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Experimental opportunities

Inclusive or elastic/inelastic scattering

Resonance region :   expansionΔ, N* 1/Nc

DIS region: Quark-based mechanisms

Transition: Duality, anomalous magnetic moment

Proposed measurements

Connection with positron program

 inclusiveX

 inelasticX = Δ, N*

 elasticX = N

Pure two-photon exchange effect

https://inspirehep.net/literature/2115265
https://inspirehep.net/literature/2644906
https://inspirehep.net/literature/760077


2Two-photon exchange and target normal SSA

TPE has become field or research in its own right
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Elastic  cross section: TPE as radiative correction, involves Re(TPE) and Im(TPE) 
Much theoretical work, situation still inconclusive

ep

Direct measurements:  charge asymmetry,  target normal spin asymmetriese±N eN( ↑ )

Target normal single-spin asymmetry

Zero at , pure  effectO(α2) O(α3)

Interference on one- and two-photon exchange
Also contribution from Bethe-Heitler - Virtual Compton interference

Inclusive or elastic/inelastic scattering 

Involves only Im(TPE): Finite integral, on-shell amps

Can be measured in wide kinematic range: 
Low-energy — resonance region— DIS

AN =
σ↑ − σ↓
σ↑ + σ↓

 inclusiveX
 inelasticX = Δ, N* elastic,X = N



3Resonance region

 + nonresonant  as final states and intermediate states in TPEN, Δ, N* πN

Need to combine contributions of channels at amplitude level — cancellations?

Need transition currents ,  etc.⟨Δ |J |N⟩ ⟨Δ |J |Δ⟩

Develop systematic approach based on 1/Nc expansion

ee

NN, ∆, N*N

e e

J.L. Goity, C. Weiss, C.T. Willemyns 2022/2023

Elastic channel: Calculation using empirical amplitudes Ahmed, Blunden, Melnitchouk 2023



4Resonance region: 1/Nc expansion

Semiclassical limit of QCD 

= I = 1/2, 3/2S

Large-  limit of QCDNc

Hadron masses, couplings, matrix elements scale in  
“Organization” of non-perturbative dynamics

Nc

Emerging dynamical spin-flavor symmetry  
Baryons in multiplets with masses , splittings 

SU(2Nf )
O(Nc) O(1/Nc)

 and  transitions related by symmetry: N → N N → Δ
⟨Δ |𝒪 |N⟩ = [symmetry factor] × ⟨N |𝒪 |N⟩

 expansion of hadronic matrix elements1/Nc

Parametric expansion: Systematic, predictive, controlled accuracy

Applied to current matrix elements, hadronic amplitudes

baryon mass

(Nc)

O (1/ )cN

O (1/ )cN

N, ∆

N *

O

‘tHooft 1974, Witten 1979

Gervais, Sakita 1984; Dashen, Manohar, Jenkins 1993

Vector and axial currents: Fernando, Goity 2020



5Resonance region: Transition currents

Generators of spin-flavor group algebra:  ̂Si, ̂Ia, Ĝia

Matrix elements between ground-state baryons from symmetry: 

⟨B(S′ , S′ 3, I′ 3) | . . . |B(S, S3, I3)⟩ = fun(Nc) × Clebsches S, S′ = 1/2, 3/2 B = N, Δ

EM current operators expanded in generators:

Expresses parametric expansion in 1/Nc

Form factors fixed from  matrix elementsN → N

Predicts  and  matrix elementsN → Δ Δ → Δ

  form factorsGV,S
E,M(q2)

  momentum transferq0 = 𝒪(N−1
c ), qi = 𝒪(N0

c )J0, Ji = ∑ G(q2) × { ̂Si, ̂Ia, Ĝia}

isovector/isoscalar



6Resonance region: Kinematic regimes

e(k) + N(p) → e(k′ ) + X(p′ )
s = (k + p)2 CM energy

q2 = (k − k′ )2 momentum transfer

M2
X = p′ 

2 = (p + q)2 final-state mass

1/Nc expansion can be applied in different kinematic regimes: Different “focus”, reach, accuracy

Systematic calculation, defined accuracy, could be improved by higher-order corrections

Non-resonant  states suppressed in  relative to πN 1/Nc Δ

Energy regime 1/Nc expansion regime Channels open

mΔ < s ≪ mN*

mΔ < s ≲ mN*

s − mN ∼ N−1
c , kcm ∼ N−1

c

s − mN ∼ N0
c , kcm ∼ N0

c

N, Δ

N, Δ, N*

“low energy”

“intermediate”



7Resonance region: Calculation

Calculate  amplitudes for  with -expanded currentseB → e′ B′ B, B′ = N, Δ 1/Nc

(a)

N, ∆

N, ∆

N, ∆N, ∆

N, ∆

N

n

N(c)

(b)
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ke, 

Integrate over phase space of intermediate state in TPE

Sum over intermediate and final states

Project out normal-spin dependent part of cross section 



8Resonance region: Results

 at intermediate energiesAN

1.23 GeV  1.5 GeV  (+ higher)< s ≲Valid for

  “large angle”θ ∼ π/2and

LO 1/Nc expansion result: All transition currents magnetic isovector , simple structure. 
Electric currents come in at higher orders

Gia

 predicted in intermediate-energy regimeAN ∼ 10−2

Large contribution of  final states at angles , could be tested experimentally!Δ θ ∼ π/2

 is overall isovector:  (proton) = (neutron)AN AN −AN

LO 1/Nc expansion resultDenominator always N + Δ

[Low energies → see supplement]
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 in inclusive  scattering also receives 
contribution from real photon emission channel
AN eN

 expansion: Real photon emission process 
suppressed by  relative to TPE 
1/Nc

1/Nc

Resonance region: Real photon emission

6

Besides the baryon resonances, also non-resonant ⇡N

states can contribute to the TSSA in inclusive eN scat-
tering as intermediate and final states. The importance
of these contributions can be rigorously assessed in the
three regimes I–III. In the low-energy regimes I and II,
one can perform a combined chiral and 1/Nc expansion
using the ⇠ power counting scheme [34, 38], where k and
1/Nc are counted as O(⇠). The pion-baryon coupling
is given by 6gA

5F⇡
k
i
⇡Ĝ

ia, where gA = O(Nc) is the nucleon
isovector axial coupling, k⇡ is the pion momentum, and a

is the pion isospin. The three body phase space brings in
a generic suppression factor k2/(32⇡2). With these ingre-
dients, and using the spin-flavor algebra, one finds that in
the low-energy regimes I and II the contribution of non-
resonant ⇡N states to the eN cross section is suppressed
by at least O(⇠2) with respect to the leading order of the
present calculation, and thus it is consistent to neglect
it. In the intermediate-energy regime III, where the pion
momenta are O(N0

c ) and not small, the suppression is no
longer as e↵ective, and non-resonant ⇡N states can con-
tribute at subleading order of the calculation performed
in this work. If one limits oneself to the final states N

and � as in this work, then the calculation only misses
the ⇡N continuum in the box diagram, and those are
only a↵ecting subleading contributions in regime III.

The numerical boundaries of these regimes in the eN

CM momentum k, Eq. (8), are as follows: The � thresh-
old

p
s = m� = 1.23 GeV is at k = 0.26 GeV; the

generic N
⇤ threshold

p
s = mN⇤ ⇡ 1.5 GeV is at k ⇡

0.46 GeV. The expansion scheme of regime II should be
applicable for 0.26 < k . 0.35 GeV; that of regime III for
0.3 . k . 0.6 GeV [41]. The quality of the approxima-
tion at upper end of the CM momentum ranges depends
on the size of N

⇤ contributions, which cannot be esti-
mated with the present method.

B. Amplitude and cross section

The scattering amplitude for the process eN !

e
0
B (B = N,�) in the CM frame of the eN collision

(see Fig. 1) is denoted by

M(kf ,ki|�;SfSf3If3;SiSi3Ii3). (15)

Here � is the electron helicity – the spin projection on ki

in the initial state and kf in the final state, which is con-
served in the scattering process (the electron mass is ne-
glected). SiSi3Ii3 are the spin-isospin quantum numbers
of the initial nucleon state, where Si =

1
2 and Ii3 = ±

1
2

for proton/neutron. SfSf3If3 are the quantum numbers
of the final baryon state, with Sf =

1
2 or 3

2 for N or �,
and If3 = Ii3. The spins of the initial and final baryons
are quantized along a common axis, which can be chosen
e.g. as the direction of the initial momenta in the CM
frame. The di↵erential cross section for the scattering of
unpolarized electrons on polarized nucleons, Eq. (4), is

e

N, ∆

N, ∆

N, ∆N, ∆

N, ∆

(b)

N(a)

e

e

e

e

e

N

N

e

e

e

i f

f ifi

f i

e

e e

γ

γ

∆

N

NNN

n

N(c)

FIG. 2. Inclusive electron-nucleon scattering cross section
with N and � final states in the 1/Nc expansion in the kine-
matic regimes described in Sec. III A. (a) Spin-independent
cross section from square of e2 amplitudes. The circle denotes
the electromagnetic current matrix element between baryon
states. (b) Spin-dependent cross section from interference of
e4 and e2 amplitudes. (c) Interference of real photon emission
from electron and baryon (not included in this work).

obtained as3

d�

d⌦
=

|kf |

64⇡2|ki|s

X

SfSf3

X

S̄i3Si3

⇢(Si3S̄i3)
1

2

X

�

⇥M
⇤(kf ,ki|�;SfSf3;SiS̄i3) M(kf ,ki|�;SfSf3;SiSi3).

(16)

The initial nucleon spin projection is averaged over with
the spin density matrix

⇢(Si3S̄i3) =
1

2

⇥
�(Si3S̄i3) + a · �(Si3S̄i3)

⇤
, (17)

where a is nucleon spin 3-vector in Eq. (4) in the CM
frame and � are the Pauli matrices. The unpolarized

3 The amplitude Eq. (15) and the cross section Eq. (16) use the
relativistic normalization convention for the electron and baryon
momentum states, hp0|pi = 2p0(2⇡)3�(3)(p0 � p). Reference [41]
used the nonrelativistic normalization hp0|pi = (2⇡)3�(3)(p0 �p)
for the baryon states. The relativistic convention used here is
more transparent for keeping track of kinematic e↵ects caused
by the N–� mass di↵erence, which appear in higher orders of
the 1/Nc expansion.

Interference of Virtual Compton Scattering 
and Bethe-Heitler amplitudes

Im (VCS)  above  threshold≠ 0 Δ

 expansion guides analysis and interpretation of TPE processes1/Nc



10DIS region: Mechanisms for SSA

Unpolarized DIS cross section from high-momentum 
scattering on single quark: Factorization, PDF

interaction with
vacuum fields
(chiral condensate)

N N

e e

= 0

interaction with
target fields

Tg

h

TPE amplitude needs to “interfere” - same final state

Possible mechanisms for SSA

TPE with interaction of quark with target fields:  
 twist-3gT(x)

TPE with chirality flip of quark through interaction with 
vacuum fields:  transversity + quark massh(x)

TPE involving multiple quarks: Multiquark distributions

Metz, Schlegel, Goeke 2006

Afanasev, Strikman, Weiss 2007

Schlegel 2013



11DIS region: Predictions and measurements

Quark chirality-flip mechanism AN ≲ 10−3

Multiquark mechanism  AN ∼ 10−2

Predictions for SSA

4

U
T

sφ
si

n
A

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

-0.03

-0.02

-0.01

0

0.01

0.02

0.03  X- e→ ↑ p-e 2 < 1GeV2Q
 2 > 1GeV2Q

9.
3%

 s
ca

le
 u

nc
er

ta
in

ty

U
T

sφ
si

n
A

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

-0.03

-0.02

-0.01

0

0.01

0.02

0.03  X+ e→ ↑ p+e

6.
6%

 s
ca

le
 u

nc
er

ta
in

ty

-110

]2
 [G

eV
〉2

Q〈

1

10

10

10

Bx-210 -110

1

10 Elastic fraction
〉2Q〈

El
as

tic
 fr

ac
tio

n

-210

-110

FIG. 1: The xB dependence of the sinφS amplitudes A
sinφS

UT

measured with an electron beam (top) and a positron beam
(center). The open (closed) circles identify the data with
Q2 < 1 GeV2 (Q2 > 1 GeV2). The error bars show the
statistical uncertainties, while the error boxes show the sys-
tematic uncertainties. The asymmetries integrated over xB

are shown on the left. Bottom panel: average Q2 vs. xB from
data (squares), and the fraction of elastic background events
to the total event sample from a Monte Carlo simulation (tri-
angles).

for electrons and positrons. In both cases the asymme-
tries are consistent with zero within their uncertainties.
Due to the kinematics of the experiment, the quantities
xB and 〈Q2〉 are strongly correlated, as shown in the
bottom panel of Fig. 1.

The resulting amplitudes were not corrected for kine-
matic migration of inelastic events due to detector smear-
ing and higher order QED effects or contamination by
the radiative tail from elastic scattering. The latter
correction requires knowledge of the presently unknown
elastic two-photon asymmetry. Instead, the contribu-
tion of the elastic radiative tail to the total event sam-
ple was estimated from a Monte Carlo simulation based
on the Lepto generator [28] together with the Rad-

gen [29] determination of QED radiative effects and with
a Geant [30] based simulation of the detector. The elas-

tic fraction is shown in the lower panel of Fig. 1. It
reaches values as high as about 35% in the lowest xB

bin, where y is large (〈y〉 # 0.80) and hence radiative
corrections are largest [31]. The elastic fraction rapidly
decreases towards high xB, becoming less than 3% for
xB > 0.1.
The systematic uncertainties, shown in the fourth col-

umn of Table II and as error boxes in Fig. 1, include
contributions due to corrections for misalignment of the
detector, beam position and slope at the interaction point
and bending of the beam and the scattered lepton in the
transverse holding field of the target magnet. They were
determined from a high statistics Monte Carlo sample
obtained from a simulation containing a full description
of the detector, where an artificial spin-dependent az-
imuthal asymmetry was implemented. Input asymme-
tries being zero or as small as 10−3 were well reproduced
within the statistical uncertainty of the Monte Carlo sam-
ple, which was about five times smaller than the statis-
tical uncertainty of the data. For each measured point
the systematic uncertainty was obtained as the maximum
value of either the statistical uncertainty of the Monte
Carlo sample or the difference between the input asym-
metry and the extracted one. Systematic uncertainties
from other sources like particle identification or trigger
efficiencies were found to be negligible.
The transverse single-spin asymmetry amplitudes

AsinφS

UT for electron and positron beams integrated over
xB are given separately for the “low-Q2 region” and the
“DIS region” in Table II along with their statistical and
systematic uncertainties. All asymmetry amplitudes are
consistent with zero within their uncertainties, which in
the DIS region are of order 10−3. The only exception
is the low-Q2 electron sample, where the asymmetry is
1.9 standard deviations different from zero. No hint of a
sign change between electron and positron asymmetries
is observed within uncertainties.
In conclusion, single-spin asymmetries were measured

in inclusive deep-inelastic scattering at Hermes with un-
polarized electron and positron beams and a transversely
polarized hydrogen target with the goal of searching for
a signal of two-photon exchange. No signal was found
within the uncertainties, which are of order 10−3.
We gratefully acknowledge the Desy management for
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HERMES 2014: p target, 2 GeV,  
, consistent with zero

W >
AN ∼ 10−2

Measurements

JLab Hall A Katich et al. 2014: 3He target, 1.7-2.9 GeV, 
, nuclear effects?

W =
AN ∼ 10−2

Proposal JLab Hall A Grauvogel, Kutz, Schmidt 2021:  
p target,  = 2.2, 4.4, 6.6 GeVEe

Wide range of numerical predictions
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Afanasev, Strikman,  
Weiss 2007

HERMES 2014



12DIS region: Predictions and measurements

Resonance region:  , solid predictionsAN ∼ 10−2

Contributions of  final states to ;  evolution at fixed :   Elastic → inelasticΔ, N* AN MX s, Q2

Experiments should measure

Follow transition!

DIS

−3

10
−4

10
−2

s
1/2

?

AN

1.2−1.5 GeV few 10 GeV

Resonance

10

DIS region:  , large uncertaintiesAN ∼ 10−2 − 10−4

 and  dependence of :   Low → high energies/momentas Q2 AN

New area of quark-hadron duality

Quark single-particle scattering — resonance excitation

Emergence of anomalous magnetic moment:  Quark << Nucleon

Isospin dependence?



13Summary

 as pure TPE observable, in inclusive or elastic/inelastic scatteringAN

DIS region: Various quark-based mechanisms, wide range of predictions 
AN ∼ 10−3 − 10−2

Experiment should measure  and  evolution! 
Test proposed mechanisms in DIS region; new area of quark-hadron duality

MX s, Q2

Complementary to positron measurements

Theoretical improvements in 1/Nc analysis of resonance region

Higher-order  corrections in intermediate-energy regime →  states, real  emission1/Nc N* γ

Combined chiral and  expansion in low-energy regime →  states1/Nc πN

Resonance region analyzed in 1/Nc expansion: Systematic, controlled accuracy. 
, large contribution from  final stateAN ∼ 10−2 Δ



141/Nc expansion: Further applications

Applications to TPE and positron physics

 expansion enables systematic approach to  scattering in resonance region: 
Organizes kinematics, channels , currents, calculation
1/Nc eN

Δ ↔ πN

Beam normal spin asymmetry: Pure TPE effect, , enhanced by collinear logarithm∝ m𝗅𝖾𝗉𝗍𝗈𝗇

Charge asymmetry of  cross section: Involves also Re(TPE), obtained dispersion integrale±N

Electroweak processes,  exchangeγZ

Applications to hadronic physics

Transition between resonance and DIS regions, quark-hadron duality

Spin effects in intermediate-energy  scatteringeN
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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

 at low energies  
(regimes I and II)
AN

LO + NLO 
expansion result

1/Nc

Includes finite 
 widthΔ

Results:  at low energiesAN

Solid: Inclusive 
Dashed: Elastic

 rises steeply as function of energy above  threshold (here: CM momentum AN Δ k)

Large contribution of  final statesΔ


