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The link between ordinary Standard Model (SM) photons and both dark photons and axion-like particles
(ALPs) can be introduced through the dark axion portal coupling. Given the dark axion portal setup, in the
present paper we refer to the dark photon as the mediator between SM and dark matter (DM) particles,
implying that it decays predominantly into a pair of DM fermions. Furthermore, we discuss in detail the
implication of the dark axion portal scenario for the lepton (electron and muon) fixed-target experiments. In
particular, for the specific fixed-target facility we study the missing-energy signatures of the dark photon
production followed by its invisible decay into stable DM particles. We investigate the potential to probe
dark axion portal vertices with regarding signatures and derive the expected sensitivities of NA64e,
NAG64u, LDMX and M3. Moreover, we estimate the expected reach of NA64e from the projected statistics
of the J/y vector meson invisible decays. We also recast the BABAR monophoton bounds for the specific
dark axion portal scenario. In addition, we modify the dark axion portal setup by including in the model
both the hadron- and lepton-specific ALP couplings. As a result, we obtain the bounds on the combination
of fermion-specific couplings of ALP from the fixed-target experiments. We discuss the implication of the
modified dark axion portal scenario for the electric dipole moments (EDMs) of SM fermions. In addition,
we derive novel constraints on the combination of the CP-violating neutron-specific ALP couplings from
the existing bounds on neutron EDMs by taking into account the neutron anomalous magnetic moment.
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I. INTRODUCTION

Axion and axion-like particles (ALPS) arise naturally in
the Standard Model (SM) extensions, which are connected
with the CP violation problem in strong interaction physics
[1,2], can explain the muon (g — 2) anomaly [3,4] and dark
matter (DM) abundance [5-7]. More exotic cases of ALP
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phenomenology that include lepton flavor violation effects
are studied in the literature thoroughly [8—11]. The ALPs
and other dark sector particles have been extensively
discussed recently in the context of experimental searches
(see, e.g., Refs. [12-38] and references therein).

The link between SM and dark sector particles can be
established through the idea of portals [39]. For instance,
that concept includes such scenarios as the Higgs portal
[40], the dark photon portal [41-43], the sterile neutrino
portal [44], and the axion portal [45]. These portals offer
systematic examination of the DM and also give rise to
novel experimental signatures.

Recently, a new dark axion portal was suggested [46,47]
to provide the dark photon production mechanism in the
early Universe, implying an explanation of DM abundance
due to the sufficiently light dark photon. Such a portal
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connects the axion or ALP and the dark photon via both
axion—SM photon—dark photon and axion—dark photon—
dark photon couplings.

Now, let us briefly summarize recent progress in the dark
axion portal. In particular, the authors of Ref. [48] have
developed the idea of a dark axion portal in order to explain
the DM cosmic density through the mixture of both axions
and dark photons. In addition, in Ref. [49], authors
discussed in detail the implication of the relevant portal
for the leptonic (g — 2) anomalies, B-factories, fixed-target
neutrino experiments, and beam dumps. Also, there has
been previous study [50] of the monophoton signal for the
future experiments SHIP [51] and FASER [52] in the
framework of a dark axion portal. Moreover, a detailed
analysis of the regarding monophoton signatures and the
expected sensitivities of reactor neutrino experiments was
presented in Ref. [53]. The authors of Ref. [54] suggested a
scenario that provides a novel link between the pheno-
menological dark axion portal, dark photons, and the
hierarchy problem of the Higgs mass. In addition,
Ref. [55] proposed a new scenario of using the dark axion
portal at the one-loop level in order to explain the recent
results of the Fermilab muon (g — 2) experiment on the
muon anomalous magnetic moment.

In the first part of this paper, we develop the ideas
presented in Refs. [56,57], where the implications of light
sub-GeV bosons for the electric dipole moments (EDMs) of
fermions and the CP-odd dark axion portal coupling were
discussed in detail. In particular, we study the contribution
of CP-violation vertices of SM fermions and ALPs to EDM
and derive a novel constraint on the combination of
couplings of neutrons with ALPs. In addition, we argue
that the EDM of fermions can be induced by (i) CP-odd
Yukawa-like couplings of ALP, (ii) CP-even interactions of
SM fermions and dark photons, and (iii) CP-even dark
axion portal coupling. As a result, one can obtain the
bounds on the combination of regarding couplings.

The second part of the paper develops the idea suggested
in Refs. [49,50] that implies probing the dark ALP portal
scenario through the dark photon decaying predominantly
to the DM particles. In this setup, it is assumed that the dark
photon is the gauge field of the hidden Up(1) group, and
thus it can serve the mediator between DM and SM
particles via dark axion portal interaction. We show that
the regarding scenario has a very broad phenomenological
implication and can be probed via missing-energy signa-
tures in the existent (NA64e [31-35] and NA64u [58-61])
and the projected (LDMX [62-67] and M? [68,69]) lepton
fixed-target facilities. We also recast the BABAR constraints
on the dark ALP portal scenario with dark photons
decaying mainly to DM fermion pairs. In addition, we
address the CP-violating interaction of ALP with SM
fermions in order to modify the dark ALP portal scenario;
as a result, we obtain the expected bounds on the combi-
nation of hadron-specific and lepton-specific couplings
from NA64e, NA64yu, LDMX, and M3,

The paper is organized as follows: In Sec. II, we provide
a description of the considered modified dark ALP portal
scenarios. In Sec. III, we consider dark ALP portals applied
to the generation of EDM. In Sec. IV, we give a description
of the missing-energy signatures for the analysis of dark
matter production at the fixed-target experiments. In Sec. V,
we show that dark ALP portal couplings can be constrained
by using the data from e™e™ colliders and experiments that
exploit the electron and muon beam impinging on the fixed
target. In Secs. VI and VII, we obtain the constraints on the
combination of dark axion portal coupling with both
hadron-specific and lepton-specific interactions, respec-
tively. In Sec. VIII, we summarize our main results.

II. DESCRIPTION OF THE BENCHMARK
SCENARIOS

One of the possible connections between SM and dark
sector particles is a vector portal via the coupling of the SM
and dark photons. One can describe this mixing by using
the effective phenomenological Lagrangian

€
‘Cvector portal — 5 F”DF’IW’ (1)

where € is the kinetic mixing parameter between the two
U(1) gauge symmetries [70], and F,, and F), are the
strength tensors of SM electromagnetic and DM dark gauge
(dark photon) fields, respectively. Nevertheless, in the
present analysis, we assume throughout the paper that
€ < 1, implying that we are completely neglecting the
vector portal mixing in Eq. (1).

In what follows, one can assume [46,47] that mixing
between dark and electromagnetic photons can be asso-
ciated with ALP interaction. The effective Lagrangian for
such a nonrenormalizable dark axion portal has the form

g = g >
'Cdark axion portal — aj;fyl) aF;wF/W + % aF/wF/ﬂDa (2)

where the first term is the coupling between an ALP and
two dark photons, and the second term is the interaction
between an ALP and both a SM and a dark photon.

First, we consider the benchmark extension of the dark
axion portal setup by exploiting the dark matter (DM)
Lagrangian, such that the dark photon serves as the
mediator between the visible SM photon and hidden
DM sectors through the Lagrangian in Eq. (2). In particular,
we specify throughout the paper the Lagrangian

LD Ldark axion portal —i—}_((]/”laﬂ - gDyﬂA//t + m)())(’ (3)

which is referred to as the minimal dark ALP portal
scenario.

The field y in Eq. (3) is a Dirac DM fermion of mass m,
from the dark sector, where gp is the coupling constant
between the DM and dark photon A; field, which is
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associated with the hidden charge of the Up(1) gauge
group. Moreover, we assume that a dark photon decays
predominantly to a dark fermion yjy pair.

Second, we also employ a simplified model framework,
with a CP-violation Yukawa coupling between ALP and
SM fermions that can be written as

LD ‘CdaIk axion portal +)_((J’”i5ﬂ - QD}’ﬂA;l + m)())(

+ Y ap(gy + ighys)w, (4)
W

where the couplings, g;j, and gﬁ, are restricted to be from
two benchmark scenarios:

(1) The nonminimal lepton-specific ALP setup: g,, # 0,

gy # 0 for y = e, u, where e and y are the electron
and muon, respectively, and g;, = gy = O0fory = n,
p, where p and n are the proton and neutron,
respectively.

(2) The nonminimal hadron-specific ALP setup: g,, # 0,

gy #0fory =n, pand g, =g, =0 fory = e, p.

The Yukawa-like couplings of the Lagrangian in Eq. (4)
may originate from an effective interaction [71-74] in the
framework of the two-Higgs-doublet model. Moreover,
since such terms violate the CP symmetry, they can induce
the electric dipole moment (EDM) [75,76] of fermions. It is
worth estimating the bounds on the regarding couplings
from the EDMs of fermions in the framework of both the
lepton-specific and hadron-specific scenarios. That study is
of particular interest to the present paper. In Sec. III, we
discuss its phenomenological implications.

In addition, for the specific benchmark scenario, one can
also obtain the upper limit/expected sensitivity on either the
coupling g,,,, or the combination of couplings |g,,,, 3|
and |g,,,, gi| from the null result of DM detection in the
BABAR e e™ collider and in fixed-target experiments such
as NA64e(u) at CERN SPS and LDMX at SLAC M? at
FermilLab. We discuss this in detail in Secs. IV, V, VI,
and VIL

II1I. EDM

Let us consider the bounds on ALP couplings from the
experimental constraints on EDM fermions (electrons,
muons, and neutrons) generated by a CP-violating
Lagrangian [77,78]. We can estimate a contribution to
EDM by calculation using simple Feynman diagrams (see
Fig. 1) with intermediate ALP exchange [56]. The con-
tribution to the fermion EDM with mass m,, has the form

s P

egu/gl//
d = —0: s 5
V= i 90) (5)

where the index i = 1 labels the lepton couplings (y = e,
), with the function g, (y) being

l

FIG. 1. Feynman diagrams taking into account ALPs, which
generate an EDM of charge fermions, leptons.

1 32
91()’)_/0 dx 5———— (6)

x4y (1-x)’

here y = m,/m,,. For the neutron case (y = n), we specify
the index i = 2 in Eq. (5). Then, one should account for the
neutron interaction with the external electromagnetic field
A, through the anomalous magnetic moment (see diagrams
in Fig. 2). The regarding Lagrangian can be written in the
following form:

ioc*"

qv
ky | N, 7
) L

Lany = ieAﬂN <}’”QN =+

where my is the nucleon mass, and Q, = diag(1,0) and
ky = diag(k,, k,) are the matrices of the electric charges
and the anomalous magnetic moments of nucleons (proton
p and neutron n), respectively, with k, = 1.793 and
k, =—1.913. Here, ¢* = i[y*.y"], where y* are Dirac
gamma matrices. Using the magnetic moment of the
neutron, we can calculate its contribution to the EDM
generated by ALP exchange at the one-loop level [see, e.g.,
Eq. (5) and Fig. 2 for details], the regarding g, (y) structure
of the Feynman integral can be written as

(1—-x)(1-x?)
(1=x)%+y*x’

mw—m%ﬁx (8)

where y = m,/my. Besides dark ALPs scenario can
generate EDM from diagrams which presented on Fig. 3

n

FIG. 2. Feynman diagrams, taking into account ALPs which
generate neutron EDMs induced by nonminimal electromagnetic
couplings (anomalous magnetic moments) with an external
electromagnetic field (shaded blob).
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FIG. 3. Feynman diagrams which generate EDM terms due to
axions coupled with both dark and SM photons [see, e.g.,
Eq. (10) for details].

and will be briefly discussed later. The analytic expression
for the loop integrals g;(y) is presented in Appendix A.
The boundaries for the combination of couplings |g¥ g% |
[57,75] as afunction of the ALP mass m,, are shown in Fig. 4.
The difference in behavior of different boundaries is con-
nected with the mass of fermions and existing limits to their
EDMs (|d,| < 1.1 x 107%e-cm, |d,| < 1.8 x 107" - cm,
and |d,| < 1.8 x 107%%¢ - cm; see Ref. [79] from the Particle
Data Group). Bounds on |g{g},| from the neutron EDM for

light masses of ALPs are proportional to 8, a parameter of CP
violation of the vacuum in quantum chromodynamics (QCD)
whose typical value is ~1071° [80,81]. Itis a general neutron
EDM feature due to the light scalar/pseudoscalar boson
exchange in one loop [81] or two loops with the CP-violation
vertex [80,82—-84].

However, from the EDM of fermions we can estimate only
the combination of ALPs couplings ¢¥ and g%, wherein we
want to note that the Lagrangian with universal C P-violating
couplings to the SM fermions,

Lep DY walgy, +igyrs)w, )
W

plays an important role in spin interaction. In particular, by
exploiting the data on Schiff moments of atoms or molecules,

boundary from EDM

1008
1008 /’
S ]
S ol |
—= neutron
10014 - electron
—— muon
10017 |
1005 0.001 0.100 10

mg GeV

FIG. 4. Boundaries for the product of scalar and pseudoscalar
couplings from an EDM neutron and electron/muon as a function
of the ALP mass. These boundaries correspond to leptophilic and
hadrophilic scenarios.

it is straightforward to constrain the combination of cou-
plings |gy g7 | (see, e.g., Refs. [75,78,85] for details).

We would like to stress that the ALPs in the considered
scenario could contribute to the fermion EDMs. The corre-
sponding matrix element is induced by the CP-violating
diagrams analogous to the Barr-Zee diagrams with ALP
exchange in the loop (see Fig. 3). This contribution is
generated by an additional interaction Lagrangian containing
three terms: (i) the P-parity-violating coupling of ALPs with
SM fermions, (ii) the P-parity-conserving coupling of ALPs
with SM photons and dark photons, and (iii) the P-parity-
conserving coupling of dark photons with SM fermions:

LDalgapy + %%FWF”’” + eeyy Ay, (10)

The detailed analysis of the present bounds would
require the consideration of both the vector portal and
dark ALP portal scenarios. Such analysis is beyond the
scope of the present paper, and we leave it for future study.
In particular, we consider regarding limits elsewhere [86],
just collecting some general formulas in Appendix B.

IV. THE MISSING-ENERGY SIGNAL

In this section, we discuss the setups for the fixed-target
experiments such as NA64e [31-35], LDMX [62-67],
NAG64u [58-61], and M? [68,69], which can potentially
probe the invisible signatures associated with a lepton
missing-energy process

lZ_)Zl(Emiss)’ (11)

where [ = (e, u) is the label for either the electron or muon
beam and Z designates the target nucleus. For instance, in
the framework of the minimal dark ALP portal scenario, the
missing energy of the lepton beam E;,, can arise from the
production of the ALP a and dark photon yp by the off-
shell photon y* in the process [Z — [Zy* — [Zayp(— i)

YD

FIG. 5. Feynman diagrams for radiative ALP and dark photon
production by an impinging lepton on a nucleus Z. The regarding
process represents the missing-energy signature for the minimal
dark ALP portal scenario £ D % Gayy, aF ”DF //m Note that we
neglect in the calculation the diagrams with off-shell photons
from the nucleus leg, since their contribution to the signal process
is suppressed by a factor of (Zm,/M,)? for both electrons and
muons impinging on the nucleus.
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FIG. 6. Feynman diagrams for processes of the lepton scatter-
ing off an atomic target (A, Z) in which the SM and dark photon
interact through the axion portal coupling for both ALP-
hadrophilic (left) and ALP-leptophilic (right) scenarios.

(A, 2) A,Z)

(see, e.g., Fig. 5 for detail). To calculate the regarding yield,
we use the state-of-the-art CalcHEP package [87].

In addition, for the hadron-specific and lepton-specific
couplings of the ALPs, the missing-energy process [Z —
[Zyp(— jyx) is possible. This reaction implies that dark
photon production is associated with the interaction of the
ALP with a SM photon which is produced by either the beam
or target (see, e.g., Fig. 6 for detail). To calculate the cross
section of these processes, we exploit the approximation of
equivalent photons, also known as the Weizsacker-Williams
(WW) [88-90] approximation. This approach is common for
DM production study in the beam dump and fixed-target
experiments. It implies replacing the fast-moving charged
particles with a specific photon distribution.

The dark photon can decay through the different chan-
nels in the dark ALP portal scenario. In particular, as soon
as m, = m,, the visible two-body decay through the ALP

YD ™~

and photon is kinetically accessible with a decay width [50]

2 2\ 3
Yayrp my
F}’D—W}’ = 967 m}S’D (1 ) > : (12)

m}’[)

Lagrangian (3) implies that the invisible two-body decay of
the dark photon y, into a yy pair is also allowed with a
decay width [91]

2 2 2 4 2\ 1/2
__ 9 =My oy
o= () 0 5) 09

In the present paper, we will focus on the process of the
invisible channel of dark photon decay into a pair of hidden
dark fermions, yp — yy with Br(yp — jy)~1 for
m, < m,, . That implies the following condition on decay
widths: I', ., >1, _,, and as a result this yields
9p >> Jayy,M,,- Therefore, it leads to the rapid decay of
the dark photon into a yy pair after its production. In
addition, in our analysis throughout the paper, we keep the
ALP mass m, well below m, , such that m, < m, , to get
rid of the possible visible decay signatures a — yyp in the
detector of the fixed-target facility.

To begin with, we estimate the number of missing-
energy events for the lepton beam with a fixed target as
follows:

N Xmax d E
Non=LOT 0L, [ M By ). (14)
A Xmin dx

where E; is the initial energy of the beam, A is the atomic
weight number of the target material, N, is Avogadro’s
number, LOT is the number of leptons accumulated on the
target, p is the target density, L is the effective thickness of
the target, do/dx is differential cross section for the specific
missing-energy channel [Z — ZI(E ), and x;, and x;.,
are the minimal and maximal fraction of the lepton energy
x = E/E; that hidden particles carry away. The cuts on
x are determined by the specific fixed-target facility.

Let us discuss now the benchmark input parameters for
each specific experimental setup.

A. The NA64e experiment

The dark photon and/or ALP can be produced in the
reaction of high-energy electrons of £, = 100 GeV scatte-
ring off the nuclei of an active lead ECAL target:

eZ — eZyp(a), (15)

followed by prompty,, — jy decay into dark matter particles
(y). Thus, the fraction E,;, = xE, of the primary beam
energy is carried away by the y’s (a), which penetrate the
detector of NA64e without energy deposition. The remain-
ing part of the beam energy fraction E%° = E,(1 —x) is
deposited in the ECAL target by the scattered electrons.
Therefore, the occurrence of the hidden particles produced in
the process [Eq. (11)] leads to an excess of events with a
single electromagnetic (EM) shower with energy E'Y° above
the expected background (see, e.g., Ref. [30] for detail). In
the present analysis, we conservatively assume that the EM
shower is localized in the first radiation length of the lead
detector X, = 0.56 cm, such that the effective thickness of
the target in Eq. (14) is Ly ~ X,. That implies that the
dominant production of the hidden particles occurs within
the first radiation length of the active ECAL target [92]. The
candidate events are requested to have the missing energy in
the range ET° < 0.5E,, implying that x,,,;, = 0.5 in Eq. (14).

The ECAL target of NA64e is a matrix of 6 X6
Shashlyk-type modules assembled from lead (Pb)
(p=1134 gecm™, A =207 gmole™!, Z = 82) and scin-
tillator (Sc) plates. Note that the production of hidden
particles in the scintillator is subleading due to its larger
radiation length, X,(Sc) > X,(Pb); thus, we ignore it in
the calculation.

The NA64e employs the optimized electron beam from
the H4 beam line at the SPS. The maximum intensity of the
beam is ~107 electrons per spill of 4.8 s; the number of
good spills per day is estimated to be 4000. Therefore,
approximately 120 days are required to accumulate
5 x 10'? electrons on target (EOT) at the H4 electron beam
line.
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B. The LDMX experiments

The LDMX is the proposed fixed-target experiment
at Fermilab that exploits the electron beam as well as
the NA64e facility. The LDMX is designed to measure the
missing momentum of the electron; thus, probing of the
process in Eq. (15) at LDMX is complementary to NA64e.
Moreover, the missing-momentum cuts and the active veto
systems of both experiments make them essentially back-
ground free [30,63]. The proposed LDMX facility consists
of a target, a silicon tracker system, and an electromagnetic
and hadron calorimeter (for details, see, e.g., Refs. [63,67]).
Most of the electron beam energy is lost due to the emission
of the dark particles occurring in the thin upstream target.
The missing momentum of the electron is tagged by the
silicon tracker and the downstream electromagnetic and
hadron calorimeter. The final-state electron missing-energy
cut is chosen to be EF° < 0.3E,, which corresponds to
Xmin = 0.7 in Eq. (14). In our analysis, we carry out the
calculation for the aluminum target (Al) (X, = 8.9 cm,
p=27gem3, A =27 gmole™!, Z = 13) with a thickness
of Ly ~0.4X,. Note that the LDMX plans to accumulate
EOT =~ 10'® with the beam energy up to E, = 16 GeV for
the final phase of running after 2027 [67].

C. The NA64u experiment

The NA64y facility [60,61] is a complementary experi-
ment to the NA64e that searches for the dark sector
particles in the muon beam mode:

HZ — uZyp(a). (16)

In our calculations, we set the muon beam energy of NA64u
to be E” ~ 160 GeV; the muon flux is chosen to be about
MOT = 5 x 10" for the projected statistics. We consider the
lead Shashlyk-type electromagnetic calorimeter that serves a
target with a typical thickness of Ly ~ 40X, ~22.5 cm. We
also neglect the muon stopping loss in the lead target [93,94],
since its typical energy attenuation is rather small
((dE,/dx) ~12.7 x 107 GeV /cm), for the ultrarelativistic
approach E, ~ 160 GeV.

The NA64u facility exploits two magnet spectrometers,
allowing for precise measurements of momenta for incident
and outgoing muons [61]. We set a cut on the energy of the
recoiling muon, E;° < 0.5E, ~ 80 GeV, so that x,;, = 0.5.

We also note that the intensity of 160 GeV muons at the
M2 beam line can be higher by a factor of 10 than that for the
electrons. Therefore, about the same running time of 120 days
is required to accumulate much higher statistics of 5 x 10'3
muons on target (MOT) relative to EOT = 5 x 10'? for
NA64e.

D. The M? experiments

The M? (muon missing-momentum) experiments at
Fermilab [68] are a projected modification of the LDMX

facility that is suitable for probing the muon-specific
missing-energy signatures, uZ — uZyp(a). In particular,
it considers new physics discovery potential for the muon
beam of E, ~ 15 GeV with a thick tungsten target (W)
(Xy~0.35cm, p=193gem™3, A~ 184 gmole™!, Z = 74)
of thickness Ly = 50X,~17.5 cm and a downstream
detector to veto SM backgrounds.

The M3 plans to accumulate 10° MOT within ~3 months
of data taking. The signal missing-momentum signature of
the recoil muon is E;7° <9 GeV, meaning that x,,;, = 0.4
in Eq. (14). The reported [68] muon stopping loss is
530 MeV through a tungsten target of 50X, for muons
of E, ~ 15 GeV. We neglect (dE/dx) in the signal estimate
for the sake of simplicity. Given that approach, one can
exploit Eq. (14) for the signal yield estimate.

V. MINIMAL DARK ALP PORTAL SCENARIO

In this section, for the minimal dark ALP portal setup
[Eq. (3)], we discuss the experimental signature of dark
photon and ALP production in the processes

(1) e(u)Z — e(u)Zy* - e(u)Zayp, which is shown in
Fig. 5 for the fixed-target experiments.

(2) J/w vector meson photoproduction, eZ — eZJ/y
followed by invisible decay J/w — ayp, at the
NAG64e experiment (see, e.g., Fig. 7 for details).

(3) ete” = yr" > y(r" = arp) » vayp, which is
shown in Fig. 8 for the BABAR experiment.

In particular, we estimate the rates of these processes and
calculate the sensitivity curves from the null result of the
experimental facilities.

FIG. 7. Feynman diagrams for the radiative J/y - y* — ayp
decay.

FIG. 8. Feynman diagrams for the monophoton three-body
process eTe~ — ayyp followed by invisible dark photon decay
into a DM fermion pair, y, — yy. That reaction is relevant for the
BABAR constraints on g,,,, coupling in the framework of the
minimal dark ALP portal scenario.
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A. Radiative cross sections of the fixed-target facilities

In order to estimate the sensitivity of the lepton fixed-
target experiments to probe minimal dark ALP portal
missing-energy signatures, we calculate cross sections by
exploiting the state-of-the-art CalcHEP package [87]. In
the SM model of CalcHEP, we add both the massive ALP «a
and the dark photon y, as new particles by including the
corresponding interaction Lagrangian with the photon
L2 (1/2)g4y,,aF , F),. We also add a target nucleus with
atomic number A, charge Z, with spin 1/2 particle, and
with mass M, that couples the SM photon via the U(1)
vertex ieZF (t)y,, where t = —g* > 0 is a nucleus transfer
momentum squared, and F(t) is an elastic form factor that
can be written as

a’t 1

Fl1) = (1+a*) (1+1/d)’

(17)

Here, a = 111Z7'3/m, and d = 0.164A~%/3 GeV? are the
form-factor parameters of screening and nucleus size,
respectively [95,96]. The form factor specified in Eq. (17)
was implemented in the c++ files for the expression of the
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matrix element squared, |M(IZ — [Zayp)|?, which is
generated in the analytical session of CalcHEP.

Given the input parameters of the experiments discussed
in Sec. IV, we carry out the integration of the exact tree-
level amplitude squared e(u)Z — e(u)Zayp over the phase
space of the outgoing particles by exploiting the CalcHEP
package. In particular, for the specific chemical element of
the target and typical energies of the lepton beam E;, we
calculate 6, as a function of the mass m,  in the range
1 MeV <m, <1GeV for m, ~10 keV. The numerical
integration was performed by the VEGAS importance
sampling algorithm with Ng,,, = 10 runs and N, =
10® sampling points during each run. The grid adapting of
the VEGAS algorithm was performed with a fairly good
accuracy of 0(0.1)%—-0(0.01)% in the numerical session
of CalcHEP.

In Fig. 9, we show the differential cross sections as a
function of the missing energy, Ey; = E, + E,, in the
signal box range E!" < E. SE; for the fixed-target
experiments and various masses m, ; here we denote

Eﬁh = XminE;. Both the NA64e and LDMX cross sections
have a peak at E;,, ~ E,, which implies that the signal is
strongly forward peak for E > m, ,m, and the

NA64u, Pb-target, E =160 GeV

=
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s o —500 MeV
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FIG. 9. The differential spectra of the process IZ — [Zayp(— yy) as a function of the missing energy E,y = E,, + E, for various
experimental fixed-target facilities and for the set of dark photon masses m,, = 10 MeV, m, = 100 MeV, and m,, = 500 MeV in the
framework of the minimal dark ALP portal scenario. We set g,,,, = 1 GeV~! and m, = 10 keV.
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FIG. 10. The total cross section as a function of the mass m,,
for the minimal portal scenario, where m, ~ 10 keV. We set here
Gayy, = 1 GeV~! and integrate the cross section over the exper-
imental cut range Xy, S X < Xma The red line is the cross
section for the NA64e experiment, the black line corresponds to
the NA64u experiment, the blue line is the total cross section for
the M? experiment, and the green line corresponds to the cross
section of the LDMX facility.

dominant part of the beam energy transfers to the ayp pair.
However, for the muon beam cross sections of both NA64u
and M3, the peak at E,;, < E, is mitigated, since the
production rates of the ayp pair are in the soft brems-
strahlung-like regime as long as m, ,m, < m,.

In Fig. 10, the resulting total cross sections are shown for
the NA64e, NA64u, LDMX, and M? experimental facilities.
It is worth mentioning that the NA64e cross section ' in
Fig. 10 for the lead (Pb) target (Z ~ 82) with an impinging
electron beam of E, = 100 GeV is generally larger by a
factor of ~10 than the lead cross section ¢,* for the muon
beam of E, = 160 GeV. Therefore, there is a cross-section
advantage of using the electron beam instead of a muon beam
in the low-mass region m, 2 1 MeV, as long as both the
electron and muon have typical energies of the order of
E,~E,~(0(100) GeV. On the other hand, oy decreases
more rapidly than o)* as m,  increases towards 1 GeV
in the mass range of interest, m, < 1 GeV. The latter one
scales as o} o g7, and depends weakly on m,  for the
bremsstrahlung-like regime as long as m,, m,, < m,,.

In addition, one can see from Fig. 10 that the LDMX
cross section for the aluminum (Al) target (Z ~13) is
smaller than the cross section for the lead target of the
NAG64e facility, since the rate of ayp production scales with
 Z? and the aluminum nucleus charge is smaller by a
factor of 82/13 ~6.3.

However, if we compare the M? cross section for the
tungsten (W) target (Z ~ 74) with an impinging muon beam
of E, ~ 15 GeV and the LDMX cross section with imping-
ing electrons of E, ~ 16 GeV, one can conclude that the
advantage of the electron beam in the low-mass region m,, 2
1 MeV is compensated by the nucleus charge suppression.
As a result, the cross sections of M? and LDMX are both of
the same order of magnitude at m, ~ 1 MeV.

B. Limits from the fixed-target experiments

Using the formula (14) for the number of produced ay,
pairs and the results on the production cross sections, we
find the expected bounds on the coupling g, for the
minimal dark ALP portal scenario. We require N, 2 2.3,
which corresponds to the 90% C.L. exclusion limit on the
coupling g, for the background free case and null result
of the fixed-target experiments. In Fig. 11, we show the
expected reach of NA64e, LDMX, NA64y, and M3, Note
that projected limits on g, from LDMX are fairly strong,
even though the cross section of ayp pair production at
LDMX is relatively small (see, e.g., the green line in
Fig. 10). The regarding LDMX sensitivity enchantment can
be explained by the large number of projected accumulated
statistics, EOT =~ 10'%, by the final phase of experimental
running. In addition, we note also from the M? and NA64u
cross section shown in Fig. 10 that the signal of ayp pair
production by the muon beam drops as the energy of muons
decreases. In particular, compared to the M? option with
16 GeV beam muons, the higher energy (e.g., 160 GeV)
muons of NA64u allow for probing a wider region in the
parameter space of the minimal dark ALP portal scenario
for MOT = 10'3. In addition, we note that the projected
limits of NA64e for EOT ~ 5 x 10'? can be ruled out by
other fixed-target experiments.

In Fig. 11, we show by the shaded red region the
excluded limits of NA64e for the current accumulated
statistics [34] of EOT =~ 3 x 10'!. This region rules out at
90% C.L. the typical parameter space of the minimal dark
ALP portal scenario [49] that can explain the (g — 2), and
(9 —2), anomalies [3,97-99] at the two-loop level. That
contribution of the ALP and dark photon is analogous to the
neutral pion term [100] that contributes the two-loop
hadronic part of the charged fermion (g —2);.

Concluding this subsection, we note that there is a
detector advantage of exploiting the muons at NA64u
instead of electrons at NA64e, even though both experi-
ments have a target total equivalent thickness of
40X, ~ 22.5 cm. The key point of that idea is the following
[94]: The electron beam of E, ~ 100 GeV degrades sig-
nificantly within the first radiation length X, of the lead
target. Contrarily, the muons pass the target without a
significant loss of energy, since their radiation length scales
as X{j ~ (m,/m,)*Xy > X,. This implies that the missing-
momentum signal of NA64u is scaled as N, o Ly.
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FIG. 11. The limits on g,,, coupling from the fixed-target

experiments and BABAR for the minimal dark ALP portal setup
as a function of the dark photon mass m, . For all sensitivity
curves, we imply that Br(yp, — y7) ~ 1 and m, = 10 keV. The
shaded areas are ruled out from the existed experiments, and the
solid lines correspond to the expected reaches of the fixed-target
experiments. The red line is the projected sensitivity for NA64e
experiment, the black line corresponds to the NA64y facility, the
blue line is the expected reach of M3, and the green line
corresponds to the projected sensitivity of the LDMX facility.
The shaded red region shows the parameter space excluded by the
NAG4e experiment for EOT ~3 x 10'". At a 90% C.L., the
excluded region of the NA64e experiment rules out the possible
explanation of (g — 2) muon (shaded orange region) and electron
(shaded brown region) anomalies [3,97,98] by the minimal ALP
scenario at the two-loop level [49]. The BABAR pink-shaded
region refers to the search for the three-body monophoton
process ete™ — ayyp followed by the rapid decay into a DM
pair yp — yy. The dark green line represents the expected
reach of the NA64e experiment associated with J/y meson
photoproduction followed by invisible decay J/w — ayp for
EOT ~5 x 102,

Therefore, one can improve the sensitivity of the muon
beam mode by increasing the typical interaction length of
the dump.

C. Expected constraints from J/y(1S) — ayp
decay at NA64de

In this subsection, we follow Ref. [66,101] to constrain
the parameter space of the minimal ALP portal scenario
from the invisible decay of J/w — ayp at NA64e. The
matrix element of the charm quark and antiquark transition

process ¢(p1)e(p2) = v*(q) = a(ky)yp(k;) can be writ-
ten as follows (see, e.g., Fig. 7 for detail):

. - i I VApc
Mz = lchv(Pz)}””(Pl)ﬁga%e Yok 42€ 00k, ) (18)

where k, k, and p,, p, are, respectively, the four momenta of
the ALP, the dark photon, and of the charm quarks. In the
center-of-mass frame, one has p; = p, = p = (m,,0,0,0),
with m, being the mass of the charm quark, while ¢ in
Eq. (18) is the photon four-momentum, such that ¢g*> = 4m?2,
Q. = 2/3 is the charge of the charm quark. By integrating

the averaged amplitude squared | M...|* [see, e.g., Eq. (18)]
over the phase space of outgoing particles, one can obtain the
invisible decay width

r o |WJ/1//(O)|2
Jw—ayp — 87

2 22 my, \
Yayyp € Qc I_MT ’ (19)

I/

where M/, ~ 3.1 GeV is the mass of J /y, and |y, ,, (0)|* =
4.47 x 1072 GeV? is the squared radial wave function [99]

of J /y at the origin r = 0. In order to calculate | M_..|?, we
exploit the state-of-the-art FeynCalc package [102] of
Wolfram Mathematica [103]. In Eq. (19), we neglect the
ALP mass, m, > m,. The authors provide in Table II of
Ref. [66] the number of expected J/w vector mesons,
Ny = 1.1 % 10°, produced for projected statistics EOT =
5 x 10'2 at NA64e. Therefore, one can easily estimate
the expected reach on Br(J/w — ayp) <2.3/N,,, at a
90% C.L. that implies no signal events of J/y invisible
decays into an ayp pair at NA64e for the background free
case. Here we use the value for the total decay width th"/tw ~
92.9 keV from Ref. [99]. That yields the expected reach on
the coupling g,,,, <5 107 GeV~" at the 90% C.L. for
NA64e in the mass range of interest 1 MeV <m,, <1 GeV.
In Fig. 11, we show the regarding expected limit that can rule
out the limit of NA64e for ayp pair production in the process
eZ — eZy*(— ayp) for the same statistics, EOT ~ 5 x 10'2.
Note that in the present analysis, we conservatively assume
that the dominant channel of missing-energy events at NA64e
is associated with the photoproduction of the J/y meson
yZ — ZJ /y followed by its rapid decay J/w — ayp in the
detector of NA64e. The production of p, @ and ¢ vector
mesons at NA64e is expected to be subdominant [66,104].

D. Bounds from monophoton BABAR data

The authors of Ref. [49] provide an explicit analysis of the
monophoton signal for the process e e~ — ay, followed by
the decay y, — ay from BABAR data. They also provide the
regarding exclusion limits (see, e.g., Fig. 4 from Ref. [49])
in the (m, ,g,,,) plane from the BABAR experiment.
These limits are not relevant for our minimal benchmark
scenario, since we suppose that y,, decays rapidly into a yjy
pair with Br(yp — y7) ~ 1, and thus visible monophoton
decays yp — ay are suppressed, Br(yp — ay) < 1.
However, the three-body final-state process eTe™ — ayyp
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is kinematically allowed for our analysis. That reaction is
subleading relative to the two-body final-state process
eTe™ = ayp. The regarding suppression can be found in
Fig. 3 of Ref. [49], which shows the total cross sections of the
relevant processes as the function of mass m,, . In particular,
for the mass range 1 MeV <m, <1 GeV and g,,, =
1 GeV~!, one has 6, (eTe™ — ayp) ~1.2x 10° pb and
oo(ete™ = ayyp) ~6 x 103 pb for two-body and three-

body final states, respectively. Therefore, it is straightforward
(3—body)

to obtain the relevant-for-our-analysis limit on g, - from
the monophoton bound gfm?"d” ~2x 107 GeV~! shown

in Fig. 4 of Ref. [49]. Namely, for the mass range of interest,
1 MeV <m, <1 GeV, this yields

(3—body) , (2-body)
ayyp = YGayyp

x (G“’t(e:e__ ~ a7p) > Y 15% 1072 Gev-.
o(ete” —ayyp)

(20)

As expected [49,50], the experimental reach of BABAR
weakens by a factor of approximately v/20=~4.5 for
Br(yp — y7) =~ 1. InFig. 11, we show the current constraint
from the BABAR monophoton signal e*e™ — ayyp by the
shaded pink region. It rules out the current experimental
constraints of the NA64e experiment for EOT ~ 3 x 10'!.,

VI. NONMINIMAL ALP HADROPHILIC
SCENARIO

In this section, we calculate the cross-section dark
photon production in the process [Z — [Zyp that is shown
on the left side of Fig. 6 for the case of hadrophilic ALPs.
That implies the benchmark coupling of the ALP and dark
photons in the following form:

LD ‘Cdark axion portal +)_((7/Mla;4 - gDyﬂA;, -+ m}()}(

+ Y aN(g, + ighrs)N. (21)
N=n,p

For the sake of simplicity, we consider benchmark
universal scalar and pseudoscalar coupling of ALPs to
nucleons, such that ¢}, = g3 = ¢* and g}, = g, = ¢".

In order to calculate the cross section of dark photon—
lepton production at nucleus (A, Z), where A is the nucleus
mass number and Z is the charge of the nucleus, we use the
equivalent photon approximation, which implies replacing
the fast-moving leptons with photons following a distri-
bution [105]

al+ (1 — xy)Q qi_
2 x,  (qh +agmp)?

(22)

where E, is the energy of the photon emitted by an
incoming lepton; x is the fraction of the photon energy

defined as x, = E,/E;, where E, is the energy of the
incoming lepton; m; is the lepton mass; and ¢, is the
photon transfer momentum. Note that g3 is typically very
small, ¢ | < Ej, E,. The total cross section of dark photon—
lepton production at nucleus can be written as

do,z_,
01717y, :/ddeIﬂ’z xy,ch)/ ﬂ’ (23)

where the cross section of dark photon production can be
written as the sum of partial cross sections for each nucleon
N in the nucleus of the target:

do-yZ—»ZyD _AdO-yN—>NyD
dt dt

The Lorentz-invariant form of the differential cross section
of dark photon production due to photon scattering on the
nucleon is

do-yN—»N;/D o inol|MyN|2 (24)
dt  167A(s,m%,0)’
where A(s,m3,,0) = (s —m3)* = 4m}EZ is the Killen

function in the rest frame of the initial nucleon. Then the
square of the magnitude of the matrix element is given by

Ja (t )2
M 2 JayYp VD 2

E
x g?—g§+(gs+gp) zjvv, (25)

where E,y ~ my — t/(2my) is the energy of the outgoing
nucleon in the laboratory frame and 7 is the nucleon transfer
momentum squared, such that t = —2my (E, — E,D); for the
nearly collinear emission of dark photons, this yields

—-E;0; —my,

Y7 D (4E2)

Itis worth mentioning that for the small angles of dark photon
production, the amplitude squared Eq. (25) is suppressed if
we set gy, = 0and gh # 0. The regarding suppression factor
is associated with the term
(M y|* o (gy)*(Eay = my)/my < 1
as long as 0, <1 and E,y ~my. Otherwise, if we set
g = 0and g}, # 0, one gets
|M}/N‘2 & (gfv)zEzN/mN-
As aresult, the cross section for the scalar-specific couplings

of nucleons is enhanced by a factor of approximately
~F,n/(E,y — my) relative to the pseudo-scalar-specific
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cross section. If one sets g, = g; = gy, thenfort < m2, m? ,

we get the following expression for the amplitude squared:

2

m, \4 m
Ml = i (222) |1+ 052 ) |- 26)
14

a

Equation (26) implies that for the highly collinear emission
of the dark photon (negligible momentum transfer), its
production rate grows as  (m,, / m,)* for increasing m,,.
In fact, the nucleon momentum transfer cannot be completely
neglected, and the realistic cross section grows a bit more
slowly than (m,, /m,)* as m, 2 O(100) MeV.

Finally, one can obtain the double differential cross
section of dark photon production:

do-lZ—>lZy 1 / dGZ
01z=izry L | g2y (E, JE,. 2 )2 (27
dE, do, " E, q1ri(Ey,/ lqﬁdeh, (27)

In Fig. 12, we show the differential cross section
(do/db,,)i7-.1z,, as a function of 6, in the range of small
dark photon emission angle 6, <0.1. As we mentioned
above, the larger masses m,, imply larger values of the
differential cross section. That dependence can be
described also in terms of specific Lorentz-invariant char-
acteristics. Let us consider the characteristic function for
the benchmark case [106]

Gyp = (s =m3)/ (s = m3, + my)

x A2(s, my,0)/2(s, m2 . m3), (28)
which is associated with the typical angles of dark photon
emission in the laboratory frame. It is straightforward to
obtain that g, > 1 for m, < 100 MeV, which means that

1.x1078 F

5.x1077 |-

2
1

— my,=10MeV

do/do (Gev2)
o
=)
&

my,=100 MeV
— my, =250 MeV
— my,=500 MeV
— my,=800 MeV

i i i i i i
5.x1074 0.001 0.005  0.010 0.050  0.100
6,rad

FIG. 12. The differential cross section by angle of dark photon
production at a fixed target of NA64e in the hadrophilic ALP
portal for various dark photon masses m,, and for small values of
angle 6 between dark photons and photons from the beam. We set
parameters as m, = 10 keV, ¢' =g’ =1, g,,, =1GeV™,
E, =100 GeV.

0,, < l—i.e., the cross section peaks forward. On the
other hand, one can obtain that g, <1 as soon as
m,, % 1 GeV; therefore, the typical momentum of dark
photon y,, production cannot be collinear to the beam line
in this case—i.e., the typical angles 6, can be as large as
60,, 2 1. In the present paper, we study the elastic pro-
duction of dark photons, so that in the analysis for
simplicity we conservatively set the typical maximum
angle of dark photon emission to be 6, < 0., =0.1.
The total cross section of the dark photon production is
calculated for the regarding angle cut, which however
decreases significantly the signal rate of y, emission.

However, for the ALP hadrophilic scenario, it is worth
calculating the inelastic photoproduction cross section of
yp that implies a large nucleon transfer momentum and a
relatively wide emission angle 6, 2 1. That analysis
would require the realistic simulation of the experimental
efficiency and the hadronic response in the detector. This,
however, is beyond the scope of the present paper, and we
leave such analysis for future study.

In Fig. 14 of Sec. VIII, the 90% C.L. sensitivity curves of
the fixed-target experiments are shown for the combination
of couplings |g,,,, gn|. In order to plot these curves, we set
Nggn > 2.3, implying Poisson statistics for the signal events,

background free case, and null results for the DM detection.

VII. NONMINIMAL ALP LEPTOPHILIC
SCENARIO

In this section, we consider the process

I(p)Z(P;) = Up")Z(Py)yp(k), (29)

shown in the right panel of Fig. 6 for the leptophilic ALP,
where p = (E;,p) and p’ = (E},p’) are the four-momenta
of initial and outgoing leptons, respectively; P; = (My, 0)
and P, = (P}, Py) are the four-momenta of initial and
outgoing nuclei, respectively; and here M is the mass of
the nucleus and k = (E, .K) is the four-momentum of a
dark photon. The benchmark Lagrangian of that simplified
ALP portal scenario can be written as follows:

LD ‘Cdark axion portal ‘H_((V”laﬂ - gDY”A,’, + mx);(
+ Y iglalysl, (30)
I=e.u

where we consider only the pseudoscalar coupling of the
ALP to the leptons g7'. The numerical calculations reveal
that the scalar coupling to leptons £ 2 ,_, , 9] all yields a
similar contribution to the signal events if we set the
universal coupling as g} = g/.

To calculate the cross section of the process in Eq. (29),
we use the equivalent photon approximation [60,95,107],
which implies a factorization of 2 — 3 rate into the product
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of the photon flux and a 2 — 2 cross section of the
Compton-like process I(p)y(q) = I(p')yp(k):

do 1Z—1Zyp ay do ly—=lyp

d(pkyd(kP,) " z(p'P,) d(pk) |

=Inin

(31)

where y is the effective photon flux from the nucleus [60].
In Eq. (31), we assume that the photon virtuality ¢ has its
minimum #,,;, when q is collinear with k — p. We define
auxiliary Mandelstam variables, and regarding identity as
follows:

i=(p—k?-mj.  5=(p'+k?-mj (32)

5+ 0+t m? (33)

Iy = (P —P/>2, D’

one can easily obtain the following expression for the
differential cross section in the Lorentz-invariant notations
[60,95,107]:

: |M2—>2|2' (34)

Let us calculate now the amplitude of the relevant 2 — 2
subprocess

iu(p)ysu(p (o
Mo = 0, ") o gy e, (35)
2= Mq

where ek = qllkpe””p. As the result of averaging over
polarizations, one gets the following expression for the
amplitude squared:

—s 1
Myl = ZZ|M2—>2|2

pol
1 (97)* Gy

—— LT M(ty,0,m2), 36
4(2‘2—1’}13)22(2 m}'D) ( )

where A(x,y,z) = x* 4+ y* + 22 = 2xy — 2xz — 2yz is the
kinematical triangle Killen function. These calculations are
performed by exploiting the state-of-the-art FeynCalc
package [102] of Wolfram Mathematica [103].

It is worth noting that longitudinal term &k, / mfn in the
dark photon polarization tensor _; ¢;/(k)e, (k) does not
contribute to the matrix element squared due to the current
conservation. We label the energy fraction of the y,, boson
by x = E, /E, and the angle between k and p by 0, . Let
us introduce the auxiliary function U as follows:

U=-i~E}6; x+m? (1 -x)/x+mix. (37)

In Eq. (37), we keep only leading terms in m3 /EZ

m?/E}, m?/E}?, and 62 . In the latter approach, one has

tmin = U/ (4E}(1 = x)?), (38)

§~U/(1-x), h~—xU/(1—x)+m2. (39)

Finally, we obtain the expression for the double differential
cross section:

doy_,

d(pk)’

doy_; ax
dxdcosf, — m(l—x)

. Elzxﬂ,,D . (40)

where g, = (1 —m2 /(xE;)*)"/? is the velocity of the
dark photon in the laboratory frame. The explicit analytical
expression for the effective photon flux y is given in
Ref. [60] for the case of an elastic form factor G;(r) that is
proportional to o Z2. An inelastic form factor Gipe (t) « Z,
and for the heavy target nuclei Z x O(100), so one can
safely ignore it in the calculation below.
The resulting cross section can be rewritten as

do;_; 4
dxdcosf, — 32x

2 Elz/}}’u <gf)2-gg}’}’o

x}[xU - m%u(l - x)]
U = (1 = x)(my, —mg)*

(41)

As an example, in Fig. (13) we show the differential cross
sections of the process eZ — eZy, as a function of x for the
NAG64e experiment and the benchmark ALP leptophilic
setup [Eq. (30)] with m, = 10 keV. The WW approxima-
tion for the leptophilic cross section implies that the photon
flux y from the nucleus is the function of x and 6, , soitis a
fairly accurate approach for the exact tree-level cross section
(for details, see, e.g., Ref. [60] and references therein).

In Fig. 15 in Sec. VIII, the 90% C.L. sensitivity curves of
the fixed-target experiments are shown for the combination
of couplings |g,,,9/]- To plot these curves, we set

— my,=10MeV
10} YD
myp=100 MeV
8 my =500 MeV
L my,=1000 MeV
© 6l
)
g
3 4r
2+
0+
0.0 02 0.4 0.6 0.8 1.0
X
FIG. 13. The differential cross section of dark photon produc-

tion at NA64e as a function of the fraction energy x = E, /E, for
the ALP leptophilic scenario and for various masses m, . We set

m, =10keV, g/ =1, g, =1 GeV~!, and E, = 100 GeV.
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Nggn > 2.3, implying a null result for the DM detection and
background free case.

VIII. SUMMARY AND DISCUSSION

In the present paper, in addition to the ALP contribution
to lepton EDMs, we have calculated the novel limits on the
combination of CP-even and CP-odd couplings of neu-
trons with ALPs from the current constraints on neutron
EDMs by taking into account their anomalous magnetic
moments. The regarding contribution to neutron EDM is
associated with a light scalar/pseudoscalar boson exchange
at the one-loop level. This contribution is proportional to
~0 of the QCD parameter of CP violation [80,81]. In
addition, we have considered the possible implication of
dark axion portal couplings to the EDM of SM fermions. In
particular, we have calculated at the one-loop level the
EDM that can be induced by the three specific model-
independent interactions: (i) CP-odd Yukawa-like cou-
plings of ALP with fermions, (i) CP-even interaction of
SM fermions and light vector bosons, and (iii) CP-even
dark axion/ALP portal couplings. Such Barr-Zee-type
diagrams have ultraviolet (UV) logarithmic divergences,
which can be calculated by using the MS regularization
scheme and removed by exploiting the local counterterms
of the EDM type. We briefly discuss the regarding
renormalization procedure in Appendix B.

We have also discussed in detail the probing of the dark
ALP portal scenario through the dark photon decaying
predominantly to the DM particles, Br(yp — yy) ~1. In
the present paper, we refer to the relevant benchmark model

as the minimal dark ALP portal scenario (see bounds for
Jayy, coupling in Fig. 11). This scenario implies that the
dark photon is a Up(1) gauge field and serves as the
mediator between DM and SM particles through the dark
axion portal. In this scenario, we imply that m, < m, ;
therefore, the visible decay a — yyp is kinematically
forbidden.

We have studied in detail the missing-energy signatures
for the projected and existing lepton fixed-target facilities,
such as NA64e, LDMX, NA64yu, and M3, In particular, by
using the state-of-the-art CalcHEP package, we calculated
the ayp pair production cross sections in the processes
[Z — [Zayp followed by the invisible dark photon decay
into DM particles yp, — yy for the specific fixed-target
facility. We have calculated the sensitivity curves for these
experiments using the null result for DM detection for the
existing and planned statistics of leptons accumulated on
the target, the so-called invisible mode.

We have discussed in detail the expected reach of the
NAG64e experiment to probe the dark photon emission via the
missing-energy process of vector meson production eZ —
eZJ |y followed by invisible decay J/w — ayp(— yi). We
have shown that the latter signal process dominates over the
bremsstrahlung ayp pair emission in the reaction eZ —
eZy*(— ayp) atNA64e. Thus, the expected reach of NA64e
from J/w — ayp can rule out the projected bounds from the
off-shell photon emission for EOT ~ 5 x 102,

We have recast the BABAR monophoton data e™e™ —
ayyp to derive constraints on the dark ALP portal coupling,
implying that the dark photon decays mainly to the
DM fermion pair. We have shown that the existing

T T T T
101 10 11 i
"NA64mu, 10'0" MoT " "
e ———— it S — T ——
"NAB4e, 51012 EoT T TT=-- -
\\
- "NA64mu, 10'3" MoT
L qqaaL o= ——mme e R 10T MO T = T e e e
%} 0.100+ .
g " 164
= e DMX, 10 BT
S| T T e e e
©
® __romx, 10'tEoT .
0.001+ Ry
10—5@ s L P BRI | P R | PR IR |
0.001 0.005 0.010 0.050 0.100 0.500 1
my,n (GeV)

FIG. 14. Bounds on the combination of ALP couplings with gauge fields g,,,, and ALP couplings with nucleons ¢° = ¢ = gy
for the hadrophilic channel from current and proposal statistics of the experiments NA64e, NA64u, LDMX, and M3. We set here

Br(yp = y7) ~1 and m, = 10 keV.
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FIG. 15. Bounds on the combination of ALP couplings with leptons ¢ and with gauge fields g,,, for the leptophilic scenario from
current and proposal statistics of the NA64¢, NA64yu, LDMX, and M? experiments. We set here m, = 10 keV and Br(y, — yy) ~ 1.

BABAR bounds rule out the current NA64e constraints for
EOT ~ 3 x 10'!.

We have considered the modifications of the minimal
dark ALP portal scenario by including two benchmark
Lagrangians in the model: hadron- and lepton-specific
couplings which imply ALP Yukawa-like interaction
mainly with hadrons and leptons, respectively. For both
hadron- and lepton-specific scenarios we have calculated
the cross sections of dark photon production [Z — [Zy, by
using WW approximation. Calculation in WW approxima-
tion is in a reasonable agreement with the exact tree-level
calculation performed with CalcHEP. We note that for the
specific parameter space, there are missing-energy channels
that originate also from meson decay (J/ — ayp) and
bremsstrahlung (y* — ayp) in both hadrophilic and lep-
tophilic scenarios. However, in order to distinguish them
from the minimal scenario, we set the conservative upper
bounds on the specific (hadron and leptonic) combination
of couplings by considering the channel [Z — [Zyp, as the
dominant one. We plan to calculate the contribution of
J/ = ayp and y* — ay, for the fermion-specific ALPs in
the forthcoming paper [86].

The calculations reveal the differences between hadro-
philc and leptophilic cross sections of dark photon pro-
duction. First, the ALP hadrophilic cross section is
relatively small, since it scales to the first power of the
nucleon/atomic number o A. Contrarily, the ALP leptophilic
rate of y,, production is enhanced due to the factor o Z2.
Second, the hadrophilic cross section is sensitive to the cut on
the angle of dark photon emission 6, . A large 0, leads to the
inelastic scattering that is associated with significant transfer
momentum to nucleons. Because of this, in the present

analysis we conservatively set the upper benchmark value
0,, <07 ~0.1 rad in order to get rid of the inelastic
interaction of ALP with nucleus matter. On the other hand,
the leptophilic cross section do,_,3/dx depends weakly on
Oy, since do,_,3/df, has a very narrow peak at the typical
angles of dark photon emission 6, ~m;/E; < 1.

Moreover, we want to note that the total cross section for
the hadrophilic scenario is suppressed relative to the
leptophilic one. The suppression factor is estimated to
be of the order of ~1077+1075. Thus, the resulting
hadrophilc constraints are weaker than leptophilic bounds
for the same number of leptons accumulated on target. That
difference can be found in both Figs. 14 and 15, where the
bounds on the combination of couplings for the hadrophilic
and leptophilic scenarios are depicted, respectively. In the
framework of considered benchmark scenarios, the most
stringent constraints on the couplings are expected from the
projected experiment LDMX.

In the future, we plan to consider also the possible
benchmark dark ALP portal signatures along with both
ALP portal and vector portal scenarios.
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APPENDIX B: LEPTON EDM INDUCED BY THE
BARR-ZEE DIAGRAMS WITH THE
LEPTON-DARK PHOTON-AXION LOOP

Here we consider details of the calculation of the
correction to the lepton EDM induced by Barr-Zee dia-
grams with the lepton—dark photon—axion loop. In order to
remove the logarithmic divergence contained in the Barr-
Zee diagrams, we add the local counterterm, which is
induced by the following Lagrangian:

‘Cct = gct(ﬂ)Fﬂyiiaﬂyyjl’ <B1)
where g.(p) is the coupling constant depending on the
renormalization scale y. In particular, we choose g, (u) as

1 m?
Ju(H) =g [ —ylog é] , (B2)
€ p

where m, is the lepton mass, and g and y are the parameters,
which will be fixed to drop divergence in the Barr-Zee
diagrams and guarantee scale independence of the result for
lepton EDM. Here, € is the pole in the MS renormalization
scheme:

= é +17(1) — log(4x). (B3)

ol =

Therefore, the contribution of the counterterm to the lepton
EDM is

exclusion limits for the minimal dark axion portal scenario is
supported by Russian Science Foundation RSF Grant
No. 21-12-00379.

APPENDIX A: ANALYTIC FORM
OF LOOP INTEGRAL

Here we present the analytic form for loop integrals
[Eqgs. (6) and (8)] which are used for fermion EDM
calculation:

2
y —
arctan( > arctan< >>, (A1)
2 y—4< Wy —4 Vy -4
2—y?
2-2 (arctan*%— arctan7>
(" =2)y o, e
2 — 2
7y>} (A2)
-4
|
1 m?
dt = —2g|=+ylog—+|. B4
] g[éﬂogﬂz} (B4)

The contribution of the Barr-Zee diagrams to the lepton EDM

reads
G |1
ars = { / d*alog }
87[ 0

where G = g,,,, g,e€ is the effective coupling, which is the
product of three respective couplings between photons, dark
photons, axions, and leptons [see, e.g., Eq. (10) for details]:

(BS)

(B6)

A= mi/al +mia, + mlzag,

where

1 1 1 1
3
/d3az/dal/daz/da35<l—2a,->. (B7)
0 0 0 0 =l

The result for the lepton EDM can be written as

21 G
d, = dBZ dst == _
! rrd € {16%2 g]

1
m> [ G G A
—2log—t |— —gy| —— [ dfalog—. (B8
02 {16712 94 P / alog (B8)

0
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From Eq. (B8), it follows that the couplings ¢g and y must be
fixed as

(B9)

Finally, one gets

(B10)

1
]
=-— alog
0

After integration over two Feynman parameters, we have

G {_ 1 +1(mi/2>—1(;né)]’ (B11)

2 ms, — mg

where

I(m?) = /01 dx[m?*(1 — x) + m?x?]

m*(1 = x) + mx?

x log
12

(B12)

Next, it is interesting to consider a few limiting cases:
1) m;=0:

G Io(m3) — Io(m3)
d=——|-1 B13
! 4n? + m?, — m? » (BI3)

where

2

Io(m?) (1-x)log (B14)
2) my=0,my =m m
2
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