
 

Suppressed flavor violation in lepton flavored dark matter
from an extra dimension

Niral Desai ,* Can Kilic ,† Yuan-Pao Yang,‡ and Taewook Youn §

Theory Group, Department of Physics University of Texas at Austin, Austin, Texas 78712, USA

(Received 14 January 2020; accepted 13 April 2020; published 23 April 2020)

Phenomenological studies of flavored dark matter (FDM) models often have to assume a near-diagonal
flavor structure in the coupling matrix in order to remain consistent with bounds from flavor violating
processes. In this paper we show that for lepton FDM, such a structure can naturally arise from an extra
dimensional setup. The extra dimension is taken to be flat, with the dark matter and mediator fields
confined to a brane on one end of the extra dimension, and the Higgs field to a brane on the other end. The
Standard Model fermion and gauge fields are the zero modes of corresponding bulk fields with appropriate
boundary conditions. Global flavor symmetries exist in the bulk and on the FDM brane, while they are
broken on the Higgs brane. Flavor violating processes arise due to the misalignment of bases for which the
interactions on the two branes are diagonalized, and their size can be controlled by a choice of the lepton
profiles along the extra dimension. By studying the parameter space for the model, we show that when relic
abundance and indirect detection constraints are satisfied, the rates for flavor violating processes such as
μ → eγ remain far below the experimental limits.
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I. INTRODUCTION

While the existence of dark matter (DM) is strongly
supported by astronomical observations, its microscopic
nature remains a mystery. In the absence of experimental
input from particle physics experiments such as the Large
Hadron Collider (LHC), direct, or indirect DM detection
experiments, models of DM are designed to be simple, and
to be compatible with extensions of the Standard Model
that are motivated by other considerations. For instance, in
models that address the naturalness problem of the scalar
sector in the Standard Model (SM) by introducing partner
particles that are odd under a Z2 symmetry, the DM can be
the lightest partner particle, which often leads to its
observed relic abundance through thermal production in
the early universe. Alternatively, models of asymmetric
DM [1–8] allow for a simple connection between DM and
the matter/antimatter asymmetry in the SM sector. Axion
DM [9–12] is motivated by its connection to the strong CP
problem.

Recently, models of flavored dark matter (FDM) [13–41]
have been introduced to consider a different type of
connection, between DM and the flavor structure of the
SM. In FDM models, the DM is taken to transform
nontrivially under lepton, quark, or extended flavor sym-
metries, and it couples to SM fermions at the renormaliz-
able level via a mediator. This coupling is taken to be of the
form

L ⊃ λijχ̄iψ jϕþ H:c:; ð1:1Þ

where the χi represent the DM “flavors,” the ψ j are
generations of a SM fermion (such as the right-handed
leptons) and ϕ is the mediator. Both particle physics as well
as astrophysical signatures of FDM have become active
areas of research.
Because of the nontrivial flavor structure of the inter-

action of Eq. (1.1), one of the main phenomenological
challenges for FDMmodels is to keep beyond the Standard
Model flavor changing processes under control. Indeed,
when no specific structure is assumed for the entries in the
λij matrix, the off-diagonal elements can give rise to flavor
changing neutral currents (FCNCs) with rates that are
excluded experimentally [42,43]. Most phenomenological
studies of FDM models simply assume that the entries in
the λij matrix have a specified form, such as minimal flavor
violation (MFV) [44], in order to minimize flavor violating
processes, but it is not clear that there is a UV completion of
the FDM model where the MFV structure arises naturally.
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In this paper we will adopt a benchmark of lepton-FDM,
where the SM fields participating in the FDM interaction of
Eq. (1.1) are the right-handed (SUð2Þ singlet) leptons, and
we will show that in a (flat) five-dimensional (5D) UV
completion1 of this model, the rates of flavor violating
processes can be naturally small. In fact, as we will show, in
the region of parameter space where relic abundance and
indirect detection constraints are satisfied, the branching
fraction for μ → eγ, which is the leading flavor violating
process, is orders of magnitude below the experimental
bounds.
We take the DM (χi) and mediator (ϕ) fields to be

confined to a brane on one end of the extra dimension (the
“FDM brane”), and the Higgs field to be confined to a
brane on the other end (the “Higgs brane”), while the SM
fermion and gauge fields are the zero modes of corre-
sponding 5D bulk fields. In the bulk and on the FDM brane,
there exist global SUð3Þ flavor symmetries for each SM
fermion species fqL; uR; dR;lL; eRg, but these symmetries
are broken on the Higgs brane. Flavor violation can only
arise due to the mismatch between the basis in which the
Yukawa couplings and the boundary-localized kinetic
terms (BLKTs) [51–57] on the Higgs brane are diagonal,
and the basis in which the interaction of Eq. (1.1) on the
FDM brane is diagonal.2 Naively, one may think that no
such mismatch can arise, since the FDM interaction starts
out proportional to δij, and must therefore remain so after
any unitary basis transformation. The Higgs brane BLKTs
however cause shifts in the normalization of the lepton
kinetic terms in a nonflavor universal way, and therefore the
basis transformation necessary to bring the fields back into
canonically normalized form involves rescalings, which are
not unitary. By the time this is done and all interactions on
the Higgs brane are brought to diagonal form, the FDM
interaction is no longer diagonal. However, the size of the
off-diagonal entries can be controlled by adjusting the
profiles of the leptons along the extra dimension. In
particular, by an appropriate choice of bulk masses, the
fermion profiles can be made to peak on either brane, and
be exponentially suppressed on the other. In the limit where
the lepton profiles are sharply peaked on the FDM brane,
the effect of all Higgs brane couplings vanish, and there is
no flavor violation. Of course, in that limit the lepton zero
modes, which only obtain masses from the Yukawa
interactions on the Higgs brane, also become massless.
Thus there is a tension between reproducing the correct
lepton masses and suppressing lepton flavor violating
processes. In the rest of this paper, we will quantitatively
study this setup, and show that there are regions in the

parameter space where the model can be made consistent
with all experimental constraints.
The layout of the paper is as follows: In Sec. II, we will

introduce the details of the 5D model. Then in Sec. III, we
will study the impact of constraints from relic abundance,
direct and indirect DM detection experiments, flavor
violating processes and collider searches on the parameter
space of the model. We will conclude in Sec. IV.

II. DETAILS OF THE MODEL

A. Generalities

As described in the introduction, we will adopt a
benchmark model of lepton-FDM. Since we wish to
consider a 5D UV completion, it is convenient to make
use of 4 component Dirac spinor notation. We introduce
three flavors of DM

Ψχ;i ¼
�
χL;i

χR;i

�
; ð2:1Þ

and a scalar mediator field ϕ with hypercharge þ1, such
that the 4D effective Lagrangian contains an interaction
between χL;i and the right handed leptons eR;j

L ⊃ λijχ̄L;ieR;jϕþ H:c: ð2:2Þ

This effective interaction arises from an orbifolded flat
extra dimension of length L, with the FDM brane at y ¼ 0
and the Higgs brane at y ¼ L. As we will see in Sec. III,
constraints on the resonant production of the Kaluza-Klein
(KK) modes of the SM gauge bosons suggest that the KK
scale must be π=L≳ ∼10 TeV, but we remark that the KK
scale can in principle be much higher (L−1 ≲MPlanck;5D),
which significantly simplifies the cosmological history. We
will make no further assumptions about the KK scale.

B. Field content

The SM gauge fields and fermions will all be taken to be
the zero modes of corresponding 5D fields in the bulk. The
boundary conditions for these fields are chosen such that
the chiral matter content of the SM arises in the zero modes
[50]. In particular, we introduce

Ψl;i ¼
�
lL;i

lR;i

�
and Ψe;i ¼

�
eL;i
eR;i

�
; ð2:3Þ

where the SM left-handed (SUð2Þ doublet) and right-
handed (SUð2Þ singlet) leptons are the zero modes of
lL;i and eR;j, while the zero modes of lR;i and eL;j are
projected out by the boundary conditions. Additionally, the
left-handed quark doublet and two quark singlets

1See Refs. [45–49] for original work in exploring extra
dimensional extensions of the SM. For a more comprehensive
review of this subject, see for instance Ref. [50] and references
therein.

2The effect of BLKT’s on flavor-violating processes in extra
dimensional models was also explored in Refs. [58–60].

DESAI, KILIC, YANG, and YOUN PHYS. REV. D 101, 075043 (2020)

075043-2



Ψq;i ¼
�
qL;i
qR;i

�
Ψu;i ¼

�
uL;i
uR;i

�
Ψd;i ¼

�
dL;i
dR;i

�

ð2:4Þ

exist in the bulk, and the zero modes of qR;i, uL;i, and dL;i
are projected out similarly to the leptons. The boundary
conditions for the SM gauge bosons are chosen such that
the A5 is projected out for all of them.
The Higgs doublet field H is taken to be confined to the

Higgs brane, where the SM Yukawa couplings arise, and
the FDM fields Ψχ;i and ϕ are taken to be confined to the
FDM brane, where the FDM interaction of Eq. (2.2) arises.

C. Flavor structure

In our model, the bulk and FDM brane respect an exact
flavor symmetry Glepton ¼ SUð3Þl × SUð3Þe within the
lepton sector, under which the Ψl;i transform as (3, 1),
while theΨe;i andΨχ;i transform as (1, 3). This symmetry is
broken on the Higgs brane. Consequently, the lepton
Yukawa couplings are not a priori assumed to have a
special flavor structure. Of course, in the absence of any
other source of symmetry breaking, the Yukawa terms can
be brought into diagonal form via a change of basis, and a
Uð1Þ3 symmetry will survive, forbidding any lepton flavor
violating processes. However, due to the absence of a flavor
symmetry on the Higgs brane, we also need to include
BLKTs for the leptons that are off-diagonal, and as we will
show below in detail, together with the FDM interaction
these generically break the flavor symmetry down to just
the overall lepton number (Uð1ÞL) such that lepton flavor
violating processes are no longer forbidden. As we will
show in Sec. III these processes can be well below
experimental bounds with a natural choice of parameters
in our setup. Note that there is also a Uð1ÞDM symmetry
under which the Ψχ;i and ϕ carry equal charges. This
symmetry ensures the stability of the lightest DM flavor.
The quark sector has a similar flavor symmetry Gquark ¼

SUð3Þq × SUð3Þu × SUð3Þd in the bulk and on the FDM
brane. Gquark is also broken on the Higgs brane by Yukawa
couplings and BLKTs down to overall baryon number
(Uð1ÞB). Unlike the leptons however, there are no addi-
tional interactions for the quarks on the FDM brane, and
due to gauge symmetry, the BLKTs are diagonal in the
same basis as the kinetic terms. As a result, the only source
of quark flavor violation in addition to those already
present in the SM arises at loop level due to KK quarks
in loops. Since the KK scale can be arbitrarily large, there
are no further constraints from flavor violation in the quark
sector.

D. KK mode decomposition

Bulk fermions have mass termsMΨ, which determine the
5D profiles of the zero modes. In particular, the profiles of

the fermion zero modes are proportional to e−MΨx5 . We will
choose the mass parameters such that the right-handed
lepton profiles peak toward the FDM brane and they are
suppressed at the Higgs brane. This can explain the
smallness of the 4D effective τ Yukawa coupling for
Oð1Þ values of MΨL, as we will show in Sec. III. Due
to the unbroken flavor symmetries in the bulk, for each of
the SM fermions fqL; uR; dR;lL; eRg, the three generations
have identical profiles, thus the small ratios of Yukawa
couplings ye=yτ and yμ=yτ will not be addressed in our
model. Explicitly, the KK mode decomposition for a 5D
fermion field with a bulk mass MΨ can be written as:

Ψðxμ; x5Þ ¼ CΨffiffiffiffi
L

p e−MΨx5Ψ0ðxμÞ þ
X∞
n¼1

fΨ;nðx5ÞΨnðxμÞ;

ð2:5Þ
where Ψ0 is the zero mode, the coefficient Cψ is chosen
such that the kinetic term for Ψ0 is properly normalized,
and the Ψn are the KK modes, with profiles fΨ;nðx5Þ in the
extra dimension. As we will see below, the smallness of
lepton flavor violating processes is a consequence of the
lepton zero mode profiles being small on the Higgs brane.

E. Interactions

The bulk Lagrangian contains only the kinetic terms for
the gauge fields as well as the kinetic (with minimal gauge
coupling) and mass terms for the fermions. The Lagrangian
of the lepton sector on the FDM brane includes, in addition
to the Ψχ and ϕ kinetic and mass terms (the Ψχ are
degenerate at this level due to the flavor symmetry Glepton),
the following terms

Ly¼0 ⊃ ðλ0δijΨ̄χiΨejϕþ H:c:Þ
þ αl0δijΨ̄li i∂μγ

μΨlj þ αe0δijΨ̄ei i∂μγ
μΨej : ð2:6Þ

Keeping only the zero modes for the leptons, this becomes

Ly¼0⊃
�
λ0

Ceffiffiffiffi
L

p δijχ̄L;ieR;jϕþH:c:
�
þαl0

C2
l

L
δijl̄L;ii∂μσ̄

μlL;j

þαe0
C2
e

L
δijēR;ii∂μσ̄

μeR;j: ð2:7Þ
Thus the effective size of the coupling in the FDM
interaction is

λ≡ λ0ffiffiffiffi
L

p Ce: ð2:8Þ

Thus assuming the dimensionless quantity λ0=
ffiffiffiffi
L

p
appear-

ing in the 5D theory to be Oð1Þ, the 4D effective FDM
coupling is not particularly suppressed. Note that for
completeness we have included BLKTs on the FDM brane.
However due to the exact flavor symmetry G there, those
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are characterized only by the two dimensionless quantities
αl;e0 =L, and the flavor structure is proportional to δij, just
like the couplings of the FDM interaction. The FDM brane
BLKTs do not contribute to flavor violating processes. The
only effect of αl;e0 =L is to change the normalization
coefficients Cl and Ce when bringing the zero modes to
canonically normalized form. These normalization coef-
ficients enter into the masses of the KK excitations, and
their couplings. When we consider the LHC bounds on the
KK modes in Sec. III B, we take their effects into account,
but apart from that they play no role in the rest of this paper.
The Lagrangian on the Higgs brane includes, in addition

to the SM Higgs kinetic term and potential, the lepton
Yukawa couplings, as well as BLKTs:

Ly¼L ⊃ ðYL
0;ijΨ̄liΨejH þ H:c:Þ þ αl0;ijΨ̄li i∂μγ

μΨlj

þ αe0;ijΨ̄ei i∂μγ
μΨej : ð2:9Þ

Again, concentrating on the zero modes, this becomes

Ly¼L ⊃
�
YL
0;ij

ClCe

L
e−ðMlþMeÞLl̄L;ieR;jH þ H:c:

�

þ αl0;ij
C2
l

L
e−2MlLl̄L;ii∂μσ̄

μlL;j

þ αe0;ij
C2
e

L
e−2MeLēR;ii∂μσ̄

μeR;j: ð2:10Þ

We see that the effective Yukawa coupling becomes

YL
ij ≡

YL
0;ij

L
ClCee−ðMlþMeÞL: ð2:11Þ

In particular, we see that the effective 4DYukawa couplings
are down by a factor of e−ðMlþMeÞL from the original
(dimensionless) couplings YL

0=L appearing in the 5D
theory. Note that this is in contrast with the effective 4D
FDM couplings that are unsuppressed. As mentioned
earlier, this can explain the smallness of the SM τ
Yukawa coupling, even with YL

0;ττ=L ∼Oð1Þ, for
ðMl þMeÞL ∼Oð1Þ.
Note that the BLKT coefficients αl;e0;ij on the Higgs brane,

unlike the BLKT coefficients αl;e0 on the FDM brane, are
not proportional to the identity (or even diagonal) in flavor
space. However, the coefficients in the effective 4D theory
for the zero modes are suppressed:

αlij≡
αl0;ij
L

C2
le

−2MlL; and αeij≡
αe0;ij
L

C2
ee−2MeL: ð2:12Þ

As we described in the introduction, this will play a major
role in the smallness of flavor violating processes, even
though the αl0;ij=L and αe0;ij=L coefficients may be Oð1Þ
and have no special flavor structure.

F. Choice of basis

While we have now introduced the most general
Lagrangian consistent with our 5D setup and the flavor
symmetry Glepton, it is not straightforward in this description
to calculate the rate of flavor violating processes such as
μ → eγ, since both the kinetic terms and the Yukawa terms
(and consequently the mass terms once the Higgs field is set
to its vacuum expectation value) are nondiagonal in flavor
space. The description of the physics is made much simpler
by performing a number of field redefinitions and rotations
such that both the kinetic terms and the mass terms
for the fermions become diagonal. As described in the
Introduction, at the end of this process, all flavor non-
diagonal effects can be encoded in the FDM coupling
matrix.
Let us start our discussion in a basis where the Yukawa

matrix YL is diagonal. Cl and Ce were chosen such that the
flavor-diagonal coefficients of the kinetic terms of the zero
modes are one, however due to the presence of the BLKT
coefficients αl;eij , there are flavor off-diagonal contributions
to the kinetic terms as well. Thus as a first step, we perform
SUð3Þ rotations Ul and Ue in order to diagonalize the
kinetic terms. At this point, the kinetic terms are diagonal,
but not canonically normalized, so we perform rescalings
on the Ψl;i and Ψe;i, implemented by the (diagonal)
matrices Δl and Δe. Generically, the Δl;e are not propor-
tional to δij, due to the effects of the off-diagonal BLKT
entries.
Now that the kinetic terms are diagonal in flavor space

and canonically normalized, we perform another set of
SUð3Þ rotations given by the matrices Vl and Ve to bring
the Yukawa interactions back into a diagonal form. At the
end of this procedure only the FDM couplings are non-
diagonal, and they encode all flavor-violating interactions.
In going to the new basis

Ψl;i → Vl
ijðΔlÞ−1jk Ul

klΨl;l and

Ψe;i → Ve
ijðΔeÞ−1jk Ue

klΨe;l; ð2:13Þ

the original FDM coupling matrix λδij of equation (2.6)
transforms into (suppressing flavor indices)

λðUeÞ†ðΔeÞ−1ðVeÞ†: ð2:14Þ

In Sec. III we will use this formula in order to estimate the
size of flavor-violating processes. In particular, the size of
such processes depends on off-diagonal entries of this
matrix (which we will generically denote by δλ). In order to
be consistent with constraints from lepton-flavor violating
processes such as μ → eγ [42], it is sufficient if
δλ=λ≲Oð10−3Þ. As we are about to describe however,
there are stronger constraints on this ratio from indirect
detection constraints.
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G. DM spectrum

Note that the three χ flavors start out having degenerate
masses due to the SUð3Þ flavor symmetry on the FDM
brane. However, at loop level, the breaking of the flavor
symmetry is communicated to the χ fields through the
diagram shown in Fig. 1. The contribution from the zero
modes of the leptons in the loop is by far the dominant
contribution (even when the KK scale is taken as low as
10 TeV), and since the lepton zero modes are chiral, the
diagram involves χL on both sides, making this a con-
tribution to the kinetic term (as opposed to the mass term)
for Ψχ. Due to the difference between the lepton Yukawa
couplings, one then needs to perform flavor-dependent
rescalings on the Ψχ to bring them back to canonical
normalization, which induces small mass splittings. This
exact mechanism leading to a mass splitting between
different DM flavors was studied in Ref. [29], with the
result that χe is the lightest flavor, and the mass splittings
between flavors i and j are given by

Δmij

mχ
¼ λ2ðy2i − y2jÞ

64π2
v2

m2
ϕ

�
1

2
þ m2

χ

3m2
ϕ

þO
�
m4

χ

m4
ϕ

��
; ð2:15Þ

where the yi are the SM lepton Yukawa couplings. For mχ

andmϕ in the TeV range, this leads tomχ;μ being larger than
mχ;e by ∼Oð10Þ eV and tomχ;τ to be larger by ∼Oð1Þ keV.
The χe is stable as the lightest flavor. However, the heavier
flavors can decay down to the lightest one through a dipole
transition. This is shown in Fig. 2. Due to the larger mass

splitting and thus less phase space suppression, the χτ
lifetime is much shorter compared to the χμ lifetime, and
bounds on the production of keV-range x-rays [61,62] in
this decay place severe constraints on the model,
δλ=λ≲Oð10−6Þ. Note that this is a significantly stronger
constraint than the one imposed by μ → eγ, therefore once
the x-ray indirect detection bounds are satisfied, flavor
violating processes are automatically safe. We will now
analyze these and other constraints on our model
quantitatively.

III. CONSTRAINTS

Let us now turn our attention to the parameter space of
our model, and study the impact of various types of
experimental constraints on this parameter space. There
are three bulk parameters of interest in the lepton sector: the
KK scale π=L, and the dimensionless quantities for the bulk
lepton masses MlL and MeL. As we will see in this
section, the only constraint on the KK scale arises from KK
resonance searches at the LHC, while all other constraints
we discuss are imposed on the dimensionless parameters of
the form ML. On the FDM brane, we have the two masses
mχ and mϕ, as well as the coupling λ. As we will describe
soon, λwill always be chosen such that the correct DM relic
abundance is obtained. On the Higgs brane, we have the
Yukawa couplings YL

0;ij=L and the BLKT coefficients

αl;e0;ij=L. In the basis where the Yukawa matrix is diagonal,
for a given choice of bulk masses we will choose its
eigenvalues such that the correct SM lepton masses are
obtained. To study the effects of the αl;e0;ij=L parameters, we
will perform Monte Carlo studies where each element is
chosen randomly, subject to positivity conditions for the
matrix.
Note that since the DM and the mediator ϕ are confined

to the FDM brane, most dark matter constraints are
insensitive to the details of the extra-dimensional model.
That is, they only depend on mχ , mϕ, and the effective 4D
FDM coupling λ, which we will fix according to the relic
abundance constraint. The 5D parameters are constrained
only by the bounds imposed by flavor physics, as well as
the decays of the heavier DM flavors, since both processes
depend on the off diagonal couplings δλ, the size of which
is set by how suppressed the lepton profiles are on the
Higgs brane.

A. Dark matter related constraints

1. Relic abundance

Since the three DM flavors in our model are very nearly
degenerate, the relic abundance calculation closely mirrors
that considered in Ref. [29]. In particular, all three flavors
freeze out at the same time, and for purposes of setting the
relic abundance, they behave like a single Dirac fermion
DM species. The leading annihilation process diagram is

FIG. 1. Flavor nonuniversal contribution to the χ two-point
function at the one-loop level.

FIG. 2. Leading decay mode for a heavier DM flavor to a
lighter one. Note that the flavor-violating coupling δλ can be on
either of the vertices, depending on whether the lepton in the loop
is ei or ej, and the photon line can be emitted either from ϕ or
from the lepton line.
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shown in Fig. 3. The DM abundance after freeze-out has
approximately equal parts χe, χμ, and χτ. The annihilation
cross section is given by

hσvi ¼ λ4m2
χ

32πðm2
χ þm2

ϕÞ2
: ð3:1Þ

Setting hσvi ¼ 2 × ð2.2 × 10−26 cm3 s−1Þ required to
obtain the correct relic abundance for a Dirac fermion,
we show in Fig. 4 the value of λ that is required for a range
of values of mχ and mϕ. While the value is Oð1Þ for the
parameter space of interest, it is not so large that perturba-
tive control is lost. In the rest of the paper, for any value of
mχ and mϕ, we will choose λ to equal the value that gives
the correct relic abundance.

2. Indirect detection

There are two types of indirect detection signatures in
our model: annihilation processes which produce leptons
(as well as gamma rays from bremsstrahlung), and flavor-

violating heavy χτ decays which produce x-ray photons (χμ
decays have a much lower rate, and produce photons in the
UV-range where backgrounds are much larger). Limits
from the flavor-violating decays place strong bounds on the
extra-dimensional parameters of this model, while the
annihilation processes are insensitive to details of the extra
dimension.
As mentioned in Sec. II [see Fig. 1 and Eq. (2.15)], the

mass splittings between the χ’s are induced by loop
processes. Specifically, one finds [29] that the dominant
decay mode is the one shown in Fig. 2, with one flavor-
preserving coupling λ and one flavor-violating coupling δλ.
The width for this decay mode is given by [29]

ΓΨχ;i→Ψχ;jγ ¼
αEMλ

2δλ2

256π4
ðΔmijÞ3m2

χ

m4
ϕ

: ð3:2Þ

Constraints from searches for x-rays in the keV range place
bounds on the dark matter decay lifetime. These bounds are
worked out in Ref. [61] for much lighter DM particles
decaying according to the mode χν → γν, with the result

τν ≃ ð1026−29 secÞOð1Þ keV
mχν

: ð3:3Þ

Since the decay mode in our model is χi → χjγ, and the χ
have OðTeVÞ [as opposed to OðkeVÞ] masses, and there-
fore a much lower number density, the numbers above need
to be modified. In particular, the bound is on the number of
photons emitted per unit time, which according to an
exponential decay law during a time interval Δt is given
by Δn ¼ −ðn=τÞe−t=τΔt, where n is the DM number
density at time t. Matching this rate between the model
used in Refs. [61,62] (with DM mass mν and lifetime τν)
and our model, and taking into account that in our model
the decaying χτ only comprise 1=3 of the DM number
density, we can set up a correspondence between the
bounds on the DM lifetime in the two models:

1

3mχτ τχτ
e−t0=τχτ ≃

1

mντν
e−t0=τν ; ð3:4Þ

t0 ≃ 4 × 1017 seconds being the present age of the uni-
verse. This gives a bound on the χτ lifetime of
Oð1017−20Þ seconds. Note that this is close to the age of
the universe; in other words, if the parameters are chosen
close to the bound, the χτ particles in the universe would be
just about to start decaying today in sizable numbers. For
mχ and mϕ at the TeV scale and λ ofOð1Þ, the relevant off-
diagonal coupling is constrained to be δλ≲ 10−6. In
Sec. III B where we will perform a Monte Carlo study
scanning over the BLKT coefficients, we will present
distributions for the relevant off-diagonal λ entries and
we will discuss the impact on the allowed parameter space.

FIG. 3. Dominant annihilation channel in our model.
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FIG. 4. Contours for the value of λ necessary to satisfy the relic
abundance constraint. In the shaded region, mχ > mϕ, and the
DM is unstable.
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We now turn our attention to the annihilation process.
The DM particles annihilate to lepton-antilepton pairs of all
flavors via processes like that shown in Fig. 3. This leads to
positron and gamma-ray signatures that experiments such
as Fermi-LAT [63], HESS [64], AMS-02 [65], and the
Planck CMB observations [66] are sensitive to. High
energy photons are produced mainly by π0 → γγ coming
from τ’s in the final state. For the mass range of interest to
us, the energy of these photons is typically not high enough
for HESS to place significant constraints on our model.
Positrons can be produced both directly in the annihilation,
as well as from the decays of μþ and τþ that are produced in
the annihilation, although these latter sources give rise to
lower positron energies, and the constraints from AMS-02
constrain primarily the directly produced positrons. The
same is also true for the Planck constraints. In Fig. 5, we
show the effect of these indirect detection constraints
(dominated by AMS-02) on our model. As we will see
next, these are subdominant to direct detection constraints.

3. Direct detection

The scattering of one of the χ flavors from a
nucleus proceeds by the loop process shown in Fig. 6.
The parton level cross section for flavor i is given by (see
[17,24])

σi ¼
μ2Z2

π

�
λ2e2

64π2m2
ϕ

�
1þ 2

3
log

�
Λ2
i

m2
ϕ

���
2

; ð3:5Þ

where μ is the reduced mass, and the scale Λi cuts off the
infrared divergence in the loop. For the muon and tau
flavors, this scale is simply the corresponding lepton mass,
mμ and mτ respectively. For the electron however, there is a
physical scale larger than me that cuts off the divergence,
namely the characteristic momentum exchange in the
collision. Since all three flavors of χ make up the local
DM density, the effective cross section relevant for direct
detection experiments is simply ðσe þ σμ þ στÞ=3. Using
the bounds set by the Xenon1T experiment [67], we show
in Fig. 7 (using the value of λ at each point that gives the
correct relic abundance) the exclusion region in terms ofmχ

and mϕ. Values of mχ ≳ 300 GeV are compatible with
direct detection constraints. Note that the region excluded
by indirect detection constraints is already fully excluded
by direct detection constraints.

Excluded Region by Indirect Detection
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FIG. 5. Indirect detection constraints on our model, with the
yellow-shaded region being excluded. The most stringent bound
comes from AMS-02 experiment [65].

FIG. 6. Leading contributions to FDM-nucleon scattering for
direct detection.
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FIG. 7. Direct detection constraints from the Xenon1T experi-
ment on our model, the blue-shaded region being excluded.
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4. Dilepton +MET searches at the LHC

Since ϕ carries electric charge, it can be pair-produced at
colliders. ϕ then decays to one of the three χ flavors and the
associated lepton, resulting in a dileptonþMET signature
where the lepton flavors on the two sides of the event are
uncorrelated. The cross section for this process is very
small, both since the production occurs through the
electromagnetic interaction, and because ϕ is heavy and
a scalar (which means that pair production is suppressed
near threshold). We show this cross section in Fig. 8,
calculated with MADGRAPH [68]. As can be seen by
comparing to Fig. 7, in the region of parameter space that
is not ruled out by direct detection, less than a single event
is expected at existing dileptonþMET searches, and
therefore even with sophisticated kinematic observables,
LHC searches do not lead to any additional exclusion.

B. Additional constraints

1. Constraints from lepton flavor violation and DM
decays

As we have seen, constraints from x-ray searches place
severe bounds on off-diagonal entries of the λ coupling
matrix. We will now work out the constraints on these
couplings from lepton flavor violation, and show them to be
subdominant. In the process, we will also perform a
Monte Carlo study by scanning over the BLKT

coefficients, and we will show the impact of the relevant
constraints on the parameter space of the model.
As we have shown in Sec. II, we can work in a basis

where flavor violating couplings are all encoded in the
FDM coupling matrix, as in Eq. (2.14). Equations (2.11)
and (2.12) imply that the effective BLKT coefficients are
generally suppressed compared to the 4D Yukawa cou-
plings. Using this fact, one can estimate the generic size of
the entries of the FDM coupling matrix to the leading order
in αl;eij as

�
λ

λ0

�
≈

ðeÞ ðμÞ ðτÞ

ðχeÞ
ðχμÞ
ðχτÞ

0
BBBBB@

1
αl
12
YL
eeYL

μμþαe
12
ðYL

μμÞ2
ðYL

eeÞ2−ðYL
μμÞ2

αl
13
YL
eeYL

ττþαe
13
ðYL

ττÞ2
ðYL

eeÞ2−ðYL
ττÞ2

αl
21
YL
μμYL

eeþαe
21
ðYL

eeÞ2
ðYL

μμÞ2−ðYL
eeÞ2 1

αl
23
YL
μμYL

ττþαe
23
ðYL

ττÞ2
ðYL

μμÞ2−ðYL
ττÞ2

αl
31
YL
ττYL

eeþαe
31
ðYL

eeÞ2
ðYL

ττÞ2−ðYL
eeÞ2

αl
32
YL
ττYL

μμþαe
32
ðYL

μμÞ2
ðYL

ττÞ2−ðYL
μμÞ2 1

1
CCCCCA

≈

0
B@

1 −Oð10−3Þαl12 − αe12 −Oð10−4Þαl13 − αe13

Oð10−3Þαl21 þOð10−5Þαe21 1 −Oð10−2Þαl23 − αe23
Oð10−4Þαl31 þOð10−8Þαe31 Oð10−2Þαl32 þOð10−3Þαe32 1

1
CA: ð3:6Þ

We would like to remark on a nontrivial feature of the
coupling matrix. In Eq. (2.14), the matrix Ve depends on
both the αeij as well as on αlij. On the other hand, the
matrices Ue and Δe depend only on αeij, but not on α

l
ij, and

of course they both become the identity matrix in the limit
αeij → 0. Therefore, the coupling matrix squared (λλ† as
well as λ†λ) becomes identity in this limit as well, even for
finite αlij, since Ve is by definition a unitary matrix. It is
straightforward to see from Fig. 2, and from Fig. 9 where
we show the leading contribution to the process μ → eγ,
that for both χ decays and for lepton flavor violating

FIG. 8. The ϕ pair-production cross section at the 13 TeV LHC
as a function ofmϕ. The shaded red area denotes the values ofmϕ

excluded by the direct detection constraints.

FIG. 9. The leading contribution to the process μ → eγ in
our model. The diagrams with χμ and χe in the loop require
only one off-diagonal coupling, whereas the diagram with χτ in
the loop requires two off-diagonal couplings and is therefore
subdominant.
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processes, the FDM couplings indeed appear in the
combinations λλ† and λ†λ. Therefore, for these processes,
the effects of αlij are always more suppressed than those of
αeij, even when αlij ≫ αeij, and therefore to a good approxi-
mation in the above formula, we can simply drop the
αlij terms.
As one can see from the expansion above, the largest

elements of the coupling matrix are the ðχe; μÞ, ðχe; τÞ and
ðχμ; τÞ entries. Since the sizes of these entries are compa-
rable, and since the experimental bound on the process μ →
eγ (BRðμ → eþ γÞ < 4.2 × 10−13 [42]) is the strongest
among lepton flavor violating processes, if this bound is
satisfied in our model, then all other lepton flavor violation
bounds will also be satisfied. We calculate the leading
contribution to Γμ→eγ in our model (Fig. 9). Expanding in
mχ=mϕ, we obtain

Γμ→eγ ¼
αλ2ðδλÞ2
4096π4

m5
μ

m4
ϕ

�
1

12
−
1

6

m2
χ

m2
ϕ

þO
�
m4

χ

m4
ϕ

��
2

: ð3:7Þ

Here δλ stands for the largest of the relevant off-diagonal
couplings, which in this case is the ðχe; μÞ element.
In order to study the impact of both the μ → eγ bound as

well as the x-ray constraints from χτ decays on the
parameter space of our model, we perform a numerical
study as follows: we assign random values in the interval
ð−1; 1Þ (sampled uniformly) to all entries of αl0;ij=L and
αe0;ij=L (subject to the constraint that the kinetic terms are
symmetric and positive semidefinite such that there are no
ghosts in the spectrum), and we also assign random values
in the interval (0,1) to the FDM brane BLKT coeffi-
cients αe;l0 =L.
For any given MeL and MlL, we can then perform the

basis change procedure described in Sec. II. The values of
the 5D Yukawa couplings YL

0 are chosen such that the
correct SM lepton masses are reproduced. For a range of
values for MeL and MlL, we run 100 000 such random
trials each, and we calculate the resulting distributions for
YL
0;ττ=L as well as all entries of the λ matrix, and from these

we calculate the μ → eγ branching ratio as well as the χτ
lifetime. As a general trend, the x-ray constraints impose
severe constraints on δλ, which as we argued above are
dominated by αeij, which in turn scale as e−MeL [see
Eq. (2.12)]. Therefore the x-ray constraints favor larger
values of MeL, while they are fairly insensitive to MlL.
In order to gain further insight into the parameter

dependence of the constraints, we show in Fig. 10 how
the x-ray flux from χτ decays (where we use the median
value for the χτ lifetime from 100 000 trials) depends onmχ

and mϕ, for the parameter point MeL ¼ 8, MlL ¼ 1. We
also indicate where the exclusion contour lies, namely
where exactly 95% of trials leads to an x-ray flux consistent
with the bounds [61,62]. When the parameter Me is

increased, the contours in this figure will move further
up and to the left, making the excluded region smaller,
while varying the parameter Ml will not have a significant
effect on the contours. Another way of saying this is as we
increase Me, parameter regions with smaller and smaller
values of λ become consistent with x-ray bounds. The
parameter point (MeL ¼ 8,MlL ¼ 1) we use in this plot is
chosen such that there exist points with λ≲ 1.5 that are
consistent with the bounds. For the same parameter point,
we also show in Fig. 11 the distributions of the λ matrix
entries (normalized to the diagonal entry, or more precisely
1=3 of the trace).
In Fig. 12, we illustrate how the Yukawa couplings

YL
0;ττ=L needed to reproduce the τ mass depend on the bulk

mass parameters. The colors indicate in what range the
median values in the distribution of YL

0;ττ=L lie. In this plot,
we also show how the x-ray constraints impact the
parameter space. In particular, in the green shaded region,
there are points in the mχ −mϕ parameter space with λ≲
1.5 where the x-ray constraints can be satisfied. The
parameter point MeL ¼ 8, MlL ¼ 1 used above is just
inside this region. Note also that in the green shaded region,
larger values of YL

0;ττ=L are favored.
Finally, also using the parameter point MeL ¼ 8,

MlL ¼ 1 and 100 000 trials, we show in Fig. 13 the

FIG. 10. For the parameter point MeL ¼ 8, MlL ¼ 1, and as a
function of mχ and mϕ, we show the contours for the ratio of the
x-ray flux from χτ decays to the limit on this flux [61,62], using
the median value of χτ lifetime obtained from 100 000 random
trials. We also show in red the contour where exactly 95% of the
trials are consistent with the bound. In other words, the region to
the upper left of this contour is excluded by x-ray bounds. The
blue dashed curve corresponds to λ ¼ 1.5 for obtaining the
correct relic abundance.
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median value of the branching ratio of μ → eγ in our model
as a function of mχ and mϕ. Clearly, once the x-ray
constraints are satisfied, the rate of lepton flavor violating
processes are far below the excluded values.

2. LHC bounds on resonant production of KK modes

In addition to the dileptonþMET final state from ϕ pair
production and decay, another collider signature of our
model is the resonant production of KKmodes of the gauge
bosons from q − q̄ initial states (note that the triple vertex for
QCDwith two zeromodegluons and oneKKgluonvanishes
[69]). The mass scale of the first KK modes are, to zeroth
approximation, π=L, and their coupling to the SM fermion
ψ i (after diagonalizing the kinetic terms) is given by

gψ iψ iV1
¼ C2

ψ i

L

�Z
L

0

dye−2MΨyfV;1ðyÞ

þ αψ i þ αψ i
0;iie

−2MΨLfV;1ðLÞ
�
: ð3:8Þ

Note that we do take into account the contribution
from the BLKT coefficients on both branes for this

expression, and for the parameter scan in the analysis that
follows below.
In the same vein as the procedure for the leptons

[Eq. (2.11)], we can determine the Yukawa couplings for
the quarks after diagonalizing and normalizing their kinetic
terms:

YU
ij ≡

YU
0;ij

L
CqCue−ðMqþMuÞL;

YD
ij ≡

YD
0;ij

L
CqCde−ðMqþMdÞL; ð3:9Þ

where for given values of bulk masses for the quark fields,
the diagonal entries YU

0;ii=L and YD
0;ii=L are chosen such

that the correct SM quark masses are obtained. Similar to
Fig. 12, we show in Fig. 14 the median values of the YU

0;tt=L
and YD

0;bb=L distributions as a function of the bulk quark
mass parameters MuL, MdL, and MqL. Since the top mass
is large, having YU

0;ii=L be order one requires a negative
bulk mass for one (or both) of u or q. Thus, one (or both) of
these quark profiles peaks at the Higgs brane, in which case
the Higgs brane BLKTs are not suppressed. Unlike the
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FIG. 11. For the parameter pointMeL ¼ 8,MlL ¼ 1, we plot the distributions of jλij=ð13 tr½λ�Þj after 100 000 random trials withOð1Þ
symmetric BLKT coefficients as inputs. The analytical approximations for each entry from Eq. (3.7) are shown as red vertical lines for
comparison. The first index of λij refers to the χ-flavor, and the second index to the lepton flavor.
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leptons however, the quarks have no interactions on the
FDM brane, and due to gauge invariance, the BLKT’s are
diagonal in the same basis as the kinetic terms. Therefore

there is no basis mismatch giving rise to quark flavor
changing processes, in addition to those already present in
the SM.
In order to demonstrate how the KK resonance bounds

depend on the model parameters (in particular, the bulk
masses), we choose four benchmarks, listed in Table I.
These points (for several values of MqL) are also shown in

FIG. 13. Contours for the median value of log10½BRðμ → eγÞ�
for the parameter point MeL ¼ 8, MlL ¼ 1 as a function of mχ

and mϕ. For comparison, the experimental bound is BRðμ →
eγÞ < 4.2 × 10−13 [42].

FIG. 12. We show the median values of the distribution of
YL
0;ττ=L chosen to reproduce the correct τ mass for a range of

choices of MeL and MlL, after 100 000 random trials at each
point with Oð1Þ BLKT coefficients as inputs. The green shaded
region represents the values of MeL and MlL for which the
model can be consistent with x-ray constraints while keeping
λ ≤ 1.5. The parameter points A through D as indicated are used
later as we study the LHC bounds on KK resonances.

FIG. 14. The median values of the YU
0;tt=L and YD

0;bb=L distributions chosen to reproduce the correct top and bottom mass respectively,
for a range of choices of MuL, MdL, and MqL, after 100 000 random trials at each point with Oð1Þ symmetric BLKT coefficients as
inputs. The sets of benchmark points A through D for several values of MqL are also shown.
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Figs. 12 and 14. Benchmark A is chosen such that in
addition to the model being consistent with x-ray con-
straints, the nominal values of YD

0;bb=L and YU
0;tt=L are close

to 1. Benchmarks B, C and D represent variations around
benchmark A, where in benchmark B a lower value ofMdL
is considered (resulting in smaller values of YD

0;bb=L at fixed
Mq), in benchmark C a lower value of MuL is considered
(resulting in smaller values of YU

0;tt=L at fixed Mq), and
where benchmark D is chosen to be in even less tension
with x-ray constraints than benchmark A, while keeping the
value of YL

0;ττ roughly the same.
In Fig. 15, we plot the constraints on the mass of the KK

Z-boson and the KK gluon (first KK mode in each case),
based respectively on dilepton resonance searches [70] and
dijet resonance searches [71], as we vary MqL for each of
the four benchmarks A through D. The limits are extracted
by performing a Monte Carlo scan over the BLKT
coefficients (quarks as well as leptons) as before, and
the exclusion curve corresponds to 95% of the trials
resulting in resonant production cross sections consistent
with the experimental bounds (1000 trials per point). There
are two main takeaway points from this figure, namely that
the KK gluon bound is the dominant one, pushing the KK
scale π=L to values close to 10 TeV, and that the resonance
bounds are fairly insensitive to the bulk mass parameters.
Therefore in this paper we have used 10 TeV as a lower

bound on the KK scale, but we remind the reader
that the KK scale could in principle be much larger.
Finally, with the KK scale at or above 10 TeV, no KK
modes can be pair produced at the LHC, leading to no
additional constraints.

IV. CONCLUSIONS

We have studied a UV completion of lepton
FDM in a flat extra dimension, where the DM and
mediator fields, and the Higgs field live on branes on
opposite ends of the extra dimension. With this setup,
lepton flavor violating processes only arise as a result of
the misalignment of bases which diagonalize the inter-
actions on the Higgs and the FDM branes, and their size
can be controlled by the lepton profiles along the extra
dimension, which is achieved by an appropriate choice of
bulk masses.
Relic abundance, direct and indirect detection constraints

can be satisfied as long as mχ ≳ 300 GeV, and λ ∼Oð1Þ.
Due to the global flavor symmetry setup, the DM flavors
are very nearly degenerate in mass, with χe lighter than χμ
byOð10Þ eV and lighter than χτ byOð1Þ keV. The heavier
flavors decay to χe via dipole transitions over very long
lifetimes. The χτ lifetime is constrained to be longer than
the age of the universe, which puts an upper limit on the
off-diagonal entries of the coupling matrix δλ≲Oð10−6Þ.
In terms of model parameters, this constraint translates to
MeL≳ 8. In this parameter range, lepton flavor violating
processes such as μ → eγ remain significantly below
experimental constraints. Collider searches push the KK
scale π=L to 10 TeV or above, and give no additional
constraints from the pair production of the mediator ϕ
beyond the region that is excluded by direct detection.
Our study shows that in lepton-FDM models, a flavor

structure that is consistent with constraints from flavor-
changing processes can arise from an extra dimensional
setup, with a broad range of parameters where all exper-
imental constraints are satisfied. The mechanism in our
setup that ameliorates flavor related constraints is fairly
general, and a similar construction could help address
flavor related issues in other extensions of the Standard
Model as well. While we have taken the extra dimension in
our study to be flat, it would also be interesting to study
whether there may be qualitative changes in the phenom-
enology in a warped extra dimensional setup.
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TABLE I. Four benchmarks for bulk masses to be used in our
study of KK resonance bounds. For each of these choices, we will
also vary MqL.

Benchmark point MeL MlL MuL MdL

A 8 1 1 5
B 8 1 1 3
C 8 1 −1 5
D 9 −1 1 5

FIG. 15. Constraints on the mass of the KK-Z (dashed lines)
and the KK gluon (solid lines) for the benchmarks A through D
and for several values of MqL, based on dilepton [70] and dijet
resonance searches [71], respectively.
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