
TPE studies in elastic e-p 
scattering: past, present and 

future

Peter Blunden (University of Manitoba)

Second NREC Workshop


April 13-17, 2026

Collaborators:  Wally Melnitchouk, John Tjon, Tony Thomas 
                           Sergiy Kondratyuk, Nathan Hall, Jaseer Ahmed, Kyle Shiells



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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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*:
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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

Rosenbluth (Longitudinal-Transverse)

Separation

Polarization Transfer

LT method 

σR = G2

M (Q2) +
ε

τ
G2

E(Q2)

PT method

GE

GM

= −

√

τ(1 + ε)

2ε

PT

PL

from slope in    plotGE �

suppressed at large Q2

P    recoil proton 
polarization in
T,L

�e p� e �p

Proton              RatioGE/GM

2



!G2
M

G2
E

   "#2$

Polarization transfer slope

!G2
M

G2
E

   "#2$

Polarization transfer slope

about 50% TPE about 80% TPE

Assuming OPE
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Rosenbluth

Polarization transfer

• Requires a correction with a 
positive slope vs 


• Any radiative correction must 
vanish as  (unitarity)


• Does not mean the 
correction is inherently large

ε

ε → 1
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How to go from negative slope to required positive slope?

• IR divergence from soft virtual photons 
(  or )

• Cancelled by e-  soft real photon 
interference term (bremsstrahlung)
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A. PAIS AND J. R. PRIMACK
sentations (2, 2). The quantity RePOP * depends upon
details of the vacuum expectation values of the Higgs
particles and upon their couplings to the muonic
leptons. Without perversely constraining these param-
eters, the quantity RePOP* is of order unity.
See especially Ref. 14, Sec. IV. As explained in
Ref. 14, Sec. I, the notion of superweaknessasusedhere
is in conformance with its initial introduction by
L. Wolfenstein [Phys. Rev. Lett. 13, 562 (1964)].

2'See especially Ref. 14, Sec. VII.
'For the definitions of o and p see Ref. 14, Eqs. (3.16)
and (3.17~.

'YRef. 14, Eq. (3.19).

Ref. 14, Eq. (7.24).
2'Ref. 14, Sec. VII. Other contributions to the ~ea/ mass
difference stem from the so-called box graphs, for
example (see Ref. 19).
For Dm„n, the set of graphs is as in Fig. 6, with
obvious changes in the particle labels.

3 Ref. 14, Eqs. (4.13), (4.14), {7.23).
At this point we make use of the fact that the (-,', 2)
scalar multiplets may be chosen to be real in the sense
defined in Ref. 14, Sec. II; see also Ref. 14, Sec. VII.
The reader will also verify that the presence of singly-
charged scalar fields in (2, 2)' does not modify the
m, proportionality of the dipole moments.
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%'e show that the existence of pointhke constituents within the nucleon makes it plausible that
scale-breaking effects due to higher-order electromagnetic corrections in deep-inelastic scattering will be
of order a ln'( —q'/p, ') in the region s, »1 (GeV) and large electron scattering angles. Additionally
we are led to conclude that, when the final electron energy is finite in the laboratory frame, the
difference of electron and positron deep-inelastic scattering is of order a in(—q2/p, ) rather than of
order a. We discuss the possible measurement of this difference and what we may learn from such a
measurement.

I. INTRODUCTION

Whatever the deeper reasons behind this fact,
deep-inelastic lepton-nucleon scattering at present
day accelerators' behaves as if the nucleon con-
tained pointlike constituents. ' We shall try to use
this feature of the data to make some very brief
comments on electromagnetic corrections to e-e
and deep-inelastic scattering and on the possible
difference between deep-inelastic electron and
positron scattering. The difference between e'+P
-e'+X and e +P- e +X was previously studied by
Kingsley using a "softened" parton model' as a
method of effecting the cutoff necessary to bring
Bjorken scaling into a field-theoretic picture. He
came to the conclusion that the ratio ~ between the
deep-inelastic electron and positron cross sections'
v and 0+ takes the form

us to be of compelling simplicity. We come to the
conclusion, based on the pointlike constituent idea,
that when 2m v- s„»rest masses squared of the
problem (which corresponds to large electron scat-
tering angles and finite values of the final electron
energy E'),
r = 1+0(n Ins(-qs/p')),

where p is a scale mass to be discussed (Sec. II),
which is plausibly of hadronic size. This is there-
fore a scale-breaking effect. On the other hand,
we expect a form like Eq. (1.1) in small momentum-
transfer experiments, r' or when -q'/s, -0.
The factor 1 (-n/qP') enhancesr andthereby

gives us an extra chance to test our ideas on quan-
tum electrodynamics and deep-inelastic scattering.
According to our reasoning, the over-all cross
sections behave as

up to possible factors involving logarithms of q'.
While we. are not so ambitious in the sense of study-
ing a definite model, the method we use seems to.

Qo'-, [la 0(u lns(-qs/p. s))],.
At presently available energies the logarithmic
factor is -5, which does not allow us to differen-
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On the basis of a parton model, Fishbane and Kingsley have investigated the difference between e p
and e+p deep-inelastic scattering in the backward direction and found it to be of relative order
a ln'(Q'/p, '), where p, is a typical hadronic mass. We have reexamined this problem in the more
general kinematic region E &&&E, (E, and E, are the initial and final electron energies, respectively)
and have taken care to distinguish between hard- and soft-photon radiative corrections. The noninfrared
part of the virtual photon correction has been found to be of relative order a ln'(E, /E3). It is hard to
conceive of a situation where such a contribution to the cross section would be observable.

In a recent paper, ' Fishbane and Kingsley ex-
amined the difference between 8'P and e P deep-
inelastic scattering in the context of a parton mod-
el. In this model it is assumed that scattering is
due entirely to the electromagnetic interaction
of the positron or the electron with the pointlike
constituents of the proton, ' and that the scattering
occurs on a short enough time scale so that inter-
actions among the partons themselves may be
neglected during the scattering process. The only
radiative corrections taken into account are those
involving the lepton and a single parton. Further,
it is implied by the treatment of FK that the par-
tons scatter incoherently. Of course this assump-
tion is not valid for infrared (soft-photon) process-
es. As has been pointed out by many authors, '4
the infrared contributions to radiative corrections
depend purely on the momenta of incoming and
outgoing charged particles, and not on the internal
details of the scattering process. Thus, in the
present case the infrared contributions can have
nothing to do with the parton mechanism, and must
be separated from the hard-photon contributions.
Normally the infrared contributions constitute the
most important part of the radiative corrections.
However, the issue here is whether the residual
hard-photon contributions are also important.
Under the assumptions of FK, the problem of

e'P scattering is reduced to the purely quantum-
electrodynamical problem of e' scattering from a
Dirac particle. FK evaluate the radiative correc-

tions due to two-photon exchange, and conclude
that, in the extreme relativistic case and in the
limit 6)*-180','

der do dc' 3n Q'

to order n'. Here dc'/dQ is just the lowest-order
cross section, Q'=-(p, -p, )', and p, is a mass
which is typically hadronic, i.e. , p,' =0(m~'). Al-
though in arriving at (I) FK have dropped terms
involving the logarithm of the energy resolution
(In&;„), it is not clear that they have eliminated
all terms of infrared origin. In general (although
this depends on the calculational technique used),
the infrared contribution contains doubly logarith-
mic terms that do not depend on k . Thus the
infrared terms arising from a given process can
be identified unambiguously only by examining the
structure of the momentum-space integrals as-
sociated with that process.
We now proceed to investigate

do' d(T

dQ, +q dQ, -p '

keeping in mind the distinction between hard- and
soft-photon contributions. In particular, we are
interested in this quantity in the extreme rela-
tivistic limit, and in a region about (9* =180',
namely Q'»2P, P4. The infrared part of the cross

11

TPE in DIS kinematics examined in the 1970’s
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Suggest that

⇠ ↵ ln2
�
Q2/µ2

�

for s � 1 GeV2

and large angles
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Showed that

⇠ ↵ ln2 (E1/E3)

for hard photons
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TPE and TBE: a brief overview

2003-2008

• Suggest neglected two-photon exchange (TPE) as a way to resolve discrepancies


–First calculations by Blunden et al. (2003) using hadronic models were 
promising


–Quark model approach by Afanasev et al. (2004)

–At first a rather unwelcome discovery (reaction mechanism more complicated)


• Experiments look for indirect evidence of TPE (non-linear ε-dependence, global 
parameter fits to data, etc.)


• Single Spin Asymmetry (SSA): inelastic beam normal  (measured in PVES 
experiments) and target normal  measure absorptive (imaginary) part of TPE

(Bn)
(An)

6

Review: Arrington, Blunden & Melnitchouk, PPNP 66 (2011) 782The first era:



Low to moderate Q2:


hadronic: N + Δ + N* etc.

• as Q2 increases more and 

more parameters


Moderate to high Q2:

• GPD approach: assumption of hard photon 

interaction with 1 active quark (handbag)


• Embed in nucleon using Generalized 
Parton Distributions


• Valid in kinematic range |s,t,u| ≫ M²


• Ambiguity in how to exclude soft 
photon terms


• pQCD:  later work indicates two active 
quarks dominate (Borisyuk & Kobushkin, 
Kivel & Vanderhaeghen) 

“handbag” “cat’s ears”

k k!

p p!

q
1

q
2

k k!

p p! k
 k

 k

 k
2
qq

1

Hadronic and Partonic Approaches (2003-2008)

Afanasev et al., PRD 72, 013008 (2005)

PGB, Melnitchouk, & Tjon, PRL 91, 142304 (2003)

Borisyuk & Kobushkin, PRC 78, 025208 (2008)
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Not included in  
original GPD model
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• positive slope, vanishes as ε → 1

• nonlinearity grows with Q2


• GM dominates in loop integral

• right order of magnitude and sign to 

explain GE/GM ratio

• essentially a form factor effect (not 

two hard photons)
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~2008-2015

• Theorists turn their attention to electroweak interaction, the Qweak parity-

violating e⁻p scattering experiment, and the effect of two-boson exchange (γZ)

• Introduce dispersion relations (valid in the forward angle limit) based on structure 

functions and isospin rotation to reduce model-dependence (Gorchtein, 2009)

9

Review: Afanasev, Blunden, Hasell & Raue, PPNP 95 (2017) 245

The Vector Box Plots 
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• Differences come from the treatment of the 

structure functions. 

 

Qweak energy: 8% correction!

The second era:



γ γ

γ Z

γ W

Electromagnetic and electroweak boxes

Long-range

• Forward limit Q² → 0 (muonic H, charge radius)


• Use total photonuclear cross section data as input 
(Brown, 1970; Gorchtein, 2014)

Short + long-range

• Forward limit Q² → 0 (atomic PV, Qweak)


• Use isospin rotated cross section data as input

• Use PDF description in DIS region (short-range)

• Vector part is largest source of theoretical uncertainty 

at finite energy

Short + long-range

• Forward limit Q² → 0 (  decay, CKM unitarity)


• One of the largest sources of theoretical uncertainty 
in CKM unitarity tests using 


• Chen et al., 2018; Shiells & PGB, 2021

β

Vud
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~2008-2015

• Theorists turn their attention to electroweak interaction, the Qweak parity-violating 
e⁻p scattering experiment, and the effect of two-boson exchange (γZ)


• Introduce dispersion relations (valid in the forward angle limit) based on structure 
functions and isospin rotation to reduce model-dependence


~2011-2014

• Muonic hydrogen experiments at PSI measure a proton radius that is 7σ away from 

known results using e⁻p scattering


• High precision e⁻p scattering experiments at very low Q² give results confirming the 
discrepancy (somewhat controversial due to extrapolations to low Q²)


• TPE effects play an important role in both muonic hydrogen and e⁻p scattering


~2014-2017

• Results of three e⁻p vs e⁺p experiments are reported


• Theorists use dispersive techniques to reanalyze TPE, with a view to reduce model-
dependence and make the calculations more robust

11

Review: Afanasev, Blunden, Hasell & Raue, PPNP 95 (2017) 245The second era:



A comparison of the results from recent R2γ experiments
to Blunden’s newest calculation (N þ Δ) is shown in Fig. 3.
We plot the difference between the data and theory
calculated at the ϵ and Q2 for each data point to approx-
imately take into account that the data were taken at
different ϵ and Q2 values. This shows the data are largely
consistent with each other, but mostly below the calculation
by Blunden. A similar plot could be made versus Q2.

Comparison with the phenomenological prediction of
Bernauer (not shown) shows good agreement.
We do not agreewith the conclusions of the earlier Letters

[25,26]. The data shown in Fig. 3 clearly favor a smallerR2γ.
While the agreement with the phenomenological prediction
of Bernauer suggests that TPE is causing most of the
discrepancy in the form factor ratio in the measured range,
the theoretical calculation of Blunden, which shows roughly
enough strength to explain the discrepancy at larger Q2,
does not match the data in this regime. To clarify the
situation, the size of TPE at large Q2 has to be determined
in future measurements.

FIG. 3. Comparison of the recent results to the calculation by
Blunden. The data are in good agreement, but generally fall
below the prediction. Please note that data at similar ϵ values have
been measured at different Q2. Also note that the VEPP-3 data
have been normalized to the calculation at high ϵ.

TABLE II. OLYMPUS results for R2γ using the prescriptions: Mo-Tsai to order α3 (a) and to all orders (b); and
using Maximon-Tjon to order α3 (c) and to all orders (d).

hϵi hQ2i GeV2=c2 R2γ (a) R2γ (b) R2γ (c) R2γ (d) δstat δuncorrsyst δcorrsyst

0.978 0.165 0.9971 0.9967 0.9979 0.9978 0.0003 0.0046 0.0036
0.898 0.624 0.9920 0.9948 0.9944 0.9958 0.0019 0.0037 0.0045
0.887 0.674 0.9888 0.9913 0.9912 0.9923 0.0021 0.0042 0.0045
0.876 0.724 0.9897 0.9927 0.9921 0.9935 0.0023 0.0060 0.0045
0.865 0.774 0.9883 0.9921 0.9907 0.9929 0.0026 0.0050 0.0045
0.853 0.824 0.9879 0.9918 0.9903 0.9926 0.0029 0.0039 0.0045
0.841 0.874 0.9907 0.9952 0.9931 0.9958 0.0032 0.0042 0.0045
0.829 0.924 0.9919 0.9967 0.9943 0.9972 0.0036 0.0033 0.0045
0.816 0.974 0.9950 0.9998 0.9973 1.0002 0.0039 0.0033 0.0045
0.803 1.024 0.9913 0.9969 0.9936 0.9971 0.0043 0.0040 0.0045
0.789 1.074 0.9905 0.9955 0.9927 0.9956 0.0047 0.0050 0.0045
0.775 1.124 0.9904 0.9960 0.9926 0.9960 0.0052 0.0041 0.0045
0.761 1.174 0.9950 1.0011 0.9971 1.0009 0.0057 0.0063 0.0045
0.739 1.246 0.9945 1.0007 0.9964 1.0002 0.0046 0.0056 0.0045
0.708 1.347 0.9915 0.9985 0.9930 0.9977 0.0054 0.0049 0.0046
0.676 1.447 0.9842 0.9912 0.9854 0.9899 0.0063 0.0050 0.0046
0.635 1.568 1.0043 1.0126 1.0049 1.0105 0.0063 0.0055 0.0046
0.581 1.718 0.9968 1.0063 0.9966 1.0032 0.0077 0.0096 0.0046
0.524 1.868 0.9953 1.0055 0.9941 1.0013 0.0095 0.0118 0.0046
0.456 2.038 1.0089 1.0212 1.0064 1.0154 0.0104 0.0108 0.0046

FIG. 2. OLYMPUS result for R2γ using the Mo-Tsai [21]
prescription for radiative corrections to all orders. Uncertainties
shown are statistical (inner bars), uncorrelated systematic (added
in quadrature, outer bars), and correlated systematic (gray band).
Note the 12° data point at ϵ ¼ 0.978 is completely dominated by
systematic uncertainties.

PRL 118, 092501 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

3 MARCH 2017

092501-4

TPE effect on ratio of e+p to e-p cross sections

12

OLYMPUS (2017)

What is going on 
at low Q²?

Suggestive, but would like to see measurements extended to higher  Q2



~2018-present

• The two-boson exchange (γZ) program is extended to (γW), using dispersion 

relations based on structure function data to reduce model-dependence


• Much additional experimental and theoretical work on proton radius 
(H, muonic-H, e⁻p scattering)


• Improved treatment of other radiative corrections (e.g. McMule)


• Theorists introduce new models and techniques to analyze TPE:

–Dispersive approach with VVCS amplitudes

–Pion electroproduction amplitudes using MAID parametrization

–Resonant intermediate states using CLAS helicity amplitudes

–Effective field theory formalism

–Heavy baryon chiral perturbation theory

–QED-NRQED EFT

–Lattice calculations

13

Review: Afanasev et al., EPJA (2024) 60The third era:
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k₁• Imaginary part determined by unitarity

• Real part determined from dispersion relations

• Uses only on-shell form factors (or helicity amplitudes), 

directly fit to data


• Resonance intermediate states: 
 
 

• Use CLAS exclusive meson electroproduction data for helicity amplitudes


• Include Breit-Wigner lineshape

Dispersive method
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A1/2, A3/2, S1/2
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TPE corrections to cross section (CLAS resonances)
Ahmed, Blunden & Melnitchouk, PRC102, 045205 (2020)

•Linear over mid-range of ε values, but curves towards endpoints

•Presence of TPE allows for smaller contribution of          to

<latexit sha1_base64="qwuns0CEjcedpt2d+h1RRSF/HJo=">AAAB7HicbVDLSgNBEJyNrxhfUS+CIINB8BR2Az5OElDRYwQ3CSRrmJ3MJmNmZ5eZXiEs+QYPelDEq1/hV3jzb5w8DppY0FBUddPd5ceCa7DtbyszN7+wuJRdzq2srq1v5De3qjpKFGUujUSk6j7RTHDJXOAgWD1WjIS+YDW/dz70aw9MaR7JW+jHzAtJR/KAUwJGcq9al3elVr5gF+0R8CxxJqRQ3rvYeYLP+0or/9VsRzQJmQQqiNYNx47BS4kCTgUb5JqJZjGhPdJhDUMlCZn20tGxA3xglDYOImVKAh6pvydSEmrdD33TGRLo6mlvKP7nNRIITr2UyzgBJul4UZAIDBEefo7bXDEKom8IoYqbWzHtEkUomHxyJgRn+uVZUi0VnePi0Y1J4wyNkUW7aB8dIgedoDK6RhXkIoo4ekQv6NWS1rP1Zr2PWzPWZGYb/YH18QPr4JEQ</latexit>
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improved RC + TPE

original data

• Example from Andivahis data set at  Q² = 4 GeV²

• Uses improved RC + our TPE

• No evidence of non-linearity
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Prediction for electron-neutron elastic scattering



Direct measurements of Im part

This is all in the physical region.! !!
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Probe different aspects of TPE!

Target normal spin asymmetry:  same generalized FFs as cross section
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Beam normal spin asymmetry:  additional dependence on spin-flip FFs
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Compare with TPE correction to cross section:
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Beam normal SSA: fixed E vs θ
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• Tends to overshoot data at low energies and forward angles

• Tends to undershoot data at high energies and forward angles



Target normal SSA @ JLab energies
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Potential 2% asymmetry in angular range 20-60° for Elab = 2.2, 4.4, and 6.6 GeV.
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1. The ratio   in the region   GeV2 

This is a definitive experiment, and should find an enhancement 
of between 6 and 10%. A negative result would be shocking!


2. MUSE  
A complementary probe of TPE that could shed light on the 
OLYMPUS result at large .


3.  scattering in the region   GeV2 

Different models should give unambiguous predictions.


4. Target normal SSA    for Elab = 2.2, 4.4, and 6.6 GeV 
Direct probe of Im part of TPE generalized form factors relevant to 
cross section TPE correction. 
Potential 2% asymmetry in angular range 20°-60°.

e+p/e−p Q2 = 3 − 5

μ±p

ε

e − n Q2 = 1 − 5

An
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TPE: Four key experiments


