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Overview

Availability of positron beams (unpolarized & polarized) would open up an entire 
new frontier for hadron/nuclear structure & BSM studies at Jefferson Lab

parton structure of nucleons and nuclei (GPDs/GFFs, PDF flavor asymmetries, …)

3 main opportunities identified 

multi-photon exchange phenomena (form factors, dispersive effects, …)

tests of the Standard Model (dark photon searches, BSM physics, …)
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Overview

Availability of positron beams (unpolarized & polarized) would open up an entire 
new frontier for hadron/nuclear structure & BSM studies at Jefferson Lab

parton structure of nucleons and nuclei (GPDs/GFFs, PDF flavor asymmetries, …)

3 main opportunities identified 

multi-photon exchange phenomena (form factors, dispersive effects, …)

tests of the Standard Model (dark photon searches, BSM physics, …)

“low energy” — focus of this workshop

Piekarewicz, Sfienti, Guèye, Wojtsekhowski, Jakubaßa-Amundsen, Weiss, Scholberg, Ronchi  ( “multi-photon” )

Battaglieri, Xiong, Mack, Pustyntsev, Mommers, Lin, Suleiman, Khachatryan  ( “BSM” ) 

 see talks by:
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Overview

Availability of positron beams (unpolarized & polarized) would open up an entire 
new frontier for hadron/nuclear structure & BSM studies at Jefferson Lab

parton structure of nucleons and nuclei (GPDs/GFFs, PDF flavor asymmetries, …)

3 main opportunities identified 

multi-photon exchange phenomena (form factors, dispersive effects, …)

tests of the Standard Model (dark photon searches, BSM physics, …)

“high energy” — not focus of this workshop

“low energy” — focus of this workshop

Piekarewicz, Sfienti, Guèye, Wojtsekhowski, Jakubaßa-Amundsen, Weiss, Scholberg, Ronchi  ( “multi-photon” )

 see talks by:

Battaglieri, Xiong, Mack, Pustyntsev, Mommers, Lin, Suleiman, Khachatryan  ( “BSM” ) 

 … will partly cover in this talk
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Some history

O. Gayou et al., PRL 88, 092301 (2002)
M. Jones et al., PRL 84, 1398 (2000)

Interest in two-photon physics in the 21st century came unexpectedly,
with polarized ep scattering experiments in Jefferson Lab Hall A
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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:

d!

d"
!!Mott!GEp

2 "#GMp

2

1"#
"2#GMp
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where #!Q2/4Mp
2 , % is the electron scattering angle, Q2

!4EeEe!sin
2(%/2), and Ee and Ee! are the incoming and scat-

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*:

GEp

GMp

!#
Pt

Pl

$Ee"Ee!&tan$%/2&
2Mp

, $3&

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 method

σR = G2

M (Q2) +
ε

τ
G2

E(Q2)

GE

GM

= −

√

τ(1 + ε)

2ε

PT

PL

from slope in    dependenceGE �

suppressed at large Q2

P    recoil proton polarization 
in

T, L
�e p� e �p

Rosenbluth separation method
— reduced cross section

⌧ = Q2/4M2

" = [1 + 2(1 + ⌧) tan2(✓/2)]�1

Some history

Dramatically different behavior of electron/magnetic proton form factor ratio
for different extraction methods (should be equivalent in Born approximation)

sizeable radiative corrections

many uncertainties cancel in ratio
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Some history

extract two-photon exchange
contribution needed to explain
form factor discrepancy

first calculation of hadron-structure
dependent part of two-photon
exchange contribution
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Born cross section modified by photon loop effects 

dσ= dσ0 (1+δ)

δ contains additional ε dependence, 
mostly from box diagrams

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

Two-photon exchange

Interference between Born and TPE amplitudes

X M��M0

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)

positive slope will reduce Rosenbluth ratio

nonlinearity grows with Q2

Two-photon exchange

TPE can resolve much of the discrepancy between
Rosenbluth and polarization transfer data

Blunden, WM, Tjon, PRC 72, 034612 (2005)

but is there any direct evidence? 
9



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 interference changes sign for positrons vs. elections

R2� =
d�e+

d�e�
⇡ 1� 2 �2�

<latexit sha1_base64="ryWG1PhPJJnjCSamLxANAsAwUYs="></latexit>

Old data from 1960s—1970s 

uncertainties too large for definitive conclusions…
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ε
— dispersive calculation with all major
     N* resonances in intermediate state

Ahmed, Blunden, WM, PRC 102, 045205 (2020)

consistent with TPE calculations

TPE in e  p to e  p ratio+ _

CLAS, Rimal et al., PRC 95, 065201 (2017)

(produced by passing primary electron beam through radiator      bremsstrahlung photon beam
       pass through a convertor      electron/positron pairs) B. Mecking 

More recent measurements from CLAS at JLab, using tertiary e  e   beam+ _
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indication from data of 1% – 2% TPE effect at backward angles

TPE in e  p to e  p ratio+ _

Other measurements from VEPP-3 (Novosibirsk) and OLYMPUS (DESY)
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Q2 & (3�4)GeV2Optimal sensitivity at small ε (backward angles) and  
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positron beam at JLab could
settle decades old question

TPE in e  p to e  p ratio+ _

Most measurements have been at large ε (forward angles) and low Q 
where TPE are somewhat suppressed 

2

Ahmed, Blunden, WM
PRC 102, 045205 (2020)
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PR12+23-008
Schmidt et al.
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Parton structure of the nucleon 

— generalized parton distributions —



Energy-momentum tensor

Matrix elements of energy-momentum tensor give gravitational form factors 
(GFFs) of proton, which parametrize fundamental information about proton 
structure and dynamics (mass, spin, mechanical properties)

hp0,~s 0|Tµ⌫
q |p,~s i = ū(p0,~s 0)


Aq(t)

PµP 0⌫

M
+ Jq(t)

P {µi�⌫}↵�↵

M
+Dq(t)

�µ�⌫ � gµ⌫�2

4M
+ · · ·

�
u(p,~s )

<latexit sha1_base64="np/Au4jkS8HbrccRysB7ahAdvBM="></latexit>

mass/energy total angular
momentum

pressure, force

GFFs related to moments of GPDs,  e.g.
Z 1

�1
dx xHq(x, ⇠, t) = Aq(t) + ⇠

2
Dq(t)

<latexit sha1_base64="oOkFB6Cw8Vdt3PTOMM6/HvjzMK8="></latexit>

GPDs not measured directly, but enter high energy scattering observables such as
deeply-virtual Compton scattering (DVCS), hard exclusive meson production, 
time-like Compton scattering, single diffractive hard exclusive processes (SDHEPs)

inferred from global QCD analysis of experimental data (+ lattice?)
e.g., QGT Topical Collaboration,  JAM Collaboration, …

Burkert, Elouadrhiri, Girod, Lorcé, Shanahan
RMP 95, 041002 (2023)
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Deeply-virtual Compton scattering

GPDs enter DVCS cross section as complex integrals over parton momentum
fraction x

Hq(⇠, t) = P

Z 1

�1
dx


1

x� ⇠
±

1

x+ ⇠

�
Hq(x, ⇠, t)� i⇡Hq(⇠, ⇠, t)

<latexit sha1_base64="wXo9vY6jiMszywENWt35JvjNtng="></latexit>

represented in the form Compton form factors (CFFs)

d
5
�

dQ2 dxB dt d� d�e
⇠

X

q

e
2
q

Z 1

�1
dx


1

⇠ � x� i"
� 1

⇠ + x� i"

�
Hq(x, ⇠, t) + · · ·

<latexit sha1_base64="bVfAuhkpKCtQ2yeOd3g0NWESg2Y="></latexit>

= ReHq(⇠, t) + i ImHq(⇠, t)

<latexit sha1_base64="zYwuvcl182640OMVY4Voh1XlAqA="></latexit>

Real and imaginary parts of CFFs related by fixed-t dispersion relation

ReHq(⇠, t) = CH(t) +
1

⇡
P

Z 1

0
dx

✓
1

⇠ � x
�

1

⇠ + x

◆
ImHq(⇠, t)

<latexit sha1_base64="5NS9kmcoLm1Ivz+pgnGIBLvHdow="></latexit>

directly related to D-term

information on real & imaginary
parts of CFFs gives access to GFFs,
and mechanical properties of proton

Burkert et al.
Nature 557, 396 (2018)
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Deeply-virtual Compton scattering

lepton charge

Physical cross section has contributions from DVCS
and competing Bethe-Heitler process

lepton polarization

d5�e
� = d5�BH + d5�DVCS + � d5e�DVCS + e (d5�INT + � e�INT)

<latexit sha1_base64="JVQ0Yk+O4AGsBEIUS/hZfQLRKUg="></latexit>

d5�INT ⇠ F1 · H + · · ·

<latexit sha1_base64="O4oJ4udA+Unx12GhVdUnd76jGDs="></latexit>

d5�DVCS ⇠ H · H
⇤ + · · ·

<latexit sha1_base64="eGQcx5xZuskRIL8Hp4Pq0mud+p8="></latexit>

DVCS bilinear in CFFs

interference term linear in CFFs

Beam charge asymmetry allows
separation of interference term
from DVCS, and clean extraction
of CFFs 

Observables with polarized beam and/or target
allow access to additional combinations of CFFs 

H1 (2009)

HERMES (2008)

17
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Parton structure of the nucleon 

— strange-antistrange asymmetry —



strange-antistrange asymmetry predicted
from χSB but has never been observed

most direct way to access asymmetry is via γZ interference

antiquark asymmetry between u and d established
_ _

dominated
by γ exchange

⇠ (geA ± �eg
e
V )xF

�Z
3

<latexit sha1_base64="mW2boQNwoDQBD6zWRjlcHyL9Y+A="></latexit>

accessed through PVDIS
but suppressed by 
geV ⇠ 1� 4 sin2 ✓W

<latexit sha1_base64="Suvj6DhzVxaQnbd4k7E1SURYm9g=">AAACBXicbVDJSgNBEO2JW4xb1KMeGoPgxTATIuot4MVjBLNAlqGnU0ma9PQM3TVCCLl48Ve8eFDEq//gzb+xsyAafVDU470quusFsRQGXffTSS0tr6yupdczG5tb2zvZ3b2qiRLNocIjGel6wAxIoaCCAiXUYw0sDCTUgsHVxK/dgTYiUrc4jKEVsp4SXcEZWsnPHvb8ahto04iQeqdF21W70MQ+IPNrfjbn5t0pqJsvFDzv8ox+K96c5MgcZT/70exEPAlBIZfMmIbnxtgaMY2CSxhnmomBmPEB60HDUsVCMK3R9IoxPbZKh3YjbUshnao/N0YsNGYYBnYyZNg3i95E/M9rJNi9aI2EihMExWcPdRNJMaKTSGhHaOAoh5YwroX9K+V9phlHG1zGhuAtnvyXVAt5r5g/uynmShfzONLkgByRE+KRc1Ii16RMKoSTe/JInsmL8+A8Oa/O22w05cx39skvOO9f4hSXiQ==</latexit>

accessed
via BCA

Lepton charge asymmetry in DIS

Unique opportunity to explore matter - antimatter asymmetry
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d̄/
ū

<latexit sha1_base64="M2FqhbP04U3zYuH+iJxGPSwXN+U=">AAAB9HicbVBNSwMxEJ3Ur1q/qh69BIvgqe5KRY8FLx4r2Fpol5LNZtvQbHZNsoWy9Hd48aCIV3+MN/+N6XYP2vpgmMd7M2Ty/ERwbRznG5XW1jc2t8rblZ3dvf2D6uFRR8epoqxNYxGrrk80E1yytuFGsG6iGIl8wR798e3cf5wwpXksH8w0YV5EhpKHnBJjJa/vE4WDi7ylg2rNqTs58CpxC1KDAq1B9asfxDSNmDRUEK17rpMYLyPKcCrYrNJPNUsIHZMh61kqScS0l+VHz/CZVQIcxsqWNDhXf29kJNJ6Gvl2MiJmpJe9ufif10tNeONlXCapYZIuHgpTgU2M5wnggCtGjZhaQqji9lZMR0QRamxOFRuCu/zlVdK5rLuN+tV9o9ZsFHGU4QRO4RxcuIYm3EEL2kDhCZ7hFd7QBL2gd/SxGC2hYucY/gB9/gC1spFg</latexit>

Dove et al.
Nature 590, 561 (2021)

(important elsewhere, e.g. W mass determinations,  supernova explosions, …)



Lepton charge asymmetry in DIS

20

F �Z
3 = 4

3

�
1
2 � 4

3 sin
2 ✓W

�
(u� ū)

<latexit sha1_base64="FV/0CWStKLTbFwbdWLfZY0SOBIo="></latexit>

+ 2
3

�
1
2 � 2

3 sin
2 ✓W

�
(d� d̄)

<latexit sha1_base64="XpAVmGlRTMGOC6lGwGPtr13jnx8="></latexit>

+ 2
3

�
1
2 � 2

3 sin
2 ✓W

�
(s� s̄)

<latexit sha1_base64="O5GQfKarnByVPZG7Bcb7Hetttow="></latexit>

At quark level,         depends on C-odd combinations of PDFsF �Z
3

<latexit sha1_base64="J/i5WvZ6wM4UskXRJGUxc3XovEI=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8hV3N6xgQxGME88BkE3ons8mQmd1lZlYJS/7DiwdFvPov3vwbJ8kKUbSgoajqprvLizhT2rY/rZXVtfWNzcxWdntnd28/d3DYVGEsCW2QkIey7YGinAW0oZnmtB1JCsLjtOWNL2d+655KxcLgVk8i6goYBsxnBLSRelf9i17SHYIQgO+m/VzeLthz4CVSKVfLpQp2UiWPUtT7uY/uICSxoIEmHJTqOHak3QSkZoTTabYbKxoBGcOQdgwNQFDlJvOrp/jUKAPsh9JUoPFcXZ5IQCg1EZ7pFKBH6rc3E//yOrH2q27CgijWNCCLRX7MsQ7xLAI8YJISzSeGAJHM3IrJCCQQbYLKmhC+P8X/k+Z5wSkWSjfFfK2YxpFBx+gEnSEHVVANXaM6aiCCJHpEz+jFerCerFfrbdG6YqUzR+gHrPcvBO2SLg==</latexit>

valence u and d PDFs well known from global QCD analyses

signal is small and challenging to isolate from inclusive DIS alone

additional information e.g. from semi-inclusive DIS with e   & e
… but requires modeling of hadronization effects

Unique opportunity to explore matter - antimatter asymmetry

+ _

strange-antistrange asymmetry predicted
from χSB but has never been observed

most direct way to access asymmetry is via γZ interference

antiquark asymmetry between u and d established
_ _
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Dove et al.
Nature 590, 561 (2021)

(important elsewhere, e.g. W mass determinations,  supernova explosions, …)



Nucleon energy-energy correlators

Proposed new observables based on recent developments in pQCD:
“energy-energy correlators” (EECs)

“hybrid” between DIS and SIDIS, gives complementary information
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Liu, Zhu, PRL 130, 091901 (2023)

weighted cross section related to “moments” 
of PDFs & TMDs (integrals over x at fixed angles)
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for small     cross section factorizes into nucleon EEC
and partonic cross section
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where nucleon EEC is related to moment of PDF

perturbatively calculable
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measure scattered lepton, and energy of produced hadrons in final state



I’ve given 3 good reasons for positrons at JLab…

Outlook

… and look forward to hearing many more during the rest of the workshop.


