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We study the exclusive electroproduction process eþ p → e0 þ p0 þ X, with X a single-particle final
state, in the forward-proton kinematics relevant for the future Electron-Ion Collider. We develop a unified
2 → 3 framework that provides the full event kinematics and incorporates pseudoscalar and vector mesons
as well as axionlike particles and vector mediators such as dark photons. It is based on phenomenological
amplitudes constrained by existing photo- and electroproduction data and constructed to admit systematic
refinement as new measurements become available. To benchmark the framework, we compare its
predictions to flux-factorized descriptions based on the equivalent-photon approximation, demonstrating
close agreement for total rates and selected single-differential distributions in the near-real regime while
highlighting the role of finite-Q2 correlations for multidifferential observables at larger photon virtualities.
As a case study, we perform a detailed kinematic analysis of the missing-proton-energy signature,
illustrating how the full 2 → 3 treatment informs forward-proton acceptance and signal selection in realistic
Electron-Ion Collider configurations.
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I. INTRODUCTION

The Electron-Ion Collider (EIC) [1,2], which is planned
for construction at Brookhaven National Laboratory, has a
rich scientific program that is mostly focused on hadronic
physics. However, the EIC has very good potential to probe
new particles in regions that are challenging or inaccessible
to other experiments [3–28]. New particles with a GeV
mass scale and hadronic couplings to the Standard Model
(SM) are predicted in many beyond Standard Model (BSM)
extensions [15,19,29–89]. In this case, their hadronic
production shares a lot of similarities with exclusive SM
meson production.

In particular, the coherent electroproduction in electron-
proton scattering,

eðpeÞ þ pðppÞ → e0ðpe0 Þ þ p0ðpp0 Þ þ XðpXÞ; ð1Þ

where the forward proton remains intact and X is a single-
particle exclusive final state, is such an example. Studying
this process and, in particular, the kinematics of the forward
proton is of special importance for the EIC. Depending on
the identity of X, Eq. (1) covers a broad class of exclusive
final states. On the SM side, X may be a meson, e.g., a
pseudoscalar X ¼ π0; ηð0Þ or a vector X ¼ ρ0;ω;ϕ; J=ψ.
Alternatively, the states may be new particles that are
produced in hadronic interactions and, in particular, those
that have mass or kinetic mixing with mesons. Examples
include hadronically coupled axionlike particles (ALPs)
mixing with pseudoscalar mesons [65,67,68,86,90],
generic CP-even scalars mixing with scalar mesons
[87,88,91–96], or a vector or axial-vector particle that
couples to hadronic current as a combination of vector and/
or axial-vector mesons [29–33,35,36,77,97].
A range of dedicated simulation tools have been devel-

oped to generate exclusive electroproduction events in
selected channels and kinematic regimes. Some follow
the full one-photon-exchange description [98,99], while

*Contact author: rebalkin@ucsc.edu
†Contact author: tael.coren@campus.technion.ac.il
‡Contact author: ajentsch@bnl.gov
§Contact author: hliu6@bnl.gov
∥Contact author: maksym.ovchynnikov@cern.ch
¶Contact author: soreqy@physics.technion.ac.il
**Contact author: sokratis.trifinopoulos@cern.ch

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 114, 055041 (2026)

2470-0010=2026=114(5)=055041(38) 055041-1 Published by the American Physical Society

https://orcid.org/0009-0002-6285-7184
https://orcid.org/0000-0001-7326-6991
https://orcid.org/0000-0002-9322-7487
https://orcid.org/0000-0001-7002-5201
https://orcid.org/0000-0002-0492-1144
https://ror.org/03s65by71
https://ror.org/03s65by71
https://ror.org/03qryx823
https://ror.org/02ex6cf31
https://ror.org/01ggx4157
https://ror.org/02crff812
https://crossmark.crossref.org/dialog/?doi=10.1103/h9zj-6n84&domain=pdf&date_stamp=2026-09-23
https://doi.org/10.1103/h9zj-6n84
https://doi.org/10.1103/h9zj-6n84
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


alternative treatments approximate photon emission from
the electron using the equivalent photon approximation
[100]. In either case, the central practical limitation is that
the hadronic subprocess γð�Þp → p0X is typically realized
through channel-specific, tabulated, or fitted multidimen-
sional hadronic tensors (or helicity cross sections), together
with auxiliary prescriptions for their kinematic variable
dependence. While this setup can be tuned efficiently in
channels where such inputs exist, it does not provide a
general, portable recipe for adding new exclusive states:
Incorporating a different X commonly requires construct-
ing new high-dimensional inputs from dedicated measure-
ments or bespoke modeling. This becomes a bottleneck
both for SM channels that are not broadly implemented in
public generators, such as η and η0 production and scalar
mesons like f0ð980Þ, and, more fundamentally, for new
particles for which the requisite tabulated inputs will not be
available, in principle.
In this work, we address this limitation by constructing a

framework that treats Eq. (1) directly at the level of the
exact three-body final state phase space. Our approach is
lightweight and modular: Instead of relying on channel-
specific multidimensional lookup tables for the hadronic
tensor, we follow Refs. [101–105] that describe the
coherent electroproduction of neutral pions and vector
mesons through fully analytic expressions, organized in
terms of Reggeized trajectories and a small set of phe-
nomenological parameters that can be fitted to existing
photo- and electroproduction data. Additionally, special
care is taken to ensure electromagnetic gauge invariance of
the hadronic currents—a requirement that becomes essen-
tial at finite photon virtuality and that, as we show, is not
satisfied by some of the interaction vertices commonly used
in the literature [103,106,107].
By construction, the framework provides fully differ-

ential event kinematics and preserves correlations among
the invariants that characterize Eq. (1). This is particularly
important for EIC studies of rare processes that depend on
multivariable selections, such as electroproduction of
vector mesons and searches for new particles [14,22,108].
The framework, EPXGen, is available on GitHub [109].
Our approach has two advantages. First, this formulation

keeps the dependence on the hadronic input explicit and
compact while remaining constrained by existing data.
The assumptions entering the construction are, therefore,
transparent and can be confronted with present constraints,
while future EIC electroproduction measurements will
allow them to be tested more directly and refined
further. Second, for new particles X mixing with SM
mesons, the data-driven calculation can be generalized
straightforwardly even in the absence of direct data. This
can be implemented by summing the meson electropro-
duction amplitudes, weighted by coefficients constructed
from basis-independent combinations of the X-meson
couplings.

We focus on the production of pseudoscalar and vector
particles in electron-proton collisions, although the
approach may be extended to other particles, such as
scalar, axial-vector, and tensor mesons [110–112], or to
different incoming beam configurations, such as muon-
proton collisions [84,113,114]. For the SMmeson channels
considered here, the hadronic amplitudes are calibrated to
existing photoproduction data, so the remaining uncertainty
is associated mainly with the extrapolation to electro-
production and, in some corners of phase space, with
the proximity to the baryon-resonance region. Within the
kinematic regime where the framework is constrained by
existing data, we expect the residual modeling uncertainty
to be at the level of tens of percent; this uncertainty can be
reduced further once EIC electroproduction data become
available.
The paper is organized as follows. Section II is devoted

to discussing interactions of pseudoscalar and vector
particles. In Sec. III, we summarize the input we use to
calculate the matrix elements of the electroproduction
processes of Eq. (1) for the neutral pseudoscalar and vector
mesons and then generalize them to other pseudoscalar and
vector particles. Section IV describes the event selection we
utilize for the electroproduction events and analyzes
resulting kinematics for various final particles X and beam
configurations at the EIC. In Sec. V, we cross-check our
framework against the equivalent photon approximation,
highlighting the limitations of the latter when used for event
analysis. Finally, conclusions are presented in Sec. VI.

II. INTERACTIONS OF PSEUDOSCALAR
AND VECTOR PARTICLES

Our focus is on the production of hadronically coupled
pseudoscalar and vector particles X, which may result in a
sizable proton energy loss in the process of Eq. (1); see, for
example, Figs. 1 and 2 in Sec. III. In this section, we first
discuss the interactions of the light SM mesons that enter
the calibrated electroproduction amplitudes used in Sec. III.
We then introduce a generic class of new states X whose
low-mass phenomenology may be described in terms of
mixing with SM mesons of the same spin and parity and
explain two complementary ways of promoting the meson
amplitudes to production amplitudes for X. Finally, we
specialize this discussion to ALPs and new vector medi-
ators and present both the corresponding projector coef-
ficients and the explicit X-SM couplings.

A. Interactions of SM mesons

We begin with the light pseudoscalar and vector mesons

P ¼ π0; η; η0; V ¼ ρ0;ω;ϕ; ð2Þ

which will later serve both as SM final states and as basis
states for the new particles X. Their generators in the
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SUð3ÞF flavor space are

Tπ0 ¼
1

2
diagð1;−1; 0Þ; Tη ¼

1ffiffiffi
6

p diagð1; 1;−1Þ;

Tη0 ¼
1

2
ffiffiffi
3

p diagð1; 1; 2Þ; ð3Þ

and

Tρ0 ¼
1

2
diagð1;−1; 0Þ; Tω ¼ 1

2
diagð1; 1; 0Þ;

Tϕ ¼ 1ffiffiffi
2

p diagð0; 0; 1Þ: ð4Þ

1. Coupling to nucleons

Within chiral perturbation theory, the effective inter-
actions of vector mesons V ¼ ρ0;ω;ϕ with protons are
given by

LVpp ¼ gVpp

�
p̄γμpVμ þ

κV
4mp

p̄σμνpVμν

�
; ð5Þ

where gVpp ðκVÞ is the monopole (dipole) vector cou-
pling,mp is the proton mass, and Vμν ¼ ∂μVν − ∂νVμ is the
field-strength tensor of the vector meson V. For conven-
ience, we also provide the corresponding Vpp vertex:

ūðpp0 ÞΓVNN;βuðppÞ

¼ igVppūðpp0 Þ
�
ð1þκVÞγβ−

κV
2mp

ðppþpp0 Þβ
�
uðppÞ: ð6Þ

Extraction of the Vpp monopole and dipole couplings
can be attempted from different processes, including
nucleon-nucleon scattering and meson photoproduction
data [102,116–121]. Such determinations are, however,
subject to sizable model uncertainties [122]. First, they
depend sensitively on the choice of hadronic form factors
used to parametrize the interaction vertices as well as on the
correlations between the contributions from the gVpp and
gVppκV couplings. In addition, in Reggeized descriptions,
the assumed Regge residue—including its phase and
possible Regge-cut contributions—constitutes another
important source of systematic uncertainty.
For ρ0 and ω, we use the results adopted in Ref. [123]:

gρ0pp¼ 2.7; κρ¼ 4.2; gωpp ¼ 14.2; κω¼ 0: ð7Þ

Unlike the ρ0 and the ω, the ϕ couplings cannot be
robustly extracted from the photoproduction data. First,
the ϕγπ vertex is very suppressed; see Table I. In addition,
Okubo-Zweig-Iizuka-rule calculations [124,125] predict
jgϕppj < 0.6 and κϕ ¼ 1.8, whereas the CD-Bonn-based
calculations supplementedwithSUð3Þ-symmetry arguments

[126] lead to gϕpp ∈ ½−0.16; 1.4� and κϕ ¼ κρ, with the
uncertainty caused by lack of data. The particular value of
this coupling is not important for our studies of the photo-
and electroproduction processes, because it is either sub-
dominant [107,127] or degenerate with contributions from
other interactions. Following Ref. [127], we, therefore,
assume

gϕpp ¼ κϕ ¼ 0: ð8Þ

For pseudoscalar mesons P ¼ π0; η; η0, the effective
interaction with nucleons is given by

LPNN ¼ gpPp̄γμγ5p∂μPþ gnPn̄γμγ5n∂μP; ð9Þ

see Appendix A for details. The corresponding couplings
are

gpπ0 ¼ −gnπ0 ≈ 6.8 GeV−1; gpη ¼ gnη ≈ 2.2 GeV−1;

gpη0 ¼ gnη0 ≈ 0.93 GeV−1: ð10Þ

2. Coupling between V, γ, and pseudoscalar mesons

The Lagrangian of the VγP interaction can be written as

LVγP ¼ −
gVγP
2

PFμνṼμν; ð11Þ

where Fμν is the electromagnetic field-strength tensor and
Ṽμν ¼ 1

2
ϵμναβVαβ denotes the dual field strength of the

vector meson. The corresponding vertex for an incoming
off-shell photon and vector meson with four-momenta pγ�

and pV� , and outgoing P, reads

Γμβ
VγPðpγ� ; pV� Þ ¼ igVγPεμβκαpγ�;κpV�;α: ð12Þ

In principle, this and other vertices should also accom-
modate phenomenological form factors accounting for
suppression at large virtualities. However, as discussed
in Sec. III, we will adopt a common form factor for the full
electroproduction amplitude, which effectively captures the
finite-virtuality behavior. We, therefore, do not include
additional vertex form factors here. In Table I, we present
the values of the couplings gVγP in the HLS approach under
the assumption that the ϕmeson is a pure ss̄ state [130,131]
as well as those obtained by fitting to the measured
radiative decay widths [132], which we will use below.
The most important difference between the theoretical and
experimental determinations is for gϕγπ, for which the HLS
prediction vanishes.

3. The Vγf 2 coupling

Next, we need the radiative coupling γVf2, where f2 ≡
f2ð1270Þ is the lowest-lying spin-2 meson. We build the
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Lorentz structure of the f2Vγ interaction assuming that
(i) f2 couples to the hadronic stress-energy tensor and
(ii) within the HLS approach to vector meson dominance,
the photon exhibits linear mixing with ρ0, ω, and ϕ; details
are provided in Appendix F. Similar constructions are often
adopted in the literature [106,107,127,133,134], although
there are important subtleties when applying them to
photoproduction and electroproduction.
We start from the interaction

Lf2VV ¼ gT;Vf2;μνT
μν
V ; ð13Þ

where Tμν
V is the hadronic stress-energy tensor of the free

vector meson V ¼ ρ0;ω;ϕ and gT;V is an interaction
coupling. The couplings gT;V may, in general, be nonuni-
versal among the V fields, reflecting the flavor structure of
f2 and possible SUð3ÞF violation.
Including the electromagnetic interactions within the

HLS framework effectively replaces Vμν → Vμν þ cVγFμν

in Tμν
V . This induces the vertex

Γμν;αβ
f2Vγ

ðpγ; pVÞ ¼ gf2Vγ

�
ðpγ · pVÞgμαgνβ þ pμ

γpν
Vg

αβ

− pμ
γpα

Vg
νβ − pβ

γpν
Vg

μα

−
1

2
gμνððpγ · pVÞgαβ − pβ

γpα
VÞ
�
; ð14Þ

with

gf2Vγ ¼ 2gT;VcVγ; ð15Þ

which has dimension GeV−1. This vertex is traceless with
respect to the μν indices and vanishes after contraction
with pα

γ� or pβ
V�, reflecting the properties of the FμνVμν

interaction.
Notably, it differs from those often used in the literature

[106,107,112,127]. In particular, Refs. [112,127] employ a
similar construction but omit the term proportional to gμν.
That term vanishes for an on-shell f2, whose polarization is
traceless, but survives for the off-shell f2 relevant to
photoproduction. Reference [106], on the other hand,

constructs a vertex that satisfies Ward identities only after
contraction with the polarization tensor of an on-shell f2;
for an off-shell f2, contraction with the photon momentum
gives a structure proportional to p2

f2
−m2

f2
≠ 0. Using such

a vertex in photo- and electroproduction, where f2 is
exchanged in the t channel, explicitly violates Ward
identities and may lead to unphysical features, such as
an incorrect scaling of the electroproduction cross section
with the photon momentum transfer. An expanded dis-
cussion is provided in Appendix F.
The couplings gf2Vγ may be constrained directly from

radiative decays f2 → Vγ or indirectly via hadronic decays
such as f2 → 2V� → X. Since no radiative decays have
been measured [132], some uncertainty remains.
We fix the value of gf2ργ to fit the ρ0 photoproduction

data. For the remaining couplings, we match the theoretical
prediction of the covariant oscillator quark model [135],
following Refs. [127,134]. Overall,

gf2ργ ≈ 0.27 GeV−1; gf2ωγ ≈ 0.15 GeV−1;

gf2ϕγ ≈ 0.07 GeV−1: ð16Þ

Notably, the used value of gf2ργ lies within the range
permitted by the requirement that gf2ργ not overproduce
the f2 → 2ρ0� → 2πþ2π− decay relative to the data; see
Appendix F.

4. The Vγσ coupling

Finally, we discuss the coupling γVσ, where σ ≡
f0ð500Þ is the lowest-lying scalar meson. We use

LVσγ ¼
egVσγ
2

σVμνFμν; ð17Þ

with the corresponding vertex

Γμν
Vσγðpγ� ; pV� Þ ¼ egVσγ½ðpγ� · pV� Þgμν − pν

γ�p
μ
V� �: ð18Þ

The value of gVσγ may be constrained under the assumption
that the decays V → π0π0γ are dominated by σ exchange.
However, because of the sizable uncertainty in the σ mass
and width, such estimates are necessarily ambiguous.

TABLE I. The couplings gVγP (in GeV−1) entering the Lagrangian of Eq. (11). The “HLS” column gives the
theoretical result obtained in the hidden local symmetry approach to vector meson dominance, while the “exp”
column gives the value calibrated on the observed radiative decay widths, where kinematically possible. For gρ0γη0
and gωγη0 , we use the HLS values, which are close to those employed in η0 production studies [128,129].

ρ0 ω ϕ

P HLS Experimental value HLS Experimental value HLS Experimental value

π0 2.4 × 10−1 ð2.2� 0.20Þ × 10−1 7.3 × 10−1 ð7.1� 0.11Þ × 10−1 0 ð4.1� 0.08Þ × 10−2

η 6.0 × 10−1 ð4.8� 0.16Þ × 10−1 2.0 × 10−1 ð1.4� 0.08Þ × 10−1 2.8 × 10−1 ð2.1� 0.02Þ × 10−1

η0 4.2 × 10−1 4.2 × 10−1 1.4 × 10−1 1.4 × 10−1 −4.0 × 10−1 ð−2.1� 0.04Þ × 10−1
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Following the photoproduction studies [127,134], we
take mσ ¼ 500 MeV and use

gϕσγ ≈ −0.279 GeV−1; gωσγ ≈ −0.561 GeV−1; ð19Þ

which are inferred from the theoretical predictions for
ϕ=ω → σγ [136] and the corresponding measured decay
widths [132]. For the ρ meson, requiring that the σ
contribution to ρ0 → 2π0γ not exceed the observed
width gives jgρσγj ¼ ð1.0–1.4Þ GeV−1; see Appendix E.
Interpreting this range as a freedom to be fixed from the ρ0

photoproduction data, we use

gρσγ ≈ −1.4 GeV−1; ð20Þ

with the sign chosen consistently with Eq. (19) and to better
match the photoproduction data.

B. New states and two descriptions of their production

We now turn to new states X whose phenomenology in
the mass range mX ≲ fewGeV may be described in terms
of mixing with SM mesons h carrying the same spin and
parity. At the level of the SUð3ÞF flavor representation, we
may write their effective generator in the symbolic form

T̃XðmX; fXÞ ≈
X

h∈ basisðXÞ
κXhðmX; fXÞTh; ð21Þ

where basisðXÞ denotes the light-meson family with the
same quantum numbers as X, Th is the generator of the
meson h (which, for definiteness, is normalized by
2Tr½ThTh0 � ¼ δhh0 ), and κXhðmX; fXÞ are the corresponding
mixing coefficients depending on the X’s mass mX and X’s
coupling fX. In many cases, they have a Breit-Wigner-like
structure.
In the production analysis below, the amplitudes for the

states X will be constructed from the meson electropro-
duction amplitudes calibrated to existing data.
Conceptually, this may be done with the help of the
generator T̃XðmXÞ in two different ways.
The first is a coupling-based description. In this

approach, one decomposes the X production matrix
element MX into elementary amplitudes of independent
subprocesses i (such as different t-channel exchanges,
bremsstrahlunglike baryonic terms, and so on):

MX ¼
X
i

MX;i: ð22Þ

Each contribution depends on a set of effective couplings
gX;iðmXÞ, which may be obtained from the corresponding
meson couplings through

gX;iðmX; fXÞ ¼
X

h∈ basisðXÞ
gh;iκXhðmX; fXÞFiðmXÞ

¼
X

h∈ basisðXÞ
gh;iκXh;iðmX; fXÞ; ð23Þ

where FiðmXÞ is a phenomenological function accounting
for specific subprocess-dependent scaling of the coupling
with mX required, e.g., by the QCD sum rules (see below),
and

κXh;iðmX; fXÞ≡ κXhðmX; fXÞFiðmXÞ: ð24Þ

The second is a projector-based description. In this
approach, one starts directly from the meson production
amplitudes Mh;i and constructs the amplitude for X as

MX ¼
X

h∈ basisðXÞ

X
i

κXh;iðmX; fXÞ½Mh;i�mh→mX
; ð25Þ

where the notation mh → mX indicates that the produced-
state mass is replaced by mX in the external kinematics and
phase space.
The projector-based description reduces to the coupling-

based one when κXh;i½Mh;i�mh→mX
≡MX;i. This is true if

Mh;i has a clean dependence on the meson h in terms of
gh;SM and mass mh. However, this is not the case onceMh;i

depends on some phenomenological parameters that cannot
be calculated from first principles.
The latter situation applies to the meson production

framework we adopt in this study; see Sec. III. Namely,
for a particular channel i describing the exchange of exci-
tation with a particular spin and parity, it uses a description in
terms of the Regge family for this state that also includes
absorptive cut contributions from interference with other
states, with h-dependent coefficients determined by the data.
For this reason, the projector-based description is the

more natural one for our implementation, and we follow it
below. Nevertheless, for completeness and generality, in
Appendix B, we will also provide the explicit X–SM
couplings corresponding to the coupling-based viewpoint.

C. Explicit realizations: ALPs and vector mediators

We now specialize the general discussion above to two
representative classes of new particles: ALPs and new
vector mediators. For mX ≲ 1 GeV, their phenomenology
can be described in terms of mixing with the light mesons
introduced above. For larger masses, two additional effects
become important: (i) suppression of the effective inter-
action vertices in the limit mX ≫ ΛQCD, as suggested by
quark-counting rules and QCD sum rules [65,90,137], and
(ii) mixing with heavier pseudoscalar or vector excitations.
In the present work, we retain only the lightest mesons
explicitly and encode the large-mass behavior through
phenomenological scaling factors. Since the neglected
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heavier resonances are expected to enhance the production
rates, this choice is conservative.

1. ALPs

At the partonic level, the effective Lagrangian for an
ALP a at the QCD scale is [67,138]

La ⊃ −cg
αs
8π

a
fa

GμνG̃μν þ
∂μa

fa

X
q

q̄ cqγμγ5q

−
X
q

q̄Mqe
2iγ5βq

a
faq; ð26Þ

where q ¼ ðu; d; sÞ, Gμν is the gluon field-strength tensor,
and fa, cg, cq, and βq encode the UV couplings. We do not
discuss other ALP couplings, such as couplings to photons,
electroweak gauge bosons, or leptons, since they do not
contribute to the hadronic production considered here. We
also neglect flavor-violating ALP couplings.
The couplings in Eq. (26) are not individually physical,

since they are not invariant under chiral rotations of the
quark fields. Observables must, therefore, be organized in
terms of the invariant combinations [68,83,86,90]

β̃q ≡ βq þ cq; c̃g ≡ cg − 2
X
q

cq: ð27Þ

Below, we will present explicit expressions for the gluonic
ALP, although the formulas may be generalized straight-
forwardly to other coupling patterns. The gluonic ALP has
the couplings

cg ¼ −2; βq ¼ cq ¼ 0: ð28Þ
We split the discussion of the ALP phenomenology into
two mass ranges ma ≲ 4πfπ and ma ≳ 4πfπ , using mass
ma ¼ 1.2 GeV for concreteness.
(a) Mass ma < 1.2 GeV. The interactions of the light

ALPs may be understood in terms of the mixing with the
pseudoscalar mesons P ¼ π0; η; η0. The effective ALP
generator T̃a reads [90]

T̃aðma; faÞjma<1.2 GeV ¼
X
P

κaPðma; faÞTP; ð29Þ

with the following corresponding projector coefficients
κaP ¼ 2Tr½T̃aTP�:

κaπ0ðma; faÞjma<1.2 GeV

¼ fπ
fa

2δIm2
πm2

0

9ðm2
π −m2

aÞ
�

1

m2
η −m2

a
þ 2

m2
η0 −m2

a

�
;

κaηðma; faÞjma<1.2 GeV ¼ fπ
fa

ffiffiffi
6

p
m2

0

9ðm2
η −m2

aÞ
;

κaη0 ðma; faÞjma<1.2 GeV ¼ fπ
fa

4
ffiffiffi
3

p
m2

0

9ðm2
η0 −m2

aÞ
: ð30Þ

Here,m2
0 ≡ 3m2

η − 3m2
π and δI ¼ ðmd −muÞ=ðmd þmuÞ≈

0.36 [132].
(b) Mass ma > 1.2 GeV. In this domain, the description

of the ALP interactions above is no longer sufficient
because of the following two effects: large-ma scaling
following from quark-counting arguments (QCD sum
rules) and mixing with heavy pseudoscalar excitations.
Let us discuss them in detail.
According to quark-counting rules, the ALP vertices

entering the photo- and electroproduction amplitudes
should scale with the largest invariant energy scale of
the relevant subprocess, which here is the ALP mass ma.
The corresponding power-law behavior is determined by
the number of constituent fields [65,90,137]. Specifically,
for a subprocess with a total of n fundamental fields and
characteristic energy scale p, the matrix element in the limit
p ≫ ΛQCD behaves as [137] M ∝ p4−n.
Let us apply this reasoning to the app (B5) and Vγa

vertices (B6). They describe the ALP emission; hence,
p2 ¼ m2

a. To get the expected scaling, we count the proton
as three fields, mesons as two fields, the photon as two
fields (as the VγP coupling originates from the mixing of
photons with vector mesons), and ALP as two fields (as in
Refs. [65,90]). The number of fields in the ppa (Vγa)
vertex is 8 (6), which gives the required scalingsm−4

a (m−2
a ).

We note that the field assignments for the ALP and photon
used in this counting, i.e., treating each as two fields, are
chosen to reproduce these asymptotic scalings, following
Refs. [65,90], rather than derived from first principles. The
counting should, therefore, be understood as a phenom-
enological convention that enforces the correct large-mass
behavior rather than as an independent derivation of it.
However, the low-energy effective projector constants

from Eq. (30) do not satisfy the relevant scalings.
Namely, applying them to matrix elements of the processes
a → pp̄ and a → γV, we obtain Ma→pp̄ ∝ m−1

a and
Ma→Vγ ∝ const, where them−2

a powers from theALPmatrix
)29 ) get partially canceled by the kinematics structure of the

matrix element.
Second, the ALP can mix with heavier pseudoscalar

excitations such as [132]

ηð1295Þ; π0ð1300Þ; ηð1405Þ; ηð1475Þ; ηð1760Þ;
π0ð1800Þ; ηð2225Þ; ηð2370Þ; ð31Þ

where sometimes ηð1405Þ and ηð1475Þ are interpreted as
one meson ηð1440Þ [139]. The widths of most of these
mesons are (50–200) MeV. In other words, they may be
simultaneously narrow enough not to completely overlap
but broad enough that resonant enhancement from their
mixing with ALPs is significant over a substantial portion
of the ALP mass range. In particular, we expect that the
mixing with such species dominates the interactions of the
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ALPs and vector mediators in the mass range ma ≲ 2 GeV
(see Refs. [35,36,86]).
The properties of some of the heavy pseudoscalar mesons

are not known very well [132,139]. Reference [86] incor-
porated mixing with ηð1295Þ, π0ð1300Þ, and ηð1440Þ, but
so far there is no approach systematically including all
these resonances. Moreover, the interaction couplings of
these mesons needed to calculate their photoproduction are
also poorly known, and data are not yet available.
For these reasons, we leave the investigation of this

interesting question for future work, while in this study we
do not include these resonances. Instead, we use a
simplified large-mass interpolation of the ALP interaction
vertices accounting for the QCD sum rules, following
Refs. [65,90].
First, for a gluonic ALP with ma ≳ 1.2 GeV, we replace

the low-mass ALP generator (29) with

T̃aðma; faÞjma>1.2 GeV ¼ −
fπ
fa

2αsðmaÞffiffiffi
6

p I; ð32Þ

where I is the identity in flavor space, with

κaπðma; faÞjma>1.2 GeV ¼ 0;

κaηðma; faÞjma>1.2 GeV ¼ −
fπ
fa

2

3
αsðmaÞ;

κaη0 ðma; faÞjma>1.2 GeV ¼ −
fπ
fa

4
ffiffiffi
2

p

3
αsðmaÞ: ð33Þ

This choice is motivated by recovering the interaction
structure as predicted by the genuine hadronic interactions
of the gluonic ALP ∝ αsGμνG̃

μν. In general, this and other
similar choices for the large-mass asymptotics create a
discontinuity in the ALP production and decay rates.
Reference [90] minimized the discontinuity in the ALP
decay rates. For ma > 1.5 GeV, we evaluate αsðmaÞ using
RunDec [140], while for 1 GeV < ma < 1.5 GeV, we use
the interpolation αsðmaÞ ¼ ð1 GeV=maÞ2.6.
In addition, Ref. [65] approximated the domain of

pseudoscalar excitations by a fit of the scattering data
eþe− → V� → VP, where V are various vector states. This
resulted in a phenomenological function F ðmaÞ, given by

F ðmaÞ ¼

8>><
>>:

1; ma < βF ;

interpolation; βF ≤ ma ≤ 2 GeV;�βF
ma

�
4; ma > 2 GeV;

ð34Þ

where βF ≈ 1.4 GeV and interpolation resembles the shape
from Fig. 1 in Ref. [65]. In the large-ma domain for the Vaγ
process with Eq. (33), it also implies the large-ma scaling
dictated by the QCD sum rules.
Collecting these results, we may construct channel-

dependent projectors κaP;iðmaÞ defined in Eqs. (23) and

(24). For the interactions i ¼ app; aVγ, they are given by

κaP;iðma; faÞ ¼ κaPðma; faÞ × F ðmaÞ

×

(
1; ma < βF ;	
βF
ma



ni ; ma ≥ βF ;

ð35Þ

where naVγ ¼ 0 and napp ¼ 1 are required by the QCD
sum rules.
In the case of the app interaction, Ref. [80] also

introduced the timelike proton form factor FAðmaÞ, which
incorporates the mixing with the axial-vector state a01. It
does not lead to a resonant enhancement of the production
amplitude, which is due to the Lorentz-structure of the
ALP-a1 operator [86]. We do not include it because it does
not account for the truly resonant mixing with heavy
pseudoscalar mesons.
Overall, Eq. (35) provides a highly conservative estimate

and may substantially underestimate the ALP yield. In the
mass range ma ≲ 2.4 GeV, it neglects contributions from
heavier excitations, which are expected only to enhance the
couplings. Moreover, instead of retaining the naive low-
mass behavior T̃a ∝ 1=m2

a of the generator in Eq. (29), we
impose the much stronger suppression 1=m4þni

a suggested
by QCD sum rules.

2. Vector mediators

We also consider new vector states V 0 coupled to
anomaly-free combinations of baryon and lepton currents:

LV 0 ¼ gV 0V 0μX
q

xqq̄γμq

þ gV 0V 0μX
l

ðxllγμlþ xνl ν̄lγμPLνlÞ; ð36Þ

where the coefficients xq and xl are chosen such that the
corresponding current is anomaly-free. Typical examples
include dark photons, for which xf ¼ Qf, and B − L
mediators, for which xl ¼ xνl ¼ −3xq ¼ 1 [29,31,32,35].
FormV 0 ≲ 1 GeV, the hadronic interactions of V 0 may be

understood using the HLS implementation of vector meson
dominance [35,36,97,130], according to which V 0 mixes
with families of ρ0;ω;ϕ mesons. The generator of the V 0
particle is

T̃V 0 ðmV 0 ; gV 0 Þ
���
mV0≲1 GeV

¼
X

V¼ρ0;ω;ϕ

κV 0VðmV 0 ; gV 0 Þ
����
mV0<1 GeV

TV: ð37Þ

Explicit form of the coefficients κV 0VðmV 0 Þ is
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κV 0VðmV 0 Þ
���
mV0<1GeV

¼ gV 0
m2

V

m2
V 0 −m2

V − iΓVmV
2Tr½TV ×diagðxu;xd;xsÞ�; ð38Þ

or, after using the generators (4),

κV 0ρ0ðmV 0 ;gV 0 Þ
���
mV0<1GeV

¼gV 0
m2

ρ0

m2
V 0−m2

ρ0
−iΓρ0mρ0

ðxu−xdÞ;

ð39Þ

κV 0ωðmV 0 ;gV 0 Þ
���
mV0<1GeV

¼ gV 0
m2

ω

m2
V 0 −m2

ω− iΓωmω
ðxuþxdÞ;

ð40Þ

κV 0ϕðmV 0 ; gV 0 Þ
���
mV0<1 GeV

¼ −gV 0
m2

ϕ

m2
V 0 −m2

ϕ − iΓϕmϕ

ffiffiffi
2

p
xs:

ð41Þ

For larger masses, the description becomes more compli-
cated. Similar to the ALPs, the vector mediator may mix
with heavier vector excitations, such as ωð1420Þ, ρ0ð1450Þ,
ωð1650Þ, ϕð1680Þ, ρ0ð1700Þ, and ϕð2170Þ. Unlike the
ALP case, the mixing structure of V 0 with these excitations
may be accurately captured by the electromagnetic (EM)
scattering data [35], which replaces the Breit-Wigner form
with an appropriate line shape; in addition, they are
typically much broader and overlap. However, with the
EIC data, one can systematically estimate these rates based
on the lþl− spectra as done, for example, at LHCb dark
photon searches [141,142] and rescale them to other
models based on SUð3ÞF symmetry. Currently, we neglect
heavier vector resonances. As in the pseudoscalar case, this
should be viewed as a conservative approximation, since
the omitted states are generally expected to enhance the
production rate.

III. MATRIX ELEMENTS OF
ELECTROPRODUCTION

The matrix elements of the electroproduction process of
Eq. (1) for pseudoscalars and vectors, denoted as X, can be
parametrized as

iM ¼ i
Jeμ

ðpe − pe0 Þ2
Mμ

X; ð42Þ

with Jeμ ¼ eūðpe0 ÞγμuðpeÞ the electron electromagnetic
current and Mμ

X a process-dependent hadronic current
describing the subprocess γ� þ p → X þ p0. The object
Mμ

X satisfies the Ward identity, ðpe − pe0 ÞμMμ
X ¼ 0. The

Lorentz-invariant kinematical variables are defined as

s≡ðpeþppÞ2; s1≡ðpe0 þpXÞ2; sγ�p≡ðpXþpp0 Þ2;
Q2≡−ðpe−pe0 Þ2; tp≡ðpp−pp0 Þ2: ð43Þ

Crucially, the beam-energy configurations at the EIC, the
kinematic selection we adopt (a forward proton p0 and
energetic X in the transverse direction), and the structure of
the matrix element with the Q2 pole favor the domain
Q2 ≪ 1 GeV2, jtpj < 2 GeV2, and, for most accepted
events, ffiffiffiffiffiffiffiffisγ�p

p ≳ 2 GeV; see Sec. IVA and Fig. 5. In this
range, the electroproduction cross section is modeled in
terms of exchanges with various intermediate hadronic
states.
The first broad class is given by t-channel exchange

processes, in which the proton legs do not emit the
final-state particle X. These include nondiffractive contri-
butions, such as exchanges by mesons with different spins
depending on the quantum numbers of X—see Figs. 1(a)
and 2(b)—as well as diffractive contributions, typically
described by effective Pomeron exchange P, which con-
trols the energy dependence at large ffiffiffiffiffiffiffiffisγ�p

p
—see Fig. 2(a).

For t-channel exchange, the intermediate states are off shell
independently of the value of sγ�p.

(a) (b) (c)

FIG. 1. Feynman diagrams for the electroproduction process ep → epX with X ¼ ðπ0; η; η0; aÞ: (a) t-channel fusion production of X,
where V is a vector meson V ¼ ρ, ω; (b) s-channel bremsstrahlunglike process with an intermediate baryonic resonance, where X is
emitted by the outgoing proton leg (retarded emission); (c) u-channel bremsstrahlunglike process with X emitted from the incoming
proton leg (advanced emission). In this work, we adopt the description of Ref. [115], where the production is described via the V-
exchange process (a), with absorptive cut contributions from a Pomeron P and the tensor meson f2.
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The second broad class is given by bremsstrahlunglike
s- and u-channel topologies involving intermediate baryon
resonances with spins S ¼ 1=2; 3=2; 5=2;…, as illustrated
in Figs. 1(b) and 1(c). Such excitations may go on shell ifffiffiffiffiffiffiffiffisγ�p
p ≲ 2 GeV [132]. In general, describing this region
requires an explicit treatment of individual baryonic
resonances.
Before specifying the channel-dependent amplitudes, let

us emphasize an important conceptual point. In the kin-
ematic domain relevant for this work, there is, in general,
no unique microscopic decomposition of exclusive photo-
or electroproduction into a fixed set of intermediate
hadronic mechanisms. Different studies often describe
the same final state X using different effective sets of
explicitly included exchange mechanisms or production
topologies [101–103,105–107,110–112,115,123,143–155].
The corresponding pole contributions may then be pro-
moted to Reggeized amplitudes and, in some cases,
supplemented by absorptive Regge-cut terms that effec-
tively account for additional nonpole strength not included
as separate explicit exchanges. Such choices are typically
motivated by phenomenological dominance in a given
kinematic regime, simplicity of the parametrization, and
the availability of data with which the corresponding
description may be calibrated. As a result, distinct repre-
sentations of the hadronic current can yield very similar
predictions for integrated rates and for broad classes of
differential distributions across overlapping regions of
phase space.
Accordingly, the intermediate states appearing in our

amplitudes should not be interpreted as defining a unique
microscopic production mechanism. Rather, they provide a
phenomenological representation of the hadronic current
appropriate for the observables and kinematic regime under
consideration. An explicit example, discussed below in
Sec. III A, is neutral pion production: Some descriptions
include contributions from nucleon resonances together
with vector-meson exchange [102,103,146,147], whereas
others employ a forward Regge-based description with
vector exchanges only, supplemented by absorptive

cuts from additional trajectories [122,123]. Future electro-
production data from the EIC may help discriminate
between such effectively degenerate descriptions and
thereby guide the development of a more unified treatment
across different final states.
Within any chosen phenomenological representation, the

relative signs and magnitudes of the individual contribu-
tions matter through interference and can affect differential
distributions more strongly than inclusive or broadly
integrated rates. However, these parameters are fixed
collectively to production data and are strongly correlated,
so varying one coupling or sign independently would not
provide a meaningful uncertainty estimate; we instead
characterize their combined impact through the empirical
agreement of the full amplitude with the measured cross
sections.
The selected kinematics motivates three simplifications

in our study. The first is that we model the electro-
production currentMμ

X in Eq. (42) using the corresponding
photoproduction amplitudes for the SM mesons π0, η, η0,
ρ0, ω, and ϕ, which we denote by ½Mμ

X�photopr. The
extrapolation to electroproduction is performed in two
steps: (i) The incoming on-shell photon momentum pγ

is replaced by the off-shell virtual-photon momentum
pγ� ≡ pe − pe0 , and (ii) a finite-Q2 form factor FXðQ2Þ
is included to account effectively for the compositeness of
the hadronic electromagnetic vertices,

Mμ
X ≈ FXðQ2Þ½Mμ

X�photoprjpγ→pγ� : ð44Þ

This construction is similar in spirit to the approaches
adopted in Refs. [100,102,146].
For the ρ0 and ϕ mesons, we use form factors fitted

to HERA data [156]. Those fits are based on the approxi-
mation that the total electroproduction cross section factor-
izes relative to the photoproduction one at fixedffiffiffiffiffiffiffiffisγ�p
p ¼75GeV:

(a) (b) (c) (d)

FIG. 2. Feynman diagrams for exclusive electroproduction of vector mesons V. (a) Diffractive contribution, modeled by effective
Pomeron exchange: the proton emits a Pomeron P which fuses with the virtual photon γ� to produce V. (b) Nondiffractive contribution,
modeled as an effective t-channel exchange of a generic hadron h (with h standing for the set of nondiffractive exchanges included in the
hadronic current, e.g., π0, σ, f2, etc.); the exchanged h fuses with the virtual photon to produce V. (c),(d) Nondiffractive bremsstrahlung-
type topologies with an intermediate baryonic excitation B� in the s and u channels of the γ�p pair, corresponding to emission of V from
the outgoing (c) or incoming (d) proton leg.
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σγ�þp→p0þV

��� ffiffiffiffiffiffisγ�p
p ¼75 GeV

≈ jFVðQ2Þj2 × σγþp→p0þV

��� ffiffiffiffiffi
sγp

p ¼75 GeV
: ð45Þ

The resulting fitted form factors for ρ0 and ϕ are

FVðQ2Þ¼
�

1

1þQ2=m2
V

�
n
;

n¼
�
1.05þ3.5×10−3 GeV−2ðm2

ρþQ2Þ; V ¼ ρ0;

1.07þ3.7×10−3 GeV−2ðm2
ϕþQ2Þ; V ¼ϕ:

ð46Þ

For ω, for which the available electroproduction data are
more limited, we assume the same functional form as for ρ0.
For the pseudoscalar mesons and ALPs, we use the analo-
gous Ansatz

FPðQ2Þ ¼
�

1

1þQ2=m2
ρ

�
1þ3.5×10−3 GeV−2ðm2

PþQ2Þ
; ð47Þ

whichmirrors the observed scaling pattern of the light vector
mesons.
The use of the empirical form factors in Eq. (44) is

necessarily approximate and may be systematically
improved once electroproduction data from the EIC
become available. First, they are extracted at fixedffiffiffiffiffiffiffiffisγ�p
p ¼ 75 GeV, which lies well above the sγ�p domain
most relevant for the EIC. Second, Eq. (45) encodes the Q2

dependence only at the level of the integrated cross section
and, therefore, does not capture correlations between Q2

and the other kinematic variables. In our treatment based on
Eq. (44), the exact 2 → 3 kinematics is retained, and the
finite photon virtuality is kept explicitly in the operator for
the subprocess γ� þ p → p0 þ X. As a result, the form
factors in Eq. (46) should be viewed only as a practical
phenomenological Ansatz rather than as a unique prediction
for the full multidifferential electroproduction amplitude.
These form factors may be refined once EIC electro-
production data become available; we leave this to future
work.
The HERA ρ0 and ϕ electroproduction data partially

constrain the finite-Q2 dependence at the level of integrated
cross sections [156]. For the ω and pseudoscalar channels,
we are not aware of measurements that directly constrain
the corresponding form-factor Ansätze in the low-Q2, few-
GeV-energy region relevant here.
To assess the associated uncertainty, we vary the expo-

nent of the baseline form factor over 0 ≤ n ≤ 2, spanning
no finite-Q2 suppression through dipolelike suppression. In
the region Q2 ≲ 0.1 GeV2, which dominates the fiducial
yield, this changes jFXðQ2Þj2 by at most approximately
40% relative to the baseline and by substantially less at

smaller Q2. We, therefore, adopt approximately 40% as a
conservative estimate of the form-factor uncertainty on the
predicted fiducial rates.
The second simplification is that we do not include

individual baryonic excitations explicitly in the electro-
production amplitudes. This is motivated by several con-
siderations. Our event selection mostly favors the regionffiffiffiffiffiffiffiffisγ�p
p > 2 GeV, where baryonic excitations do not go on
shell. In addition, the number of resonances is large, and
their widths are not narrow, so their contributions overlap
strongly and do not generically produce isolated resonant
enhancements. Finally, in electroproduction, we integrate
over a continuous range of sγ�p, which further dilutes the
impact of individual resonances. In practice, we include
such effects only collectively, through phenomenological
Reggeized descriptions where appropriate.
The third simplification is that we restrict ourselves to

unpolarized e and p beams. First, for the observables
emphasized in this work—total rates, fiducial yields, and
broad multidifferential kinematic distributions—this is
expected to provide an adequate baseline description.
Polarization-dependent effects typically enter through spin
asymmetries and azimuthal modulations, which are usually
subleading corrections to the unpolarized cross section
rather than order-one distortions of the event kinematics.
Moreover, such observables are commonly constructed
from comparisons between different regions in the azimu-
thal angle ϕ and are, therefore, not expected to be strongly
affected by acceptance asymmetries in the approximately
azimuthally symmetric central Electron-Proton/Ion
Collider (ePIC) detector, aside from possible complications
associated with selected beam line instrumentation. Finally,
while most of the EIC data will be taken with polarized
beams, the unpolarized sample can always be obtained by
averaging over data taken with different beam-polarization
configurations. A dedicated treatment of polarization-de-
pendent observables would, nevertheless, be valuable but
goes beyond the scope of the present work.
For the SM meson channels considered in this work, the

hadronic amplitudes are calibrated to existing photopro-
duction data. The residual modeling uncertainty is, there-
fore, best characterized empirically, by the level at which
the framework reproduces these data rather than by
propagating uncertainties on individual model ingredients
(Regge residues, absorptive-cut parameters, effective cou-
plings), which are not independent once the fit is per-
formed. In the kinematic domain where the fitted
description applies, namely, forward kinematics, away
from on-shell baryonic resonances, and ffiffiffiffiffiffiffiffisγ�p

p ≳ 2 GeV,
the empirical accuracy of the photoproduction component
is typically within 30%. An exception is neutral pion
production in the lowest-energy EIC configuration, where
the accepted events probe ffiffiffiffiffiffiffiffisγ�p

p ≲ 2 GeV.
An additional source of uncertainty arises from the

extrapolation from photoproduction to electroproduction,

REUVEN BALKIN et al. PHYS. REV. D 114, 055041 (2026)

055041-10



encoded in our treatment of the finite-Q2 dependence of the
amplitudes. The quoted 30% empirical accuracy does not
include this separate finite-Q2 uncertainty,which is quantified
above for the low-Q2 region dominating the fiducial yields.
Let us now turn to the new states X. We construct the

electroproduction cross section using the recipe of Eq. (25)
and the results discussed in Secs. II C 1 and II C 2. The
main source of the uncertainty, especially in the mass
domain mX ≳ 1 GeV, is a model dependence associated
with the treatment of mixing with excited hadronic states.
Therefore, the quoted ∼30% accuracy should be under-
stood as applying only to the SM meson channels in the
validated kinematic regime and not to the heavier BSM
scenarios considered below. For the latter, our estimates are
very conservative, with the true production rates potentially
larger by an order of magnitude or more. Because the
spectrum and couplings of the omitted heavier excitations
are model dependent, no model-independent upper
envelope can be assigned.

A. Pseudoscalar mesons

The photoproduction of pseudoscalar mesons
P ¼ π0; η; η0 has been studied in numerous works
[102,103,112,115,123,143–147]. A common description
for ffiffiffiffiffiffisγp

p ≃ fewGeV combines tp-channel exchanges by a
photon, vector V, and axial-vector mesons [Fig. 1(a)] and/
or s=u-channel exchanges by baryonic resonances B
[Figs. 1(b) and 1(c)]. The photon-photon fusion topology
produces the proton at very small momentum transfer,
jtpj ≪ 1 GeV2, corresponding to a very soft X. It is,
therefore, outside our event selection discussed in
Sec. IVA. The axial-vector contributions to unpolarized
differential rates are typically strongly suppressed. Unless
one considers polarization-sensitive observables (e.g.,
Fig. 1 in [103]), they may be safely neglected.
Finally, for sufficiently small jtpj≲ 2 GeV2 andffiffiffiffiffiffisγp

p > ð2–3Þ GeV, the net impact of explicit s=u-channel
baryonic-resonance exchanges becomes largely degenerate
with an effective forward-angle description based on
t-channel natural-parity exchange. This is reflected by
the fact that models including both V and B mechanisms
[103,147] and, alternatively, Regge-based approaches
dominated by t-channel V exchange [122,123] can provide
comparably good descriptions of π0=η photoproduction data
in the forward region. In particular, Refs. [122,123] start
from Reggeized ρ and ω exchange and supplement it with
additional nonpole strength via Regge cuts (e.g., ρP, ρf2,
ωP, and ωf2). These cut contributions are branch-point
(continuum) terms associated with two-Reggeon exchange
or absorptive unitarity corrections. They should, therefore,
not be interpreted as introducing additional single-particle
exchanges with independent vertex structures.
For the π0; η production, we will follow Ref. [123] and,

specifically, adopt their “solution I,” which accurately fits

the photoproduction data in the domain ffiffiffiffiffiffisγp
p ≳ 3 GeV.

This provides a baseline Regge(-cut) description in which
the forward-angle cross section at high energy is governed
by natural-parity tp-channel exchange: Reggeized ρ and ω
pole terms, supplemented by absorptive cut corrections
driven by Y ¼ P; f2, in both polarized and unpolarized
beams. In this construction, the Y states enter through the
cut trajectories and phases defining the YV cuts, imple-
mented by modifying the Regge propagator factor multi-
plying the same λVg

v;t
V residues [cf. Eq. (23) in [123] ] rather

than by introducing separate dedicated f2 or Pomeron
amplitudes with their own vertices. This is particularly
natural for the Pomeron, which in Regge phenomenology is
treated as an effective vacuum exchangewith quantum num-
bers JPC ¼ 0þþ. Unnatural-parity axial-vector exchanges
are neglected at the level of unpolarized rates and are
expected to matter only for selected polarization observ-
ables through interference.
For the lightest pseudoscalar channel, X ¼ π0, the

accepted electroproduction sample can probe the low-
intermediate region ffiffiffiffiffiffiffiffisγ�p

p ∼ 2–3 GeV. In this range, the
description of Ref. [123] is expected to be less robust
because of the proximity to the domain of baryonic
resonances. To assess the sensitivity of our results to the
modeling choice, in Appendix D, we compare our baseline
treatment to an alternative description of the high-sγp data
based on Refs. [102,103,146]. As seen from Fig. 1 in
Ref. [103], the alternative approach approximately fits
the photoproduction for the domain ffiffiffiffiffiffisγp

p > 3.5 GeV.
However, it overestimates the differential cross section
dσγp→π0p at low invariant masses, with the discrepancy
being a factor of ≃3 at the lowest invariant mass ffiffiffiffiffiffisγp

p ≈
2.9 GeV for which the approach of Ref. [123] matches the
data well (see Fig. 10).
After imposing our event selection for the C1 configu-

ration from Table IV, this alternative approach gives a
fiducial π0 cross section larger by a factor of about 4–5 than
the baseline result of Ref. [123]. In light of what was
written above, we do not interpret the difference between
the two predictions as a realistic estimate of the uncertainty.
Rather, it should be viewed as a very conservative upper
bound on the uncertainty associated with the low-energy
extrapolation.
For η0 photoproduction, existing observations are con-

centrated in the near-threshold and low-intermediate energy
region, with high-statistics unpolarized differential cross
sections available up to ffiffiffiffiffiffisγp

p ≃ 2.84 GeV [115,157,158].
Phenomenological descriptions in this domain typically
rely on the s, u-baryon exchange or isobar amplitudes
with s-channel resonance contributions plus t-channel
vector meson exchange [143,147,159]. At higher
energies, GlueX [160] reported the first measurement
of the η0 photon-beam asymmetry Σ in the rangeffiffiffiffiffiffisγp
p ≃ ð4.03–4.17Þ GeV, measured as a function of −t
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using a linearly polarized tagged photon beam. This
observable strongly constrains the relative weight of
natural- vs unnatural-parity exchange in the forward
(Regge) regime, but it does not by itself fix the absolute
normalization of the production rate in the absence of
corresponding high-energy dσ=dt data.
Since our selection prefers ffiffiffiffiffiffisγp

p > 3 GeV largely inde-
pendent of the EIC beam configuration, we therefore adopt
the same baseline description for η0 production as for η and
treat the resulting η0 yields as model-dependent extrapola-
tions. The fit parameters entering the η0 calculation can be
revisited and tuned once additional high-energy cross-
section data and polarization observables become available.
Within the approach of Ref. [123], the hadronic current

for pseudoscalar photoproduction is written as

Mμ
Pðsγ�p; tpÞ ¼

X
V¼ρ;ω

Mμ
P;Vðsγ�p; tpÞ; ð48Þ

where

Mμ
P;Vðsγ�p;tpÞ¼ ūðpp0 ÞΓVNN;βðpp0 ;ppÞuðppÞ

×Γμβ
VγPðpγ� ;pp0 −ppÞR̃P

Vðsγ�p;tpÞ; ð49Þ

where ΓVNN;β and Γμβ
VγP stand for the VNN and VγP

interactions from Eqs. (6) and (12), respectively.
The V ¼ ρ,ω Regge factors entering Eq. (48) include the

Regge-pole contribution RVðsγ�p; tpÞ and absorptive
Regge-cut corrections RYVðsγ�p; tpÞ:

R̃P
Vðsγ�p; tpÞ ¼ RVðsγ�p; tpÞ þ

X
Y¼P;f2

RP
YVðsγ�p; tpÞ: ð50Þ

In this way, the pole and cut contributions enter at the
amplitude level and, therefore, contribute to the cross
section both individually and through their interference.
Explicitly,

RVðsγ�p; tpÞ ¼ −
�
sγ�p
s0

�
αV ðtpÞ−1

αV;1Γð1 − αVðtpÞÞ

×
1 − exp½−iπαVðtpÞ�

2
; ð51Þ

RP
YVðsγ�p; tpÞ ¼ cPYV exp

�
−
iπ
2
αYVðtpÞ

��
sγ�p
s0

�
αYV ðtpÞ−1

× expðdPYVtpÞ: ð52Þ

Here, s0 ¼ 1 GeV2, ΓðxÞ is the gamma function, and
αYðtpÞ and αYVðtpÞ are Regge trajectories assumed to be
linear in tp:

αYðtpÞ¼ αY;0þαY;1tp; αYVðtpÞ¼ αYV;0þαYV;1tp; ð53Þ

where the intercepts αY=YV;0 and slopes αY=YV;1 are taken
from Ref. [123] and are collected in Table II. Likewise, the
values of cPYV and dPYV in Eq. (52) are also given in Table II
for π0 and η production; for the η0 case, in the absence of
data, we take the same values as for the η production.

B. Vector mesons

Depending on the invariant mass of the photon-proton pair,
sγp, different mechanisms may dominate the photoproduction
of vector mesons. It has been investigated in various studies
covering diffractive and nondiffractive regimes and their inter-
play, e.g., Refs. [101,105–107,110–112,147–155,161,162].
Conceptually, one distinguishes two contributions (see
Fig. 2): (i) a diffractive component, dominating the domainffiffiffiffiffiffisγp
p ≫ 1 GeV, well described by an effective Pomeron
exchange P [105,149,150,152,163] [Fig. 2(a)], and (ii) a
nondiffractive component, being the dominant one in the
domain ffiffiffiffiffiffisγp

p ≃ fewGeV and modeled through a combi-
nation of t-channel exchanges by scalar, pseudoscalar,
axial-vector, and tensor states [Fig. 2(b)] and bremsstrah-
lunglike processes via intermediate baryonic resonances
[101,106,107,148,150–154,162] [see Figs. 2(c) and 2(d)].

TABLE II. Regge trajectories and Regge-cut parameters used for “solution I” in Ref. [123] and entering the
Reggeized propagators of ω and ρ exchange in Eq. (50). All trajectories are linear, αYðtpÞ ¼ αY;0 þ αY;1tp, with tp in
GeV2, separately for the production of π0 and ηmesons. In this study, for the photoproduction of η0 mesons, we take
the same values as for the η case.

Exchange
or cut

Trajectory α ¼ α0 þ α1tp γp → π0p γp → ηp

αY;0 αY;1 [GeV−2] cπ
0

YV dπ
0

YV [GeV−2] cηYV dηYV [GeV−2]

ρ 0.477 0.885 � � � � � �
ω 0.434 0.923 � � � � � �
Pρ 0.557 0.195 0.52 1.07 −2.27 5.5
Pω 0.514 0.197 −0.06 0.37 0.016 5.5
f2ρ 0.148 0.425 0.72 0.62 5.89 2.36
f2ω 0.106 0.436 2.98 5.02 −5.96 2.36
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The axial-vector and ηð0Þ pieces are typically subdomi-
nant compared to the other contributions [107,127,152].
The baryonic excitations are uniquely responsible for a flat
behavior dσω=dtp [161,162] for large jtpj. Whether this
baryonic component is relevant within our kinematic
window jtpj ≲ 2 GeV2 depends on the produced meson.
For ρ0 production, the baryonic resonances are important
in this range [106,107], whereas for ω and ϕ production,
the nucleon-resonance contributions may be neglected
[161,162]. For ω, two ingredients are particularly impor-
tant: the large t-channel contribution from π exchange,
driven by the sizable ωπγ coupling (see Table I), and the
isospin structure of the intermediate baryonic channel [164].
Since the ω, p isospins are Iω ¼ 0 and Ip ¼ 1=2, the ωp
system has only I ¼ 1=2 and may couple only to the sector
of nucleon excitations N�. In contrast, for ρ, we have
Iρ ¼ 1, and the ρp system may have total isospin I ¼ 1=2
or I ¼ 3=2, therefore receiving contributions from both N�
and Δ� resonances. For ϕ photoproduction, the direct
nucleon couplings are Okubo-Zweig-Iizuka-suppressed
[recall the discussion around Eq. (5)], and over most of
the forward kinematic region, the data are well described by
the diffractive Pomeron contribution, with nondiffractive
pieces providing only subleading corrections [105,127].
For the photoproduction of ϕ and ω, we largely follow
Refs. [127,134]. These works fit the contributions in terms
of Reggeized t-channel nondiffractive exchanges supple-
mented by the Pomeron to CBELSA/TAPS, SLAC/LBL,
LEPS, and CLAS data for differential cross sections
dσγp→Vp=dtp for a broad range of ffiffiffiffiffiffisγp

p ≳2GeV. Within
that framework, very good agreement with experiment has
been obtained for jtpj≲ 2 GeV2, which is our target
kinematic space.
The ρ0 channel has been considered in many studies,

including Refs. [105–107]; however, to the best of our
knowledge, no analysis combines the various contributions
to the amplitude in a fully self-consistent manner. In
particular, Ref. [106] employs an f2γV vertex that violates
gauge invariance for off-shell f2 (recall Sec. II), which
leads to an unphysical scaling dσ=dtp in the domain of
small tp, which is essential for successful fit of the
photoproduction. In addition, the approach there does
not include Reggeizing spin-0 and spin-2 exchanges.
Reference [107], on the other hand, implements
Reggeized trajectories, but its fits rely on the same f2γV
vertex. Finally, Ref. [105] restricts the discussion to the
domain of high ffiffiffiffiffiffisγp

p ≫ 1 GeV, which may be described
solely by the Pomeron exchange.
For a unified treatment of all light vector mesons,

we extend the approach of Refs. [127,134] to the ρ0

channel. There, we incorporate the gauge-invariant treat-
ment of the f2Vγ interaction. However, as we discussed
above, the photoproduction data in the domain jtpj≲
2 GeV2 cannot be explained without adding the baryonic

contributions [106,107]. These contributions are not
included in the fit of Refs. [127,134], and we have to
incorporate them separately.
The descriptions from Refs. [106,107] add towers of spin

1=2, 3=2, and 5=2 resonances and are very sophisticated.
Namely, they include many fitting ingredients, such as
independent s=u-channel form factors modulating the
suppression of each of the matrix elements, and also
ambiguous gauge-invariance-restoring currents constructed
by the recipe of Ref. [165] (see also Appendix D for related
discussions). In practice, we find that this construction may
be cumulatively described by just simple s=u proton
exchange diagrams supplemented by a single form factor;
see details below. We find that our approach reproduces the
GlueX [166], CLAS [167], and SLAC [168] data for the
differential cross section dσγp→ρ0p=dtp to better than ∼30%
in the target region jtpj≲ 2 GeV2 and ffiffiffiffiffiffisγp

p ≲ 5 GeV.
Namely, we write the hadronic current for γ�p → Vp as

Mμ
V ¼ Mμ

V;π þMμ
V;σ þMμ

V;f2
þMμ

V;P þMμ
V;B: ð54Þ

Here, the terms π, σ, f2, and P are pion, scalar, tensor,
and Pomeron exchange, respectively, and the last term
denotes the contribution from a family of baryon reso-
nances, including spins 1=2, 3=2, and 5=2. We label the
incoming vector meson four-momentum and its outgoing
polarization vector by pV and ϵμVðpVÞ. To account for the
forward-angle regime, for all the channels except forMV;B,
we employ the description of the exchanges in terms of
Reggeized trajectories. For a meson h∈ fπ0; σ; f2g of spin
Jh ∈ f0; 2g and for Pomerons P, we use the Reggeized
propagators [127,134]

Rhðsγ�p; tpÞ ¼ −α1;hΓðJh − αhðtpÞÞ
�
sγ�p
s0

�
αhðtpÞ−Jh

PhðtpÞ;

ð55Þ

RPðsγ�p; tpÞ ¼ PPðtpÞ
�
sγ�p
4s0

�
αPðtpÞ−1

: ð56Þ

αXðtpÞ is the Regge trajectory parametrized as

αXðtpÞ ¼ α0;X þ α1;Xtp: ð57Þ

Finally, PXðtpÞ are complex phases. The parameters of the
trajectories α0;X and α1;X as well as the PXðtpÞ are
summarized in Table III.
In ω photo- and electroproduction, the pion-exchange

contribution modeled in this way leads to an overly large
cross section, and a phenomenologically important refine-
ment adopted in Ref. [134] is to include absorptive Regge-
cut corrections that dress the pion exchange:
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RðωÞ
π ðsγ�p;tpÞ¼Rπðsγ�p;tpÞ

þ
X

φ∈ff2;Pg
Cπφedπφtpe−i

π
2
απφðtpÞ

�
sγ�p
s0

�
απφðtpÞ−1

;

ð58Þ

where φ labels the trajectory participating in the absorptive
cut with the pion, i.e., the π − f2 and π − P cuts. The cut
trajectories are taken to be linear:

απφðtpÞ ¼ α0;π þ α0;φ − 1þ α1;πα1;φ
α1;π þ α1;φ

tp: ð59Þ

The parameters Cπφ and dπφ are phenomenological con-
stants with mass dimension of −2 that set, respectively, the
strength and the t range of each cut contribution and are
fixed from fits to ω photoproduction data:

Cπf2 ¼ 41 GeV−2; dπf2 ¼ 2.2 GeV−2;

CπP ¼ −2.5 GeV−2; dπP ¼ 2.0 GeV−2: ð60Þ

In this construction, the π − σ cut is typically neglected due
to its small intercept. In our ρ0 extension, we do not include
absorptive cut dressing of the pion term, because the πργ
coupling is much smaller.
Next, we introduce the different contributions of the

vector mesons electroproduction current in Eq. (54). Using
the π0pp and Vγπ0 vertices from Eqs. (6) and (12) and the
coupling constants gπ0p, gγπ0V defined and discussed in
Eq. (A7) and Table I, the Reggeized pseudoscalar-exchange
amplitude reads

Mμ
V;π0

¼ igγπ0Vgpπ0ϵ
μναβϵ�V;νðpVÞpγ�;αpV;βūðp0Þ

× γ5uðpÞRπðsγ�p; tpÞ: ð61Þ

By using Eq. (18) for the vertex Γμν
Vσγ and contracting it with

the polarization vector ϵνðpVÞ, and the σpp Lagrangian
Lσpp ¼ gσppσp̄p with the standard value gσNN ¼ 14.6
[169,170], we find the scalar-exchange amplitude

Mμ
V;σ ¼ egVσγgσpp½ðpγ� · pVÞϵ�μV ðpVÞ − ðϵ�VðpVÞ · pγ� Þpμ

V �
× ūðp0ÞuðpÞRσðsγ�p; tpÞ; ð62Þ

where the channel-dependent radiative coupling gVσγ is
given by Eqs. (19) and (20).
The tensor-exchange current is constructed from the

f2NN vertex, the spin-2 projector, and the γ�f2V vertex
[given by Eq. (14)]. We find

Mμ
V;f2

¼ ūðpp0 ÞΓλσ
f2NNðpp; pp0 ÞuðppÞΠλσ;βρðpp − pp0 Þ

× Γβρ;μν
γ�f2Vðpγ� ; pVÞϵνðpVÞRf2ðsγ�p; tpÞ: ð63Þ

The f2NN vertex is given by [127]

Γλσ
f2NNðpp0 ; ppÞ ¼

2gð1Þf2NN

mN
ðPλγσ þ PσγλÞ

þ 4gð2Þf2NN

m2
N

PλPσ; ð64Þ

with Pμ ≡ ðpp0 þ ppÞμ=2, gð1Þf2NN ¼ 6.45, and gð2Þf2NN ¼ 0

[127]. Lastly, Πμν;αβðpÞ is the spin-2 field sum over
polarizations:

Πμν;αβðpÞ ¼
1

2
ðḡμαðpÞḡνβðpÞ þ ḡμβðpÞḡναðpÞÞ

−
1

3
ḡμνðpÞḡαβðpÞ; ð65Þ

with ḡμνðpÞ ¼ −gμν þ pμpν=m2
f2
.

The diffractive (natural-parity) Pomeron contribution is
taken as in Refs. [127,134]:

Mμ
V;P ¼ i12e

βPpβPV
fV

m2
V

m2
V − tp

�
2μ20

2μ20 þm2
V − tp

�

× F1ðtpÞRPðsγ�p; tpÞūðp0Þ
× ð=pγ�ϵ

�μ
V ðpVÞ − γμϵ�VðpVÞ · pγ� ÞuðpÞ; ð66Þ

with μ20 ¼ 1.1 GeV2 and F1ðtpÞ ¼ 4m2
N−2.8tp

ð4m2
N−tpÞð1−tp=0.71Þ2

being

the nucleon isoscalar form factor [149]. The factors βPp and
βPV denote effective Pomeron-proton and Pomeron-V
couplings. They correspond to the dominant quark inside
the states p and V and are βPp ¼ βPρ ¼ βPω ≈ 2.1 GeV−1

(the dominant quarks are u, d) and βPϕ ¼ 1.6 GeV−1

(the dominant quark is s). Finally, ðfρ; fω; fϕÞ ¼
ð5.2; 15.6;−13.4Þ are the dimensionless vector-meson
dominance γ − V couplings [127,134].
Finally, let us comment on the contribution from

baryon resonances, Mμ
V;B, which is represented by

Figs. 2(c) and 2(d). As we discussed earlier, these reso-
nances are important for the ρ0 photoproduction in the

TABLE III. Parameters of the Regge trajectories (57) and the
phases PXðtpÞ entering the Reggeized form factors (55) and (56)
used for the vector meson electroproduction, following
Refs. [127,134].

X α0;X α1;X ½GeV−2� PXðtpÞ
π −0.013 0.7 exp½−iπαπðtpÞ�
σ −0.18 0.7 ð1þ exp½−iπασðtpÞ�Þ=2
f2 0.55 0.9 ð1þ exp½−iπαf2ðtpÞ�Þ=2
P 1.08 0.25 exp½−iπðαPðtpÞ − 1Þ=2�
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domain of large jtpj≳ 1 GeV2. Being summed, they give a
flat scaling of dσγp→ρp=dtp [106,107] at intermedi-
ate ffiffiffiffiffiffisγp

p ≃ fewGeV.
To properly describe this contribution, we should con-

sider families of the excitations with distinct quantum
numbers, such as spin, and within each family treat every

resonance independently. This results in a very complicated
set of amplitudes with a nontrivial construction ensuring
gauge invariance. However, a crucial observation is that, forffiffiffiffiffiffisγp
p ≳ 2 GeV, it may be possible to reproduce the
cumulative contribution of all baryonic resonances with
a simple Born matrix element. Namely, we consider

Mμ
V;B ¼ iGV

Nðsγ�pÞūðpp0 Þ
��

gVNNγ
νϵνðpVÞ þ

κV
4mN

σαβVαβðpVÞ
�
=pp þ =pγ� þmp

sγ�p −m2
p

γμ

þ γμ
=pp − =pγ� þmp

u −m2
p

�
gVNNγ

νϵνðpVÞ þ
κV
4mN

σαβVαβðpVÞ
��

upðppÞ; ð67Þ

where the couplings gVNN and κV are introduced in Eq. (7)
and VαβðpVÞ ¼ pV;αϵβðpVÞ − pV;βϵαðpVÞ. The function
GN

V ðsγpÞ is effectively capturing two effects: describing
the cumulative effect of towers of all baryonic states atffiffiffiffiffiffisγp
p ≃ ð1–2Þ GeV as well as the suppression of the photo-
production cross section in the limit ffiffiffiffiffiffisγp

p ≫ 1 GeV, which
originates from matching to the QCD sum rules. The crucial
point that makes our approximation plausible is that the
matrix element in Eq. (67) leads to an approximately flat
contribution to dσγp→Vp=dtp for a broad range of tp and
grows only close to the boundary jtpj ¼ jtp;maxðsγpÞj. This is
similar to the cumulative contribution from baryonic spin
1=2, 3=2, and 5=2 resonances as obtained in Fig. 2 in [107].
Let us discuss GN

V ðsγpÞ. The expected high-energy
scaling of the photoproduction cross section from the
QCD sum rules is [171]

sn−2γp
dσγp→Vp

dtp
≃ const; ð68Þ

where n ¼ 9 is the number of constituent fields, counting
each proton as three fields, a photon as one field, and a

vector meson as two fields. By using the Born cross section
from Eq. (67) with GN

V ¼ 1, we find that dσ=dtp ∝ s−2γp .
Therefore, the high-energy asymptotics is jGV

NðsγpÞj2∝s−5γp .
To find the behavior at smaller sγp near the threshold, we
used the dσγp→ρ0p=dtp data in the range jtpj≳ 1 GeV2

(where the nucleon piece is expected to dominate) from
GlueX [166], CLAS [167], and SLAC [168]. The resulting
function is

GN
V ðsγpÞ ≈

8>>>>><
>>>>>:

3.9 sγp ≤ 5.5 GeV2;	
6.9 GeV2

sγp



6.0

5.5 GeV2 < sγp ≤ 6.2 GeV2;	
8.3 GeV2

sγp



2.2

sγp > 6.2 GeV2:

ð69Þ

The resulting description of the ρ0 photoproduction
matches the differential cross-section data in the allowed
domain 2 GeV≲ ffiffiffiffiffiffisγp

p ≲ 4 GeV well (see Fig. 3) as well
as reproduces the total ρ0 photoproduction cross section
within 20% for masses ffiffiffiffiffiffisγp

p > 4 GeV.

FIG. 3. The differential cross section dσγp→ρ0p=dtp at the rest frame of the proton target, for various energies of the incoming photon,
Eγ . The contributions from various intermediate states—the nucleons N, the Pomeron P, the scalar mesons σ, the pion π, and the tensor
mesons f2—are shown in colored curves, with the total differential cross section shown in black. The gray brackets denote the
experimental measurements with error bars, coming from GlueX [166], CLAS [167], and SLAC [168]. The individual colored curves
represent one phenomenological decomposition of the fitted full amplitude and should not be interpreted as a unique microscopic
separation.
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C. Cross sections and event sampling

The differential cross section of the process in Eq. (1) can be written as

d4σX
dsγ�pdQ2dtpds1

¼ 1

256π4
jMXj2

λðs;m2
e; m2

pÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðsγ�p;−Q2; m2

pÞðs1 − s−1 Þðsþ1 − s1Þ
q : ð70Þ

Here,MX is the electroproduction matrix element given by
Eq. (42). The kinematical variables ξ ¼ fsγ�p;Q2; tp; s1g
are defined in Eq. (43), and their boundaries ξ� are
discussed in Appendix C. Finally, λða; b; cÞ ¼ a2 þ b2þ
c2 − 2ab − 2ac − 2bc.
For the event analysis below, we need to retrieve the full

event kinematics, i.e., the 4-momenta of e0, p0, X, and, in
particular, to sample distributions in correlated quantities.
The procedure below, based on Monte Carlo sampling,
ensures an accurate sampling of the events, in particular
close to the boundaries [172].
We start by generating N trial points U ¼

fðsγ�p;Q2; tp; s1Þg by sequentially sampling sγ�p, Q2, tp,
and s1 within their kinematic ranges, given in Appendix C.
To reduce variance, we use logarithmic proposals for sγ�p,
Q2, and −tp and a flat proposal for s1. Concretely, we
sample

zs ¼ ln sγ�p; zQ ¼ ln Q2; zt ¼ lnð−tpÞ

uniformly within their allowed intervals and then sample s1
uniformly in ½s−1 ðs; sγ�p;Q2; tpÞ; sþ1 ðs; sγ�p;Q2; tpÞ�. The
corresponding proposal densities are, therefore,

psðsγ�pÞ ¼
1

sγ�p lnðsγ�p;max=sγ�p;minÞ
;

pQðQ2jsγ�pÞ ¼
1

Q2 lnðQ2
maxðs; sγ�pÞ=Q2

minðs; sγ�pÞÞ
;

ptðtpjsγ�p;Q2Þ ¼ 1

ð−tpÞ lnðð−t−pÞ=ð−tþp ÞÞ
;

ps1ðs1jsγ�p;Q2; tpÞ ¼
1

sþ1 − s−1
; ð71Þ

where Q2
min;max, t�p , and s�1 are the exact kinematic

boundaries for the previously sampled variables.
Each trial point is assigned the importance-sampling

weight

ωiðs; sγ�p;Q2; tp; s1Þ ¼
d4σ

dsγ�pdQ2dtpds1

psðsγ�pÞpQðQ2jsγ�pÞptðtpjsγ�p;Q2Þps1ðs1jsγ�p;Q2; tpÞ
: ð72Þ

Equivalently,

ωi ¼
d4σ

dsγ�pdQ2dtpds1
sγ�p ln

sγ�p;max

sγ�p;min
Q2 ln

Q2
max

Q2
min

ð−tpÞ

× ln
−t−p
−tþp

ðsþ1 − s−1 Þ; ð73Þ

with all kinematic boundaries evaluated at the sampled
point. The Monte Carlo estimate of the total cross section is
given by

σX ¼ 1

N

XN
i¼1

ωi: ð74Þ

Finally, for each event, we may sample the full kin-
ematics—the 4-momenta of the outgoing e0; p0, and X, with
optional sampling of X decays. The 4-momenta are
calculated in terms of the Mandelstam invariants using

the conservation laws; details are summarized in
Appendix G.
As a cross-check, we verify that the inclusive cross

section of Eq. (74) reproduces the direct analytic integra-
tion of Eq. (70) at the few-percent level for mX ≳ 40 MeV,
both for total rates and for representative one-dimensional
projections; see Fig. 4. For smaller masses, instabilities
may appear at extremely small Q2 due to the sharp phase-
space boundaries and floating-point precision limitations.

IV. KINEMATICAL DISTRIBUTIONS AT THE EIC

A. Energy configurations and event selections
at the EIC

We consider different beam configurations for the
EIC, which span an invariant mass range of

ffiffiffi
s

p ¼
ð28–140Þ GeV [1,2] and are summarized in Table IV.
We focus primarily on configurations 1, 4, and 8, which
cover distinct kinematic regimes, and present selected
results for the remaining setups. We define the kinematics
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domain, relevant to all beam configurations, in which the
final-state particles e0, X, and p0 in the electroproduction
process

eþ p → e0 þ p0 þ X

can be reconstructed at the EIC. Our discussion is phrased
in terms of the pseudorapidities ηe0 , ηX, and ηp0 , the
scattered proton energy Ep0, the energy carried by the
produced system EX, and the squared electron momentum
transfer Q2. For detector layouts and acceptance consid-
erations, we follow Ref. [108] based on Refs. [173–175].
Electron reconstruction is possible in two complemen-

tary kinematic regimes. The first domain corresponds to the
central detector, which is conventionally characterized by
the fiducial pseudorapidity range jηe0 j < 4. The second
regime corresponds to the far-backward detector (FBD),
targeting large pseudorapidities ηe0 ≲ −4. In the EIC
studies, the domain of the e0 kinematics Ee0 ; ηe0 where
FBD has the maximal reconstruction capabilities is often
effectively formulated in terms of

10−3 GeV2 < Q2ðEe0 ; ηe0 Þ < 0.1 GeV2: ð75Þ

The reconstruction in the range of tiny Q2 < 10−3 GeV2 is
limited by smearing induced by the beam angular diver-
gence and is rather irreducible. The intermediate region
0.1 GeV2 ≲Q2 ≲ 1 GeV2 is associated with partially unin-
strumented directions around the beam pipe, while Q2 >
1 GeV2 typically falls to the central detector acceptance.
However, Eq. (75) is a decent description of the efficiency

coverage only ifQ2ðEe0 ; ηe0 Þ is dominated by sizable electron
energy loss. This is not the case for our signal: As wewill see
in Fig. 6, the electroproduction process (1) with hadronically
interacting X particle features very small electron fractional
energy loss x≡ ðEe − Ee0 Þ=Ee ≪ 0.1. As a result, Q2 is
almost uniquely characterized by ηe0.
For this kinematics, the reconstruction capabilities of the

current FBD design are limited even if falling into Eq. (75);
the reconstruction is possible only within a narrow backward
pseudorapidity band −6.5 < ηe0 < −5.5, and, outside this
band, the scattered electron escapes through uninstrumented
apertures. Moreover, even within −6.5 < ηe0 < −5.5, the
reconstruction efficiency is only ≃0.2 [2,176].
This motivates extending the backward instrumentation

of the main EIC detector to cover the full range of θe0 , for
instance, by adding tracking coverage at larger θe0. This is
possible for the current layout of ePIC. The ηe0 coverage by
FBD may be extended up to ηe0 < −4.2, with the domain
−4.2 < ηe0 < −4 being uncovered neither by FBD nor by
the central detector because of the beam pipe. Moreover,
for the alternative detector design [177,178], additional
backward coverage could further increase the fraction of
events with a reconstructed e0 by a factor of a few;
operationally, this also corresponds to enlarging the
covered θe0 range (and thereby extending the kinematic
reach of the backward region). Furthermore, we assume
that, in the domain Q2ðηe0 ; Ee0 Þ > 10−3 GeV2 and
ηe0 < −4.2, electrons may be reconstructed by the FBD
with unit efficiency.
The domain where the final state X may be reconstructed

depends on its properties. For the central detectors, jηj < 4,

FIG. 4. Comparison between the analytic (red line) and Monte Carlo sampler (blue line) implementations of the full 2 → 3 kinematics
of the coherent electroproduction process (1), considering the production of η mesons for the setup with energies
Ep × Ee ¼ 100 GeV × 10 GeV. Left: dσ=d lnðQ2Þ. Right: dσ=dsγ�p.

TABLE IV. The considered energy beam configurations at
the EIC.

Configuration Ep [GeV] Ee [GeV]
ffiffiffi
s

p
[GeV]

C1 41 5 29
C2 100 5 45
C3 130 5 51
C4 100 10 63
C5 250 5 71
C6 130 10 72
C7 250 10 100
C8 275 18 140
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both charged and neutral particles may be reconstructed.
This is also possible in the partially instrumented region
4.5 < ηX < 6, while in η > 6, only neutral particles and
heavy charged states such as protons may be reliably
reconstructed. Conservatively, we focus solely on the fully
instrumented region jηXj < 4. Additionally, we require X to
carry a non-negligible fraction of the proton energy
EX > 0.1Ep, so that X (or its decay products) can be
reconstructed with adequate resolution. In principle, for X
decaying to charged final states, we can also use other
kinematical regions to improve the calibrations.
For the scattered proton, we restrict to the far-forward

reconstruction domain ηp0 > 4.5 and the energy
Ep0 > 0.5Ep, where the proton reconstruction efficiency
is maximal [179,180]. As we discussed above, for the
hadronically coupled X states considered below, the elec-
tron typically retains nearly its beam energy, Ee0 ≃ Ee, and
the energy transfer is dominantly carried by the proton leg.
In this limit, one may use EX ≃ Ep − Ep0 as a good
approximation, and the requirement that X carries at least
a fixed fraction of Ep can be equivalently enforced as an
upper bound on Ep0 < 0.9Ep.
The resulting fiducial reconstruction domain is summa-

rized by the following compact selection sets:

jηe0 j< 4 or ½Q2ðEe0 ;ηe0 Þ> 10−3 GeV2 and ηe0 <−4.2�;
ð76Þ

ηp0 > 4.5; 0.5 < Ep0=Ep < 0.9; ð77Þ

jηXj < 4; EX=Ep > 0.1: ð78Þ

Given that Q2ðEe0 ; ηe0 Þ is strongly dominated by ηe0, we
may approximately translate the FBD acceptance into the
following bounds on the e0 pseudorapidity [using Eq. (80)
below]: ηe0 ∈ ½−5.8;−4.2�, ½−6.4;−4.2�, and ½−7.0;−4.2�
for the EIC beam configurations from Table IV with
Ee0 ≈ Ee ¼ 5, 10, and 18 GeV, respectively. We denote

the total cross section by σX;tot and the cross section
calculated under the selection criteria of Eqs. (76)–(78)
by σX;fid.

B. Kinematic distributions

Let us start with the distributions of the electroproduc-
tion events under the selection criteria of Eqs. (76)–(78) in
sγ�p, the proton momentum transfer tp, and the electron
momentum transfer Q2. The first two distributions are
crucial for assessing the validity of our approach, which
requires ffiffiffiffiffiffiffiffisγ�p

p ≳ 2 GeV and jtpj ≲ fewGeV2. Belowffiffiffiffiffiffiffiffisγ�p
p ∼ 2 GeV, our framework does not incorporate
effects from on-shell intermediate baryonic resonances.
The Q2 domain is important to understand how the out-
going electron e0 is likely to be detected at the EIC—by the
FBD or by the central detectors—and is simultaneously
convenient for understanding the applicability of the
equivalent photon approximation (see Sec. V).
We consider two energy configurations from Table IV:

C1 and C4, which we refer to as the low- and high-energy
configurations, respectively. Next, we will consider the π0

and ω particle production, serving as representatives of a
“light” and a “heavy” state X, respectively. The distribu-
tions of all other mesons, η; ρ0;…, qualitatively belong to
the “heavy” state as well. The distributions are shown in
Fig. 5, and we summarize them below.
Before imposing the selection (see Fig. 9, left panel), the

distribution Q2dσX=dQ2 is roughly flat in the domain
Q2

min ≪ Q2 ≲ 0.1 GeV2, whereQ2
min is the lower kinematic

threshold:

Q2
min ¼

ð2mXmp þm2
XÞ2m2

e

4EeEpð4EeEp − 2mXmp −m2
XÞ

: ð79Þ

This follows from the 1=Q2 scaling of the differential cross
section and from the phase-space closure near Q2

min. Larger
Q2 ≳ 0.1 GeV2 are suppressed by the form factor FXðQ2Þ

FIG. 5. The differential distributions of the X ¼ π0;ω electroproduction events under the selection (76)–(78). We formulate them in
terms of the probability density functions fXðyÞ ¼ 1

σX;fid

dσX;fid
dy , where σX;fid is the cross section after imposing the cuts. Left panel:

Q2fXðQ2Þ. Central panel: fXðsγ�pÞ. Right panel: fXðtpÞ. In all plots, the blue (red) lines denote the π0 (ω) distributions, with the darker
(lighter) lines corresponding to the beam energy configuration C1 (C4) from Table IV. For the Q2 distribution, the gaps at 0.02 <
Q2=GeV2 < 0.04 (for C1) and 0.09 < Q2=GeV2 < 0.15 (for C4), shown in gray, arise because of the separation of the FBD and central
detectors in the covered pseudorapidity regions: −4.2 < ηe0 < −4 cannot be covered.
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in Eq. (44). However, depending on the EIC energy setup,
the event selection prefers larger Q2’s unless they are close
to the upper kinematic threshold of the electroproduction
process, Q2

max. For the C1 configuration, the kinematic
threshold is Q2

max ≃ ð3–4Þ GeV2, so the relative fraction of
the large-Q2 distribution after selection remains heavily
suppressed. However, for the C4 configuration, the thresh-
old is far away, and the distribution remains roughly flat
even for Q2 ≲ 2–3 GeV2.
The tp distributions show that most of the events are

located in the domain jtpj≲ 2 GeV2—within the validity
range of our approach. For the C1, the tp truncation at
jtpj≳ 0.7 GeV2 is caused by the limited transverse
momentum of the scattered proton allowed by the ηp0 >
4.5 cut at this proton beam energy. The shape of the
distribution for the π0 events closely follows the shape
of the photoproduction cross section dσ=dtp in the
domain ffiffiffiffiffiffisγp

p ¼ fewGeV [123].
Finally, let us discuss the sγ�p distribution. Apart from the

production of the π0 particle in the C1 configuration, the
distribution mainly lives in the ffiffiffiffiffiffiffiffisγ�p

p > 2 GeV domain.
There are two reasons for this. First, increasing the X mass
shifts the distribution toward higher ffiffiffiffiffiffiffiffisγ�p

p , which naturally
follows from the naive reaction threshold, sγ�p>ðmXþmpÞ2,
mostly small Q2, and the fact that the off-shell photon γ�

tends to be very soft for anyQ2 (see Fig. 6). Second, for any
configuration apart from C1, the ffiffiffiffiffiffiffiffisγ�p

p is distributed well
above the naive threshold ðmX þmpÞ. In particular, for the
neutral pion, most of the events populate the domain aboveffiffiffiffiffiffiffiffisγ�p
p > 2 GeV. This follows from adding the cut jηXj < 4

on top of ηp0 > 4.5; Ep0 < 0.9Ep. Indeed, near threshold, the
subprocess γ� þ p → X þ p0 has very little relative

momentum in its center-of-mass frame, so, after boosting
to the lab, both X and p0 are carried to similar forward
rapidities. Requiring simultaneously a very forward proton
and a central X, therefore, selects events sufficiently above
threshold, where the final-state recoil is large enough to
separate their rapidities. This effect becomes much weaker
when lowering the energy of the incoming protonEp. In that
case, the overall longitudinal boost of the γ�p system is
typically smaller, so even near-threshold configurations can
satisfy jηXj < 4 while keeping ηp0 > 4.5, and the accepted
sγ�p spectrum stays much closer to threshold. In particular,
for π0 production in the C1 configuration, most accepted
events remain in the domain ffiffiffiffiffiffiffiffisγ�p

p < 2 GeV.
Therefore, we conclude that our approach breaks down

for the C1 configuration, in the case of the production of π0

mesons and similar particles with mass mX ≲mπ0 .
Nevertheless, it may still suggest qualitative behavior of
the kinematic distributions, and we keep this configuration
for completeness.
Next, let us focus on the final electron kinematics. It is

important in the context of a nonuniform e0 reconstruction
efficiency by the FBD detector, as we highlighted above—
for the marginal portions of the parameter space, its
dependence on the kinematics cannot be described solely
by Q2, being sensitive to both Ee0 and θe0 . Namely,

Q2 ≈ 2EeEe0 ð1þ cosðθe0 ÞÞ ≈ EeEe0 ðπ − θe0 Þ2 ≈
4EeEe0

1þ e−2ηe0
;

ð80Þ

where θe0 ðηe0 Þ is the polar angle (pseudorapidity) of the
electron e0 with respect to the direction of the incoming
proton. In the first equality, we neglected the electron mass,

FIG. 6. The distribution f ≡ 1=ση;fidd2ση;fid=dEe0dηe0 for the events passing the selection (76)–(78), for C4. The left panel (right)
corresponds to the events where e0 is within the FBD (central detectors) coverage.
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while the second approximate equality holds if the out-
going electrons are nearly collinear to the incoming
electron, θe0 → π. In Fig. 6, we plot the ηmeson production
event density distributions in the ηe0 − Ee0 plane, for the C4
setup; the case of other mesons and setups is qualitatively
similar. We will consider the two domains of the outgoing
electron kinematics according to the selection (76): the
FBD domain Q2 > 10−3 GeV2, ηe0 < −4.2 (the left panel),
and jηe0 j < 4, which belongs to the central detectors
coverage (the right panel). We see that the majority of
the events have tiny electron energy recoil ðEe − Ee0 Þ=Ee <
2%–3%, independent of the range of Q2. These two plots,
together with Eq. (80), suggest that there is a clear
correlation between Q2 and ηe0 for our electroproduction
events.
As we discussed in Sec. IVA, this tiny electron energy

recoil and, correspondingly, large ηe0 prevent such events
from efficient reconstruction by the current FBD setup (that
may cover only −6.5 < ηe0 < −5.5 and reconstruct there
the e0 particles with Ee0 ≈ Ee with the efficiency ≃0.2),
motivating a potential future upgrade to accommodate
these measurements.
Next, we analyze the behavior of the cross section σX;fid

obtained by imposing the selections of Eqs. (76)–(78). We
assume that, independently of the energy beam configura-
tion, the reconstruction efficiency of the events falling
under the selection is unity. In Fig. 7, we report the cross
sections of the events with the production of η and ω
mesons falling under the selection, separating the events
with the electrons e0 that may be reconstructed by the FBD
and the central detector. All the beam energy configurations
listed in Table IV are used to study the efficiency of the
search scheme. The selection is less efficient for high-
energy configurations such as C6–C8, mainly due to the
jηXj < 4 cut. This is because, for the configurations with
very energetic protons with ηp0 > 4.5, the kinematics

mostly prefers far-forward X particles. For the same reason,
the fiducial cross section is maximized for C1, which is the
least energetic case. A significant decrease in the signal
yield with increasing proton energy may be compensated
by including the partially instrumented 4.5 < ηX < 6
domain, but this requires a full detector simulation. In
addition, for the configurations C1–C4 and C6, the fraction
of events with the e0 to be detected with the central detector
is roughly comparable to the FBD-detected e0 and also
becomes significantly larger for C5, C7, and C8. Finally,
Fig. 8 shows the production cross section of the gluonic
ALPs after imposing the selection (76)–(78), for the C1,
C4, and C8 configurations. The results are in qualitative
agreement with the production of the pseudoscalar mesons
from Fig. 7. Note that the cross section looks smooth at the
transitionma ≃ 1.2 GeV between the small-mass and large-
mass ALP generators in Eqs. (29) and (32); the disconti-
nuity is at the level of ≃10%.

FIG. 7. The electroproduction cross sections after the selection in Eqs. (76)–(78), for the energy beam configurations C1–C8 in
Table IV. Two final states are considered: η mesons (left) and ω mesons (right). The blue markers show the selection requiring the e0
reconstruction by EIC’s FBD, whereas the red markers consider reconstruction by central detectors. The clarification “optimized”
FBDoptimized refers to our assumption that the FBD hasOð1Þe0 kinematics reconstruction efficiency in the full domainQ2 > 10−3 GeV2,
ηe0 < −4.2 of Eq. (76) (see the text for details).

FIG. 8. The production cross section of ALPs, σa;fid, after
imposing the selection (76)–(78), for the C1, C4, and C8
configurations from Table IV. For ma ≳ 1 GeV, the displayed
curves are conservative lower estimates: mixing with omitted
heavier pseudoscalar excitations may increase the rates by an
order of magnitude or more.
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V. COMPARISON TO THE EQUIVALENT
PHOTON APPROXIMATION

In this section, we cross-check our full 2 → 3 framework
against the equivalent photon approximation (EPA) [181].
The EPA expresses the electroproduction cross section
Eq. (70) in a flux-factorized form, where the electron line is
encoded into an effective virtual-photon flux, and the
hadronic dynamics is approximated by the corresponding
photoproduction subprocess, supplemented by a model for
the finite-Q2 dependence.
Our comparison is organized around two complementary

kinematic regimes. First, we consider the region of small
photon virtualities, Q2 ≪ 1 GeV2, in which the exchanged
photon is quasireal and the EPA is expected to provide an
accurate description of inclusive observables, such as total
cross sections and single-differential distributions. In this
regime, agreement with the EPA serves as a nontrivial
validation of our full 2 → 3 implementation against a
simpler and well-established approximation. Second, we
consider the region of larger virtualities, Q2 ≳ 1 GeV2,
where the basic assumptions underlying the EPA are no
longer expected to hold at the level of inclusive rates, and
deviations from the full 2 → 3 result are, therefore, antici-
pated. In addition, we study kinematic correlations to assess
the limitations of the EPA beyond inclusive quantities. As
we will show, even at very small Q2, where the EPA
reproduces inclusive observables well, it can still fail to
describe the detailed event-by-event kinematics accurately.

A. EPA formalism

Within the EPA approach, the estimate of the cross
section of e−p → e−pX can be written as

σEPAX ≃
Z

xmax

xmin

dx
Z

Q2
max

Q2
min

dQ2fγ=eðx;Q2Þσγ�p→pXðx;Q2Þ:

ð81Þ

Here, x≡ Eγ=Ee is the energy fraction of the virtual
photon, and fγ=eðx;Q2Þ is the photon flux from the electron
beam [181]:

fγ=eðx;Q2Þ¼ α

2π

1

Q2

�
1þð1−xÞ2

x
−
2ð1−xÞ

x
Q2

minðxÞ
Q2

�
: ð82Þ

The γ�p → pX cross section can be approximated as
[100,182]

σγ�p→pXðx;Q2Þ ≈ σγp→pXðx;Q2 ¼ 0Þ × FX;EPAðQ2Þ: ð83Þ

Here, σγp→pXðx;Q2 ¼ 0Þ is the cross section with an on-
shell photon.FX;EPA is a form factor cumulatively capturing
finite-Q2 effects. We adopt FX;EPAðQ2Þ ¼ jFXðQ2Þj2,
where the form factors FXðQ2Þ are defined in Eq. (44)

and are given by Eq. (47) [(46)] for the production of
pseudoscalar (vector) particles.
The x and Q2 ranges in Eq. (81) are given by

xmin ¼
ðmX þmpÞ2 −m2

p

4EeEp
; xmax ¼ 1 −

me

2Ee
; ð84Þ

Q2
minðxÞ ¼

x2m2
e

1 − x
; Q2

maxðxÞ ¼ 4E2
eð1 − xÞ; ð85Þ

where the Q2 range can be obtained when the recoil
electron moves along with and opposite to the incoming
electron. Motivated by the event selection from Eq. (76),
we introduce the subdomain Q2 ∈ ðQ2

1; Q
2
2Þ, i.e.,

Q2
minðxÞ < Q2

1 < Q2 < Q2
2 < Q2

maxðxÞ: ð86Þ

The ordering of integration in Eq. (81) gives us the cross
section dσ=dx after integrating overQ2. To get dσ=dQ2, we
may change the ordering by integrating first over the
variable x and obtain the differential cross section
dσ=dQ2, where now

max ½Q2
1; Q̄

2
min� < Q2 < min ½Q2

2; Q̄
2
max�; ð87Þ

Q̄2
min ¼

ð2mXmp þm2
XÞ2m2

e

4EeEpð4EeEp − 2mXmp −m2
XÞ

;

Q̄2
max ¼

Ee

Ep
ð4EeEp − 2mXmp −m2

XÞ; ð88Þ

x̄min ¼
ðmX þmpÞ2 −m2

p

4EeEp
;

x̄max ¼ min

�
Q2

2m2
e

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4m2

e

Q2

s
− 1

�
; 1 −

Q2

4E2
e

�
: ð89Þ

Equation (83) embodies two distinct approximations.
First, the virtual-photon subprocess is approximated by the
corresponding on-shell photoproduction cross section
multiplied by a simple Q2-dependent factor. Second, the
exchanged photon is treated within the EPA kinematics as
emitted collinearly with the incoming electron, so that its
transverse momentum is neglected and its momentum is
characterized essentially by the longitudinal energy frac-
tion x.

B. Comparison between the EPA
and the 2 → 3 kinematics

Now, let us proceed to a detailed comparison between the
EPA and 2 → 3 results. We compare

(i) the differential cross sections dσ=dQ2 and dσ=dy,
where
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y≡ ðpp · pγ�Þ=ðpp · peÞ ¼
sγ�p −m2

p þQ2

s −m2
p −m2

e
ð90Þ

is the standard inelasticity variable and
(ii) the integrated cross section, with two specific Q2

ranges in Eq. (87):

total∶ ðQ2
1; Q

2
2Þ ¼ ðQ̄2

min; Q̄
2
maxÞ and

window∶ ðQ2
1; Q

2
2Þ ¼ ð1 GeV2; Q̄2

maxÞ: ð91Þ

The second choice corresponds to the domain where
the outgoing electron is typically within the range of
the central EIC detectors. At the same time, it
provides a direct test of the roughness of the
approximation in Eq. (83), since it emphasizes the
larger-Q2 region where the factorized on-shell treat-
ment is expected to become less accurate.

This comparison serves a double purpose. First, it validates
the correctness of our full 2 → 3 calculation for inclusive
rates in the kinematic domain where the simpler EPA
approach is expected to work very well. Second, it reveals
the limitations of the EPA that originate from the on-
shellness and collinearity approximations encoded in
Eq. (83). Let us start by comparing the Q2 differential
cross section, which we present in the form

dσ
d lnðQ2Þ ¼ Q2

dσ
dQ2

: ð92Þ

The comparison of the 2 → 3 and EPA results for Eq. (92)
is shown in Fig. 9 (left panel). Away from the kinematic
boundaries, the two approaches are in good agreement
and reproduce the approximately constant behavior of
dσ=d lnðQ2Þ. Near the lower kinematic thresholds and
for Q2 ≳ 10−2 GeV2, however, the EPA prediction

becomes less accurate. This is due both to its approximate
treatment of the exact 2 → 3 phase-space boundaries and to
the simplified description of the virtual-photon subprocess
in Eq. (83). In particular, once the photon virtuality is no
longer very small, the use of an on-shell γp → pX cross
section multiplied by a simple factor FX;EPAðQ2Þ becomes
too crude: In the full 2 → 3 amplitude, the dependence on
Q2 is correlated with other invariants, such as tp and sγ�p,
through propagators, form factors, and scalar-product
combinations and, therefore, cannot, in general, be reduced
to a universal multiplicative correction.
For the dσ=dy distribution, in the EPA treatment under-

lying Eq. (83), the exchanged photon is approximated as
collinear with the incoming electron, pμ

γ� ≈ ðEγ; 0; 0; EγÞ,
and, therefore,

y ≈ 2
EpEγ þ ppEγ

s −m2
p −m2

e
≈ x; ð93Þ

where we use Ep ≫ mp; Ee ≫ me. In the case of the full
2 → 3 calculation, we use the exact definition of Eq. (90).
The resulting comparison is shown in Fig. 9 (right panel)
for the π0 case, where we consider two Q2 windows, as
outlined above. The differential cross sections are very
similar if considering the whole kinematically allowed Q2

domain but become qualitatively different if only large
Q2 > 1 GeV2 are considered. In particular, the EPA
predicts a distribution extending down to tiny y’s, while
the 2 → 3 approach shows a sharp cut at higher y’s.
Table V compares the total and Q2-windowed cross

sections for the three beam configurations C8, C4, and C1,
where the fiducial region is defined through the Q2 domain
of Eq. (91). Since the differential cross section falls rapidly
for Q2 ≳ 0.1 GeV2, the total cross section is dominated by
the low-Q2 region, in which the EPA closely reproduces the

FIG. 9. The differential cross sections for the coherent production process (1), as obtained by the 2 → 3 approach from Sec. III C (solid
lines) and the EPA approach from Eq. (81) (dashed lines), considering the setup C8 from Table IV. Left panel: the differential
distribution in dσX=d lnðQ2Þ, for the production of X ¼ π0 (blue) and X ¼ η0 (red) mesons. Right panel: the differential distribution
dσπ0=dy in the quantity y from Eq. (90). The blue (green) lines show the integration over the domain ofQ2 given by the first (second) set
in Eq. (91). For other mesons and energy configurations, the comparison is very similar.
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full 2 → 3 result. Accordingly, the total cross sections
obtained in the EPA and in the exact calculation are in very
good agreement for all energy configurations considered.
The situation is different for the Q2-windowed cross
section, where the agreement is visibly worse, in line with
the behavior already seen in Fig. 9. The deviation is
typically by a factor of 2–3, depending on the final-state
particle X, and shows only a very weak dependence on the
beam-energy configuration.
The deviations for the Q2 > 1 GeV2 domain come

precisely from the region in which the on-shell approxima-
tion of Eq. (83) starts breaking down: A simple factorized
Ansatz of the form σγp→pXðx;Q2 ¼ 0ÞFX;EPAðQ2Þ cannot
reproduce the correlated dependence of the full 2 → 3matrix
element on Q2, tp, and sγ�p.

VI. CONCLUSIONS

In this work, we estimated the exclusive electroproduc-
tion of bosons in the ep → epX processes [see Eq. (1)],
where X can be a SM meson or a new physics state.1 This
process has dual importance for the upcoming EIC. First, it
tests exclusive production in a new kinematical region,
where hadronic physics plays a crucial role. Second,
exclusive channels are clean and have small backgrounds;
thus, they can be used to search for rare decays or
productions of SM particles or new particles.
Our approach treats the process directly at the level of the

exact 2 → 3 phase space, retaining the full event kinematics
and the correlations among the invariants relevant for
experimental analyses at the EIC. The hadronic currents
are constructed from phenomenological amplitudes cali-
brated to available photoproduction data and generalized to

finite virtuality through a practical electroproduction
Ansatz. By construction, the amplitudes satisfy the Ward
identities for both on-shell and off-shell photons.
On the theory side, we have assembled a common

description for pseudoscalar and vector final states, includ-
ing π0, ηð0Þ, ρ0, ω, and ϕ, and extended it to hadronically
coupled ALPs and new vector mediators through mixing
with the corresponding light-meson families. This yields a
compact and modular framework in which the hadronic
assumptions remain explicit, can be confronted with
existing data, and can be systematically refined as new
measurements become available. A central outcome of the
study is that a full 2 → 3 treatment is both feasible and
useful for exclusive-production studies at the EIC, espe-
cially in situations where the signal selection depends on
correlated cuts on the proton, the electron, and the produced
state X.
Furthermore, we analyzed the events’ kinematics in

the domain where both the outgoing e0 and p0 particles
may be reconstructed at the EIC and found that the
events concentrate in a characteristic kinematic regime.
For most channels and beam configurations, the selected
events populate predominantly small photon virtualities,
forward proton kinematics, and momentum transfers
jtpj≲ fewGeV2, while the γ�p invariant mass is typically
above the baryon-resonance region, ffiffiffiffiffiffiffiffisγ�p

p ≳ 2 GeV. An
important exception is the lightest pseudoscalar channel π0

in the lowest-energy EIC setup, where the accepted events
can remain closer to threshold and the sensitivity to the
resonance region becomes more pronounced. These obser-
vations clarify the regime in which the present framework is
expected to be quantitatively reliable and also identify the
corners of phase space where future improvements are most
needed.
The event analysis further highlights several practical

implications for EIC searches based on the missing-proton-
energy signature. We find that the final-state proton

TABLE V. The integrated production cross section of the pseudoscalar mesons, X ¼ π0; η; η0, as predicted by the
full 2 → 3 calculations of the process in Eq. (1) and by the “naive” EPA of Eq. (81). Three energy configurations of
the proton-electron beams from Table IVare considered: C8, C4, and C1. The total cross section σX is given together

with the cross section integrated over the region Q2 > 1 GeV2 (denoted by σQ
2

X ).

Particle X Configuration σX;2→3 [fb] σX;EPA [fb] σQ
2

X;2→3 [fb] σQ
2

X;EPA [fb]

π0 C8 8.5 × 108 8.4 × 108 7.4 × 105 2.1 × 106

C4 7.6 × 108 7.5 × 108 7.3 × 105 2.1 × 106

C1 6.8 × 108 6.6 × 108 7.3 × 105 2.0 × 106

η C8 1.3 × 108 1.2 × 108 1.4 × 105 3.2 × 105

C4 1.1 × 108 1.1 × 108 1.4 × 105 3.2 × 105

C1 1.0 × 108 9.7 × 107 1.4 × 105 3.2 × 105

η0 C8 3.4 × 107 3.3 × 107 4.3 × 104 8.9 × 104

C4 3.0 × 107 3.0 × 107 4.3 × 104 8.9 × 104

C1 2.7 × 107 2.6 × 107 4.3 × 104 8.9 × 104

1The full framework developed in this work, including the
amplitudes, cross-section implementation, and event-generation
tools used in our analysis, is publicly available [109].
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typically remains very forward and carries most of the
beam energy, while the produced state X takes a moderate
but experimentally relevant fraction of the proton-beam
energy. At the same time, the scattered electron usually
retains nearly all of its initial energy, implying a strong
preference for tiny electron recoil and a marked correlation
between Q2, Ee0 , and ηe0 . This makes the far-backward
electron acceptance especially important for maximizing
the usable event sample and suggests that improved back-
ward instrumentation could significantly enhance the
sensitivity of such searches. We also find that lower- and
intermediate-energy beam configurations tend to give the
largest fiducial signal yields under conservative central-
detector requirements on X. In contrast, very high-energy
proton beams more often push the produced state into the
far-forward region.
We have also benchmarked the framework against the

EPA. For total rates and selected single-differential dis-
tributions in the near-real regime, when the virtuality of the
intermediate photon is Q2 ≪ 1 GeV2, the agreement is
very good, providing a useful validation of the full
implementation. However, once Q2 ≳ 1 GeV2, the EPA
fails to reproduce both the integrated rates and the differ-
ential distributions. This confirms that the exact 2 → 3
treatment is necessary for accurate signal studies.
Overall, the framework developed here provides a

practical baseline for exclusive electroproduction studies
of both SM mesons and new bosonic states at the EIC. Its
main advantages are that it preserves the full event
kinematics, enforces electromagnetic consistency at the

amplitude level, and remains flexible enough to incor-
porate improved hadronic input as it becomes available.
Future EIC measurements of exclusive electroproduction,
in both visible and invisible channels, will provide a
direct opportunity to test and refine this description
further.

ACKNOWLEDGMENTS

We are grateful to Craig Roberts for useful
discussions. The research of R. B. is supported in part
by the U.S. Department of Energy Grant No. DE-
SC0010107. The work of H. L. and A. J. is supported by
the U.S. Department of Energy under Grant Contract
No. DE-SC0012704. T. C. and Y. S. are supported by
the ISF (Grant No. 597/24) and by BSF (Grant
No. 2024091). Y. S. thanks CERN-TH for the scientific
associateship. S. T. is supported by the Swiss National
Science Foundation, Project No. PZ00P2_222350, and
acknowledges the CERN-TH Department for hospitality
while this research was being carried out. This project has
also received funding from the European Union’s Horizon
Europe research and innovation program under the Marie
Skłodowska-Curie Staff Exchange Grant Agreement
No. 101086085–ASYMMETRY.

DATA AVAILABILITY

The framework used to obtain the results that support the
findings of this article is openly available [109].

APPENDIX A: COUPLINGS OF PSEUDOSCALAR MESONS TO NUCLEONS

In this appendix, we will derive the coupling of pseudoscalars to nucleons. Let us start with the baryon-baryon-
pseudoscalar interaction [80,183,184]

LBBP ¼ Ds

2
TrðB̄γμγ5BÞTrðuμÞ þ

D
2
TrðB̄γμγ5fuμ; BgÞ þ

F
2
TrðB̄γμγ5½uμ; B�Þ; ðA1Þ

where the trace Tr acts in the SUð3Þ flavor space, D ≈ 0.8, F ≈ 0.46, and Ds ≈ −0.41 are phenomenological parameters, B
is the matrix of the nucleon octet,

B≡

0
BBB@

1ffiffi
2

p Σ0 þ 1ffiffi
6

p Λ Σþ p

Σ− − 1ffiffi
2

p Σ0 þ 1ffiffi
6

p Λ n

Ξ− Ξ0 − 2ffiffi
6

p Λ

1
CCCA; ðA2Þ

and uμ is the so-called vielbein. In the leading order in fπ=fa, it is

uμ ≡ 2

fπ

�
∂
μPþ fπ

fa
cq∂μa

�
; ðA3Þ

where P is the pseudoscalar nonet matrix
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P≡ 1ffiffiffi
2

p

0
BBB@

1ffiffi
2

p π0 þ 1ffiffi
3

p ηþ 1ffiffi
6

p η0 πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
3

p ηþ 1ffiffi
6

p η0 K0

K− K̄0 − 1ffiffi
3

p ηþ 2ffiffi
6

p η0

1
CCCA ðA4Þ

and ηð0Þ are mass states.

Focusing on the proton and neutron, Eq. (A1) leads to
the interaction terms

LN ¼
X
N¼n;p

gNXN̄γμγ5N∂μX: ðA5Þ

The nucleon-pseudoscalar couplings gNX are given by [see
also Eq. (B.39) in [86] ]

gNP ¼ 1

fπ
TrðTPTNÞ; ðA6Þ

where TN is Tp ≡ diagðDs þDþ F;Ds;Ds þD − FÞ or
Tn ≡ diagðDs;Ds þDþ F;Ds þD − FÞ for the proton
and neutron, respectively, and TP is the generator asso-
ciated with the meson P [given by Eq. (3)]. In particular, we
find

gpπ0 ¼ −gnπ0 ¼
Dþ F
2fπ

≈ 6.8 GeV−1; ðA7Þ

gpη ¼ gnη ¼
2F þDsffiffiffi

6
p

fπ
≈ 2.2 GeV−1; ðA8Þ

gpη0 ¼ gnη0 ¼
3D − F þ 4Dsffiffiffiffiffi

12
p

fπ
≈ 0.93 GeV−1: ðA9Þ

APPENDIX B: COUPLINGS OF ALPS

In this appendix, we provide the explicit expressions for
the couplings between ALPs and mesons.
The relevant Lagrangian is

LaNN ¼
X
N¼n;p

gNaN̄γμγ5N∂μa; ðB1Þ

LVγa ¼ −
gVγa
2

aFμνṼμν: ðB2Þ

The nucleon couplings follow from Eq. (A1):

gNa ¼
1

fπ
TrðT̃aTNÞ ¼

X
P¼π0;η;η0

κaPgPN: ðB3Þ

Likewise, the vector couplings are given by

gVγa ¼
X

P¼π0;η;η0
κaPgVγP: ðB4Þ

Here, T̃a is the ALP generator given by Eqs. (29) and
(32) with κaP ≡ 2Tr½T̃aTP�, gPN are the couplings of
pseudoscalar mesons to nucleons from Eq. (10), and
gVγP are their coupling to vector mesons from Table I.
Concretely, we obtain the following gluonic-ALP cou-

plings for ma ≲ 4πfπ:

gpaðmaÞjma<1.2 GeV

¼ m2
0

9fa

�
2F þDs

m2
η −m2

a
þ 2ð3D − F þ 4DsÞ

m2
η0 −m2

a

þ δIm2
πðDþ FÞ

m2
π −m2

a

�
1

m2
η −m2

a
þ 2

m2
η0 −m2

a

��
: ðB5Þ

The neutron coupling differs only in the sign of the isospin-
breaking term. For the radiative couplings, we similarly
find

gρ0γaðmaÞjma<1.2 GeV ¼ egm2
0

36π2fa

�
3

m2
η −m2

a
þ 6

m2
η0 −m2

a
þ δIm2

π

m2
π −m2

a

�
1

m2
η −m2

a
þ 2

m2
η0 −m2

a

��
;

gωγaðmaÞjma<1.2 GeV ¼ egm2
0

36π2fa

�
1

m2
η −m2

a
þ 2

m2
η0 −m2

a
þ δIm2

π

m2
π −m2

a

�
3

m2
η −m2

a
þ 6

m2
η0 −m2

a

��
;

gϕγaðmaÞjma<1.2 GeV ¼ egm2
0

36π2fa

� ffiffiffi
2

p

m2
η −m2

a
−

4
ffiffiffi
2

p

m2
η0 −m2

a

�
: ðB6Þ
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For the domain ma > 1.2 GeV, the couplings read

gpaðmaÞ
���
ma>1.2 GeV

¼ gnaðmaÞ
���
ma>1.2 GeV

¼ −
ffiffiffiffiffiffiffiffi
2=3

p
αsðmaÞ
fa

ð3Ds þ 2DÞF ðmaÞmax

�
βF
ma

; 1

�
;

gρ0γaðmaÞ
���
ma>1.2 GeV

¼ −
eg

ffiffiffi
3

p

2
ffiffiffi
2

p
π2fa

αsðmaÞF ðmaÞ;

gωγaðmaÞ
���
ma>1.2 GeV

¼ −
eg

2
ffiffiffi
6

p
π2fa

αsðmaÞF ðmaÞ;

gϕγaðmaÞ
���
ma>1.2 GeV

¼ eg

2
ffiffiffi
3

p
π2fa

αsðmaÞF ðmaÞ; ðB7Þ

where βF ¼ 1.4 GeV and F ðmaÞ is defined in Eq. (34).

APPENDIX C: 2 → 3 PROCESS IN TERMS OF MANDELSTAM INVARIANTS

In this section, we describe the calculation of the 2 → 3 scattering cross section in terms of Mandelstam invariants.

1. 2 → 3 process: Generic cross section and phase space

Consider the exclusive electroproduction process

eðpeÞ þ pðppÞ → e0ðpe0 Þ þ p0ðpp0 Þ þ XðpXÞ: ðC1Þ

We define the invariant mass of the colliding ep pair:

s≡ ðpe þ ppÞ2: ðC2Þ

Then, the differential cross section is

dσX ¼ jMj2
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

e; m2
pÞ

q dΦ3; ðC3Þ

where jMj2 denotes the spin-averaged squared matrix element, λ is the Källén function,

λðx; y; zÞ≡ x2 þ y2 þ z2 − 2ðxyþ xzþ yzÞ; ðC4Þ

and the three-body phase space is

dΦ3 ¼ ð2πÞ4δð4Þðpe þ pp − pe0 − pp0 − pXÞ
Y

i¼fe0;p0;Xg

d3pi

ð2πÞ32Ei
: ðC5Þ

2. Reduction to four invariants

Following Ref. [185], we introduce the following set of kinematic invariants:

s1 ≡ ðpe0 þ pXÞ2; sγ�p ≡ ðpp0 þ pXÞ2 ¼ ðpp þ pe − pe0 Þ2;
Q2 ≡ −ðpe − pe0 Þ2; tp ≡ ðpp − pp0 Þ2: ðC6Þ

After integrating out the trivial angular variables, the phase-space measure reduces to

dΦ3 ¼
π

16
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

e; m2
pÞ

q 4dsγ�pdQ2dtpds1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðsγ�p;−Q2; m2

pÞðs1 − s−1 Þðsþ1 − s1Þ
q ; ðC7Þ
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so that

dσ ¼ d4σ
dsγ�pdQ2dtpds1

dsγ�pdQ2dtpds1; ðC8Þ

with the fully differential cross section

d4σ
dsγ�pdQ2dtpds1

¼ 1

256π4
jMj2

λðs;m2
e; m2

pÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðsγ�p;−Q2; m2

pÞðs1 − s−1 Þðsþ1 − s1Þ
q : ðC9Þ

The end points s�1 are determined by Gram-determinant constraints and can be written compactly as

s�1 ðs; sγ�p;Q2; tpÞ ¼ sþm2
p −

Δ ∓ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gðs;−Q2; sγ�p;m2

e; m2
p;m2

eÞGðsγ�p; tp; m2
p;−Q2; m2

p;m2
XÞ

q
λðsγ�p;−Q2; m2

pÞ
; ðC10Þ

where

Gðx; y; z; u; v; wÞ≡ −
1

2
det

0
BBBBBB@

0 1 1 1 1

1 0 v x z

1 v 0 u y

1 x u 0 w

1 z y w 0

1
CCCCCCA

ðC11Þ

and

Δ≡ det

0
B@

2m2
p sγ�p þQ2 þm2

p m2
p þm2

p − tp

sγ�p þQ2 þm2
p 2sγ�p sγ�p −m2

X þm2
p

s −m2
e þm2

p sþ sγ�p −m2
e 0

1
CA: ðC12Þ

3. Kinematic domain and useful scalar products

The physically allowed domain in ðsγ�p;Q2; tp; s1Þ at fixed s is

s−γ�pðsÞ ≤ sγ�p ≤ sþγ�pðsÞ; ðC13Þ

Q2
−ðs; sγ�pÞ ≤ Q2 ≤ Q2þðs; sγ�pÞ; ðC14Þ

t−pðs; sγ�p;Q2Þ ≤ tp ≤ tþp ðs; sγ�p;Q2Þ; ðC15Þ

s−1 ðs; sγ�p;Q2; tpÞ ≤ s1 ≤ sþ1 ðs; sγ�p;Q2; tpÞ; ðC16Þ

where

s−γ�pðsÞ ¼ ðmp þmXÞ2; sþγ�pðsÞ ¼ ð ffiffiffi
s

p
−meÞ2; ðC17Þ

Q2
�ðs; sγ�pÞ ¼ −2m2

e þ
ðsþm2

e −m2
pÞðs − sγ�p þm2

eÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

e; m2
pÞλðs; sγ�p;m2

eÞ
q

2s
; ðC18Þ

t�p ðs; sγ�p;Q2Þ ¼ 2m2
p ðC19Þ
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−
ðsγ�p þm2

p þQ2Þðsγ�p þm2
p −m2

XÞ ∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðsγ�p;m2

p;−Q2Þλðsγ�p;m2
p;m2

XÞ
q

2sγ�p
: ðC20Þ

Here, Q2
− and Q2þ correspond to the minimal and maximal allowed values of Q2, respectively.

We close the discussion of the 2 → 3 phase space by expressing various scalar products for our electroproduction
process (1):

2pe · pp ¼ s −m2
p −m2

e; 2pe · pe0 ¼ 2m2
e þQ2;

2pp · pp0 ¼ 2m2
p − tp; 2pe0 · pX ¼ s1 −m2

e −m2
X;

2pX · pp0 ¼ sγ�p −m2
X −m2

p; 2pe0 · pp0 ¼ s − s1 − sγ�p þm2
X;

2pe · pX ¼ s1 −Q2 − tp −m2
e; 2pp · pX ¼ sγ�p þQ2 þ tp −m2

p;

2pe · pp0 ¼ s − s1 þ tp −m2
p; 2pp · pe0 ¼ s − sγ�p −Q2 −m2

e: ðC21Þ

APPENDIX D: ALTERNATIVE DESCRIPTION OF
THE ELECTROPRODUCTION OF π0

Depending on the beam energy configuration at the EIC,
the electroproduction of light pseudoscalar mesons such as
π0 may be mostly sensitive to the domain ffiffiffiffiffiffiffiffisγ�p

p ≲ 2 GeV
(see Fig. 5), where some of the nucleon excitations in the
bremsstrahlung in Figs. 1(b) and 1(c) may be on shell.
Hence, the description of Ref. [123] that we adopt for our
study and that is accurately fitted to the photoproduction
data in the range ffiffiffiffiffiffisγp

p ≳ 3 GeV may break down.
To better understand the systematics stemming from the

extrapolation of the π0 photoproduction in the domainffiffiffiffiffiffiffiffisγ�p
p ¼ ð2–3Þ GeV, in this section, we incorporate the
alternative approach of Refs. [103,146,186]. It describes
the photoproduction via the t-channel exchanges by vector
mesonsV ¼ ρ,ω and s=u exchanges bybaryonic resonances
B [Figs. 1(b) and 1(c)]. In these works, the photoproduction
input was tested against dσγp→π0p=dtp data at different
photon energies from SLAC and DESY [187,188].
Based on Fig. 1 in Ref. [103], we conclude that the

approach seems to overestimate the photoproduction cross
section at low ffiffiffiffiffiffisγp

p ≲ 3.5 GeV, and we, therefore, expect
that it will deliver systematically larger cross sections.
The matrix element Mν

P in Eq. (42) is given by

Mν
P ¼ Mν

P;V þMν
P;B; ðD1Þ

where the vector (nucleon) contribution is denoted by
Mν

P;V ðMν
P;BÞ. Within the description of Ref. [103], the

objectsMν
P;V andMν

P;B already include the finite-Q2 form
factors. Therefore, in Eq. (44) relating the matrix element
(D1), we use FXðQ2Þ≡ 1.
The contribution from the exchange of vector mesons is

given by

Mν
P;V ¼

X
V¼ρ;ω

gVγPgVppFVγPðQ2Þενκαβpγ�;κðpp −pp0 Þα

× ūs0 ðpp0 Þ
�
ð1þ κVÞγβ −

κV
2mp

ðpp þpp0 Þβ
�
usðppÞ

×RVðtp; sγ�pÞ; ðD2Þ

where the couplings gVγπ0 , gVpp, and κV are all taken as in
Ref. [103] and are somewhat different from those used in
Ref. [123]. FVγP ¼ ð1þQ2=m2

VÞ−1 is the effective form
factor suppressing the large-Q2 contribution to the process.
Finally, RVðtp; sγ�pÞ corresponds to the Reggeized propa-
gator, accounting for the family of V resonances with fixed
quantum numbers [102]:

RVðtp; sγ�pÞ ¼ −α0V

�
1 − e−iπαVðtpÞ

2

�
Γ½1 − αVðtpÞ�

× ðα0Vsγ�pÞαVðtpÞ−1; ðD3Þ

where Γ is the Gamma function and αVðtpÞ are Regge
trajectories for vector mesons [103,189]:

αρðtpÞ ¼ 0.53þ α0ρtp; αωðtpÞ ¼ 0.40þ α0ωtp; ðD4Þ

with α0ρ ¼ α0ω ¼ 0.85 GeV−2, again slightly different from
those used in Ref. [115].
Next, the contribution of the nucleon resonances to the

π0 electroproduction in the domain ffiffiffiffiffiffiffiffisγ�p
p > 2 GeV,

described in Refs. [102,103,146], is
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Mν
π0;N¼ igπ0NNeūs0 ðpp0 Þ

×

�
Gsγ�pðQ2;sγ�p;tpÞγ5

=ppþ=pγ� þmp

sγ�p−m2
p

γν

þGuðQ2;u;tpÞγν
=pp0−=pγ� þmp

u−m2
p

γ5þGIν
�
usðppÞ;

ðD5Þ

with u≡ ðpp0 − pγ� Þ2 and gπ0NN ¼ 2mpgπ0p ≈ 12.8 is
the pion-nucleon coupling, which is deduced from

Eq. (A7). The sγ�p- and u-channel transition form
factors are

Gsγ�pðuÞðQ2;sγ�pðuÞ; tpÞ
¼Gsγ�pðuÞðQ2;sγ�pðuÞÞðtp−m2

πÞRN;sγ�pðuÞðαðtpÞÞ: ðD6Þ

Here, Gsγ�pðuÞ are effective form factors, incorporating the
tower of baryonic resonances with higher spins S > 1=2 via
the Bloom-Gilman duality connection [190,191]:

Gsγ�pðQ2; sγ�pÞ ¼
sγ�p ln

h
ξQ2

m2
p
þ 1

i ð2ξQ2þsγ�pÞ
ðξQ2Þ2 − sγ�pðξQ2þsγ�pÞ

ξQ2ðξQ2þm2
pÞ þ ln

	
sγ�p−m2

p

m2
p



− iπ	

ξQ2

sγ�p
þ 1



2
�

s2
γ�pþ2sγ�pm2

p

2m4
p

þ ln
	
sγ�p−m2

p

m2
p



− iπ

� ðD7Þ

and

GuðQ2; uÞ ¼
u ln

h
ξQ2

m2
p
þ 1

i
ð2ξQ2þuÞ
ðξQ2Þ2 − uðξQ2þuÞ

ξQ2ðξQ2þm2
pÞ þ ln

	
m2

p−u
m2

p



	
ξQ2

u þ 1


2
	
u2þ2um2

p

2m4
p

þ ln
	
m2

p−u
m2

p



 ; ðD8Þ

with the cutoff fixed to ξ ¼ 0.4 [102], while the Regge
trajectories read

RN;uðtp; sγ�pÞ ¼ −α0Γ½−αðtpÞ�eαðtpÞ lnðα0sγ�pÞ;
RN;sγ�pðtp; sγ�pÞ ¼ e−iπαðtpÞRN;uðtp; sγ�pÞ; ðD9Þ

with

αðtpÞ ¼ α0ðtp −m2
πÞ; α0 ¼ 0.74 GeV−2

1þ 2.4 Q2

sγ�p

: ðD10Þ

Finally, the term GIν must be generally introduced in the
case Gsγ�p ≠ Gu (in particular, in the limit Q2 → 0) to
ensure gauge invariance. The explicit form we utilize is the
contact term

GIν ¼ −
�ð2pp þ pγ� Þν

sγ�p −m2
p

ðGsγ�p − ĜÞ

þ ð2pp0 − pγ� Þν
u −m2

p
ðGu − ĜÞ

�
γ5; ðD11Þ

that simultaneously ensures the Ward identity and the
correct soft-photon limit of the differential cross section
[165]. The function Ĝ is fixed to be

Ĝ ¼ Gu þGsγ�p − GuGsγ�p : ðD12Þ

The residual degree of freedom—the arbitrariness left by
the residual condition—is minimized by calibrating on the
data. Details are summarized in Appendix D 1.
We compare the differential cross sections dσγp→π0p=dtp

for various invariant masses ffiffiffiffiffiffisγp
p ¼ 2.6; 2.9; 3.5 GeV

(corresponding to Eγ ¼ 3; 4; 6 GeV) in Fig. 10. The last
two configurations have data from DESY [192] to which
the description of Ref. [123] fits well, while the approach
of Ref. [103] significantly overestimates the production
for jtpj≳ 0.5 GeV2. Moreover, as the invariant mass
decreases, the discrepancy worsens. This trend explains
the difference by a factor of ≃5 in σfid as obtained using
these two approaches.

1. Ensuring gauge invariance
of the nucleon summand

Let us discuss GIμ entering Eq. (D5) in more detail. To
restore Ward identities, Refs. [103,146] utilized the pole
term

GIμ ¼ −γ5ðGsγ�p − GuÞ
pγ�;μ

−Q2
; pγ� ≡ pe − pe0 ; ðD13Þ

and then analyzed the γp → π0p and γ�p → π0p scatter-
ings. However, we cannot use it for our calculations of the
meson production in the far-forward direction, because it
induces incorrect scaling of the differential cross section
with Q2.
The issue follows from the fact that apart from violating

the Ward identities, “dressing” the propagators in Eq. (D5)
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(i.e., introducing Gu=sγ�p ≠ 1) leads to artifacts in the
analytic structure of the matrix element. Namely, in the
correct theory, the Born squared matrix element (G ¼ 1)
behaves as jMj2 ∝ 1=Q4, but the integration over s1
removes one power of Q2, giving the standard scaling
dσ=dQ2dsγ�pdtp ∝ 1=Q2 (and the same scaling for
dσ=dQ2, after integrating over sγ�p and tp). This is aligned
with soft-photon theorems [193,194], according to which
the transverse part of the hadronic current must scale as
JN ∝ pγ� in the soft-photon limit, which automatically
cancels one power of the squared propagator 1=Q4 after
integrating over the phase space.
The dressed propagators generically break this cancel-

lation. Indeed, as long as Gsγ�p ≠ Gu, the sγ�p- and u-
channel pieces in (D5) modify the nucleon-pole residues:
They are unequal. As a result, the transverse part of the
hadronic current no longer scales as JN ∝ pγ� in the soft
limit, and the cancellation does not occur.
The polelike term (D13), being proportional to pγ� and

carrying no s=u denominators, cannot repair those residues:
It enforces pγ� · J ¼ 0 but vanishes identically in the
physical matrix element after contracting with the electron
current or the photon polarization, leaving the s=u-channel
residues (and, generically, crossing properties) different
from their Born values.
Explicitly, we have ensured that, while the matrix

element (48) with Eq. (D13) satisfies the Ward identities,
the differential cross section dσ=dQ2 has the unphysical
behavior with Q2. Namely, the small-Q2 limit of the
nucleon contribution to the differential cross section has
the leading contribution

Q2
dσπ0

dQ2dsγ�pdtp

→ α2EMð2mpgπpÞ2
tpjGsγ�p − Guj2ðs− sγ�pÞ

4πQ2ðs−m2
pÞðsγ�p −m2

pÞ3
þOðQ0Þ:

ðD14Þ

Crucially, the 1=Q2 piece must vanish, as after the
integration it gives the scaling dσ=dQ2 ∝ 1=Q4.

However, for tiny Q2, the form factors Gsγ�p behave as

jGu=sγ�p j ≈ exp½iπαu=sγ�p � × ðcþ du=sγ�p ×Q2Þ ðD15Þ

[recall Eqs. (D7) and (D8)]. Given that αu ≠ αsγ�p , the

difference Gsγ�p − Gu does not vanish for finite Q2. The

impact of this 1=Q4 term is shown in Fig. 11, being an order
of magnitude enhancement.
Instead of the term (D13), we consider the pole-free

construction (D11), where Ĝ is an arbitrary scalar function
that must be pole-free and ensure that the residues of the
propagators in the limit sγ�p → m2

p, u → m2
p still match the

“bare” theory Gu ¼ Gsγ�p ¼ 1.
The minimal choice is given by Eq. (D12), Ĝ ¼

Gsγ�p þ Gu − Gsγ�pGu. However, the choice is not unique;
for instance, adding the structure of the type
λð1 − Gsγ�pÞð1 − GuÞ has no impact on the residues.
Fortunately, the term (D11) contains the transverse part

FIG. 10. Comparison of the differential cross sections of the pion photoproduction, as obtained following the approaches of
Refs. [115] (blue lines) and [103] (red lines), for various invariant masses of the γp system. See the text for details.

FIG. 11. The differential cross section dσ=dte with te ¼ −Q2 of
the neutral pion production computed using two different
descriptions of the term GIμ from Eq. (D5): the “seagull” term
(D13) (the solid red line) and the pole-free term (D11) (the solid
blue line), with Ĝ fixed by Eq. (D12). The seagull term does not
fix the unphysical scaling of the hadronic current with Q2, which
leads to the ∝ 1=Q4 behavior (the dashed red line), whereas the
pole-free term leads to the correct scaling ∝ 1=Q2 (the dashed
blue line).
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and, hence, explicitly enters the observables, such as the
γ þ p → π0 þ p cross section. As a result, the ambiguity
may be fixed by comparing the prediction of Eqs. (D5) and
(D11) with the data on the γp → π0p scattering (see Fig. 1
in Ref. [103]). We found that the minimal operator (D12)
provides a very good agreement with the data, whereas
sizable modifications significantly distort the shape
dσγp→pπ0=dtp. Furthermore, we will use the minimal

choice (D12) for Ĝ.
We have checked that with this prescription, not only the

matrix element satisfies the Ward identities, but also
dσ=dQ2 ∝ Q−2 (see Fig. 11).

APPENDIX E: FIT FOR THE gρσγ COUPLING

In this section, we derive a conservative upper limit
on the ρσγ coupling gρσγ [defined in Eq. (17)] from the
process ρ0 → π0π0γ, to which the σ contributes via
ρ0 → σ�γ → π0π0γ. The experimentally measured partial

width is ½Γðρ0 → π0π0γÞ�exp ≈ 6.8� 1.1 keV [132]. Within
the hidden local symmetry implementation of vector-
meson dominance [130], this decay also receives the con-
tribution ρ0 → ω�π0 → π0π0γ, at the level of ≈1 keV. It is
comparable to the experimental uncertainty and does not
saturate the total rate. We, therefore, obtain a conservative
bound by attributing the full measured rate to the
σ-mediated channel and requiring ½Γðρ0 → π0π0γÞ�σ ≤
½Γðρ0 → π0π0γÞ�exp (optionally at 1σ), which yields an
upper limit on gρσγ .
To describe the σ contribution, we will model it as a

Breit-Wigner resonance, with mass mσ ¼ 500 MeV and
width Γσ ¼ 100–800 MeV as reported in PDG [132]. The
choice of the σ mass follows Refs. [127,134], which
adopted it to build the Regge trajectory of the scalar-meson
family for the photoproduction of vector mesons, and
which we use in our approach.
We start with the matrix element

Mðρ0 → 2π0γÞ ¼ 2egρσγððpγ · pVÞðϵγ · ϵ�VÞ − ðpγ · ϵ�VÞðpV · ϵγÞÞ
gσππðpπ;1 · pπ;2Þ

sππ −m2
σ þ iΓσðsππÞ ffiffiffiffiffiffi

sππ
p ; ðE1Þ

where 2gσππðpπ;1 · pπ;2Þ is the derivative σππ vertex [195],
sππ ¼ ðpπ;1 þ pπ;2Þ2, and ΓσðsÞ ∝

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

π

p
ðs − 2m2

πÞ2=s
encodes the invariant-mass scaling of the σ width for this
vertex. Next, we express gσππ in terms of the total width
Γσ ≈ 3Γðσ → 2π0Þ as a function of mσ. Then, we fix the
value of gρσγ from the measured width Γðρ0 → 2π0γÞ.
Finally, to estimate the uncertainty, we scanned over a

range of widths Γσ ¼ ð100–800Þ MeV; we obtain the
allowed range jgρσγj ¼ ð1.0–1.4ÞGeV−1.

APPENDIX F: DECAYS OF f 2 MESON

In this section, we provide a description of the decays of
an f2 meson into various final states. Furthermore, we
assume an effective interaction of the form

Lint ¼ gTf2;μνTμν; ðF1Þ

where Tμν is the hadronic stress-energy tensor. For a given
final state X, the decay amplitude is proportional to the
matrix element hXjTμνð0Þj0i, and we allow for channel-
dependent effective couplings gT;X.
We are interested in the decays f2 → 2π, f2 → 4π, and

f2 → Vγ, with V ¼ ρ0;ω;ϕ. The widths of the first two
processes are reported in PDG [132], with the central values
Γðf2→ππÞ≈157MeV and Γðf2 → 2πþ2π−Þ ≈ 5.2 MeV.
The widths f2 → ω=ϕγ are not reported, but there are some
theoretical calculations based on the quark model [135]:
Γðf2 → ϕγÞ ≈ 1.3 keV and Γðf2 → ωγÞ ≈ 27 keV.

The parts of the stress-energy tensor relevant for these
decays are

Tππ
μν ¼∂μπ

ðþ
∂νπ

−Þþ∂μπ
0
∂νπ

0

−gμν

�
∂απ

þ
∂
απ−−m2

ππ
þπ−þ1

2
ð∂απ0Þ2−

m2
π

2
ðπ0Þ2

�
;

TVV
μν ¼−VμαVν

αþm2
VVμVν−gμν

�
−
1

4
VαβVαβþm2

V

2
VαVα

�
;

TVγ
μν ¼−2cVγVμαFν

αþgμν
cVγ
2
FαβVαβ; ðF2Þ

where Vμν¼∂μVν−∂νVμ, ∂μxða∂νxbÞ≡∂μxa∂νxbþ∂μxb∂νxa,
and the first summand in Eq. (F2) is automatically
symmetrized after contracting with the symmetric f2 field
(either on or off shell). The terms ∝ gμν vanish after
contracting with on-shell f2 polarization, but we keep
them for generality. Finally,

cργ ¼
e
g
; cωγ ¼

e
3g

; cϕγ ¼ −
ffiffiffi
2

p
e

3g
; ðF3Þ

with g ¼ mρ=ð
ffiffiffi
2

p
fπÞ ≈ 5.9, are given by the mixing of the

photon with the vector meson V. The corresponding
vertices are

Γμν
f2πþπ−

¼ igT;ππðpμ
1p

ν
2þpν

1p
μ
2−gμνððp1 ·p2Þ−m2

πÞÞ; ðF4Þ
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Γμν;αβ
f2VV

¼ igT;VVðΓ̃μν;αβ
f2VV

ðp1; p2; mVÞ þ Γ̃μν;βα
f2VV

ðp2; p1; mVÞÞ;
ðF5Þ

Γμν;αβ
f2Vγ

¼ 2igT;VγcVγðΓ̃μν;αβ
f2VV

ðpV; pγ; 0ÞÞ; ðF6Þ

where

Γ̃μν;αβ
f2VV

ðp1; p2; mVÞ ¼ ðp1 · p2 þm2
VÞgμαgνβ

þ pμ
1p

ν
2g

αβ − pμ
1p

α
2g

νβ − pβ
1p

ν
2g

μα

−
1

2
gμν½ðp1 · p2 þm2

VÞgαβ − pβ
1p

α
2�:
ðF7Þ

In Eq. (F4), the momenta p1 and p2 denote the momenta of
the πþ and π− mesons, respectively, while in Eq. (F5), they
denote the momenta of the two V mesons.
Within vector meson dominance, the couplings gT;Vγ are

related to the couplings gT;VV by gT;Vγ ¼ gT;VV. If assuming
the universality of the interaction (F1) with hadrons, we
would also have

gT;ππ ¼ gT;ρρ ¼ gT;ωω ¼ gT;ϕϕ: ðF8Þ

However, the coupling may not be universal. For instance,
embedding f2 into the SUð3Þ representation of the tensor
meson nonet, one would associate it with the generator
Tf2 ∝ diagð1; 1; 0Þ [131], which means that it does not
prefer the ss̄ admixtures such as ϕ.
Using the polarization sum rule for the f2 meson,

Eq. (65), we find the decay widths for f2 → 2π and
f2 → Vγ:

Γðf2 → ππÞ ¼ 3

2
Γðf2 → πþπ−Þ ¼ g2T;ππ

ðm2
f2
− 4m2

πÞ5=2
320πm2

f2

≈ 157 MeV

�
gT;ππ

9.3 GeV−1

�
2

; ðF9Þ

Γðf2→VγÞ¼g2T;Vγc
2
Vγ

ðm2
f2
−m2

VÞ3ð6m4
f2
þ3m2

f2
m2

Vþm4
VÞ

120πm7
f2

:

ðF10Þ

Next, we calculate the width f2 → 2ρ0� → 2πþ2π− using
two approaches: the narrow width approximation f2 →
ρ0πþπ− and the full four-body calculation, using Ref. [86].
The amplitude of the process reads

Mf2→2πþ2π− ¼ M1 þM2; ðF11Þ

where

M1 ¼ ϵf2μνΓμν;αβ
f2ρρ

DðρÞ
αα1ðp1 þ p2ÞDðρÞ

ββ1
ðp3 þ p4Þ

× Γα1
ρππðp1; p2ÞΓβ1

ρππðp3; p4Þ ðF12Þ

and M2 ¼ M1jp4↔p2
, Γγ

ρππðp1; p2Þ ¼ igðp1 − p2Þγ .
DðρÞ

ββ1
ðpÞ is the ρ meson propagator

DðρÞ
ββ1

ðpÞ ¼
−gββ1 þ

pβpβ1

m2
ρ

p2 −m2
ρ þ iΓ̃ρðp2Þmρ

; ðF13Þ

with Γ̃ρðp2Þ ¼ Γρ ×
mρffiffiffiffi
p2

p ð s−4m2
π

m2
ρ−4m2

π
Þ32 is the modulation of ρ

decay width as a function of the transferred momentum
[131]. We found

2 × Γðf2 → ρ0πþπ−Þ ≈ Γðf2 → 2ρ0� → 2πþ2π−Þ

≈ 5.2 MeV

�
gT;ρρ

6.1 GeV−1

�
2

; ðF14Þ

where the first equality holds with Oð10%Þ accuracy and a
factor of 2 comes from the fact that both ρ0� in the three-
body process may be on shell. The values of the couplings
gT;ϕγ and gT;ωγ needed to reproduce the quark-model
prediction for f2 → ϕ=ωγ are gT;ωγ ≈ 4.5 GeV−1 and
gT;ϕγ ≈ 0.7 GeV−1, respectively. These values are perfectly
consistent with the couplings quoted in Refs. [127,134],
once one accounts for the different normalization conven-
tion used there for the f2Vγ vertex; in our notation, their
coupling corresponds to cVγgT;Vγ=2.
As we see from Eqs. (F9) and (F14), the universality

model (F8) would predict overly large width Γðf2 → 4πÞ—
by a factor of 2 larger than the experimentally observed
value. On the other hand, if we assume the universality in
the couplings gT;VV and fix gT;VV from the requirement that
the width (F14) saturates the observed f2 → 2πþ2π−
width, it would predict gT;ωγðgT;ϕγÞ larger by a factor of
1.4 (4.3) than if these couplings had been obtained from the
quark-model prediction. These results do not contradict the
observations, though.

APPENDIX G: FULL EVENT KINEMATICS
FROM MANDELSTAM INVARIANTS

1. Reconstructing energies and polar angles
from invariants

Given a sampled point ðs1; sγ�p;Q2; tpÞ, we reconstruct
the event kinematics in the ep c.m. frame. The final state
energies follow from standard three-body kinematics:
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E�
e0 ¼

sþm2
e − sγ�p

2
ffiffiffi
s

p ; p�
e0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

e; sγ�pÞ
q

2
ffiffiffi
s

p ;

E�
p0 ¼ sþm2

p − s1
2

ffiffiffi
s

p ; p�
p0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

p; s1Þ
q

2
ffiffiffi
s

p ;

E�
X ¼ sþm2

X − s3
2

ffiffiffi
s

p ; p�
X ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

X; s3Þ
p

2
ffiffiffi
s

p ; ðG1Þ

with s3 ¼ ðpe0 þ pp0 Þ2 ¼ sþm2
e þm2

X þm2
p − s1 − sγ�p.

We choose the z axis along the incoming proton in the
c.m. frame and define

E�
p ¼ sþm2

p −m2
e

2
ffiffiffi
s

p ; k� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

e; m2
pÞ

q
2

ffiffiffi
s

p : ðG2Þ

The c.m. polar angles θ�i follow from

cos θ�i ¼
E�
pE�

i − pp · pi

k�p�
i

ði ¼ e0; X; p0Þ; ðG3Þ

using

2pp · pp0 ¼ 2m2
p − tp; 2pp · pe0 ¼ s− sγ�p −Q2 −m2

e;

2pp · pX ¼ sγ�p þQ2 þ tp −m2
p: ðG4Þ

Boosting to the laboratory frame is a longitudinal boost
along the proton beam with

γ ¼ Ee þ Epffiffiffi
s

p ; β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
p −m2

p

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
e −m2

e

p
Ee þ Ep

: ðG5Þ

For each final-state particle i,

Ei ¼ γðE�
i þβp�

i cosθ
�
i Þ; pz;i ¼ γðp�

i cosθ
�
i þβE�

i Þ;
pT;i¼p�

i sinθ
�
i ; ðG6Þ

so that tan θi ¼ pT;i=pz;i.

2. Azimuthal angles and full four-momenta

The invariants fix all dot products among external
momenta; in a collinear-beam setup, the remaining con-
tinuous freedom is a global rotation about the beam axis.
We sample this freedom by drawing one azimuth uniformly
and determining the other two from transverse-momentum
closure.
Define the transverse-momentum magnitudes

a≡ pT;X ¼ pX sin θX; b≡ pT;e0 ¼ pe0 sin θe0 ;

c≡ pT;p0 ¼ pp0 sin θp0 : ðG7Þ

We draw a global azimuth ϕX ∼ Unif½−π; π� and define
ϕT ≡ ϕX þ π, so that pT;T ≡ −pT;X points at azimuth ϕT .
Transverse momentum conservation requires

pT;e0 þ pT;p0 ¼ pT;T: ðG8Þ

In the transverse plane, the vectors form a triangle with side
lengths ða; b; cÞ; hence, the relative angle Δ between pT;e0

and pT;p0 is fixed by

cosΔ ¼ a2 − b2 − c2

2bc
; Δ ¼ arccosðcosΔÞ: ðG9Þ

There are two mirror solutions; we sample them with
σ ¼ �1 (equiprobably) and set

α ¼ atan2ðσc sinΔ; bþ c cosΔÞ;
ϕe0 ¼ ϕT þ α; ϕp0 ¼ ϕT þ α − σΔ; ðG10Þ

which enforces Eq. (G8).
Finally, the lab-frame four-momenta are assembled as

pμ
i ¼ ðEi; pi sin θi cosϕi; pi sin θi sinϕi; pi cos θiÞ;
pi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
i −m2

i

q
; ðG11Þ

for i∈ fe0; p0; Xg. Energy and momentum conservation are
then satisfied by construction.
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