PHYSICAL REVIEW D 93, 073004 (2016)
Three twin neutrinos: Evidence from LSND and MiniBooNE
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We construct a neutrino model of three twin neutrinos in light of the neutrino appearance excesses at
LSND and MiniBooNE. The model, which includes a twin parity, naturally predicts identical lepton
Yukawa structures in the Standard Model and the twin sectors. As a result, a universal mixing angle
controls all three twin neutrino couplings to the Standard Model charged leptons. This mixing angle is
predicted to be the ratio of the electroweak scale over the composite scale of the Higgs boson and has the
right order of magnitude to fit the data. The heavy twin neutrinos decay within the experimental lengths
into active neutrinos plus a long-lived Majoron and can provide a good fit, at around the 40 confidence
level, to the LSND and MiniBooNE appearance data while simultaneously satisfying the disappearance
constraints. For the Majorana neutrino case, the fact that neutrinos have a larger scattering cross section
than antineutrinos provides a natural explanation to MiniBooNE’s observation of a larger antineutrino

appearance €xcess.
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I. INTRODUCTION

The past decade has seen a series of anomalies emerge in
short baseline (SBL) neutrino oscillation experiments
which cannot be explained within the three active neutrino
framework of the Standard Model (SM). Here, SBL refers
to experiments with the ratio of the oscillation distance over
the neutrino energy, L/E, ~ 1 m/MeV, which are sensitive
to neutrino oscillations involving mass squared splittings
Am? ~ 1 eV?. The LSND experiment [1] reports evidence
of o, — b, oscillation consistent with Am? ~ 1 eV? as well
as a less dramatic excess for v, — v, oscillation [2]. The
MiniBooNE Collaboration also searched for the same
signal, reporting excesses in both electron and antielectron
neutrino events [3], again suggesting oscillations of the
form v, - v, and 7, - 0,, consistent with the LSND
results. Together, these observations lead to the tantalizing
suggestion of additional “sterile” neutrino flavors at a mass
scale of 1 eV.

Many schemes have been considered to fit the excess,
including three active plus N sterile neutrino oscillation
schemes (3 + N), with most of the attention being focused
on N =1 and N = 2 [3-12]. While even the simple 3 + 1
scheme can provide a good fit to the v, — v, (v, = 7,)
appearance excesses, these fits are in tension with v, D,
and v, disappearance constraints from MiniBooNE +
SciBooNE [13,14] and LSND + KARMEN [15], respec-
tively. To ameliorate the disappearance constraint, some
authors have also considered the fairly prompt decay of
sterile neutrinos [16] (i.e. m,I"y ~ 1 eV?) to allow the decay
of sterile neutrinos to active neutrinos within the exper-
imental lengths. In most cases, a decay of this form requires
the coupling of neutrinos to a new light state ¢ (potentially
a Majoron [17-19]), which enables the sterile neutrinos to
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decay through the process vy — v, + ¢. While some
authors have also considered decays of the form v, —
v, + v [20] to explain the MiniBooNE signal, this decay
cannot explain the LSND excess and we will not consider
it here.

Very little attention has been focused on the 3 +3
oscillation scheme, mainly in the interest of minimality
and because there was no clear indication that adding a
third sterile neutrino would improve the 3 + 2 fit. However,
when the sterile neutrino sector is embedded within a
model that “mirrors” the SM particle content [21-23], the
3+ 3 scenario becomes natural to consider. One well
motivated model of this type is the “twin Higgs” model
[24,25], although others have been considered [26-30].
The twin Higgs model contains a full or partial copy of the
SM gauge group and particle content, with couplings in the
two sectors related by a discrete Z, symmetry. The particle
content in each sector, usually denoted A and B, transforms
under its own gauge group and is sterile with respect to the
other sector. An attractive feature of the twin Higgs model
is that it provides a solution to the little hierarchy problem
without requiring new particles charged under the SM
gauge group, at least below the cutoff of the effective
theory. In this model, the Higgs field is a pseudo-Nambu-
Goldstone boson (PNGB) associated with the spontaneous
breaking of an approximate global SU(4) symmetry. A
twin Z, symmetry is introduced to constrain the form of
corrections to the PNGB Higgs potential, allowing natural
electroweak symmetry breaking with no quadratically
divergent corrections to the Higgs mass at one-loop level.

In this paper, we construct a 3 + 3 neutrino model within
the twin Higgs framework, although many of our phenom-
enological studies can be applied to other models with
similar flavor structures. Two higher dimensional operators
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turn out to be relevant for the neutrino sectors. The first
operator is dimension 5 and respects both the Z, and SU(4)
symmetries. After the Higgs fields develop their vacuum
expectation values (VEVs), three out of the six total
neutrinos become massive and can be identified as the
three sterile neutrinos. Because of the Z,-enforced Yukawa
alignment between the two sectors, only one universal
mixing angle in addition to the usual Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix is required to describe
how the three sterile neutrinos interact with the SM charged
leptons. This mixing angle 0 is predicted to be the ratio of
two Higgs VEVs, v/f ~ O(0.1), and has the right order of
magnitude to fit the SBL excesses. The second relevant
operator is dimension 6, which is Z, conserving and SU(4)
breaking. It is responsible for coupling the Majoron to
neutrinos and additionally for providing mass to the light
active neutrinos. We will show that after satisfying various
constraints, the three heavy sterile neutrinos can decay into
active neutrinos plus one Majoron with the decay distance
within the experimental lengths. In what follows, we will
analyze the oscillation and decay of Dirac and Majorana
sterile neutrinos within the context of this 3 + 3 “twin
neutrino” model. We will show that promptly decaying
sterile neutrinos in this model can provide a good fit to the
LSND and MiniBooNE anomalies.

II. THE TWIN NEUTRINO MODEL

Motivated by the twin Higgs model, we consider a global
non-Abelian SU(4) symmetry in the electroweak parts of
both the SM and twin sectors. The two Higgs doublets H 4
and Hp, which transform under the SU(2), x U(1), and
SU(2)p x U(1)p gauge symmetries, can be grouped
together as a quadruplet of SU(4): H = (H,, Hg)T. At
the minimum of its SU(4) invariant potential, the quad-
ruplet develops a VEV of (H) = (0,0,0, )7, spontane-
ously breaking SU(4) down to its SU(3) subgroup. As a
result, there are seven Nambu-Goldstone bosons (NGBs) in
the low energy theory below the cutoff A ~4zf. Turning
on electroweak gauge interactions in both sectors, the
quadruplet VEV breaks the twin electroweak gauge sym-
metry SU(2); x U(1)g to a single U(1) with three NGBs
eaten by the three massive gauge bosons W3 and Z B.l The
remaining four NGBs can be identified as the SM Higgs
doublet, H, which acquire mass and become PNGBs after
turning on SU(4)-breaking gauge or Yukawa interactions.

The little hierarchy problem can be alleviated by
imposing an additional Z, symmetry between the two
sectors which forces all couplings to be the same. This is
because in the gauge sector, the one-loop corrections to the
Higgs mass which are quadratic in A have the form

9N?/(647°) (A HAH), + ghHpHY) = 9N*/(647°) P HH'

'An additional Higgs mechanism may be required to provide
the twin photon mass.
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and are independent of the PNGB Higgs field. In addition,
the logarithm divergent part contributes to the coefficient of
the SU(4)-breaking operator k(|Hy|* + |Hp|*) at the order
of ¢*/(16x*)1og (A/gf), so the Higgs field mass is
generically suppressed compared to the VEV f ~ 1 TeV.
To obtain the lighter Higgs boson mass at 125 GeV, the
coefficient is needed to be around 1/4, which suggests
additional SU(4)-breaking terms in the scalar potential.
Minimizing the potential for the two Higgs doublets with
small Z,-breaking terms, the ratio of the two VEVs is

<HA> - EN
(HB)if 0(0.1), (1)

with the electroweak VEV, v = 246 GeV. Later we will
show that this ratio will be crucial to determining the
fermion mass spectrum in the twin sector.

The fermion Yukawa couplings explicitly break the
global SU(4) symmetry. The Z, twin parity is required
to ensure that there are no corrections to the SM Higgs mass
proportional to A? at the one-loop level. Therefore, we keep
the Yukawa couplings in both sectors to be exactly the
same, for both charged leptons and neutrinos. For the
charged leptons, the Z,-invariant and SU(4)-breaking
Yukawa couplings in the Lagrangian are

yéj(HA]:AiEAj +HBLBiEBj> +HC (2)

Here, the indexes i, j = 1, 2, 3 denote lepton flavors. After
inputting the scalar VEVs, we have the three twin charged-
lepton masses exactly proportional to the SM ones:
mi / me = v/ f. For instance, the twin electron is antici-

pated to have a mass of m, = O(5 MeV).

A. Majorana neutrinos

In the neutrino sector, we will consider both Majorana
and Dirac neutrino cases and will only focus on the
spectrum with normal ordering, which is preferred for
the Majorana case. In this subsection, we first study the
Majorana neutrinos for both SM and twin sectors. Unlike
the charged-lepton sector, we can have the following Z,-
invariant and SU(4)-conserving Majorana mass operators:

ij
W LTHCH L, + Hc, (3)
Asg
Here, £ = (L,,Ly) and H' = (H., HE) with I:IXB =
—iazHg_B. The cutoff, Ag, could be related to the same
heavy right-handed neutrino masses to realize the seesaw
mechanism. After Higgs doublets get their VEVs, the linear
combinations (v, , + fvf ;) are massive and are approx-
imately the three sterile neutrino states. To provide mass
for other combinations, we introduce the following Z,-
invariant and SU(4)-breaking dimension-6 operator:
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17 ~ -
i—”zqngiHACHIT,LB ;+ He. (4)
b

Here, the new gauge-singlet scalar ¢y carries both SM and
twin lepton numbers. Furthermore, one could define a
discrete symmetry in the twin sector with ¢ <> —¢), L, <>
L, and Lg <> —Lp, such that additional operators for ¢
coupling to only SM leptons are forbidden. This discrete
symmetry is important for our later discussion of ¢-related
phenomenology. The Yukawa couplings are chosen to be
identical for Egs. (3) and (4), which could originate from a
UV theory at a much higher than TeV scale.

After ¢ develops a VEV with (¢) = f,, the 6x 6
neutrino mass matrix is
2 ) f folA
£ R0
M= A . ® < (5)
£ (1+5) £
= L{Tdiag(mygl s m,/;l, myg s m,,; s m,/?, myg )Z/{. (6)

In the leading order of f¢A5/A§> <« 1 and v/f <« 1, the
three heavy (sterile) neutrino masses are

s

where 3 is the eigenvalue of the Yukawa matrix y,.
Because of flavor alignment in the SM and twin sectors,
the ratios of the neutrino masses satisfy

r= m; :% f¢ASU (8)
Mmiy3z My f2’

to the leading order of the small parameter, f;Ag/ Aé < 1,
in our model. For a normal ordering mass spectrum of
active neutrinos, m; < m, < msz, and from Ref. [31],
we have Am3, ~7.54x 107 eV? and Am? = Am3,—
Am3,/2~2.43 x 1073 eV2. The twin neutrino masses
are shown in Fig. 1 for two different values of r.

In the charged-lepton mass-eigenstate basis, the diago-
nalization unitary matrix ¢/ can be written in terms of a
tensor production,

u6><6 O2><2 ® U]’i{s/ISNS’ (9)
where Uplis is the PMNS matrix in the SM (the

experimental values are taken from Ref. [31]) and O**?
is a rotation matrix,

*We take the VEV of ¢ to be a real number. Its complex phase
is physical, but will not change our phenomenological study later.
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FIG. 1. The twin neutrino masses as a function of the lightest

twin neutrino mass. The normal ordering mass spectrum is
assumed for the active neutrinos.

02X2<cos€ sinH)
~ \—sin® cos@ )

To the leading order of f,Ag/Aj < 1, the new mixing
angle between the SM and twin neutrino sectors is

(10)

ez]ij:O(o.l). (11)

Consequently, the three active neutrinos (¢/,) interact with
the SM charged leptons with a strength proportional to
cosd, while the three sterile neutrinos (%) have inter-
actions suppressed by sinf. The sterile neutrino inter-
action strengths with SM charged leptons are therefore
related to the fine-tuning problem for the SM
Higgs boson.

In this model, there is a PNGB or Majoron [17-19]
associated with the global symmetry breaking of
u(l),, xU(1),, - U(1),. The relevant Yukawa cou-

plings for the Majoron particle, @, defined as ¢ =
f¢ei‘/’/ /s in our models, are flavor diagonal and are

vf ipull, CUt

}';sl(py LCZ/ L—yy2A2

ﬂ';alqol/ Cya L= ayb l(/”/ Lcyu L (12)

2A2

The sterile neutrinos are not stable particles and have the
decay widths of
Plyy] = 20 — v4(72) + @)

(/1515) m,. (}%.9)2 m;/.'; (13)
T 4x T 4z m’

2
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In our numerical study later, we will focus on the parameter
region of A3, =O(1072) or j; =O(107?) and A, =
O(10v/vf) = O(TeV).

Since the mass operators in Eq. (3) explicitly break the
U(1), symmetry, we anticipate a nonzero mass for the
Majoron filed, ¢. The one-loop diagram mediated by L,
and Ly generates a mass for ¢,

I A -
mgy ~ 167 2A4A2 (yllyl/yl/yl’)
1
- L@y, (19

For a normal ordering neutrino mass spectrum, we have
m, ~ 1 eV for m,; ~ 10 keV, 6 = 0.1 and A3s ~0.01. The
Majoron decay width is

. 02(13,)2 m7;
F 2, _ as 128
St ) = G

i i

m,0(m, —2m, ).

(15)

For a normal ordering neutrino mass spectrum, m, ~ 1 €V,
A3,~001 and 6=0.1,
is T, ~8x 1078 eV.

the decay width at rest

B. Dirac neutrinos

For the Dirac neutrino case, one needs to introduce an
additional set of right-handed neutrinos in both the SM and
twin sectors. The Z,-invariant and SU(4)-conserving Dirac
mass operators are

WHL(ar +vgr) + He. (16)

Furthermore, the following Z,- and SU(4)-breaking
dimension-5 operator is introduced to provide light
neutrino masses and decaying couplings for the heavy
neutrinos:

ij

X_I;CPHAZ‘ADB,R +HC (17)

After ¢ develops a VEV with (¢)
neutrino mass matrix is

I/
M:L[U 1)(14—#:)1 ®y2><3 (18)
f f

= fy» the 6x6

— T
= U"diag(m,,m,, mys,my,mp,ma)W,  (19)

with the left-handed rotation matrix
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U5 = 07 ® Ui (20)

Using the same parametrization as in Eq. (11) and in the
limit of f, < A,, we still have 6~ v/f = O(0.1). The
mass ratios for this Dirac neutrino model is

o LS (21)

V2Ay f

In the Dirac neutrino model, we also have a PNGB
associated with the symmetry breaking of U(1), x
u(l),,, = U(1),. The couplings of the Majoron, @,

parametrized by ¢ = f,e//+ are

m; _ muf,

Miy3 My

e T 0 i Y
AusiQUy, Vs p = yyﬁl(pvu.va,R, (22)
¢

/uml(pyaLyaR—yuzA/ lq)yaLl/aR (23)

The sterile neutrino decay widths are

3
(/13‘?)2 ’nz/’J

i 2
OLP G
327 m53_

P2z

[, - v, + @] ~ (24)

In our model, the active neutrinos from sterile neutrino
decays are left-handed.

III. CONSTRAINTS FROM UNITARY,
MESON DECAYS AND NEUTRINOLESS
DOUBLE BETA DECAY

For both the Majorana and Dirac neutrino models, we
have the model parameters my, I'y (related to the coupling
23, @ and r. In this section, we study the existing
constraints on our model parameters from unitarity of
the active neutrino mixing matrix, neutrinoless double beta
decay and meson decays.

The mixing between active and twin neutrinos reduces
the couplings of active neutrinos to charged leptons in the
SM. The 6 x 6 mixing matrix, {, is a unitary matrix in our
model, but the 3 x 3 mixing matrix, U, is not unitary and
has the normalization property of Y3 | |Uz|*> = cos® 6.
Using the results in Ref. [32] and neglecting the effects of
sterile decay products, we have found that

sin6 < 0.20 (25)

at 20 C.L.

There are additional bounds on the sterile neutrino decay
widths from the pion and kaon three-body decay into the
new Majoron state and the electron-muon universality
tests of their total leptonic widths (see Ref. [33] for a
recent summary). Using the analysis in Ref. [34] and the
measurement of the z — ev branching ratio [35,36], the
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FIG. 2. The constraints on our model parameters from the e — u
universality of pion decays. The Dirac phase d-p = 0.

predicted deviation from e — p universality is R, = 1 +
157.5(¢%),, with the experimental value of R, = 0.9931 +
0.0049 (the updated value of R, = 0.9993 + 0.0024 pro-
vides a similar bound), so the bound on our model
parameters is

3
§ el

at 90% C.L. Here, ¢ = 1(2) for the Majorana (Dirac)
neutrino case. In Fig. 2, we show the constraints on our
model parameters in the myI"y and m, plane.

For the Majorana neutrino case, searches for the neu-
trinoless double beta decay (ff),, can also impose bounds
on our model parameter space. The amplitude of (ff),, is
proportional to the effective Majorana mass

Zmb[

Pl 1 50 % 1079

y\

(26)

|(mgp)| = (rcos?@ + sin?

3
0) Z ms ;U
i=1

(27)

The CP-violating phases can affect the predicted effective
Majorana mass. In our model, we have identical Majorana
and Dirac phases for the SM and twin sectors. In Fig. 3, we
show the allowed parameter space by allowing arbitrary
Majorana phases but a fixed Dirac phase of 6.p = 0. We
did not find that additional processes like 0v2f¢ or 0v232¢
provide more stringent bounds than Ov2f and meson
decays.

Because of the fairly large interaction strength
(A3, ~0.01) among sterile neutrinos, active neutrinos and
the Majoron particle, both sterile neutrinos and the Majoron
particles stay within the supernova core. Our model does
not have an additional energy loss problem for supernova
SN1987A. However, sterile neutrinos with a mass below
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FIG. 3. Constraints on my, and sinf@ from 0v2f decay with

[(mgg)| < 0.31 eV [37]. We have chosen a normal ordering mass

spectrum for the three active neutrinos and the Dirac phase
5CP = 0

around ~1 MeV contribute to additional relativistic
degrees of freedom and are constrained by measure-
ments of the cosmic microwave background and big
bang nucleosynthesis [38,39]. There have been sugges-
tions that these constraints can be avoided if the sterile
neutrinos are charged under a new U(1) gauge sym-
metry which is spontaneously broken such that the
corresponding gauge boson acquires a MeV-scale mass
[40]. In this type of scenario, the coupling of the sterile
neutrinos to the new MeV-scale gauge boson can
generate a large temperature dependent potential which
effectively suppresses the mixing angle between active
and sterile neutrinos in the thermal bath. It is possible
that the Majoron introduced in our model could play a
similar role to this new massive gauge boson, but with
the caveat that it will decay later due to its eV scale
mass. This means it will contribute to N as an
approximately massless boson, yielding a ANy ~4/7,
which is only marginally constrained by the most recent
Planck data [39]. However, to have a conclusive state-
ment, an additional analysis or nonstandard cosmology
should be taken into account. We do not explore these
directions here.

IV. NEUTRINO APPEARANCE AND
DISAPPEARANCE

In this section, we write down general neutrino appear-
ance and disappearance formulas for our model. Since we
have both oscillation and decay, we will keep both effects
for neutrino appearance and disappearance. For the short-
baseline experiments, the differential probability for a
neutrino of flavor a with energy E, converting into a
neutrino of flavor f with energy in the interval of
(E,,/i,E +dE, ) is [16,41]

17 7
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dP

Va—Vp (El/(,)

dE

Y

6 my 2L m;T;L 2
u* e ZI:ba z.em

i=1

x8(E,, —E,)+Wg,

va g
L c
X dL'—
0 2

6 m;l; l"’ 3 w2

ZUﬂ(1_3)uZ] E 2Ey, 2Ey,

=4 Ya
Here, the neutrino decay widths, I'; = 0 fori = 1, 2, 3 and
I'; #0 for i =4, 5, 6, are defined in the rest frame. ¢ =
1(2) for the Majorana (Dirac) neutrino case. For the case
where neutrino goes to neutrino the energy spectrum
function is Wg, ., =2E, /E;,©(E,, ~E,,). For the

Majorana model, the hehc1ty -flip formula for v, — vy
has only the second term (the decaying part) with a

different energy spectrum function, Wg, ~Ey = 2(E, —

Ep,)/ El O(E, — Ey,). For the case with initial antineu-
trinos, one should replace the elements of I/ by its complex
conjugation.

In our numerical studies, we will focus on the pure
oscillation case as well as the decay effect dominant
case. For the pure oscillation case with I'; =0 and in
the limits of mMys56 > mio3 and \Am%2|, |Am%3| < E/L
(the short-baseline approximation), the neutrino appear-
ance probability is

. (28)

~.
—_

3
Py, » vp) = 4sm462
Jj=2

. Am?kL .
X sin riE Sin | pajx —

for a # B. Here, the phase g, = arg(Uy; Uy ;Up Unt)-
The formula for the antineutrino case can be obtained by a
replacement of ¢) - —¢. In our model, only a single Dirac
CP phase enters both sectors. In the small mixing angle
limit of ;3«1 and Ocp order of unity, we have
Geunt = O(0138in8¢p), Pzt = Peyza = —dcp + O(013).
So, a large CP-violating phase can affect the (anti-)neutrino
appearance probabilities. The disappearance probability is
independent of the CP-violating phase and has

UpiUsiUpn U]

w-
Il
=

Am?kL
2P2E )’
(29)

[\

3 m I
P(vy = v,) = 1 —sin?(260) ZIUajlzsm (%)

(30)

Comparing Egs. (29) and (30), one can see that the
appearance probability is suppressed by sin* 6, while the

PHYSICAL REVIEW D 93, 073004 (2016)

disappearance is only suppressed by sin? 6. We will later
show that because of this fact it is challenging to only
use oscillation to explain the LSND and MiniBooNE
anomalies.

For the case in which sterile neutrino decay effects

dominant and in the limit of [Amjs s | > T;m;, the
appearance probability is
de 7 (EIJ ) Cc
a al T 2
aE, 2V,
mj3lj3L
x Z U Pl (1 - 5)
—I—(’)(sm 0). (31)

For the Majorana model, the helicity-flip formula for v, —
Up is similar but using WE”_,E;/}. The disappearance has

contributions from both terms in Eq. (28) and is

dPu(,—w,,(Eb(,) _ |:1

mj3lj43
iL, 2sin6 + smzez |Uyjl?e” T ]

j=1
- Ey,’,) + WELU_)E‘,/
a

3 mi 3T 3L
c . Y
X —sin%6 g |Uaj|4(1 —e T >,
M2

(32)

x(E,,

by ignoring additional terms suppressed by sin* 6. One can
see that for the decay case both appearance and disappear-
ance are suppressed by the same power of sin §. This fact
will make the decay model a better fit to the LSND and
MiniBooNE data.

V. FIT TO LSND, MiniBooNE AND
SciBooNE DATA

In this section, we will consider both cases for interpret-
ing short-baseline experimental data with or without sterile
neutrino decays. For the first case without sterile neutrino
decays, the energy spectrum of the neutrinos near the far
detector follows the initial injected neutrino spectrum. On
the other hand, for the second case with sterile neutrino
decays, additional care should be taken to account for the
energy spectrum change.

A. Oscillation without decay

To interpret the LSND event excess of antineutrino
appearance, 7, — U, [1] (we will ignore the less significant
excess in the neutrino appearance observed by LSND [2]),
and to derive the preferred model parameter space, we
follow Ref. [6] to account for the energy spectrum as well
as the conversion of the neutrino energy spectrum to a
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FIG. 4. The MiniBooNE plus LSND preferred contours for the
purely oscillation case in our model. The vertical dashed line at
sin @ = 0.20 is the constraint line from unitarity of the three active
neutrinos. The yellow star is the best fit point of our model.

measured positron energy spectrum, E,+ =Ej; +m,—m,,
from the inverse neutron decay process 7, + p — n+e™.
The measured positron energy has the range of (20 MeV,
60 MeV). For the simplest 3 + 1 sterile neutrino model, we
have reproduced the LSND contours in Ref. [6].

For the MiniBooNE 7, — 7, and v, — v, appearance
analysis based on initial antineutrino and neutrino fluxes
[3], we use the data released by the MiniBooNe
Collaboration [42] to derive the preferred contours in
our model parameter space. We combine the two data sets
in the (anti-)neutrino energy range of (200 MeV, 3 GeV).
Again, for the simplest 3 + 1 sterile neutrino model, we
reproduce the contours in the MiniBooNE publication [3].

For the constraints from (anti-)neutrino disappearance,
we use the combined SciBooNE and MiniBooNE analysis
[13] for the antineutrino disappearance measurement,
which provides more stringent constraints than the ones
from the neutrino disappearance measurement [14]. We use
the publicly available data [43] to constrain our model
parameter space. We have also checked additional con-
straints from appearance searches by KARMEN [44] but
found them to be less stringent, and we will not report
them here.

In Fig. 4, we show the LSND and MiniBooNE preferred
contours in terms of our model parameters, sind and r, by
fixing my = 1.4 eV and assuming 6-p = /2, which pro-
vides a better fit than no CP violation with §-p = 0. From a
three-dimensional parameter scan, we have found the point
with the smallest > at sin@ =04, r=0.011 and
my = 1.4 eV. This is an improvement by Ay? = 25 com-
pared to the no oscillation fit. Unfortunately, the disap-
pearance constraints from SciBooNE and MiniBooNE
exclude all the 30 appearance-data-preferred region.
Furthermore, the constraints from unitarity of the three
active neutrinos also exclude the LSND and MiniBooNE
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preferred contours. This can be understood by the formulas
in Sec. IV, which show that the appearance probabilities for
the pure oscillation case have an additional sin?@ with
respect to the disappearance probabilities. The tension for
appearance and disappearance data is a general feature even
for a general 3 + 2 global fit [12,45].

B. Oscillation with decay

For the second case with the decay effects dominant, we
need to know more information about the detectors. The
first important information is to know whether the sterile
neutrinos generated at the source location have already
decayed or not. It can be seen from Eq. (31) that in order to
have a larger appearance probability, it is preferable to have
all sterile neutrinos decay within the experimental lengths.
Taking into account the Lorentz boost, this means
I'ymy > E,/L. LSND has the distance range of (26, 34)
m and the energy range of (20, 60) MeV; MiniBooNE has
the distance around 540 m and the energy range of (200,
3000) MeV; SciBooNE has the distance around 100 m and
the energy range of (300, 1900) MeV for the disappearance
analysis [13]. Altogether, if the ['ym, = 1 eV?, the majority
of sterile neutrinos have already decayed before reaching
the detector. We also note that for large values of ['ymy, all
sterile neutrinos decay promptly and only € and I'ym, are
relevant parameters for both appearance and disappearance
experiments.

Both LSND and MiniBooNE are able to generate v, or
v, initial fluxes. On the other hand, for the appearing
electron neutrinos or antineutrinos in the detectors, the
LSND detectors are different from MiniBooNE and
SciBooNE. The LSND experiment can distinguish 7,
and v, because after U, interacts detectors via inverse beta
decay in the mineral oil target of LSND, both a prompt
positron and a correlated 2.2 MeV photon from neutron
capture appear. This twofold signature is not true for v,. On
the other hand, the MiniBooNE and SciBooNE cannot
distinguish 7 and v. In order to compare the MiniBooNE to
and SciBooNE data, we need to add both 7 and v.
Furthermore, we also note that the quasielastic cross
sections for v and v interacting with CH, in MiniBooNE
are different. Using the cross sections in GENIE [46] and
for the relevant energy range of (200,3000) MeV at
MiniBooNE, we have

quasielastic

quasielastic
v+CH, (3 3 )

7+CH, °

which is mainly due to o(vn — ¢~ p) > o(bp = £ n)
from a negative axial-vector form factor [47]. We will
show later that because of different scattering cross sections
the Majorana and Dirac models have different features for
fitting the appearance data.

Before we present our results, we also want to comment
on the fact that the LSND or the MiniBooNE measured
neutrino transition probability is not simply Eq. (28) for the
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sterile neutrino decay case. They have the measured
probability for each energy bin to be PP = (data; —
bkgnd;)/ (fully oscillated); [48]. For the fully oscillation
model, their measured probability matches to the theoreti-
cal L/E, oscillation probability. For the decay case at hand,
the energy spectra of the initial neutrino flux at the source
and the final flux at the detector are different. To compare
the LSND and MiniBooNE L/E, data plots, we use the
following probability:
P:(E)del(ya - I/ﬁ + D/f)(Evﬂ)
dPy,-, dPy,;
P, ®c dfi,,ﬂ ®0,+2, ®c, dgbﬂﬂ ® oy,
T . (34)

Here, the symbol ® represents function convolution. For
the Majorana model, we have ¢; = 1, ¢, = 0 for LSND
and ¢; = 1, ¢, = 1 for MiniBooNE. For the Dirac model,
we have ¢; =1, ¢, = 0 for both LSND and MiniBooNE.
For the initial antineutrino experiments, one just makes the
interchange of v, 3 <> 7, 4. In deriving the above equation,
we have also made the quasielastic approximation with the
outgoing electron (positron) energy equal to the incoming
neutrino (antineutrino) energy.

Based on Egs. (33) and (34), there is an interesting
observation about our Majorana model prediction for
MiniBooNE. Under the approximation of the same energy
spectra of the initial fluxes, ®, o ®; , one has

PMiniBooNE

MiniBooNE
Majorana <P

Majorana

(Ua = vg + ),
(35)

(Vg = vp+Tp)

simply from the fact that the neutrino quasielastic cross
section is larger than the antineutrino one.

In Fig. 5, we show a comparison of a benchmark model
point with r =107 m, =4 keV, sinf =0.15 and

0.015 : .
=107 my = 4keV, sin@ = 0.15, myTy = 1.0eV?
Majorana vy — V,
~ - DiracVy —
@ LSNDV,
0.010 +
=
7
.\;j 0.005 +
DQ‘E
0.000 +
—0.005 - - -
0.0 0.5 1.0 1.5 2.0
L/Ey (meters/MeV)
FIG. 5. A comparison of the decay model prediction and the

LSND antineutrino appearance data.
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0.025 T T .
r=10"% my = 4keV, sin® = 0.15, myI’y = 1.0eV?>
Majorana vy — Ve + Ve
0020 | —— Majorana Vy, — Ve +Ve
- — Dirac vy — Ve +Ve
- — Dirac Vy — Ve + Ve
o @+ MiniBooNE vy — Ve +Ve
= 0.015¢ 11 MiniBooNE ¥, — Ve + Ve
T
= 0.010 ¢ .
> e
-3
<
sz 0.005}
=%
0.000
—0.005 " L L L L
0.0 0.5 1.0 1.5 2.0 2.5

L/ Ey (meters/MeV)

FIG. 6. A comparison of the decay model prediction and the
MiniBooNE neutrino and antineutrino appearance data.

myI’y = 1.0 eV? to the LSND data. The Dirac model
has probabilities higher than the Majorana model simply
by a factor of 2. Note that the starting points of the model
curves are higher than the actual data starting point. This is
due to the approximation of using the shortest distance L =
26 m and the maximal neutrino energy of 52.6 MeV from
muon decays at rest [6]. Similarly and for MiniBooNE, in
Fig. 6 we show both Majorana and Dirac model predictions
for the same benchmark model point. As we argued before,
for the Majorana model there is more excess for the initial
v, run than the initial v, run at MiniBooNE. For the Dirac
model, there is also some difference between the initial Uy
and v, runs, which comes from the slightly different energy
spectra for the initial fluxes.

In Fig. 7 and for the Majorana model, we show the
contour plot for the two most relevant model parameters,
sin@ and m,I'y, to fit the MiniBooNE and LSND appear-
ance data. Also shown in this plot is the 90% C.L.
constraints from MiniBooNE plus SciBooNE. Different
from the pure oscillation case in Fig. 4, the constraint from
the disappearance data is not stringent enough to rule out
the best fit region for appearance data. For r = 107 and
my = 4 keV (allowed from the neutrinoless double beta
decay constraints in Fig. 3), the smallest ¥ to fit both
MiniBooNE (using their Monte Carlo samples) and LSND
(using their energy resolution) has sinf = 0.097 and
myl'y = 0.55 eV2. Compared to the fit without new phys-
ics, the difference is Ay? = 22.5. For 2 degrees of freedom
this means that the background-only fit has a y? probability
of 1.3x 107 (or 4.46) relative to our twin neutrino
decay model.

For the best fit point of the Majorana neutrino model, the
six neutrino masses are 0.004 eV, 0.0096 eV, 0.050 eV,
4 keV, 9.56 keV, and 50.0 keV. The three sterile neutrino
widths are I’y = 0.0001 eV, I's =0.0019 eV and Iy, =
0.27 eV. The decay Yukawa coupling defined in Eq. (12) is
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10! . —
Majorana: r = 1070, my = 4 keV
B MiniBooNE v, +V, LSND V, 16
B MiniBooNE v, +V, LSND V, 26
100 i B MiniBooNE v, +V, LSND V. 36 ||
= = MiniBooNE+SciBooNE VY 90% C.L.
T
& 1
> 107 ¢
[P]
N—"
<t
—~ _
§-10 2L
1073}
10—+ ;

0.05 0.10 0.15 0.20 0.25 0.30
sin©

FIG. 7. The allowed Majorana model parameter space in sin &
and myI' for fixed values of r and my. The vertical dashed line at
sin@ = (.20 is the constraint line (its left side is allowed) from
unitarity of the three active neutrinos. The yellow star is the best
fit point of our model, which has Ay? = 22.5 compared to the no
twin neutrino assumption.

23,~0.008. As a result, the Majoron receives a loop-
generated contribution to its mass with a value of around
3 eV, which means that the Majoron can decay into all three
active neutrinos. For the typical neutrino energy of 30 MeV
at LSND (500 MeV at MiniBooNE), the Majoron travels far
enough that it can be treated as an invisible particle for both
experiments.

For the Dirac neutrino case, we show the allowed
parameter region in Fig. 8 for fixed values of r = 1076
and my = 4 keV. The best fit point is at sin# = 0.073 and
myI'y = 0.34 eV? with Ay> = 18.7 (a probability of 8.7 x
107> or 3.9¢) compared to the fit without the three twin

10! : :
Majorana: r = 107, my = 4 keV
B MiniBooNE v, +V, LSND V, 1o
Bl MiniBooNE v, +V, LSND V, 26
1 00 | ] ) 7 B MiniBooNE v, + ¥, LSND ¥, 36
= = MiniBooNE+SciBooNE v, 90% C.L.
N
< 107
L
=
S0
g
1073
1074 ‘ ‘
0.05 0.10 0.15 0.20 0.25 0.30
sin@
FIG. 8. The same as Fig. 7 but for the Dirac neutrino model.

The best fit point has Ay*> = 18.7 compared to the no twin
neutrino assumption.
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neutrinos. The Dirac model provides a slightly worse fit
than the Majorana model, because the Majorana model has
a higher model prediction for the antineutrino appearance
probability than the neutrino one. We also note that the
antineutrino disappearance constraint from MiniBooNE
plus SciBooNE for the Dirac model is more stringent than
for the Majorana model. This is simply due to the larger
scattering cross section of neutrinos than antineutrinos.

VI. DISCUSSION AND CONCLUSIONS

The twin neutrino scenario is very predictive. The
neutrino mixing matrix is fixed by the usual PMNS matrix
and the ratio of the Higgs VEVs in the two sectors.
Additionally, the signals observed by LSND and
MiniBooNE dictates either mj or muI’y to be around
1 eV2. In the Majorana sterile neutrino decay scenario,
the model also requires a normal ordering mass spectrum
for the three active neutrinos to avoid the Ovff decay
constraint. Because the SM sector and the twin section are
closely related by the twin Z, symmetry, the number of free
parameters is greatly reduced. The next generation neutrino
experiments probing the twin sector neutrinos can also
provide information for the SM active neutrino sector.
Combining the experimental information from both sectors,
it is very likely that we can completely determine all the
parameters in the neutrino sector.

The decay sterile neutrino scenario provides a novel
explanation to the LSND and MiniBooNE anomalies.
Depending on whether neutrinos are Dirac or Majorana,
one could have either only v, or both v, and 7, to be decay
products of the twin neutrino components in v,. For the
Majorana case, the MiniBooNE 7, run can have a larger
excess than the v, run. This is because v, as a product of the
v, twin partner has a larger scattering cross section than 7.
Our explanation for the larger o, run excess does not
require CP violation, which is necessary for the pure
oscillation explanation.

Besides LSND and MiniBooNE, there are other anoma-
lies that still cannot be explained within the three active
flavor framework, such as the reactor and gallium anoma-
lies. In the past decades, the majority of the reactor
experiments have observed less neutrino flux than pre-
dicted. The Daya Bay experiment recently published the
result of its 217-day run and found a measured-predicted
ratio of 0.943 4+ 0.008 4 0.025 [49]. Also, a summary of
the observed-predicted ratio of some past experiments are
listed in Table 3 and Fig. 1 of [12], most of which are within
the ratio range reported by the Daya Bay experiment. These
deficits of about 5% can be easily explained in the twin
neutrino scenario by active-sterile mixing. The sterile and
active components are produced with a ratio of
sin @: cos” @, and the sterile components evade the detec-
tion of the far detector, which implies sin” @ ~ 0.05. From
both Figs. 7 and 8, we can see that the corresponding sin 6
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value is on the boundary of the allowed parameter space.
On the other hand, our model cannot explain the gallium
anomalies. The deficit there is about 15% =+ 5% [50], and
would require sin@ > 0.3, which is outside our allowed
parameter space.

Future experiments like MicroBooNE [51] (see also
Ref. [52] for other interesting proposals) may provide
decisive tests for the LSND and MiniBooNE excesses.
Their results will not just cover our twin neutrino decay
scenario, but also the pure oscillation interpretation. We
also note that the IceCube Collaboration is finalizing their
O(eV) sterile neutrino searches. Some preliminary results
have shown significant improvement on constraining oscil-
lation parameters [53,54]. The IceCube bound is based on
oscillation effects with a dramatical enhancement of the
oscillation amplitude due to matter effects at TeV energies.
Although our twin neutrino decay scenario is unlikely to be

PHYSICAL REVIEW D 93, 073004 (2016)

constrained by the IceCube search, it is interesting to
explore how to search for the three twin neutrinos at large
cosmic-ray neutrino experiments.

In summary, motivated by the LSND and MiniBooNE
excesses, we have constructed an interesting neutrino
model to link the sterile neutrino phenomenology to the
TeV-scale new physics associated with electroweak sym-
metry breaking.
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