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Outline

forward virtual Compton scattering

>

lepton hadronic state
b= X
Kinematics
forward Q2=o0 small Q2 larger Q>
calculable ik disp. rel.

structure functions



1¥ approximation

> >
u(k, h) wlk: h) photon-proton vertex
7 2 el 1L 2 iOMVQV 2
A I'(Q°) =Y*Fp(Q°) + Vi Fp(Q7)
NP4 N(p', ) Dirac and Pauli form factors
> >
s S L 2
crossing symmetric variable . =
- u=(k—p)’
momentum transfer Q* = —(k— k')

I'p amplitude
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Form factors in 1y approximation
Sachs electric and magnetic form factors
Gg=Fp—1Fp, Gy =Fp + Fp

= Q? v? —7(1+17)

kinematic variables —
- AM?’ : 2+ 7(1+7)

Rosenbluth separation

do.unpol e
——— ~or =T (GA(Q") + =GE(Q)

L Q% = 2.64 GeV?

Gl e T s :
M(Q )0.0 0.2 04 0.6 0.8 1.0

Qattan et al. (2005)

Rosenbluth slope is sensitive to corrections beyond 1)




Form factors in 1y approximation

Sachs electric and magnetic form factors

GE:FD—TFP, GM:FD+FP

Polarization transfer

e e ot t 2
€+p-—>e+tp realized in 2000

Pr ~ GE(Q2)GM(Q2) Pr GE(QZ)

Br Gy

Py, ~ G3,(Q7)



Proton form factors puzzle

Polarization transfer

JLab (Hall A, C)
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Proton form factors puzzle

Polarization transfer 7 Rosenbluth separation
JLab (Hall A, C) : SLAG, JLab (Hall A, C)
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Beam normal spin asymmetry

Vanishing in 1§ approximation
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Clear evidence of 2)




Form factors and size

form factor in atoms and nuclei
Fourier transform of charge distribution
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How accurate do we know the proton size ? @




Proton charge radius

electric charge radius

1.03
02 5=

1 dG 2 s
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e ep elastic scattering

rg = 0.879 £ 0.008 fm ¢

J. C. Bernauer et al. (2014)
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Proton form factors and size
hydrogen spectroscopy

- Electron
Muon

Muonic

eRasn

Proton

— T— G e e > EUTTT

Hydrogen

S state has finite wave function at origin

wH is sensitive to charge distribution
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Proton charge radius

electric charge radius
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Proton radius puzzle

electric charge radius
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pH Lamb shift and 2y

MAMI scatt o5 :
: 4 2P-2S transition in pH
Bernauer et al
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pH Lamb shift and 2y

MAMI scatt
Bernauer et al

JLAB scatt
Zhan-et al

H&D spectr
CODATA 2010

" PSI, uH
Antognini et al.
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2
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2¥ hadronic correction

I-loop eVP in 2 Coulomb lines

AT o330 0 jel/

C. Carlson, M. Vanderhaeghen (2011) +
M. Birse, J. McGovern (2012)

2-loop eVP (Kallen-Sabry)

light-by-light scattering

2P-2S transition in uH
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A. Antognini et al. (2013)
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pH HFS and 2y

forthcoming

1S-HFS measurement in uH

with 1 ppm accuracy

A. Antognini (BVR47@PSI 2016)

uncertainty balance

relative

103A uncertainty
X=p -6.51 140 ppm
X=nN,...(polarizability) 0.373 92 ppm
total -6.137 168 ppm

s
GE) GM

X=TtN7. 2
g1, g2

Impressive 1 ppm accuracy requires improvement on 2y
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Scattering experiments and 2}

MAMI scatt
Bernauer et al

JLAB scatt
Zhan et al

H&D spectr
CODATA 2010

Bty
H Antognini et al. dominant uncertainty

| S | T I T I T 2 %
0.84 0.86 0.88 0.90 0.92 in Lamb shift

D
\/<rg>, fm

2x is not fully accounted in scattering experiments

O_eXP — 0'1,7(1 + 5rad + 5soft + 527)

charge radius only slightly depends on 2y
magnetic radius significantly depends on 2y

J. C. Bernauer et al. (2014)

17



Scattering experiments and 2}

MAMI scatt
Bernauer et al

JLAB scatt
Zhan et al

H&D spectr
CODATA 2010

223 B o
H Antognini et al. dominant uncertainty

| S | T I T I T 2 %
0.84 0.86 0.88 0.90 0.92 in Lamb shift

D
\/<rg>, fm

2x is not fully accounted in scattering experiments

O_eXP — 0'17(1 + 5rad + 5soft + 527)

charge radius only slightly depends on 2y
magnetic radius significantly depends on 2y

J. C. Bernauer et al. (2014)

up elastic scattering is planned by MUSE@PSI(2017-18)

2x correction in MUSE °
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k’=k=(m,0,0,0)
p'=p=(M,0,0,0)

forward scattering
at zero energy

(atomic correction)
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Lamb shift 2% correction. Forward VVCS

Shift of' S energy level 2 correction

AE>] ~ filha(0)]?

f+ -unpolarized 2y amplitude

2¥ blob - forward virtual Compton scattering

photon energy Vsi= % photon virtuality Q% = —¢°
Forward VVCS tensor

MM = ME + ML
Wi e e B A e D spin-independent amplitudes

MEC o8yl 020 8ol O%) spin-dependent amplitudes
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Forward VVCS. Dispersion relations

Im T7 ~ Fj Im Ty ~ Fy

Optical theorem

relates Compton amplitudes

to proton structure functions

Im 51 ~ g1 Im Sy ~ g9

Fixed-Q? dispersion relations

Dis. rel. for amplitude T, requires
subtraction function

Unsubtracted disp. rel. works for

Tiubt (O, Q2) — Tl((), Q2) Al T]f)om(o, Q2)

T27 S17 S27 V’}/SQ
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Empirical estimate of subtraction function
High-energy behavior of T, in Regge theory

2
1o 02 o A Ly e g

ap>0

2
—|— Z aoyo’yaO(Q ) {(VO 22 V”y 72 Z-g)ao—l —I— (VO + 7/7 P ig)ao—l}

sin m(apg—1
iy (ap—1)

G. Gasser, H. Leutwyler et al. (1974, 2015) M. Gorchtein et al. (2013) 1. Caprini (2016)
Evaluate dispersion relation for T:(vy, Q%) — T (v, Q7)

v o %0 [ B (v, Q%) = B (0., Q°
Tl bt(oan) e T$(07Q2) ar MFL%(Q2) 5 M ( - ) 1 - ( : )dV’Y
&

Vihr
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Empirical estimate of subtraction function
High-energy behavior of T, in Regge theory

2
T O o s e

ap>0

oV o 2 5 an— 4 aon—
+ ¥ 20 @) Ly — vy —ie) T + (v + vy — i)
ap>1

G. Gasser, H. Leutwyler et al. (1974, 2015) M. Gorchtein et al. (2013) 1. Caprini (2016)

Evaluate dispersion relation for T:(vy, Q%) — T (v, Q7)

v o %0 [ B (v, Q%) = B (0., Q°
Tl bt(07Q2) e T?(())Qz) ar MFI%(Q2) 5 M ( - ) 1 - ( : )dV’Y
&

Vihr

Donnachie-Landshoff and Bosted-Christy fits at low Q?

0.3
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S
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100
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Forthcoming JLab data will improve fits around W2~10 GeV?
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Empirical estimate of subtraction function

Empirical result VS. theoretical predictions

o expected low-Q2 behavior
SO | N ————— S

T 5. T bt 2 2 4
= T7(0,Q7) = BuQ” + O(Q")
RS D 7 ittt

= e satisfied within 1.50

%T 2 O. Tomalak and M. Vanderhaeghen (2016)

X empirical result

mg—lO— ———+ Birse et al.

BChPT, Lensky et al.

b AT G OI.5 I OI.6 | OI.7 | OI.8 | O|.9 I 1I.O

12
0 01 02 03 04
Q?%, GeV?2
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Empirical estimate of subtraction function

theoretical predictions

Empirical result VS.
o expected low-Q2 behavior
SO | N ————— S
C s _— _ ol bt 2 2 4
o T0.0) = Bw@ - 007
B e e e
= e satisfied within 1.50
%T 2 O. Tomalak and M. Vanderhaeghen (2016)
X empirical result
mg ———: Birse et al. bt 2
~104 su
: BChPT, Lensky et al. ﬁ(Q2) — Tl (2’ Q )
(I) I Ol.l I 0|.2 I 0|.3 I 0|.4 I OI.5 I OI.6 | OI.7 I OI.8 I OI.9 | 1I.O Q
Q?, GeV?
: / mam
A < irical It
empirical estimate 3 TR
connected to p.d.g. value of  Z BChPT N+ A+ 7A
: ; f e A By, PDG 2014
magnetic polarizability S
Q.
14 YRR e
AESPY (H) =~ 2.3+ 1.3 peV + ] e
O— ———————
slightly smaller than Birse et al. :
]
AES‘ébt(,uH) ~ 4.2+ 1.0 ueV Tl o e I T B e N e
Q2, GeV? o5



K=k
p'=p

forward scattering

k'#k

p'#p

non-forward scattering
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Structure amplitudes

l(k ) l(k/) Q* =—(k—K) momentum transfer
I Z
o <(Z+ k)/)Q e ; % crossing symmetric variable
u=(k—p
P . D € photon polarization parameter
Discrete symmetries — @ucture ampli@

Goldberger et al. (1957)

Electron scattering is described by 3 structure amplitudes

Tnon—ﬂip P gM(Va Q2)7F2(V7 Q2)7-F3(V7 Q2)

PAM. Guichon and M. Vanderhaeghen (2003)

Muon scattering requires lepton helicity-flip amplitudes

My 0 e Tr e Fiw.0F) F 0,07, Flu ()

M. Gorchtein, PA.M. Guichon and M. Vanderhaeghen (2004)
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2% correction to cross-section

Leading 2¥ contribution to cross section - interference term

oR (z T?’Y(Th)*)
527 = spin
P
spin
2 £ l—€¢ (&g v
02 = G2 %GQE {GM%Q%7 + ;GE%g? + T <7_P e GESEEQ? — GM%Q?)}
O. Tomalak and M. Vanderhaeghen (2014)
2
G1 = gM+W'F3+M2F5 2m?
EQg = SO
0 Ty = Gy = (1 - T)fg + o Fs . Q( )
T == € 1n range €o, 1
AM? Gs = M2 —JF3+ M2 75
; or (1, &)
— F F
G4 1+ MEA L)

2¥ correction is given by amplitudes real parts
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I #k
p'#p

non-forward scattering
proton state
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Box diagram model

The one-photon exchange on-shell vertex

1o qy

Fp(Q?)

P. G. Blunden, W. Melnitchouk, and J. A. Tjon (2003)

I'(Q%) ="Fp(Q°) +

2M

I oE e
Dirac and Pauli
form factors

IR divergencies

are subtracted
L.C. Maximon and J. A. Tjon (2000)

Fpredpy

Point-like couplings o BSt =] PO =up —1
Dipole FFs for Gy, G
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Box diagram model

The one-photon exchange on-shell vertex

1o qy

Fp(Q?)

P. G. Blunden, W. Melnitchouk, and J. A. Tjon (2003)

I'(Q%) ="Fp(Q°) +

2M

I oE e
Dirac and Pauli
form factors

IR divergencies

are subtracted
L.C. Maximon and J. A. Tjon (2000)

Fpredpy

Point-like couplings — BSt =] PO =up —1
Dipole FFs for Gy, G

unsubtracted disp. rel. in ep scattering disagree with model
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2y in e p elastic scattering

box diagram model vs. unsubtr. dis. rel.

— Al@MAMI

box diagram model

Q% = 0.05 GeV?

——— unsubtracted disp. rel.

””” = FD FD term

32



2y in e p elastic scattering

box diagram model vs. unsubtr. dis. rel. unsubtracted vs. subtracted disp. rel.
— Al@MAMI ‘\ — Al@MAMI
3= gl \
box diagram model \ unsubtracted disp. rel.
pas s 2 14N
Q = 0.05 GeV — —— unsubtracted disp. rel. \\ ——— subtracted disp. rel., g =0.2
=] B ——~— subtracted disp. rel., g = 0.5
R e - Fp Fp term z \\ \\ subtracted disp. rel., g = 0.
oyl S ——— subtracted disp. rel., g5 = 0.8

€
O. T. and M. Vanderhaeghen (2015)

Proton only partially accounts for 2¥ at low € and large Q> -




CLAS data and 2y

box diagram model vs. subtracted dis. rel.

o Q? =~ 0.206 GeV?
e
0— )
QO
% i
& 8 P
5 : ®
Eok subtracted disp. rel., g = 0.85 ®
—— box diagram model
; e CLAS (2013)
| . | | T I
0.6 0.7 0.8 0.9 1.0

€

subtracted disp. rel., gy = 0.52

unsubtracted disp. rel.

CLAS (2016) 1

2% data from
e*p/ep cross section ratio

p)
o(e~p)

o(e

B

~ 1 — 2527

Q? ~ 1.45 GeV? 7

e g

R subtracted disp. rel., g9 = 0.6
i,
2 — unsubtracted disp. rel.
o e CLAS (2016)

L] I ) I ) I ) I ) I ) I ]
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

€

data points compatible with zero

CLAS data
in agreement with 2y fit
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K=k
p'=p

forward scattering

k'#k

p'#p

near-forward scattering

account for inelastic 2y
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Low-Q? inelastic 2 correction (ep)

TPE blob - near-forward virtual Compton scattering

Q, Q2 In? Q2, Q2 In Q? terms reproduced

R. W. Brown (1970), M. Gorchtein (2013)

unpolarized proton structure

/ \E/I E. Christy, P. E. Bosted (2010)

~ ~

527 = /dydeQ(wl(Vva @2) 2 Fl(V’ya QZ) 57 WQ(V’ya QZ) ? F2(V77 QQ))
region of applicability

1.5
[ i
I At@mMAMI 2 - 025 GeV?2 Al@MAMI I
1.5 I . Q A CN e Feshbach |
........... : Feshbach : es .ac :
\\\ e oy dnotinsds] e ——=— box diagram modelI
e | <X \\ I total 2 S S S Y AT R total 2/Y I
X 1.0 SRt 0N | v SNataerd 00 enen R TR I
IS - \\- ......... | i |
& S | 53 |
~
\\\\\
2 2 | i
Q% =0.05 GeV | ~~_
| 2
| ' | : | . | ; | : | 1 | : | ;

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
€ €
O. T and M. Vanderhaeghen (2016)

2y at large € agrees with empirical fit rg extraction v’
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Low-Q? inelastic 2 correction (ep)

comparison with low Q2 measurements

1.0
o VEPP-3 (2015) - — - box diagram model
e CLAS (2016) — total 2y
Al@MAMI
0.5 T T T
N =09 1
2, i $ )¢ o
§ T |

0.25 0.30 0.35 0.40 0.45 0.50

CLAS data in agreement with Born + inelastic 2y

VEPP-3 data in agreement with Born 2y only
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5o

1.0 1

Dt e

MUSE estimates (1)

proton box diagram model + inelastic 2)

»=—== box diagram model, W p

total, W p e
- ..’.
------- total, e” p P
..’.
o"
o"
o~

et k = 115 MeV

I I I I I
0.005 0.010 0.015 0020 0.025

Q?, GeV?

1.0

k = 210 MeV o

I r r
0.04 0.06 0.08

Q?, GeV?
O. T and M. Vanderhaeghen (2014, 2016)



MUSE estimates (1)

proton box diagram model + inelastic 2)

»==== box diagram model, W p
1.0 total, W p PO -
-’
ooooooo total’ e_ p .’..,°
&O .-’..’.
7
¥ o
s - k = 115 MeV
Lo 7
0.5 ./"
3 | ' | g | 4 | d |
0005 0010 0015 0.020 0.025
Q?, GeV?

expected muon over electron ratio

§ 117 115 M
D - eV/c
© | ® 153 Mev/ic
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=105
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EEEEEIEEEEIIITYIT
: -------------- 11
[ ésesseasatsiabd
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K. Mesick talk (PAVI 2014), MUSE TDR (2016)

1.0

le: =221 07 vieV: e

|
0.04
Q?, GeV?

0.06

0.08

O. T and M. Vanderhaeghen (2014, 2016)

small inelastic 2)%

iy

small 2y uncertainty

MUSE experiment

can test rg extraction
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k'#k k'#k

p’'#p p'#p

near-forward scattering non-forward scattering

elastic + inelastic disp. rel.
X =p+nN
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niN in dispersive framework (e)

/
Q2, GeV?

0.2 1

0.1-

\\ unitarity relations

\\ work in
\physical region  jptersection of phys. region
\ | and inelastic threshold

' —0'.1/5' ©_0.10  -0.05

l/u = (M+m + m,)?

005 010  Y9.15 v,GeV?
\

s=(M+m+m,;)2\

inelastic threshold

Unitarity relations

Pion electroproduction amplitudes are taken from MAID
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niN in dispersive framework (e)

unsubtracted disp. rel.

0.1+

5ry To

prelirninary

—— P33, unsubtracted disp. rel.

Q? = 0.05 GeV?

0.8

other partial waves
iImportant
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niN in dispersive framework (e)

unsubtracted disp. rel.

e preliminary
0 ! other partial waves
SN | 2
. | important
“ I
—0.1- :
—— P33, unsubtracted disp. rel. : Q2 — 0.05 CeV?2
....... A 10W—Q2 :
Flyo inelastic low-Q? :
|
| | - | L |
0 02 0.4 0.6 0.8
¥ S — Al@MAMI
154> preliminary
- — = g¢lastic
low-Q2 total
’b\oﬁ e RS - elastic + P33
?\
N
L ©)
0.5
P;; contributes up to 1/2 of inelastic 2 :
| | | |
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Conclusions

- Forward limit of 2y in lp scattering
- Proton T1 subtraction function estimated from data

- Subtracted disp. rel. formalism for ep scattering

- Theoretical estimates for 2y (ep and pp)

- First estimates for N channel in disp. rel.

Outlook

- Application to forthcoming high-precision HFS exp.

Extraction of magnetic radius accounting for 2y

Comparison with VEPP-3, CLAS, OLYMPUS
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Thanks for your attention !!!
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Fixed-Q? dispersion relation framework

27y corrections

1.05 T 0.02 | r
00 0
2 1 1 I l -0.02
2 =3 b oleeed S .0.04
s 095 X X * ) -0.06
N =" -0.08
% 09 T f(z) g
O 0.85 & -0.12
= -0.14
Rl e— | o analyticit 016
0 0.2 0.4 0.6 0.8 1 y -0.18

on-shell one-photon amplitudes Q* [GeV?]

exp. data/phenomenology Cross section correction
4
A
; : U < SFW +10
unitarity RF(v)=—P / ,(2 5 )du’
n VUmin v —V
\ 4
DR
amplitudes: imaginary parts | =z amplitudes: real parts

D. Borisyuk, A. Kobushkin (2008)
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Mandelstam plot (ep)

\ 7
X Q% GeV? " o .
/\ _ /\ unitarity relations
/ \\ 7o\ work in
/ \ - // \\ physical region
g / \
: \ / \
; \ / \
; \ / \
. \ / \
/ Xo14 £ %
/ Y \
: \
/ “ :
\
0if 010 DOS 11\ 0.05 0.10 0.15 v, GeV?2
/ \
Ju=Mim+m)? u=M+m?f ; \\s:(M+m)2 s=(M+m+m,;)?\

elastic threshold

inelastic threshold

Proton intermediate state is outside physical region

Analytical continuation for arbitrary FFs parametrization is found

O. Tomalak and M. Vanderhaeghen (2015) 47



Hadronic model vs. dispersion relations

e Imaginary parts are the same

e Real parts are the same for

FpFp amplitudes FpFp amplitudes
all FpFp amplitudes
e Chr by s b gM:]\ZQ}—S o

Fixed-Q? subtracted dispersion relation works for all amplitudes

e Calculation based on DR for ep scattering

- for amplitudes G;, G, unsubtracted DR can be used

- for amplitude JF3 subtracted DR should be used

- subtraction point RF; """ (1, @*) fixed from 6, (1, Q?) data
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T1 subtraction function TPE correction

Subtraction function contributes only to /4 amplitude

2.2 2 2/
63%‘?%—62;7’ /f(x,ffﬁ)ﬁ(Q “fl ”)dx
0

In the limit of small electron mass TPE correction vanishes

k =153 MeV =
s Valid onlv £ 11Q
E’ ...................................... £ al On Or SI/mma 2
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niN TPE contribution in dispersive framework (ep)

subtracted DR
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account of P;; channel decreases uncertainty with subtracted DR
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Proton form factors problem

Polarization transfer 7 Rosenbluth separation
JLab (Hall A, C) : SLAC, JLab (Hall A, C)
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A possible explanation - two-photon exchange



