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Intro: Charge Asymmetry

» Charge asymmetry in unpolarized elastic lepton-proton
scattering:
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Lepton-Proton Scattering: Born Approximation
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> Differential Cross Section:  do o« |M,[’
» Lepton Coupling: +iey, Coupling Constant: @ = —

> No asymmetry in Born (< o) Approximation



Lepton-Proton Scattering: Higher Order Diagrams
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» Leading and next-to-leading order contributions:
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Lepton-Proton Scattering: Higher Order Diagrams
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Charge-Dependent Contributions

> Lepton Coupling: =*liey,,




The Proton Radius Puzzle
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MUSE at PSI

> Will measure simultaneously elastic e*p and u*p
scattering:

Direct Access to TPE Corrections

» First signicant up scattering radius determination, at

roughly the same level as done in previous scattering
experiments:

Theoretical estimations beyond the Born
approximation are required. Ultrarelativistic limit,
& > m, cannot be applied to scattering of muons in

kinematics of MUSE.
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Theoretical Background: Born Approximation

> >
Lab Frame :

ko = (6‘2, ko )
P1 = (IW, O)a
p2 = (&2, pa),

YY

p(p1)
Electric and Magnetic
2 2 :
GE (Q )’ GM (Q ) form factors
2
Charge radius definition: <r2> -6 4G, (')
dQ’ 0?0
. dG 2 2 T ~»2 2
Rosenbluth separation: dQO o G£(Q7)+—G,, (Q7)
S
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Standard Higher Order Corrections

MP =2 |Mi[ =[M,[" (1+)

do® =dao, (1+9)

/

Need to know this value

to extract the radius!

—

Need estimations of 6!
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Model-independent TPE Calculation

kq ki1 ko
- - - - -
< > < > < <
P I’y I, P2 P Iy I, P2
{ﬂ’) -’"Ml'xrr.r' {h) -’"M.r'l'xrr.r'
Soft Photon Approximation: k —0
Two prescriptions: [Mo, Tsai, Rev Mod Phys 1969]

[Maximon, Tjon, Phys Rev C 2000]

Comparison: [Gerasimov, Fadin, Phys At Nucl 2015]
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Asymmetry Comparison

Charge Asymmetry Charge Asymmetry
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[Koshchii, Afanasev, Phys Rev D, 2017]
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Extra contribution to be considered:
helicity-flip transitions (~m,)



o-meson exchange in t-channel

Consider the interference between following diagrams:
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o-meson exchange in t-channel

Consider the interference between following diagrams:

(=(ky) = (k2) [=(ky) [=(k2)
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J, = U(ky)y,ulk,)

JZ=U_(I02)(7@,F(Q )+l 2|\/| -FQ )jU(pl)

J; = fs U(kz)u(kl)
J: =U(p,)U(p,)

The coupling of o to lepton is described via form factor f
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Model to calculate f;
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Everything that is sandwiched between spinors is the form factor!
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Model to calculate f;
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Vertex description

The most general form to describe the vertex:

A, =A@%50,02)(0,.(0-a)-aas )+ B.(a% 07, 07) (alas — (g, -a,)a )(asa; — (0, -a,)a; )
[A.E. Dorokhov et. al. Eur. Phys. J. C (2012)]
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Vertex description

The most general form to describe the vertex:

A, =A@%50,02)(0,.(0-a)-aas )+ B.(a% 07, 07) (alas — (g, -a,)a )(asa; — (0, -a,)a; )
[A.E. Dorokhov et. al. Eur. Phys. J. C (2012)]

Vector meson dominance (VMD) model for transverse photons:

2 2 2 g
A0, 0) =TT
(m7 £)(m? ;)

Obtained experimentally
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05

Results: Form Factor f;

Electron
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Results: Correction 0
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[Koshchii, Afanasev, Phys Rev D, 2016]
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Target Normal Single Spin Asymmetry (SSA)

» Target normal SSA in elastic lepton-nucleon scattering:
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Normal SSA: Theory

2Im(ZT - Abs|T, ]]

spin
2
‘ 17‘

spin

A =

[de Rujula, Kaplan, Rafael, Nucl. Phys. B 1971]

> Target-Normal SSA in elastic [TN scattering contribute with

>

different signs. Corresponding sum will provide information on
contributions beyond TPE

Absorptive part of TPE amplitude can be used to obtain real
part of the TPE amplitude through dispersive relations
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Target-Normal SSA: Neutron

0 —“"':"':"':"""""-'====:=::::;:;'_;_'_'_'_'_'_'_'_'_"_'_'_'_'_'_'_' """""""""""
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[Y.-W. Zhang, et al, Phys Rev Lett 2015]

> Polarized 3He target — effective neutron target

» Beam energies: 1.245, 2.425, 3.605 GeV
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Target-Normal SSA Calculation

= > <
N(py) N(p2) N(py) P N(p2)
B CZQZ dBK* 1 uaf
A‘_SﬂD(s,t,u)j 2E, QQ’ 'mg,;L H”“ﬂj
SH,, =—Tr[ p+M)(1-78), (P, + M)W, |

spin

The most general form for W :

[R. Tarrach, IL Nuovo Cimento 1975] - 18 invariant amplitudes
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Target-Normal SSA Calculation

1*(ky) p 1*(k2) 1*(ky) g Ky o 1*(ky)
- - - . -
!
q l x ti‘ll : Tli‘z
—(r— - -
N{(p1) N(pz) N(pq) P N(p2)

Optical Theorem Approach (Q? K s):

[Afanasev, Merenkov, Phys Rev D 2004] Beam-normal SSA

Electroabsorption Amplitudes (P < 2 GeV):

[Pasquini, Vanderhaeghen, Phys Rev C 2004] Beam- and target-normal SSA
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W g parametrization

Elastic contribution:
W,,, =275 ((p, +0)* = M?)U (p)T ,(a7) (P, +0, + M )T, (a2)U (p,)

Nearly forward inelastic parametrization:

W :(Tl) W1+(2'2) W,

“ aff af

Wl,W2 - unpolarized neutron structure functions

(71 ) ; (72 ) - [R. Tarrach, IL Nuovo Cimento 1975]
aff aff
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Target-Normal SSA: Preliminary Results
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Target-Normal SSA: Neutron
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[Y.-W. Zhang, et al, Phys Rev Lett 2015]

> Polarized 3He target — effective neutron target

» Beam energies: 1.245, 2.425, 3.605 GeV
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Conclusion

» Analytically generalized the existing soft-
photon approximation approach of Tsai to
include the lepton’s mass in final expressions

» Estimated the major helicity-flip contribution
in kinematics of MUSE coming from the scalar
o-meson exchange in the t-channel

» Calculated (preliminary) neutron-normal SSA
using nearly forward Compton scattering
tensor
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Charge-Dependent Contributions: Calculation

Direct loop calculation:

Dispersive treatment:

ki

L
Y

Y
Yy

M bhor M rhox
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