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We study a model in which a new interactions between the Standard Model (SM) photon and both the
dark photon (γD) and an axionlike particles (ALP or a) are described by the dark axion portal operator. The
implications of this dark axion portal scenario for electron fixed-target experiments are presented. In
particular, we investigate the missing energy signatures associated with production of dark photons and
their subsequent invisible decays into stable dark sector fermions, γD → χχ̄. We discuss the discovery
potential for such a scenario and derive projected sensitivity curves for the NA64e and LDMX experiments.
Furthermore, novel constraints of the NA64e for 9.37 × 1011 electrons on target are derived by considering
two production mechanisms for invisible states: (i) the bremsstrahlung-like emission of an aγD pair,
eN → eNγ�ð→ aγDÞ, and (ii) the exclusive vector meson photoproduction, γ�N → NV, followed by the
invisible decays of vector mesons, V → aγD. Additionally, the constraints on the parameter space of
CP-violating, fermion-specific ALP and dark photon couplings are established. These constraints are
derived from current experimental bounds on the electric dipole moments (EDMs) of SM fermions,
incorporating loop-induced contributions to the EDMs of the electron, muon, and neutron.
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I. INTRODUCTION

Axionlike particles (ALP or a) represent a well-motivated
class of pseudoscalar bosons that emerge naturally in
numerous extensions of the StandardModel (SM).Originally
posited as a dynamical solution to the strong CP problem,
their theoretical foundation has been expanded significantly,
as reviewed in [1,2]. Beyond this primary role, ALPs provide
a viable framework for addressing phenomenological puzzle,
serving as viable candidates for the cosmological darkmatter
(DM) relic density [3–5].
The phenomenological landscape of ALPs extends

to more exotic scenarios, such as those featuring lepton

flavor violation. Such models, where ALPs mediate tran-
sitions between different lepton generations, have been the
subject of detailed theoretical and experimental investiga-
tion [6–9]. Recent reviews and a multitude of studies,
spanning beam-dump experiments, fixed-target facilities,
colliders, rf cavities, and astrophysical probes, explore
various signatures and constraints on these particles [10–36].
Recent work has introduced a novel interaction frame-

work known as the dark axion portal [37,38]. This effective
operator facilitates the production of dark photons in the
early Universe and, for sufficiently low-mass dark photon
states, provides a viable mechanism for generating the
observed cosmological dark matter relic density. The portal
is characterized by vertices coupling the axion (or a generic
ALP) simultaneously to the SM photon and the dark
photon, a-γ-γD.
Building upon the theoretical framework proposed in

Refs. [39–41], this work investigates the phenomenology
of the dark axion portal in a scenario where the associated
dark photon decays predominantly into dark sector (DS)
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states. In this model, the dark photon is identified as the
gauge boson of a hidden UDð1Þ symmetry, thereby acting
as the primary mediator between the Standard Model and
DS particles through the portal interaction.
We demonstrate that this scenario yields a rich phenom-

enology accessible through missing energy signatures at
electron beam fixed-target experiments. Specifically, we
conduct an analysis of the discovery potential for such signals
at the current experiment NA64e [27–29,31,32,42,43] and
the proposed LDMX facility [44–50].
We also develop the ideas presented in Refs. [51,52]

where the implication of light sub-GeV bosons for electric
dipole moments (EDM) of fermions and CP-odd dark
axion portal coupling was discussed in detail. In particular,
we argue that the EDM of fermions can be induced by
(i) CP-odd Yukawa-like couplings of ALP, (ii) CP-even
interaction of SM fermions and dark photon, and (iii) CP-
even dark axion portal coupling. As a result, one can obtain
bounds on the corresponding couplings.
This work is structured as follows. Section II details the

theoretical framework and benchmark scenarios for the
dark axion portal. Section III outlines the missing energy
signatures relevant for dark matter production in fixed-
target experiments. In Sec. IV, we outline benchmark
experiments. In Sec. V, we derive constraints on the portal’s
effective couplings using data from electron-beam fixed-
target facilities. Section VI explores the generation of
electric dipole moments for Standard Model fermions
within dark axion portal framework incorporating addi-
tional CP-violating couplings. Finally, Sec. VII provides a
summary and conclusions.

II. THE DESCRIPTION OF THE
BENCHMARK SCENARIOS

A. Minimal coupling scenario

The coupling between dark and electromagnetic photons
can be associated with ALPs through specific interaction
[37,38]. The effective Lagrangian for such nonrenormaliz-
able dark axion portal takes the form,

Ldark axion portal ⊃
gaγγD
2

aFμνF̃0μν; ð1Þ

that is the interaction between ALP and both SM and dark
photon, where Fμν is a the photon field strength tensor, F̃0μν

is dual strength tensor of dark photon, and gaγγD is the
coupling constant.
This work explores a benchmark simplified extension of

the dark axion portal framework by incorporating a minimal
dark sector candidate. Within this model, the dark photon,
emerging from a hiddenUDð1Þ gauge symmetry, acts as the
mediator between the Standard Model sector and a dark
fermionic sector. The relevant Lagrangian is given by

LDS ⊃ χ̄ðiγμDμ −mχÞχ; ð2Þ

where the DS field χ is a Dirac fermion representing a dark
sector particle with mass mχ . Its covariant derivative is
Dμ ¼ ∂μ þ igDA0

μ, introducing the gauge coupling gD asso-
ciated with the hidden UDð1Þ charge. A key phenomeno-
logical assumption of this setup is that the dark photon
decays predominantly into a pair of these dark fermions,
A0 → χχ̄, resulting in an invisible final state thus making it
interesting for searching, in particular, in fixed target experi-
ments, such as NA64e and LDMX. The phenomenological
consequences of these signatures are analyzed in Secs. II, III,
IV, and V.
Hidden sector fermions can be considered as a candi-

dates for DM particles, with a dark photon acting as a
mediator between the SM and DM states [53]. Determining
the parameter space for the observed DM relic abundance
requires solving the Boltzmann equations that govern the
thermal freeze-in (or freeze-out) mechanism of the present
DM net number density [54,55]. However, mapping the
NA64e and LDMX sensitivities to the relevant uncon-
strained DM parameter space is beyond the scope of this
work and will be addressed elsewhere.

B. Nonminimal CP violating extension

One can assume the existence of the soft Yukawa-like
couplings of the ALP with SM fermions [41,52,56–58],

L=CP ⊃
X

f¼e;μ;n

gafaf̄f; ð3Þ

violating the CP symmetry, thus they can induce the
electric dipole moment (EDM) of SM fermions. It is worth
to estimate the bounds on the combination of couplings
from the EDM of fermions in the framework of their
additional benchmark interactions with dark photon,

L ⊃
X

f¼e;μ;n

eϵfA0
μf̄γμf; ð4Þ

where protophobic couplings eϵf of massive hidden vector
can be relevant to the exotic fifth force scenarios addressing
in Ref. [59].
The study of EDM fermion bounds, incorporating the

Lagrangians in Eqs. (1), (3), and (4), is of particular interest
in the present paper. In Sec. VI, we discuss their phenom-
enological implications.
It must be pointed out that, following the authors of

Refs. [56–58,60], we make no specific assumption about
the underlying ultraviolet completion scenarios that are
associated with CP violation. Instead, we focus primarily
on deriving phenomenological constraints on the combi-
nation of specific couplings.
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III. THE MISSING ENERGY SIGNAL

This section outlines the missing energy/momentum
signatures in the 2 → 4 reactions which can be searched
for with the electron fixed-target experiments NA64e
[27–29,31,32] and LDMX [44–49]. Specifically, the sig-
nature of interest arises from a reaction of a high-energy
electron scattering on a heavy target nucleus N,

eN → eNaγD; ð5Þ

where the scattered electron in the final state is accom-
panied by a significant missing energy which is carried
away by the ALP, a, and dark photon, γD escaping
detection.
Within the minimal dark axion portal scenario (1), one of

the source of the missing energy (Emiss) is the bremsstrah-
lung-like production of an aγD pair via an off shell photon.
The complete process, eN → eNγ� → eNaγD, is followed
by the prompt invisible decay of the dark photon, γD → χ̄χ,
into stable dark sector fermions. A representative Feynman
diagram for this mechanism is shown in Fig. 1.
While electron bremsstrahlung remains a primarymecha-

nism for producing hidden sector particles, Ref. [48]
proposes a complementary source of missing-energy sig-
natures (see, e.g., Refs. [61–65] for recent study of meson
decays to DM particles at fixed-target experiments). This
alternative channel implies the exclusive photoproduction
of a high-energy vector meson V (such as ρ, ω, ϕ, or J=ψ)
on a target nucleus N, via the reaction γ�N → NV. The
initial off shell photon γ� originates from standard brems-
strahlung, eN → eNγ�.
In this analysis, we focus on a specific invisible decay

mode of these vector mesons. We consider the process, see
Fig. 2, where a meson decays into an off-shell photon,
which then converts into an ALP and a dark photon:
V → γ� → aγD. This channel provides a distinct signature
of the dark axion portal, contributing to the total missing
energy in the final state.
In the dark axion portal scenario, the dark photon can

decay via several channels. For masses satisfying
mγD ≳ma, a visible two-body decay into ALP and SM

photon becomes kinematically allowed. Its partial decay
width is given by [40]

ΓγD→aγ ¼
g2aγγD
96π

m3
γD

�
1 −

m2
a

m2
γD

�
3

: ð6Þ

Simultaneously, the Lagrangian of Eq. (2) permits an
invisible decay into a pair of dark sector fermions,
γD → χ̄χ, provided mγD ≳ 2mχ . The corresponding partial
width is [66]

ΓγD→χ̄χ ¼
g2D
12π

mγD

�
1þ 2m2

χ

m2
γD

��
1 −

4m2
χ

m2
γD

�
1=2

: ð7Þ

This work focuses on the scenario where the dark photon
decays invisibly into a dark fermion pair, γD → χ̄χ. We
assume a branching fraction BrγD→χ̄χ ≃ 1, which is naturally
satisfied formχ ≪ mγD. This condition requires the invisible
decay width to dominate over the visible channel, ΓγD→χ̄χ ≫
ΓγD→aγ . Consequently, a hierarchy between the couplings is
implied, gD ≫ gaγγDmγD . Under this hierarchy, any produced
dark photon decays predominantly into the dark sector.
Furthermore, to ensure the invisibility of the final state

within the fixed-target detector, we require the ALP mass to
be significantly smaller than the dark photon mass,
ma ≪ mγD . This kinematically suppresses the potentially
visible decay a → γγD, guaranteeing that both the ALP and
the dark sector fermions escape the experiment undetected,
resulting in a clean missing-energy signature.

A. Bremstrahlung-like production: γ� → aγD
The expected number of missing-energy events from the

process eN → eNγ� → eNðaγDÞ, where the electron scat-
ters off a target nucleus N, can be estimated as

Nγ�→aγD ≃ EOT ·
ρNA

A
LT

Z
Emax

Emin

dEmiss
dσ2→4ðEeÞ
dEmiss

: ð8Þ

In this expression, Ee is the initial electron beam energy,
EOT is the total number of electrons on target, and ρ, A, and

FIG. 1. Feynman diagrams illustrating the bremsstrahlung-like production of an ALP and a dark photon in electron-nucleus scattering,
eN → eNaγD. These diagrams correspond to the missing-energy signature within the minimal dark axion portal scenario, governed by
the effective Lagrangian L ⊃ 1

2
gaγγDaFμνF̃0μν. In this analysis, the produced dark photon decays predominantly into invisible dark sector

fermions, γD → χχ̄. Diagrams involving photon emission from the nucleus line are omitted, as their contribution is suppressed by a
factor of order ðZme=MNÞ2 for electron-nucleus scattering and is therefore negligible.
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LT denote thedensity, atomicmass, andeffective length of the
target, respectively. The symbol NA represents Avogadro’s
number. The differential cross section dσ2→4ðEeÞ=dEmiss
describes the 2 → 4 bremsstrahlung-like process eN →
eNγ� → eNaγD, and Emiss ¼ Ea þ EγD is the total energy
carried away by the invisible ALP and dark photon system.
The integration limits Emin and Emax are set by the specific
energy acceptance and selection criteria of the experimen-
tal setup.
We compute the relevant 2 → 4 cross sections using the

CalcHEP software package [67]. To this end, we have
extended the SM implementation in CalcHEP by introducing
two new massive particles: the ALP a and the dark photon
γD. Their interaction with the SM photon is incorporated
via the effective Lagrangian term (1). The target nucleus is
modeled as a spin-1=2 particle with massMN , atomic mass
A, and charge Z. Its coupling to the photon is implemented
through the vertex factor ieZFðtÞγμ, where t ¼ −q2 > 0 is
the squared momentum transfer to the nucleus and FðtÞ
denotes the nuclear elastic form factor. Following [68,69],
we employ the parametrization,

FðtÞ ¼ a2t
1þ a2t

1

1þ t=d
; ð9Þ

with screening and finite-size parameters given by a ¼
111Z−1=3=me and d ¼ 0.164A−2=3 GeV2. This form factor
is incorporated into the analytic expression for the squared
matrix element jMeN→eNaγD j2 generated by CalcHEP, and the
corresponding C++ source files have been modified
accordingly.
Using the experimental parameters detailed in Sec. IV,

we numerically integrate the exact tree-level amplitude
squared for the process eN → eNγ�ð→ aγDÞ over the full
final-state phase space. This computation is performed
within the CalcHEP framework. For a given target material
and a fixed electron beam energy Ee, we evaluate the total
cross section σtot as a function of the dark photon massmγD ,
scanning the range 1 MeV≲mγD ≲ 1 GeV while fixing
the ALP mass at ma ≃ 10 keV.
The multidimensional phase-space integration is carried

out using the VEGAS adaptive Monte Carlo algorithm. We

configure the integrationwithNsession ¼ 10 independent runs,
each employing Ncalls ¼ 106 sampling points. The adaptive
grid optimization within VEGAS achieves a numerical
precision of approximately Oð0.1Þ% to Oð0.01Þ% in the
final cross section results.

B. Production via vector meson decays: V → aγD
The expected number of missing-energy events from the

process eN → eNγ� → eNðaγDÞ, where the electron scat-
ters off a target nucleus N, can be estimated as

NV ¼ EOT × fbrem × PV;

where EOT is the total number of electrons on target, fbrem
denotes the fraction of incident electrons that emit a hard
bremsstrahlung photon capable of producing the meson,
and PV represents the probability for such a photon to
undergo an exclusive photoproduction interaction on the
target. Following the treatment in Ref. [48], the photo-
production probability can be approximated as

PV ≃
9

7

σV0X0fVnuc
mp

;

with X0 the radiation length of the target material, σV0 the
exclusive photoproduction cross section on a single
nucleon, and fVnuc an Oð1Þ nuclear correction factor.
For the LDMX phase-II design, Ref. [48] estimates

fLDMX
brem ≃ 0.03. Assuming the ultimate planned integrated

luminosity of EOT ≃ 1016, the resulting yields for light
vector mesons are

Nρ≃3×1010; Nω≃3×109; Nϕ≃5×108: ð10Þ

These yields correspond to a total meson production
ranging from Oð108Þ to Oð1010Þ events.
For the NA64e planned statistics of EOT ≃ 5 × 1012 the

typical numbers of vector mesons are estimated to be [48]

Nρ ≃ 1.2 × 108; Nω ≃ 9 × 106;

Nϕ ≃ 8 × 106; NJ=ψ ≃ 1.1 × 105; ð11Þ

FIG. 2. Feynman diagrams for the radiative invisible vector meson decay. A hard photon γ� is produced in the target, eN → eNγ�, and
converts to a vector meson V in the exclusive photoproduction process γ�N → NV in the calorimeter. Then vector meson decays
invisibly to the aγD pair via mixing with the ordinary off shell photon, γ�. The produced dark photon dominantly decays into invisible
DS particles, γD → χχ̄.
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these values imply the typical fraction of hard bremsstrah-
lung electrons at the level of fNA64ebrem ≃ 0.5. Remarkably, at
LDMX energies, J=ψ production is kinematically forbid-
den. However, its coherent γ�N → NJ=ψ production is
kinematically allowed at the NA64e facility.
As a result, the typical signal yield associated with vector

meson invisible decay into pair of ALP-dark photon
particles reads

NV→aγD ≃ NV × BrV→aγD; ð12Þ

where NV is the total number of the specific vector meson,
BrV→aγD is the invisible branching fraction of vector meson
associated with dark ALP portal scenario. Specifically, it is
given by

BrV→aγD ¼ ΓV→aγD=Γ
V
tot; ð13Þ

where ΓV
tot and ΓV→aγD are the total and invisible decay

width of the vector meson, respectively. In order to
calculate ΓV→aγD , we employ the vector meson dominance
(VMD) framework [70]. The relevant mixing between
ordinary SM photon, Aμ, and vector meson, Vμ, reads

LVMD ⊃ −
X
V

em2
V

gV
AμVμ; ð14Þ

where mV is a vector meson mass, e is the elementary
electric charge, and gV is a dimensionless coupling constant
that can be extracted from the data on strong decays [71]. In
Table I, we collect all vector meson terms relevant for our
analysis.
The amplitude for an on shell vector meson V to decay to

aγD via virtual photon γ� reads

MV→aγD ¼ ϵμðqÞ em
2
V

gV

gμν
q2

gaγγDϵ
νλρσkλqρϵ�σðkÞ; ð15Þ

where qρ and kλ are the momenta of the vector meson and
dark photon, respectively. Squaring and summing over final
dark photon polarizations ϵ�σðkÞ and averaging over initial
meson polarizations ϵμðqÞ yields the decay rate in the rest
frame of the meson,

ΓV→aγD ¼ e2g2aγγD
96π

m3
V

g2V

�
1 −

m2
γD

m2
V

�
3

: ð16Þ

To evaluate the decay width (16), we employ the FeynCalc

package [72] within the Wolfram Mathematica environ-
ment [73]. This calculation assumes the mass hierarchy
mγD ≫ ma, allowing us to safely neglect the ALP mass,
consistent with the assumptions outlined earlier.
The resulted number of missing energy events reads

Nsign ≃ Nγ�→aγD þ
X
V

NV→aγD: ð17Þ

In Fig. 3, we show the total number of aγD pairs produced
at the NA64e and LDMX experiments as a function ofmγD .
For the LDMX, the dominant production mechanism of

relatively light dark photons, mγD ≲ 30 MeV, is associated
with off shell photon emission, γ� → aγD, while for the
heavier dark photons, mγD ≳ 100 MeV, the relevant rate is
comparable with vector meson one V → aγD; i.e., the
vector mesons provide a sizable contribution to the missing
energy signal. Accounting for the V meson contribution,
would result in sensitivity enhancement of the LDMX to
the dark ALP portal coupling, gaγγD , in the sub-GeV mass
range, mγD ≲ 1 GeV.
The NA64e signal associated with coherent photopro-

duction of the J=ψ meson yields a rate comparable to that
of γ� → aγD for sufficiently light hidden vectors, i.e., for
masses, mγD ≲ 10 MeV. The total number of missing
energy signatures depends weakly on dark photon mass
mγD . This implies a sufficiently mild slope of the graph for
the sub-GeV dark photons [indeed, for mγD ≲mJ=ψ ,
Eqs. (12) and (16) result in an almost constant yield of
J=ψ → aγD]. The production of ρ, ω and ϕ vector mesons
at NA64e is subdominant for the entire mass range of
interest 1 MeV≲mγD ≲ 1 GeV.
For both experiments, the yields of ϕ mesons are lower

than the yields of ω mesons. Nevertheless, as shown in
Fig. 3, the invisible decays of ϕ mesons can provide better
sensitivity due to the larger branching ratio compared to
that of the ω meson.

IV. BENCHMARK EXPERIMENTS

The missing energy analysis for the process eN →
eNaγD applied to both NA64e and LDMX builds upon
the established frameworks developed for the related dark
photon search eN → eNγD, as detailed in Refs. [43,50],
respectively. The experimental signatures for these two
channels are nearly identical: both experiments search for
events with a single scattered electron in the final state
and a large missing energy, typically exceeding ≳50%
of the initial beam energy. This stringent requirement on
the missing energy fraction, enabled by a fully hermetic

TABLE I. Parameters of vector mesons (mass mV , coupling
constant gV , total decay width ΓV

tot) relevant for our analysis.

V mV (MeV) gV ΓV
tot (MeV)

ρ 775 4.96 147
ω 782 17.3 8.6
ϕ 1019 13.4 4.2
J=ψ 3097 11.8 0.093
ϒ 9460 40.3 0.054
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detector design, provides a powerful tool for suppressing
standard model backgrounds.
We now outline the benchmark input parameters used for

each experimental setup.

A. The NA64e experiment

The NA64e employs the optimized electron beam from
the H4 beam line at the SPS at CERN. The maximum
intensity of the beam is ≃107 electrons per spill of 4.8 s, the
number of good spills is estimated to be 4000 per day.
The reaction for dark photons and ALPs production,

eN → eNaγD, involves the scattering of a high-energy
electron beam (Ee ¼ 100 GeV) off heavy nuclei of a
lead-scintillator electromagnetic calorimeter (ECAL) serv-
ing as an active target, followed by the prompt invisible
decay γD → χ̄χ. A significant fraction of the primary beam
energy, Emiss, is carried away by the aγD system (and
subsequently, by the dark sector fermions), leaving no
detectable signal in the hermetic NA64e detector. The
remaining energy, Erec

e ≡ Ee − Emiss, is deposited in the
ECAL by the scattered electron. Consequently, the produc-
tion of hidden particles manifests as an excess of events
containing a single electromagnetic shower with energyErec

e
above the expected background (see, e.g., Ref. [26]). The
ECAL target of NA64e is a matrix of 6 × 6 Shashlyk-
type modules assembled from lead (Pb) ðρ ¼ 11.34 g cm−3;

A ¼ 207 gmole−1; Z ¼ 82Þ and scintillator (Sc) plates.
Note that production of hidden particles in the scintillator
is subleading due to its larger radiation length, X0ðScÞ ≫
X0ðPbÞ, thus we ignore it in the calculation.
Additionally, we assume that the electromagnetic shower

in the ECAL is initiated within its typical radiation length
of 0.56 cm. This defines the effective interaction length in
Eq. (8) as LT ≃ X0, implying that the dominant production
of hidden particles occurs within the initial radiation length
of the active ECAL [74]. Candidate events are required to
satisfy Erec

e ≲ 0.5Ee, corresponding to a lower integration
limit of Emin ¼ 50 GeV in Eq. (8).
The dominant background sources for the NA64e

missing-energy search are identified as [43]: (i) muon pair
losses or decays in the target; (ii) in-flight decays along
the beamline; (iii) insufficient calorimeter hermeticity;
and (iv) particles passing through the calorimeter without
interaction.
We adopt the background study presented in Ref. [43],

which reports an estimated background of b ≪ 1 events for
the currently accumulated exposure of EOT ≃ 9.37 × 1011.
For the projected future exposure of EOT≲ 1013, we
anticipate that upgraded detector electronics and refined
veto systems will improve background rejection by an
Oð1Þ factor. This improvement is expected to maintain the
total background at a level b≲ 1 event, ensuring a

FIG. 3. The plot shows the number of aγD pairs produced versus γD mass for both LDMX (1016 EOT) and NA64e (5 × 1012 EOT),
with the coupling constant chosen to be gaγγD ¼ 1 GeV−1. The hidden particles are produced in bremsstrahlung-like reactions and
various meson decays. Left panel: the resulted number of invisible signal events for the LDMX experiment, the aγD pairs are produced
through the bremsstrahlung-like channel γ� → aγD (red line), rho meson ρ → aγD (brown line), omega meson ω → aγD (orange line),
and phi meson decay ϕ → aγD (green line). The resulted number of aγD pairs produced at the LDMX is shown (blue line). Right panel:
the same as in the left panel, but for the NA64e electron missing momentum facility, implying that the dominant signal mechanisms are
due to the virtual photon emission γ� → aγD (red line) and J=ψ → aγD decays (black line).
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statistically negligible background for the planned sensi-
tivity studies with ≃1013 EOT.

B. The LDMX experiment

The LDMX is a proposed electron fixed-target experi-
ment at SLAC National Accelerator Laboratory [50],
sharing a similar beam-based approach with NA64e.
LDMX is specifically designed to reconstruct the missing
momentum of the scattered electron, providing a comple-
mentary probe of the process in Eq. (5). The stringent
missing-momentum requirements and extensive active veto
systems employed by both experiments render them
virtually background-free for the signal topology under
consideration [26,45].
The conceptual design of LDMX comprises a thin target,

a precision silicon tracker, and downstream electromag-
netic and hadronic calorimeters. For detailed descriptions
of the detector layout and subsystems, see Refs. [45,49].
A significant fraction of the primary electron beam

energy is lost via the emission of dark-sector particles
within a thin upstream target. The resulting missing
momentum of the scattered electron is reconstructed using
a downstream silicon tracker system complemented by
electromagnetic and hadronic calorimeters.
For the numerical analysis presented here, we consider

an aluminum target with the following properties: radiation
length X0 ¼ 8.9 cm, density ρ ¼ 2.7 g cm−3, atomic mass
A ¼ 27 gmol−1, and atomic number Z ¼ 13. The effective
target thickness is taken as LT ≃ 0.4X0. According to its
design parameters, LDMX plans to accumulate an inte-
grated luminosity of EOT ≃ 1016 electrons on target, with a
beam energy of up to Ee ¼ 8 GeV during its second
operational phase [48].
For the LDMX analysis, we adopt selection criteria based

on prior studies searching for invisibly decaying dark
photons in the sub-GeV mass range [45,48,49]. This
approach is well justified, as the experimental signatures
for the processes eN → eNaγD and eN → eNγD are nearly
identical. The similarity arises because the differential energy
spectra of the aγD system and a single dark photon share a
common kinematic shape, with production dominated by the
forward scattering region. Consequently, we apply the same
missing-energy cut used in those references, requiring the
reconstructed electron energy to satisfy Erec

e ≲ 0.3Ee. This
corresponds to a lower integration limit of Emin ¼ 0.7Ee ≃
5.6 GeV in Eq. (8) for an Ee ≃ 8 GeV beam.
Based on current simulation studies, the residual

backgrounds for LDMX originate primarily from four
categories [50]: (i) unbiased electron interactions, (ii) photo-
nuclear reactions, (iii) electronuclear interactions, and
(iv) muon conversion events. To maintain sensitivity at
the planned exposure of EOT ≃ 1016, a targeted upgrade of
the front-end electronics and trigger systems is underway
[50]. The objective of these detector improvements is to
achieve an effectively background-free experiment,

ensuring that the projected background remains below a
single event across the light dark state parameter space
targeted by the benchmark search [45,49].

V. EXISTED AND EXPECTED SENSITIVITIES

Recent theoretical and phenomenological developments
in the dark axion portal framework are summarized as
follows. The regarding portal itself was formalized in
Ref. [75], which proposed that the coupled system of
axions and dark photons could provide a viable mechanism
to account for the observed dark matter relic density [76].
Subsequently, detailed phenomenological studies have

explored its experimental signatures. Reference [39] pro-
vided a comprehensive analysis of potential signals at B
factories, fixed-target neutrino experiments, and beam-
dump facilities. Further investigations have focused on
specific channels: the monophoton signature arising from
the decay γD → aγ was examined for the experiments
such as LUXE–NPOD [77], SHIP [78], FASER [79], and
LHC [80] in Refs. [40,81–83]. While a complementary
analysis for reactor neutrino experiments was presented in
Refs. [53,84]. In addition, authors of Ref. [85] proposed a
scenario that connects the dark axion portal phenomenol-
ogy to a potential solution for the electroweak hierarchy
problem.
As emphasized previously, our analysis focuses on the

scenario where the dark photon decays invisibly into dark
sector fermions, γD → χχ̄ and mγD > ma. Consequently,
the exclusion limits derived from searches for visible dark
photon signatures are not directly applicable to the param-
eter space considered in the following subsections.

A. Collider based constraints

An authors of Ref. [86] proposed to utilize the ATLAS
as a muon fixed-target experiment. To be more specific,
authors considered a novel analysis for the ATLAS
detector, which takes advantage of the two independent
muon momentum measurements by the inner detector
and the muon system. They also provide the expected
reach for the muonphilic sub-GeV hidden vector, L ⊃
gγDA

0
νμ̄γνμ (see, e.g., left panel of Fig. 4 from Ref. [86]) in

ðmγD; gγDÞ plane from ATLAS experiment for projected
luminosoty of L ≃ 3 ab−1, implying muon missing
momentum signature, μN → μNγD. These limits can be
relevant for our benchmark scenario, if one recasts the
expected reach ðmγD; gγDÞ → ðmγD; gaγγDÞ. Specifically,
one can obtain the relevant for our analysis conservative
limit on gATLASaγγD from the plot shown in Fig. 4 of Ref. [86].
For the mass range of interest 1 MeV ≲mγD ≲ 1 GeV, the
rough estimate yields the following relation between
couplings:

gATLASaγγD ≃ gATLASγD × gNA64μaγγD =gNA64μγD ; ð18Þ
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where gNA64μaγγD and gNA64μγD are the experimental reaches of
the muon missing momentum facility NA64μ adapted
from Ref. [86] and Ref. [41], respectively, for the
equivalent anticipated statistics of muons accumulated
on target. The conservative estimate (18) is justified by
the similar missing energy cuts and typical muon beam
energies at ATLAS and NA64μ.
In Fig. 4, we also show BABAR excluded bounds for

the data on monophoton missing energy signature,
eþe− → γaγD, adapted from [41]. These BABAR bounds
at the level of gaγγD ≲ 1.5 × 10−2 GeV−1 rule out the
projected limits of ATLAS, gaγγD ≲ 3 × 10−2 GeV−1, which
can operate as muon missing momentum facility [86].

For the sub-GeV dark photon masses, a sufficiently
strong bound,

gaγγD ≲ 2.0 × 10−2 GeV−1; ð19Þ

can be set from BABAR data [87] on invisible ϒ meson
decay. Namely, the regarding branching fraction is con-
strained to be

Brϒ→inv ≲ 3 × 10−4; ð20Þ

at 90% CL. That limit can be associate with a relevant for
our analysis bound on the invisible branching fraction of
ϒð1SÞ → aγD vector meson. In order to extract the
coupling constant bound from this limit, we employ again
VMD model for ϒð1SÞ meson, implying that typical
mixing with photons is estimated to be, gϒ ≃ 40.3
from its radiative decay into eþe− pair. Specifically, the
VMD constant can be linked with leptonic decay width,
Γϒ→eþe− ≃ 1.3 keV as follows:

gϒ ≃
�
4πα2mϒ

3Γϒ→eþe−

�
1=2

≃ 40.3; ð21Þ

where α ≃ 1=137 is a fine structure coupling constant,
mϒ ≃ 9460 MeV is a mass of ϒð1SÞ meson. The resulted
bound (19) is obtained by incorporating data in Table I,
Eqs. (20) and (16). The ϒ invisible decay bounds shown in
Fig. 4 rule out both BABAR monophoton, eþe− → γaγD,
limits and ATLAS muon missing energy, μN → μNaγD,
projected sensitivities.

B. Astrophysical constraints

In this subsection, we follow Ref. [89] to overview
briefly other constrains on dark axion portal coupling (1)
coming from the supernova bounds.
The supernova SN1987A has served as an important

astrophysical laboratory for probing physics beyond the
SM. The impact of novel particle emission on supernova
cooling is characterized by two distinct transport regimes,
defined by the interaction strength of the new particle
species. In the weak-coupling limit, particles produced in
the stellar core undergo negligible re-scattering, freely
escaping the proto-neutron star volume. This defines the
transparent or free-streaming regime, where energy loss is
proportional to the production rate. Constraints derived in
this regime establish a lower bound on the particle
coupling, as any stronger interaction would only enhance
the emission and violate observational limits.
Conversely, if the coupling is sufficiently strong, the

novel particles achieve local thermal equilibrium and
become trapped within the dense medium. In this trapping
regime, energy is transported diffusively and radiated from
a neutrinosphere-like last scattering surface. As the cou-
pling strength increases, this effective emission surface

FIG. 4. The limits at 90% CL on gaγγD coupling from ATLAS,
BABAR, and the fixed-target experiments for the minimal dark
ALP portal setup as a function of the dark photon mass mγD . For
the accelerator based sensitivity curves, we imply that BrðγD →
χχ̄Þ ≃ 1 and ma ¼ 10 keV. Green dashed line is the projected
sensitivity for NA64e experiment for EOT ≃ 5 × 1012, and blue
dashed line corresponds to the projected sensitivity of LDMX
facility for EOT ≃ 1016. The shaded green region shows the
parameter space excluded by the NA64e experiment for
EOT ≃ 9.37 × 1011. For completeness, by dashed dotted green
lines, we show the expected reaches of NA64e for EOT ≃ 1013

with a finite background, b ≃ 1, and background free, b ≃ 0, case.
We also show the BABAR [41] excluded bounds for the data on
monophoton missing energy signature, eþe− → γaγD. The BA-
BAR limits [87] from invisible decays ϒð1SÞ → aγD are shown
by brown solid line. The projected bounds of ATLAS
(L ≃ 3 ab−1) associated with muon missing momentum process,
μN → μNaγD are shown by black dashed line [86,88]. The
region of parameter space excluded by supernova (SN) is shown
by shaded red area [89].
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recedes to larger radii and lower temperatures within the
stellar gradient, thereby reducing the spectral luminosity.
This behavior generates an upper bound on allowable
couplings, as excessively strong interactions suppress the
emergent flux below levels detectable from SN1987A. The
full exclusion contour, spanning from the free-streaming
lower bound to the trapping upper bound, is plotted within
the framework of the Raffelt criterion [90]. In Fig. 4, we
show the relevant bounds by shaded red region, adapted
from [89].

C. The reach of the missing energy experiments

By using Eq. (17) to calculate the expected number of
aγD production events, we derive projected exclusion limits
on the portal coupling gaγγD within the minimal dark ALP
portal framework. Assuming a background-free search
(b ≃ 0) and a null observation, nobs ≃ 0, we set a 90% con-
fidence level (CL) exclusion criterion corresponding to a
signal yield of Nsign ≳ 2.3 events. This criterion is used to
determine the upper bounds on gaγγD presented in the
following analysis.
In Fig. 4, we show the expected reach of NA64e and

LDMX by green and blue solid lines, respectively. Note
that projected limits on gaγγD from LDMX are fairly strong,
i.e., for small masses of dark photon,mγD ≃Oð1Þ MeV the
expected reach is estimated to be at the level of
gaγγD ≲Oð10−4Þ GeV−1. The regarding LDMX sensitivity
enhancement can be explained by the large number of the
projected accumulated statistics, EOT ≃ 1016, by the final
phase of experimental running.
In addition, we note that the projected limits of NA64e

for EOT ≃ 5 × 1012 can rule the typical couplings at the
level of gaγγD ≲ ð3.5–5Þ × 10−3 GeV−1 for sub-GeV dark
photons. In Fig. 4, we show by the shaded green region the
excluded limits of NA64e for the current accumulated
statistics [31] of EOT ≃ 9.37 × 1011. To be more specific,
the current bounds of NA64e rules out the couplings in the
range 8 × 10−3 GeV−1 ≲ gaγγD ≲ 1.5 × 10−2 GeV−1 for
the dark photon masses of interest, mγD ≲ 1 GeV.
To perform additional conservative projection, in Fig. 4,

we also show the expected reaches of NA64e implying the
anticipated statistics of EOT ≃ 1013 for both background
free, b ¼ 0, and non-negligible number of regarding
events, b ≃ 1 (see, e.g., Ref. [91] and references therein
for detail). To summarize principal findings of this section,
we note that accounting for vector mesons would result in a
sensitivity enhancement by a factor of Oð1Þ for the LDMX
facility in the large mass region, mγD ≲ 1 GeV. In contrast,
for the NA64e experiment, vector meson decays enhance
its sensitivity to dark ALP portal by several orders of
magnitude for the sub-GeV mass range. However, a
sufficiently large portion of the parameter space within,
500 MeV≲mγD ≲ 1 GeV is constrained from the
SN1987A.

To conclude this section, let us discuss the difference
between vector meson production effects for NA64e and
LDMX, which impacts the relevant sensitivity. As we
pointed out above in Sec. III B, the channel for J=ψ
production is allowed in the NA64e experiment while it
is parametrically suppressed in the LDMX facility [48].
This can be explained by the differences in the typical
bremsstrahlung energies: Eγ� ≲ 8 GeV for LDMX and
Eγ� ≲ 100 GeV for NA64e (sufficiently small photon
energy for exclusive J=ψ production at LDMX results in
the form factor suppression of the heavy meson photo-
production cross section [48] within the framework of the
Glauber optical model [92]).
It must be pointed out that the larger the typical

energy of the bremsstrahlung photon, Eγ� , the larger
the meson photoproduction cross section, and thus, its
yield [48] for lighter vector mesons (ρ, ϕ, ω). However,
due to the sufficiently large expected statistics of LDMX
(EOT ≃ 1016), the total number of vector mesons at
LDMX is greater than the relevant yield for NA64e with
EOT ≲ 1013 [see, e.g., Fig. 3, Eqs. (10) and (11) for
details].
Now let us argue that J=ψ provides better sensitivity

compared to lighter vector mesons at NA64e. Indeed,
Eqs. (12), (13), and (16) imply that the number of vector
meson missing energy signatures scales approximately as

NV→aγD ∝
m3

V

g2VΓtot
: ð22Þ

On the other hand, the typical VMD coupling constant gV is
estimated to be of order Oð5Þ for all vector mesons of
interest. Furthermore, the total decay width of the J=ψ
meson is sufficiently small, while its mass is large enough
to maximize the yield of invisible decay signatures J=ψ →
aγD at the NA64e experiment, as can be seen from Table I.
Consequently, J=ψ provides better sensitivity compared to
lighter mesons in the mass range below the thresh-
old mγD ≲mJ=ψ ≃ 3 GeV.
Remarkable, the dominant contribution of the heavy

vector meson to the invisible decay rate was also mentioned
in the light of inelastic DM probes at proton beam dump
facilities [93–95].

VI. BOUNDS FROM FERMION EDMS

In this section, we derive the constraints on the combi-
nations of P-even and P-odd couplings of new particles
using data on electric dipole moments (EDMs) of leptons
and neutron. The contributions of new particles to EDMs
are described by the Bar-Zee diagrams in Fig. 5. This
contribution is generated by an additional interaction
Lagrangian containing three terms: (i) P-parity violating
coupling of ALP with SM fermions, gaf, (ii) P-parity
conserving coupling of ALP with SM photon and dark
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photon, gaγγD , and (iii) P-parity conserving coupling of
dark photon with SM fermions, eϵf,

L ⊃ gafaf̄f þ gaγγD
2

aFμνF̃0μν þ eϵff̄γμA0
μf: ð23Þ

To be more specific, the EDM of spin-1
2
fermion f

(neutron or leptons) is defined as df ¼ DEð0;ΛÞ, where
DEðq2;ΛÞ is the relativistic electric dipole form factor
extracted from full electromagnetic vertex function of
corresponding fermion [96–100],

Minv ¼ ūfðp2ÞΓμðp1; p2Þufðp1Þ;
Γμ ¼ −σμνqνγ5DEðq2;ΛÞ þ…; ð24Þ

where q ¼ p1 − p2 is a momentum of photon. The con-
tribution of dark axion portal depicted in Fig. 5 is divergent.
With the cutoff regularization, the result in (24) is expressed
in terms of the ultraviolet (UV) scale, Λ.
In particular, the relevant contributions of the specific

diagrams in Fig. 5 read [41]

df ¼ −
G
4π2

�
−
1

2
þ Iðm2

γD; m
2
fÞ − Iðm2

a; m2
fÞ

m2
γD −m2

a

�
; ð25Þ

where G ¼ gafgaγγDeϵf is a product of the coupling con-
stants, and auxiliary loop function Iðm2; m2

fÞ is defined as

Iðm2; m2
fÞ ¼

Z
1

0

dx½m2ð1 − xÞ þm2
fx

2�

× log
m2ð1 − xÞ þm2

fx
2

Λ2
: ð26Þ

Since the interaction in (1) is nonrenormalizable, we treat Λ
as scale up to which our consideration is valid. Using the
upper limits/results for the electron [101], muon [102], and
neutron [103] EDMs,

jdej < 4.1 × 10−30 e cm; at 90%CL;

jdμj < 1.9 × 10−19 e cm; at 95%CL;

jdnj < 1.8 × 10−26 e cm; at 90%CL;

we get the upper limits for combinations of couplings of
new particles, which are displayed in Table II. We set for
concreteness two benchmark cutoff scales Λ ≃ 100 GeV
and Λ ≃ 200 GeV and plot relevant limits in Fig. 6 for the
following approaches: (i) heavy dark photon with mass
hierarchy, mγD ≫ ma ≫ mf, (ii) equivalent mass of dark
photon and ALP, mγD ¼ ma ≫ mf.
It turns out that the electron EDM, which is currently

constrained by the JILA Collaboration [101] is very
sensitive to probe nonminimal CP-odd dark ALP
portal scenario (23) at the level of jgaegaγγDeϵej≲
Oð10−15Þ GeV−1. The upper bounds on the coupling

FIG. 5. Feynman diagrams which generate EDM terms due to
axion coupling with both dark and SM photons [see, e.g., Eq. (23)
for detail].

TABLE II. Upper limits on couplings of new particles from data on EDMs of electron, muon, and neutron.

Coupling combination Electron (90% CL) Muon (95% CL) Neutron (90% CL)

mγD ¼ ma ≫ mf , jgafgaγγDeϵfj × ½log ðΛ2=m2
γDÞ þ 1=2�:

≲5.0 × 10−15 GeV−1, ≲2.3 × 10−4 GeV−1, ≲2.2 × 10−11 GeV−1,
mγD ≫ mf ≫ ma, jgafgaγγDeϵfj × ½log ðΛ2=m2

γDÞ þ 5=2�:

FIG. 6. Boundaries for the product of CP-odd and CP-even
couplings from EDM neutron and electron/muon as the function
of the dark photon mass.
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combination for the muon—and neutron-specific scenarios
are estimated to be at the level of jgaμgaγγDeϵμj≲
Oð10−5Þ GeV−1 and jgangaγγDeϵnj ≲Oð10−12Þ GeV−1,
respectively. The bounds on the combinations of couplings
depend logarithmically on dark photom mass.

VII. CONCLUSION

We have studied the missing energy signatures for the
projected and existed electron fixed target experiments,
such as LDMX and NA64e. In particular, we calculated the
rate of aγD pair production processes eN → eNaγD fol-
lowed by the invisible dark photon decay into DS particles
γD → χχ̄ for the specific fixed target facility.
We derive new exclusion limits based on the NA64e data

set with 9.37 × 1011 EOT by considering two distinct
production mechanisms leading to invisible final states:
(i) the bremsstrahlung-like emission of an ALP-dark
photon pair, eN → eNγ�ð→ aγDÞ, and (ii) exclusive vector
meson photoproduction, γ�N → NV, followed by the
invisible decay V → aγD.
We find that vector mesons enhance sensitivity differ-

ently across experiments. For LDMX in the mγD ≲ 1 GeV
region, the enhancement factor is Oð1Þ. For NA64, vector
meson decays boost sensitivity to the dark ALP portal by
several orders of magnitude due to J=ψ → aγD decay.
In a separate analysis, we establish constraints on the

parameter space of CP-violating, fermion-specific ALP

couplings. These bounds are obtained by correlating the
contributions of such couplings to the electric dipole
moments of the SM fermions. Specifically, we utilize
current experimental limits on the EDM of SM fermions
and include the associated, loop-induced contributions to
the EDMs of the electron, muon, and neutron.
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