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Overview
Availability of positron beams (also with polarization) would
open up an entire new frontier for hadron structure & BSM 
studies at EIC.

In this talk will focus on 2 applications:

flavor separation in inclusive (NC and CC) DIS

https://www.jlab.org/conferences/JPOS09/

A lot of material from earlier positron (JLab) workshops:

https://www.jlab.org/conferences/JPOS17/

multi-photon physics in exclusive reactions



Multi-photon physics
with e  and e+ _



II. OVERVIEW OF FORM FACTOR MEASUREMENTS

We begin with a brief description of the Rosenbluth sepa-

ration and recoil polarization techniques, focusing on the ex-

isting data and potential problems with the extraction tech-

niques.

A. Rosenbluth technique

The unpolarized differential cross section for elastic scat-

tering can be written in terms of the cross section for scat-

tering from a point charge and the electric and magnetic form

factors:
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2 , % is the electron scattering angle, Q2
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tered electron energies. One can then define a reduced cross

section,
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where ( is the longitudinal polarization of the virtual photon
)(#1!1"2(1"#)tan2(%/2)* . At fixed Q2, i.e., fixed # , the
form factors are constant and !R depends only on ( . A
Rosenbluth, or longitudinal-transverse $LT&, separation in-
volves measuring cross sections at several different beam

energies while varying the scattering angle to keep Q2 fixed

while varying ( . GEp

2 can then be extracted from the slope of

the reduced cross section versus ( , and #GMp

2 from the in-

tercept. Note that because the GMp

2 term has a weighting of

#/( with respect to the GEp

2 term, the relative contribution of

the electric form factor is suppressed at high Q2, even for

(!1.
Because the electric form is extracted from the difference

of reduced cross section measurements at various ( values,
the uncertainty in the extracted value of GEp

2 (Q2) is roughly

the uncertainty in that difference, magnified by factors of

(+()#1 and (#GMp

2 /GEp

2 ). This enhancement of the experi-

mental uncertainties can become quite large when the range

of ( values covered is small or when # (!Q2/4Mp
2) is large.

This is especially important when one combines high-( data
from one experiment with low-( data from another to extract
the ( dependence of the cross section. In this case, an error in
the normalization between the datasets will lead to an error

in GEp

2 for all Q2 values where the data are combined. If

,pGEp
!GMp

, GEp
contributes at most 8.3% $4.3%& to the

total cross section at Q2!5(10) GeV2, so a normalization
difference of 1% between a high-( and low-( measurement
would change the ratio ,pGEp

/GMp
by 12% at Q2

!5 GeV2 and 23% at Q2!10 GeV2, more if +($1. There-
fore, it is vital that one properly accounts for the uncertainty

in the relative normalization of the data sets when extracting

the form factor ratios. The decreasing sensitivity to GEp
at

large Q2 values limits the range of applicability of Rosen-

bluth extractions; this was the original motivation for the

polarization transfer measurements, whose sensitivity does

not decrease as rapidly with Q2.

B. Recoil polarization technique

In polarized elastic electron-proton scattering, p(e! ,e!p! ),
the longitudinal (Pl) and transverse (Pt) components of the

recoil polarization are sensitive to different combinations of

the electric and magnetic elastic form factors. The ratio of

the form factors, GEp
/GMp

, can be directly related to the

components of the recoil polarization )10–13*:
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where Pl and Pt are the longitudinal and transverse compo-

nents of the final proton polarization. Because GEp
/GMp

is

proportional to the ratio of polarization components, the

measurement does not require an accurate knowledge of the

beam polarization or analyzing power of the recoil polarim-

eter. Calculations of radiative corrections indicate that the

effects on the recoil polarizations are small and at least par-

tially cancel in the ratio of the two-polarization component

)14*.
Figure 2 shows the measured values of ,pGEp

/GMp
from

the MIT-Bates )4,5* and JLab )6–8* experiments, both coin-
cidence and single-arm measurements, along with the linear

fit of Ref. )8* to the data from Refs. )6,8*:

,pGEp
/GMp

!1#0.13$Q2#0.04&, $4&

with Q2 in GeV2. Comparing the data to the fit, the total -2

is 34.9 for 28 points, including statistical errors only. Assum-

ing that the systematic uncertainties for each experiment are

fully correlated, we can vary the systematic offset for each

data set and the total -2 decreases to 33.6. If we allow the

systematic offset to vary for each dataset and refit the Q2

dependence to all four datasets using the same two-parameter

fit as above, i.e.,

FIG. 1. $Color online& Ratio of electric to magnetic form factor

as extracted by Rosenbluth measurements $hollow squares& and
from the JLab measurements of recoil polarization $solid circles&.
The dashed line is the fit to the polarization transfer data.

J. ARRINGTON PHYSICAL REVIEW C 68, 034325 $2003&

034325-2

Polarization Transfer
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QED radiative corrections

γ µ

Γµ

elastic electron

scattering

electron vertex

correction

electron self-energy

diagrams

vacuum

polarization

proton vertex

correction
proton self-energy

diagrams

box and crossed-

box diagrams

inelast ic ampli tudes

Cross section modified by      loop effects 1γ

dσ= dσ0 (1+δ)

δ
ε
   contains additional
   dependence, mostly
from box diagrams
(most difficult to calculate)

Born TPE
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• posi.ve	slope	
• vanishes	as	ε → 1 
• nonlinearity	grows	with  
increasing	Q2	

• GM	dominates	in	loop	integral	
• Right	order	of	magnitude	and	
sign	to	explain	GE/GM	ra.o 

• changes	sign	at	Q2 ≈ 0.4 GeV2	

• agrees	with	sta.c	(Feshbach)	
limit	for	point	par.cle	(no	form	
factors	in	loop	and	Q²→ 0)	

• GE	dominates	in	loop	integral

Nucleon	(elas.c)	intermediate	state

4

Feshbach limit 
(iterated Coulomb)

Two-photon exchange

Interference between Born and TPE amplitudes

Correction to cross section

�(2�) =
2Re
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M†

0 M��

�

|M0|2

Blunden, WM, Tjon (2003)

positive slope will reduce
Rosenbluth ratio

nonlinearity grows with Q2

X M��M0



P. G. BLUNDEN, W. MELNITCHOUK, AND J. A. TJON PHYSICAL REVIEW C 72, 034612 (2005)
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FIG. 4. (Color online) Reduced cross section σR (scaled by
the dipole form factor G2

D) versus ε for several values of Q2:
(a) SLAC data [27] at Q2 = 3.25 (open squares), 4 (filled circles),
5 (open circles), and 6 GeV2 (filled squares); (b) JLab data [4] at
Q2 = 2.64 (filled squares), 3.2 (open squares), and 4.1 GeV2 (filled
circles). The dotted curves are Born cross sections evaluated using
a form factor parametrization [26] with G

p
E fitted to the polarization

transfer data [5], whereas the solid curves include 2γ contributions.
The curves in the bottom panel have been shifted by (+1.0%, +2.1%,
+3.0%) for Q2 = (2.64, 3.2, 4.1) GeV2.

is the “true” form factor ratio, corrected for 2γ exchange
effects, and R̃ is the “effective” ratio, contaminated by 2γ
exchange. Note that in Eqs. (29) and (30) we have effectively
linearized the quadratic term in ε by taking the average value of
ε (i.e., ε̄) over the ε range being fitted. In contrast to Ref. [10],
where the approximation a ≈ 1 was made and the quadratic
term in ε neglected, the use of the full expression in Eq. (30)
leads to a small decrease in R compared with the approximate
form.

The shift in R is shown in Fig. 5, together with the
polarization transfer data. We consider two ranges for ε: a large
range ε = 0.2–0.9 and a more restricted range ε = 0.5–0.8.
The approximation of linear ε dependence of $ should be
better for the latter, even though in practice experiments
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FIG. 5. (Color online) The ratio of proton form factors µpGE/

GM measured using LT separation (open diamonds) [2] and polariza-
tion transfer (PT) (open circles) [5]. The LT points corrected for 2γ

exchange are shown assuming a linear slope for ε = 0.2–0.9 (filled
squares) and ε = 0.5–0.8 (filled circles) (offset for clarity).

typically sample values of ε near its lower and upper bounds.
A proposed experiment at Jefferson Lab [28] aims to test the
linearity of the ε plot through a precision measurement of the
unpolarized elastic cross section.

The effect of the 2γ exchange terms on R is clearly
significant. As observed in Ref. [10], the 2γ corrections have
the proper sign and magnitude to resolve a large part of
the discrepancy between the two experimental techniques. In
particular, the earlier results [10] using simple monopole form
factors found a shift similar to that for the ε = 0.5–0.8 range
in Fig. 5, which resolves around 1/2 of the discrepancy. The
nonlinearity at small ε makes the effective slope somewhat
larger if the ε range is taken between 0.2 and 0.9. The
magnitude of the effect in this case is sufficient to bring the
LT and polarization transfer points almost to agreement, as
indicated in Fig. 5.

Although the 2γ corrections clearly play a vital role in
resolving most of the form factor discrepancy, it is instructive
to understand the origin of the effect on R with respect to
contributions to the individual G

p
E and G

p
M form factors. In

general the amplitude for elastic scattering of an electron from
a proton, beyond the Born approximation, can be described by
three (complex) form factors, F̃1, F̃2, and F̃3. The generalized
amplitude can be written as [9,11]

M = −i
e2

q2
ū(p3)γµu(p1) ū(p4)

×
(

F̃1γ
µ + F̃2

iσµνqν

2M
+ F̃3

γ · KP µ

M2

)
u(p2), (31)

where K = (p1 + p3)/2 and P = (p2 + p4)/2. The functions
F̃i (both real and imaginary parts) are in general functions of
Q2 and ε. In the 1γ exchange limit the F̃1,2 functions approach
the usual (real) Dirac and Pauli form factors, whereas the new
form factor F̃3 exists only at the 2γ level and beyond,

F̃1,2(Q2, ε) → F1,2(Q2), (32)

F̃3(Q2, ε) → 0. (33)

034612-6

Two-photon exchange

TPE improves agreement with reduced cross sections

Blunden, WM, Tjon (2005)

Resolves most of the discrepancy between LT and PT data

Is there more direct evidence for relevance of TPE?



TPE	effect	on	ra.o	of	e+p to	e-p	cross	sec.ons

13

TPE	interference	changes	sign	for	positrons	vs	electrons

Old	data	from	1960-1970’s

R2� =
�e+

�e�
⇡ 1� 2���

TPE in e  p to e  p ratio+ _



TPE in e  p to e  p ratio+ _

More recent measurements from CLAS at JLab
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*

* dispersive calculation with all major
N* resonances in intermediate state



TPE in e  p to e  p ratio+ _

More recent measurements from VEPP-3 at Novosibirsk

Ahmed, Blunden, WM (2020)
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TPE in e  p to e  p ratio+ _

curious behavior at forward angles, difficult
to reproduce in quantitative TPE calculations
(but still consistent within total uncertainties)
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Ahmed, Blunden, WM (2020)

More recent measurements from OLYMPUS at DESY



TPE in e  p to e  p ratio+ _

Most measurements have been at large    and low 
where TPE are somewhat suppressed 
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N(e,e′gN) Differential Cross Section

M. Diehl at the CLAS12 European Workshop, Genova, February 25-28, 2009
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Electron 
observables

Electron & positron 
observables

5/16

Eric Voutier

Polarized electrons and positrons allow to separate the 
unknown amplitudes of the cross section for electro-production of photons.

Physics motivations

April 28th-29th, 2020

Exclusive photon production



Ø GPDs parameterize the partonic structure of hadrons and offer the unprecedented
possibility to access the spatial distribution of partons.

Parton Imaging 

M. Burkardt, PRD 62 (2000) 071503    M.Diehl, EPJC 25 (2002) 223

GPDs can be interpreted as a distribution in the 
transverse plane of partons carrying some fraction of 

the longitudinal momentum of the nucleon.

GPDs encode the correlations between partons
and contain information about the dynamics of
the system like the angular momentum or the
distribution of the strong forces experienced
by quarks and gluons inside hadrons.

X. Ji, PRL 78 (1997) 610       M. Polyakov, PL B555 (2003) 57

A new light 
on hadron 
structure

D. Müller, D. Robaschik, B. Geyer, F.M. Dittes,  J. Horejsi, FP 42 (1994) 101     X. Ji, PRD 55 (1997) 7114     A. Radyushkin, PRD 56 (1997) 5524

Eric Voutier

4/16

Physics motivations

April 28th-29th, 2020

Exclusive photon production
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Nucleon Internal Pressure 

V. Burkert, L. Elouadrhiri, F.-X. Girod, Nature 557 (2018) 396      M.V. Polyakov, P. Schweitzer, Int. J. Mod. Phys. A33 (2018) 1830025
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The 2nd order Mellin moment of GPDs allow to access
the pressure distribution inside hadrons through the
skewness dependency of GPDs… (DDVCS).

LO

CFF

6/16

Eric VoutierPhysics motivations

April 28th-29th, 2020

Exclusive photon production



Beam Charge Asymmetries

7/16

Eric VoutierProposed measurements

April 28th-29th, 2020
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%±7±8± = ,±±
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is the beam polarization and accumulated charge normalized yield.

!3"# ≠ !3"± = 4*01#2 ± 4*+,-
*./ + *+,- + *01#2

Using polarized electron and positron beams, we are proposing to measure

- The unpolarized beam charge asymmetry ;<<= , which is sensitive to the CFF real part

- The polarized beam charge asymmetry ;><= , which is sensitive to the CFF imaginary part

- The charge averaged beam spin asymmetry ;><? , which is sensitive to higher twist effects

New GPD 
Observables

Exclusive photon production



Flavor separation
with e  and e   DIS+ _
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PDFs in the EIC era  —  Monte Carlo methods (multiple solutions)

   —  simultaneous extraction of PDFs, FFs



What are some issues of current interest in PDFs?

In a phrase - flavor separation

1. d/u behavior at large values of x

2. Determination of the s± s̄ PDFs

3. Constraints on the gluon PDF

6

Current status of PDFs

Jeff Owens (JPos17)



d/u ratio shows significant variations between various PDF sets

• Some is due to parametrization bias

• Some is due to Q and W cuts that effectively limit x to x ∼ 0.7 so the

large x region is an extrapolation

• Some is due to different treatments of nuclear corrections

15



Need a way to constrain the d PDF in the absence of nuclear corrections

Classic solution is to use neutrino DIS. Again, at lowest order at large

values of x

F νp
2 = 2x(d+ s+ ū+ d̄) −−−→

x→1
2xd

and

F ν̄p
2 = 2x(u+ c+ d̄+ s̄) −−−→

x→1
2xu

so that at large values of x

F νp
2 /F ν̄p

2 = d/u

16

d/u ratio



However

• Data on proton targets from early bubble chamber experiments had

low statistics and provided little constraint on d/u at large values of x

• High statistics experiments used nuclear targets

– Results give information on nuclear PDFs

– Need to account for nuclear model dependent corrections to extract

d/u for the proton

– Highly unlikely to get data from a hydrogen target using modern

high intensity neutrino beams due to safety concerns

17

d/u ratio



One solution is to use the charged current interaction in the form of W

production from the Tevatron

The charged W asymmetry

A(y) =
σ(W+)− σ(W−)

σ(W+) + σ(W−)
≈

1− d/u(x1)

1 + d/u(x1)
with x1 ≈

MW
√

(s)
eηW

at large W rapidity is sensitive to the d/u ratio

18

Accardi, Brady, WM, Owens, Sato (2016)



• Can see the effect of adding various data sets to a series of fits

• Can see the decrease in the d/u error bands

• No nuclear corrections needed

• Can help select amongst the various treatments of nuclear corrections

19
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d/u ! 0.09± 0.03

does not match
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• W asymmetry has more constraining power than the W -lepton

asymmetry

• Leptonic V −A decay limits the reach in rapidity ⇒ less constraint on

the d PDF

• On the other hand, the W asymmetry extraction is model dependent

20

d/u ratio



Another solution - use the line-reversed DIS processes, again for large x

e+p → ν̄ +X F e+p,cc
2 (x,Q) ∝ xd

and

e−p → ν +X F e−p,cc
2 (x,Q) ∝ xu

• Allows direct extraction of d/u at large values of x

• These processes have been measured at HERA out to x ≃ 0.4

• Need good statistics at larger x values if one wants to extract d/u

directly
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From perturbative QCD expect symmetric      sea generated
by gluon radiation into      pairs (if quark masses are the same)

qq̄
qq̄

From chiral symmetry of QCD (important at low energies) should have 
consequences for antiquark PDFs in the nucleon (at high energies) 

since u and d quarks nearly degenerate,
expect flavor-symmetric light-quark sea

d̄ ⇡ ū

Light quark sea asymmetry

A. Thomas (1984)

+
PV PVp n p

⇡+ (ud̄)

d̄ > ū



Asymmetry spectacularly confirmed in high-precision DIS
and Drell-Yan experiments
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strongly suggested role of chiral symmetry and pion cloud
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Light quark sea asymmetry
Intriguing suggestion of sign change in          at high xd̄� ū
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Light quark sea asymmetry
Intriguing suggestion of sign change in          at high xd̄� ū
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• New experiment E-906 (SeaQuest) at Fermilab will have improved

statistics and kinematic coverage

• Preliminary data suggests d̄ > ū out to at least x ≈ 0.5

• Additional data being taken, acceptance and efficiency corrections

being finalized.

0 0.1 0.2 0.3 0.4 0.5
x

0

0.5

1

1.5

2

2.5

3

db
ar

/u
ba

r

E-866
E-906 (preliminary)

25

Light quark sea asymmetry



Again, consider the charged current structure functions in lowest order

F e+p,cc
2 (x,Q) = 2x(d+ s+ ū+ c̄)

and

F e−p,cc
2 (x,Q) = 2x(u+ c+ d̄+ s̄)

• If xF e−p,cc
3 = 2(u− d̄− s̄+ c) and xF e+p,cc

3 = 2(d− ū− c̄+ s)

can be extracted, one can separate the quark and antiquark PDFs

• If the charm PDF is perturbative, i.e. there is no intrinsic charm, then

c = c̄

• Can get information on d̄/ū
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Strange quarks
Strange quark PDFs more difficult to constrain, since fewer 
observables directly sensitive to it

Traditionally s-quark PDF extracted from dimuon production 
in (anti)neutrino-nucleus DIS (W+s ! c / W�s̄ ! c̄)
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but significant uncertainty from nuclear corrections,
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CCFR/NuTeV give strange/nonstrange ratio 

tensions with HERMES K-production & ATLAS W-production data?



valence & light sea quark broadly in agreement with other groups

suppression of strange PDF compared to other extraction

Sato, Andres, Ethier, WM (2020)
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SIDIS + SIA data force strange to kaon FF to be larger
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Measure charged current cross sections with a muon tag to select charm

final states

e+s → ν̄c followed by c → sµ+νµ

and

e−s̄ → νc̄ followed by c̄ → s̄µ−ν̄µ

• Note that the sign of the muon is the same as the sign of initial state

lepton

• Potentially capable of separating s from s̄
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Conclusions

Charged current measurements in e±p DIS are potentially capable of

improving our knowledge of PDFs by providing:

• Better constraints on d/u in the large x region

• Additional constraints on d̄/ū to complement information from lepton

pair production

• Constraints on s+s̄
ū+d̄

without the need for nuclear corrections

Studies at EIC kinematics are under way to quantify this potential

[Accardi, Ent, Furletova, Keppel, Park, Yoshida – EICUG Trieste, Jul’17]

• Help is welcome

• What’s possible at JLab12?
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Physics Motivations

• Two-photon physics
• Generalized parton distributions

• Neutral and charged currents DIS
• Charm production

• Pion and kaon structure

• Charge conjugation violation
• Right-handed W-bosons

• Dark photon search
• Leptoquarks, leptogluons

Structure 
Functions

Interference
Physics

Standard
Model Tests
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Positrons can provide crucial complementary information
for mapping of full 3-d structure of the nucleon

Eric VoutierYulia Furletova

Jeff OwensThanks to:    Peter Blunden
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