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We study lepton-flavor-violation (LFV) effects occurring in the e — y conversion in nuclei and in the rare
radiative decays 5(n') — yue of the n and 7' mesons with a special impact of the sub-GeV mass vector
mediator (dark photon). In the case of the lepton conversion, we make estimates for running and future
experiments operating with electron beams at fixed target. Obtained results are implemented in analysis of

the LFV decays n(y') — yue.
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I. INTRODUCTION

Study of lepton flavor violation (LFV) is one of the
promising directions for searching effects beyond the
Standard Model (SM). During the last decades, certain
experimental and theoretical progress has been achieved in
understanding and deeper studying of LFV physics: neutrino
oscillations, lepton conversion in nuclei, rare decays, etc. In
particular, the most stringent upper limit on the branching
ratio of the 4 — ey decay comes from data collected at PSI
(Switzerland) by the MEG and MEG II Collaborations:
Br(u — ey) < 3.1 x 10°% [1]. Before 2026, the MEG II
experiment is designed to reach a sensitivity of
Br(u — ey) < 6 x 1074, The process u — 3e was studied
by the SINDRUM (PSI) Collaboration giving the upper limit
for the branching ratio Br(u — 3e) < 1 x 1072 [2]. More
precise measurement of the u — 3e decay at PSI was
proposed by the Mu3e Collaboration, which aims for the
ultimate sensitivity of Br(u — 3e) < 10716 [3,4].

Lepton conversion in nuclei is another very important
tool for searching for LFV effects with high accuracy. There
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are two main regimes for studying lepton conversion:
lepton scattering off nuclei at small and large energies.
Coherent y~ — e conversion in nuclei or in muonic atoms at
small energies has been studied by the SINDRUM II
Collaboration [5] at PSI. Reference [5] set the current
measured upper limits for the ratio

T+ (AZ2) = e + (A, Z)]
R”e_F[u‘+(A,Z)—>1/,,+(A,Z—1)]’ (1)

which is R < 7 x 107'% at 90% confidence level for the
gold stopping target. Planned experiment MECO [6] at BNL
(U.S.) is expected to improve the SINDRUM II upper limit
by at least 34 orders of magnitude for R} <5 x 1077 at
90% confidence for the aluminum stopping target. The goal
of two other experiments being prepared by the COMET
Collaboration at J-PARC (Japan) [3] and the Mu2e
Collaboration at FermiLab (U.S.) [7] is to reach the accuracy
of R4 <3x 1077 at 90% confidence for the aluminum
stopping target. Deep inelastic lepton conversion e + p —
7+ X was searched for by the ZEUS Collaboration at
HERA (DESY) [8]. In the future, it is planned to study
high-energy lepton conversion at CERN SPS [9], EIC, FCC,
and LHeC colliders [10].

From the theoretical side, different models have been
tested in the context of future experimental studies of LFV
effects in the NA64 experiment at CERN SPS [9,11],
FASERw2 detector at the envisioned Forward Physics
Facility [12], and at future colliders (EIC, FCC, LHeC)
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[10]. There exists in literature a wide class of models and
hypotheses aiming to describe LFV phenomena, e.g., such
as high-dimensional operators [9,13], scalar (pseudoscalar)
[13-15], axion-like particles [11,16], vector mediators
[13,15,17-21], etc. Part of research works proposed use
the NA64 experiment to study LFV physics, in particular,
lepton conversion [9,11,20]. These studies are possible
after LS3 in the NA64 experiment [22,23].

In the present paper, we focus on a role of the vector
mediator (dark photon) in description of LFV effects. In
particular, we have the following main objectives: (1) We
derive the bounds on the diagonal and nondiagonal
couplings governing the LFV y — e transition considering
different rare processes. We note that in Refs. [20,24]
parameter spaces of dark photon mediator producing LFV
effects were studied in processes with a possible search for
radiation of this dark state. (2) We concentrate on the study
of fixed-target experiments using electron beams and
allowing production of a dark photon with mass in sub-
GeV region. (3) We implement bounds for rare LFV light
pseudoscalar meson decays from the dark photon model.

The study of light pseudoscalar meson decays is a one of
the important tools for searching dark matter and studying
rare physics, including C and CP violation [25] and LFV
[26]. In particular, decays of light pseudoscalar mesons are
used to search for invisible [27,28] and visible [29] dark
photon modes. A broad scientific program, including LFV
decays and rare decays of the 7 and 7' mesons, is indicated
in the proposals of the REDTOP [30] and eta-HIAF [26]
factories. The eta-HIAF factory is expected to yield
approximately 10'> =103 # mesons during one year
[26,31] that will be a good test of rare decay physics. In
according to interest for study LFV n and 7’ meson decays
at HIAF factory we made the estimates based on current
limits for vector portal. We shown that such rare decays can
be more sensitive to LFV effects than lepton conversion at
GeV energies of electron beams.

The paper is organized as follows. In Sec. II, we present
details of inclusion of dark photons in our quantum field
formalism. In Sec. III, we discuss kinematical and dynami-
cal aspects of the LFV physical processes, which are
studied in our paper. In particular, we focus on two- and
three-body rare decays of muon and e —u lepton con-
version in nuclei using electron beams at fixed-target
experiments. Later, in Sec. IV, we briefly discuss what
follows from results for the LFV rare decays of the 7 and #/
mesons. In Sec. V, we summarize our results and findings.
Additionally, some complementary formulas are included
in the Appendix.

I1. INCLUSION OF DARK PHOTONS IN QUANTUM
FIELD FORMALISM

In our paper, we follow quantum field formalism
allowing one to include the dark photon developed in
Ref. [19]. In particular, the phenomenological Lagrangian

involves singlet scalar field ¢, dark photon A’, and Dirac
dark fermion y. The mass of the dark photon my is
generated via the Stueckelberg mechanism (Stueckelberg
portal) [32] by extension of the derivative acting on the
scalar field o to covariant one containing mass of the A’.
The corresponding model Lagrangian reads [19]

1 m3, .
Lps = =7 AwA™ + TAA,QA’” +2(ip, —m,)x
1 1 m3,

—2—‘};(6MA”‘)2 —l—Eé,,ad"a— 5762, (2)
where ¢ is the gauge-fixing parameter and A}, is strength
tension of dark photon. Note, the interaction of the dark
photon with charged SM fermions can include both
diagonal and nondiagonal couplings,

Ly, = eeAj(x) Z Wi ()G (x),

i,j=eu,t
Gij=—6;+ 9}; + 9‘3’75’ (3)

where g}; and g} are the vector and axial-vector dimension-
less couplings, respectively; e is the QED-dark-photon
mixing parameter. The first term comes from general kinetic
mixing of the photon and dark photon after shift of photon
field [33]. Coupling proportional to eeg}; can be induced by
direct interaction of the dark photon with matter based on a
different mechanism. For example, such scenarios have been
proposed in Refs. [19,34]. In the following, we use the
following notations g, = ee(—5;; + gY;) and g;; = eeg’;}’v
for diagonal and nondiagonal couplings, respectively, that is
needed for analysis. The 9;; is delta Kronecker symbol. In
our applications, we focus on the use of the vector couplings.
In the framework of this work, we consider different
scenerios of interaction dark photon with SM matter, for
diagonal couplings:
(i) The general dark photon portal: This portal is
connected only with general kinetic mixing term
[35] £L=5F, F"" where € is the kinetic mixing
parameter between the two U(1) gauge symmetries,
and F,, and F"* are the strength tensors of SM
electromagnetic and dark matter (DM) dark gauge
(dark photon) fields, respectively. By shift of the
electromagnetic (EM) field A, — A, — €A}, we can
obtain interaction dark photon with charge current of
lepton or quark fields. In results g; = ee(—=5;; + gY)
includes interaction with all fermions, in general.
(i) The nonminimal leptophilic dark photon portal: In
this scenario, the dark photon couples directly only to
leptons, with no tree-level kinetic mixing. The direct
coupling is parametrized as g;; = ee(g};). Interactions
with quarks are not present at tree level, but are
generated radiatively through fermion loops involv-
ing leptons and a virtual photon. This loop-induced
coupling is suppressed by a factor of ~e?/(162%) and
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exhibits a logarithmic dependence on the lepton mass
scale, In(m?/u?).

(iii) The nonminimal hadrophilic dark photon portal:
This is the similar case of interaction, but where the
dark photon couples directly only to quarks, gain
with no tree-level kinetic mixing. The direct cou-
pling is g,, = e€(gy,). Interactions with leptons are
generated indirectly through quark-loop diagrams
and are suppressed by ~e?/(16x%), with a logarith-
mic dependence on the quark mass scale, In(m3 /u?).

A different scenario will give a different dependence in
interaction, including vector meson and dark photon mix-
ing, which is considered here at estimation LFV decays of 5
and 7' mesons. In this time exist upper experimental limits
on different scenarios of dark photon models which will be
used here in calculation.

III. LFV DECAYS

In this section, we briefly discuss kinematical and
dynamical aspects of the following LFV processes: decays
of muons y — ey and u — 3e and e — u conversion in
nuclei. Later, we will see that rare decays give strong
bounds for parameter space of models.

A. Decay u — ey

A gauge-invariant set of Feynman diagrams induced by
the dark photon mediator and contributing to the y — ey
decay is shown in Fig. 1. Corresponding manifestly gauge-
invariant leptonic current in momentum space has the form

J4(p, p') = (P )T (p, p)u,(p),
D0, ) = AF ) + 2 ), ()

'd

where y/| = y# — qq—, is the Dirac matrix orthogonal to the

photon momentum ¢ = p — p’ with g7/, = 0.
Expression for the form factors F*(g?) is given in the

Appendix. In the limit m, = m, and m, — 0, the F5*(0) is

9udir
477>

contribution +- to the anomalous magnetic moment of the
charged fermion with spin 1/2 in QED.

equal to which is the LFV analog of the Schwinger

qsy Gup (gue) Gue (gee)

FIG. 1.

The decay width of the ¢ — ey transition reads

= er) = (g3 me (1= ) | Fr0)| . 6)

Note, the Dirac form factor F{*(g?) is finite for ¢ # 0,
while it has divergence at ¢*> = 0. This divergence is
removed by introducing an appropriate counterterm in
analogy with QED. Therefore, the renormalized Dirac
form factor has the form FY (¢*) = F{"(¢*) — F}*(0). It
means that F{%(0) = 0; i.e., LFV is absent for real photon
emission. The expression for the F f’fr(qz) is presented in
the Appendix. In the limit m, =m, and my =0, we
reproduce the well-known QED result for the one-loop
vertex correction [36].

B. Decay pu — 3e

The diagram contributing to the 4 — 3e decay, which is
induced by the nondiagonal coupling of the dark photon
with SM leptons, is shown in Fig. 2. The y — 3e decay
width in the limit of massless electron m, = 0 is given by

[ [

gllgue

(4 — 3e)
= 3¢) = 56 mom

Z|MIIIV|2

pol
(6)

where 33 1 [Miqy|* is the square of the invariant matrix
element of the 4 — 3e decay averaged over the muon spin
and polarizations of fermions,

(51 + 52)(my — 51 = 53) + 82(my; — 57)
2(5’1 mi/)2

3> M2 =

pol

(s1+ 52) (Mm% — 51— 52) + 51(m% = 51)
2

2(sy —m?))
_ (51 + Sz)(m;% -85 = SZ))
(51— mf‘,)(sz - mﬁ,) '

(7)

Here we use the Mandelstam variables,

Gue (gee)

p \ p
gue(gu,u) gee(gue),y q

Gauge-invariant set of Feynman diagrams induced by dark photon mediator and contributing to the ¢ — ey decay.
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FIG. 2. Diagram contributing to the 4 — 3e decay generated by
the dark photon mediator due to its nondiagonal coupling with
SM leptons.

si=(p1+p2)? = (p—p3),
so=(pa+p3)?=(p-p)
s3=(p1+p3)* = (p—p2)?,

s+ 8y + 853 =15 =ma. (8)

C. Lepton conversion in fixed-target experiments

In this section, we focus on the process of lepton e — u
conversion. Here our main purpose is to understand
possible opportunities for searching this process in fixed-
target experiments. In particular, We will study the con-
straints for experiments, which are able to produce lepton
beams with huge intensity and aim to detect feebly
interactive particles of dark matter or mediators between
SM and DM. One can expect that in fixed-target experi-
ments e — u conversion should have a good signal, because
a produced muon will have an energy close to beam energy,
and therefore it can be registered. Production of such an
energetic muon will be the tag for the e — u conversion.
Note, the use of muon beam in fixed-target experiments for
searching y — e conversion is more problematic due to
small radiation and dissipation lengths of electron in a
target. The y — 7 and e — 7 conversions have difficulties in
isolating the signal from 7 lepton decays.

One of the best candidates to study e — y conversion in
the regime of fixed target by using electron beam is the
NA64, experiment at CERN SPS [37,38]. At present, the
NA64, setup is able to collect ~10'? electrons on target.
Additionally, in the future it is planned to search for dark
matter using electron beams with different types of targets
in the experiments LDMX at SLAC (U.S.) [39-41], BDX at
FermiLab (U.S.) [42], and DarkSHINE at SHINE (China)

TABLE L

[43]. The experiments NA64,, LDMX, and DarkSHINE
are based on the use of missing energy and momentum
techniques. The BDX experiment for searching dark matter
is based on beam dump with a possibility to observe visible
decay after the wall [42]. All experiments have a calorim-
eter system and track system, which can register energetic
muons inside. We collect the main parameters of the fixed-
target experiments NA64,, LDMX, BDX, and DarkSHINE
in Table I.

The number of produced muons in the reaction of the

e—H

prN do(E),.,
N, ~EoT- TAALT/dx—”, 9)

dx

where N, is the Avogadro number, and do,_,,/dx is
the differential cross section of the lepton conversion
eN, — uN, on nucleus N, with atomic number A and
charge Z. Other parameters are collected in Table 1.

Kinematics of lepton conversion is specified by the
following set of the Mandelstam variables:

s = (ki + p1)* = (ka + p2)*,
= (k2 ) =(p2 _p1)27
= (k, ) = (kz - Pl)z,

s+t+u:2MNZ+m,%+m§, (10)
where p; and p,, k; and k, are the initial and final nuclear
momenta and the electron and muon momenta, respec-
tively; My, is the nucleus mass.

In general, the interaction of an electromagnetic field A,
and nucleus can be effectively represented as [44]

L5 = —eAJY, . (11)

where J3,  is nuclear current. For heavy nucleus, one can

exploit a spin-0 form factor with a good accuracy [45].

Thus, the hadronic current in the momentum space reads as
[45,46]

N, = Fy,(t)(p1 + p2)*. (12)

Lepton conversion in nuclei is contributed by two

diagrams shown in Fig. 3: (left panel) diagram induced

Parameters of the fixed-target experiments NA64,, LDMX, BDX, and darkSHINE: target parameters (A, Z), energy of

scattering beam E, target density pr, first radiation length X, effective thickness of the target (L), and planned accumulate of electrons

on target (EoT).

e-conv. A (Z2) E (GeV) pr (g cm™) Xy (cm) Ly (cm) Projected EoT
NAG64,: eN = Ny 207 (82) 100 11.34 0.56 0.5 5 x 10'?
LDMX: eN - Nu 27 (13) 16 2.7 8.9 3.56 10'8
BDX: eN — Nu 27 (13) 11 2.7 8.9 3.56 1022
darkSHINE: eN - Nu 184 (74) 8 19.3 0.35 0.35 10'°
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e(k)  Gue (k) e(k1) p(kz)
%
Nz(p1) (A,Z) Nz(p2) Nz(p1) (A,Z) Nz(p2)
FIG. 3. Diagrams contributed to the lepton e — u conversion in

nuclei due to LFV dark photon: diagram induced by mixing of
QED and dark photon (left); diagram induced by form factor
relevant for the 4 — ey transition (right). Dashed triangle blob in
right diagram represents the vertex function ', (k, k,).

by mixing of QED and dark photon; (right panel) diagram
induced by form factor relevant for the y — ey transition.
Dashed triangle blob in right diagram represents the vertex
function ', (k;, k,). Matrix element of lepton conversion is
given by the sum of two terms M{*" and M$5™ corre-
sponding to diagrams shown in Fig. 3,

Mo — M<1:0nv 4 Mczzonv’ (13)
where

conv ezgllgey — .

Ml ) 2 ue(kZ)yuu;t(kl)JNz, (14)
q _mA/

conv ezgllgqt — 5

M2 ) 2 ue(kZ)Fﬂ(khk2)uﬂ(kl)-]]vz- (15)
q _mA/

In M{°™ the mixing is induced by lepton loop between dark
photon and external photon coming from nuclei. Here it is
proposed that direct interaction of dark photon with
baryons does not exist and only occurs via mixing
generated by the lepton loop. Lepton-loop contribution
is collected in the product of two coupling eg;;. Differential
cross section is given by

@ _ %Zpol|MC0nV‘2 (16)
dt — 16n(s—M3,)’

The mixing parameter ¢ is considered as a free parameter.
The interaction with nucleus is parametrized by taking into
account a general electric form factor which includes Z>
and Z terms describing “elastic” and “inelastic” effects,
respectively. The form of this nuclear form factor is
parametrized by Tsai [47,48] and Bjorken et al. [49,50] as

a*t \2/ 1 \2
F% (1) = Z?
v, (1) (1 +a2t> <1 +;>

2y N2 (1435 (uy — 1)\ ?
L a /2 amz \Hp )z (17)
1 +d’t (1+ 52)

0.71 GeV?

where the parameters of nuclear form factor are specified:
a=111Z""3/m, and d=0.164A7%/3 GeV? are the

screening and nucleus size parameters, respectively [49];
d =7732"3/m, and p,=2.793 (proton magnetic
moment) [51] are parameters for inelastic scattering.

IV. RESULTS

In this section, we present our results for the bounds on
the LFV couplings extracted from analysis of rare LFV
decays. We hope that our predictions will be useful for
running and future experiments with huge intensity elec-
tron beams in fixed-target experiments. Unfortunately, the
bounds on the LFV couplings derived from study of the
e —u conversion in nuclei using electron beam with
exchange by vector boson between LFV lepton current
and nuclear current are less stringent than existing bounds
from LFV muon decays. Obtained bounds for diagonal and
nondiagonal couplings as functions of mass of dark photon
my are shown in Fig. 4. It seems that currently in fixed-
target experiments it is impossible to get the level of
sensitivity achieved by decay studies.

A. Bounds for LFV couplings from
rare 7 and 7/ meson decays

Using obtained results for combination of diagonal and
nondiagonal coupling, we have a possibility to estimate
branchings of the LFV decays of # and 7/ mesons. An
experimental study of these decays is planned in the # and
i’ factory REDTOP at FermiLab (USA) [30]. The vector
mediator is a simple model, which can give bounds for the
three-body LFV decay widths of #(y') — yue using
existing limits from LFV decay and lepton conversion.
In general, such bound should be weakly changed in
dependence of type of mediator. For other LFV decays,

T . T e e e e

=54 10
0.01 W
10M6). i -

DarkSHINE(Stage 2E0T=

mg GeV

FIG. 4. my, dependence of bounds for the products of diagonal
and nondiagonal couplings of dark photon with SM fermions.
Shaded region corresponds to available data from limits on rare
muon LFV decays and for current statistics of the NA64
experiment. Dashed lines correspond to estimates of future beam
dump experiments with electron beams. Parameters used here are
presented in Table 1.
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q

v

(a) (b)

FIG. 5.

such as two-body decays  — eu and ' — ep, strict limits
from conversion were obtained in Ref. [52].

The LFV decays 7(1') — yue are related to the Dalitz
lepton-flavor-conserving decays #(y') — yl"l~ because
matrix elements of both types of processes contain anoma-
lous pseudoscalar-vector-vector couplings: PyA’ and Pyy
(the Wess-Zumino-Witten chiral anomaly), respectively.
A nice point is that we can relate PyA’ and Pyy couplings
using the QED-dark-photon mixing. In particular, starting
with phenomenological Lagrangian governing the chiral
anomaly,

2
e
Lpy = §ngeﬂvaﬁP(x>F””(x)Faﬁ(x>» (18)

where F* is the stress tensor of electromagnetic field, €, 45
is the antisymmetric Levi-Civita tensor, and gp,, is the Pyy
coupling. This vertex in shown in Fig. 5(a). We derive
phenomenological Lagrangian describing the coupling of

pseudoscalar meson P with QED and dark photons,

2
e
['PyA’ = §gPyA’eﬂuaﬁP(x)FW(X)F/aﬁ(x)’ (19)

where gp, 4 is the PyA" coupling, which for three different
scenarios [corresponding Feynman diagrams are shown in
Figs. 5(b)-5(d)] are fixed as:

(1) General scenario: gp,4» = €gp,,. In this scenario, we
base on the kinetic mixing of the QED and dark
photons [35], which after the shift of one of the EM
field A, — A, — €A}, leads to the coupling of the
pseudoscalar meson pair of QED and dark photons.

(2) Hadrophilic scenario: gp,a' = (g44/€)gp,, [53.54].
In this scenario, the dark photon directly interacts
with quarks.

(3) Leptophilic scenario:  gp,a = 1224 In(mj /u*)gp,,
[55]. In this scenario, the dark photon directly
interacts with leptons, and therefore its coupling
with the QED photon occurs via the lepton loop,
where y is a renormalization scale and m; is the mass
of lepton propagating in the loop.

Note, the decay width of the anomaly process P — yy in
terms of coupling gp,, reads

Esl

(©) (d)

Feynman diagrams that show vertices of decay pseudoscalar meson into two photons (a) or one photon and a dark photon in
different scenarios: (b) general, (c) hadrophilic, and (d) leptophilic.

2

T
(P —yy) = ngwm%’ (20)

where mp is the mass of the respective pseudoscalar meson.
P — yA’ decay width can be written as

(i8]

[(P = yA) =S (L=xp) T(P = 77).  (21)
where x;; = m}/m3 is the ratio of squared masses of

corresponding particles.
With taking into account intermediate vector mesons
V = p° w, ¢ we get for the decay width

2 2 2
Qe my dq
TP —yue) =1oou s /2 ra
P my
Alm, m2, g
X (2P2 : g ) 2 g%’yA” (22)
(mA’ —q ) +I ’—>ﬂemA’

where

A(mp,m2 q*) = (m2 = q*)((m} — ¢*)*(¢* — m2)?
— (mp = ¢*)’(¢* = 2my)
— (m§ — ¢®)miq?). (23)

In the case with including intermediate vector meson states,
the coupling g, ,, is changed as

G = [ Toyur + 20puRe(95,1 () + 195, ()],
with mixing photon and vector meson

2
q-9vpygva’
2 2 o 9
q-—m,+il,m,

9§,A/ (qz) = Z

V=p".0.¢

(24)

where coupling gp,4 for different scenarios was specified
after Eq. (19), and coupling gy, defining the A" - V
transition is fixed for three scenarios as:
(1) gvar = €gy, for general dark photon scenario;
() gva = gv,(gqq/e) for the hadrophilic sce-
nario [53,54];

015036-6
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Ygue

() gva = £ In(m}/pu?)gy, for  the
scenario.

The hadrophilic and leptophilic scenarios are specified by
direct interaction of dark photon only with quarks or
leptons, respectively. The general scenario is based on
the general mixing mechanism allowing direct interaction
of the dark photon with both quarks and leptons.

The g,0,, coupling is fixed from decay width

leptophilic

[04
LV = Py) =52 gupmy (1= xpy)*. (25)

T 24
The couplings gyp, are fixed from data on the correspond-
ing P — Vy decay widths

a

Q%Pym%(l —xyp)’. (26)

Numerical values of the coupling gp,, and gpy, fixed from
data [51] are

=0.274 GeV~!,
=1.55 GeV~!,

= 0.341 GeV~!,
=2.73 GeV~'. (27)

nyy vy

gpoﬂ}/ gpoﬂ/}’
The specific neutral vector meson gy, is equal to g,, =
0.202 for p°, g, = 0.059 for w, and g,, = 0.075 for ¢.

In the limit m, — 0 the decay width I/, ,, is given by

2
g
| ﬁm‘” /1 —yf;(l - 2y}24 — Zyﬁ), (28)

where y; = m;/my. The decay width of the dark photon
into a lepton-antilepton pair of the same flavor is given by

>
g
Lyoy= émw\/ 1 —4y7(1+2y7), (29)

where g;; will be dependent on scenario.

For heavy mass of the dark photon m, > m,, the decay
width I'(P — yue) ~ mp(gyg,.)*. Current bounds for pro-
duction of diagonal and nondiagonal coupling are at level
1071, hence Br(5(i') — yue) will be at level <107'3.
Maximal value for this decay width can be reached for the
dark photon mass below # meson mass, i.e., in the region
my < m,, where resonance production is possible. In sub-
GeV mass region, the decay width for the dark photon is of
order I'y_,, ~mp x O(g2,), and decay width I'(n(y') —
yue) can be computed using known narrow-width approxi-
mation [51,56,57],

/S_“'+ ds (s — m{)(;l— P [j+ ds%f(s)é(s )

forT' < mands_ < m? < s,.TheT is decay width, which

is the sum of all channels and final results will be dependent
upon which mode is dominant.

For the upper limit, we used in narrow-width approxi-
mation decay width A’ — pe if nondiagonal coupling is
dominant. As a result, I'(P — yue) is proportional to glzl. In
this case, the general, hadrophilic, or leptophilic scenario for
diagonal interaction couplings could occur. Other scenarios
are described in Ref. [58]. All scenarios have bounds from
experiments that studied dark matter or can be recalculated
from one to another. For the leptophilic scenario, there exist
bounds from invisible mode from the BABAR [59] and NA64
[38] experiments. For the hadrophilic scenario, current limits
for myr < m, are established from the COHERENT [29] or
MiniBooNE [60,61] experiments. Upper bounds can be
derived using narrow-width approximation by taking into
account existing bounds for dark photon mixing for mass
my ~m, and without taking into account intermediate
vector meson states. In the hadrophilic case, we can obtain
limits for decay branching Br( — yue) < 0.08 x (ag/a)
and Br(n/ — yue) < 0.76 x (ap/a), where ap = g2, /4.
From the COHERENT experiment, one  gets
ag ~ 1077 +107° for m, < m, < mp. Finally, using the
bound for the hadrophilic scenario, we obtain
Br( — yue) <2.7 x 1077 and Br(yy — yue) <2 x 1078
For the general case of dark vector boson scenario, we can
use bounds from the BABAR [59] and NA64 [38] experi-
ments, <2 x 1077 and <107, respectively. Note, the branch-
ings for the leptophilic case are suppressed by a factor
/647 in comparison with the general dark photon scenario.
If dark photon mass m s dark photon is heavier than mass of
decaying meson, then we obtain that the branching ratio is
more suppressed due to existing bounds from LFV muon
decays. The contribution with taking into account that
intermediate meson states produce less contribution are
omitted here, as they do not provide new strict upper bounds.

For the case when diagonal coupling is dominant, ['(P —
yue) is proportional to mp X ggﬂ. For the general case of dark
vector boson scenario, we can use bounds from BABAR and
NA64 [20] experiments for the LFV case, <2 x 107! and
<10713, respectively, for 7 and ' mesons decays.

V. SUMMARY

We discussed a possibility to study e — y conversion on
nuclear in experiments on fixed target in a phenomeno-
logical approach with vector boson mediator (dark photon).
Obtained results solidify the impossibility of such study
due to the requirement to increase statistics by orders of
magnitude. The strict bounds from LFV muon decay were
analyzed. Branchings of the 7 and #' meson decays will be
suppressed when the vector meson mediator is heavier than
n and 5 states. In the resonance case, obtained upper
bounds will be Br(y — yue) <2 x 1077 and Br(y' —
yue) < 2 x 1078 based on data limits collected from search
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for the dark photon in different experiments. This case also
looks problematic for study at future 7 and #’ factories, but
possible with planned meson yield [26], if the correspond-
ing processes involve feebly interacting vector mediator
(d la dark photon). Additionally, decay into # — yue has a
specific signature (with one muon in final) which can be
detected and should be analyzed in super-y factories. For
the case of dominance of diagonal coupling, the bounds
will be more stringent at level <2 x 107!? and <10~ for
n and #' meson decays, respectively. It will require high
statistics of meson yield. For the case of dominance of dark
mode, study of such rare decays will be unattainable.
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APPENDIX: FORM FACTORS DESCRIBING
INTERACTION OF EXTERNAL
ELECTROMAGNETIC FIELD
WITH LFV CURRENT

1
Féf(qz) = /O dxdydz6(1 —x—y —z) Py

([mz(l +y)+m(z—1)

+m; < mey <z, Al
T } [y <> s,y 1) (A1)

with D(my,my.y,z.t) = mi,x—z(m}x—kty) +m3(y?+z+yz),

1
2

) 1
FU(7) = [ dsdvazat —x -y -2
0 T

2(mi(x —y —z) + memx(2 — x) + 1(x — yz))

([Z(mlmfx(Z —x)+mi(x—y—72))
D(ml’ mf’y’ s 0)

D(mh mf? yy Z, t)

In <D(m1, mge,y, 2, 0)
D(mls mfv ¥, Z, t)

)]+ oo mpy ). @2
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