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We consider a simple extension of the Standard Model (SM) by a complex scalar doublet and a singlet
along with three sterile neutrinos. The sterile neutrinos mix with the SM neutrinos to produce three light
neutrino states consistent with the oscillation data and three heavy sterile states. The lightest sterile neutrino
has lifetime longer than the age of the Universe and can provide correct dark matter relic abundance.
Utilizing tree-level flavor changing interactions of a light scalar with mass ∼Oð100Þ MeV along with
sterile neutrinos, we can explain the anomalous magnetic moments of both muon and electron, KOTO
anomalous events and the MiniBooNE excess simultaneously.
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I. INTRODUCTION

The Standard Model (SM) of particle physics is a very
successful, mathematically consistent theory of the known
elementary particles. Most of the SM predictions are con-
sistent with the experimental data. However, some theoreti-
cal puzzles and experimental results cannot be explained
solely based on the SM. These are the hints that we need
some new physics beyond the SM. The need for new physics
beyond the SM is well established in the neutrino sector of
the SM where the neutrino oscillation data [1,2] definitely
require at least two neutrinos to have nonzeromasses. On the
other hand, the SM does not provide any dark matter (DM)
candidate which could explain the observed DM content of
theUniverse [3]. In addition to the neutrino andDMpuzzles,
a few other experimental results associated with the quarks
and charged leptons also pose challenges to the SM.
The anomalous magnetic moment of the muon is one of

the long-standing deviations of the experimental data from
the theoretical predictions of the SM. There exists a 3.7σ
discrepancy between the experimental results [4,5]
and theoretical predictions [6–9]. This was recently

accompanied by a 2.4σ discrepancy between the exper-
imental [10,11] and theoretical [12] values of the anoma-
lous magnetic moment of the electron due to a recent
precise measurement of the fine structure constant [13]. It is
interesting to note that the deviations are in opposite
directions, and Δae=Δaμ does not follow the lepton mass
scaling m2

e=m2
μ ∼ 2.25 × 10−5. It would require a model

with new flavor structure in the leptonic sector to explain
these discrepancies. Universal flavor structure requires very
large Yukawa coupling to explain the anomalies [14]. More
data is needed to confirm the Δae discrepancy. There will
be new results for the aμ measurement from the Fermilab
soon. Very recently, the lattice calculation for the hadronic
light-by-light scattering contribution confirms the Δaμ
discrepancy [15]. Recently, the measurement of the radi-
ative corrections to the pion form factor also confirm the
need of a beyond SM explanation of aμ [16].
Any observations of the flavor changing rare decays

of kaons also indicate new physics beyond the SM. One
very interesting development in this topic is the recent
results from the KOTO experiment which is indicating that
KL → π0ν̄ν decay takes place at a higher rate compared to
the SM prediction [17,18]. The branching ratio is estimated
to be at least two orders of magnitude larger than the SM
prediction [19]. Any new physics explanation of this excess
is, however, constrained by the charged kaon decay mode
Kþ → πþνν̄ and Kþ → πþX which are being investigated
at NA62 [20] and E949 [21] experiments, respectively. The
new physics to explain the anomaly also requires flavor
violating interactions in the quark sector.
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The interesting question is can any simple extension of
the SM explain all these observations? In an attempt to find
the answer to this question, we propose a simple extension
of the SM which contains an additional scalar doublet, a
singlet, and three sterile neutrinos. This Higgs sector
extension is simple, well motivated, and is associated with
the electroweak sector of the SM [22]. We investigate the
most general renormalized scalar potential utilizing the
electroweak symmetry breaking and explore the parameter
space associated with the masses and mixings of the Higgs
bosons. The interesting feature of this parameter space is
the emergence of a light scalar that has tree-level flavor
violating couplings to the SM fermions. Further, the sterile
neutrinos would help us to realize tiny neutrino masses
utilizing type I seesaw in this model. The lightest sterile
neutrino can be a viable DM candidate. Utilizing the flavor
violation in the lepton sector, we explain the g − 2 of both
muon and electron. The quark sector flavor violation leads
to tree level decays of kaon into pion and dark matter pair
which will mimic the KL → π0ν̄ν decay channel inside the
KOTO detector and help to explain the KOTO anomaly.
In addition to the light neutrino masses and KOTO

anomaly, the existence of the sterile neutrinos would help
us to explain two other puzzles. One of them is the DM
content of the Universe which can be explained by the DM
candidate in this model, i.e., the lightest sterile neutrino.
The other one is the recent MiniBooNE observation where
the data exhibits a 4.8σ excess [23,24] of events over the
known background. This excess can be explained with
the muon neutrino getting upscattered to a heavy sterile
neutrino due to the light scalar.
Finally, the parameter space of this light scalar with

couplings to leptons and quarks is constrained by various
proton, electron beam dump, and collider experiments,
lepton flavor violating decays, kaon mixing, and astro-
physical data. We explore various constraints and deter-
mine the allowed parameter space where all the anomalies
can be explained simultaneously. We also make predictions

of this allowed parameter space for various ongoing and
upcoming experiments.
The rest of the paper is organized as follows: In Sec. II

we discuss the model by defining necessary parameters and
interaction terms. The origin of neutrino mass is presented
in Sec. III. In Sec. IV, we discuss the possibility of the
lightest sterile neutrino as a DM candidate. We generate a
viable physical scalar spectrum in Sec. V. In Sec. VI, we
study the anomalous magnetic moments of the electron and
muon and allowed parameter space. In Sec. VII, we discuss
the allowed parameter space associated with the KOTO
anomaly. In Sec. VIII, we discuss the recent MiniBooNE
observation. We summarize our analysis in Sec. IX by
showing a few benchmark points (BP) which explain all the
anomalies after satisfying all other experimental data. We
provide additional pieces of information in the Appendices.

II. MODEL

The scalar sector of the SM has the simplest possible
structure with one scalar doublet [25–29]. Two-Higgs-
doublet model (2HDM) [22,30] and its singlet/triplet
extensions are well motivated extension of the SM scalar
sector [31–46]. In this work, we consider a simple
extension of the CP-conserving 2HDM by adding one
complex scalar singlet. In addition to this, we extend the
SM fermion sector by adding three right-handed sterile
neutrinos n0Ri

with i ¼ 1, 2, 3 to explain the observed
neutrino masses and mixings. The quantum numbers of the
scalars under the SM gauge group SUð2ÞL × Uð1ÞY are

ϕ1 ∼ ð2; 1=2Þ; ϕ2 ∼ ð2; 1=2Þ; ϕS ∼ ð1; 0Þ; ð1Þ

and the definition of the electric charge is Q≡ T3 þ Y.
In general, the scalar sector can be CP-violating. For

simplicity, we assume that the scalar sector respects the CP
symmetry. Also, we do not impose any discrete symmetry.
The most general renormalizable and CP-conserving scalar
potential can be written as follows

V ¼ m2
1ϕ

†
1ϕ1 þm2

2ϕ
†
2ϕ2 þm2

12ðϕ†
1ϕ2 þ ϕ†

2ϕ1Þ þm2
Sϕ

†
SϕS −m2

S0 ðϕ2
S þ ϕ†2

S Þ þm1Sðϕ†
1ϕ1ϕS þ ϕ†

1ϕ1ϕ
†
SÞ

þm2Sðϕ†
2ϕ2ϕS þ ϕ†

2ϕ2ϕ
†
SÞ þ

λ1
2
ðϕ†

1ϕ1Þ2 þ
λ2
2
ðϕ†

2ϕ2Þ2 þ
λS
2
ðϕ†

SϕSÞ2 þ λ3ðϕ†
1ϕ1Þðϕ†

2ϕ2Þ þ λ4ðϕ†
1ϕ2Þðϕ†

2ϕ1Þ
þ λ5½ðϕ†

1ϕ2Þ2 þ ðϕ†
2ϕ1Þ2� þ λ6½ðϕ†

1ϕ1Þðϕ†
1ϕ2Þ þ ðϕ†

1ϕ1Þðϕ†
2ϕ1Þ� þ λ7½ðϕ†

2ϕ2Þðϕ†
1ϕ2Þ þ ðϕ†

2ϕ2Þðϕ†
2ϕ1Þ�

þ λ1Sðϕ†
1ϕ1Þðϕ†

SϕSÞ þ λ2Sðϕ†
2ϕ2Þðϕ†

SϕSÞ þ λ12S½ðϕ†
1ϕ2Þðϕ†

SϕSÞ þ ðϕ†
2ϕ1Þðϕ†

SϕSÞ� þm12Sðϕ†
1ϕ2ϕS þ ϕ†

Sϕ
†
2ϕ1Þ: ð2Þ

Wechoose towork in theHiggs basis [47–51], where only
one of the doubletϕ1 gets a vacuum expectation value (vev),
hϕ1i ¼ v=

ffiffiffi
2

p
. The details about the Higgs basis for the

scalar structure of our model is given in Appendix A. The
doubletϕ1 completely controls the spontaneous electroweak

gauge symmetry breaking and the mass generations of the
fermions and gauge bosons. While the other doublet and
the singlet are ordinary scalars. In the following, we analyze
the scalar sector in the Higgs basis. After the spontaneous
symmetry breaking, we can write the scalars as

BHASKAR DUTTA, SUMIT GHOSH, and TIANJUN LI PHYS. REV. D 102, 055017 (2020)

055017-2



ϕ1 ∼
� Gþ

1ffiffi
2

p ðvþ ρ1 þ iG0Þ
�
; ϕ2 ∼

� ϕ2
þ

1ffiffi
2

p ðρ2 þ iη2Þ
�
;

ϕS ∼
1ffiffiffi
2

p ðρS þ iηSÞ: ð3Þ

The extremization of the potential in Eq. 2 gives the
following conditions

m2
1 þ

λ1v2

2
¼ 0; ð4Þ

m2
12 þ

λ6v2

2
¼ 0: ð5Þ

Equation (5) makes sure that the ϕ2 does not get a vev. From
the minimizing conditions, we further get

λ1 > 0; m2
1 < 0; λ5 > 0; λ6 > 0; m2

12 < 0;

m12S > 0; m1S ¼ 0: ð6Þ

The vev of ϕS is zero due to m1S ¼ 0. Therefore, the total
number of free parameters in the scalar sectors is 17
including the vev v. The total number of scalar degrees of
freedom (dof) is 10. Three dof get eaten to give mass toW�
and Z gauge bosons. The remaining 7 are physical Higgs. In
the Higgs basis, G� and G0 become the Goldstone bosons.
ϕ�
2 gives two charged physical Higgs h�.CP-even states ρ1,

ρ2, and ρS mix to give three neutral physical scalars h, h1,
and h2. We identify the h as the SM Higgs boson. The CP-
odd states η2 and ηS mix and gives two neutral physical
pseudoscalar s1 and s2.
The physical charged scalar mass is given by

m2
h� ¼ m2

2 þ
λ3v2

2
: ð7Þ

The mixing of the three CP-even neutral scalars ρ1, ρ2,
and ρS is

Vρ
mass ¼ 1

2
ð ρ1 ρ2 ρS ÞðM2

ρÞ3×3

0
B@

ρ1

ρ2

ρS

1
CA; ð8Þ

where the 3 × 3 mass square matrix M2
ρ is

M2
ρ ¼

0
BB@

λ1v2 λ6v2 0

λ6v2 m2
2 þ λþ

345
v2

2
m12Svffiffi

2
p

0 m12Svffiffi
2

p m2
S − 2m2

S0 þ λ8v2

2

1
CCA: ð9Þ

Here, we have used Eq. (5) to simplify terms in the mass
squared matrix and defined λþ345 ≡ λ3 þ λ4 þ λ5. We get
three physical scalars from this mixing, h, h1, and h2 with

mass squared m2
h; m

2
h1
, and m2

h2
, respectively. The fields in

the mass basis, h, h1, and h2 are related to those in the
interaction basis, ρ1, ρ2, and ρS by a 3 × 3 rotation matrix
UR3×3ðθiÞ which can be parametrized with three Euler
angles θ1, θ2, and θ3. We write UR as follows

UR ¼

0
B@

c11 c12 c13
c21 c22 c23
c31 c32 c33

1
CA; ð10Þ

where ρi ¼ URijhj. The quantities cij are functions of
cos θk and sin θk (k ¼ 1, 2, 3). The interaction states can be
written in terms of the physical states as

ρ1 ¼ c11h2 þ c12hþ c13h1;

ρ2 ¼ c21h2 þ c22hþ c23h1;

ρS ¼ c31h2 þ c32hþ c33h1: ð11Þ

The mixing of the two CP-odd neutral scalars η2 − ηS
can be written as

Vη
mass ¼ 1

2
ð η2 ηS ÞðM2

ηÞ2×2
�
η2

ηS

�
; ð12Þ

where the 2 × 2 mass square matrix M2
η is given by

M2
η ¼

0
B@m2

2 þ λ−
345

v2

2
− m12Svffiffi

2
p

− m12Svffiffi
2

p m2
S þ 2m2

S0 þ λ8v2

2

1
CA; ð13Þ

where we define λ−345 ≡ λ3 þ λ4 − λ5. From the above
mixing, we get two physical neutral pseudoscalar

�
s1
s2

�
¼

�
cos α − sin α

sin α cos α

��
η2

ηS

�
; ð14Þ

where the mixing angle is given by

tan 2α ¼ m12Sv=
ffiffiffi
2

p

m2
11 −m2

22

ð15Þ

with the corresponding mass squared

m2
s1 ¼

1

2
ðm2

11þm2
22Þ−

1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

11−m2
22Þ2þ

m2
12Sv

2

2

r
ð16Þ

and

m2
s2 ¼

1

2
ðm2

11þm2
22Þþ

1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

11−m2
22Þ2þ

m2
12Sv

2

2

r
; ð17Þ

respectively, where
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m2
11 ¼

1

2

�
m2

2 þ
λ3v2

2
þ λ4v2

2
−
λ5v2

2

�
ð18Þ

and

m2
22 ¼

1

2

�
m2

S þ 2m2
S0 þ

λ8v2

2

�
: ð19Þ

The interaction states can be written in terms of the mass
eigenstates as

η2 ¼ cos αs1 þ sin αs2;

ηS ¼ − sin αs1 þ cos αs2: ð20Þ

Both scalar doublets interact with all the fermions in the
interaction basis, while the singlet scalar only interacts with
the sterile neutrinos. The masses of the fermions come from
the interactions with ϕ1. The couplings of ϕ2 to the
fermions are unconstrained and do not need to respect
the SM fermion flavor symmetry. Therefore, the inter-
actions of the fermions with the neutral components of ϕ2

can generate the tree-level flavor-changing neutral current
(FCNC), which would be useful to explain the KOTO
anomaly and g-2 of the electron. The fermions can interact
with the singlet scalar through the scalar mixings discussed
above. The complete Yukawa sector Lagrangian in the
interaction basis is

−L ¼ q̄0Li
ðy01dÞijd0Rj

ϕ1 þ q̄0Li
ðy01uÞiju0Rj

ϕ̃1

þ l̄0Li
ðy01eÞije0Rj

ϕ1 þ l̄0Li
ðy01nÞijn0Rj

ϕ̃1

þ q̄0Li
ðy02dÞijd0Rj

ϕ2 þ q̄0Li
ðy02uÞiju0Rj

ϕ̃2

þ l̄0Li
ðy02eÞije0Rj

ϕ2 þ l̄0Li
ðy02nÞijn0Rj

ϕ̃2

þ n̄0cRi
ðy0snÞijn0Rj

ϕS þ
1

2
n̄0cRi

M0
ijn

0
Rj
þ H:c:; ð21Þ

where i, j are the family indices, i, j ¼ 1, 2, 3, and a,
b ¼ 1, 2. The primed fermions are the fermions in the
interaction basis. The first four terms give the down-type
quark masses, up-type quark masses, charged lepton
masses, and Dirac mass terms of neutrino, respectively.
The last term gives the Majorana mass terms for the

right-handed neutrinos. In general, all the Yukawa cou-
plings are 3 × 3 complex matrices.
In general, the 3 × 3 Yukawa matrices y01d, y

0
1u, y

0
1e, and

y01n, and the mass matrix M0
ij can be diagonalized through

biunitary transformations as follows

U†
dL
y01dUdR ¼ y1d; with ðy1dÞij ¼ ðy1dÞiiδij; ð22Þ

U†
uLy

0
1uUuR ¼ y1u; with ðy1uÞij ¼ ðy1uÞiiδij; ð23Þ

U†
eLy

0
1eUeR ¼ y1e; with ðy1eÞij ¼ ðy1eÞiiδij; ð24Þ

U†
νLy

0
1nUnR ¼ y1n; with ðy1nÞij ¼ ðy1nÞiiδij; ð25Þ

U†
nRM

0UnR ¼ M; with Mij ¼ Miiδij; ð26Þ

where UdL , UdR , UuL , UuR , UeL , UeR , UνL , and UnR are
eight appropriate 3 × 3 unitary matrices. These matrices
can be used to define the physical states of the fermions,

dLi
¼ ðU†

dL
Þijd0Lj

; dRi
¼ ðU†

dR
Þijd0Rj

; ð27Þ

uLi
¼ ðU†

uLÞiju0Lj
; uRi

¼ ðU†
uRÞiju0Rj

; ð28Þ

eLi
¼ ðU†

eLÞije0Lj
; eRi

¼ ðU†
eRÞije0Rj

; ð29Þ

νLi
¼ ðU†

νLÞijν0Lj
; nRi

¼ ðU†
nRÞijn0Rj

: ð30Þ

We also define the following matrices,

ðy2dÞij ¼ ðU†
dL
Þikðy02dÞklðUdRÞlj; ð31Þ

ðy2uÞij ¼ ðU†
uLÞikðy02uÞklðUuRÞlj; ð32Þ

ðy2eÞij ¼ ðU†
eLÞikðy02eÞklðUeRÞlj; ð33Þ

ðy2nÞij ¼ ðU†
νLÞikðy02nÞklðUnRÞlj; ð34Þ

ðysnÞij ¼ ðU†
nRÞikðy0snÞklðUnRÞlj: ð35Þ

Using thedefinitionsEqs. (22)-(35) and the physical scalar
states, the Eq. (21) can be written compactly as follows

−L ¼ ðmfÞif̄ifi þ ðmνdÞiðν̄Li
nRi

þ n̄Ri
νLi

Þ

þ 1

2
Miðn̄cRi

nRi
þ n̄Ri

ncRi
Þ þ ν̄Li

ðU†
PMNSÞikðy2eÞkjeRj

hþ

þ ēRi
ðy2eÞikðUPMNSÞkjνLj

h− − ēLi
ðUPMNSÞikðy2nÞkjnRj

h− − n̄Ri
ðy2nÞikðU†

PMNSÞkjeLj
hþ

þ ūi½ðUCKMÞikðy2dÞkjPR − ðy2uÞikðUCKMÞkjPL�djhþ þ d̄i½ðy2dÞikðU†
CKMÞkjPL − ðU†

CKMÞikðy2uÞkjPR�ujh−
þ f̄iðyfϕÞijfjϕþ ðynϕÞijðν̄Li

nRj
þ n̄Ri

νLj
Þϕþ ðynnϕÞijðn̄cRi

nRj
þ n̄Ri

ncRj
Þϕ; ð36Þ
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where f ¼ d, u, e; ϕ ¼ h, h1, h2, s1, s2, and ðmfÞi ¼
ðy1fÞiv=

ffiffiffi
2

p
. The Dirac mass matrix of neutrinos is

defined as ðmνdÞi ¼ ðy1nÞiiv=
ffiffiffi
2

p
while Mi ¼ Miiδij is

the Majorana mass matrix. The definitions of the Cabibbo-
Kobayashi-Maskawa (CKM) and Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrices are

UCKM ¼ U†
uLUdL; ð37Þ

UPMNS ¼ U†
eLUνL : ð38Þ

The couplings yfϕ are defined as

ðyfh2Þij ¼
ðmfÞi
v

c11δij þ
ðy2fÞijffiffiffi

2
p c21;

ðyfhÞij ¼
ðmfÞi
v

c12δij þ
ðy2fÞijffiffiffi

2
p c22;

ðyfh1Þij ¼
ðmfÞi
v

c13δij þ
ðy2fÞijffiffiffi

2
p c23;

ðyfs1Þij ¼ i
ðy2fÞijffiffiffi

2
p cos α;

ðyfs2Þij ¼ i
ðy2fÞijffiffiffi

2
p sin α: ð39Þ

The couplings ynϕ of active-sterile neutrino states with
the scalars are defined as

ðynh2Þij ¼
ðmνDÞi

v
c11δij þ

ðy2nÞijffiffiffi
2

p c21;

ðynhÞij ¼
ðmνDÞi

v
c12δij þ

ðy2nÞijffiffiffi
2

p c22;

ðynh1Þij ¼
ðmνDÞi

v
c13δij þ

ðy2nÞijffiffiffi
2

p c23;

ðyns1Þij ¼ i
ðy2nÞijffiffiffi

2
p cos α;

ðyns2Þij ¼ i
ðy2nÞijffiffiffi

2
p sin α: ð40Þ

And the couplings between two sterile neutrinos and the
scalars, ynnϕ are defined as

ðynnh2Þij ¼
ðysnÞijffiffiffi

2
p c31; ðynnhÞij ¼

ðysnÞijffiffiffi
2

p c32;

ðynnh1Þij ¼
ðysnÞijffiffiffi

2
p c33; ðynns1Þij ¼ −i

ðysnÞijffiffiffi
2

p sin α;

ðynns2Þij ¼ i
ðysnÞijffiffiffi

2
p cos α: ð41Þ

So far, we have presented the general framework of the
model without assuming any particular parameter space in
mind. In the next three sections, Secs. III–V, we want to

generate a particular parameter space relevant for the rest of
the paper.

III. NEUTRINO MASSES AND MIXINGS

We study the mixings between the active and sterile
neutrino states and the generation of neutrino masses in this
section. The sterile neutrinos will generically mix with the
active states and produce six neutrino eigenstates. The
masses of the three lightest eigenstates can be determined
by the type-I seesaw mechanism [52–55]. The part of the
Lagrangian from the Eq. (36), which is responsible for the
masses of the neutrinos, is given by

−Lneutrino ¼ ðmνdÞiðν̄Li
nRi

þ n̄Ri
νLi

Þ

þ 1

2
Miðn̄cRi

nRi
þ n̄Ri

ncRi
Þ

¼ 1

2
ðν̄CLi

η̄Ri
Þ
�

0 ðmT
νdÞi

ðmνdÞi Mi

�� νLi

nCRi

�

þ H:c: ð42Þ

The Dirac-Majorana mass matrix of neutrinos is given
the 6 × 6 matrix

MDþM
i ¼

�
0 ðmT

νdÞi
ðmνdÞi Mi

�
: ð43Þ

The mass matrix MDþM
i can be diagonalized by blocks

[56,57], up to corrections at the order of M−1
i ðmνdÞi, under

the assumption that all the eigenvalues of Mi are much
larger than the eigenvalues of ðmνdÞi

WTMDþM
i W ≃

� ðMlightÞi 0

0 ðMheavyÞi

�
; ð44Þ

where the 6 × 6 diagonalizing matrix W is given by

W ≃
�
1 − 1

2
RR† R†

−R 1 − 1
2
R†R

�
ð45Þ

with R ¼ M−1
i ðmνdÞi. The 3 × 3 light and heavy neutrino

mass matrices are given by

mνi ¼ ðMlightÞi ¼ −ðmT
νdÞiM−1

i ðmνdÞi;
mni ¼ ðMheavyÞi ¼ Mi: ð46Þ

We redefine νi and ni as the physical light active neutrinos
and heavy sterile neutrinos, respectively. Themassesmνi are
not known experimentally because the neutrino oscillations
are only sensitive to the differences, m2

νi −m2
νj . In normal

hierarchy scenario, i.e., assuming mν1 ≪ mν2 < mν3 , the
twomass square differences determined from the oscillation
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data [58] is given by Δm2
21 ¼ ð7.05–8.24Þ × 10−5 eV2 and

Δm2
31 ¼ ð2.334–2.524Þ × 10−3 eV2. Therefore, there are at

least two non-zero mνi . Assuming the lightest neutrino
to be massless, we get mνi ≃ ð0; 8.66 × 10−3; 0.05Þ eV. In
Table I, we show two typical BPs that can generate the tiny
mνi , mn2;3 ∼Oð100Þ MeV range, and mn1 ∼Oð10Þ keV.
Another important quantity is the mixing angle between
the active-sterile states. The mixing parameters can be
defined as θij ¼ M−1

i ðmνdÞiðU†
nRÞij. We also define θ2 ≡P

ij jθijj2, and estimate it for the twoBPs in Table. I. Amore
detail treatment of low scale type-I seesaw can be found
in Ref. [59].

IV. DARK MATTER

The lightest candidate of the heavy sterile neutrinos n1
can be the DM candidate in this model if we take
mn1 ≃Oð1–10Þ keV. These particles can be produced at
high temperature in the early Universe but never in thermal
equilibrium due to their very weak interaction strength.
These massive neutral particles are not protected by any
symmetry from decaying into the lighter SM states but can
have a lifetime longer than the age of the Universe
controlled by the active-sterile mixing parameter. The
decay of sterile neutrinos puts bounds on the mixing
parameter. The dominant decay channel of n1 would be
n1 → 3ν through active-sterile neutrino mixing and weak
interaction of ν. Another possible decay channel for the
given mass range could be n1 → νðh�1 → γγÞ, where the h1
decays to 2γ final state through a muon loop. But the choice
of ðmνdÞ1 ¼ 0 forbids the channel as ðynh1Þ11 is directly
proportional to ðmνdÞ1. The decay width of n1 decaying into
3ν is given by [60,61]

Γn1 ¼
G2

Fm
5
n1θ

2

96π3
≃

θ2

1.5 × 1014 sec

�
mn1

10 keV

�
5

: ð47Þ

The lifetime of n1 is defined as τn1 ¼ 1=Γn1 . The decay
of n1 into 3ν final state is not protected by any symmetry,
therefore, to contemplate n1 as a DM candidate, we need to
make sure that it is long-lived enough. To make it long-
lived we require τn1 ≫ tU, where tU ¼ 4.4 × 1017 sec [3] is
the age of the Universe. This gives a bound on θ2 as follows

θ2 ≪ 3.4 × 10−4
�
10 keV
mn1

�
5

: ð48Þ

The sterile neutrinos are neutral under the SM gauge
symmetry, and thus do not interact with the other particles
with known forces. Because of this reason, they were not in
equilibrium in the early Universe. However, they somehow
must interact with other particles to be produced in the early
Universe to be a DM candidate. Therefore, the production
mechanism of n1 would be model dependent. In the
following, we consider two benchmark mass values of
n1 and discuss their production mechanism.
(1) mn1 ¼ 2 keV: If the mass of n1 is 2 keV, it can be

produced by the non-resonant Dodelson-Widrow
mechanism [62]. In this scenario, the sterile neu-
trinos mix with the active neutrinos and produced at
high temperatures through the mixing angle sup-
pressed weak interactions. In the type-I seesaw
scenario considered in Sec. III, this mixing arises
generically and we estimated the mixing parameter
to be θ2 ≃ 6 × 10−9 for the 2 keV n1. If we consider
n1 as the sole DM candidate then for a given thermal
history of the Universe, the DM density is uniquely
determined by mn1 and θ2 as follows [63]

Ωn1h
2 ∼ 0.1

�
θ2

3 × 10−9

��
mn1

3 keV

�
1.8
; ð49Þ

where h ¼ .72� 0.08 [3]. From Eq. (49), we get
that for mn1 ¼ 2 keV, θ2, which is needed to get the
correct DM abundance, is equal to 6 × 10−9. The
peak production happens at T ∼ 200 MeV. This
benchmark point is also favored by structure for-
mation bounds and x-ray searches [64].

(2) mn1 ¼7keV: For n1 having mass 7 keV, we estimate
θ2 ≃ 10−11 by taking Mi ¼ ð0.01; 420; 500Þ MeV.
This satisfies the bounds from the x-ray search
[64]. For such a low mixing parameter, the n1
production requires an enhancement. The Shi-Fuller
resonant production mechanism [65] can be applied
to generate n1. Here, lepton asymmetry produces
large enhancement due to the Mikheyev-Smirnov-
Wolfenstein (MSW) eect [66,67]. The DM density
is determined by the lepton asymmetry and mn1
by [65]

Ωn1h
2 ∼ 0.1

�
mn1

1 keV

��
ΔL
0.02

�
; ð50Þ

whereΔL is the lepton asymmetry. To get the correct
relic density for 7 keV n1, we need ΔL ∼ 3 × 10−3.
The lepton asymmetry can be introduced in our
model by assuming CP-violation in the lepton
sector. The lepton asymmetry for two scalar doublet

TABLE I. The parameters of two typical BPs which are needed
to generate 3 light and 3 heavy neutrinos in the normal hierarchy
scenario.

BP Mi (MeV) ðmνdÞi (GeV) θ2

BP1 (0.002,420,10) ð0; 1.9 × 10−6; 1.58 × 10−4Þ 6 × 10−9

BP2 (0.007,380,640) ð0; 1.81 × 10−6; 5.62 × 10−6Þ 10−11
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model has been studied in Ref. [68]. The decay of
7 keV n1 can be interpreted as the source of the
recently observed 3.5 keV line in the x-ray spectra of
the galaxies [69–71] with θ2 ≃ 10−11 [64].

For simplicity, we assume only real Yukawa couplings
and mn1 ∼Oð1–10Þ keV for the rest of our analysis. The
complex Yukawa couplings give us more freedom on the
choice of the ðθ2; mn1Þ parameter space.

V. LIGHT SCALAR

In this section, we generate a physical scalar spectrum that
has interesting phenomenological aspects. Specifically, there
exists a light physical scalar with mass Oð100–200Þ MeV,
which interacts with the physical SM fermions through tree-
level FCNCs. The rest of the physical scalar masses are
chosen in a way to avoid the LHC constraints. The values of
the parameters in Eq. (2) that serve our purpose are
summarized in Table II. We also present one specific BP.
We see that the scalar masses Oð100Þ GeV and couplings
λi ∼ 0.01–0.1 can give rise to the lightest physical scalar
mass ∼100 MeV.

We summarize the result of the numerical calculations
of the mass spectrum in Table III, along with the possible
final states in the detectors. Details are given in the
Appendix B. One important decay channel to note is the
invisible SM Higgs decay, h → h1h1, where h1 mostly
decays into n1n̄1 pairs. Lack of signals from the searches at
the LHC for the invisibly decaying Higgs boson put a
bound on the branching fractions, Brðh → invisibleÞ <
0.24 at 95% Confidence Level (C.L.) [72,73]. For the
given parameters we find the hh1h1 coupling to be 0.42
and Brðh → invisibleÞ ¼ 0.01.
For the rest of the work, the light scalar h1 is taken to be

lighter than the muon and it promptly decays mainly to
n̄1n1 or eþe− pair with decay widths given as

Γðh1 → n̄1n1Þ ¼ ðynnh1Þ211 ×
mh1

16π

�
1 −

4m2
n1

m2
h1

�
3=2

; ð51Þ

Γðh1 → eþe−Þ ¼ ðyeh1Þ211 ×
mh1

8π

�
1 −

4m2
e

m2
h1

�
3=2

: ð52Þ

The total decay width of h1 is Γh1 ¼ Γðh1 → n̄1n1Þ þ
Γðh1 → eþe−Þ, and the lifetime ofh1 is τh1 ¼ 1=Γh1 . For rest
of the calculations, we choose ðynnh1Þ11 ¼ 7 × 10−5 and
ðyeh1Þ11 ¼ 10−5. Therefore, for mn1 ¼ Oð1−10Þ keV and
mh1 in the range 100–200 MeV, we get the lifetime of h1,
τh1 ≃ 7 × 10−14 sec. We also obtain

Brðh1 → n̄1n1Þ ≃ 0.95;

Brðh1 → eþe−Þ ≃ 0.05: ð53Þ

The different constraints relevant for a light scalar of
mass Oð100Þ MeV are
(1) Fixed target/Beam dump experiment: In such experi-

ments, h1 can be produced by e-bremsstrahlung and
subsequently decays to n̄1n1 or eþe− pair when
mh1 < 2mμ. NA64 [74] is sensitive to the invisible
final states while E137 [75–78] and Orsay [78] are
sensitive to eþe− final states. In electron beam
dump experiments h1 can also be produced via

TABLE II. The descriptions of the parameters defined in
Eq. (2). We choose the given range of values to generate a light
scalar and other heavy scalars consistent with the LHC bounds.
We show one specific BP. The value of v is 246 GeV.

Parameters Descriptions and Values Benchmark Values

m2
1; m

2
2; m

2
12

m2
S; m

2
S0

∼½Oð100Þ GeV�2,
m2

1 < 0; m2
12 < 0

m2
1¼−ð88.7Þ2GeV2

m2
2 ¼ ð497Þ2 GeV2

m2
12 ¼ −ð55Þ2 GeV2

m2
S¼ð277.7Þ2GeV2

m2
S0 ¼ð199.8Þ2GeV2

m1S; m2S m12S ∼Oð100Þ GeV,
m1S ¼ 0; m12S > 0

m1S ¼ 0
m2S ¼ 50 GeV
m12S ¼ 50 GeV

λ1; λ2; λ3; λ4 ∼Oð0.1Þ,
λ1; λ5; λ6 > 0

λ1 ¼ 0.26
λ5; λ6; λ7 λ2;λ3;λ4;λ5;λ6;λ7
λS; λ12S λS; λ12S ¼ 0.1
λ1S; λ2S ∼Oð0.01Þ λ1S ¼ λ2S ¼ 0.01

TABLE III. Brief descriptions of the physical scalar spectrum needed for our analysis. We show the values of the
physical masses for the BP defined in Table II as well as the mass range.

Particles Mass values for the benchmark of Table. II Possible final states

Charged scalars : h�
mh� ∼Oð500Þ GeV mh� ¼ 500 GeV hþ → d̄iuj, e

þ
i þMET

Neutral scalars : h; h1; h2
mh1 ∼Oð.1Þ GeV mh ¼ 125.5 GeV, mh1 ¼ 0.15 GeV h; h2 → f̄ifj, γγ; h1h1
mh2 ∼Oð500Þ GeV mh2 ¼ 500 GeV h1 → eþe−, n̄1n1
Neutral pseudoscalars : s1; s2
msi ∼Oð500Þ GeV ms1 ¼ 500 GeV, ms2 ¼ 400 GeV s1;2 → ēiej, d̄idj
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the effective coupling h1FμνFμν through a muon
loop. These experiments can constrain the parameter
space in ðmh1 ; ðyeh1Þ11Þ and ðmh1 ; ðyeh1Þ22Þ planes.
We show these bounds in Fig. 3 and Fig. 2,
respectively. We also show the projections from
future experiments. This parameter space is relevant
for the explanations of anomalous magnetic mo-
ments of muon and electron.

(2) Kaon decay: Rare kaon decay into pion and
electron-positron pair/invisible states can be gener-
ated via h1 because of the tree-level flavor violating
quark coupling, i.e., nonzero ðydh1Þ21. The process
KL → π0n1n̄1 can mimic the KL → π0νν̄ decay.
NA62 [20] and E949 [21] experiments put bounds
on ððydh1Þ21; mh1Þ parameter space. We show the
bounds in Fig. 4. This parameter space is relevant for
the explanation of the anomalous KOTO events.
LSND [79] can also put constraints on this param-
eter space [80].

(3) B-meson decay: Rare B decays B → Kμþμ− can
occur via h1 due to the tree-level flavor violation in
the quark sector and can put bound from LHCb
experiment [81]. Without affecting any other results
of our analysis, we simply choose the coupling that
generates this decay to be ðydh1Þ32 ∼ 0. And then
this decay is highly suppressed through the Yukawa
interactions of h1 channel, and we neglect the
bounds on the ðmh1 ; ðydh1Þ32Þ parameter space.

(4) Supernova cooling, ΔNeff , BBN: For the mass range
mh1 ∼ ð100–200Þ MeV, the astrophysical and the
cosmological bounds are very weak [82,83] and
therefore we do not show them here.

(5) Future experiments: We also show the projected
bounds from a few future/ongoing experiments such
as FASER [82,84,85], SHiP [82,86], Fermilab μ-
beam fixed target [82,87], and NA64μ; e [74,87].

We will show the constraints in later sections as required.

VI. THE MUON AND ELECTRON ANOMALOUS
MAGNETIC MOMENTS

The anomalous magnetic moment of the muon, aμ ¼
ðgμ − 2Þ=2 has been one of the long-standing deviations
between the experimental data and theoretical predictions
of the SM. The 3.7σ discrepancy between the experimental
value [4,5] and theoretical prediction [6–9] was found to be

Δaμ ¼ aexpμ − athμ ¼ ð2.74� :73Þ × 10−9: ð54Þ

Several theoretical efforts are underway to improve the
precision of the SM predictions [88–92] by computing the
hadronic light-by-light contribution with all errors under
control by using lattice QCD. Recently first such result [15]
was obtained and found to be consistent with the previous
predictions, indicating a new physics explanation of the

discrepancy. From the experimental side, the ongoing
experiment at Fermilab [93,94] and one planned at
J-PARC [95] are aiming to reduce the uncertainty.
Recently, this has been compounded with a 2.4σ dis-

crepancy between the experimental [10,11] and theoretical
[12] values of the electron magnetic moment ae

Δae ¼ aexpe − athe ¼ ð−8.7� 3.6Þ × 10−13: ð55Þ

This 2.4σ discrepancy came recently from the high pre-
cision measurement of the fine structure constant, α using
the cesium atoms [13]. Note, the deviations are in the
opposite directions and Δae=Δaμ does not follow the
lepton mass scaling, m2

e=m2
μ ∼ 2.25 × 10−5. A new physics

solution is needed to explain them simultaneously. A few
possible solutions in other contexts have been considered in
literature [14,96–111].
We utilize the tree-level lepton flavor violating couplings

of the light scalar h1 given by Eq. (36) to address the issue.
These couplings allow one-loop diagrams as shown in
Fig. 1 mediated by h1 with different leptons inside the loop.
In general, there would be 6 different realizations of each
process with three leptons inside the loop and different
chirality of ei and ej. Assuming an asymmetric Yukawa
matrix, ðyeh1Þij, we get that ēiLejRh1 and ēiRejLh1 cou-
plings are different. We use this fact to get the opposite sign
for Δaμ and Δae. For simplicity, we further assume that
some of the elements of ðyeh1Þij are zero, given in Eq. (59).
For aμ calculation, the diagrams with muon inside the

loop will dominate. The contribution of such diagrams to
the muon anomalous magnetic moments is [112]

Δaμμ;μ ¼ ðyeh1Þ222
m2

μ

4π2

Z
1

0

dx
2x2 − x3

x2m2
μ þ ð1 − xÞm2

h1

: ð56Þ

In Fig. 2, we show the allowed parameter space in the
ðmh1 ; ðyeh1Þ22Þ plane for Δaμμ;μ ¼ Δaμ. We also show

FIG. 1. We denote an expression as eiej; ek where ei, ej are the
leptons in the outer legs and ek runs inside the loop. Similar
diagrams with heavier scalars are also possible which are further
suppressed by the large masses.
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relevant future bounds. This parameter space is allowed by
all the muon experiment because mh1 < 2mμ.
For the electron magnetic moment both tau and electron-

induced loop diagrams are nonvanishing. The contributions
to the electron anomalous magnetic moment with tau and
electron inside the loop respectively are [112]

Δaee;τ ¼ðyeh1Þ13ðyeh1Þ31
m2

e

4π2

×
Z

1

0

dx
x2−x3þmτ

me
x2

x2m2
eþxðm2

τ −m2
eÞþð1−xÞm2

h1

; ð57Þ

Δaee;e ¼ ðyeh1Þ211
m2

e

4π2

Z
1

0

dx
2x2 − x3

x2m2
e þ ð1 − xÞm2

h1

: ð58Þ

Note that Δaee;e always gives positive contributions
while Δaee;τ can be negative if one of the couplings is
negative. To explain the electron anomalous magnetic
moment, we require that Δaee;τ gives the dominating
contribution, and Δaee;τ þ Δaee;e explains the deviation.
In Fig. 3, we present various constraints mentioned in
Sec. V in the ðmh1 ; ðyeh1Þ11Þ plane. The values of ðyeh1Þ13
and ðyeh1Þ31 that gives, Δaee;τ ≃ Δae are shown in Eq. (59).
We choose one benchmark point which gives correct

values and signs for both Δaμ and Δae. The light scalar
mass is mh1 ¼ 140 MeV, and the elements of the Yukawa
matrix ðyeh1Þij is given by

ðyeh1Þij ≃

0
B@

10−5 0 −6.8 × 10−4

0 5.13 × 10−4 10−7

3.5 × 10−4 0 0

1
CA:

ð59Þ

In particular, these values do not vary much for the mass
range mh1 ¼ Oð100–200Þ MeV.
The Yukawa matrix in Eq. (59) introduces flavor

violating decays mediating through the light scalar h1: μ →
eγ with τ inside the loop, τ → eγ with e inside the loop, and
τ → μγ with μ inside the loop. The analytical expression of
the branching fractions of these decays is given in Eq. (C1).
We show the values of these branching ratios using Eq. (59)
and mh1 ¼ 140 MeV and the corresponding experimental
bounds [113,114] in Table IV. We find that the branching
ratios are smaller than the experimental bounds. The values
do not change significantly over the mass range mh1 ¼
Oð100–200Þ MeV.

VII. KOTO ANOMALY

The flavor changing processes like rare K meson decays,
K0

L → π0νν̄ and Kþ → πþνν̄, are among the most sensitive
probe for new physics beyond the SM [19,115–121]. These
decays are loop suppressed in the SM [122,123]. Any
observation of such a signal would require new physics for
an explanation. The SM predictions are [19]

BrðK0
L → π0νν̄ÞSM ¼ ð3.00� 0.30Þ × 10−11 ð60Þ

0.02 0.05 0.10 0.20
5. × 10–6

1. × 10–5

5. × 10–5

1. × 10–4

5. × 10–4

0.001

mh1
(GeV)

(y
e
h

1
) 2

2

NA64µ

(gµ- 2) favored

Fermilab µ beam

SHiP

FASER

FIG. 2. The blue shaded region shows the allowed parameter
space favored by Δaμ. This region of the parameter space is
allowed by all muon experiments. The dotted lines show the
future bounds.

0.02 0.05 0.10 0.20
10–8

10–7

10–6

10–5

mh1
(GeV)

(y
eh

1
) 1

1

NA64e

E137

Orsay

NA64e (future)

FIG. 3. The shaded regions are the excluded regions and the
dotted lines show the future bounds. The value of ðyeh1Þ11Þ ¼
10−5 chosen in Sec. V falls in the allowed region for mh1 ¼
Oð100–200Þ MeV.

TABLE IV. We summarize the values of different lepton flavor
violating processes for the Yukawa matrix of Eq. (59). We also
show corresponding experimental bounds.

Descriptions
Values for

mh1 ¼ 140 MeV
Experimental

bounds

Brðμ → eγÞ 5.75 × 10−14 <4.2 × 10−13

Brðτ → eγÞ 1.15 × 10−11 <1.1 × 10−7

Brðτ → μγÞ 1.92 × 10−15 <4.5 × 10−8
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BrðKþ → πþνν̄ÞSM ¼ð9.11� 0.72Þ × 10−11 ð61Þ

The KOTO experiment [124,125] at J-PARC [126] and
NA62 experiment [127] at CERN are dedicated to probing
these processes. Recently, four candidate events were
observed in the signal region of K0

L → π0νν̄ search at
KOTO experiment, whereas the SM prediction is only
0.10� 0.02 [17,18]. Out of four events, one can be
suspected as a background coming from the SM upstream
activity, while the other three can be considered as
signals as they are not consistent with the currently known
background. Given, single event sensitivity as 6.9 × 10−10

[17,18], three events are consistent with

BrðK0
L → π0νν̄ÞKOTO19 < 2.1þ2.0ð4.1Þ

−1.1ð−1.7Þ × 10−9 ð62Þ

at 68ð90Þ% C:L:, including statistical uncertainties. The
result includes the interpretation of photons and invisible
final states as νν̄. Note, the central value is almost two
orders of magnitude larger than the SM prediction. This
new result is in agreement with their previous bounds [128]

BrðK0
L → π0νν̄ÞKOTO18 < 3.0 × 10−9: ð63Þ

On the other hand, the charged kaon decay searches did
not see any excess events. The recent update from NA62
puts a bound [20]

BrðKþ → πþνν̄ÞNA62 < 2.44 × 10−10 ð64Þ

at 95% C.L., which is consistent with the SM prediction
of Eq. (61).
In general, the neutral and charged kaon decays satisfy

the following Grossman-Nir (GN) bound [129]

BrðK0
L → π0νν̄Þ ≤ 4.3 × BrðKþ → πþνν̄Þ; ð65Þ

which depends on the isospin symmetry and kaon lifetimes.
The GN bound might give a strong constraint on the
explanations for the KOTO anomaly. Thus, the new
physics explanation for the KOTO anomaly is required to
generate three anomalous events and satisfy the GN bound.
Several such solutions have been proposed in the literature
[80,130–143].
In this work, we rely on the tree-level flavor violating

couplings of the light scalar h1 in the quark sector of Eq. (36)
and invisible decay channel of h1 to interpret Eq. (62). The
nonzero value of ðydh1Þ21 leads to the tree-level s → d
transition through h1. Thus, the neutral kaon can decay into
a neutral pion and a h1 through the tree-level coupling. The
same coupling would allow the charged kaon to decay into a
charged pion and ah1. The producedh1 promptly decays into
either a DM pair n1n̄1 or an electron pair. The decay channel
BrðK0

L → π0n1n̄1Þ will mimic the BrðK0
L → π0νν̄Þ search

signals and can account for the required branching fractions
of Eq. (62). Note that theBrðKþ → πþ þ invisibleÞ bound is
generally stronger except in the mass range ∼mπ � 25 MeV
[20,21,144,145], therefore, we choose the mass parameter
mh1 in that range to evade the GN bound.
The nonzero coupling ðydh1Þ21 also gives the tree-level

K0 − K̄0 mixing mediated via h1. The contribution of this
mixing to the KL − KS mass difference can be calculated as
follows

ΔmK ¼ −
2ðydh1Þ221

m2
h1

f2Km
2
K

12mK

�
1 −

m2
K

ðms þmdÞ2
�
; ð66Þ

withΔmexp
K ¼ 3.52 × 10−15 GeV [5]. Here. fK ≃ 1.23mπ is

the kaon decay constant [5]. Formh1 ¼ Oð100–200Þ MeV,
one only needs ðydh1Þ21 < 10−8 to avoid this constraint,
which is obviously satisfied in the following discussions.
The decay width of K0

L decaying into a neutral pion and
an on-shell h1 is

ΓðK0
L → π0h1Þ ¼

½Reðydh1Þ21�2
16πmK0

L

�
m2

K0 −m2
π0

ms −md

�2

f2ðm2
h1
Þ

× λ1=2
�
1;

m2
π0

m2
K0

L

;
m2

h1

m2
K0

L

�
; ð67Þ

where λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy − 2yz − 2zx is the
triangle function, and the function fðq2Þ for the vector form
factor is defined as [146]

fðq2Þ ¼ fþð0Þ
�
1þ λ0

m2
π
q2
�

ð68Þ

with fþð0Þ ¼ 0.97 and λ0 ¼ 1.8 × 10−2.
And the decay width of Kþ

L decaying into a charged pion
and an on-shell h1 is

ΓðK� → π�h1Þ ¼
jðydh1Þ21j2
16πmK�

�
m2

K� −m2
π�

ms −md

�2

f2ðm2
h1
Þ

× λ1=2
�
1;

m2
π�

m2
K�

;
m2

h1

m2
K�

�
: ð69Þ

The h1 produced in the decay of the kaon is short-lived
with typical lifetime τh1 ≃ 10−13 sec for the choice of the
parameters in Sec. V. Now taking the energy of the
produced h1 to be Eh1 ≃ 1.5 GeV, we estimate the path
it travels before it decays as, γcτh1 ≃ 10−4 m. The length of
the KOTO detector is 3 m, hence h1 decays inside the
detector. It can promptly decay into n1n̄1 or eþe− pair
with branching fractions of 0.95 and 0.05, respectively.
So we get
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BrðK0
L → π0n1n̄1Þ ¼

ΓðK0
L → π0h1Þ × Brðh1 → n1n̄1Þ

ΓK0
L

;

BrðK0
L → π0eþe−Þ ¼ ΓðK0

L → π0h1Þ × Brðh1 → eþe−Þ
ΓK0

L

;

ð70Þ

where ΓK0
L
¼ ΓSM

K0
L
þΓðK0

L → π0n1n̄1Þ þΓðK0
L → π0eþe−Þ

with ΓSM
K0

L
¼ ð1.29� 0.01Þ × 10−17 GeV. We get similar

expressions for the K� decays.
In Fig. 4, we show the favored parameter space in

ðmh1 ; ðydh1Þ21Þ plane corresponding to the branching frac-
tion of Eq. (62). We also show the region excluded by
KOTO 2018 result and K0

L → π0eþe− decay channel. As
mentioned earlier, the KOTO favored region is allowed by
the NA62 experiment, thus avoiding the GN bound.

VIII. MiniBooNE EXCESS

MiniBooNE is a Cherenkov detector consists of a 12.2 m
diameter sphere filled with 818 tonnes of pure mineral oil
(CH2), located at the Booster Neutrino Beam (BNB) line at
Fermilab [147]. The experiment gets the neutrinos and
antineutrinos flux from BNB [148]. Recently, in 2018, after
taking data for 15 years, they have reported a 4.7σ excess of
νe þ ν̄e like events over the estimated background in the
energy range 200 < EQE

ν < 1250 MeV [23]. The amount
of combined excess events is 460.5� 99.0 corresponding
to 12.84 × 1020 protons on target in neutrino mode and
11.27 × 1020 protons on target in antineutrino mode. This
result is in tension with the two-neutrino oscillation within
the standard three neutrino scenario. More recently this

result was updated by MiniBooNE with 638� 132.8
electron-like events (4.8σ) as the reported number of excess
events corresponding to 18.75 × 1020 protons on target in
neutrino mode and 11.27 × 1020 protons on target in
antineutrino mode [24].
Recently, several attempts have been put forth to explain

this anomaly within the context of dark neutrino mass
models using heavy sterile neutrinos and dark gauge
bosons [149–154] and dark sector models with dark scalars
[142]. They all considered the scenario where the light
neutrinos upscatter to a heavy neutrino after coherent
scattering off the nucleus and subsequent decay of the
heavy neutrino into a pair of electrons. The MiniBooNE
detector cannot distinguish the electron pair. One can get
the reconstructed neutrino energy using the energy and
angular distribution of the mediator coming from the sterile
neutrino decay [155]. Recently, it was shown that param-
eter space needed for the explanation of MiniBooNE data
in the dark gauge boson models are constrained by
CHARM-II data [156], because the scattering cross section
get enhanced for large neutrino energy. The scalar mediator
models have the advantages as for similar parameters, as
the scattering cross section is much smaller [142].
In the framework of our model, the heavy sterile neutrino

n2 can be produced from the upscattering process: ν2A →
n2A mediated through the light scalar h1 as shown Fig. 5.
The ν2A scattering being coherent is enhanced by ∼A2.
The produced n2 promptly decays into n1 and an on-shell
h1, which subsequently decays into a pair of eþe− with
Brðh1Þ → eþe− ≃ 5%. Taking the typical energies,
En2 ; Eh1 ∼ 1 GeV, we estimate the length of the path they
travel before decay as ln2 ≤ 10−4 m and lh1 ≃ 10−4 m.
As both the heavy neutrino n2 and the light scalar h1

decay promptly, we can write the total number of events
observed due to this process as
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1. × 10–13
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4. × 10–13

5. × 10–13
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(y
dh

1
) 2
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K0 0e+e-

E949
LSND

FIG. 4. The pink shaded region is the parameter space favored
by the KOTO anomaly in our model. The blue dashed line is the
contour corresponding to the central value of the KOTO anomaly.
The green contour corresponds to the KOTO18 excluded region.
Contour line corresponding to the K0

L → π0eþe− decay is shown
in brown. We also show the excluded region by NA62, E949,
and LSND.

FIG. 5. The Feynman diagram for the upscattering process
νA → nA that contributes to the cross section that generates the
MiniBooNE excess events in our model.
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Nevent ¼ fexp

Z
Eνmax

Eνmin

dEνΦðEνÞ
Z

ERmax

ERmin

dER

×
dσðER; EνÞ

dER
× Brðh1 → eþe−Þ; ð71Þ

where fexp is a factor which involves the numbers of
protons on target, exposure, effective area of the detector
and depends on the experiments; ER is the nuclear recoil
energy; Eν is the incoming neutrino energy; and ΦðEνÞ is
the incoming neutrino flux from the BNB. Therefore,
fmodel ¼ Nevent=fexp is the model-dependent part.
The differential scattering cross section of νA → nA is

given by

dσ
dER

¼ ½Zfp þ ðA − ZÞfn�2
ðynh1Þ222
16πE2

ν

×
ðm2

n2 þ 2mAERÞð2mA þ ERÞ
ðm2

h1
þ 2mAERÞ2

F2ðERÞ; ð72Þ

wheremA is the mass of the target nucleus; Z and A − Z are
the proton and neutron numbers of the target nucleus;
FðERÞ is the nuclear form factor [157,158]; and the factors
fp;n are defined as [159]

fp;n
mN

¼
X

q¼u;d;s

fðp;nÞTq

fq
mq

þ 2

27

�
1 −

X
q¼u;d;s

fðp;nÞTq

� X
q¼c;b;t

fq
mq

:

ð73Þ

We take, fðu;dÞ ¼ ðyðu;dÞh1Þ11 and fs;c;b;t ¼ 0. The constants

fðpÞTu
, fðpÞTd

; fðnÞTu
, and fðnÞTd

are taken to have the values 0.020,
0.041, 0.0189, and 0.0451, respectively [160–164].
Fig. 6 shows the allowed values of n2 masses for mh1 ¼

Oð100–200Þ MeV to generate the MiniBooNE events

given the couplings: ðynh1Þ22 ¼ 6.1 × 10−2, ðyuh1Þ11 ¼
5.0 × 10−6, and ðydh1Þ11 ¼ 5.0 × 10−6. This is consistent
with the neutrino masses and mixing in our model as shown
in Table I.
We choose one typical benchmark point mn2 ¼

420 MeV and mh1 ¼ 140 MeV to show the scattering
cross section as a function of the incoming neutrino energy
in Fig. 7. Note, the cross section is small at the relevant
incoming neutrino energy, Eνμ ¼ 20 GeV [165] of the
CHARM-II experiment [166–168], therefore gives no
excess events [142]. It was shown recently [169] that, if
the decay length of the produced sterile neutrino n2 in the
upscattering has decay length ln2 ≤ 10−4 m, then the scalar
mediated process does not produce any excess events in
T2K ND280 [170–175] and MINERνA [176–179] experi-
ments. We also verify that our model-dependent part fmodel
is consistent with other dark gauge bosons [150,156] or
dark scalar models [142]. We show the estimated number of
excess events for a few benchmark points in Table VI.

IX. DISCUSSIONS

We have considered a general framework of the scalar
singlet-doublet extension of the SM scalar sector and added
three sterile neutrinos. We have generated a very interesting
physical particle mass spectrum which has rich phenom-
enological consequences. In particular, the particles that
play central role in our analysis are: one light scalar with
mass mh1 ∼Oð100–200Þ MeV, the lightest sterile neutrino
with mass mn1 ∼Oð1–10Þ keV and the next-to-lightest
sterile neutrino with massmn2 ∼Oð400Þ MeV. The lightest
sterile neutrino n1 can be a viable DM candidate. n1 with a
mass of 7 keV can explain the 3.5 keV line in the x-ray
search. We have shown that one can get tiny neutrino mass
and DM relic abundance in this model as well.

0.05 0.10 0.15 0.20
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n 2
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)

FIG. 6. The shaded region is the allowed parameter space in the
ðmh1 ; mn2Þ plane which gives the desired numbers of total events.
We take the couplings: ðynh1Þ22¼6.1×10−2, ðyuh1Þ11¼5.0×10−6,
and ðydh1Þ11 ¼ 5.0 × 10−6.
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FIG. 7. The line shows the cross section as a function
of the incoming neutrino energy for the BP: mn2 ¼ 420 MeV,
mh1 ¼ 140 MeV, ðynh1Þ22 ¼ 6.1 × 10−2, ðyuh1Þ11 ¼ 5.0 × 10−6,
and ðydh1Þ11 ¼ 5.0 × 10−6.
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The main focus of the work was to address a few of the
recent experimental puzzles: anomalous magnetic moments
of both muon and electron; KOTO anomalous events and
excess events found in the MiniBooNE neutrino experi-
ment. The tree-level flavor violating couplings of the light
scalar to the leptons enable us to explain the ðg − 2Þμ;e
using one-loop diagrams. And the flavor violation in the
quark sector allows the kaon to decay at tree level. All the
flavor violations associated with the scalars in this model
appear at the tree level. The MiniBooNE, on the other hand,
requires the production of heavy sterile neutrino from the
light scalar mediated neutrino-nucleus scattering. Note,
the tree-level FCNC of the light scalar and the decay of the
light scalar to electron-positron pair and a pair of lightest
sterile neutrinos connect all three puzzles.
We showed that the parameter space found in Sec. III–V

can explain these anomalies simultaneously. We found
that the light scalar mass is tightly constrained for the
explanation of the KOTO anomaly which emerges in a
large region in the allowed parameter space. We chose
three BPs in the allowed region of the parameter space
and summarize them in Table V. For all these BPs, we fix
the coupling constants: ðynnh1Þ11¼7×10−5, ðyeh1Þ11¼
1×10−5, ðynh1Þ22¼6.1×10−2, ðyuh1Þ11 ¼ 5.0 × 10−6, and
ðydh1Þ11 ¼ 5.0 × 10−6. We summarize the observables in
Table VI. These BPs can also explain neutrino masses and
mixing angles.
The parameter space associated with the explanation of

MiniBooNE excess is not constrained by the existing data

from MINERνA, CHARM-II, and T2K ND280 data due to
the scalar mediator. If however, in future, the MiniBooNE
data requires the scalar mediator mass to be ≤100 MeV
then the KOTO explanation would be in tension with the
model. In that case, we would need more than one light
scalar to satisfy both KOTO and MiniBooNE anomalies.
Further, since this model has three sterile neutrinos, the
lightest sterile neutrino mass can be ∼1 eV which satisfies
the oscillation data whereas the second to lightest neutrino
(∼400 MeV) can explain the low energy excess in the
MiniBooNE data.
The light scalar model we presented in this paper

appears to be quite effective in explaining the DM content,
neutrino masses, and various anomalies. This model would
be investigated as we obtain more results on these
anomalies from KOTO, ðg − 2Þμ;e, MicroBooNE etc. along
with various ongoing and upcoming experiments, e.g.,
NA64μ; e; FASER, SHiP, Fermilab μ-beam etc. and various
lepton flavor violating rare decays.
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APPENDIX A: HIGGS BASIS TRANSFORMATION

We consider two complex scalar doublet H1;2 and one
scalar singlet HS singlet with the following quantum
numbers under SUð2ÞL ×Uð1ÞY gauge symmetry

H1 ∼ ð2;1=2Þ; H2 ∼ ð2;1=2Þ; HS ∼ ð1;0Þ: ðA1Þ
The most general charge conserving vev’s are

hH1i ¼
�

0
v1ffiffi
2

p

�
; hH2i ¼

�
0
v2ffiffi
2

p

�
; hHSi ¼

v3ffiffiffi
2

p : ðA2Þ

We redefine the neutral components of the Higgs fields
by rotating via a unitary matrix U in such a way that only
one scalar doublet will develop a nonzero vev. The neutral
components of the new Higgs fields can be written as

ϕ0
a ¼

X
b

UabH0
b; ðA3Þ

where, a, b ¼ 1, 2, and S. The unitary matrix U is
given as

TABLE V. Three BPs are shown, for which we calculate the
different observables quantities, and can account for three
anomalies.

Parameters BP1 BP2 BP3

mh1ðMeVÞ 130 140 150
mn1ðkeVÞ 2 3 2
mn2ðMeVÞ 435 420 440
ðyeh1Þ22 5 × 10−4 4.75 × 10−4 5.5 × 10−4

ðyeh1Þ13 −3.5 × 10−4 −6 × 10−4 −6.8 × 10−4

ðyeh1Þ31 6.8 × 10−4 4 × 10−4 3.5 × 10−4

ðydh1Þ21 3 × 10−13 3.5 × 10−13 4 × 10−13

TABLE VI. The observables corresponding to the three BPs.

Observables BP1 BP2 BP3

Ωn1h
2 0.1 0.1 0.1

Δaμ × 10−9 2.67 2.27 2.86
Δae × 10−13 −8.43 −8.50 −8.43
BrðK0

L → π0n1n̄1Þ × 10−9 1.42 1.91 2.47
BrðK0

L → π0eþe−Þ × 10−11 5.81 7.82 1.01
Neventðνþ ν̄Þ 671 644 497
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U ¼

0
BB@

v1
v

v2
v

v3
v

− v2
v

v1
v 0

− v3
v 0 v1

v

1
CCA: ðA4Þ

It is easy to see that the vev’s of the new Higgs fields are
given by

hϕ0
1i ¼

�
0

vffiffi
2

p

�
; hϕ0

2i ¼ 0; hϕ0
Si ¼ 0; ðA5Þ

where v ¼ ðv21 þ v22 þ v23Þ1=2. Therefore, only one doublet
will control the spontaneous electroweak gauge symmetry
breaking and the generation of the SM fermion masses.

APPENDIX B: NUMERICAL CALCULATION
OF SCALAR SPECTRUM

Some details about the numerical analysis of Sec. V is
given here. Given the benchmark values of the parameters
in Table II, one can follow Eqs. (7)–(20) to calculate the
mixing of the scalar interaction states and the masses of the
physical scalars. The summary of the masses is given in
Table III. In particular, the physical neutral scalars are given
by hi ¼ ðU−1

R Þijρj:

h2 ¼ 0.056ρ1 þ 0.995ρ2 þ 0.081ρ3;

h ¼ 0.997ρ1 − 0.053ρ2 − 0.035ρ3;

h1 ¼ 0.030ρ1 − 0.083ρ2 þ 0.996ρ3: ðB1Þ

Equation (B1) tells us that the heavy scalar h2 mostly
comes from the second doublet ϕ2, while the SM Higgs is
associated with the doublet ϕ1. The light scalar h1 mostly
comes from the singlet. These mixing elements also enter
into Eq. (39). The mixing angle between the pseudoscalars
are α ¼ 5.44° and the physical states are given by

s1 ¼ 0.995 η2 − 0.094 ηS;

s2 ¼ 0.094 η2 þ 0.995 ηS: ðB2Þ

The physical scalars s1 and s2 are mostly associated with
the doublet ϕ2 and ϕS, respectively.

APPENDIX C: CALCULATION OF ei → ejγ

The most general expression for the branching fraction
of the process ei → ejγ for a light scalar mediator of Fig. 1
is given by

Brðei → ejγÞ ¼
Γðei → ejγÞ

Γðei → ejν̄jνiÞ

¼ 3α

8πG2
Fm

2
ei

�
1 −

m2
ej

m2
ei

�
½ðyeh1Þikðyeh1Þkj�2

×
I1ðmei ; mej ; mek ; mh1Þ

I2ðm2
ej=m

2
eiÞ

; ðC1Þ

where the lepton ek runs inside the loop. The function
I1ðmei ; mej ; mek ; mh1Þ comes from the partial decay

width Γðei → ejγÞ whereas I2ðm2
ej=m

2
eiÞ comes from

Γðei → ejν̄jνiÞ. The definitions of the functions I1 and
I2 respectively are

I1ðmei;mej ;mek ;mh1Þ

¼
Z

1

0

dz
Z

1−z

0

dy

×
yzðmej −meiÞ− ðz− 1Þðzmei þmekÞ

zðyþ z− 1Þm2
ei − yzm2

ej þð1− zÞm2
ek þ zm2

h1

;

I2

�
m2

ej

m2
ei

�
¼ 1− 8

m2
ej

m2
ei

þ 8
m6

ej

m6
ei

−
m8

ej

m8
ei

þ 12
m4

ej

m4
ei

ln

�
m2

ei

m2
ej

�
: ðC2Þ
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