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We study the possible impact of dark photons on lepton flavor phenomenology. We derive the constraints
on nondiagonal dark photon couplings with leptons by analyzing corresponding contributions to lepton
anomalous magnetic moments, rare lepton decays, and the prospects of fixed-target experiments aimed at

searching for light dark matter based on missing energy/momentum techniques.
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I. INTRODUCTION

The direct search for dark matter (DM) remains one of the
most challenging issues in particle physics. Astrophysical
data and cosmological observations at different scales
indirectly imply the existence of DM. Despite numerous
intensive direct searches for DM in accelerator-based experi-
ments, little is known about the origin and dynamics of
weakly coupled particles of the hidden sector. In addition, the
muon (g —2) anomaly [1] and recent tensions between
Standard Model (SM) expectations and experimental mea-
surements [2-5] has stimulated the development of various
beyond-the-SM (BSM) scenarios involving sub-GeV hidden
sector particles [6].

Typically, such scenarios imply feebly interacting media-
tor (portal) states connecting the BSM sector with SM
particles. In particular, several such hidden-sector scenarios
were recently discussed in the literature: the Higgs portal
[7-9], tensor portal [10-12], dark photon portal [13-15],
sterile neutrino portal [16], axion portal [17], and Stueckelberg
portal [15,18].
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It is worth noticing that some hidden-sector models
suggest an idea of lepton nonuniversality and lepton flavor
violation (LFV). In this sense, a light sub-GeV hidden
particle may potentially explain the muon (g — 2) anomaly
and other SM tensions in particle physics implying LFV
effects [19-23]. We note that neutrino oscillations provide
clear experimental evidence for LFV; however, for the
charged lepton sector these effects are strongly suppressed.
Therefore, in order to probe LFV phenomena one may
address a new light vector field that violates charged lepton
flavor at tree level. To be more specific, in the present paper
we discuss the examination of a dark photon portal that can
be relevant for LFV lepton decays and LFV processes at
fixed-target experiments.

In the case of a dark photon, which can acquire mass via
the Stueckelberg mechanism, the Lagrangian of its inter-
action with DM can be written as follows [15]:

1 m?,
Lps = = 7 AWA™ + LAY + Z(iDy — my )y

4=
1 ey 1 mi
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where m is the mass of the dark photon, y is a Dirac dark
matter field, o is the singlet Stueckelberg field, and ¢ is the
gauge-fixing parameter. The interaction of the dark photon
Aj;, with charged leptons y; can include both diagonal and
nondiagonal couplings,

Lpr, = Z ALy (9n + rs Wi (2)
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where g};( and gﬁc are the vector and axial-vector dimen-
sionless couplings, respectively. Such couplings naturally
arise in the familon scenarios [14,15] that imply an ultra-
violet completion of the models. The bounds on leptophilic
nondiagonal (i # k) dark photon couplings in Eq. (2) were
derived explicitly in Refs. [14,15] from anomalous (g — 2)
magnetic moments of charged leptons and the experimental
constraints on rare [; — yl, and [; — 31, decays. It is worth
noticing that diagonal couplings (i = k) in Eq. (2) may
induce kinetic mixing between the SM photon and dark
photon at the one-loop level [24]. (For a recent review
on the corresponding constraints see, e.g., Ref. [6] and
references therein.)

The paper is organized as follows. In Sec. II we discuss
the contribution of the dark photon with nondiagonal lepton
vertices to the anomalous magnetic moment of leptons. In
Sec. III we briefly discuss two-body LFV decays involving
a sub-GeV vector in the final state, [; — [, + A’.In Sec. IV
we derive the limits for nondiagonal coupling of the dark
photon from fixed-target experiments. Finally, in Sec. V
we present our bounds on the dark photon nondiagonal
couplings with charged leptons and discuss search pros-
pects for the LFV conversions eN — uNA’, uN — eNA’,
eN — tNA’, and uN — tNA’ at fixed-target facilities.

II. LEPTON (g -2) TENSIONS

The anomalous magnetic moments of both the muon and
electron are the quantities that can be used to constrain the
parameters of new physics models. In particular, the current
discrepancies in (g —?2) between experimental measure-
ments and theoretical predictions for the electron and muon
in the framework of the SM are

Aa, = (251+059) x 107  [1], (3)
|Aa,| = (4.8 4+3.0) x 10713 [25]. (4)

Here we use the difference between the theoretical and
experimental values for (g — 2) for the muon based on the
theoretical analysis of [1]. Now, the discrepancy in the
value of the muon (g — 2) is due to the new data on the two-
pion contribution to the hadronic vacuum polarization
(HVP) from the CMD-3 Collaboration [26], new measure-
ments of (¢g—2) from the Muon g—2 experiment at
Fermilab [27], and new theoretical discussions about the
value of the HVP term [28-30]. In the BSM framework, the
deviation in the magnitudes of the muon and electron
(g — 2) can be potentially explained by the sub-GeV boson
feebly interacting with leptons [31,32], which implies
keeping nonzero diagonal couplings (g‘;t.‘v #0) and the
vanishing of nondiagonal terms (g?k’v = 0). The precision
of the measurements of the tau lepton anomalous magnetic
moment is significantly worse, due the lack of experimental
data on the short-lived tau [33,34]. For completeness, we

refer Ref. [1] for the current status of the (¢ —2) muon
puzzle which use only SM calculation.

For the case of finite nondiagonal couplings (gf‘k'v #0)
and vanishing couplings (g,-V,»‘A = 0), the typical contribu-
tion of a massive neutral dark vector boson to (g — 2) was
calculated explicitly in Ref. [15]. In Fig. 1 we show the
corresponding one-loop diagram. These quantities are
given by one-dimensional integrals over the Feynman
parameter:
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where y, =m;/mys, yo =my/m;, Alx,a,b) = a’x+
(1 —x)(1 = b*x), m; is the mass of external lepton, and
my is the mass of the internal lepton in loop. In Fig. 2 we
show the typical bounds on the nondiagonal coupling gXe
from (g —2), using a set of the ratios ¢j,/gy,. Similar
bounds can be obtained from the (g —2), discrepancy for
gy (see details in Ref. [15]).

The most stringent constraint on g, implies g/}, < 1078,
since the typical contributions of vector and axial-vector
mediators have opposite signs in Egs. (5) and (6) and thus
the contribution of the vector field is maximal. For the
benchmark ratio g)fe ~ g;‘e, the vector and axial-vector
terms almost compensate each other at my < 2m,,, which
leads to a weakening of the limit on g,‘fe. Remarkably, there

v

FIG. 1. Diagrams describing the contributions of the dark
photon A’ to the anomalous magnetic moments Sa; of the leptons
with taking into account flavor nondiagonal (I # f) couplings,
where [, f = e, u, 7.
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FIG. 2. Bounds for a nondiagonal coupling g, from (g — 2), at
different ratios between the axial-vector coupling gj}e and vector
coupling g,‘,’e of dark photon interactions with the muon and
electron.

is a typical sensitivity mass threshold at m,s 2 2m,, for the
benchmark ratio ¢, /gy, ~ 1.

III. INVISIBLE LEPTON DECAY MODE

If a dark photon with nondiagonal LFV couplings to
muons (tau) and electrons (muon) is relatively light, i.e.,
m; 2 my + my, then the decays u — e +inv, 7 — e +inv,
and 7 — p +inv are kinematically allowed, where we
imply the invisible decay of the dark photon in the final
state A" — yj. In addition, the typical invisible charged
LFV decays are searched for in the processes with lepton
flavor conversion accompanied by the production of a
neutrino-antineutrino pair [35,36]. It is worth noticing that
the fixed-target experiments with missing energy/momenta
technique can be a suitable using as tool to search for LFV
signal with creation of dark particles.

The strongest bounds on the nondiagonal couplings of
the dark photon with leptons for the area of my < 2m,
were obtained from experimental searches for the decays
T—pu+inv and 7 — e + inv by the ARGUS Collaboration
[36] and from recent data from the Belle-II Collaboration
[37]. We use the Particle Data Group data [34] to constrain
the nondiagonal dark photon-lepton couplings gr.” and
gri”*. The bounds for axionlike particles were obtained in
Ref. [38]. For u — e +inv decay we can use the limit
obtained by the TWIST Collaboration [35], which predicts
a branching ratio of up to 5.8 x 1073, Using this constraint,
we show exclusion plots in Figs. 8 and 9.

The decay widths of such rare charged LFV decays [; —
l; + A’ in the vector and axial-vector cases are defined as

3(gi/")2m,
Tl = 1 Ay g =22 (F531)
yZ
x| (i Fyp )2 =1+3207 0751 |, (7)

3

where y; = m;/my, y; =mg/my, and A(x,y.z) = x* +
y? + 72 = 2xy — 2xz — 2yz is the Killen kinematical tri-
angle function.

It is important to note that this decay depends only on
nondiagonal coupling, while other LFV lepton decays
such as l; - I +y or [; - 3l; have a dependence on
the product of diagonal and nondiagonal couplings. An
analysis of the parameter space of the dark photon was
done in Ref. [39], where implication of the charged LFV
two-body decay was noted as important bound.

IV. FIXED-TARGET EXPERIMENTS

Fixed-target experiments are very useful and crucial tests
of the physics of feebly interacting particles and make
up one-third of the experimental base for searches and
analyses for DM [40] or hidden sectors. In this section, we
study dark photon emission reactions with a change of
lepton flavor.

In the framework of the benchmark scenario (2), stringent
limits can be established from the missing energy/momenta
experiments by the analysis of the [; + N — [, + N + A’
process. In particular, we discuss the potential for fixed-target
experiments with lepton beams, such as NA64, [32,41-45],
LDMX [46-50], NA64, [51-54], and M? [55,56], which can
be used to probe the invisible signatures associated with
process of lepton flavor violation with missing energy.
Missing energy signals can be evidence of dark photon
emission that involves LFV processes. The analysis of final
lepton states can give information about specific LFV
channels of lepton conversion with dark photon emission.

The existing (NA64, [32,41-45] and NA64, [51-54])
and future experiments (LDMX [46-50] and M3 [55,56])
are noted by us due to a possibility to use missing energy/
momentum technique. NA64, and LDMX use electron
beams that collide with active lead and aluminium targets,
respectively. NA64, and M? use muon beams, and M will
use a tungsten target. We collect the main parameters of the
fixed-target experiments NA64,, NA64,, M3, and LDMX
in Table I.

It is worth noticing that an analysis of LFV with dark
matter emission at fixed-target experiments was done for
the scalar case. In this respect, Refs. [8,57,58] examined the
invisible scalar portal scenarios. The possibility of e — 7
and p — 7 conversion in deep-inelastic lepton scattering off
nuclei was proposed and studied in detail in Ref. [59] based
on the assumption of a local four-fermion lepton-quark
interaction. Besides, we want to note a huge research work
in study of lepton conversion on nucleons which was made
in Refs. [60-63].

A. Signal of lepton conversion

Based on the setup of search in the missing energy
experiment, we consider the reaction of a lepton scattering
off the nucleus target, as shown in Fig. 3. We propose that
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TABLE 1. Parameters of the fixed-target experiments NA64,, NA64,, M3, and LDMX: parameters of target (A, Z), first radiation
length X, effective thickness of the target (L), energy of scattering beam and current (started) and planned accumulate of leptons on

target, x,;, characterizing a window of search.

e-conversion u-conversion A(Z)  E(GeV) p(gem™) Xy(em) Lp(cm) xp, LoT (projected LoT)
NA64,: eN — NA'u(r) 207 (82) 100 11.34 0.56 0.56 0.5 33x10" (5x10?)
NA64, : uN — NA'e(r) 207 (82) 160 11.34 0.56 22.5 0.5 100 (10'3)
M3: e uN — NA’e(r) 184 (74) 15 19.3 0.35 17.5 0.4 1019 (10'3)
LDMX: eN — NA'u(z) 27 (13) 16 2.7 8.9 356 07 10'6 (10'%)

the dark photon has a longer lifetime than the time of flight
inside the detector or the dominant decay mode into dark
matter. The invisible two-body decay width of the dark
photon A’ into a jyy pair is given by

2

Dioze = Loyl +22)(1 -9,
where gp, is the coupling between the dark photon and dark
fermions and y, = m,/my.

For our calculation, we use the Weizsicker-Williams
(WW) approximation [64,65]. In this case, the interaction
signal of incoming leptons (e, ;) with the atomic target can
be effectively described through the Compton-like process
with lepton conversion on virtual photons y*, i.e., via
ly* - I'A’. We also suppose that the target nucleus has a
spin of 1/2 and its coupling to photons is ieZF (t)y,, where
F (1) is an elastic form factor depending on t = —g> > 0
(nucleus transfer momentum squared) and Z is the charge
of the nucleus. F(¢) has the form

a’t 1

Fl) = (1+a*)(1+1/d)’

©)

where a = 111273 /m, and d = 0.164A7%/3 GeV? are
the screening and nucleus size parameters, respectively
[66]. These nuclear form factor parameters include the
mass of electron m, and atomic mass number A.

The differential cross section for the 2 — 3 process,
presented in Fig. 3, in the framework of the WW approxi-
mation is given by

doysix

doizrza | Arz
d(pk)

d(pk)d(kP;) ~ =(p'P;) . (10

=lin

/
/
/ k J k

%
1 Iy [ e} ly
P P P i P

q
q
P, @, 2) Py P, @A.2) Py

FIG. 3. Lowest-order diagrams describing LFV emission of a
dark photon A’ in lepton scattering on a fixed atomic target.

where 7,;, is the minimal momentum transfer [provided in
Eq. (19)], @ ~ 1/137.036 is the fine-structure constant, and
vz 1s the effective photon flux from the nucleus defined as

tmax
I — Timin

yZ—Z2/dtt—2F2(t), (11)

Tmin

where P; are initial and finale momenta of nuclear, p, p/,
and k are the momenta of initial leptons, final leptons, and
the dark photon (see definition in Fig. 3), and ¢, and ?.;,
are kinematic bounds obtained from the energy-conserving
o function in the Lorentz-invariant phase space (for details,
see Ref. [67]).

By using such an approximation, we can calculate the
typical number of missing energy events for experiments
with a lepton beam impinging on a fixed target,

Fmax

PN 4 doy_3

Ny ~LoT -—=L d
A 0 2 T/x

(E),  (12)

Xmin

where N, is Avogadro’s number, LoT is the number of
leptons accumulated on target, p is the target density, Ly is
the effective interaction length of the lepton in the target,
do,_3/dx is the differential cross section of the lepton
conversion IN — I'NA’, E is the initial lepton beam energy,
x = E 4 /E is the energy fraction that the dark photon carries
away, Xpi, = Eo/E and xp, ~ 1 are the minimal and
maximal fraction of dark photon energy, respectively, for
the experimental setup, and E_, is a detector missing
energy cut that is determined by the specific facility. The
typical parameters of the experiments can be found in
Refs. [32,41-44,46-50,53-56,68]. For muon beam experi-
ments (NA64, and M?3) we use MoT to denote the number of
muons on target, and for electron beam experiments (NA64,
and LDMX) we use EoT to denote the number of electrons on
target.

B. Cross section

The amplitude of the 2 — 2 process ;(p) +y(q) —
l;(p') 4 A'(k) is given by
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p—k+m;

M*? =iedieifus(p's )[ “(Yadis +VsYadiy)

p+k+m
+ (yagl‘; +}/5}/ag1,4f)ff}/”:| u; (p’ S)v (13)

where we used the notation p = y*p,, g/; and g/, are the
nondiagonal couplings of interaction of the dark photon
with leptons, € is the polarization vector of the photon or
dark photon, and m; and m are the masses of the initial and
final leptons. The sums over polarizations are given by

> e =—g" (14)
2
for visible photons and
k* kY
> e =—gv + (15)
X A

for massive dark photons. In the case of visible photons, we
use the £ — oo gauge and omit ghost-field contributions.

After averaging and summing over the spins of leptons
and polarizations of vector bosons, one gets the matrix
element squared,

M2—>2|2 ZZ|MZ—>2|2

5.8 A
= (g1 ? AV + e (gy)*AT. (16)

In our calculation, we use the so-called modified
Mandelstam variables,

(p' + k) —m} =2(p'k) + mj,,

:(p k) : =—2<pk)+mA/,
= (p' = p)* = =2(p'p) + m} + m3,
=4 (17)

which satisfy the condition 3 + 1, 4 it = m?,.

When considering the process, the initial lepton energy is
much greater than the masses of m, and my. In this case,
|

1
252 (%
AVI Imin ~ "‘2U2mA, (S(S -
+2(3 4+ 25°U + U?)m7 +

—2m3 (3 + 23U% + U3 + (352

(3% + U*)m} + 6m;m (U —
— 435U + 3U%)m3))m3, + 2(25U(U = 5) + U(=35 + 2U)m

we can use the WW approximation and propose with high
reliability that the final states of the lepton and dark photon
are highly collinear. In the small-angle approximation
(which means that ¢t = t,;;,), we imply that q and V =
k — p are collinear [65,67] and the modified Mandelstam
variables are given by

1—
U= —ii~ E*x6* +m%x+—xm§,,

X

U+ (m —m7)x

Sn—m L 18
g 1—x (18)
ty v ——— (U + (m2 —m?)) + m?
2T =% ! i A
G =) o)
min ™ 4E2

Note that if we set m; = my, then we reproduce the
formulas presented in Refs. [66,67].

The double differential cross section can be presented in
the form

doy_3 ~ Xz
dxd cos@y (1 —x)

where By = (1 — m3,/(xE)?)!/? is the velocity of the dark
photon in the laboratory frame, I;=57%/ (s+(m —m?))*p),

and f3,, = /1 — m}/E*. The full analytical expression for
the effective photon flux y was presented in Ref. [53]. It is
known that the elastic form factor G(7) is proportional to
o Z2. An inelastic form factor is suppressed by a factor Z,
i.e., Gipel(t) «x Z, and therefore for the heavy target nuclei
Z x O(100) one can safely ignore it in calculations.

The differential cross section [67] can be rewritten as

do
CE2xBul 222 (20
XPparly d(pk) ( )

|M2—>2‘2
d(pk) d_t2: 8732

V.A
do,”, do

= };A VA >
(g') a4 (@

where the vector and axial-vector parts of the amplitudes
squared can be written, respectively, as

U)U(m; —mg)? + (25U (3% + U?) + (3> + U*)mt + 6(5 — U)*mim;

$)(25U + (U = 5)m3)

+65Um;m + 5(25 — 3U)m3)m?, + 45UmS, ). (22)
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do/((gle)?dx) (Gev2)

2-2 ~
AAJ:[min ~

1

52Um3,

(33

—U)?2U(m; +my)* + (23U(32 + U?) + (32 + U*)m} — 6(5 — U)*mim;

+2(5° + 25U + UP)m3; + (3° + U*)m} + 6(U = 5)mm(=25U + (5 — U)m3)
= 2m; (5 + 25U% + U + (35° — 45U + 3U%)m3))m}, — 2(25(5 — U)U + (35 = 2U)Um;

+ 65Ummy + 3(3U = 25)m7)mj, 4 45Ums,).

1000 ¢

do/((g)e)?dx) (Gev2)

100 |
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FIG. 4. Differential cross section do/ ((g/‘fe)zdx) for the process of electron-to-muon conversion in the case of a vector nondiagonal
coupling of the dark photon with a lepton for the NA64, experiment with different dark photon masses and the typical electron beam
energy E = 100 GeV.
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FIG. 5. Differential cross section do/ ((g),’e)zdx) for the process of muon-to-electron conversion in the case of a vector nondiagonal
coupling of the dark photon with a lepton for the NA64, experiment with dark photon different masses and the typical muon beam

energy E = 160 GeV.
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In our calculations we use the FeynCalc package [69-71]
and the following assumptions to exploit the WW approxi-
mation: (i) the cross section for processes with m; > my is
evaluated by taking into account the nonzero emission
angle of the final particle [72], Oy = [(m} + m3, —m73)/
(|k||p|)]'/?, and (ii) the maximal typical angle of dark
photon emission is set to @, ~0.1. As a result, the
integration over the angle 84 is performed in the range
emin S eA’ S gmaX'

In order to illustrate our results for the differential cross
sections do/dx we make a comparison between different
combinations of initial and final states of leptons, as shown
in Figs. 4-7. For the case of equal masses of initial and final
leptons, we reproduce the numerical results presented in
Refs. [31,67]. These cross sections do/dx are calculated by
using Egs. (20) and (21), implying the lepton beam energy
and target characteristics of the NA64, and NA64,, experi-
ments. One can see the similar shapes of the vector and
axial-vector dark photons in the case of e — u conver-
sion cross sections at my ~ 1 MeV. For larger masses,
my 2 300 MeV, the differential spectra of vector and
axial-vector dark photons almost coincide. For the case
of u — e conversion cross sections, one can see sharp peaks
at x ~ 1 for the relatively light dark photon m, < 10 MeV.
The corresponding peaks are mitigated for heavy masses
my 2 300 MeV.

V. RESULTS AND DISCUSSION

In this section, we derive the bounds on nondiagonal

gxc’A couplings of the dark photon with leptons from the
lepton scattering experiments at fixed targets, which
implies LFV conversion IN — I'NA’ followed by the
invisible decay of the dark photon with Br(A'— yy)~1.
We set the diagonal couplings to be g}f’A = ( throughout
the analysis.

Our results for the exclusion limits on vector and axial-
vector couplings are presented in Figs. 8 and 9 at 90% CL,
implying zero observed signal events and background free
case for the fixed-target experiments, we are assumption
that theoretical uncertainty is negligible, Ny <2.3. In
particular, the analysis reveals [73] that the electron beam
mode NA64, is background free for EoT ~ O(1) x 102,
In addition, for our analysis of the muon beam mode at
NA64# we rely on the studies in [54,57,74] which implies
the background suppression at the level of <O(1) x 10713
per muon for the LFV process due to the emission of a
spin-0 boson ¢, i.e., in the reaction IN — I'N¢.
Furthermore, for the background suppression of both
the LDMX and M3 facilities we rely on the explicit
analysis of [75] and [55], respectively, for the reactions
without LFV, IN — INA’, implying conservatively that
the background rejections would be the same for the LFV
process, IN — I'NA’.
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0.001+ P —
/

ape M= o R

0.01

1075

101 i d

10-14 Lt 1 1
0.001 0.010 0.100 1
mp (GeV)

©

FIG. 8. Bounds on vector nondiagonal coupling of a dark
photon with leptons using characteristics of the running and
proposed fixed-target experiments NA64,, NA64,, LDMX, and
M3. Bounds from the g — 2 of leptons and invisible lepton LFV
decay [; — I + A’ are included. (a): bounds for g¥.. (b): bounds
for g\.. (c): bounds for gp,.

To search a channel of LFV conversion in I[N — I'NA’
process is needed to search a signal with missing energy
and single different flavor lepton. For the benchmark
conversion e(u)N — tNA’ and the typical dark photon
mass range my < 1 GeV, the existing fixed-target experi-
ments (NA64, and NA64,) cannot reach the bound on
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FIG. 9. Bounds on axial-vector nondiagonal coupling of a dark
photon with leptons using characteristics of the running and
proposed fixed-target experiments NA64,, NA64,, LDMX, and
M3. Bounds from the g — 2 of leptons and invisible lepton LFV
decay I; — I; + A’ are included. (a): bounds for g2 (b): bounds
for g}, (c): bounds for gZ,.

7 — e(u)A’ from the ARGUS experiment [36] for both
vector [gY,(g,)] and axial-vector [g2,(gf,)] couplings. For
the considered benchmark scenarios, the most stringent
constraints on the couplings g%, < 107! and ¢4, < 107! at

my <1 MeV are expected from the projected statistics
(EoT = 10'®) of the LDMX experiment. However, for the
typical mass range m, 2 100 MeV the LDMX experiment
is able to set the constraint at the level of gXe'A <107.
Remarkably, for the typical mass range my 2 m, ~
1.7 GeV, the LDMX facility can set the bounds at
g <1075 —107*. For the accumulated statistics of
NAG64, at the level of EoT =~ 3.3 x 10!, the corresponding
experiment provides the bound g2, <5 x 1073 for the mass
threshold range m, = 1.7 GeV. In addition, the NA64,
experiment also rules out the typical regions gy, < 107 for
100 MeV < my <300 MeV and g, <1073 — 1072 for
100 MeV <my <1 GeV.

The NA64, fixed-target experiment can provide a
more stringent limit than the M? facility. Moreover, the
expected reaches of the LDMX and NA64, experiments at
the dark photon masses m, <1 MeV can be comparable
with the current bounds from two-body LFV lepton
decay, 7 — u(e)A’. In addition, the current limits from
missing energy data of the NA64, and NA64, experiments
are comparable with the bounds from (g—2),, tensions
of leptons. We note that for the projected statistics
MoT =~ 10'3, both NA64, and M? can rule out the typical
region gy:* <107*-1073 for the relatively heavy dark
photon masses my 2 1.7 GeV. Moreover, for the mass
range 100 MeV < my <1 GeV the NA64, experiment is

able to set the constraint gy’ < 107> for MoT ~ 103,

Finally, we would like to note that one can probe
the resonant production of dark photons in the LFV
reaction of a muon scattering off atomic electrons u™ e~ —
A’ > yi at both the NA64, and M* muon beam fixed-
target experiments. However, this analysis is beyond the
scope of the present paper and we plan to study it in the
future.
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