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Outline
• Single spin asymmetries (SSA): target normal and beam normal cases 
• Current status of two-photon exchange (TPE) calculaCons for elasCc 

e-p scaRering cross secCons 
• Some issues in extracCng proton electric and magneCc form factors 

using TPE: 
• the                  raCo 
• nonlinearity in ε 
• choice of form factor parametrizaCons for global fits: things to avoid
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on shell

k₁• Imaginary part determined by unitarity 
• Uses only on-shell form factors (or helicity amplitudes), 

directly fit to data 
• Real part determined from dispersion relaCons 

• Resonance intermediate states: 
 
 

• CLAS exclusive meson electroproduCon data for  
• Breit-Wigner lineshape

Dispersive method
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FIG. 1. Electrocouplings of the !(1232) 3/2+, N (1440) 1/2+, N (1520) 3/2−, N (1535) 1/2−, and !(1620) 1/2−. The left column shows
A1/2 and the right column shows S1/2, while the central column shows A3/2 when applicable. The data are from the RPP [56], CLAS [47–49,
51–53,69], the E94014 experiment [62], MAMI [66], MIT/Bates [64], Hall A [63,65] and Hall C [67].

035201-5

CLAS helicity amplitudes: Δ(1232), N(1440), N(1520)

Hiller Blin et al., PRC100, 
035201 (2019)
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Direct measurements of Im part

Target normal spin asymmetry:  same FFs

Beam normal spin asymmetry:  addiConal dependence on spin-flip FFs

This is all in the physical region.
6

quasi-VCS, where the intermediate electron is collinear
with either the incoming or outgoing electrons, the TPE
process also has a near singularity when the intermedi-
ate electron momentum goes to zero |~l| ! 0 (i.e. the
intermediate electron is soft). In this case the first pho-
ton takes on the full momentum of the initial electron,
i.e. ~q1 ! ~k, whereas the second photon takes on the full
momentum of the final electron, i.e. ~q2 ! ~k

0. One im-
mediately sees from Eq. (24) that this situation occurs
when the invariant mass of the hadronic state takes on
its maximal value W = Wmax ⌘

p
s �me. In this case,

the photon virtualities are given by :

Q
2
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o
,

Q
2
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me
p
s

n�p
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2
�

o
. (28)

This kinematical situation with two quasi-real pho-
tons, corresponding with quasi-real Compton scattering
(quasi-RCS), also leads to an enhancement in the corre-
sponding integrand of AbsT2� .

In the upper panel of Fig. 3, we show the kinemat-
ical accessible regions for the virtualities Q

2
1, Q

2
2 in the

phase space integral of Eq. (21) for a beam energy of
Ee = 0.855 GeV corresponding with the A4@MAMI ex-
periment, for different values of the c.m. angle ✓cm. In
the lower panel we display these phase space regions for
three different values of W , corresponding with the N ,
�(1232), and S11(1535) intermediate states. We notice
from Fig. 3 that the largest possible photon virtualities
in the TPE amplitude occur for the nucleon intermediate
state, whereas for the S11(1535) intermediate state both
photons have very small virtualities.

Using Eq. (21) for the absorptive part of the TPE am-
plitude, we can then express the normal spin asymmetry
Bn of Eq. (4) for the ep ! e� process in terms of a
3-dimensional phase-space integral:
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where the denominator factor D1�(s,Q2) is originating
from the OPE process as given by Eq. (16), and d⌦1 =
d cos ✓1d�1.

Equivalently, the phase space integration in Eq. (29)
can be re-expressed in a Lorentz invariant way as an in-
tegral over photon virtualities Q

2
1 and Q

2
2 by using the

Jacobian

J =

����
@Q

2
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Using Eq.(25) and an analogous expression for Q
2
2, the
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Figure 3. Kinematical accessible region for the virtualities
Q2

1, Q
2
2 in the phase space integral of Eqs. (21, 29) entering

the ep ! e� process. The upper panel shows the phase
space regions for different c.m. angles ✓cm as indicated on
the ellipses for Ee = 0.855 GeV (s = 2.485 GeV2), and for
W = 0.9383 GeV (i.e. for a nucleon intermediate state). The
lower panel shows the allowed values of the photon virtualities
for different intermediate states for ✓cm = 30o. We show three
cases corresponding with the contribution of N , �(1232) and
S11(1535) excitations. The accessible regions correspond with
the interior of the ellipses. The intersection with the axes
correspond with quasi-VCS, whereas the situation at W =p
s � me where all ellipses shrink to the point Q2

1 = Q2
2 ' 0

corresponds with quasi-RCS.
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Ahmed, Blunden, Melnitchouk (in preparaCon) See earlier talk by Goity
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Target normal SSA: 6.6 GeV
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• Free of kinemaCcs 
enhancements at thresholds 
(e.g. W² ≈ s ) 

• No significant dependence 
on width
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Kinematical limits
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1 ' 0, Q2

2 ≠ 0

k // k1

Q2
1 ≠ 0, Q2

2 ' 0

k1 // k’

Q2
1 ' 0, Q2

2 ' 0 

Quasi - RCS

Quasi - VCS

Quasi - VCS

k1 = 0, W = √s – me

'

'

'

• Quasi-singular behaviour at 
W² ≈ s  

• Analogous to real Compton 
scaRering 

• BW lineshape not enough to 
kill it 

• Explore alternaCves (e.g. 
complex pole mass)

• Pasquini & Vanderhaeghen (2004) 
• Afanasev & Merenkov (2004)

Δ:  integrand in W 
s = 1.72 GeV (E=1.15 GeV)

Beam normal

10



• Breit-Wigner form shows 
quasi-singular behaviour at 
Δ threshold (0.34 GeV)

• Quasi-singular behaviour 
even more pronounced at 
larger angles (higher Q²)
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EMC. By fitting the asymmetry distribution with a function
Amea ¼ −Aexp

⊥ cosϕe þ C an asymmetry Aexp
⊥ and an offset

C are extracted. Since the beam current asymmetry has been
corrected for, the offset C is a measure for the target density
asymmetry. Continued improvements of the liquid hydrogen
target operation and the beam stabilization systems over
10 years has led to an operation point with reduced target
density fluctuation by a factor of 20 as compared to the early
measurement [75]. Our analysis has shown that we do not
need any correction for target fluctuation for the data
presented here. The vanishing offsets measured at 315.1,
420.2, 510.2, and 855.2 MeV demonstrate that the target
density fluctuation in our experiment was very well con-
trolled. The offset measured at 1508.4 MeV deviates from
zero by 6.33 ppm, but is compatible with zero within 3σ.
The asymmetryAexp

⊥ is given by the ep scattering asymmetry
Aep
⊥ , diluted by the background asymmetry AeAl

⊥ from
the electron-aluminium (eAl) scattering at the target
window. The aluminium dilution factor f, defined as
f ¼ YeAl=ðYep þ YeAlÞ, with Yep and YeAl being the yield
of ep and eAl scattering, respectively, was measured to be
0.060 with a relative error of 10%. For the eAl asymmetry
we adopt the theoretical calculation in Ref. [79]. The ep
asymmetries determined as Aep

⊥ ¼ ðAexp
⊥ − fAeAl

⊥ Þ=ð1 − fÞ
are given in Table I. The statistical and total systematic
uncertainties, as well as uncertainties due to helicity corre-
lated false asymmetries, beam polarization, spin angle, and
target window dilution are also listed.
As shown in Fig. 3, the ep beam transverse spin

asymmetries (Aep
⊥ ) measured in this work are consistent

with our previous measurements [67]. More importantly,
the new measurements substantially expand the energy
range, thus enable TPE studies in a vastly extended
kinematic region. Our experimental data show that Aep

⊥
increases with beam energy from 315.1 to 510.2 MeV, and
reaches a plateau between 510.2 and 855.2 MeV. At the
first three energies our experimental errors are smaller
than 1 ppm. With the decrease of the ep scattering cross
section, the measurements at higher energies have
increased statistical errors. Despite of the large uncertainty,

the asymmetry measured at 1508.4 MeV is consistent with
zero. To understand the data, several theoretical calcula-
tions are shown in Fig. 3 as well. The heavy baryon chiral
perturbation theory adopted in Ref. [80] (solid black curve)
is seen to reproduce our data point at 315.1 MeV but is
only valid at much smaller incident electron energy. In
Ref. [81] the imaginary part of the VVCS amplitude is
related to the total photoabsorption cross section σγp by the
optical theorem. While the optical theorem is only appli-
cable in the exact forward limit, Ref. [81] proposed a
phenomenological approach to extend it to small finite
values of Q2. The updated calculation in the relevant
kinematics in that approach is represented by the green
curve. Reference [59] accounts for the elastic and πN
intermediate states. The dashed line represents the elastic
contribution, which is expressed in terms of the proton form
factors GE and GM. The γ⋆p → πN amplitudes are taken
from the latest MAID analyses of single π electroproduc-
tion observables [82]. This calculation has given results
which agree well with our backward-angle data [68].
Comparison of data to the elastic calculation in Fig. 3

shows a clear indication of TPE involving inelastic inter-
mediate states. However, the measured asymmetries are

TABLE I. The beam transverse spin asymmetry in electron-proton elastic scattering (Aep
⊥ ) measured at each beam

energy. Q2 is determined as the cross-section weighted average over the detector acceptance. Four systematic
uncertainties, which contribute the total systematic error are listed in the last rows.

Beam energy [MeV] 315.1 420.2 510.2 855.2 1508.4
Q2 [ðGeV=cÞ2] 0.032 0.057 0.082 0.218 0.613
Aep
⊥ [ppm] −2.22 −6.88 −9.32 −7.46 −0.06

Statistical error [ppm] 0.40 0.53 0.63 1.22 2.89
Total systematic error [ppm] 0.43 0.42 0.62 1.55 1.90

Helicity correlated beam differences 0.36 0.29 0.49 1.37 1.47
Polarization measurement 0.02 0.04 0.05 0.06 0.11
Spin angle measurement 0.00 0.01 0.02 0.02 0.17
Al target window dilution 0.22 0.30 0.38 0.73 1.19

Beam energy [GeV]
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
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M. Gorchtein, Ref. [81]

2005 data, Ref. [67]

this work

FIG. 3. Aep
⊥ as a function of beam energy. Note the data point at

855.2 MeV from Ref. [67] is shifted horizontally for a better
view. The bands reflect the dependence of the mean scattering
angle on beam energy.
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the aluminum asymmetry A1 [38]. Another background
correction was applied for f2 ¼ 0.018" 0.004%, a dilution
due to inelastic electrons. The inelastic asymmetry A2 [38]
was determined using dedicated measurements with the
toroidal magnet configured to focus inelastic electrons
onto the detectors. Additionally, neutral backgrounds in
the acceptance generated by sources in the beam line (f3 ¼
0.19" 0.06% dilution) and other sources (f4 < 0.3%
dilution) were studied. These neutral backgrounds con-
stituted negligible corrections to the experiment’s final
azimuthal asymmetry. Therefore, no correction was applied
(A3 ≈ A4 ≈ 0). However, their dilutions were taken into
consideration.
A unique potential background asymmetry not yet

observed in a Bn measurement is a parity-violating beam-
transverse single-spin asymmetry (Ax), generated by the
interference between one-photon exchange and the Z0

exchange processes. At our kinematics, Ax is estimated to
be on the order of 10−11 [39], too small to be observed in this
experiment.
The various corrections were applied to the experimental

asymmetry Aexp to extract Bn following

Bn ¼ Rtot

!
Aexp=P −

P
4
i¼1 fiAi

1 −
P

4
i¼1 fi

"
þ Abias: ð3Þ

Here Ai is the background asymmetry generated by the ith
background (aluminum windows, inelastics, beam line
neutrals, and other neutrals, respectively) with dilution
fi. The factor Rtot ¼ 1.0041" 0.0046 accounts for elec-
tron energy loss and depolarization from electromagnetic
radiation, nonuniform Q2 distribution across the detectors,
light-collection variation across the detectors, and the

uncertainty in the acceptance-averaged hQ2i ¼ 0.0248"
0.0001 GeV2. Abias ¼ 0.125" 0.041 ppm is a false asym-
metry that arose due to the analyzing power of the scattered
electrons that can rescatter in the lead preradiators installed
upstream of each main detector. This effect is described in
detail elsewhere [31]; it was larger in magnitude in the
present case because, for a transversely polarized beam,
it does not largely cancel due to the symmetry of the
apparatus. With the above corrections, we obtain a value of
Bn ¼ −5.194" 0.067 (stat) "0.082 (syst) ppm for elastic
electron-proton scattering at a vertex scattering angle of
hθi ¼ 7.9° and vertex energy hEi ¼ 1.149 GeV. The con-
tributions from different error sources are summarized in
Table I and discussed in more detail in Ref. [38].
Figure 2 compares our measurement to three model

calculations: Pasquini and Vanderhaeghen [4,5], Afanasev
and Merenkov [10,11], and Gorchtein [3,6–9]. The latter
model [3,6–9] is in closest agreement with this measure-
ment (within 0.3 ppm, or just 7%), but still 2.7σ away,
given the small Qweak uncertainty. The other prediction that
also uses the optical theorem [10,11] is only slightly further
away. The Pasquini and Vanderhaeghen model significantly
underpredicts the magnitude of Bn. The latter calculation
uses unitarity to model the doubly virtual Compton
scattering (VVCS) tensor in the resonance regime in terms
of electroabsorption amplitudes, whereas both Afanasev
and Merenkov as well as Gorchtein use the optical theorem
to relate the forward VVCS tensor to the total photo-
absorption cross section. Although the three calculations
predict similar angular behavior for the asymmetry in our
acceptance, their magnitudes vary widely.
Generally, the models agree that the dominant contribu-

tion to the asymmetry comes from the inelastic intermedi-
ate states of the nucleon in TPE. The contribution from the

TABLE I. Summary of experimental uncertainties.

Uncertainty source ΔBn=Bn (%)

Statistics 1.29
Systematics

P: beam polarization 0.807
Rtot: kinematics and acceptance 0.428
Rl: electronic nonlinearity 0.540
Linear regression 0.656
Rav: acceptance averaging 0.067
A1: aluminum background asymmetry 0.408
f1: aluminum dilution 0.172
A2: inelastic background asymmetry 0.024
f2: inelastic dilution 0.030
A3: beam line neutral asymmetry 0.004
f3: beam line neutral dilution 0.064
A4: other neutral background asymmetry 0.201
f4: other neutral background dilution 0.213
Abias 0.789

Systematics subtotal 1.57

Total uncertainty 2.03

FIG. 2. Comparison of this measurement (red circle) to calcu-
lations at Elab ¼ 1.149 GeV by Pasquini and Vanderhaeghen [4],
Afanasev and Merenkov [10], and Gorchtein [6] over the Qweak
acceptance. The orange band about the latter calculation indicates
the model uncertainty.

PHYSICAL REVIEW LETTERS 125, 112502 (2020)

112502-4

Qweak data point magnified

• Comparable with Gorchtein 
result 

• Data point provides strong 
constraint on theory

• Afanasev & Merenkov (2004) 
• Pasquini & Vanderhaeghen (2004) 
• Gorchtein (2006)
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A4 data at 0.855 GeV
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energies and forward angles 

• Undershoots data at high 
energies and forward angles
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• L and H are leptonic and hadronic tensors 
• f is a polynomial in photon virtual momenta Q12 and Q22 

• Gi(Qi2) are transiCon form factors with poles in the complex Qi2 plane

Evaluate in unphysical region using contour integraCon 

• Numerical contour integraCon allows for use of general funcConal forms 
for transiCon form factors 

• Must be able to analyCcally conCnue Gi(Qi2) into Cme-like region

Re part of TPE: A few technical details

Im

Tomalak & Vanderhaeghen, EPJA51, 24 (2015);  Blunden & Melnitchouk, PRC95, 065209 (2017)



Gramolin & Nikolenko (2016):                                                 linear fit to σ 

GMp12 (2022):                                                                      for convenience of fit  

1. Good (no poles in Cme-like region) 

2. Bad (but tolerable): 
 
 
 
 
 
 
 

3. Ugly (could try to reparametrize):                                has branch cuts;  splines

Can have poles in spacelike region of Qi2. 
Good if 
 
 
but requires special handling beyond that.

G(Q2
i ) =

PN
j=0 ajQ

2j
iPN+2
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ParametrizaCon of form factors: Good, Bad, and Ugly
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TPE correcCons to cross secCon (CLAS resonances)

•RelaCve to Maximon-Tjon 
•Linear over mid-range of ε values, but curves towards endpoints 
•Grid available for interpolaCon

Ahmed, Blunden & Melnitchouk, PRC102, 045205 (2020)

��� ��� ��� ��� ���
-�

-�

-�

�

ε

δ ��
�(
%
)

�������=� ����
�

�

�
���

���



SLAC E140/NE11 LT: Walker et al, PRD 49, 5671 (1994); Andivahis et al, PRD 50, 5491 (1994) 
Super Rosenbluth LT: Qattan et al, PRL 94, 5671 (1994) 
Polarization Transfer (PT): (various)

• To extract GE  and GM  from LT 
measurements we should correct 
the data for TPE at the same level 
as other RCs. 

• SLAC: all details of RC are published 

• Super Rosenbluth: no RC details are 
published, not even cross secCons!

Form factors and the GE/GM raCo
PT data

• Band is at 90% confidence interval

1 GeV2  Q2  8.83 GeV2
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CRC = CL exp (�RC + �) ,

�RC = �(MTj) + �VP + �brem,int + �brem,ext,

� = �TPE � �IR(MTj)
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SLAC formulation: Walker et al. PRD 49, 5671 (1994)

RC improvements: Gramolin & Nikolenko, PRC 93, 055201 (2016)
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• Use exponenCaCon 
• Use Maximon-Tjon instead of 

Mo-Tsai (no difference at 
order Z⁰) 

• Improvements to hard 
internal and external δbrem 

bremsstrahlung 
• Minor improvements to VP 

and ionizaCon factor CL

MTs = Mo-Tsai 
MTj = Maximon-Tjon
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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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Andivahis: TPE corrected reduced cross secCons
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Proton form factor raCo: Rosenbluth
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MagneCc and Electric form factors

• For GE, use GM and PT raCo (GE/GM)
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MagneCc and Electric form factors

• For GE, use GM and PT raCo (GE/GM) 
• Kelly (2004) and AMT (2007) parameterizaCons 

accounCng for TPE (as known at the Cme)
27
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Summary
• Beam normal SSA interesCng and challenging. 

–How to handle quasi-singular behaviour, if at all 
• Efforts underway to incorporate electroproducCon data 

throughout the resonance region, including non-resonant 
background, using CLAS data as input (Tomalak et al. have a 
similar approach using MAID analysis) 

• “Results of e+p/e-p experiments are by no means definiCve.” 
–Problems remain at high ε 

• Proper inclusion of TPE likely resolve PT and LT differences at 
high Q2
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Clear need for definiCve e+p measurements at high Q2, low ε 


