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Long-distance dynamics in baryon sector 

 baryon and  expansion of QCDΔ 1/Nc

Physics in low-energy e+/e- N scattering

Low  elastic form factors  chiral dynamicsQ2 →

What hadronic structure and dynamics 
can be explored in low-energy 
electron/positron-nucleon scattering?

Chiral symmetry breaking and EFT methods

e±

N
N
γN

Single-spin asymmetries  two-photon exchange→

Virtual Compton scattering  Re/Im, contact, polarizabilities→

πN, Δ

What specific/unique measurements 
can be done with positrons?

Here: 300 MeVEe± ≲

Complementarity JLab   MUSE e± ↔ μ±, e±

mailto:weiss@jlab.org
https://indico.jlab.org/event/964/overview
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2This presentation

• Key measurements, not a complete inventory

• Focus on physics potential, not a review of literature

• Intended to start discussions

Also interesting (not covered here):

e+/e- scattering on nuclei A > 1

Nuclear form factors, radii, two-photon exchange in elastic scattering

Nuclear excitations 1-10 MeV in inelastic scattering
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3Long-distance dynamics in baryon sector

Chiral dynamics

Chiral symmetry breaking in QCD

baryon mass

(Nc)

O (1/ )cN

O (1/ )cN

N, ∆

N *

O

Pion as phase fluctuation of condensate ⟨ψ̄ aψ b⟩ ∼ C Uab(x)

⟨ψ̄ ψ⟩ ≠ 0

Quasi-massless excitation

Interactions , coupling to baryons∝ pμ

Dynamics constructed and solved using EFT methods

Baryon resonances Δ(1232)

 expansion of QCD: Semiclassical limit, dynamics simplifies1/Nc

 and  in ground-state multiplet 1/2N Δ I = J =

Dynamical spin-flavor symmetry in baryon sector

Transitions governed by symmetry ⟨Δ | . . |N⟩ ↔ ⟨N | . . |N⟩

EFT methods: Combine chiral  expansions× 1/Nc

π

N N

Gasser, Leutwyler 1984; Weinberg 1990; Bernard, Kaiser, Meissner 1990s, ...

'tHooft 1974, Witten 1979, Gervais, Sakita 1984, Dashen, Jenkins, Manohar 1990s

Goity, Calle Cordon, Fernando, Jayakodige 2013+
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4Low-  elastic form factorsQ2

Elastic scattering e±N → e±N

Extract electric/magnetic form factors GE,M(t)

= +

Charge radius ⟨r2⟩E = 6 G′￼E(0)

TPE + other radiative corrections

Long-distance dynamics

 cut in analytic functions ππ GE,M(t > 0)

Calculated using unitarity + dynamical input

Encoded in low-  behavior of spacelike form factors: 
Higher derivatives moments  etc.

Q2

G′￼′￼E, ⟨r4⟩

To explore it, need to measure -dependence over 
finite range, not just 

Q2

Q2 → 0

Basic feature of long-distance hadron structure

Controls systematics in nucleon radius extraction

π π

 cutππ
correlations

t = − Q2 < 0

t

4M2
π

higher-mass 
exchanges

+ + ...

Frazer, Fulco 1960; Hoehler et al 1970s; ...; Hoferichter et al 2016

see e.g. Alarcon, Weiss, PRC 97 (2018) 055203 [INSPIRE]

https://inspirehep.net/literature/1631336
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5Low-  elastic form factorsQ2

Positrons

Validate calculations of TPE + other radiative corrections

Improve low-   measurements and radius extraction: 
Major source of uncertainty

Q2 GE

Two-photon exchange correction changes sign TPE  OPE×

Complementarity with PSI MUSE

+
e±

±e e2

Also: Improve sensitivity to  at low-GM Q2

9

FIG. 8. DI�EFT predictions for the di↵erential cross section
of ep scattering for several assumed value of the proton ra-
dius (compare with Fig. 3 for µp scattering). The cross section
predictions include the TPE correction and are normalized by
the standard dipole cross section without TPE e↵ects. Solid

lines: Nominal DI�EFT predictions for the assumed value of
the proton radius. Bands around solid lines: Intrinsic theoret-
ical uncertainty of DI�EFT prediction (unrelated to assumed
proton radius). Blue band at bottom: TPE contribution to
cross section [23].

TPE corrections have di↵erent kinematic dependence in
ep than in µp scattering [14, 23]. In ep they increase
strongly with Q2 at fixed k, and decrease with k at fixed
Q2 In µp the dependencies are much weaker. (b) The
size of the TPE corrections relative to the variation of
the cross section with the radius is much larger in ep
than in µp, especially at low beam momenta. At k = 115
MeV and Q2 = 0.02 GeV2, the size of TPE correction

FIG. 9. Estimated accuracy of e�p cross section measure-
ments required to discriminate between di↵erent values of the
proton radius (compare with Fig. 5 for µp scattering). Lines:
Di↵erences between DI�EFT cross section predictions for pro-
ton radii di↵ering by �rE (values see legend). Shaded band

at bottom: Size of the TPE contribution [23].

amounts to a change of the radius �rE ⇡ 0.03 fm in ep
scattering, compared to �rE ⇡ 0.015 fm in µp scattering
in the same kinematics. (c) Overall, the di↵erent size
and kinematic dependence of the TPE corrections causes
a di↵erent Q2-dependence of the cross section for ep and
µp scattering at low Q2.

Figure 9 shows the estimated accuracy of the e�p cross
section measurement required for discriminating between
di↵erent values of the radius, in the same style as Fig. 5

Q2 [GeV2]

Comparison of TPE effect  
and proton radius dependence  
of ep cross section.  
 
Gil-Dominguez, Alarcon, Weiss  
PRD 108 (2023) 074026 [INSPIRE] 
 
TPE: Tomalak, Vanderhaeghen 2016

 scattering at incident momenta 115-210 MeVμ±p

Also  scattering in similar kinematicse±p

DESY OLYMPUS:  scattering at 1-2 GeVe±p Ee =

Alarcon, Higinbotham, Weiss, PRC 102 (2020) 035203 [INSPIRE]

Blunden, Melnitchouk, Tjon 2003; Guichon, Vanderhaeghen 2003, many authors... 
Review Arrington, Blunden, Melnitchouk PPNP 66 (2011) 782

https://inspirehep.net/literature/2665258
https://inspirehep.net/literature/1780084
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6Single-spin asymmetries

Target normal single-spin asymmetry

AN =
σ ↑ − σ↓
σ ↑ + σ↓

×

N↑ N↑N, X

k
k’

Scattering plane

S

eN → e′￼N

spin normal to scattering plane

Asymmetry zero in OPE

→ e′￼X
elastic

inclusive

Pure TPE effect, arises from interference OPE  TPE×

Involves imaginary part Im(TPE), IR-finite

[Also: Beam normal single-spin asymmetry  following]→

Christ, Lee 1966

Barut, Fronsdal 1960
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7Single-spin asymmetries

Long-distance dynamics

11
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FIG. 4. AN vs k (top row) and AN vs ✓ (bottom row) with inclusion of form factors and � width. Proton target (left column)
and neutron target (right column). Elastic (dashed lines) and inclusive (solid lines).

FIG. 5. Inclusive AN for proton target. Left panel: Comparison of results without form factors (dashed lines) and with form
factors (solid lines). Right panel: Comparison of results without � width (dashed) and with � width (solid); both are with
form factors.

corrections in regions I and II, k = O(N�1
c ), which is also

covered by the present expressions.

Figure 7 shows the comparison of the LO and NLO
results. Here the correct phase space, with the finite
N–� mass splitting, is used for the LO result. For the
neutron one sees that the LO result is close to the NLO
one, which is easy to understand as the contributions are

purely magnetic, and the only di↵erence is the disregard
of the isoscalar magnetic term at LO. On the other hand,
for the proton the e↵ect of the electric term in the cur-
rent, which is not present at LO, leads to a big di↵erence
at NLO. As mentioned earlier, the modified power count-
ing implied in the kinematic regions I and II shows the
relevance of the electric contributions, especially at the
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corrections in regions I and II, k = O(N�1
c ), which is also

covered by the present expressions.

Figure 7 shows the comparison of the LO and NLO
results. Here the correct phase space, with the finite
N–� mass splitting, is used for the LO result. For the
neutron one sees that the LO result is close to the NLO
one, which is easy to understand as the contributions are

purely magnetic, and the only di↵erence is the disregard
of the isoscalar magnetic term at LO. On the other hand,
for the proton the e↵ect of the electric term in the cur-
rent, which is not present at LO, leads to a big di↵erence
at NLO. As mentioned earlier, the modified power count-
ing implied in the kinematic regions I and II shows the
relevance of the electric contributions, especially at the

 calculated in ChEFT  expansion AN × 1/Nc

Includes  in intermediate/final states where allowedΔ

 in low-energy regimeAN ∼ 10−2

Positrons

AN(e+N ) = − AN(e−N ) odd in beam charge

Test universality, validate EFT calculations

HERMES:  measured in DIS kinematicsAN(e+N )

Elastic and inclusive scattering

Goity, Weiss, Willemyns PLB 835 (2022) 137580 [INSPIRE], PRD 107 (2023) 094026 [INSPIRE]

See also: Koshchii, Afanasev 2018; Ahmed, Blunden, Melnitchouk 2023

Theory: Metz, Schlegel, Goeke 2006;  
Afanasev, Strikman, Weiss, Phys.Rev.D 77 (2008) 014028 [INSPIRE]

Target normal SSA in ChEFT . 
Goity, Weiss, Willemyns PRD 107 (2023) 094026

× 1/Nc

https://inspirehep.net/literature/2115265
https://inspirehep.net/literature/2644906
https://inspirehep.net/literature/760077
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8Single-spin asymmetries

Beam normal single-spin asymmetry

BN =
σ ↑ − σ↓
σ ↑ + σ↓

×

N NN, X

lepton spin normal to scattering plane

Asymmetry proportional to electron mass me

e↑ e↑

Enhanced by  and  due to  
collinear photons in TPE

log2(m2
e /Q2) log(m2

e /Q2)

Positrons

Would require polarized positron beam. 
Challenging measurement

Koshchii, Afanasev 2019; Ahmed, Blunden, Melnitchouk 2023

Afanasev, Merenkov 2004; Borisyuk, Kobushkin 2006

Calculations based on empirical input

BEAM NORMAL SPIN ASYMMETRY OF ELASTIC eN . . . PHYSICAL REVIEW C 73, 045210 (2006)

In this case the intermediate hadronic state h is π+n with the
total angular momentum sh = 1/2 and ηh = −1.

Thus we substitute
∑

h

′
(2π )3δ(P +k−P ′′)f (h)

λ (0)
∗
f

(h)
λ′ (0)

→ 4Wkπ

πα
|E0+(W )|2δλ,−1δλ′,−1 +

∑

R

f
(R)
λ (0)

∗
f

(R)
λ′ (0)

× &RMR

π

1
(
W 2 − M2

R

)2 + M2
R&2

R

. (35)

The first term comes from the threshold pion production,
kπ = 1

2W

√
(W 2 − M2 + m2

π )2 − 4W 2m2
π is the pion c.m. mo-

mentum, and E0+ is the multipole amplitude. The second term
is the sum of the resonance contributions, MR and &R are the
resonance mass and width, the quantities f (R)(0) are related to
A3/2 and A1/2, listed by PDG, as

f
(R)
1 (0) =

√
2MWkπ

πα
A3/2, ηRf

(R)
−1 (0) =

√
2MWkπ

πα
A1/2.

(36)

The factor
√

2Wkπ ensures that amplitudes f vanish at the
pion threshold, while far away from the threshold it reduces
to the commonly used

√
W 2 − M2. All resonance parameters

are from Ref. [11]. The multipole amplitude E0+ was taken
from the MAID analysis [12]. For the nucleon form factors we
use the well-known dipole fit.

The dependence of Bn on the c.m. scattering angle is
displayed in Fig. 2 together with the experimental data.
In principle, the elastic contribution (due to the proton in
the intermediate state) should also be added to the result.

This contribution was calculated in Refs. [3,4,6]. We have
calculated it numerically according to

B(el)
n = iαq2

πD

∫
d3k′′

2ε′′
δ(W 2−M2)

q2
1q2

2

Lαµν Tr &µ

× (P̂ ′′ + M)&ν(P̂ + M)&α(P̂ ′ + M) (37)

and obtained results similar to Refs. [3,6]. The elastic contribu-
tion is negligibly small at Elab = 0.3 GeV and higher energies.
For Elab = 0.2 GeV it is negative and shifts the curve lower; see
Fig. 2(a). The summarized contribution of elastic and inelastic
channels agrees with the experimental point.

Authors of Ref. [4] reproduced the SAMPLE result without
inelastic contribution. However, even if we add our inelastic
result to the elastic result of Ref. [4], the total asymmetry
should not contradict the experimental data due to the large
error bar. In Ref. [4] authors have calculated the two-
photon-exchange amplitude by using an effective field theory
approach, expanding it in powers of E/M to the second order
(where E is the electron energy). They find that to this order
there is no contribution to the one-loop amplitude from the
nucleon charge radius. This is a consequence of carrying out
consistent power counting in the ratio of momenta to the
hadronic scale. In contrast, the form factor approach used here
does not have this consistency, and it introduces modifications
of the analytic structure of the amplitudes. The difference
between the two results likely follows from the differences
in analytic structure of the one-loop amplitude.

In general, one can see that the calculated asymmetry for the
proton target agrees with experiment. Nevertheless, it should
be mentioned that condition (33) is not very well satisfied for
MAMI kinematics. This indicates that the single-logarithmic

(a) (b)

(c) (d)

FIG. 2. Beam normal spin asymmetry of elastic ep scattering at electron energies (a) 0.2 GeV, dashed curve, without the elastic contribution,
(b) 0.3, (c) 0.57, and (d) 0.855 GeV. Experimental points are from Refs. [1,2].

045210-5

 in low-energy regimeBN ∼ 10−5

Beam normal SSA 
Borisyuk, Kobushkin 2006

E = 200 MeV

Larger asymmetries in  scatteringμN
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9Virtual Compton scattering

Real photon production e±N → e±γN

N N

Bethe-Heitler + Virtual Compton Scattering

e± e±

γ
+

VCS BH

Long-distance dynamics

Amplitudes interfere

Dispersion relations for real/virtual Compton amplitude

Chiral EFT calculations

Q2

Coefficients of low-energy expansion of virtual Compton amp

Figure 6: Contour plots displaying the kinematic dependence of the momentum transfer t (left panel) and
the virtuality Q

2 (right panel) on the scattered lepton polar angle ωk2 and the photon polar angle ωω . The
calculations are performed at an incident beam energy of Ebeam = 0.4GeV with a fixed photon energy Eω =
0.1GeV and azimuthal angle εω = 50→.

Notably, the coupled influence of ωk2 and ωω on the momentum transfer t remains significant even at lower
incident energies. Taking for examples, we present our theoretical predictions for the di!erential cross sections
at a fixed photon scattering angle of ωω = 40→ and specific lepton angles ωk2 = 15→, 20→, and 25→, respectively,
in Figs. 7–9. From a theoretical perspective, we suggest that experimental measurements prioritize a lepton
scattering angle of ωk2 < 30→. Such a kinematic selection helps to ensure the validity of the low-energy expansion
and may provide a clearer observation of the targeted radiative e!ects.

Using the formula derived above, we present a theoretical prediction for the ‘hard photon’ di!erential cross-
section, as illustrated in Figures 7 to 9. For this calculation, the low-energy constants (LECs) are adopted
from Ref. [31].

Figure 7: Theoretical prediction of the di!erential cross-section for hard photon emission. The kinematic
parameters are fixed at Eω = 0.1 GeV, ωk2 = 15→, ωω = 40→, and εω = 50→. The evolution of the momentum
transfer variables with the beam energy E is considered, covering the ranges t → [↑0.042,↑0.010] GeV2 and
Q

2
→ [0.006, 0.027] GeV2. The low-energy constants (LECs) are taken from Ref. [31].

From Figure 7–9, we observe that the impact of the electron mass on the results is negligible. However, for µp
scattering in the low-energy regime, there are significant modifications to the di!erential cross-sections, as seen
by comparing Figures 7 to 9. Notably, the di!erential cross-section for µp scattering exhibits two distinct features
in this kinematic regime. First, the magnitude of the cross-section is numerically suppressed by approximately
one order of magnitude compared to the electron case, reflecting the dynamical suppression induced by the
heavier lepton mass. Second, in contrast to the monotonic behavior observed in the electron case, the µp cross-
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Covariant ChEFT predictions 
for  .  
 
Wang, Kang, Xiao, Zheng  
arXiv:2602.12119 [INSPIRE]

ep → eγ p

t = [−0.042,−0.010] GeV2  
Q2 = [0.006,0.027] GeV2

  depend on αE(Q2), βM(Q2) Q2

Nucleon generalized polarizabilities

Describe deformation of charge/magnetization distributions 
in hadron by external EM field

Schumacher, Lvov, Petrunkin 1997; Drechsel, Pasquini, Vanderhaeghen, Gorchtein 1999+, ...

Gellas, Hemmert, Meissner 2000; Griesshammer et al 2012; Hagelstein, Miskimen, Pascalutsa 
2016, Lensky et al. 2017...

https://inspirehep.net/literature/3118938
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10Virtual Compton scattering

Positrons

×

e±

VCS BH

AC
UU =

σUU(e+) − σUU(e−)
σUU(e+) + σUU(e−)

beam charge asymmetry  
(unpolarized diff cross secn)

+ Re A(0, . . )

Re A(ν, . . ) =
ν
π ∫ dν′￼

Im A(ν, . . )
ν′￼(ν′￼− ν)

Arises from interference BH  VCS×

Probes directly real part Re(VCS)

Dispersion theory: Subtraction constant , 
depends on 

Re A(0, . . )
t, Q2

Chiral EFT: Low-energy constant describing local 
 coupling (induced by high-energy DoF )γγNN

Improves extraction of generalized polarizabilities
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11Virtual Compton scattering

Projected extraction of electric polarizability 
using beam charge asymmetry

PoS(SPIN2023)173

The generalized polarizabilities of the proton N. Sparveris
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Figure 2: The generalized polarizabilities of the proton
a) The electric generalized polarizability measured in VCS-I (red circles). The world data [8–13, 31–
34] (open-symbols) are shown for results that involve the Dispersion-Relations (circle) and Low-Energy-
Expansion analysis (box). The theoretical calculations of BChPT [18], NRQCM [29], LSM [24], ELM [26]
and DR [15–17] are also shown. b) The magnetic generalized polarizability. The definition of symbols and
curves are the same as in (a). c) Induced polarization in the proton when submitted to an EM field as a
function of the transverse position with photon polarization along the x axis for 𝐿𝐿 = 0. The x-y defines
the transverse plane, with the z axis being the direction of the fast moving protons. d) The proton electric
polarizability radius 𝑀𝑀𝐿 →

√
↑𝑀2

𝑀𝐿
↓ derived from the world-data. The measurements of the proton charge

radius 𝑀𝑁 [35–42] (blue points) are shown for comparison.

of interest and is parametrized by the GPs. The BH and the Born-VCS contributions are well
known, calculable in terms of the proton electromagnetic form factors that are precisely measured
from elastic electron scattering. The GPs were extracted from the measured cross sections through
a fit that employs the dispersion relation (DR) model [15–17] for VCS. In the DR formalism, the
two scalar GPs enter unconstrained and can be adjusted as free parameters, while the proton elec-
tromagnetic form factors are introduced as an input. The experimental cross sections are compared
to the DR model predictions for all possible values for the two GPs, and the 𝑁𝑁 (𝑂2) and 𝑃𝑂 (𝑂2)
are fitted by a 𝑄2 minimization. The extracted electric and magnetic GPs are shown in Fig. 2. The
measurements point to a local enhancement of 𝑁𝑁 (𝑂2) in the measured region, at the same 𝑂2 as
previously reported in [8, 9], but with a smaller magnitude than what was originally suggested. The
𝑂2-dependence of the electric GP has been explored using methods that employ both traditional fits
to the data using predefined functional forms, as well that are based on a data-driven technique that
assumes no direct underlying functional form [14]. Both methods point to a 𝑂2-dependence for
𝑁𝑁 (𝑂2) that is consistent with the presence of a structure in the measured region, in sharp contrast
with the current theoretical understanding that suggests an 𝑁𝑁 (𝑂2) that decreases monotonically
with increasing 𝑂2.

5

Higher energies  1 GeV≳

Status of generalized polarizabilities: 
World data, different extraction methods

PoS(SPIN2023)173

The generalized polarizabilities of the proton N. Sparveris

polarizability radius, one can derive →𝐿2
𝐿𝐿

↑ = 0.63 ± 0.31 𝑀 𝑁2.

3. Future Experiments

The beamtime for the next phase of the VCS experiment at Je!erson Lab (VCS-II) has been
approved by the JLab PAC51 (E12-23-001) [44]. The measurements will take place in Hall C,
employing a similar experimental setup as in VCS-I, namely the SHMS and the HMS spectrometers,
and will require 62 days of beam-on-target with a 𝑂↓ = 1.1 𝑃𝑄𝑅 and 2.2 𝑃𝑄𝑅 electron beam at
I=75 𝑆A and a 10 cm liquid hydrogen target. The projected measurements of the VCS-II are shown
in Fig. 3.

The recent measurements of the electric GP highlight the importance of employing alternative
experimental methods for the measurement of the polarizabilities. The use of polarized and positron
beams provides an alternative, powerful avenue to access the proton GPs [45]. The lepton beam
charge (𝑄) and polarization (𝑇) dependence of the 𝑈 𝑉 ↔ 𝑈 𝑉𝑊 di!erential cross section is given
by 𝑋𝑌𝑀

𝑁
= 𝑋𝑌BH + 𝑋𝑌VCS + 𝑇 𝑋𝑌̃VCS + 𝑄 (𝑋𝑌INT + 𝑇 𝑋𝑌̃INT), where 𝑋𝑌 (𝑋𝑌̃) are the polarization

independent (dependent) contributions which are even (odd) functions of the azimuthal angle
𝑍. The 𝑋𝑌INT involves the real part of the VCS amplitude that contains the GP e!ects, while
𝑋𝑌̃INT is proportional to the imaginary part of the VCS amplitude which does not depend on the
GPs. Combining lepton beams of opposite charge and di!erent polarization enables the complete
separation of the four unknown INT and VCS contributions. More specifically, using unpolarized
electron and positron beams, one can construct the unpolarized beam-charge asymmetry (BCA)
𝑎𝑂

𝑃𝑃
as

𝑎𝑂

𝑃𝑃
=

(𝑋𝑌+
+ + 𝑋𝑌+

↗) ↗ (𝑋𝑌↗
+ + 𝑋𝑌↗

↗ )
𝑋𝑌+

+ + 𝑋𝑌+↗ + 𝑋𝑌↗
+ + 𝑋𝑌↗↗

=
𝑋𝑌INT

𝑋𝑌BH + 𝑋𝑌VCS
.

BCA Projected Measurement

Figure 4: Beam charge asymmetry projected measurements with a positron and an electron beam. Left
panel: measurements at a fixed bin at 𝑏 = 1170 𝑐𝑄𝑅 and 𝑍 = 30𝑄. The black curve corresponds to mass
scale parameters ω𝑅=ω𝐿=0.7. The two red (blue) curves explore the sensitivity to the electric (magnetic)
GP by varying the ω𝑅 (ω𝐿) from 0.5 to 0.9. Right panel: the projected measurement for the 𝑑𝑆 from the
BCA measurements is shown in red, along with the world data.
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W = 1.17 GeV

From N. Sparveris, Chiral Dynamics 2024 [INSPIRE]

https://inspirehep.net/literature/3112798
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12Summary

Long-distance dynamics emerging from QCD can be constructed/solved using systematic EFT methods

Physics with positrons at energies 300 MeVEe± ≲

TPE in elastic  scattering: Low-  form factors,  cut, peripheral nucleon structureeN Q2 ππ

Single-spin asymmetries in elastic or inclusive  scattering: Pure TPE effects,  
could be validated through beam charge dependence

eN

Virtual Compton scattering: Re(VCS), LECs, improved determination of polarizabilities

Discuss complementarity with MUSE μ±/e±


