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Introduction: the EM form factors

The electromagnetic (EM) form factors of proton are
defined as

IG/W

oM,
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EM current

EM form factors

Question:
How to measure the EM FFs? How to relate the
physical cross section with the matrix element.
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FFs by unpolarized ep scattering

Before 1995, the unpolarized ep scattering by
assuming one-photon-exchange is used to measure
Fl (Qz)a Fz (Qz) (ROS@HblUTh meThod)
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EM radiative corrections are also considered and soft photon approximation
is used in TPE before 2003.



FFs by unpolarized ep scattering

Rosenbluth method: extract F, (Q°),F, (Q*) from the
unpolarized OPE cross section
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FFs by polarized ep scattering

About in 2000, JLab measured p,R from polarized ep
scattering e(1)p->ep(s;,) at fixed € (polarization
transfer method),

O-tfl (;t) o O-t_,l (ﬁ') + and - correspond to
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The results show large discrepancy with the
Rosenbluth method.
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Rosenbluth vs. polarized
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Super-Rosenbluth

In 2005, a more precise measurement by Rosenbluth
method was presented and shows:
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summary of the discrepancy between the experimental results :



Possible reason : TPE in ep scattering

2003,two-photon-exchange (TPE) effects in ep->ep
are suggested to explain this discrepancy.

TEP exchange contribution with finite k




one example: model dependent estimation

humerical results for the TPE corrections to p,R

A

hollow:OPE
solid :OPE+TPE
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P.G. Blunden, W. Melnitchouk and J. A. Tjon, PRL91 (2003) 142304 10



Why does TPE give large corrections?

OPE: Ex data + fitting formula
N £
o =0} =G (QY) [1+ —R* (@) ]
fopT
TPE: Corrected Ex data + fitting formula

O'%X — 011%7(1 + 5§27)) = E%X = JEX(I — 02~ )

Fx B £ —2
o = oy =G (@) 1+ —F (@)
fpT
Although 3V is about 1%, but the new fitted R may
be very different from the old R.

5&27)) the TPE corrections to the unpolairzed cross sections. H



Methods used to estimate TPE

many model dependent methods are used to estimate
the TPE effects in the literature.

(1) hadronic model: Blunden.... (2003)
(2) GPDs: Vanderhaeghen (2004)
(3) dispersion relation:  Borisyuk ... (2006,2015,2017)
(4) pQCD: Borisyuk ... (2009)
(5) SCEF: Vanderhaeghen (2013)
(6) ChpT: Talukdar (2020)

PRL91 (2003) 142304; PRL93(2004) 12230;
PRC 78 (2008) 025208; PRL103 (2009) 092004.



Measurements of y,R at different ¢

In 2011, y,R at different ¢
with Q%=2.496GeV? by
Polarized transfer
methods were firstly
measured.
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Measurements of R(2Y)

To study the TPE effects directly, the experiment
e*p scattering is suggested.

o(etp— etp)

R(27) —
o(e~p— e p)

CLAS : 2015
VEPP-3  :2015
OLYMPUS : 2017




Measurements of R2Y
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Measurements of R2Y
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Measurements of R2Y
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PRL118(2017) 092501 by OLYMPUS, Blunden's calculation is taken at 2017 using DR.



TPE in other Processes:application

ep — eA
er — er

HP — 4P
ep >eA —>eNrx

ep > enrx”

e'e” > pp, 7




Estimation of TPE in ep: HM

When Q? < a few GeV?, dispersion relation and
hadronic model are applied.

HM: intermediate states + vertex (with ph FFs)
=> amplitude

e(pi) e’ (p3)

> > > - > >

Y Y

P(p2) % P'(py)
N, A,... vertex : |
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Estimation of TPE in ep: DR

DR: cut => imaginary part of the TPE amplitude
DR => real part of the TPE amplitude

P(p2)

) (b)
physical: N,A, zN, ... physical FFs

20



TPE in ep: DR vs. HD

DR: why DR? “"model independent”

Before 2015, un-subtracted DRs are used.

In 2015, once-subtracted DR is used.

In 2017: unsubtracted DRs are still used by Blunden

to analyze the R?¥ data.

HM: when A is included, TPE/OPE -> « when s-> .
In 2014, we suggested the meson-exchange effect.

21



TPE in ep: DR vs. HD

meson-exchange effect

(1)Their imaginary parts are exact zero, and the
un-subtracted DRs give zero results.

(2) TPE/OPE -> = when s-> e if normal propagator
for 2** meson is used. Regge form was used in 2014,

PRC90(2014)045205 22



Short summary on the Ex and Th

do®; 1994,2005, Q?=25,3.2,4 GeV?
P/P: 2011, Q*=249 GeVv: *
R 20152017, Q%<2 GeV? *
do® PP 2020 Js =2.0~3.08GeV

B oc Im[M*]: 2020 Q°<0.613 GeV? N7zt

DR: unsubtracted DR or once-subtracted DR?
HM: unphysical behavior and meson-exchange effect?
DR vs. HM which is reasonable?

toy models are used to try to answer this question.

23



TPE in ep: general properties at fix t

In the mass less limit, the general amplitude with
C,P,T invariance can be written as

3
Mep—)ep - Z‘Fz(ty V)Mz
1=1

After some algebra calculation, F, can be written as
3
fi (tv V) =

J

(D_l)ij Z Mep%ePM;f

1 helity

t=-Q%*,v=2s-2M; +t



TPE in ep: general properties at fixed t

singularity, asymptotic behavior, branch cut.
(1) singularities

DR : E®”(t,v) have no any singularities.

HD: D' has two signularities at v — +v_= J_r\/—t(4M = —1).
(2) asymptotic behavior, assumed by DRs

V—00

ubsubtructed DRs D Fe(v) > 0

V—0

once-subtructedDRs : E&(t,v) 50, FE(tv) = ¢
HD sometimes (A) . detemined by the models

V—0

sometimes F " (t,v) — oo
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TPE in ep: general properties at fix t

(3) branch cuts when 1<0 (only N is considered)

4 Im[v] 4 Im|[v]|

| 0
Vi | Refv]

B VB I
| (x)

; e
ii VB |

| h}

2 when >0, there is a new branch cut, which is cor'r'espondggg to

Vo =L.B =V, the TPE in e*e->ppbar.



TPE in ep: general properties at fix t

(4) crossing symmetry when t<0.
a,c,d b.c,d
F1(>2 )(t’ V—i_) — _‘Fl(,Q )(t, _V+)7

féa,c,d) (t, V+) _ Fg(b,c,d) (t, —I/—l_),

(D) singularity + asymptotic + branch cut
=> unsubtracted or nth-subtracted DRs.

It is natural that the results by the direct loop
calculation should satisfy some DRs.

new diagrams (c,d) are showed below.

27



TPE in ep: DRs with different assumptions

un-subtracted DRs used in the literature inbuts
© Tm (a) >+
Re[FPR(t,v)] < Q;VP[ / : [J;’Q_(Zz )]dv

ef 2 © ZIm[FLY (¢, 7t
Re[FPRY(t, 1) —PU viml75 (1,7 )]dv}

T e — P2

once-subtracted DR used for F; in the literature

. 2 2 2
Re[FPR2(t,0)] & Re[FPR(t, )] + 2L —10)

T

° PIm[F" (7))
PU,%(I s (¢ )])dy}’

e e [ 7

what will happen in the toy models?

PRC74,065203;PRC89,025204.;PRC95,065209. EPJAB1,24 28



TPE in toy models

Our opinion: there are other contributions.
One can check these DRs in some toy models at first.

e(p1) ¢'(ps)

< < L5 & S ?
e & .5 L < :
C} < v 'I.Lr_.l—.’:_: .f“_ :\_.. : meson
S 5 & 5 Y '
P — — o = &
P(ps) _ P (py) ( (
la) (h) () (d)
de f —
‘CE — _ewpry‘uprﬂn
def ER —
v =~ 4M N wpauypruw
def 2T — e T
Ls = —W(aplbp)(auwp)(aElF“ng + BMlFWF;)j)a
N

L1 Y igropl(0u®,) Wby — Bt (0up)| 0™ + 1g7eel (Bu ) Vutbe — By (Duthe )™

29



TPE in toy models

L.s; : no singulalrity /singularities in D™ are cancelled.
L, : havesingularities.

Re [ng)(t, z/)] S J?/_;ft [( é'iR + In %) Inv+ cl]

Im[]:gi)(t, I/+)] ”_“f dma? ( 1 —I—lnﬂ_—%‘)

Myt \ &mr

V—>0

(a)
-7:E2,E3 — 0

After applying the crossing symmetry, one can check
F+™ satisfy DRI.

30



TPE in toy models

L, case

Im

Im

Im

Re

Re

Re

.Fﬂ(g (¢, 1/)_

Fi(tv)
FJS/_?% (t,v™)

.7:]% (¢, vT)

\

V—00 WGEHQ

4

1 v—o0

— 0

1 v—o0

— 0

7T v—o0

FJE;} (¢, 1/)_

H_

7T v—o0

\

2My

4M3
2 2

7T v—o0

.7:]{;3)) (¢, V)_

_>_

2 2

8M3

log 2~ — (1 +log2)]

[log v—2(1+1log2 —t)logv + cpi0 + %

’ 4M3 CMZO

@+3bgWV+&—J

Euv
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TPE in toy models

Subtracting the terms with singularities and define

—(a, b) def ~(a,b) Resg\(f[’f)
f ( ) ”FM’L (7 ) (V2_B)27

After applying the crossing symmetry, one can check

Fuim, satisfy DR1, Fu. satisfy DR2.

Physically, it can be understood by the UV behavior.
F%ﬁ,uz(t H) — U:'

3alk? 1

auf% tuv

Fars(t,v)

B = —t(4M3 —t) 32



TPE in toy models

The UV divergence means some contact interactions
should be included to absorb the UV divergence. It
also introduces corresponding finite contributions
with unknown finite coupling. This means

Re[FDE2(t, )] = Re[Fors " (t,v)] — FUy(t,v) + f(t),

33



TPE in toy models

On the terms with singularities:

we find they do not dependent on the mass of
photon, which mean that if one add monopole FFs to
the vertex, then the singularities are cancelled.

L%, (k) = D% (k) F (k)

34



TPE in toy models

L. case
ac(ap + Be1)

Re [}'bg;)(t, 1/)] = — (17 + 121log v + 12—

72M2

Im -.7:;;) (t, 1/+)- =0

Re|F{ o (t,v)] = 0

Similarly, 7Y satisfies twice-subtracted DR.

35



TPE in toy models

L, case
R f(d) t, _ 9TeedTpp
R ]_—(d) " _ gTeedTpp "
other = 0

Similarly, @ satisfy twice-subtracted DR, 5’
satisfy once-subtracted DR like DR2.
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TPE in toy models

(1) interactions with more derivatives does not
change the v dependence of the results (meson-
exchange).

(2) all the off-shell related contributions can be
expressed as some polynomial functions on v. (also
other mesons)

(3) the behaviors of these new contributions are valid
at low energy and give un-physical behaviors at high
energy since the exchange-mesons are composite
particles.

How to continue these contributions to high energy?

37



Discussion: continue the TPE to high energy

The physical meaning/properties of the meson-
exchange effects are much simpler in the s-channel.

If P 3
€
L%:Jf k
/
)

e (p3) p(p2)

e
»
)
p : ]
> & > e (p1)
(d)

I ¢
, meson (27",

s asa

t—s,v— —\/§(§— AM%;)cosb,

2+ meson-exchange means 3P, state of ppbar, whose
amplitude is just cosB. The results (also other mesons)
are valid when |v|< \/t(t — 401%)

38



Discussion: continue the TPE to high energy

All the contributions from the seagull interaction,
the meson-exchange interactions, the of f-shell

effects can be expressed as polynomial functions onv.
Their sum is convergent when |y« /(i — 4113) = v,

the singularitied found in Lj;; case

b

Z 91,25 (L) fl (t)v

(V2 —v2)i " Y2 — 2

o
()
.
(V]
Q.
A~
~
\__/
l\.')
L.
+
—_

Zng(t)l/Qj — Z (Vgsj(il)j ~ f3(t)7

F15 (27) are odd funcitons of v
]:(Q’Y)

3 1S even function of v

def (2M3 —t)(—t + /t(t — 4AM%,))

Vep—sep > Vph — 9 N[2 39




Discussion: continue the TPE to high energy

Vvt t=—1GeV"

0.04 \\

0.02 \

2.IO | 2.I5 | 3.I0 | 3.I5 | 4.IO | 4.I5 | 5.0
Js (GeV)

This means the higher orders can be neglected.

0.00
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DRs for TPE including meson-exchange etc.

After taking the leading order, one has new DRs

def fia(t)v N QVP{fw Im[]:l(f;) (t’?L)]d_}

DR3
Re[fl,Z (tv V)} (V2 . B) T P2 . V2 v
ReFP ()] Y fulton) + L2
2(1% — 12) PIm[F\ " (Q2, 7))
L PUM 7 — 52)(# — Vg)d”}

also has the relations
def Hio(t)v

a-+b '
FL(t,v) ey T (V) D I (O
7=0
de a ]
FOR(tv) E N tv) + Ha(t) + Y hay(t)¥

7=1

h;; are chosen to cancel the similar contributions in (a+b), terms with 1/(v2-B)7%2...



Conclusion

(1). The new TPE forms include the contributions
from the seaqull interactions, meson-exchange
effects, contact interactions and off-shell effects.

(2). The new TPE forms suggest that there are
additional three unknown factors and they should be
included to analyze the elastic ep scattering data
sefts.




Further studies

(1) Analyze the ep data sets.

(2) DRs in em->em,ep->enm* and FF of pion.
extraction of the FF of pion is more difficult.

(3) DRs in P-violated ep->ep.
the weak charge and strange FF of proton.

(4)DRs in the complex t plane/TPE in e*e-->ppbar
directly test the TPE (time-like)

(1) ChpT + DRs + HD: ChpT maybe can give some
constrains on the behaviors of f.(t).

(2)At low energy, contributions from ep bound states?

TPE inepvs.ep
(3) TPE in erpy->e*p: the role of ey~ bound states is

SIHHICH' with—the THBSOH-ZXCHGHQE. (double counting)
43



Thanks!

Any comments, suggestions, and discussion are
Welcome, Welcomel!

S KA VR IR !
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Appendix: definition of M,

My = My gy @y us),

de f

Mo = [uz(p2 + pa)ur][usuzl,

My < My [wsysy,u ] [waysy usl,
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1 s

AM2Q%(v? — B)? | 5

= A(M} + Q%) (v + B),

= My’ +4),

= Q(v’+B),

= doy = —2Mx(v? + B),

= d31 = —2Q°(4M7 + Q*)v,
= dsz = 4M{Q%v.
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Appendix :

original DRs

Re[Fy7 (t,v)] — Re[Fyy (t,11)]

Dt

vV — 1 oo Im[f](_«?al) v
T P[/ (V—V)(?—Vl)dV}
- ;VQP[/ _OO Im[Fpi (£, 77 )

(7 —v)(V—1s)

Vth

dﬁ} .

Re[Fy) (t,v)] — Re[Fu) (t,va)]
RelFG (0] = Z2p| / * In(7

(7 — V)(I/ — 11

V(7

")

=
N

B V—ylP‘/oo Im[

Y Vih

(v — V)(I/ — 11

Dt

) vv o [0 I FE 7))
T} B
|
)
|

LT f fm[ 737 (t, 7)) w

r oL T-v@tn)

)

SN

d

_ V—I/lP'/OO Im[

Y Vth

(V—I/)(I/—Vl) ] s

52

| OOIm[]:(Eal)(t,ﬁ+)] _
+ / (my)(a—yl)d}

Y UVth

00 (a)
_ 2UP{/ Im[]:El(t,J/ )]dﬂ.

— 2
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Appendix: Ex results by BESIIT

TABLE L. The integrated luminosity, the number of p p events, the Born cross section 6,,, |Gg/Gy, |Gegl, |Ggl, and |Gy

VilGeVl  Llpb™']  New 0,31pb] |Genrl[10°2] Ge/Gul IGe[[107] (Gel[1072]
2.0000 10.1 £0.1 5321 8413+ 115+248 2746019040 1380101003 33661231031 2438+0.99+0.26
2.0500 334+0.03 1703 7534+ 183+235 2494+030+039 12410161004 2010+£208+040 2348+143+042
2.1000 122 +0.1 5093 T7126+x92+214 2373015036 127009002 2B07+1.10+031 2208+0.74 £0.17
2.1250 108 =1 50312 6600x3.0x197 226809x+005x+034 1180041001 2562+049x0.18 2165+031=x0.13
2.1500 284 +0.02 1180 5888 +17.1+178 21.34+031+032 162+024+006 2832+189+046 1748+151 <037
2.1750 106 0.1 3762 491.0+80+ 148 1944+ 016029 1191012002 2208+128+028 1855+0.75x0.16
2.2000 13.7 0.1 4002 4116641123 17278 £0.14 027 108010002 1893+120+028 1760x0.63x0.12
22324 145 + 0.1 3644 3419+57+10.1 1621 £0.13+024 085+011+003 1448+139+042 1698 +057+0.17
2.30%4 21.1 £0.1 2336 148.0+3.14+5.7 10,74+ 0.11+£021 055+016+002 6611724025 11994044 +0.14
2.3864 225 +02 1851 120+28+3.6 987 +0.11 =015 054 +019+0.02 598187019 1099+044 =007
2.3960 669 +05 5514 1219+ 16+ 36 9804+007 015 076 010002 793+086+021 1048 +£0.27 = 0.07
2.5000 .10+ 0.01 55 779+ 105+ 4.1 8.08+055+021

2.6444 33702 867 39.7+1.3+1.2 S59R+0.10+009 097 +024+005 584+1.13x+024 599+037+0.11
2.6464 340+03 838 382+ 1.3+1.2 587010010 087027004 5.18+1.30+0.21 599+037+0.11
2.7000 1.03 +0.01 20 208+6.7T1.6 526059 +0.14

2.8000 476 +0.03 68 220+27+1.0 465+028 =0.11

2.9000 105 +1 1010 15.0+05+05 3054+006 006 054+034+003 231+139+0.11 4294021 +0.06
2.9500 159 +0.1 118 1.7£1.1204 353 +0.16 =007

M0 NIIENY 97 S2EENLUS  MisEemiogs OWEAMENS SRELMML0NT I3VL0MLI0E
3.0200 173 £ 0.1 97 00+09+03 316 +0.16 = 0.05

3.0800 157 £ 1 858 90+03+03 322005005 047 £045+0.04 1641+153+0.12 347+0.18+0.03
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Appendix

I(a) i 2
Resp,’ = —a‘k v-— B),
= . 8M3, ( )
ho
I(a) 2 220 +3—-1 o5
Reso” = oK v:-— B),
r2
B’ = iCK S (v* — B),
s o dME 4 — ; =
— a2 é\; [2 —tAMZ + —t)(T—t — 100) + (11 — t — 40) (1 — B)].,
M 5
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Appendix: some conclusion in references

In 2007, Arrington etc. give Global analysis of
proton elastic form factor data with two-photon
exchange corrections and conclude ......
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