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Reuven Balkin,"”" Ta’el Coren®,”" Alexander Jentsch®,”* Hongkai Liu ,3’§*Maksym Ovchynnikov®,

4

Yotam Soreq,2’4’ﬂ and Sokratis Trifinopoulos

lDepartment of Physics, University of California Santa Cruz and Santa Cruz Institute for Particle Physics,
1156 High Street, Santa Cruz, California 95064, USA
2Physics Department, Technion—Israel Institute of Technology, Haifa 3200003, Israel
3Departmem‘ of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA
*Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland
SPhysik—Institut, Universitdt Ziirich, 8057 Ziirich, Switzerland

® (Received 17 April 2026; accepted 26 August 2026; published 23 September 2026)

We study the exclusive electroproduction process e¢ + p — ¢’ + p’ + 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-Q? 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.
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In particular, the coherent electroproduction in electron-
proton scattering,

e(p.) +p(p,) = €(pe) +p'(py) + X(px), (1)

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 = 7°, 7" or a vector X = p° w, ¢, J /.
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
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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 y*)p — p’X 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 5 and 7’ production and scalar
mesons like f((980), 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 SM meson 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:]ZO,}’],V/, V:p0’w7¢’ (2)

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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SU(3)p flavor space are

1 1
To =~diag(1,—-1,0), T, =——diag(1,1,-1),
w0 = 5 diag( ) "= iag( )
1
T, = ——diag(1.1,2), 3
W g(1,1,2) 3)

and

1 . |
Ty = Edlag(l,—l,O), T, = Edlag(l, 1,0),
1
V2

1. Coupling to nucleons

T, = —=diag(0,0,1). (4)

Within chiral perturbation theory, the effective inter-
actions of vector mesons V = p° @, ¢ with protons are
given by

_ Kv o _
Lypp = Gvpp <p7"pV,, + 4—VP6" pVW>, (5)
m,

where gy,, (ky) is the monopole (dipole) vector cou-
pling, m, is the proton mass, and V,,, = d,V, — 9,V is the
field-strength tensor of the vector meson V. For conven-
ience, we also provide the corresponding Vpp vertex:

u(py)Cynnpu(py)

. _ K
:lngpu(pp') (1+KV)yﬂ_#(pP+pp’)ﬁ u(pp)‘ (6)
P

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 gy, and
gvppKy 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 p° and o, we use the results adopted in Ref. [123]:
27, k,=42,

=142, «,=0. (7)

9p°pp = Gwpp
Unlike the p° and the w, the ¢ couplings cannot be
robustly extracted from the photoproduction data. First,
the ¢yx vertex is very suppressed; see Table I. In addition,
Okubo-Zweig-lizuka-rule calculations [124,125] predict
|9ppp| < 0.6 and k, = 1.8, whereas the CD-Bonn-based

calculations supplemented with SU(3)-symmetry arguments

[126] lead to g,,, €[-0.16,1.4] and «, = k,, 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

g¢PP = K¢ =0. (8)

For pseudoscalar mesons P = 7°,7,7/, the effective
interaction with nucleons is given by

Lpyn = 9ppD7*7sP0y P + g,pity*ysno, P; 9)

see Appendix A for details. The corresponding couplings
are

Gpr® = —Gppo ~ 6.8 GeV~l, Gpy = Gy 2.2 GeV~!,

It = Gy ~ 0.93 GeV. (10)

2. Coupling between V, vy, and pseudoscalar mesons

The Lagrangian of the VyP interaction can be written as

Jvyp

EV;/P:_ PF”DV”U, (11)

where F,, is the electromagnetic field-strength tensor and

Vi =3€asV? denotes the dual field strength of the
vector meson. The corresponding vertex for an incoming
off-shell photon and vector meson with four-momenta p,-

and py-, and outgoing P, reads

] .
Fl\l//}'P(py“ Pv*) = lgVyPgﬂﬂKapy*VKPV*,a’ (12)

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 gy, p in the HLS approach under
the assumption that the ¢» meson is a pure s¥ 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 g,,, for which the HLS
prediction vanishes.

3. The Vyf, coupling

Next, we need the radiative coupling yV f,, where f, =
f2(1270) is the lowest-lying spin-2 meson. We build the
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TABLE 1.  The couplings gy,p (in GeV~!) 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 g,

29

[)7’7[

and g, , we use the HLS values, which are close to those employed in # production studies [128,129].

p° ® ¢
P HLS Experimental value HLS Experimental value HLS Experimental value
2 24x107" (224£020)x 107" 7.3 x 107" (7.1£0.11) x 107! 0 (4.1 +0.08) x 1072
n o 6.0x107! (48+0.16) x 107" 2.0x 107" (1.4+0.08) x 107" 2.8 x 107"  (2.140.02) x 107!
o 42x107! 4.2 x 107! 1.4 x 107! 1.4x 107! —4.0x 107" (=2.14£0.04) x 107!

Lorentz structure of the f,Vy interaction assuming that
(i) f, couples to the hadronic stress-energy tensor and
(ii) within the HLS approach to vector meson dominance,
the photon exhibits linear mixing with p°, , and ¢; 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

£fzvv = gT,VfZ,;u/Tl\l/yv (13)

where 7%/ is the hadronic stress-energy tensor of the free
vector meson V = p° @,¢ and gy, is an interaction
coupling. The couplings gy may, in general, be nonuni-
versal among the V fields, reflecting the flavor structure of
f> and possible SU(3) violation.

Including the electromagnetic interactions within the
HLS framework effectively replaces V,, — V,, + ¢y, F,,
in 7%/. This induces the vertex

D (0, pv) = gy | (Py - PV)9"g? + Dl g™

a } O
— Phpig? — plpt g

1
—50“((p, - Pv)g” = ). (14)

with
9r,vy = 29T,VCVy7 (15)

which has dimension GeV~!. This vertex is traceless with
respect to the uv indices and vanishes after contraction
with pJ. or p/f,*, reflecting the properties of the F,, V*
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 g**.
That term vanishes for an on-shell f,, whose polarization is
traceless, but survives for the off-shell f, 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 f5;
for an off-shell f,, contraction with the photon momentum
gives a structure proportional to p}z - m? # 0. Using such
a vertex in photo- and electroproduction, where f, is
exchanged in the ¢ 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 gy,y, may be constrained directly from
radiative decays f, — Vy or indirectly via hadronic decays
such as f, — 2V* — X. Since no radiative decays have
been measured [132], some uncertainty remains.

We fix the value of g;,,, to fit the p° photoproduction
data. For the remaining couplings, we match the theoretical
prediction of the covariant oscillator quark model [135],
following Refs. [127,134]. Overall,

Gp,py 2027 GeV!, Gfep ©0.15 GeV™!,
Gppy ~0.07 GeV~ (16)

Notably, the used value of g , lies within the range
permitted by the requirement that g;,,, not overproduce

the f, — 2p% — 27727~ decay relative to the data; see
Appendix F.

4. The Vyo coupling

Finally, we discuss the coupling yVo, where o=
f0(500) is the lowest-lying scalar meson. We use

egy.
£V0'y = 26}/

oV, F*, (17)
with the corresponding vertex

Ty (P pv) = egvoy[(py - Pve)g" = Phply]. (18)

The value of gy,, may be constrained under the assumption
that the decays V — 7°2% are dominated by ¢ exchange.
However, because of the sizable uncertainty in the ¢ mass
and width, such estimates are necessarily ambiguous.
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Following the photoproduction studies [127,134], we
take m, = 500 MeV and use

Gpoy ¥ —0.279 GeV~!, g, ~—0.561 GeV~!, (19)

which are inferred from the theoretical predictions for
¢/w — oy [136] and the corresponding measured decay
widths [132]. For the p meson, requiring that the o
contribution to p° — 27% not exceed the observed
width gives |g,,,| = (1.0-1.4) GeV~'; see Appendix E.
Interpreting this range as a freedom to be fixed from the p°
photoproduction data, we use

Gpay X —1.4 GeV~!, (20)

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 my < few GeV may be described in terms
of mixing with SM mesons % carrying the same spin and
parity. At the level of the SU(3) flavor representation, we
may write their effective generator in the symbolic form

Tx(my, fx) = Z Kxn(mx. fx)Th: (21)

h € basis(X)

where basis(X) denotes the light-meson family with the
same quantum numbers as X, 7, is the generator of the
meson h (which, for definiteness, is normalized by
2Tr[T, Ty ] = Spp), and kyy, (my, fx) are the corresponding
mixing coefficients depending on the X’s mass my and X’s
coupling fy. 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 Ty (my) in two different ways.

The first is a coupling-based description. In this
approach, one decomposes the X production matrix
element My into elementary amplitudes of independent
subprocesses i (such as different 7-channel exchanges,
bremsstrahlunglike baryonic terms, and so on):

My =) My, (22)

Each contribution depends on a set of effective couplings
gx.i(my), which may be obtained from the corresponding
meson couplings through

Z nikxn (mx, fx) Fi(my)

h € basis(X)

= Z In.ikxni(Mx, fx) (23)

h €basis(X)

gX,i(vafX) =

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

Kxn,i(my, fx) = kxn(my, fx)Fi(my). (24)

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

MX = Z ZKXh.i(mX?fX)[Mh.i]mh—sz’ (25)

hebasis(X) i

where the notation m;, — my indicates that the produced-
state mass is replaced by my in the external kinematics and
phase space.

The projector-based description reduces to the coupling-
based one when ky;,;[M},,l,, _,, =Mx,;. This is true if
M, ; has a clean dependence on the meson / in terms of
gn.sm and mass m;,. However, this is not the case once M, ;
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 #-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 my < 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 my > Aqgcp, as suggested by
quark-counting rules and QCD sum rules [65,90,137], and
(i1) 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]

a, a ~ d,a _
‘Ca ) —Cy é? GMDG/M/ + fﬂ_ Z q quﬂ75q
a a q
=Y aM,e g, (26)
q

where g = (u,d, s), G* is the gluon field-strength tensor,
and f,, ¢4, ¢, and B, 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]

B, =B, +c,. &)= "9‘22% (27)
q

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

By=1c,=0. (28)

We split the discussion of the ALP phenomenology into
two mass ranges m, < 4xf, and m, = 4xf,, using mass
m, = 1.2 GeV for concreteness.

(a) Mass m, < 1.2 GeV. The interactions of the light
ALPs may be understood in terms of the mixing with the
pseudoscalar mesons P = 7% 7,7'. The effective ALP
generator Tu reads [90]

Ta(’na’fa) m,<12 GeV — ZKaP(mav fa)TP7 (29)
P

with the following corresponding projector coefficients
Kap = ZTr[TaTP]:

Ky (ma’ fa)

m,<1.2 GeV
2,2
S 25m2m] ( Lo, >
- 2 2 2 2 2 2 )
fag(mn_ma) my —mg  m, —my

fr  Vom}
Kq (mavfa)|m<. eV — 5
§ L2V 9(m2 — m2)
fe 4/3mi

m,<1.2 GeV — f_a9(m,2,/ _ mg) .

Kan’(’”mfa)

Here, m§ = 3m} — 3m3 and §; = (my —m,)/(mg + m,) =
0.36 [132].

(b) Mass m, > 1.2 GeV. In this domain, the description
of the ALP interactions above is no longer sufficient
because of the following two effects: large-m, 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 m,.
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 > Aqgcp behaves as [137] M o p*.

Let us apply this reasoning to the app (BS) and Vya
vertices (B6). They describe the ALP emission; hence,
p? = m2. To get the expected scaling, we count the proton
as three fields, mesons as two fields, the photon as two
fields (as the VyP 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 (Vya)
vertex is 8 (6), which gives the required scalings m;* (m?).
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—pp and a—yV, we obtain M, ,; xm;' and
My, « const, where the m;?* powers from the ALP matrix
29)) get partially canceled by the kinematics structure of the
matrix element.

Second, the ALP can mix with heavier pseudoscalar
excitations such as [132]

n(1295), 2°(1300), n(1405), n(1475), n(1760),
2°(1800), 7(2225), 7(2370), (31)

where sometimes 7(1405) and n(1475) are interpreted as
one meson 7(1440) [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 m, <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 7(1295), z°(1300), and #(1440), 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 m, 2 1.2 GeV, we replace
the low-mass ALP generator (29) with

~ 2a,(m,
Ta(mmfa) my>12 GeV = _% a% )

where [ is the identity in flavor space, with

L (32)

Kaﬂ(ma’fa)|n1,,>1.2 GeV — O’

fz2
Kaﬂ(ma’fa) m,>1.2 GeV — _f_gas(ma)’
[24V2
Kar/(Mas fa) lm,>12 Gev = _f_Tas(mu)' (33)

This choice is motivated by recovering the interaction
structure as predicted by the genuine hadronic interactions
of the gluonic ALP « a; GWCN}"”. 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 m, > 1.5 GeV, we evaluate a,(m,) using
RunDec [140], while for 1 GeV < m, < 1.5 GeV, we use
the interpolation a,(m,) = (1 GeV/m,)>S.

In addition, Ref. [65] approximated the domain of
pseudoscalar excitations by a fit of the scattering data
ete” - V* > VP, where V are various vector states. This
resulted in a phenomenological function F(m,), given by

1’ ma < /j]:’
F(m,) = { interpolation, fr <m, <2 GeV, (34)
({%)4’ m, > 2 GeV,

where i ~ 1.4 GeV and interpolation resembles the shape
from Fig. 1 in Ref. [65]. In the large-m, domain for the Vay
process with Eq. (33), it also implies the large-m,, scaling
dictated by the QCD sum rules.

Collecting these results, we may construct channel-
dependent projectors k,p;(m,) defined in Egs. (23) and

(24). For the interactions i = app, aVy, they are given by

KaP,i(mav fa) = KaP(mav fa) X f(ma)
mg <ﬁf’

L,
X { (%y,.’ m, > B (35)

where n,y, =0 and n
sum rules.

In the case of the app interaction, Ref. [80] also
introduced the timelike proton form factor F4(m,), which
incorporates the mixing with the axial-vector state a?. It
does not lead to a resonant enhancement of the production
amplitude, which is due to the Lorentz-structure of the
ALP-a; 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 m, < 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 7', o 1/m?2 of the generator in Eq. (29), we

app = 1 are required by the QCD

impose the much stronger suppression 1/ m suggested
by QCD sum rules.

2. Vector mediators

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

Ly = gyV"> X,G1.q
q

+ gy V/#Z(xf?yuf + xu,ﬁf}'ﬂPLUf)v (36)
4

where the coefficients x, and x, are chosen such that the
corresponding current is anomaly-free. Typical examples
include dark photons, for which x; = Qy, and B—-L
mediators, for which x, = x,, = =3x, =1 [29,31,32,35].

For my» < 1 GeV, the hadronic interactions of V' may be
understood using the HLS implementation of vector meson
dominance [35,36,97,130], according to which V' mixes
with families of p°, w, ¢ mesons. The generator of the V'
particle is

TV’ (mvh gv’)

my <1 GeV

= Z Kyy (myr, gyr)

V=p" 0.0

Ty. (37)
myr<1 GeV

Explicit form of the coefficients k. (my/) is
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V/V( V,) myr <1 GeV
1%
2

S E—— 2Tr[Ty x diag(x,.x0.%,)].  (38)
my, —my —ilymy

or, after using the generators (4),

2

m
P
Ky 0<mV' gV’) =gv . (xu_xd)
P ’ myr<1GeV m%,, _m/270 —leompo '
(39)
2
m(l}
KV’w(mV”gV’) =9v— > - ('xu +xd)’
myr <1 GeV my, —mg, —il,m,
(40)
2
m
— ¢
Kv'¢(mv/,gv') =—9v—> R \/EXS'
my <1 GeV my, — gy —ilymy

(41)

For larger masses, the description becomes more compli-
cated. Similar to the ALPs, the vector mediator may mix
with heavier vector excitations, such as w(1420), p°(1450),
(1650), ¢(1680), p°(1700), and ¢(2170). Unlike the
ALP case, the mixing structure of V' 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 £+¢~ spectra as done, for example, at LHCb dark
photon searches [141,142] and rescale them to other
models based on SU(3), 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

J{f
iM=i—#

"
e poy )
with J§ = eii(p,)y,u(p.) the electron electromagnetic
current and MY a process-dependent hadronic current
describing the subprocess y* + p — X + p’. The object
MY satisfies the Ward identity, (p, — p.), Mk = 0. The
Lorentz-invariant kinematical variables are defined as

si=(pe+px) sy p=(px+rp)*
tpE(pp_pp’)z' (43)

s=(pe+pp)*
2= _(pe_pe/)27

Crucially, the beam-energy configurations at the EIC, the
kinematic selection we adopt (a forward proton p’ and
energetic X in the transverse direction), and the structure of
the matrix element with the Q? pole favor the domain
0% <1 GeV?, |t,| <2 GeV?, and, for most accepted
events, ,/5,-, 2 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 #-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 , /5,-,—see Fig. 2(a).
For #-channel exchange, the intermediate states are off shell

independently of the value of s, ,.

(@) (b)

FIG. 1.

e (pe’)

(©)

Feynman diagrams for the electroproduction process ep — epX with X = (z°, 7,1, a): (a) t-channel fusion production of X,

where V is a vector meson V = p, @; (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 f,.
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Vipv)

(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 y* to produce V. (b) Nondiffractive contribution,
modeled as an effective t-channel exchange of a generic hadron / (with /4 standing for the set of nondiffractive exchanges included in the
hadronic current, e.g., 7%, o, f5, 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 y* p pair, corresponding to emission of V from

the outgoing (c) or incoming (d) proton leg.

The second broad class is given by bremsstrahlunglike
s- and u-channel topologies involving intermediate baryon
resonances with spins S = 1/2,3/2,5/2, ..., as illustrated
in Figs. 1(b) and 1(c). Such excitations may go on shell if
N <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. Il 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 current MY in Eq. (42) using the corresponding
photoproduction amplitudes for the SM mesons 7, n, 1,
p°, o, and ¢, which we denote by [My] oo The
extrapolation to electroproduction is performed in two
steps: (i) The incoming on-shell photon momentum p,
is replaced by the off-shell virtual-photon momentum
P, =Pp.— Pe, and (ii) a finite-Q? form factor Fy(Q?)
is included to account effectively for the compositeness of
the hadronic electromagnetic vertices,

My ~ Fx(Q%)[MY] (44)

photopr | Py Dy

This construction is similar in spirit to the approaches
adopted in Refs. [100,102,146].

For the p° and ¢ 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 fixed

VS p =75GeV:
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Oy t+p—=p'+V

/577,=15 GeV

SO X opipmpn]| e 49)

The resulting fitted form factors for p° and ¢ are

1 n

0= (g
1.05+43.5x 1073 GeV2(m3+Q%). V =p
_{1.07—|-3.7x10‘3 GeV=2(m3+Q?), V =4¢.

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

Fo(0?) = ( @)

1 1+3.5x1073 GeV=2(m3+0?)
1+ 0%/ m%)

which mirrors 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 fixed
VS = 75 GeV, which lies well above the s+, domain

most relevant for the EIC. Second, Eq. (45) encodes the Q?
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 y*+ p — p’ + 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 p° and ¢ electroproduction data partially
constrain the finite-Q? dependence at the level of integrated
cross sections [156]. For the @ and pseudoscalar channels,
we are not aware of measurements that directly constrain
the corresponding form-factor Ansditze in the low-Q?, 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-Q? suppression through dipolelike suppression. In
the region Q% <0.1 GeV?, which dominates the fiducial
yield, this changes |Fx(Q?)|> 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 region
VS 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 s,,, 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 ¢ and are, therefore, not expected to be strongly
affected by acceptance asymmetries in the approximately
azimuthally = symmetric central  Electron-Proton/lon
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 VSrp >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 /5,-, <2 GeV.

An additional source of uncertainty arises from the
extrapolation from photoproduction to electroproduction,
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encoded in our treatment of the finite-Q> dependence of the
amplitudes. The quoted 30% empirical accuracy does not
include this separate finite-Q? uncertainty, which is quantified
above for the low-Q? 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. IIC 1 and IIC 2. The
main source of the uncertainty, especially in the mass
domain my 2z 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=17%n1n has been studied in numerous works
[102,103,112,115,123,143—-147]. A common description
for | /s,, ~ few GeV combines #,-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,
|t,] <1 GeV?, 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 |r,| <2 GeV? and
VS > (2-3) 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 #-channel V exchange [122,123] can provide
comparably good descriptions of z° /5 photoproduction data
in the forward region. In particular, Refs. [122,123] start
from Reggeized p and w exchange and supplement it with
additional nonpole strength via Regge cuts (e.g., pP, pf»,
oP, and wf,). 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 7°, 7 production, we will follow Ref. [123] and,
specifically, adopt their “solution I,” which accurately fits

the photoproduction data in the domain ,/5,, % 3 GeV.
This provides a baseline Regge(-cut) description in which
the forward-angle cross section at high energy is governed
by natural-parity 7,-channel exchange: Reggeized p and @
pole terms, supplemented by absorptive cut corrections
driven by Y =P, f,, 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 Ay, g‘”/” residues [cf. Eq. (23) in [123] ] rather
than by introducing separate dedicated f, or Pomeron
amplitudes with their own vertices. This is particularly
natural for the Pomeron, which in Regge phenomenology is
treated as an effective vacuum exchange with quantum num-
bers JP¢ = 0"+, 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 = 7°, the
accepted electroproduction sample can probe the low-
intermediate region /s,-, ~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-s,, 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 /5., > 3.5 GeV.
However, it overestimates the differential cross section
do,, ., at low invariant masses, with the discrepancy
being a factor of ~3 at the lowest invariant mass ,/s,,, &

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 7° 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 ' 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 Srp 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 f-channel
vector meson exchange [143,147,159]. At higher
energies, GlueX [160] reported the first measurement
of the #' photon-beam asymmetry X in the range
V/Syp = (4.03-4.17) GeV, measured as a function of —¢
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TABLE II. Regge trajectories and Regge-cut parameters used for “solution I’ in Ref. [123] and entering the
Reggeized propagators of w and p exchange in Eq. (50). All trajectories are linear, ay(,) = ayo + ay i, with ¢, in
GeV?, separately for the production of z° and 7 mesons. In this study, for the photoproduction of 7' mesons, we take
the same values as for the # case.

Trajectory a = ay + a1, yp = yp = np
Exchange
or cut ayo ay, [GeV?] chy d7y [GeV72] hy d, [GeV2]
p 0.477 0.885
) 0.434 0.923 e e
Pp 0.557 0.195 0.52 1.07 -2.27 5.5
Pw 0.514 0.197 —0.06 0.37 0.016 5.5
fop 0.148 0.425 0.72 0.62 5.89 2.36
frw 0.106 0.436 2.98 5.02 -5.96 2.36

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 do/dt data.

Since our selection prefers /s,, > 3 GeV largely inde-
pendent of the EIC beam configuration, we therefore adopt
the same baseline description for " production as for # and
treat the resulting 7’ yields as model-dependent extrapola-
tions. The fit parameters entering the 7’ 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

Mi(sypety) = S Moy (sppety), (48)

V=p.w

where

M ( Sy ps p):ﬁ(pp’)FVNN./}(pp’fpp)u(p )
D —Pp)RY(syptp),  (49)

V[;/P(p}/*’pp

where I'yyy; and F"‘,/;P stand for the VNN and VyP
interactions from Egs. (6) and (12), respectively.

The V = p, o Regge factors entering Eq. (48) include the
Regge-pole contribution Ry (s, and absorptive
Regge-cut corrections Ryy (s

y o Ip)
Sy prtp):

ypetp). (50)

RY(Sypaty) = Ry(s,paty) + > REy(s

Y=P.f,

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,

S},*p aV(tp)_l
RV(sy*p, tp) = ay T'(1 = ay( p))

So
1 —exp[—imay(t,)]

X 9
2

P P i v p (va(tp)—l
Ryv(8ypstp) = Cyy €xXp —7ayv(fp)
x exp(dyyt,). (52)

Here, s, = 1 GeV?, I'(x) is the gamma function, and
ay(t,) and ayy(t,) are Regge trajectories assumed to be
linear in 7,,:

ay(t,) =ayo+ayt,. ayy(t,)=ayyg+ayyt, (53)
where the intercepts ay,yy o and slopes ay,yy ; are taken
from Ref. [123] and are collected in Table II. Likewise, the
values of ¢}, and d%,, in Eq. (52) are also given in Table II
for 7° and # production; for the 7’ case, in the absence of
data, we take the same values as for the # production.

B. Vector mesons

Depending on the invariant mass of the photon-proton pair,

s, p» 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 domain
VS7p > 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 /5, ~ few GeV and modeled through a combi-
nation of f-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)].
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The axial-vector and 5"} pieces are typically subdomi-
nant compared to the other contributions [107,127,152].
The baryonic excitations are uniquely responsible for a flat
behavior do,/dt, [161,162] for large |t,|. Whether this
baryonic component is relevant within our kinematic
window |7,| <2 GeV? depends on the produced meson.

For p° production, the baryonic resonances are important
in this range [106,107], whereas for @ and ¢ production,
the nucleon-resonance contributions may be neglected
[161,162]. For w, two ingredients are particularly impor-
tant: the large f-channel contribution from z exchange,
driven by the sizable wzy coupling (see Table I), and the
isospin structure of the intermediate baryonic channel [164].
Since the , p isospins are /,, = 0 and I, = 1/2, the wp
system has only / = 1/2 and may couple only to the sector
of nucleon excitations N*. In contrast, for p, we have
I, =1, and the pp system may have total isospin / = 1/2
or I = 3/2, therefore receiving contributions from both N*
and A* resonances. For ¢ photoproduction, the direct
nucleon couplings are Okubo-Zweig-lizuka-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 ¢ and w, 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
do,,_y,/dt, for a broad range of VS7p 22 GeV. Within
that framework, very good agreement with experiment has
been obtained for |r,| <2 GeV?, which is our target
kinematic space.

The p° 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 f,yV vertex that violates
gauge invariance for off-shell f, (recall Sec. II), which
leads to an unphysical scaling do/dt, in the domain of
small Iy, 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 f,yV
vertex. Finally, Ref. [105] restricts the discussion to the
domain of high ,/5;; > 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 p°
channel. There, we incorporate the gauge-invariant treat-
ment of the f,Vy interaction. However, as we discussed
above, the photoproduction data in the domain |z, <
2 GeV? 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 do,,_, 0,/ dt), to better than ~30%
in the target region |¢,| <2 GeV? and VSp <5 GeV.

Namely, we write the hadronic current for y*p — Vp as

My =My + My, + My o+ My + My g (54)

Here, the terms 7, o, f,, 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 py and €,(py). To account for the
forward-angle regime, for all the channels except for My g,
we employ the description of the exchanges in terms of
Reggeized trajectories. For a meson h € {n°, 5, f,} of spin
J,€{0,2} and for Pomerons P, we use the Reggeized
propagators [127,134]

s]/*ﬂ ah(tp)_‘/h
Rh(sy*p, tp) = —al’hF(Jh - ah(tp)) — Ph(tp)a

S0
(55)
Sy*p (l[P’(tp)_l
Rep (s, p.t,) = Pp(t,) s . (56)
S0
ax(1,) is the Regge trajectory parametrized as
ax(t,) = agx + a xt,. (57)

Finally, Py(t,) are complex phases. The parameters of the
trajectories @y and a;y as well as the Px(r,) are
summarized in Table III.

In @ 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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TABLE III. Parameters of the Regge trajectories (57) and the
phases Py(t,) entering the Reggeized form factors (55) and (56)

used for the vector meson electroproduction, following
Refs. [127,134].

X Ao x arx [GeV™? Px(t,)

n —-0.013 0.7 expl— ma,,(t )]

o —-0.18 0.7 (1 + expl—ina,(t,)])/2
f2 0.55 0.9 (1 + exp[—izay,(t,)])/2
P 1.08 0.25 exp[—in(ap(t,) — 1)/2]

R (s, pr ) = Ra(5, po1,)

. RYs aﬂ(ﬂ(’[))_l
+ g Cﬂ(pedzwtp e_llz_ra/r(p(tp) (}’_P) ,
So

ve{f2.P}
(58)

where ¢ labels the trajectory participating in the absorptive
cut with the pion, i.e., the 7 — f, and # — PP cuts. The cut
trajectories are taken to be linear:

al,ﬂal,(p

e
al,ﬂ +al,(/)

(1) = o+ g, — 1+ »e (59)

The parameters C,, and d,, are phenomenological con-
stants with mass dimension of —2 that set, respectively, the
strength and the ¢ range of each cut contribution and are
fixed from fits to @ photoproduction data:

Cpp, = 41 GeV2,
Cp = —2.5 GeV~2,

dyy, =22 GeV2,
dp =2.0 GeV2, (60)

In this construction, the 7 — ¢ cut is typically neglected due
to its small intercept. In our p° extension, we do not include
absorptive cut dressing of the pion term, because the zpy
coupling is much smaller.

Next, we introduce the different contributions of the
vector mesons electroproduction current in Eq. (54). Using
the 7°pp and Vyz® vertices from Egs. (6) and (12) and the
coupling constants g,,, g,,0y defined and discussed in
Eq. (A7) and Table I, the Reggeized pseudoscalar-exchange
amplitude reads

Ml;/,ﬂo = igylrovgpﬂoeﬂyaﬂe),{/.y(pV)py*,apV.ﬂﬁ(pl)
X 7/5”([7)7?/,[(57*],, tp)' (61)

By using Eq. (18) for the vertex Fng and contracting it with
the polarization vector ¢,(py), and the opp Lagrangian
Lspp = Goppopp with the standard value g,yy = 14.6
[169,170], we find the scalar-exchange amplitude

MI\I/,J = eQVaygapp[(Py* : pV)ej\F/”(pV) - (ST/(pV) 'py*)pl‘ll]
X u(p/)u(p)Rﬁ(sy*p’ tp)’ (62)

where the channel-dependent radiative coupling gy,, is
given by Egs. (19) and (20).

The tensor-exchange current is constructed from the
f2NN vertex, the spin-2 projector, and the y*f,V vertex
[given by Eq. (14)]. We find

M/\l/,fz = L_’<Pp’)FlZNN<Pp’pp’)”(pp)nio;ﬂp(pp —Pp)
x Fly}p/lv(Py*’Pv)fu(Pv)sz(Sy*w tp)- (63)
The f,NN vertex is given by [127]

29; )NN
Py ) = L5 (piy 1 e

(2)
gfoNN

LN pipo, (64)

mN

. ! 5
W = (0,2 =645, im0 ol =0
[127]. Lastly, IT,..45(p) is the spin-2 field sum over
polarizations:

—_

_%gﬂy(p)gaﬂ(p)’ (65)

with g;w(p) = —Guw + pypu/m]%z'
The diffractive (natural-parity) Pomeron contribution is
taken as in Refs. [127,134]:

. BepPey ms < zﬂz
M 5 = i12¢e—2 r g
ve =€ fv my—t, \2p2+m}—1,
X Fi(t,)Rp(s,p.t,)u(p’)
X (lﬁy*eV (pv) = 1"ev(pv) 'Py*)”(P), (66)

4 2 __ 2 4m?—2.8t),
Wlthﬂo = 1.1 GeV~ and Fl(t ) m

the nucleon isoscalar form factor [149]. The factors fp, and
Ppy denote effective Pomeron-proton and Pomeron-V
couplings. They correspond to the dominant quark inside
the states p and V and are fip, = fp, = Pp, ~ 2.1 GeV!
(the dominant quarks are u, d) and fp, = 1.6 GeV~!
(the dominant quark is ). Finally, (f,.f,.fs) =
(5.2,15.6,—13.4) are the dimensionless vector-meson
dominance y — V couplings [127,134].

Finally, let us comment on the contribution from
baryon resonances, MY, ,, which is represented by
Figs. 2(c) and 2(d). As we discussed earlier, these reso-
nances are important for the p° photoproduction in the

being
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domain of large |7,| 2 1 GeV?. Being summed, they give a
flat scaling of da},p_wp/dtp [106,107] at intermedi-
ate \/s,, =~ few GeV.

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
|

. - v K Q
M;‘l/,B = IGXI(Sy*p)“(Pp’) KQVNNJ’ e,(pv) +ﬁ5 ﬁVaﬂ([’V))

+y,415p_ﬁ7*+mp

p

where the couplings gyyy and xy are introduced in Eq. (7)
and Vaﬁ(pV) = pV,aeﬁ(pV) - pV.ﬁea(pV)' The function
Gl‘\,’(syp) is effectively capturing two effects: describing
the cumulative effect of towers of all baryonic states at
V/Syp = (1-2) GeV as well as the suppression of the photo-
production cross section in the limit , /5,, > 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 do,,_y,/dt, for a broad range of 7, and
grows only close to the boundary [¢,,| = [#,, max (5,,)|- Thisis
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 GY(s,,). The expected high-energy
scaling of the photoproduction cross section from the
QCD sum rules is [171]

do \%
n—2 rp=>vVp ~ const,

N
rp
dr,

(68)

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

5,0 =24 GeV

K
— (ngw”ep(pv) + 4—VG“ﬂ Vaﬂ(pv))] up(pp),

f5p =28 GeV.

resonance independently. This results in a very complicated
set of amplitudes with a nontrivial construction ensuring
gauge invariance. However, a crucial observation is that, for
VS 22 GeV, it may be possible to reproduce the
cumulative contribution of all baryonic resonances with
a simple Born matrix element. Namely, we consider

b, + by +m,

3
Syp = My

}/ﬂ

(67)

my

vector meson as two fields. By using the Born cross section
from Eq. (67) with GY =1, we find that do/dt, s,
Therefore, the high-energy asymptotics is |G (s,,)|* 57,
To find the behavior at smaller s,p near the threshold, we
used the do,,_ 0,/dt, data in the range [z,| 2 1 GeV?
(where the nucleon piece is expected to dominate) from
GlueX [166], CLAS [167], and SLAC [168]. The resulting
function is

3.9 s,p < 5.5 GeV?,

GY(s,) 4 (420)°° 5.5 Gev? <5, 6.2 GeV?,

(M)z'2 s, > 6.2 GeV2.

Srp

(69)

The resulting description of the p° photoproduction
matches the differential cross-section data in the allowed
domain 2 GeV < ,/5,, <4 GeV well (see Fig. 3) as well

as reproduces the total p° photoproduction cross section
within 20% for masses ,/5,, > 4 GeV.

100 100 100 S =31 GV
i+ SAPHIR 3 SLAC
o & &
BN > — Total > — Total
ﬁ 10) @ 10j d ﬁ 10) —x
) 2 - ) -
= ) —f = — 5
a0 - . a0
£ 01 g 1 P & 1 P
= = —N = —N
s T T —
£0.10 £0.10 £0.10
5 5 5
o ] o
0.01 0.01 0.01
0.5 1.0 15 2.0 05 1.0 15 2.0
Iyl [GeV?] [ty] [GeV?] It,] [GeV?]
FIG. 3.

The differential cross section do,,,_, 5, /dt, at the rest frame of the proton target, for various energies of the incoming photon,

E,. The contributions from various intermediate states—the nucleons N, the Pomeron P, the scalar mesons o, the pion z, and the tensor
mesons f,—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

d4O'X - 1

My ?

2 - 4 ’
dsypdQ-diyds, 2567 l(s,mﬁ,m%)\//l(sy*,,, —Q% mp)(sy = s7)(s{ = 51)

Here, My is the electroproduction matrix element given by
Eq. (42). The kinematical variables & = {s,-,, 0%, 1,., 5}
are defined in Eq. (43), and their boundaries &% are
discussed in Appendix C. Finally, A(a, b,c) = a*> + b*>+
c? =2ab —2ac — 2bc.

For the event analysis below, we need to retrieve the full
event kinematics, i.e., the 4-momenta of ¢’, p’, 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 =
{(s,p. Q% 1,,51)} by sequentially sampling s,,, 0%, 1,
and s; within their kinematic ranges, given in Appendix C.
To reduce variance, we use logarithmic proposals for s,
Q?, and —t, and a flat proposal for s;. Concretely, we
sample

zg=1In Sy ps 29 = In QQ, = ln(_tp)

(70)

uniformly within their allowed intervals and then sample s;
uniformly in [s7(s,s,,. 0. 1,), 5] (s.5,-,, Q% 1,)]. The
corresponding proposal densities are, therefore,

1
Syp ln(sy*p max/sy*p,min>
1
Q2 11’1( de(S Sy )/Qmm( )) ’

ps(sy*p) =

’

pQ(Q2|sy*p)

Pitylsy @) = 1
e (=1p) In((=15)/ (=13))
1
psl(sllsy*pv Q27tp) = F —> (71)
S17 8
where Q2. . r5, and si are the exact kinematic

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

d*c
dsy*dezdt],ds]

W (57 Syps Q2a tpvsl) -

Equivalently,
d4 . 2
w; = #S}/*p In SY PO Q2 In x (_tp)
Sy pdQ-dtds, Sy* p.min min
-
x In—=+ 7 L (si —s7) (73)

p

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

ox = %Z ;. (74)

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

ps(sy*p)pQ(Q2|sy*p)pt(tp|Sy*p,

. 72
O 1159 o) 72)

|
the conservation laws;
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 my = 40 MeV,
both for total rates and for representative one-dimensional
projections; see Fig. 4. For smaller masses, instabilities
may appear at extremely small Q> due to the sharp phase-
space boundaries and floating-point precision limitations.

details are summarized in

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 /s =
(28-140) 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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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 # mesons for the setup with energies
E, x E, = 100 GeV x 10 GeV. Left: do/dIn(Q?). Right: do/ds,- ,.

domain, relevant to all beam configurations, in which the
final-state particles ¢’, X, and p’ in the electroproduction
process

etp—e+p+X

can be reconstructed at the EIC. Our discussion is phrased
in terms of the pseudorapidities 7, ny, and 7,, the
scattered proton energy E,, the energy carried by the
produced system Ey, and the squared electron momentum
transfer Q°. 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 |n,| < 4. The second
regime corresponds to the far-backward detector (FBD),
targeting large pseudorapidities 7, < —4. In the EIC
studies, the domain of the ¢’ kinematics E,,n, where
FBD has the maximal reconstruction capabilities is often
effectively formulated in terms of

1073 GeV? < Q*(E,,n,) < 0.1 GeV2, (75)

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

Configuration E, [GeV] E, [GeV] Vs [GeV]
C1 41 5 29
C2 100 5 45
C3 130 5 51
C4 100 10 63
C5 250 5 71
Co6 130 10 72
(o) 250 10 100
C8 275 18 140

The reconstruction in the range of tiny Q> < 107> GeV? is
limited by smearing induced by the beam angular diver-
gence and is rather irreducible. The intermediate region
0.1 GeV? < 0? <1 GeV?is associated with partially unin-
strumented directions around the beam pipe, while Q? >
1 GeV? typically falls to the central detector acceptance.

However, Eq. (75) is a decent description of the efficiency
coverage only if Q*(E,, 5,/) is dominated by sizable electron
energy loss. This is not the case for our signal: As we will see
in Fig. 6, the electroproduction process (1) with hadronically
interacting X particle features very small electron fractional
energy loss x = (E, — E,/)/E, < 0.1. As a result, Q? is
almost uniquely characterized by 7,

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 < 5, < —5.5, and, outside this
band, the scattered electron escapes through uninstrumented
apertures. Moreover, even within —6.5 <5, < —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 8, for
instance, by adding tracking coverage at larger @,. This is
possible for the current layout of ePIC. The 7, coverage by
FBD may be extended up to 7, < —4.2, with the domain
—4.2 <5, < —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 ¢’ by a factor of a few;
operationally, this also corresponds to enlarging the
covered 6, range (and thereby extending the kinematic
reach of the backward region). Furthermore, we assume
that, in the domain Q2*(.,E.,) > 1073 GeV? and
ny < —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, || < 4,
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both charged and neutral particles may be reconstructed.
This is also possible in the partially instrumented region
4.5 < nx < 6, while in n > 6, only neutral particles and
heavy charged states such as protons may be reliably
reconstructed. Conservatively, we focus solely on the fully
instrumented region || < 4. Additionally, we require X to
carry a non-negligible fraction of the proton energy
Ex > 0.1E,, 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 7, >4.5 and the energy
E, > 0.5E,, 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, E, ~ E,, and
the energy transfer is dominantly carried by the proton leg.
In this limit, one may use Ey~E,—E, as a good
approximation, and the requirement that X carries at least
a fixed fraction of E,, can be equivalently enforced as an
upper bound on E,, < 0.9E,,.

The resulting fiducial reconstruction domain is summa-
rized by the following compact selection sets:

Ine| <4 or [Q*(E,.,ns)>1073GeV? and 5, <—4.2],

(76)
ny>45 05<E,/E, <09,  (77)

Given that Q*(E,,n,) is strongly dominated by 7., we
may approximately translate the FBD acceptance into the
following bounds on the ¢’ pseudorapidity [using Eq. (80)
below]: 5, €[-5.8,-4.2], [-6.4,—4.2], and [-7.0,—4.2]
for the EIC beam configurations from Table IV with
E,~E,=5, 10, and 18 GeV, respectively. We denote

the total cross section by oy, and the cross section
calculated under the selection criteria of Egs. (76)—(78)

by 0¥ fid-

B. Kinematic distributions

Let us start with the distributions of the electroproduc-
tion events under the selection criteria of Egs. (76)—(78) in
s, p, the proton momentum transfer 7,, and the electron
momentum transfer Q2. The first two distributions are
crucial for assessing the validity of our approach, which
requires /5,22 GeV and |[r,| < fewGeV?. Below
VSrp~2GeV, our framework does not incorporate
effects from on-shell intermediate baryonic resonances.
The Q? domain is important to understand how the out-
going electron ¢’ 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 7°
and w particle production, serving as representatives of a
“light” and a “heavy” state X, respectively. The distribu-
tions of all other mesons, 7, p°, ..., 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 Q*doy/dQ? is roughly flat in the domain

2. < 0% <0.1 GeV?, where Q2. is the lower kinematic
threshold:

s (2mym, + m%)?m?

mt " AE,E,(4E,E, — 2mym, —m%)’

(79)

This follows from the 1/Q? scaling of the differential cross
section and from the phase-space closure near Q2. . Larger

0?2 0.1 GeV? are suppressed by the form factor Fy(Q?)
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FIG. 5.
terms of the probability density functions fyx(y) =

1 doxsa
oxfd dy

5y [GeV]

3 35 4 45 5 0.5 1 15 2 25
It,] (GeV?]

The differential distributions of the X = z°, @ electroproduction events under the selection (76)—(78). We formulate them in
, where oy 54 1s the cross section after imposing the cuts. Left panel:

0*fx(Q?). Central panel: fx(s,-,). Right panel: fx(z,). In all plots, the blue (red) lines denote the 7° (w) distributions, with the darker

(lighter) lines corresponding to the beam energy configuration C1 (C4) from Table IV. For the Q? distribution, the gaps at 0.02 <
0?%/GeV? < 0.04 (for C1) and 0.09 < 0%/GeV? < 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 < 5, < —4 cannot be covered.
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in Eq. (44). However, depending on the EIC energy setup,
the event selection prefers larger Q*’s unless they are close
to the upper kinematic threshold of the electroproduction
process, Q2... For the Cl configuration, the kinematic
threshold is Q2 =~ (3—4) GeV?, so the relative fraction of
the large-Q? 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 Q% < 2-3 GeV2.

The ¢, distributions show that most of the events are
located in the domain |7,| <2 GeV?>—within the validity
range of our approach. For the Cl, the 7, truncation at
|t,] 2 0.7 GeV? is caused by the limited transverse
momentum of the scattered proton allowed by the 7, >
4.5 cut at this proton beam energy. The shape of the
distribution for the 7° events closely follows the shape
of the photoproduction cross section do/dt, in the
domain VSrp = few GeV [123].

Finally, let us discuss the s, , distribution. Apart from the
production of the z° particle in the C1 configuration, the
distribution mainly lives in the /5,7, > 2 GeV domain.
There are two reasons for this. First, increasing the X mass
shifts the distribution toward higher , /5,-,, which naturally
follows from the naive reaction threshold, s,- , > (my +m p)z,
mostly small Q?, and the fact that the off-shell photon y*
tends to be very soft for any Q? (see Fig. 6). Second, for any
configuration apart from C1, the | /5, is distributed well
above the naive threshold (my + m,,). In particular, for the
neutral pion, most of the events populate the domain above
/57 > 2 GeV. This follows from adding the cut |nx| < 4
ontopofn, >4.5,E, <0.9E,. Indeed, near threshold, the
subprocess y*+ p — X+ p’ has very little relative

momentum in its center-of-mass frame, so, after boosting
to the lab, both X and p’ 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 proton £ ,. In that
case, the overall longitudinal boost of the y*p system is
typically smaller, so even near-threshold configurations can
satisfy x| < 4 while keeping 77, > 4.5, and the accepted
s,+p spectrum stays much closer to threshold. In particular,

for z° production in the C1 configuration, most accepted
events remain in the domain /5, <2 GeV.

Therefore, we conclude that our approach breaks down
for the C1 configuration, in the case of the production of 0
mesons and similar particles with mass my < mpo.
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 e’ 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 E, and 6,. Namely,

4E,E,

2 ~ ~ _ , 2 ~ e~e
0"~ 2EeEe’(1 + Cos(ge’)) REE, (” ge ) 1+ e~ 2
(30)

where 6, (n,) is the polar angle (pseudorapidity) of the
electron ¢’ with respect to the direction of the incoming
proton. In the first equality, we neglected the electron mass,

C4, n meson C4, n meson
- 4.0
3.8
6.0
3.6
34
5.5
= 2.0 -
= =32 2.0
1.5
10 1.5 -
5.0 : 3.0 1.0
05 - |
0.5
0. 2.8
L] 0.
45 -0.5
2.6
Loglf] Log,lf]
993 994 995 996 997 998 9.99 10.00 993 994 995 996 997 998 9.99 10.00

Ey [GeV]

E. [GeV]

FIG. 6. The distribution f =1/ a,,’ﬁddza,,.ﬁd /dE  dn, for the events passing the selection (76)—(78), for C4. The left panel (right)
corresponds to the events where ¢’ is within the FBD (central detectors) coverage.
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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: 7 mesons (left) and @ mesons (right). The blue markers show the selection requiring the ¢’
reconstruction by EIC’s FBD, whereas the red markers consider reconstruction by central detectors. The clarification “optimized”
FBD gptimizeq refers to our assumption that the FBD has O(1)e’ kinematics reconstruction efficiency in the full domain Q% > 1073 GeV?,

ne < —4.2 of Eq. (76) (see the text for details).

while the second approximate equality holds if the out-
going electrons are nearly collinear to the incoming
electron, 8, — z. In Fig. 6, we plot the # meson production
event density distributions in the ,, — E, 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 Q% > 1073 GeV?, 5, < —4.2 (the left panel),
and |,| <4, which belongs to the central detectors
coverage (the right panel). We see that the majority of
the events have tiny electron energy recoil (E, — E,/)/E, <
2%-3%, independent of the range of Q. These two plots,
together with Eq. (80), suggest that there is a clear
correlation between Q? and 7, for our electroproduction
events.

As we discussed in Sec. IV A, this tiny electron energy
recoil and, correspondingly, large 5, prevent such events
from efficient reconstruction by the current FBD setup (that
may cover only —6.5 <5, < —5.5 and reconstruct there
the ¢’ particles with E, ~ E, with the efficiency ~0.2),
motivating a potential future upgrade to accommodate
these measurements.

Next, we analyze the behavior of the cross section oy g
obtained by imposing the selections of Egs. (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 # and @
mesons falling under the selection, separating the events
with the electrons ¢’ 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
[nx| < 4 cut. This is because, for the configurations with
very energetic protons with 7, > 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 <5y <6
domain, but this requires a full detector simulation. In
addition, for the configurations C1-C4 and C6, the fraction
of events with the ¢’ to be detected with the central detector
is roughly comparable to the FBD-detected ¢’ 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 Cl,
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
transition m, ~ 1.2 GeV between the small-mass and large-
mass ALP generators in Egs. (29) and (32); the disconti-
nuity is at the level of ~10%.

)
=
£
f,=1GeV
0.5 1.0 1.5 2.0
m, [GeV]
FIG. 8. The production cross section of ALPs, o, g4, after

imposing the selection (76)—(78), for the C1, C4, and C8
configurations from Table IV. For m, 2 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-Q? dependence.

Our comparison is organized around two complementary
kinematic regimes. First, we consider the region of small
photon virtualities, 0> < 1 GeV?, 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, Q? > 1 GeV?,
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 Q?, 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 — ¢~ pX can be written as

xm‘dx Q?[]L\X
GEPAz/ a’x/Q2 dQ*,,,(x, 0*)6, o px (x. 0%).
(81)

Here, x=E,/E, is the energy fraction of the virtual
photon, and f, . (x, Q%) is the photon flux from the electron
beam [181]:

a1 [1+(1-x)? 2(1-x) Q% (x)

27 Q? X X 0?

fy/e(x’ QZ) (82)

The y*p — pX cross section can be approximated as
[100,182]

6y*p—>pX(xv QZ) ~ 67p—>pX(x’ Q2 = 0) X FX,EPA(Q2)' (83)

Here, 6,,_ ,x(x, 0* = 0) is the cross section with an on-
shell photon. Fy gp, is a form factor cuamulatively capturing
finite-Q? effects. We adopt Fyppa(Q?) = |Fx(Q%)|,
where the form factors Fy(Q?) are defined in Eq. (44)

and are given by Eq. (47) [(46)] for the production of
pseudoscalar (vector) particles.
The x and Q7 ranges in Eq. (81) are given by

2

 (my +m,)? —my, m,

in — 5 max — 1 - ) 84

xmln 4E6Ep X a: 2Ee ( )
2 x2mg 2 2

Qmin(x) = 1—x max(x) = 4Ee(1 _x>’ (85)

where the Q7 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 Q% € (Q?, 03), i.e.,

min () < 01 < 0% < 03 < Onx(x). (86)

The ordering of integration in Eq. (81) gives us the cross
section do/dx after integrating over Q2. To get do/dQ?, we
may change the ordering by integrating first over the
variable x and obtain the differential cross section
do/dQ?, where now

max (07, Opn] < 02 < min[Q3. Qf]. (87

_— (2mym,, + m%)*m?

™t 4E,E,(AE,E, — 2mxm, — m%)’

_ E,
lenax = E— (4EeEp - 2mep - m%{)’ (88)
P
(my +m,)* —m3

min = AE,E, :

_ _[o? 4m3 0’
xmaX:mlnL—m%< 1+Q2—1 ,1—@. (89)

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 Q*-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 do/dQ? and do/dy,
where
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2 2
B Sy —my+ 0
)’=(Pp'Py*)/(Pp'Pe)* s—m%—mg

(90)

is the standard inelasticity variable and
the integrated cross section, with two specific Q2
ranges in Eq. (87):

(i)

total: (Q3, Q%) and

window: (Q3%, 03)

( 0 ilil’l’ C r2nax)

(1 GeVZ, Q%) (91)

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-Q? 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

do
dIn(Q?)

., do
i (92)
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
do/dIn(Q?). Near the lower kinematic thresholds and

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 yp — pX cross
section multiplied by a simple factor Fy gpa (Q?) becomes
too crude: In the full 2 — 3 amplitude, the dependence on
Q? is correlated with other invariants, such as t, and s,
through propagators, form factors, and scalar-product
combinations and, therefore, cannot, in general, be reduced
to a universal multiplicative correction.

For the do/dy distribution, in the EPA treatment under-
lying Eq. (83), the exchanged photon is approximated as
collinear with the incoming electron, p’yﬁ I~ (Ey,0,0, Ey),

and, therefore,

N2EpEy+ppErNx
YRS T2
p e

(93)

where we use E, > m,, E, > m,. 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 z¥ case, where we consider two Q? windows, as
outlined above. The differential cross sections are very
similar if considering the whole kinematically allowed Q?
domain but become qualitatively different if only large
Q% > 1 GeV? 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 Q?-windowed cross
sections for the three beam configurations C8, C4, and Cl1,
where the fiducial region is defined through the Q? domain
of Eq. (91). Since the differential cross section falls rapidly
for 0% > 0.1 GeV?, the total cross section is dominated by

for Q?> 1072 GeV?, however, the EPA prediction the low-Q? region, in which the EPA closely reproduces the
L LI L C‘% T T T LI 1013 T C4 T
108k —— 23, total
1012 —— 253, Q> window
Y A N I S EPA
7
% 10 I 101 Nl e EPA, Q* window
(\IOI —
£ 106 < 100 1
<] g: .77 -.
S s 10% ]
™ 105!
i 108 L .
04 1 1 : 1 1 1 1 1 1 1 1 1 1 1 1 1 107 1 1
107* 1072 1071 10®% 10°® 10* 102 1 1074 1073 1072
Q@ [GeV? Y = @ppy)/(pppe)

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 doy/dIn(Q?), for the production of X = z° (blue) and X = 5 (red) mesons. Right panel: the differential distribution
do 0 /dy in the quantity y from Eq. (90). The blue (green) lines show the integration over the domain of Q? given by the first (second) set
in Eq. (91). For other mesons and energy configurations, the comparison is very similar.
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TABLE V. The integrated production cross section of the pseudoscalar mesons, X = z°, 7,1/, 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 I'V are considered: C8, C4, and C1. The total cross section oy is given together

with the cross section integrated over the region Q% > 1 GeV? (denoted by agz).

Particle X Configuration Ox 23 [b] oxppa (] 62, [fb] 02 o (0]
¥ C8 8.5 x 108 8.4 x 108 7.4 % 10° 2.1 x 106
C4 7.6 x 108 7.5 x 108 7.3 % 10° 2.1 x 10°
Cl 6.8 x 108 6.6 x 10® 7.3 % 10° 2.0 x 10°
n ] 1.3 x 108 1.2 x 108 1.4 x 10° 3.2 x10°
Cc4 1.1 x 108 1.1 x 108 1.4 x 10° 32x10°
Cl 1.0 x 108 9.7 x 107 1.4 % 10° 32x10°
7 Cs 3.4 x 107 3.3 x 107 43 % 10* 8.9 x 10*
C4 3.0 x 107 3.0 x 107 43 % 10* 8.9 x 104
Cl1 2.7 x 107 2.6 x 107 43 x 10* 8.9 x 10*

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 Q%-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 Q% > 1 GeV? 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 o,,_, ,x(x, 0> = 0)Fx gpa(Q?) cannot
reproduce the correlated dependence of the full 2 — 3 matrix

2
element on Q7, 1), and s, ,.

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." 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

"The full framework developed in this work, including the
amplitudes, cross-section implementation, and event-generation
tools used in our analysis, is publicly available [109].

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 7°, n), p°, @, and ¢, 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 ¢’ and p’ 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
|t,| < few GeV?, while the y*p invariant mass is typically
above the baryon-resonance region, /s, 2 2 GeV. An

important exception is the lightest pseudoscalar channel 7°
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
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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 Q?, E,, and 75,. 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 Q> < 1 GeV?, the agreement is
very good, providing a useful validation of the full
implementation. However, once Q? > 1 GeV?, 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
Sktodowska-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]

D, . - D - F_ -
Lepp =~ Tr(Br,ysB)Tr(u") + = Tr(By,rs{u’, B}) + 5 Te(By,rs[u". B]),

(A1)

where the trace Tr acts in the SU(3) flavor space, D ~ 0.8, F = 0.46, and D ~ —0.41 are phenomenological parameters, B

is the matrix of the nucleon octet,

150 4 1
L0+ LA

and u* is the so-called vielbein. In the leading order in f,/f,, it is

2
ut = f— <6”P +&cq6”a>,

T

where P is the pseudoscalar nonet matrix

>t p
F+ A o0 |, (A2)
=0 -2
= \/EA
(A3)

a
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1 -0 1./
A R
P=—— -
V2
P

and n") are mass states.

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

Ly = Z QNXNV”YSNaﬂX-

N=n,p

(AS)

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

1
—Tr(TpTy),

n

gnp = (A6)
where Ty is T\, = diag(D; + D + F,D;, D, + D — F) or
T, =diag(D,,D,+ D+ F,D,+ D —F) for the proton
and neutron, respectively, and 7p is the generator asso-

ciated with the meson P [given by Eq. (3)]. In particular, we
find

D+ F

gpﬂo = —Gps0 = 2f ~ 6.8 GeV_l, (A7)
2F 4+ Dy _
3D — F + 4D, )
91"7’ = gm?/ = \/r—zf ~ 0.93 GeV ]. (A9)

APPENDIX B: COUPLINGS OF ALPS

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

zt K+
1
5+ s+ en K° (A4)
0 2
K — AN TN
|
L o gV}/a A,
Vya = — aF*v,,. (B2)
The nucleon couplings follow from Eq. (Al):
1
INa = f—Tr T In) = Z KapdpN- (B3)
4 P=r"
Likewise, the vector couplings are given by
9vya = Z KapGvyp- (B4)

P=1"

Here, T, is the ALP generator given by Egs. (29) and
(32) with x,p =2Tr[T,Tp], gpy are the couplings of
pseudoscalar mesons to nucleons from Eq. (10), and
gyyp are their coupling to vector mesons from Table I.

Concretely, we obtain the following gluonic-ALP cou-
plings for m, <4xf,:

gpa<ma)|ma<l‘2 GeV
_ m} [ZF +D; 2(3D-F+4Dy)
9f. m%—m% mi, - m3
smz(D + F) 1 2
+ . (B5
m2 —m? m%—mﬁ—'—mrz/—m% (B3)

The neutron coupling differs only in the sign of the isospin-

Lany = Z InaNY*YsNOa, (B1)  breaking term. For the radiative couplings, we similarly
N=n,p find
|
(m,) egmd [ 3 6 8;m2 1 2
0 m - )
Ipra\Ma 362 f, [m3 —m3 mﬁ, m  mi—mi \mi—m? mi, —m2
2T 2
_egmy 1 2 om 3 6
Gora(Ma)ln, <12 e = 3672 f, [m2 —m? * = mg * my — ”mi my —mg - my —mg) |’
egm% RYZ) 42
g(/)]/u(mu)|ma<l.2 GeV — 367r2f m2 —m2 m2 —mcl (B6)
a My a / a
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For the domain m, > 1.2 GeV, the couplings read

D], o =g,y ==Y 5, 20 max [P
D)ooy = =5 e ) ),

Bora0)] o0 = =3y ) 0m0)

a0, oy = 3y G F ), (B7)

where iz = 1.4 GeV and F(m,) 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

e(p.) +pr(p,) = €(pe)+ ' (py) + X(px). (C1)

We define the invariant mass of the colliding ep pair:

5= (pe+pp)* (€2)

Then, the differential cross section is

M

2 /I(s,mg,m?,)

dGX = ch3 N (C3)

where |M|? denotes the spin-averaged squared matrix element, 4 is the Killén function,

Mx,y,z) = x4+ y* 4+ 22 = 2(xy + xz + yz), (C4)
and the three-body phase space is
d’p;
d®; = (22)*8W(p, + p, — P — Py — Px) H (27)2E," (CS)
i={e’,p’,X} l

2. Reduction to four invariants

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

si=(pe+px)%  spp=py+px)*=(py+pe—po)
sz_(pe_pe’)2v tpE(pp_pp’)z' (C6)

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

. (C7)

z 4ds, ,dQ*dt,ds,
d®; = > 2 2 2 V(s
16y/A(s, 12 113)  [4(5,:p. — 0% m3) (51 = 57)(s7 = 1)
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so that
d*c
do = ————5———ds,,dQ*dt,ds,, C8
= s, dQrdr,ds, P A (C8)
with the fully differential cross section
d* 1 2
ds,, ngdt ds, 2567 2 |Mz| > n ' (€9)
rpdQ dtpdsy M, 2, m3) [ A5, =22 ) (31 = 57) (s = 1)
The end points si are determined by Gram-determinant constraints and can be written compactly as
) ) ) AF 2\/G(s, —Q% 5, smi mi m2)G (s, . 1,, m3; —0% m%, m¥)
57 (S, s},*p,Q ,tp) =s+m,— ( Q2 ) , (CIO)
Syps
where
01 1 1 1
| 1 0 v x z
G(x,y,z;u,v,w)z—idet 1 » 0 u vy (C11)
I x u 0 w
1 z y w O
and
2m? Spp+OQF+mh mi+md—i,
A =det| s, + Q>+ m} 25, Syp—my+ms | (C12)
s —mi+m? S+ 8,0, —m2 0
3. Kinematic domain and useful scalar products
The physically allowed domain in (s, ,, 02, t,.s1) at fixed s is
575 (8) <5y <57 (5), (C13)
0% (s, 5,,) S0 < Q% (s,5,,). (C14)
1,(8, 8, 0% < t, K15 (8.8, 0?), (C15)
sT(s.8,,, 0% 1,) < sy <57 (s.5,,,0%1,), (C16)
where
Spp(s) = (m, +my)? s)(s) = (Vs —m,)%, (C17)
(s +m2—m2)(s—s,,+m2)+ \//I(s,mg,mz)/l(s Sy M2)
Q2 (s.5,,) = —2m2 + ! L . SRR (C18)
s
15 (8.8, 5, %) = 2m3, (C19)
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(8p +mp + Q)5 + mjy —m3) F \/A(SY*P’ miy, =Q*)A(syp,m

2 2
pr Mx

) . (C20)

2sy* »

Here, 02 and Q2 correspond to the minimal and maximal allowed values of Q2 respectively.

We close the discussion of the 2 — 3 phase space by
process (1):

expressing various scalar products for our electroproduction

2p.pp=S—my—mz  2p,ps=2m;+ Q%

2pp Py =2my =1, 2pg-px =S| —mg—my,

2px-pp/:sy*p—m§(—m%,, 2pe/-pp/:s—s1—sy*p+m§(,
2pe-px =851 —Q*—t,—mi.  2p,-px =S, + Q> +1,—m,
2pe-pp/:s—s1+tp—m%,, 2pp-pe/:s—s,,*p—Q2—m§. (C21)

APPENDIX D: ALTERNATIVE DESCRIPTION OF
THE ELECTROPRODUCTION OF 7’

Depending on the beam energy configuration at the EIC,
the electroproduction of light pseudoscalar mesons such as
7° may be mostly sensitive to the domain VSrp 52 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 ,/5,, X 3 GeV may break down.

To better understand the systematics stemming from the
extrapolation of the #° photoproduction in the domain
V57 p = (2-3) GeV, in this section, we incorporate the
alternative approach of Refs. [103,146,186]. It describes
the photoproduction via the #-channel exchanges by vector
mesons V = p, w and s/ u exchanges by baryonic resonances
B [Figs. 1(b) and 1(c)]. In these works, the photoproduction
input was tested against do,,_,/dt, 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 VSrp < 3.5 GeV, and we, therefore, expect
that it will deliver systematically larger cross sections.

The matrix element M% in Eq. (42) is given by

Mp = Mpy + Mp g, (D1)

where the vector (nucleon) contribution is denoted by
pv (M5 ). Within the description of Ref. [103], the
objects MY ,, and M ; already include the finite-Q? form
factors. Therefore, in Eq. (44) relating the matrix element
(D1), we use Fx(Q?) = 1.
The contribution from the exchange of vector mesons is
given by

I;’,V = Z gVyPngpFVyP(Qz)gykaﬁpy*.lc<pp - pp')a
V=p,0
Ky

()| (1 k0=
p

(pp +pp’)ﬁ ”s(pp>

XRV(tp’S}/*p)’ (DZ)

where the couplings gy, 0, gy, and ky are all taken as in
Ref. [103] and are somewhat different from those used in
Ref. [123]. Fy,p = (1 4+ Q*/m})™" is the effective form
factor suppressing the large-Q” contribution to the process.
Finally, Ry(t,.s,-,) corresponds to the Reggeized propa-
gator, accounting for the family of V resonances with fixed
quantum numbers [102]:

where I" is the Gamma function and ay(z,) are Regge
trajectories for vector mesons [103,189]:

=0.53 + at

a plp

(1)) a,(t,) =040 4 aj,t,, (D4)

with &, = a], = 0.85 GeV~2, again slightly different from
those used in Ref. [115].

Next, the contribution of the nucleon resonances to the
7Y electroproduction in the domain VS > 2 GeV,
described in Refs. [102,103,146], is
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M;O’N =igpyneily (pp’>

Dy +p,+m
X GSV*F(Q2 sy*p,tp)}%#f’
r'p P
by =D,y +m,
+G (Q u, p)y uiy +GID S(pp)’
P
(Ds)

with u= (p,y —p,)* and goyy =2m,g,~12.8 is
the pion-nucleon coupling, which is deduced from
|

Eq. (A7). The s, ,-

vp and wu-channel transition form
factors are

Gsy»«,, (u) (Q s}/*p(“) tp)

—gsy*p (Q 7Sy*p<u))( (D6)

M) R, ) (@(2)))-
Here, g‘w

tower of baryonic resonances with higher spins § > 1/2 via
the Bloom-Gilman duality connection [190,191]:

(u) are effective form factors, incorporating the

rp

£0* (26Q%+s,+,)
50 1n[m§+1} i

_ syp (607 +s,7p) ( p mp> _
5Q2@Q2+m A+ In( 5 i

and

gu(QZ’ M) -

with the cutoff fixed to £ = 0.4 [102], while the Regge
trajectories read

RN Sy*p(tl” S},*P) — e—iﬂlx([p)RN u(tp’ sy*p)’ (D9)
with
0.74 GeV~2
alt) =a(t,—m}). o =—————  (DIO)
1+242

Syx P

Finally, the term GI¥ must be generally introduced in the
case G, # G, (in particular, in the limit 0% - 0) to
ensure gauge invariance. The explicit form we utilize is the
contact term

2, + p) )
Gr = —[EPr Pl g g
Syrp — Mp nr
2, — ) .
PGt R PR T
M—mp

that simultaneously ensures the Ward identity and the

correct soft-photon limit of the differential cross section
[165]. The function G is fixed to be

G=G,+G,,

rr

-G,G,, . (D12)

2 2 vz* +25. % _m (D7)
(f% + 1) < . 2my - + 1n< r :;1 p) - lﬂ)
rr P
MHF¥+IFEQ?) u(EQ +u) +ICWM)
_ s (G077~ EQX(EQTTmY) = 08)

(%4»1)2(“ +2L¢mp+l (m; u)) s

|

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 do,,,_, 0,/dt,
for various invariant masses \/W =2.6,2.9,3.5 GeV
(corresponding to E, = 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 |,] 2 0.5 GeV2. Moreover, as the invariant mass
decreases, the discrepancy worsens. This trend explains
the difference by a factor of ~5 in op;y as obtained using
these two approaches.

1. Ensuring gauge invariance
of the nucleon summand

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

Pyu

GL, = —ys (gsm -G.) _—QQ,

Py = Pe — DPe> (D13)

and then analyzed the yp — 7z°p and y*p — 2°p 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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syp = 2.6 GeV
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=29 GeV
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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 yp system. See the text for details.

(i.e., introducing G, [sy # 1) leads to artifacts in the
analytic structure of the matrix element. Namely, in the
correct theory, the Born squared matrix element (G = 1)
behaves as |M|? « 1/Q* but the integration over s,
removes one power of Q7 giving the standard scaling
do/dQ*ds, ,dt, « 1/Q* (and the same scaling for
do/dQ?, after integrating over sy, and 7). This is aligned
with soft-photon theorems [193,194], according to which
the transverse part of the hadronic current must scale as
Jy &« p, in the soft-photon limit, which automatically
cancels one power of the squared propagator 1/Q* after
integrating over the phase space.

The dressed propagators generically break this cancel-
lation. Indeed, as long as g #3G,, the sy p- and u-
channel pieces in (D5) modlfy the nucleon- -pole residues:
They are unequal. As a result, the transverse part of the
hadronic current no longer scales as Jy « p, in the soft
limit, and the cancellation does not occur.

The polelike term (D13), being proportional to p,- and
carrying no s/u denominators, cannot repair those residues:
It enforces p,--J =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 do/dQ?* has the unphysical
behavior with Q2. Namely, the small-Q? limit of the
nucleon contribution to the differential cross section has
the leading contribution

> do‘,[o
@ a0, i,
iy WG, -GG
aEM(zmpgﬂ'p) 47[Q2(S _ p)( o — mp) (Q )
(D14)

Crucially, the 1/Q” piece must vanish, as after the
integration it gives the scaling do/dQ* x 1/Q%.

However, for tiny 0?2, the form factors QSM behave as

| gu /5s%p

~ exp[iﬂau/sy*p] X (C + du/sr*p X QZ) (DIS)

[recall Egs. (D7) and (D8)]. Given that a, # a . s the
difference g% — G, does not vanish for finite Q2. The

impact of this 1/Q* 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 @ is an arbitrary scalar function
that must be pole-free and ensure that the residues of the
propagators in the limit s+, — mf,, u— m still match the
“bare” theory G, = G, . s, =

The minimal choice is given by Eq. (D12), G=
Gg,. +G,— gs . G,. However, the choice is not unique;

V P
for instance, addlng the structure of the type
)(1-G,) has no impact on the residues.

A1-G,.

Fortunately, the term (D11) contains the transverse part

10%%F
10"
10"
108F
10*F

do/dt, [b/GeV?]

1074F
108

107° 10-° 0.1

lte| [GeV?]

10‘—17 10‘—13

FIG. 11. The differential cross section do/dt, with t, = —Q? of
the neutral pion production computed using two different
descriptions of the term GI, from Eq. (D5): the “seagull” term
(D13) (the solid red line) and the pole-free term (D11) (the solid
blue line), with G fixed by Eq. (D12). The seagull term does not
fix the unphysical scaling of the hadronic current with 9%, which
leads to the o 1/Q* behavior (the dashed red line), whereas the
pole-free term leads to the correct scaling « 1/Q? (the dashed
blue line).
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and, hence, explicitly enters the observables, such as the
v+ p — n° + p cross section. As a result, the ambiguity
may be fixed by comparing the prediction of Egs. (D5) and
(D11) with the data on the yp — z°p 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
do,,_,,»/dt,. Furthermore, we will use the minimal
choice (D12) for G

We have checked that with this prescription, not only the
matrix element satisfies the Ward identities, but also

do/dQ? x Q72 (see Fig. 11).

APPENDIX E: FIT FOR THE g,,, COUPLING

In this section, we derive a conservative upper limit
on the poy coupling g,,, [defined in Eq. (17)] from the
process p’ — 7°2%, to which the o contributes via
p’ = 6*y = 7°72%. The experimentally measured partial

J

M(pO - 2”07) = 2egpay((py : Pv)(ey : 6’{/) - (py : ej\ﬁ/)(pv : 6},))

where 2¢,,,(P,.1 - Pr2) is the derivative oz vertex [195],
Sz = (pn',l + pﬂ,2)29 and FG(S) X VS —= 4m%r(s - 2m%’)2/s
encodes the invariant-mass scaling of the o width for this
vertex. Next, we express ¢,,, in terms of the total width
[, ~3(c — 22°) as a function of m,. Then, we fix the
value of g,,, from the measured width I'(p° — 22°%).

Finally, to estimate the uncertainty, we scanned over a
range of widths I', = (100-800) MeV; we obtain the
allowed range |g,,,| = (1.0-1.4)GeV~".

APPENDIX F: DECAYS OF f, MESON

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

'Cint = ng2,/lew’ (Fl)

where T is the hadronic stress-energy tensor. For a given
final state X, the decay amplitude is proportional to the
matrix element (X|7%*(0)|0), and we allow for channel-
dependent effective couplings gr x.

We are interested in the decays f, — 2z, f, — 4z, and
fo = Vy, with V = p° w, ¢. The widths of the first two
processes are reported in PDG [132], with the central values
['(f,—>#ar)~157MeV and I'(f, - 2727277) ~ 5.2 MeV.
The widths f, — w/¢y are not reported, but there are some
theoretical calculations based on the quark model [135]:
['(f, = ¢y) # 1.3 keV and I'(f, - wy) ~ 27 keV.

width is [[(p° — noﬂoy)]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 p° — w*7° — 7°2%, 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
o-mediated channel and requiring [['(p° — 7°2%)], <
C(p° = 7°7°%)]exp
upper limit on g,,,,.

To describe the ¢ contribution, we will model it as a
Breit-Wigner resonance, with mass m, = 500 MeV and
width I'; = 100-800 MeV as reported in PDG [132]. The
choice of the o 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

(optionally at 1¢), which yields an

garm’(prr,l ! pﬂ,Z)
Sax — mzzr + ira(sfm) Sar

, (El)

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

T = dﬂzﬁ+ 0,17+ 0,70, 7"

1 2
— Y <0a7r+0“7r‘ —m2atn” +§(()aﬂ0)2 —%(ﬂo)z) ,

1 m?
TXUV = —VWVUO‘ + m%,Vﬂ Vt/ _gﬂl/ <—ZV0,/;V“/3 +7vvava> B

C
Tl ==2¢y,V,oF," + gﬂy%F,,ﬂ Vb, (F2)

where V,,=0,V,-0,V,, 9,x\90,x") =0,x"0,x+0,x"9,x*,
and the first summand in Eq. (F2) is automatically
symmetrized after contracting with the symmetric f, field
(either on or off shell). The terms « g, vanish after
contracting with on-shell f, polarization, but we keep

them for generality. Finally,

e V2e
=—, by = T F3
wy 39 C/)y 39 ( )

with g = mp/(\/if,,) ~ 5.9, are given by the mixing of the
photon with the vector meson V. The corresponding
vertices are

T e =190 (PY P+ PPy =9 ((P1p2) —m3)),  (F4)
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ap . .o Y,
F?I:\%/ = lgT,vv(r;Zvl{/(Pth, my) + F?Z%(Pz, pi,my)),
(F5)
af . Suv,aff
DY = 2igrv,cv, (T (py. py0)),  (F6)
where
f%i?xﬂ/(l?l,Pz, my) = (py - pa + my) ¢

+ P psg? — phpsg” — pipsg
|
- 59””[(191 - pa +m})g? — pllpgl.
(F7)

In Eq. (F4), the momenta p; and p, denote the momenta of
the # and 7z~ mesons, respectively, while in Eq. (F5), they
denote the momenta of the two V mesons.

Within vector meson dominance, the couplings g7y, are
related to the couplings gr yy by g7y, = gr yv- If assuming
the universality of the interaction (F1) with hadrons, we
would also have

9T 2x = gT,/J/) = 9T.00 = gT,(/)(/)' (FS)

However, the coupling may not be universal. For instance,
embedding f, into the SU(3) representation of the tensor
meson nonet, one would associate it with the generator
T, «diag(1,1,0) [131], which means that it does not
prefer the s5 admixtures such as ¢.

Using the polarization sum rule for the f, meson,
Eq. (65), we find the decay widths for f, — 2z and

fr—= Vy:

(m‘?-2 — 4m%)5/2

3207m?,

gTJIIL’ 2
93 Gev—1> ’ (F9)

3
[(f, = #x) = Er(fz - 7T77) = GF 1
~ 157 MeV(

—m3,)? (6mf +3m7 my,+my,)
12071'}11}2

(m3,
F(fZ_)Vy):g%VyC%/y !
(F10)

Next, we calculate the width f, — 2p% — 22722~ using
two approaches: the narrow width approximation f, —
p’xt 7~ and the full four-body calculation, using Ref. [86].
The amplitude of the process reads

My opiog = My + My, (F11)

where

g ap
M, = e/CfF?Zp(p/ D& (pr + Pz)D},f/);)l (P3 + pa)
a 7
X Tote(p1. p2)Toke(p3. pa) (F12)

and My =M, o, Than(pi. p2) = ig(py = pa)'
D(/’)

45, (P) is the p meson propagator

_ PpPp
L

(p)
D = =
i (P) p*—m2 +il,(p*)m,

. (F13)

=~ n — 3. .
with T, (p?) =T, x \/11/;7(,;3_44:”]5%)2 is the modulation of p
decay width as a function of the transferred momentum
[131]. We found

2xT(fy = PPt ) = T(f, = 2p% — 221 277)

>2, (F14)

9T.pp

~52 MeV (e
¢ <6.1 Gev-!

where the first equality holds with O(10%) accuracy and a
factor of 2 comes from the fact that both p% in the three-
body process may be on shell. The values of the couplings
grgy and gr,, needed to reproduce the quark-model
prediction for f, —» ¢/wy are gr,, ~4.5 GeV™' and
9r.gy 0.7 GeV~!, 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 f,Vy vertex; in our notation, their
coupling corresponds to cy,gr.v,/2.

As we see from Egs. (F9) and (F14), the universality
model (F8) would predict overly large width I'(f, — 47)—
by a factor of 2 larger than the experimentally observed
value. On the other hand, if we assume the universality in
the couplings g7 vy and fix g7 vy from the requirement that
the width (F14) saturates the observed f, — 27127~
width, it would predict g, (9r4,) 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 (s;, s, . 02, t,), 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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S—G—m%—s* A(S7mgvs7*p)

E* = }’P’ o ,
e 2\/5 pe 2\/§
o _S—Q—m%,—sl . l(s’m%vsl)
AV A VA
s+ m% — 53 s, m%, s3)
Ey=—FT"7, = Gl
X NG Px NG (G1)

with 53 = (py + py)? = s +m2 +myx +m} —s; —5,,.
We choose the z axis along the incoming proton in the
c.m. frame and define

gttt YA mem) (G2)
Tooas s
The c.m. polar angles 8; follow from
ESEf—p, - p;
cos @ = p’k*—lippl (i=e€.X,p'), (G3)
p;

using

2pp P =S = Spp— Q2 _mg’
(G4)

2, Py =2m; — 1),

pr-pX:sy*p+Q2+tp—mf,.

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

/2 2 2 2
:Ee—i—E]7 g E, —my, — Ee—me. (G5)
Vs E,+E,

For each final-state particle i,

E;=y(E; +pp;jcost;), p.;=y(p;cost;+pE;),
Pr.i=p;sing;, (G6)

so that tan6; = py,;/p..;.

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= prx = pxsinby, b= pry = pegsing,,

C=pr, =pysing,. (G7)

We draw a global azimuth ¢y ~ Unif[—z,z] and define
¢r = ¢px + 7, so that pyr = —py x points at azimuth ¢y.
Transverse momentum conservation requires

Pr.e +Prp =Prr- (G8)
In the transverse plane, the vectors form a triangle with side
lengths (a, b, ¢); hence, the relative angle A between pr ./
and pr , is fixed by

a?—b2 -2
COSA = ————

2bc (G9)

A = arccos(cos A).

There are two mirror solutions; we sample them with
o = *1 (equiprobably) and set

a = atan2(ccsin A, b + ccos A),

¢e’ = ¢T+av d)p’ :¢T+a_0A7 (G]O)

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

P = (E;, p;sin;cos ¢;, p; sin6; sin;, p; cos 0;),

pi =\ E; —mj, (G11)
forie{e, p’, X}. Energy and momentum conservation are

then satisfied by construction.
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