PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: July 24, 2021
REVISED: October 2, 2021
ACCEPTED: October 7, 2021
PUBLISHED: November 11, 2021

Electron beam dump constraints on light bosons with
lepton flavor violating couplings

Takeshi Araki,” Kento Asai’ and Takashi Shimomura®
@ Faculty of Dentistry, Ohu University,
31-1 Sankakudo, Tomita-machi, Koriyama, Fukushima 963-8611, Japan

b Department of Physics, Faculty of Science, Saitama University,
Sakura-ku, Saitama 338-8570, Japan

¢Faculty of Education, University of Miyazaki,
1-1 Gakuen-Kibanadai-Nishi, Miyazaki 889-2192, Japan
4 Department of Physics, Kyushu University,
744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan
E-mail: t-araki@den.ohu-u.ac. jp, asai@krishna.th.phy.saitama-u.ac. jp,

shimomura@cc.miyazaki-u.ac. jp

ABSTRACT: We study constraints on light and feebly interacting bosons having charged lep-
ton flavor violating couplings from electron beam dump experiments. Scalar, pseudoscalar,
vector, and dipole type interactions of the bosons are analyzed, and excluded regions from
the searches for decays into electron-positron pairs are derived. It is found that parameter
regions unconstrained by flavor violating decays of muon can be excluded using the results
of the E137 experiment. We also discuss the impact of the search for flavor violating decays
of the light bosons in electron beam dump experiments.

KEYWORDS: Beyond Standard Model, Gauge Symmetry, Higgs Physics

ARX1v EPRINT: 2107.07487

OPEN AccESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP11(2021)082


mailto:t-araki@den.ohu-u.ac.jp
mailto:asai@krishna.th.phy.saitama-u.ac.jp
mailto:shimomura@cc.miyazaki-u.ac.jp
https://arxiv.org/abs/2107.07487
https://doi.org/10.1007/JHEP11(2021)082

Contents

1 Introduction 1
2 Interaction Lagrangian 3
2.1 Scalar interactions in two Higgs doublet model 3
2.2 Pseudoscalar interactions in axion-like-particle model 4
2.3 Vector interactions in L, — L; model 4
2.4 Dipole CLFV in dark photon model )
3 Light boson production in beam dump experiments 6
3.1 Differential cross section of bremsstrahlung process 7
3.2 Number of signal events 11
4 Electron beam dump constraints 11
5 Flavor violating decay signal 14
6 Summary 16
A Effective photon flux 17
B Function Uf; 17
C Widths of CLFV decays of muons 18

1 Introduction

For the last decade, the searches for new physics beyond the Standard Model (SM) have
been primarily led by the LHC experiment with particular attention to a parameter region
of TeV-scale mass with O(1) coupling. Despite a great deal of experimental and theoretical
efforts, no signals of the new physics have been found so far. Given the fact, nowadays,
there is a growing interest in neutral bosons having sub-GeV mass and feeble interactions
with the SM particles. In fact, there are several theoretical motivations to consider such
feebly-interacting light bosons. For instance, it plays a crucial role in the muon g — 2
anomaly [1-3], the dark matter problem [4-11], and the Hubble tension [12-15]. Moreover,
it was found that the existence of the light boson helps us understand the observed energy
spectrum of high energy cosmic neutrino [16-24].

Feebly-interacting light bosons are expected to be long-lived and leave displaced vertex
signals at experiments. Among possible experiments, beam dump experiments are espe-
cially suitable for searching such bosons. The bosons can be produced from an incoming



beam on a target, travel long distance, and decay into an electron-positron pair near the
detector distant from the target. In the 1980s, several beam dump experiments were car-
ried out to search for light neutral scalar bosons, such as axions, by using proton beam [25]
and electron beam [26-30]. These experimental constraints were later translated to those
on light gauge bosons in refs. [31] and [32, 33]. At present, including the results of the
beam dump experiments, the comprehensive analyses have been done for various types of
light boson models, such as the dark photon [34, 35], U(1) g1, gauge boson [34], U(1)L, -1,
(v, B = e, u, T) gauge boson [34], dark Higgs boson [36], and axion-like-particles [37]. Also,
in refs. [38-41], the prospect of a new beam dump experiment at the future ILC exper-
iment is studied. Typically, beam dump experiments yield constraints in a mass region
of MeV-GeV. On the other hand, below the MeV scale, there are strong constraints from
astrophysics and cosmology [12, 42, 43]. As for the coupling constant, some regions below
the beam dump constraints are excluded by the observation of supernovae [44, 45].

Although beam dump experiments are one of the best probes of the searches for feebly-
interacting light bosons, the constraints are derived only for minimal and simplest model
setups, that is, only a single new particle with a new coupling constant is introduced. In
the literature, however, several extensions have been proposed recently.

In this paper, given the current situation, we attempt to enlarge the availability of beam
dump experiments for the extended scenarios. We are especially interested in extensions
including Charged Lepton Flavor Violation (CLFV) [46-53]. As is well known, CLFV is
one of the most evident signals for new physics beyond the SM. Many experimental searches
have been carried out, and in most cases, CLFV decay processes of muons like 1 — eee and
p — ey give the tightest upper bounds on CLFV couplings (see ref. [54] for a comprehensive
review). On the other hand, in the sub-GeV mass region, electron beam dump experiments
can possibly exclude a parameter region below the upper bounds from the CLFV decay
processes of muons, and new bounds could be obtained. To illustrate the exclusion regions
by electron beam dump experiments, we consider four types of interactions between the
new light boson and charged leptons as benchmark models, i.e., Yukawa type interactions
for a scalar boson, axion-like particle (ALP) type interactions for a pseudoscalar boson, and
vector and dipole type interactions for a vector boson. We introduce CLFV couplings of
electron (e) and muon (), as well as Charged Lepton Flavor Conserving (CLFC) couplings,
into the benchmark models. We then derive the exclusion regions of the CLFV couplings
from the E137 experiment, which provides the most stringent constraints on the couplings
with leptons.

This paper is organized as follows. In section 2, we introduce four types of CLFV
interactions analyzed in this work. In section 3, the production cross sections of light
bosons through bremsstrahlung processes and the formula to calculate the number of signal
events are given. In section 4, the constraints on the light bosons with CLFV coupling by
the E137 experiment are derived, and the results are compared with the existing bounds
from the muon CLFV decays. In section 5, the impact of searches for flavor violating
decays is discussed. Section 6 is devoted to summary.



2 Interaction Lagrangian

We start our discussion by introducing interaction Lagrangians involving CLFV couplings
analyzed in this work. As we explained in the introduction, we consider four types of
CLFYV interactions, i.e., Yukawa type interactions for a scalar boson, ALP type interactions
for a pseudoscalar boson, and vector and dipole type interactions for a vector boson as
benchmark models. We refer to these interactions as scalar, pseudoscalar, vector, and
dipole interactions, respectively. In the following, we restrict our analyses only to CLFV
in the eu sector.

2.1 Scalar interactions in two Higgs doublet model

Firstly, we give the Yukawa type interaction Lagrangian. Such an interaction can be
obtained in models with an extra leptophilic Higgs doublet scalar. The new Higgs doublet
scalar is assumed to couple to only leptons and to contribute to the mass generation of the
charged leptons. In this case, the mass matrix of the charged leptons consists of two parts
originating from each Higgs doublet after developing vacuum expectation values (VEVs).
In general, those two mass matrices are not necessarily diagonalized simultaneously, and the
misalignment of the mass matrices generates CLFV interactions after the diagonalization.
To avoid large contributions from the CLFV interaction by the SM Higgs boson, we assume
the VEV of the extra Higgs doublet field to be much smaller than the electroweak scale.
Then, the charged lepton masses are mostly determined by the mass matrix with the VEV
of the SM Higgs boson. In such a case, the CLFV interactions are given from the Yukawa
terms of the extra scalar boson.
The relevant interaction Lagrangian is given by

['scalar = Z y@EQﬁg}g + yeuq(buR + yueﬁgﬁeR +h.c. ) (21)
€:€7M77'

where ¢ is the extra scalar boson, and yy and Y., (.e) are the CLFC and CLFV coupling
constants, respectively. Here we omit the interactions obtained from the mixing between
¢ and the SM Higgs boson, due to the assumption of a small VEV for ¢.

From eq. (2.1), the total decay width of ¢ is given by

Tyt = Y T(¢— 00) +T(¢ — efi) + I'(¢p — pe) . (2.2)
l=e,u,T

Here the partial decay widths into the charged leptons are given by [55, 56]

~ 1 2 2 2 2 ,
T(p— 00) = ——mg A L 0 Ngy (1 M) g, e (2.3)
167 mg My my mg
where mg is a mass of ¢, A is the Kallen function defined as follows:
Ma,b) = V1 + a2 + b2 —2a — 2b— 2ab, (2.4)

and S1 = 2|y,|? and S2 = Re(y?) for the CLFC decays, while S1 = |yeu|? + |yue|* and
So = Re(YeuYpe) for the CLFV decays.



2.2 Pseudoscalar interactions in axion-like-particle model

Secondly, we give the ALP type interaction Lagrangian which consists of the dimension
5 operators involving the derivative of a pseudoscalar boson. ALP is a pseudo-Nambu-
Goldstone boson that appears from spontaneously breaking of a global symmetry. This kind
of new particle is highly motivated in various contexts, such as the strong CP problem [57—
59], dark matter [60-62], and flavor problem [63—67]. In general, ALPs can have CLFV
couplings, and such possibilities have been studied in the context of the electron and muon
anomalous magnetic moment and CLFV decays [51-53].
The relevant interaction Lagrangian is given by

oua -
Epseudoscalar = % { Z CU£7“75£ + Ce,uEV“’)%M + cue,uq/“'yg,e} ) (25)
e:ehu‘:’r

where a is the pseudoscalar boson, and A is a cutoff or the decay constant of the ALP.
From eq. (2.5), the total decay width of a is given by

Tiot = Z I'(a— ) +T(a— en)+T(a— pe). (2.6)
l=e,u,T

Here, the partial decay widths into the charged leptons are obtained as [48, 68|

|P? mi mp\ mg(mg +mp)® — (mj —mp)?
mz’ mg mg

[(a—00) = soaza
7r

where m, stands for the pseudoscalar mass, P = ¢y or ¢ y for the CLFC or the CLFV

ep(pe
decays, respectively, and A(a, b) is given in eq. (2.4).

2.3 Vector interactions in L, — L, model

Thirdly, we give the vector-type interaction Lagrangian. The interactions of the charged
leptons with a new vector boson can be obtained by extending the gauge sector of the SM.
For minimality, we consider an extra U(1) gauge symmetry in this work. CLFV vector
interactions can be generated at both tree and loop levels. At tree level, the following con-
ditions should be satisfied: 1) the different gauge charge assignments among the charged
lepton flavors and 2) the misalignment between the interaction and mass eigenstates of the
charged leptons. Then, CLFV interactions appear in the gauge sector after diagonalizing
the mass matrix of the charged leptons. It should be noticed that the above conditions
imply that the extra U(1) symmetry must be flavor-dependent. Therefore flavor universal
gauge symmetries, such as the U(1)p_; gauge symmetry, cannot induce the CLFV inter-
actions in this way. One of the viable examples is the U(1), 1, gauge symmetry [69-71]
with extra Higgs doublets. Under the U(1)r, 1, gauge symmetry, the lepton flavors are
differently charged: only the mu and tau leptons (7) are charged as +1 and —1, respectively.
Moreover, if there exist extra Higgs doublets charged under the U(1)r, 1, gauge symme-
try, off-diagonal elements in the charged lepton mass matrix are induced [71]. At loop
level, CLFV vector interactions will be induced through the CLFV scalar loop for massive
gauge bosons. In this case, the gauge symmetry does not have to be flavor-dependent. In



this work, we only study the CLFV vector interactions at the tree level. However, analyses
for the loop-induced CLFYV interactions are essentially the same and will be translated by
replacing the couplings with loop-induced ones in our results.

For general discussions, we parametrize the CLFV coupling by 6 which is the mixing
angle between the electron and muon. The mass and flavor eigenstates are connected by
this mixing angle. Then, the Lagrangian of the vector interactions in mass eigenstate is
given by

Lyector = g/Z;)(s2 evPe + ¢ TP + sc myPe + sc ey )
+9' Z(=TT + U v — U Prs) (2.8)

where Z' is the U(1)r, 1, gauge boson, ¢’ is the gauge coupling constant of the U(1)r,_r,
gauge symmetry, and s(c) = sinf(cos#). Here v, and v, are left-handed muon and tau
neutrinos. It should be noted that, in general, there also can exist interactions through
the kinetic mixing. Such interactions conserve lepton flavor and are independent of the
mixing angle. Then, the flavor conserving productions and decays of Z’ are modified.
Although analyses of such a situation will lead to more general constraints, the increase
of the parameters will make the analyses complicated. For simplicity, we assume that
contributions from the kinetic mixing are negligible, and omit the kinetic mixing throughout
this paper.
Given the Lagrangian in eq. (2.8), the total decay width of Z’ is obtained as

Tiotal = D(Z" = vi)+ Y T(Z' = )+ (2" — epp) + D(Z' — pe), (2.9)
l=e,p, T
where the partial decay width into the neutrinos is given by
12

(2 - vir) =2
(Z" = vv) 19+

my, (210)

in the massless limit of neutrinos,' with my being a mass of Z’. The partial decay widths
into the charged leptons are

~ e 2 2
D(Z' — 00) = ~—my A ( T T )

247 mZ/ ’ m2zr
2 2 2 22
X [2 _ e — Gmeme gy (m; _4mf’) ] : (2.11)

where V = ¢'s?, ¢'c?, or —1 for the CLFC decays, while V = ¢'sc for the CLFV decays.

2.4 Dipole CLFYV in dark photon model

Lastly, we give the dipole-type interaction Lagrangian. We again consider an extra U(1)
gauge symmetry and assume that there are no interactions between the new gauge boson

'Here, we assumed neutrinos are Dirac particles. For Majorana neutrinos, the partial decay width is
multiplied by 1/2.



A’ and the SM particles at tree level, similar to the dark photon model with vanishing
kinetic mixing. Even in this case, CLF'V interactions, as well as CLFC interactions, can be
induced at the loop level. For instance, suppose new complex scalar bosons charged under
the extra gauge symmetry exist and couple to the SM charged leptons with new fermions.
The interaction between A’ and charged leptons can be generated at one-loop in which
the new scalar bosons and fermions propagate. Here we consider the following dipole-type
interactions:
,U/I

1 _
Laipole =5 D uelo? LA, + - (0" e + €077 p) Ay, (2.12)

l=e,u,T
where py and p/ are CLFC and CLFV dipole couplings, respectively, and A;a stands for the
field strength of A’. We assume that the dipole couplings are real. One may imagine that
there should exist similar CLFV interactions in which external A’ is replaced by photon,
which are strictly constrained by the MEG [72] and BaBar [73] experiments. However, it
will be possible to suppress such dangerous electromagnetic dipole operators when the new
gauge boson has an interaction vertex with neutral CP-even and odd scalars since the same
vertex does not exist for the photon. One of such examples is the so-called dark photon
model with dark Higgs particles [74].
Given the Lagrangian in eq. (2.12), the total decay width of A’ is given by

Liotar = », T(A"— 00) + T(A" — eji) + T(A — pe), (2.13)
l=e,u,T

where

2 2 2
DA = ) = D, \ [ 1 T
s m124/ mi/

" [1 1 m? + 6meme +m2  (m7 —m3)?

2.14
2 2 m124, mj, ( )
with m 4 being a mass of A, and D = py or y' for the CLFC or the CLFV decays,
respectively.

3 Light boson production in beam dump experiments

In electron beam dump experiments, a new light boson X (= ¢,a,Z’, A’) is produced
by the bremsstrahlung process with nucleons in target materials. When the light bosons
have CLFV interactions with electron and muon, they also can be produced through flavor
violating bremsstrahlung processes shown in figure 1. The bremsstrahlung production
process can be evaluated by using the cross section of electron-photon scattering, e~ +~v —
0+ X (0 = e, ), in the Weizsdcker-Williams approximation [75-77]. In this section, we
show the differential cross sections of the scalar and vector boson production process for
the interactions given in the previous section. Then, we give formulae to calculate the
number of events in electron beam dump experiments.
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Figure 1. Light boson production through bremsstrahlung process with CLFV interaction by a
target with the atomic number Z. The boson X is either a (pseudo)scalar or vector.

3.1 Differential cross section of bremsstrahlung process

With the improved Weizsédcker-Williams approximation, the differential cross section of
bremsstrahlung process of the light boson production by a target with atomic number Z,
e+ Z =0 +Z+X (L=e,p, X =¢,a,Z' A", is calculated by that of scattering one,
e” +v— ¢ + X, as follows:

doprems _ %onﬁX doscat
dx T 1—x dx

: (3.1)

where « is the electromagnetic fine structure constant, Ey is the energy of the injected
electron beam, Bx = /1 — m3 /E? is the kinematical factor, and z = Ex/E. with E.(x)
being the energy of incident electron (produced light boson). The effective photon flux
is denoted as £ [32], and the definition of £ is given in appendix A. The differential cross
section of the scattering process with respect to z is given by

doscat ozgg( 1—=z ﬁf UQK
m% U4 m4 UL
— f5(z) (x (Eigx; — (1= ayz + rex?) (ng)@ , (3.2)

where gx and myx are the coupling constant and mass of the light boson X, respectively.
In the square bracket, ﬁf; (n = 1-4) are functions of the maximal angle 6,,x determined
by the angular acceptance of the detector, and 7, is given by

2 2 2 2
mxl—x m; mj—m;

_ Me | My — Me 3.3
- R R (3.3)

where my is the mass of lepton £. The definition and approximate form of (75 are given in
appendix B. The functions fi(x), fa(z), and f3(z) depend on the final state lepton ¢ and
the types of the light boson X. For convenience, we define

ry = —5 (34)



and

ap=14+r.—ry, (3.5a)
ay=1—r.—ry, (3.5b)
az =2+1re+ 1 —2yrery, (3.5¢)
a4:2—7"6—7”3—77—7“%—1—6\/@—1—27"677. (3.5d)

Note that £ = e corresponds to the case of the CLFC interactions while £ = p to the CLFV
interactions. Thus, the difference between the CLFC and CLFV interactions arises in the
third term of 7, as well as ry and gx.
For the scalar interactions given in eq. (2.1), X = ¢ and g4 = 1. The functions f;(x)
in eq. (3.2) are
2

filz) =0, folz)= Sl%, f3(@) = (apS1 — A/rereSa)(1 — 2), (3.6)

where S; and Sy are defined just below eq. (2.4). For the pseudoscalar interactions given
in eq. (2.5), X = a and g2 = 4|cee|?m?/A? for the CLFC process, while g2 = |c,e|?(me +
my,)?/A? for the CLFV process. The functions f;(x) are given by

file) =0, falz) =2*, fs(z) =2(az +2y/rer) (1 - 2). (3.7)

For the vector interactions given in eq. (2.8), X = Z’ and gz = ¢'s? for the CLFC process,
while gz = ¢g’sc for the CLFV process. The functions f;(x) are given by

fi(x) =0, folz)=4—4x+azz?, f3(z)=2a4(l —2z). (3.8)

For the dipole interactions given in eq. (2.12), X = A’ and gar = pemas for the CFLC
process, while g4+ = p'm 4 for the CLFV process. The functions f;(x) are

filx) =4z, folz)=x(x+2(re—re)(z—2)), fa(x)=2a4(1 —2z). (3.9)

Figures 2, 3, 4, and 5 show the differential cross sections of the bremsstrahlung process
for the scalar, pseudoscalar, vector, and dipole interactions with egs. (3.6), (3.7), (3.8),
and (3.9), respectively, as a function of the X boson mass. In the left panels, E, is fixed to
be 20 GeV, and z is taken to be 1.0 (red), 0.9 (green), and 0.5 (blue). In the right panels,
E. is varied as 20 (red), 10 (green), and 3 (blue) GeV, and x is fixed to be 1. Solid and
dashed curves correspond to the CLFC and CLFV interactions, respectively.

In figure 2, the coupling constants are taken to be ye = Yep = Ype = 1076 as an
illustrating example. In the left panel, the CLFV differential cross sections are much
smaller than the CLFC ones with the same z. This is because U’ are decreasing functions
of n, and 7, is larger than 7.. The CLFC differential cross sections increase by order
of magnitudes as x approaches unity because the second term in eq. (3.2) is much larger
than the other terms. These with < 1 also rapidly decrease as my becomes large since
Ne scales as mi /E2. On the other hand, the CLFV differential cross sections are rather
constant because 7, scales as mi /E? for my < my,. For my larger than my,, r, < 1 and
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Figure 2. Differential cross section doprems/dx for the scalar interaction. Solid and dashed curves
represent the CLFC and CLFV case, respectively, and the coupling constants are taken to be
Ye = Yepu = Yue = 1076, Left panel: for x = 1.0 (red), 0.9 (green), and 0.5 (blue), while fixing E.
as 20 GeV. Right panel: for F. = 20 (red), 10 (green), and 3 (blue) GeV, while fixing z as 1.0.
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Figure 3. The same plots as figure 2 for the pseudoscalar interaction. The coupling constants are
taken to be cee/A = 1073 GeV ™! and cep = cpe = 10 %cee.

My =~ Ne, therefore the CLFC and CLFV cross sections asymptotically approach to each
other. In the right panel, the CLFC differential cross sections with x = 1 are similar to
different F, while the CLFV ones change order of magnitudes. For x = 1, eq. (3.2) for the
CLFC process is approximated as

do a? S
% ~ %gﬁd)ﬁ, (3.10)
where we have used US§ ~ 1/2n, = E2/2m?2. The effective photon flux is almost constant
for my < 1 GeV. Thus, the electron energy dependence only comes from 3, which is almost
unity unless close to the threshold. In the CLFV process, on the other hand, the electron
energy dependence remains in US/E2. From both panels, it can be understood that the
main contributions to the signal event come from the CLFC process with 0.9 < z < 1.
Figure 3 shows the same plots as figure 2 for the pseudoscalar interactions. The cou-
pling constants are fixed to ce. /A = 1073 GeV~! and Cep = Cpe = 10~2¢,, as an illustrating
example. It can be seen that the shape of the differential cross sections is almost identical
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Figure 4. The same plots as figure 2 for the vector interaction. The coupling constants are taken
to be ¢ =107% and 6 = /4.
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Figure 5. The same plot as figure 2 for the dipole interaction. The coupling constants are taken
to be pe = p/ = 1076 GeV~1L.

to those for the scalar interaction case. Comparing the functions f;(z) in eq. (3.7) for the
pseudoscalar case with those in eq. (3.6) for the scalar case, the difference is only VTeTn
in f3(z), which is smaller than ag. Thus, the behavior of the differential cross sections for
the pseudoscalar interactions is similar to that for the scalar interactions.

Figure 4 shows the same plots as figure 2 for the vector interactions. The coupling
constant and the mixing angle are fixed to ¢’ = 1075 and 6 = /4, respectively. Contrary to
the scalar interaction cases, the CLFV differential cross sections decrease as mys increases.
This is because fo(x) in eq. (3.8) is dominated by r,z? for small mz. The behavior of
the CLFC differential cross sections can be understood in the same way as in the scalar
interaction case. Figure 5 shows the same plots for the dipole interactions. The dipole
moments are fixed to e = ' = 107GeV~!. In this case, the differential cross sections
are proportional to m?A,. These increase as m 4+ increases, and then go to zero as the mass
reaches the kinematical threshold. From figures 4 and 5, it can be seen that the dominant
contributions to the signal events come from the CLFC differential cross sections with
0.9 < z <1, also for the vector and dipole interactions.

~10 -



3.2 Number of signal events

The number of the signal events can be calculated by the following formula [32],

Noo X, Eo—my Eop Tsn
N =N, avo<\0 Z/ dEX/ dEe/ dt
A l=e,u mx Ex+me 0
1 doprems —Lsn/Lx —Ldec/Lx te~
X Ie(Eg,Ee,t)E 7 By e (1 —€ ) BI"(X —ee )7
e wITE

(3.11)

where N, is the number of electrons in the injected beam, N,y ~ 6 x 10?3 mol ™! the
Avogadro’s number, X, the radiation length of the target, A the target atomic mass in
g/mol, and Ty, = psh Lsh/Xo with pgy being the density of the shield. The lengths of shield
and decay region are denoted as Ly, and Lgec, respectively. The decay length in laboratory
frame and branching ratio of X are denoted by Lx and Br(X — eTe™), respectively. The
energy distribution of electrons after passing through ¢ radiation lengths in the beam dump
is denoted by I. and given by [78]

1 [In(Ey/E.)"?

I.(Ey, Eo,t) = — , 12

where b = 4/3. This energy distribution function sharply peaks around ¢ ~ 0 for E, = Ey,
and the integration over t can diverge. To avoid such a divergence, we split the interval of
t into two parts by a cut tcyt, following ref. [79].

4 Electron beam dump constraints

In this section, we show the constraints from the electron beam dump experiment, E137 [28],
for the scalar, pseudoscalar, vector, and dipole interactions with CLFV. In the E137 ex-
periment, the electron beam with energy 20 GeV is injected into an aluminium target. The
total number of electrons dumped into the target is 1.86 x 10%°, which corresponds to
30 C. The detector consists of an electromagnetic shower counter with dimensions 2m x
3m in the first phase, and 3m x 3m in the second phase. It has a 204 m decay region
placed at 179 m downstream to the dump,? and a hill placed between the target and decay
region plays a role of the shield. We summarize the setup of the E137 experiment in ta-
ble 1. In order to take into account the geometrical acceptance, we set Opax in eq. (B.1) as
Omax = 1.5/(179 4 204). The E137 collaboration reported null results for the energy above
3 GeV in the search for axion-like particles, so that we regard the regions predicting N > 3
events as the 95% C.L. exclusion regions and set the lower energy threshold of 3 GeV on
the integral over Ex in eq. (3.11).

20One may consider the produced muon could penetrate the shield and be observed by the detector in
beam dump experiments. Using the continuous-slowing-down-approximation range [80], the range for the
muon to be stopped is estimated at ~ 50 m at most for the E137 experiment. The range is 1/3 times shorter
than the shield length. Therefore, the produced muon would be stopped in the shield.
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; " radiation length beam energy total electrons shield length decay volume length
arge

X [g/cm?] Ep [GeV] N, Lgp, [m] Ljec [m]
269841 24.01 20 1.86 x 102 179 204

Table 1. Setup of the E137 experiment.
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Figure 6. Exclusion region from the E137 experiment for the scalar interaction. The CLFV
coupling is taken to ye,/ye. = 0 (solid), 1 (dashed), 5 (dotted), and 100 (dot-dashed). Red curves
represent the constraints from u — eee, and blue vertical line corresponds to mg = m,, — me..

Figure 6 shows the exclusion regions in mg-—y. plane at 95% C.L. from E137 for the
scalar interaction case. For simplicity, we assume Y. = Yy, = Yr, Yeu = Yue a0d Ye, Ye, are
real. Solid, dashed, dotted, and dot-dashed curves correspond to ye,/ye = 0, 1, 5, and 100,
respectively. Among them, y,/ye = 0 (the solid curve) corresponds to the CLFC case. For
the CLFC case, we have checked that our result is in good agreement with the result derived
in ref. [81], except that we here include the interaction with muons as well as electrons.
For the cases of nonzero y.,, there are strong constraints from CLFV decays of muons.
The regions above the red curves are excluded by © — eee, while most regions of the left
side of the blue vertical dotted line are excluded by u — e¢. The upper bounds of these
decay branching ratios are listed in table 2, and the partial widths of these CLF'V decays
are given in appendix C. Note that constraints from p — ey are weaker than those from
1 — eee since the decay width of y — ey is suppressed by the electromagnetic coupling
and a loop factor in comparison with that of u — eee. As can be seen from the figure, most
of the parameter regions are already excluded by these constraints. Nevertheless, we find
that our 95% C.L. limit further excludes the parameter regions unconstrained by u — eee
and p — e¢. The exclusion region shifts to lighter my as ye,/ye increases. As we explained
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Br(u — eee) Br(pu — ev) Br(p — eX)

mx > My, — Me mx > My — Me 13 <mx < 80 478 <mx < 95.1 98.1 < myx < 103.5
<1.0x 1072 [82] | < 4.2 x 10713 [72] <1073 [83) <1077 [84] <2 x 107 [85]

Table 2. Upper bounds on the branching ratios of u — eee, u — ey, and p — eX. Masses are
in MeV.
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Figure 7. The same plots as figure 6 for the pseudoscalar interaction. The CLFV coupling is taken
t0 Cep/Cee = 0 (solid), 0.01 (dashed), 0.1 (dotted), and 1 (dot-dashed).

in section 3, the differential cross sections are mainly determined by the CLFC ones for
Yeu/Ye < 10. Therefore, in this case, the effects of the flavor violating couplings appear
only in the total decay width. Once the threshold of ¢ — eu opens, the decay length and
branching ratio of ¢ — ee become smaller. Then, the expected number of the signal events
reduces, resulting in the exclusion regions shown in figure 6. For y,/y. = 100, the CLEV
differential cross sections are comparable to the CLFC ones. Then, through the CLFV
production process, the expected number of the scalar boson produced in the beam dump
is increased, making the exclusion regions wider especially in the small gy, regions. Such a
large ¥y, however, makes the decay length and the branching ratio so small that no signal
events are expected above the threshold of y — e¢.

Figure 7 shows the exclusion plot in m,—ce. /A plane for the pseudoscalar interaction.
For the plot of this figure, we assume cee = Cuy = Crry Cey = Cpe, and A = 103 GeV.
The ratio of the CLFV coupling to the CLFC one is varied as ce,/cee = 0 (solid), 0.01
(dashed), 0.1 (dotted), and 1 (dot-dashed). The red curves and the blue line represent the
constraints from p — ey and u — ea, respectively. For the pseudoscalar interaction case,
the constraint from p — e is stronger than that from p — 3e because of the enhancement
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of heavy lepton masses propagating in the loop.> As with refs. [37, 86], we find that the
exclusion region for the CLFC process disappears in m, > 2m,. This is because a — uu
opens, and the lifetime of the pseudoscalar boson becomes so short that it cannot reach the
detector. One can find similar behavior of the exclusion plot for the CLFV process. For
the cases of ce/cee > 0.1, the exclusion regions disappear in m, > m, + me, since a — eu
opens and the lifetime of the pseudoscalar boson becomes very short. From figure 7, one
can see that our results exclude the unconstrained parameter regions for the ratio smaller
than 1. Here, it should be noted that the pseudoscalar boson can also be produced by the
pair-annihilation and the Primakoff production; inclusion of these production processes
would make the exclusion region somewhat wider [41].

Figure 8 shows the exclusion plot in mz—g’ plane for the vector interaction. The mixing
angle is varied as = 0.2 (solid), 0.5 (dashed), 1 (dotted), and 7/2 (dot-dashed). The red
curves and the blue line represent the same constraints as in figure 6. In contrast to the
cases of the scalar and pseudoscalar interactions, the exclusion regions become wider as the
effect of CLFV becomes large. This is because a nonzero # induces interactions between 7’

4 increasing the production cross sections and the branching ratio of Z' — ee

and electrons,
simultaneously. For 6 > 0.5, the constraint from E137 experiment excludes the parameter
regions for mz > m, — m,, which are not constrained by p — eee and p — eZ’. When
0 = /2, the interaction with muon vanishes, and the exclusion region coincides with that
for the minimal U(1)z,_r,. model. Here, we note that our result for the minimal U(1)z, _1_
model is somewhat larger than the result derived in ref. [34], probably due to the lack of
efficiency factors of the experiment in our calculations. In order to confirm the validity of
our calculation, we have also checked the consistency with the result obtained in ref. [87].

Figure 9 shows the exclusion plot in m 4—pu. plane for the dipole interactions with
the assumption of p. = p, = p, for simplicity. The CLFV dipole coupling are taken to
w' /e = 0 (solid), 1 (dashed), 10 (dotted), and 100 (dot-dashed). In this case, the constraint
from the K137 experiment also excludes the parameter region below the p — eee limit.
The behavior of the exclusion region is similar to the case of the scalar interactions.

5 Flavor violating decay signal

In the previous section, we have only considered the CLFC decay of X — ee as the signal
of the vector and scalar boson, based on the setup and analyses of the E137 experiment.
Under the presence of the CLFV interactions, the light bosons can decay into ejz and ep
above their kinematical threshold. These decay modes are smoking gun signatures of CLFV
interactions in the dark sector. Searches for these decays will bring further information on
the CLFV couplings.

To illustrate the impact of the CLFV decay searches, we have demonstrated analyses
for the scalar CLFV decays with the setup of the E137 experiment in table 1. Figure 10

3The CLFV decay of the muon to the electron and photon, y — ev, are induced by diagrams at one-loop
level. For the pseudoscalar case, the Barr-Zee type diagrams at the two-loop level, however, give significant
contributions to the branching ratio of u — ey. See ref. [52] for instance.

4Even in the case of § = 0, interactions between Z’ and electrons arise at one-loop level, which yields
narrow exclusion regions around myz, = 0.001-0.003 GeV [34].
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shows presumed exclusion regions with 95% C.L. for ¢ — ee, eu, pp. The solid, dashed,
dotted, and dot-dashed curves correspond to ye,/ye = 0, 1, 5, and 100, respectively. Com-
pared with figure 6, smaller coupling and larger mass regions can be excluded above the
ep threshold. This is because, for mg > me +my, (2m,,), the decay branch of ¢ — ep (up)
opens, and the decay length of the light boson shortens. The smaller coupling is, there-
fore, preferred to reach the detector of the E137 experiment. Since these regions cannot
be excluded only by analyzing the ee decay search, the CLFV couplings can be further
constrained in these regions. Thus, it is important to search for not only the CLFC decays
but also the CLF'V decays as signals in future beam dump experiments. FASER (ForwArd
Search ExpeRiment) [88-90], which will start next year, will be able to perform the searches
for the dark photon decay into ey pairs. Theoretical analyses will be shown in ref. [91].

6 Summary

We have studied the constraints from the electron beam dump experiment taking into
account the charged lepton flavor violating interactions. The Yukawa, Axion-like particles,
vector, and dipole type interactions are considered, and the excluded regions have been
derived by the search for X — ee in the E137 experiment. We have found that the
parameter regions unconstrained by pu — eee or . — ey as well as u© — eX can be excluded
for four types of the interactions. The exclusion regions depend on the CLFV and CLFC
couplings as well as the boson mass. New bounds can be derived when the ratios of the

~16 —



CLFV coupling to the CLFC one are < 100 for the scalar and dipole interactions, and
< 1 for the pseudoscalar interaction case. That for the vector interaction is also obtained
for the CLFV mixing angle 2 0.5. For the illustrative purpose, we have also derived the
presumed exclusion region for the search of ¢ — ee, eu, pp decays in the same setup with
the K137 experiment. It has been found that the exclusion regions can be extended and the
CLFYV couplings can be further constrained in those regions. Such searches and analyses
for the CLFV decays will be important to new physics searches in future experiments.
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A Effective photon flux

The effective photon flux & produced by an atom with the mass number A and atomic
number Z is defined by [32]

tmax

&=

tmin

Ga(1), (A1)

where tmin = (m% /2E.)? and tp.x = m%. The electric form factor Ga(t) is given by elastic
and inelastic components as follows:

Ga(t) = Gl + G2inel - (A.2)

The elastic electric form factor is given by

a’t ? 1 ?

Gl = zZ? A3

= (it (1) 2 A

where a = 11123 /m, and d = 0.164 GeV2A~2/3. The inelastic electric form factor is
given by

2p \2 (14 g (2 - 1)\
t 2
GQ,in = ( ? 2 ) i tp 4 Za (A4)
140 (I + g7igeve)

where a’ = 773Z_Q/S/me, pp = 2.79, and m,, is the proton mass.
The electric form factor is dominated by the elastic one in our study, and thus it scales
by Z2. See ref. [32] for more detail.

B Function l?ﬁ

The functions U. (n = 1-4) are defined by

emax 1
S — (B.1)
0

ot
62 + ne(z)]™

n
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where 0.« is the maximal angle determined by angular acceptance of the detector, and
ne(x) is given in eq. (3.3). For the small angle Onax, U can be approximated by the
following formulae:

TN e+ 03 1 e+ 03 2
UZ ~ —1 max - 1 max | _ g
1 9 0g < e + 12 Ne 108 e max

1 ne + 02 X
+ 120 (27712 log (Wma — 200070 + O | » (B.2a)
~ 62 1 ul ne + 02
U~ "max | — L og | ———max ) 4 q
2 21 (775 —+ 012nax) 12 ( Ne + 0r2nax e
1 2 2 2 2
_ (2ne + Hmax)emax — e log Ne + Orax ’ (B.2b)
120 \ 2 (e + 0310x) ne
Ut ~ (2ne + 0r2nax)‘912nax _ efnax
An? (e + 02,007 24m0 (e + 62,)°
1 (1 62 2 02 )02
+— (= IOg Ne + max | ( Ne + 3 max) r;lax , (B2C)
120 2 w L0+ 020
ﬁf ~ (377l? + 377501211@( + gﬁlax)egnax _ (377@ + Hgnax)elz’lnax Hglax ) (BQd)
677? (W + 912nax)3 7277% (77@ + elgnax)g 7207% (775 + egnax)g

C Widths of CLFV decays of muons

We here discuss the experimental limits on the CLFV decays of muons. The CLFV is
tightly constrained by the rare muon decays, i.e., 4 — ey and pu — eee. The current
strongest limits on the branching ratio of u — ev is given by MEG [72] as BR(u — e7) <
4.2 x 10713, On the other hand, the strongest limits of ;1 — eee is given by SINDRUM [82]
as BR(u — eee) < 107'2. Though the constraint on BR(y — e) is stronger than that on
BR(u — eee), the decay width of  — ey is suppressed by the electromagnetic coupling
and a loop factor in comparison with that of u — eee. As a result, usually, the bound
on CLFV couplings from p — eee is stronger than that from u — ey. We, therefore,
take into account the constraint from p — eee for myxy > m, — m,, except for the case
of the pseudoscalar interactions. For mx < m, — me, muons can decay into the light
bosons.® The TWIST collaboration [83] gives the limits on the branching ratio of u — eX
as BR(p — eX) < 107° for my = 13-80 MeV. The PIENU collaboration [84] also gives
the upper limit as BR(u — eX) < 1075-107% for mx = 47.8-95.1 MeV. Moreover, ref. [85]
gives the upper limit as BR(pz — eX) < 2 x 107 for mx = 98.1-103.5 MeV. These limits
give much more severe constraints on the CLF'V coupling than that from the electron beam
dump, and then we focus on the region where the light boson is heavier than m,, — me..
The partial decay width of ¢/, — Egﬁgﬁg, which is shown in figure 11, is given by

max max

1 512 S23 1
I'= 7/ A d312/ ~ dsa3 = Z |M|?, (C.1)
(87Tmoz)3 sipt spy™ 2 spin

SFor axion-like-particles a, detailed study on the constraints of u — ea can be found in ref. [68].
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Figure 11. Feynman diagrams of the process ¢, — Kg(gf; in which ¢, represents the SM charged
lepton and X = ¢, Z’, A’

where s12 = (p — k3)? and sg3 = (p — k1)2. The integral ranges of s12 and sa3 are given by

A

S = (By + By)? — (Py — Py)?, (C.20)
st = (Ey + E3)? — (P + Py)?, (C.2b)
S5 = (ma —mp)?, (C.2¢)
STHt = 4m3 (C.2d)
where
By = 5 2) (©3)
= ms — Si2 —m a
Ey= ;12 ; (C.3b)
R 1 (m2 _ m2)2
Py = 2\/512 —2(mg +m3) + % ; (C.3¢)
A 1
Py = 5\/m‘ (C.3d)

The amplitude is written as

1 C?
5 2 IMPP = T [ PR(sas) MP + P(s12) M — 2Px (s23) Px (s12) Re[M3] | . (C.4)

spin

—1
where Px (sa3012)) = (s3302) —m%) X = 6,2/, A', and C = yeyl,, ()% and pept’
for the scalar, the vector and the dipole interaction, respectively. For the scalar interaction,

M? = —4(s93 — 4m%)(323 — (mq + mg)z) , (C.5a)
M2 = —4(s19 — 4m%)(312 — (ma + m5)2) , (C.5Db)
Mg? = 2512823 + 4mg(mq + mg)(s12 + s23)

—2mg(mq + mg)(5m% + 2mempg +m2), (C.5¢)
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for the vector interaction,

M? = —8{25%2 + 823 + 25128523 — (Mg — m5)2523 —2(m? + 3m%)312
+ 2m3(ma + mg)?}, (C.6a)

M3 = —8{2s3, + 51y + 2512823 — (Ma — mp)?s12 — 2(m2 + 3m%)323
+ 2m3(ma + mg)?}, (C.6b)
M3 = 8(s12 + 523 + mg(me +mp))(s12 + 523 — M2 + mamg — Qm%) , (C.6¢)

and for the dipole interaction,
M12 = —4593 {333 + 4(s12 + $23)812823 — (Mo — m5)2333

—4(m? + Sm%)slgsgg + 8m%(m(l +mg)?sas — 4m%(mi - m%)2} , (C.7a)

= —4s12 { To + 4(s12 + 523) 512523 — (Mo — m6)23%2

—4(m? + Smﬁ)suszg + Sm%(ma +mg)?s1a — 4m%(mi - m%)Q} , (C.7b)
Mg =2 {2(5%2 + 553)812523 + 55%2533 — 2(mg{ + Sm%)(slz + 823)812823
+mg(ma + mg)(?)mi +2mamg + 11m%)512523

2

—2m3(mg — m3)*(s12 + $23) — 4m(mq + mg)(m? — m5)2} (C.7¢c)

where m,, stands for the mass of the « flavor charged lepton.
The partial width of the muon decay into an electron and a light boson is given by

22 2 2 m2 — m2
T(p— ed) = —Lmy, A <m§ , f) { Te = 2l (C.8)
167r my, my, my, my,
2 2 2 2\ 2 2 2
D(p— ea) = —F—m, A m—;, m—g’ 1-— m—; Sy (L mfg ; (C.9)
167rfa my, my my, my ) m;
/)2 2 m2\ m2
F(M%GZ/):(QSC) mu)\<mg,mg> o
167 mg mg ) my,
2\ 2 4 2 2 2
X (1 - mg) -z (1 — e 4 Me sz’> Tzt (C.10)
m2 m, my m2 m2
/ 2
I'(p— eA) () A e , M
167 m2’ m2
2

2 4 2 2 2
s l2d (1= Ze) b g ele p Mo — Mar ) ) oy
m2 m} my, m2 m?, ’

for the scalar, pseudoscalar, vector, and dipole interaction, respectively, and A(a,b) is the
Kallen function given in eq. (2.4).
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