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We present a dark sector model that reproduces the KOTO, MiniBooNE and muon anomalous magnetic
moment anomalies. The dark sector is comprised of a light scalar singlet S that has a large coupling to
a slightly heavier sterile neutrino that mixes with the active neutrinos. The scalar couples to standard
model fermions via Yukawa couplings, and to photons via a higher-dimensional coupling. The KOTO
signal is a result of the flavor-changing penguin process K; — 7S followed by the decay of S to

neutrinos. The sterile neutrino produced in neutrino-nucleus scattering at MiniBooNE decays to an active
neutrino and S, which decays electromagnetically and creates an event excess at low energies.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Currently, there are many measurements in the quark and the
lepton sectors that have eluded explanation in the standard model
(SM). In the quark sector there are several anomalies in the B, D
and K systems. Here we concentrate on K decays where the in-
teresting modes are the rare kaon decays, K; — 7% and K+ —
v, which are being probed by the KOTO experiment at J-PARC
and the NA62 experiment at CERN. Recent reports from KOTO [1,2]
indicate that K; — 7% decays occur at a rate much larger than
predicted by the SM [3]. A fair amount of interest has been gener-
ated in model building to explain the KOTO anomaly [3-15]. Based
on the number of events observed by the KOTO experiment, the
branching ratio can be estimated to be [3]

1F20+H4) o 10-9 )

BR(K; — m%D)koro = 2. ~1.1(=1.7)

This result is two orders of magnitude larger than the SM predic-
tion, BR(K; — m%vd)sm = (3.4 £ 0.6) x 10~ [16].

On the other hand NA62 obtains a 90% C.L. bound for Kt —
atvv [17],
BR(KT = mtvD)nag2 < 1.85 x 10719, (2)

which appears to violate the Grossman-Nir (GN) bound [18]

BR(K; — 7°%D) <43BR(KT = wtvD). (3)

* Corresponding author.
E-mail addresses: datta@phy.olemiss.edu (A. Datta), skamali@go.olemiss.edu
(S. Kamali), dmarf8@hawaii.edu (D. Marfatia).

https://doi.org/10.1016/j.physletb.2020.135579

The E787 and E949 experiments at BNL have also measured
BR(K* — mtvp) [19,20] assuming the pion spectrum predicted
by the SM. According to Ref. [20],

BR(KT — T vb) = (1.737]52) x 10717, (4)

which is also in conflict with the GN bound.

Many solutions to the KOTO anomaly involve a new light par-
ticle X that appears in the decay K — mX, with X decaying
outside the detector. As the KOTO and NA62 detectors have differ-
ent lengths, by an appropriate choice of parameters, consistency
is achievable. Another option is that if the X mass is around
the pion mass then there is a range of my not probed by NA62
due to the large pion backgrounds from Kt — 79zt [21]; see
Fig. 2 of Ref. [4]. This gap in sensitivity occurs for mx ~ 100 —
165 MeV, although if my is very close to the pion mass then
part of this gap is covered by a different NA62 analysis, which
sets a limit on the invisible decays of the neutral pions from
K* — nt7% BR[7® — invisible] < 4.4 x 107° [17], which im-
plies BR[KT — mtinvisible] ~ 10~ [8]. Part of this gap is also
covered by E949 [20] which constrains the branching ratio for
Kt — X as a function of the mass and lifetime of X.

The dark sector model we present in this work has a light
scalar, S, in the above mass window to avoid the NAG62 con-
straint. Because a kinetically-mixed Z’ cannot explain the KOTO
anomaly [7], a scalar mediator is an obvious choice. The scalar in-
teracts with SM particles with coupling strengths proportional to
their masses. Our dark sector also includes a sterile neutrino, vp,
that couples to the scalar with an O(1) coupling. The coupling of
the scalar to active neutrinos is generated by the mixing of the
sterile neutrino with the active neutrinos. The model generates
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the FCNC transitions, b — sS and s — dS, through the usual pen-
guin diagrams. The corresponding mesonic level process K, — %S
followed by the decay of S to neutrino pairs explains the KOTO
measurement.

The goal of the MiniBooNE experiment was to address the 3.30
LSND anomaly in electron-like events seen in the v, channel [22].
Over the 15 years of data taken by MiniBooNE, a new anomaly,
that is not inconsistent with the LSND anomaly, has gained sig-
nificance. The data show a 4.80 excess in the low energy part
of electron spectra in both the neutrino and antineutrino chan-
nels [23]. This low-energy excess begs explanation independently
of the LSND anomaly.! Models in which a light neutrino is up-
scattered into a sterile neutrino which subsequently decays into
an eTe~ pair have been considered in Refs. [25,26] to resolve this
anomaly. The mediator through which the light neutrino scatters
on the target nucleus is a Z’' boson kinetically mixed with the
electromagnetic field tensor. However, the solution in which the
Z' is lighter than the sterile neutrino [25] is excluded [27] by data
from the CHARM-II [28] and MINERVA [29] experiments. A novel
aspect of our model is that electromagnetic decays of the sterile
neutrino produced through neutrino-nucleus scattering via S ex-
change explains the MiniBooNE anomaly and is compatible with
CHARM-II and MINERVA data even with S lighter than the sterile
neutrino.

There is also the long standing anomaly in the anomalous mag-
netic moment of the muon, (g — 2),,. The SM prediction [30] is
3.70 smaller than the experimental measurement [31]:

(-7 —(g—2);"=27.42.7)(2.6) (6.3) x 1071°. (5)

The first two uncertainties are theoretical and the last, and largest,
is experimental. The experimental uncertainty is expected to be re-
duced by a factor of four by the Muon g — 2 Experiment [32] at
Fermilab, which is currently collecting data. With the further ad-
dition of a higher dimensional coupling to two photons motivated
by recent model building [33], the (g —2),, anomaly can also be
addressed in our model. A welcome consequence of this coupling
is that the scalar dominantly decays to a photon pair which can
be misidentified as electron events and reproduces the MiniBooNE
anomaly.

The paper is organized as follows. In Section 2, we describe
our model and the decays of the scalar and sterile neutrino. In
Section 3, we explain the KOTO and the (g — 2),, anomalies and
demonstrate consistency with all relevant constraints. In Section 4
we consider the production of the sterile neutrino in neutrino
scattering experiments, and explain the MiniBooNE anomaly. We
summarize in Section 5.

2. Model

The dark sector has a light singlet scalar S, with mass in the
range ms ~ 100 — 165 MeV, coupled to a sterile neutrino vp which
is heavier than the scalar. The scalar has couplings to SM fermions
proportional to their masses:

1 1 my -
L5 S (@0uS)° = SmsS” —a Y Tfffs
f=d|l
mf - -
- —ffS—gpSs . 6
ﬁuzvff gpSVpVp (6)
f=u
Here v ~ 246 GeV, is the vacuum expectation value of the Higgs
boson, d and [ correspond to down-type quarks and leptons and u

T Accounts of the LSND and MiniBooNE anomalies in terms of oscillations be-
tween active neutrinos and an eV-mass sterile neutrino must contend with a raft of
experimental constraints, which lead to baroque scenarios as in Ref. [24].

corresponds to up-type quarks. This coupling structure can arise in
ultraviolet complete models in which a light scalar singlet is added
to a two-Higgs-doublet model [8,33,34]. In this case, the parame-
ters ng and n, play the role of the mixing parameters between the
singlet scalar and the two neutral scalars of the two-Higgs-doublet
model.

The mixing between the flavor eigenstates v, and mass eigen-
states v; of the four Dirac neutrinos is given by

4
LR
Va(L,R) = ZU((,“- )Vi(L,R) , (ax=e,u,1,D), (7)
i—1

where L, R denote the handedness of the neutrino, and Ul and
UR are 4 x 4 unitary matrices, which we take to be real and
equal (U = UR = U). Neutrino mixing induces a coupling of the
scalar to light neutrinos. v4 must be a Dirac neutrino so that its
non-relativistic decays, v4 — v + S, are not isotropic [35]. If vy
were Majorana, its decays would be approximately isotropic which
is inconsistent with the angular distribution measured by Mini-
BooNE.

To address the (g — 2), anomaly we include the higher-
dimensional Lagrangian term,

1
ALs=— K SFuyFI (8)

which yields an Syy coupling governed by the parameter «,
which has dimensions of inverse mass. This coupling is generi-
cally induced by heavy states, such as leptoquarks, and for k ~
(1TeV)~1, the light scalar can explain the (g — 2),, anomaly [33].
In general, a higher dimensional coupling to gluon fields is permit-
ted, which would allow S to decay to hadrons. However, we take
ms < 2my, so that S can only decay to electrons, neutrinos and
photons.

The scalar S contributes to (g —2), via the one-loop and Barr-
Zee diagrams [36] in Fig. 1. The Barr-Zee contribution is induced
by the effective Sy y coupling which is proportional to k. The one-
loop contribution is given by [37],

1
2 2 5
(1-loop) ng My 1+2(1 -2
8 - 2 = — e — s 9
&= 2 872 v2 1-22+r72z ©)

where r =m, /ms. The Barr-Zee contribution is dominated by the
log-enhanced term [38],

2
Kkm A
N Py 2 (10)

SYY o
YEe=Du Ny ms

where A is the cutoff scale which we may take to be of the order
of the mass of the particles that induce the effective Sy y coupling.
We set A =2 TeV. We will see later that the contribution to (g —
2),, is dominated by the Syy coupling.

The decay width of S to all three light neutrinos (v;, i =1, 2, 3)
is
g2
Psopy = o2 (1= [Upal*)’ms, (11)
81
and its decay width to ete™ is given by
2 .2 2\ 372
_ g memg me
FS*)EJre* - g V2 (1 _4m_§ . (12)

An expression for its width to photons can be found in Ref. [33].
The decay width of v4 to Sv (with v denoting all three light
neutrinos) is
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Fig. 1. The scalar S contributions to (g —2).

2
2 2
g m
Puyorsv = S21Ual? (1= 1UsP?) (1 - ) my. o (13)

V4

Assuming Ues ~ U4 ~ 0, by unitarity we have 1—|Upa|? = |U 4/?.
Note that the scalar has a much longer lifetime ~ |U,L4|‘4 than the
sterile neutrino ~ |U 4|72

3. KOTO and (g — 2), anomalies

The coupling of S to up-type quarks leads to the flavor chang-
ing neutral transitions b — s and s — d via the penguin loop,
thus contributing to several rare hadronic decays. We examine two
cases:

1. k #0: We consider the full Lagrangian and find the parameter
values that can explain the KOTO, MiniBooNE and (g — 2),
anomalies.

2. k =0: We neglect the effective Sy y coupling and find the pa-
rameters that can explain the KOTO and MiniBooNE anomalies,
but not the (g — 2),, anomaly.

In the B and K systems, the off-shell effects of the scalar medi-
ator are sub-dominant and place only weak constraints on the pa-
rameters of the model. The full list of such constraints is provided
in Ref. [33]. The main constraints therefore come from on-shell
production of the scalar S. (Obviously, when the Sy y coupling is
neglected, the constraints with yy final states are not taken into
account.) The primary constraints are

o K; — m%Te~: We require BR(K; — m%te™) <2.8 x 10°10
[39].

e K s — n%y: For these decay modes, we take the scalar
contribution to be smaller than their measured central val-
ues: BR(K; — 7%y y) = (1.27340.033) x 107 and BR(Ks —
70y y) = (4.9+1.8) x 1078 [40].

e KT — m+yy: We require the branching ratio to be smaller
than the central value of the measurement, BR(K*T 7w Ty y)=
(1.01 + 0.06) x 10~6 [40]. Note that this is a non-resonant
measurement that corresponds to diphoton invariant masses
above the range of S masses we consider here.

e Kt — mtvi: We require BR(Kt — wtvd) < 1072, obtained
by NA62 if the scalar mass is close to the pion mass [17].

e B— K®yy: This decay mode has not been measured. We
require the scalar contribution to satisfy BR(B — K™yy) <
10~* because for a fraction of the events the two photons
could be misidentified as a single photon leading to a signal
in B — Xy [40].

e B — K*eTe™: This decay is measured at LHCb [41]. We re-
quire the branching ratio to lie within 10 of the measured
value, BR(B — K*ete™) = (3.1199702 £ 0.2+ 0.5) x 1077; the

—-0.8-0.3
last uncertainty is the theoretical uncertainty.

With the full Lagrangian, we resolve the (g — 2), anomaly
within 1o and the KOTO anomaly at 95% C.L. In Table 1 we provide
benchmark points that solve the KOTO, MiniBooNE and (g — 2),,
anomalies and satisfy the above constraints. Their corresponding
branching fractions to various modes are as in Table 2. Note that
the 90% C.L. experimental constraint, B — K®vd < 2.6(1.8) x
10~> [40], is easily satisfied by the benchmark points. The interest-
ing signals of the model are B — K®yy and K — wyy decays
via resonant production of S, with branching ratios, ~ 10~> and
10~7, respectively.

4. MiniBooNE anomaly

The sterile neutrino is produced via coherent or incoherent
scattering of an active neutrino on a nucleus through scalar ex-
change, v, + N — v4 + N. The effective coupling generated by the
interaction term in Eq. (6) and neutrino mixing is
gD UM4|UD4|25 V4rVyr. To calculate the coherent scattering cross
section mediated by the scalar S, we define the coupling between
the nucleus and the scalar Cy:

Lsn=CNSYNYN, (14)

where ¥ is the spinor of the nucleus and Cy is related to the
couplings of the scalar to the proton (Cp) and neutron (Cp),

CN=2ZCp+(A—2)Cp, (15)

where Z and A — Z are the numbers of protons and neutrons in
the nucleus, respectively. The nucleon couplings are in turn related
to the quark-scalar couplings, nu% for up-type quarks and nd%
for down-type quarks:

Cp= % (Z’?uff +Zrldff> ;
u d
cn=%<;nuﬁ:+§ndﬂ;>. (16)

Here m, and m, are the proton and neutron masses, and f? and
f™ are the proton and neutron form factors [42-44]. Note that for
our choice of quark couplings, the nucleon couplings of the scalar
are independent of the quark masses.

The coherent scattering cross section is

4 @M+ T)(m?, +2MT) P
E2, (m% + 2MT)?

(17)

where T is the recoil energy, E,,6 is the muon neutrino energy,

M is the mass of the nucleus, and F(T) is the nuclear form fac-

tor [45]. For our benchmark points, coherent scattering dominates
incoherent scattering at CHARM-II overwhelmingly, and by about

dUs
dT

gh 2
= ——|U,4aC U
167r| wdCNI71Upa|
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Table 1

Benchmark points with « # 0 solve the KOTO, MiniBooNE and (g —2),, anomalies and satisfy constraints from kaon decays, B decays, and neutrino
scattering data from CHARM-IL For ¥ =0, the (g —2),, anomaly is unsolved.

Benchmark point k (Tev™1) Ny x 102 N4 gp Upa x 103 ms (MeV) my, (MeV)
1 0.42 0.20 0.56 0.29 45 133 416
2 0.87 0.75 027 19 12 113 417
3 14 0.22 015 12 3.9 116 443
4 0.61 0.31 0.39 0.59 3.0 109 462
5 0 0.065 0.89 3.0 26 134 402
6 0 0.070 0.87 3.2 25 129 408

Table 2
Observables for the benchmark points in Table 1.

Benchmark point ~ BR(S — yy) BR(S —ete™)x 10>  BR(S— vi) x 102  BR(B— K™®S)x10°  BR(Kt — m+S) x 107 BR(K; — 9S) x 107
1 0911 3.2 8.5 019 0.063 0.27
2 0.994 0.26 0.54 2.7 0.92 4.0
3 0.901 0.026 9.9 023 0.076 0.32
4 0.946 12 5.2 0.45 0.15 0.65
BR(S — yy) x10*  BR(S—ete™)x 10>  BR(S — vD) BR(B— K®S)x107  BR(Kt — n+S)x 10  BR(K, — n°S) x 10°
5 55 8.8 0.991 2.0 6.7 29
6 43 75 0.992 24 7.9 34

25%-50% at MiniBooNE. We therefore include an incoherent contri-
bution only for MiniBooNE.

Rather than analyzing MiniBooNE and CHARM-II data, we ap-
ply the results of Refs. [25] and [27], which were obtained in the
context of a dark Z’ mediator kinetically mixed with the electro-
magnetic field, to our scalar mediator, with suitable modifications.
To ensure that our model explains the MiniBooNE anomaly we im-
pose the following constraints:

(i) We require fd)"LLTSdeEV/i x (BR[S — eTe™]+ BR[S — yy])

to be within 5% of the value of fd>dg—TZ’deEUM x BR[Z' —
ete™] found for the Z’ benchmark point in Ref. [25] to explain
the MiniBooNE anomaly. Here, & is the v, flux at the Booster
Neutrino Beam in the neutrino run [46], and os and o are
scattering cross sections, including coherent and incoherent
contributions, for the scalar and Z’ mediators, respectively.

(ii) We implement the CHARM-II constraint in Ref. [27] (which ex-
cludes the Z’ model of Ref. [25]) by requiring os x (BR[S —
ete”]+ BR[S — yy]) <oz x BR[Z' — eTe~] at CHARM-II
for (Ey,) =20 GeV [40], where the right-hand-side is eval-
uated for the parameter values in Fig. 3 of Ref. [27] with
|U 4] = 1074,

(iii) We require m,4 > 400 MeV so that less than 70% of the excess
events are in the most forward bin (0.8 < cosf < 1) of the
angular distribution of electron-like events at MiniBooNE [27].

The benchmark points in Table 1 satisfy these constraints.
For k¥ = 0, solutions occur only in narrow parameter ranges. A
nonzero k opens up the parameter space by facilitating a sub-
stantial branching fraction to yy which mimics the MiniBooNE
signal. Both the scalar and the sterile neutrino are short lived
and have rest-frame decay lengths shorter than 0.1 mm, thereby
evading bounds from experiments that probe long lived particles.
While we conclude that our benchmark points resolve the KOTO,
MiniBooNE and (g — 2),, anomalies, for a full verification a de-
tailed simulation is necessary which is beyond the scope of this
work. Solutions that explain the MiniBooNE anomaly and that are
compatible with CHARM-II data arise because our mediator is a
scalar particle. For the light (vector) Z’ mediator, the scattering
cross section gets enhanced which is in conflict with CHARM-II
data for the couplings and mixing needed to explain MiniBooNE
data. The difference in cross sections arises from the longitudi-
nal polarization of the Z’ propagator ~ q“q”/m%,, where g is the
momentum transfer in the scattering process. For the CHARM-II

experiment, M >~ (E, ) ~ 20 GeV, so that oz /o5 ~ (M/mz)? for
ms Smy, < M.

5. Summary

We presented a model with a 100 — 140 MeV singlet scalar S
and a 400 — 465 MeV sterile neutrino vp that resolves the KOTO,
MiniBooNE and (g —2),, anomalies. S couples to vp with an O(1)
coupling and to standard model fermions with Yukawa couplings.
A higher-dimensional Sy y is needed to address the discrepancy in
(g —2),,. The scalar couples to active neutrinos through the mixing
of the sterile neutrino with active neutrinos. The model generates
the FCNC transitions, b — s and s — d, via penguin diagrams. The
resulting K; — %S transition followed by the decay of S to neu-
trinos explains the KOTO signal. At MiniBooNE, the sterile neutrino
is produced in neutrino-nucleus scattering mediated by the scalar
exchange. The subsequent decay of the sterile neutrino to an active
neutrino and S, which in turn decays to eTe™ or yy, creates the
low-energy excess in the electron-like event data at MiniBooNE.
The scenario is compatible with CHARM-II data. Predictions of the
model include B — K®yy and K — myy decays via resonant
production of S, with branching ratios, ~ 10~> and 10~7, respec-
tively.
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