(Q?)|. The solid curve is the result of the
TGA parametrization. The double dash-dotted and dashed lines are P T
our results with the MMD [21] parametrization restricting to one- 0 0.5 | E——
body and including two-body electromagnetic currents, respectively. TGV
The double dot-dashed and dotted lines are our results with the Kelly FIG. 6. Form factor |G y(0?)|. The solid curve is the result of
[22] parametrization restricting to one-body and including two-body the TGA parametrization. The double dash-dotted and dashed lines
electromagnetic currents, respectively. The data are from Ref. [27] are our results with the MMD [21] parametrization restricting to one-

. . body and including two-body electromagnetic currents, respectively.
Param etrizations The double dot-dashed and dotted lines are our results with the Kelly

M M D . . [22] parametrization restricting to one-body and including two-body
( ) . M erg ell-Meissner-Drechsel electromagnetic currents, respectively. The data are quoted from Ref.
Kelly parametrization

TGA: Tomasi-Gake-Adamuscin

MSU, Moscow

1.5 2 20
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0 o 1

1.5 - 2.0

QlGev?)

FIG. 5. Form factor IGQL’_QI}I. Notations are the same as de-
scribed in the caption to Fig. 4.

1 L.
) (Gev)

[y PRI

FIG. 18. Deuteron polarization tensor TM{QZ} at 8, =70°. The
solid curve is the result of the TGA parametrization. The dashed
and dotted lines are our results with the MMD [21] and Kelly [22]
parameirizations, respectively. The data are quoted from Ref. [31]

2016/9/27 MSU, Moscow
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FIG. 16. Form factor A(Q?). The solid curve is the result of the 10 4!

TGA parametrization. The dashed and dotted lines are our results

with the MMD [21] and Kelly [22] parametrizations, respectively. "é ne
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FIG. 17. Form factor B(Q?). Notations are the same as described
in the caption to Fig. 16.
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Hadronic —part TPE In eD

P p p
p
D D D D D
T T T
( (b)

D
1 D D
a (c) n
} A (a) (b)
p p
D D D D
[-'ﬁ; [d.j. Q
PRC80,025208 P
PLB 675, 426
D D

MSU, Moscow
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Numerical results TPE In eD

Solid-Total

A->dotted

B->dashed
C=>dotted-dashed

2016/9/27
10
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TPE (polarization, Py) TPE In eD

Electron-deueron elastic scattering (TPE)

Py results from the vector polarized final deuteron along
the y direction which is perpendicular to the scattering

plane. In OPE ,p, =0

2 9K \ . 4
P = S tan Eﬁ[_ (T + 1)(@11m(agﬂ3' )+ GoIm(GY )
_r(r 4+ 1) (szm(afj*) G Im(GR" }) 10*
2 l{} (2] ;?
—|—T(c{:}t 2(2G, — Gy — 27C3) + TGQ)ITH-(Gd__ ) <10
2 E.H
2 6 o :
by _— Z - 27 _ _ 10
PV = 3 tan 5 27cot 5 (2G1 — G2 — 27(Gs)
+r(2{-r F1)G + Gy —27(T + 1}93) Im(G®*) 10 1 , 2
Q (GeV)
{)
PEE'-"J = %4?[? + 1) tan g [cﬂtﬂg(ﬂl —71G3) + 7G4 Im{(}’f]*)‘ .
PRC8E2, 068202

2016/9/27 MSU, Moscow
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He-3 (spin=1/2; form factors):

il Lyelx)= gHH x)fd} d’H ]n{x + wpyv)D(x —wy) + H.c.,
D(Fp) D(Fp)
N _
. o Lo =D ) [ dyep()5+y/Dpt—3/2) + He.
Fig. 1. Mass operators, (a) for He-3 and (b) for the dibaryon
2p+n NPA918,25
1.5 T T I T T T I T T T T 0.3 [ T T T T I T T T T I T T T T
: (a) FI{QzJth — ]
L FiQ)a i
I 05 .
i osk 1& 40 ]
Cs L LS C
: =13 _ FBrQJ’}Pm._ i _
or : FiQ)e —— ]
2 _
I A R R [ o
3 0.5 I T 1 1.5




(a)

p H{FPy]

H ()

Fig. 3. Effective diagram for calculating the generalized parton distribution functions of He-3 in our approach, where the

current interacting (a) on the odd nucleon and (b) on the dibaryon, respectively.
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0

Fig. (3a) = — —
Fig. (Jb)l IR EE
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2016/9/27

0.5

0

=05

Fig. (3a) wm m=
Fig.(3b) = === =~

Total

MSU, Moscow
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TPE on He-3 (form factors):

- = i0'q, = oy KPP 2e(1+€) 1 I(AGy) I(AGE)
]-—IP:F]. P+Fﬂ +F3—‘.| = M — E
, K 2M -H‘irg Ay T TR {GEG‘M |: G‘M GE ]
2
Q2= 1.0 GeV? ] —
+G.mf[1+EGE Gﬁrf]I(YET}}* |
N s — -
"""""" 3 a’ a¥
- _ ] AyHE‘ = e _PHA; + 2 o prq.i,
Z o - i i
| —— Proton ‘-'-_ . ] 5 I I ]
4 _-; :Ttwn | #=m/3

0] 30 i) a0 120 150 150
Scattering angle #

s
I:}F T T T T T T l\!.\;-\"-\-\_
=]
Q% = 0.5 GeV? -1
(| s === === _
s
3 -5t
e
& . R J_ﬂ i i i I T ' | i " i PR T T
_10 t = Proton "- K . 10 ¢ -1t 1)
= = = Neutron ) . § i
A I
=== Helium Q ."IE"E"'
_lﬁ, . 1 N 1 N 1 . 1 . L .
[ A0 Gl) 90 120) 1500 1=() MSU, Moscow
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Highlights of New Physics Results

a new paper on Physical Review Letters
* New paper on Phys. Rev. Lett. (in print, arXiv:1502.02636).

* First measurement of a new observable. A new precision tool
for the studies of nucleon structure.

* 10x improvements over the last measurement (SLAC-1970).

Experiment E05-015 @ Jefferson Lab Hall A
Target Single-Spin Asymmetry in N/ (e, e’)
S ol — ol
N

4’4:; —
_ A, x (e€xe) Sy
N'(e,e€') i, A, = 0 under 1v exchange

A, # 0 with 1y ® 27 interference

Q: any difference in electron’s
. babili b = Time-Reversal Odd observable, forbidden at
scattering probability between the leading-order.

target spin-Up vs spin-Down ? * Non-zero A has never been measured.
* New observable to study the fundamental
- sub-structure of nucleon, provides access to
A: Yes. De'ﬁn'tew it the moments of nucleon’s Generalized-

Parton-Distributions (GPDs).
2016/9/27
* The last experiment was in 1970, set an upper limit of 1~2%. T. Powell et al, PRL 753, 24 (1970).

53
+ Jefferson Lab E05-015: Y.-W. Zhang Ph.D. Rutgers {2013). co-PI: T. Averett {W&M), 1.-P. Chen (JLab), X. Jiang (LANL).
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o

x 0

< |
21

| Target Single Spin Asymmetry in NT(e,e')

o SLAC-1970 (pr{j’[on) set upper limit 1~2%.
ol — ol
« This Experiment (neutron) Ay = 0 l
_ Y.-W. Zhang et al Phy. Rev. Lett. (2015). ol +o!
- S o
¢
i ¢
{' A, = 0 under 1v exchange
i A, # 0 with 1v © 2+ interference
T eys ncer T T
0 0.5 1
2 2
Q° (GeV")

* First observation of a non-zero target single-spin asymmetry in N (e, E-.’)

» The last measurement was SLAC-1970, led by O. Chamberlain (Nobel 1959, discovered 77 ).

» Polarized 3He as an effective polarized neutron target, in quasi-elastic kinematics.



4, Summary (form factors):

 The nucleon form factor
 The two photon exchange effect is addressed

*The deuteron form factor and GPDs can be
expressed in terms of the nucleon form factors and

GPDs as well as loop integral, and its tensor
structure function is discussed.

2016/9/27 MSU, Moscow
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Thank you for your
attention

MSU, Moscow
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Generalized parton distributions (Nucleon)

] dz™

Fi= [ S=(pla-20"a(}2)p)

=0 z=0

ﬂ*“d

|
= 557 [Ho &0(pyy ul p) + EXx. & )il p') m:p}]

dz7 pe - _
Fq=Ef e (P la(—5 27" ysa( 3 2)| p)

rH=0z=0

| we AT

Deeply virtual Compton scattering

H(F}] :

Y'p — P

2016/9/27
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FFs and GPDs of nucleon

1ot g,
['* = Fl")/‘u’ + Fg M
Properties of GPDs

2) Connection to elastic form factors:

1
/ deHY(z,&,t) = F(t) Dirac

—1

1
f deE(x, €, t) = FI(1) Pauli
1

2016/9/27 MSU, Moscow
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GPDs of deuteron, and tensor SF

Via = —FEE”P"'{;} Al (—kn)y - nb(kn)|p,A) = ZE”'E‘."E,:,E“H £ 1),

dK r i -
A= | S e M NG (—kn)y - nysilxn) | p,A) = Y P Ague® Fi(x, £.1)
i

Decomposition

(e-n)(e - P)+ (e -n)le-P)

Via = —(€" - ), + H, - i
i =—(e" el " 2 I
(€ -n)(e" - P)— (" n)(e-P) l Jlen)e m) 1, I
+ Hy + {4M = is.
Pon *‘ Poap T 3E e
A _ _j EPEIETHFE"“EIEPT _ . J:E ETHF'&&PE ET{:EH P:] + E"T{:E P}H
1 P | P M? :
nFATPP ¥(e" - P) — €€ P) . €uapyn*A"PF €¥(e™ - n) + €"*1(e - n) .
4 j SHabr iy + i -E2E i,.
2 ) )
2016/9/27 P f M MSU, Moscow P . P "



GPDs and PDFs (forward limit), deuteron

I =1 0
_ 4 (x) + ¢ ' (x) + ¢"(x) 1 = g +q
H, - 3 ’ bx=iz": (‘Sr'h‘*@‘!z) Srq, :G’E_T

do(+1)+do(-1)
‘[ ~~b; | b <do(0)- >

Here qilm{x] represents the probability to find a quark with
momentum fraction x and positive (negative) helicity in a
deuteron target of helicity A. The unpolarized quark densi-
ties g* are defined as g*(x) = qil(x} - qf{x].

g'(x) + ¢ (x)
: .

Hs = 4"(x) —

H, =g (x) = g7 '(x)

1
0 =f dx Hs(x,0,0)
—1

l 1 -1
_ 0 g (x) + g '(x) _
2016/9/27 — L dx |:‘i’ (x) — MSU, Mospow — g — g1
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HERMES measurements on b,

A. Airapetian er al. (HERMES), PRL 95 (2005) 242001.

27.6 GeVic — .0
- @

positron deuteron

b, measurements in the Kinematical region

0.01 <x <045, 0.5GeV" <Q <5GeV’

TABLE L. Measured values (in 10> units) of the tensor asymmetry Ai and the tensor structure function bf . Both the corresponding
statistical and systematic uncertainties are listed as well,

W (O9[GVY]  AL[0TY #SAM[07Y  £3AT0Y [0 +8EE[I07Y  £557 [10°7]

0.012 0.31 -1.06 0.52 0.26 11.20 331 Al
0.032 1.06 -1.07 049 0.36 530 253 1.84
0.063 1.65 -1.32 0.38 0.21 382 111 0,60
0.128 233 -0.19 0.34 0.29 0.29 0.3 044
0.248 311 -0.39 0.39 0.32 0.29 0.28 0.24
0452 469 1.37 0.68 0.13 -0.38 0.16 003

NN
- f

The Deuteron Tensor Structure Function by

2016/9/27 A Rﬁg-p-f _S)é%ﬁé{rsm Lab PAC.35.

(]

- 11-0013)
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M:“Guidal et al"PRD

(]
o LIr
H §a(x 1) = g, (x)xm (1720, ‘ xuy = 026200311 — x)330 \ D1 b TR
| *(1+3832% +37.650) | = |
E-‘i‘{__—,_-’ 1) = E{I}I—ffl—ﬂr‘ xdy :ﬂ_uﬁlxﬂ.lﬂﬂ _If.ﬂ] [:rl:l
x (1+49.05x"° +8.65x),| =
K, o
£%x) = N_u“ - I}ﬂx”u{-r} :S:D-?ﬁﬂ'x":]'u[l _I}T".ﬁl'.i
05 .
E.d'{_ﬂ — %“ —I}“‘*Eful[.l‘]l, E [1 —134x"" + ?4{]1‘}, DE
i
rp = 0669291 — y)350 E."'m
w (1+6.98x%% — 3 63x ©
Ny = fl dx(1 — x)"u,,(x), f‘ :I .,
0

— 02370 —:}3-?_/

The flavour structure of the Light quark sea 15 taken to

be

2i,24,27=045-4, 045+4, 025 (3)

with 5 = §, as implied by the NuTeV data [19], and

where

rA=x({d—i)

= 143241 - )P 981+ 9.86x — 29.04¢%).

)

Effective diagram for calculating the generalized parton distribution functions of the deuteron

MSU, Moscow 62
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e Deuteron Tensor structure function measured in
- DESY is sensitive to the small x-region .

2016/9/27 MSU, Moscow
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Time-hike nucleon form factors
Motivations

e Time-like form factors is essential for the
form factors in the whole region

 TPE effect on the Time-Like FFs is expected

 TPE effect provides complex amplitude
Im(q®)  Time-Like Region

Space-Like Region | Unphysical Region data region

no data _—

Re(Q?)>0 | Re(Q?) <0 Re(q)

2016/9/27 MSU, Moscow
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Observation: TPE INTL

do

=7 =

= /1 —4M?/s
C~y/(l—e?), y=maM/(Bq)

Measurement:

2;30 —cos” §) }

2(p4)

{|G (5)2(1 + cos?8) +

f(cosf) = T A*(1+ cos” §) + B*(1 — cos” 6)

2016/9/27

MSU, Moscow

65



Measurements

TPEIn TL

—_— — |
e BABAR ® BABAR
o PS170 | 8 Do eF
d) 2 omi
613 ar BES
E , + ¥ CLEO
10 i%,, % PS170
¥, ##H o  E835
— > ¥ E760
i 10~
0 T T T S S T (ST S S SN A N SN N ST SO SO
2 2.25 2.5 2.75 3
M, (GeV) ;
G. Bardin et al, PS170 Collaboration, Nucl. Phys. B 411 (1994) 3.
F Anulli ef al,, BaBar Collaboration, J. Phys. : Conf. Ser.69 012014.
* Less precise data
® Contribution of G¢ small
* Assumption:Gg(s)=6,(s)
2016/9/27 MSU, Moscow
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General analysis

e (p)+e (p) = p(p) +

o Current operators

p(p,)

',

— F (s, t)Yu + ¢

Fy(s,t)

2mpy

Ouvq” +

KP
F;(s, t)fy :

N

P =

1 1
5(1’4 - Pz) K=

2(p1

=| Gg(¢?)
= Gum(q*)

AG g(q?,cos 9)
AG s (¢?, cos 6)

2016/9/27

OPE

MSU, Moscow

TPE

67

Ps)



Crossing symmetry

M(e=p = e7p)|?> = f(s,t) = |M(eTem = pp)|>.

Scattering Annihilation

s = (p1+p) s = (p—ps)
= = (291+P2)2

|
ramn
3
[y

|
"3
w
p—

b

I

2016/9/27 MSU, Moscow
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Conservations (Parity and charge conjugate) — TPE in TL

Quantum number:

RS s -1 (=0 s=1, ¢=>

P=1-, C(ly)=-1

do'”
ds}

= a(t) + b(t) cos*H.

Two-photon exchange

Finalstate: oo

2016/9/27

JP=?? C@2y)= +1

d Jint
d§}

= cosB|co(t) + c1(t) cos® 8 + ca(t) cos™ 6 + ...].

MSU, Moscow
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Baryonic level

n b3 D D3

Feynman Diagrams

MSU, Moscow
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Unpolarized cross section TPE in TL

1
D = |[|Gu|*(1+ cos®8) + —|Gp|*sin® 6
T

+2Re[G 3 AG,](1 + cos” 8) + %Re[GEAGE] sin®

—24/7(1 = 1)Re[(G 1 — %GE)E;‘] sin” @ cos 6.

ﬂ(-’1’&74'('3'2:' +9) = _QGE(Q% _9)
AGM(q2:- +6) — _AGM(q2a _9)
ﬁ3(q2a +6) = ﬁ-'i(qza _9)

2016/9/27 MSU, Moscow
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5

Ak [[Na(k) | N k (k) (k)
4 a b c
May = / (27r)4|] (%) | D (k) ]

N-Intermediate N- Intermedlate A Intermedlate

Ni(K) = i, (R)T# (k) {i = a,b,c,d}
B = a(—pa)y* (B — kv u(p),
J = a(e)[*(p1 + p2 — k)[k — ps — mn )T (kJu(—ps),
Da(k) = [k = N[(m + P2 — k)2 = X2[(pr — k)2 — m][(k — p)? — m3

‘Acontribution A

= a(—py( — B0 ulp),
= (), (pr + p2— k) — P — ma) P maE)u(—po)
D(k) = [k = X[(p1 + p2 — k)2 = N2[(p1 — k)2 — m2][(k — pa)? — m3]

2016/9/27 MSU, Moscow

2 2((]2) v
Cu(e) = F(@)yu +i om0
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Numerical results TPE In TL
TPE to differential cross section

do
S0 — QRE{M%MB} 40 o< |M|2 = |Mp|? (1 + d2y)
! | Mo |2
0.010 : . ;
-_—— - 8N
0005 ~~o | 85 .
e ~ . 8
~ . . N+A
— \ - - :
0.000 | e S -
- . : \ —
- “
o
. o
. " S
-0.005 |, . - * ~o_ -
q°’=4 GeV’

-0.010 Lt - ' ' ! .

1.0 05 0.0 0.5 1.0

cos (0)
2016/9/27 MSU, Moscow
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Numerical results for some polarizations

P;*r@%
TPE on P, 6(Fe) = ~5m
25in . , , e
Po= - \/F{ReI[GMGE+GMAGE+AGMGE]+R6[GMF3]\/T(T—1) cosfl-

0.04 . T - T T | g |

0.03

0.02

0.01
0.00
-0.01

-0.02

-0.03

10 05 00 05 10
cos (0)

2016/9/27 MSU, Moscow
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Numerical results for some polarizations

TPE on P,

2016/9/27

TPEIn TL

cos (o)

MSU, Moscow
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(TPE on TL)

TPE effect should not be ig__nored

TPE effect increases as g increasing

TPE effect is more sizeable in some polarizations

at /2, non-vanishing P, may be an evidence
for TPE.

2016/9/27 MSU, Moscow
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Approach

Lplx)
:gﬂﬂﬂ{r}fdmt]}ﬂ{ pix +y/2)Cy n(x —y/2)

+H.c.

FIG. 1: The mass operator of the deuteron

Lo(@) = 9pD}(@) [ dyp(z +/2)ep )iz — y/2) + He.,

Correlation function (Cut-off)  PRC78 035205

S Wt 7 - Wk 1. - -
4 (k2T (k, P) = { 7+ %]mk )+ | 4MN]&sz(k 21}, A

op(k*)*(k, P) ZbI‘“‘ﬁ (k% A;),

e ke
My’ 2 4AMpy’

kE:

ik 09 = eon( - 33).

kbl:lj by =ap: I ="+




@ iCeV’) @ iCeV)

2016/9/27




The results from the Jlab by using the new
polarization transfer method were surprising, as they
disagree with the ratios of GE / GI';" obtained by using
the Rothenbluth method (cross section). The later
appears to be near unity up to 6 GeV?2 , whereas the
the polarization results show the ratio value around
0.3 at Q°of 5.6GeV?°.

Comparing the measurements of Rosenbluth
separation and polarization transfer, it is shown an
unexpected and significant different dependence on QQ°

for GE than on Gg/' :

2016/9/27 MSU, Moscow
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Polarizations TPE In TL

PoIarization:Py

1
Py = Df LyyHyy(s1y) = Dq4 [ wr(0) Hyp($1y) +| Ly (s) nv(sly)]
2sinf
P, = ;1;; [Im|GuGYy +GuAGY + AGy Gy cosh —
V(T — 1)(I771|[Ggﬁg‘] sin? @ + I'm|G y Fy] cos’ 8)].
Jr —1 .
Py(m/2)=-2 TD Im|GgFy].

2016/9/27 MSU, Moscow
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2016/9/27 MSU, Moscow
81



Two-photon exchange effect on proton TPE in SL

2018290°7-04 MSU, Moscow




Baryonic level

Some approaches:

e M.T. Corrections:

e iIntermediate state: nucleon;

e finite part is ignored;

» the momentums of one of photons in the denominator and
numerator is set to 0(soft)

e . C. Maximon et al.:

One of the photon momentum in the denominator is set 0
* P.G. Blunden et al.:

Including some finite contributions of TPE

P. A. M. Guichon and M. Vanderhaeghen, PRL 91, 142303, 03

2018290°7-04 MSU, Moscow
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Cross symmetry

[M(ep — e7p)|> = f(s,t) = [M(ete” — pp).

1) — g PO ]| - 98]
Gul?t[2M* — AM (s +1) + 257 + £* + 25t]
—M 2[2M°® — M*(65 +1t) + 2M>s(3s + 2t) — i = Epl J—rm;
e 5(25> 4+ 3ts + t° ]Re[ 4]\%§ﬁmsﬁowé M) ]} — sz




i = a(=p)* (b — k) u(p),

T = ()% (P + P2 — k) — P — ma)PIF xa e u(—ps)
D.(k) = [k* = N|[(p1 + p2 — k)* = N*|[(1 — k)* — m][(k — ps)® — mia]
o —FAlg az a )
T v = Mﬁ 1) 9195k d — k"G — 17k - @ + ke

+9a(kuaf — k- qug®) + 95/ Mn (g7 (kuy® — gk)
+au(e8k — 7k - @))]vsTs,

a _F& q2 A T A )
I aa = ME, 2) (k)5 vs[g1(g% G2k — kv — Y2k - go + kv,0b)
N
+g2(ku@s — k- 0298) — g3/ Mn (g3 (k" — gPk)
+a(Bk — 7k - @))]. shlh= ) i

Pi/ (k) = gag — Ya8/3 — (kaks + kayok) /K2

2018290°7-04 MSU, Moscow
86



Polarizations TPE InTL

2. Polarizations of P, and P,

1 y 1
P,=— L, H"(s1,) = ﬁ[

- D™ Ly (0)H* (815)| + Ly () H" (512))]

Re[Gum F3]
|G |?

PY(n/2)=0, P"=—y/7(r—1)

2018290°7-04 MSU, Moscow
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TPE in SL (To Rosenbluth separation and polarization transfer )

12 1 1 | | 1 1
| | I
1
S ﬁ% % } ‘]‘ :
08F el -
-; +—¢-
~ 06 _
':'JL“ L :qs'_\g,_ |
=~ 04F oPT + -
|« PT+TPE _1L_
02F o LT _
n ] ] | | ] ]
0 1 2 3 4 5 5

0" (GeV?)

2018290°7-04 MSU, Moscow
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The discrepancy is due to the missing physics in the
extraction of the ratio from the data, rather than
systematic problems. A likely explanation is the two-photon
exchange process, which affects both cross section and
polarization transfer components. However, because the
Rosenbluth method is very sensitive to small variations in
the angular dependence of the cross section, the two-
photon effects have a much more dramatic impact on the
results from the Rosenbluth separation, while modifying the
ratio obtained with the polarization method by a few
percent only.

2016/9/27
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