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Constraints on electromagnetic properties of sterile neutrinos from MiniBooNE results
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Among the class of models with small mixing angles between sterile and active neutrinos, we place
constraints on the effective muon-to-sterile neutrino magnetic and electric dipole transition moments from
the combined MiniBooNE results for the sterile neutrino mass range of 10 MeV < m,; < 500 MeV. Our
results are valid for models with CP-violating interactions and for Dirac and Majorana sterile neutrinos. In
addition, we show that such dipole electromagnetic interactions cannot be the main source of the
anomalous events in the MiniBooNE experiment because they fail to reproduce the anomalous event
distribution as a function of polar angle. However, good agreement with the anomalous event distribution
in reconstructed energy can be achieved for some values of magnetic and electric moments.
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I. INTRODUCTION

In recent decades, significant progress has been made
in experimental studies of neutrinos. Because of the
incompleteness of the Standard Model of particle
physics (particularly in this field) many questions about
neutrino properties have arisen. The Mini-Booster
Neutrino Experiment (MiniBooNE) has observed a
so-called ‘““anomaly”: a statistically significant excess of
detected events at low energies in comparison with theo-
retical predictions [1-3]. Many efforts have already been
made and several hypotheses have been put forward to
explain this phenomenon (see the list in, e.g., Ref. [3]).

One of the hypotheses consists of introducing a sterile
neutrino with mass in the range 40-600 MeV that is
unstable with respect to radiative decay. There are two
realizations of this idea in the literature. First, sterile
neutrinos could be produced by flavor mixing with active
(muon) neutrinos [4,5] by scattering from nuclei due to
neutral-current weak interactions (v, — v,). This process
is followed by subsequent radiative decay due to a tran-
sition moment (v, — vvy). This idea has already been
tested experimentally with negative results [6]. Thus,
only the mass region from 400 to 600 MeV [7] remains
allowable, and this hypothesis waits for special analyses of
data from c- and b-factories [8]. As for the second expla-
nation, it was argued [9] that the dipole transition moment
may be responsible for both the production and decay of
a sterile neutrino. In this case, it would be a dipole tran-
sition moment between sterile and muon neutrinos that
would do the main job. Both of these suggested explan-
ations have renewed interest in dipole transition moments
of hypothetical heavy sterile neutrinos.

In this paper, we extract new and improve old [10] limits
on the values of sterile-to-muon neutrino transition dipole
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moments under conditions in which we neglect flavor
mixing between sterile and active neutrinos. To this end,
we analyze the results of the MiniBooNE detector [11],
which measures charged-current-like and neutral-current-
like events from neutrino and antineutrino fluxes. These
fluxes are mainly composed of muon neutrinos and anti-
neutrinos with energies in the range 200 MeV < E, <
3 GeV. The detector cannot distinguish photon events
from electron/positron events [1], so neutrino transition
dipole moments can be probed because transition moments
lead to photoproduction in the detector.

The paper is organized as follows. Section II describes
the basics of neutrino transition dipole moments and
introduces useful parametrizations of them; then, we
calculate a cross section of active-to-sterile (anti)neu-
trino conversion on an atom and sterile (anti)neutrino
radiative decay rates. Section III contains a probability
function of sterile neutrino decay inside the MiniBooNE
detector and the distributions of the expected photons in
energy and polar angle. In particular, we show here that
neutrinos produced on nuclei and atomic electrons via
the exchange of massless particles (photons) are mostly
forward directed, as are the photons from their decay.
These results fail to reproduce the observed excess as
a function of polar angle [1,2]. Section IV describes the
methods we exploit to put constraints on dipole transition
moments, summarizes our results, and describes exten-
sions of the model that may (possibly) be relevant for
MiniBooNE.

II. MODEL DESCRIPTION

Here, we describe a model using Dirac sterile neutrinos.
The case of Majorana neutrinos requires minor modifica-
tions, which are listed at the end of this section.

The most general Lorenz-invariant electromagnetic
dipole interaction between neutrinos and an electro-
magnetic field is
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where v; are neutrino fields in the mass basis, N, is
the number of neutrinos, uf; = w;;(d}; = d;;) with i # j
are magnetic (electric) transition dipole moments
between massive neutrinos i and j, w;; (d;;) are diagonal
magnetic (electric) dipole moments, F*? = g+A” —
d”A* is an electromagnetic field-strength tensor, and
0w =4(¥u¥, — v»¥,) where y, are the Dirac matri-
ces. We investigate a model with N, = 4, so we assume
the existence of one additional sterile neutrino' with
mass M.

For our study, it is convenient to work with gauge
(flavor) states in the active neutrino sector. A sterile
neutrino v, is a massive fermion that is neutral with respect
to the Standard Model gauge group. We are interested in a
situation where flavor mixing between sterile and active
neutrinos is negligible so that the sterile neutrino in the
flavor basis v, and the heaviest neutrino in the mass basis
v, are almost the same: v, = v,. We denote the mass of a
sterile neutrino by m.

Interaction (1) would induce two processes: an active-
sterile neutrino conversion on atomic electrons and nuclei
and sterile neutrino decay back to an active neutrino plus a
photon (see Fig. 1).

The transition dipole moments entering Eq. (1) are
related to dipole moments in the flavor basis through the
following relations:

4 4
Pap = X wijUuUpp  dap= 3 dUpUg;, ()

ij=1 ij=1

where U,; is a generalization of the Pontecorvo—Maki—
Nakagawa—Sakata matrix,

Va(x) = ZUoziVi(x)- (3)

It is also convenient to define these quantities in another
basis,

AU @

M-

4
Maj = ZMijUZi’ doj =
i=1

1

1

In this paper, we are mostly interested in the following
term:

1_
‘Ei/nt = §V4(MZ4 + 75d24)0-p/\fp/\y,u + H.c. (5)

'We extend the analysis to the case of N, >4 in Sec. IV.

PHYSICAL REVIEW D 88, 015016 (2013)

Vi

detected
incident radiation

particle

FIG. 1 (color online). Schematic illustration of the conversion
and decay of v, in the MiniBooNE detector.

The analysis described below allows us to place constraints
on the quantity

Kz4 = \“/L24|2 + |d24|2' (6)

Generally, electric and magnetic moments are complex
quantities that have different phases. We parametrize
them in the form

My = Ky, cos (A%, exp (igl,) and

314 KZ4 sin ()\24) exp (i/\/tﬁ4)’

(7)

was and x}, are real-valued parameters.

Analogous notations are adopted for transition moments
in the mass basis,

tr
where A,

pli = ki cos (Af) exp (ig};) and

)

W = kY, sin (AY;) exp (ixy,),
where AY;, ¢}, and xY; are real-valued parameters.

In the MiniBooNE detector, the conversion of muon
(anti)neutrinos to sterile (anti)neutrinos would happen
mostly on carbon atoms bound up in oil. In the quasielastic
approximation, the conversion cross section contains a
form factor that depends on a single parameter t = —g?
(where ¢ is a four-momentum transfer carried by the
photon), as given in Ref. [12]. The form factor [12] was
used in previous studies of sterile neutrino magnetic tran-
sition moments [9,10]. (In Ref. [9], a different nuclear part
of the form factor was adopted for large t > 1073 GeV?;
however, the main contribution comes from atomic and
coherent nuclear processes where ¢ is smaller, so the dif-
ference is insignificant.) In the case of a light nucleus
(carbon, with an atomic number and atomic mass of
Z = 6 and A = 12, respectively), an analytical expression
for the form factor is [12]

015016-2



CONSTRAINTS ON ELECTROMAGNETIC PROPERTIES OF ...

PHYSICAL REVIEW D 88, 015016 (2013)

G0 - % + %, t < t, (atomic part of the form factor), o
#, t > 1, (nuclear part of the form factor),
|
where a = 184.15 X (2.718)71/2Z2713 /m,, a' = 1194X ar” 3
(2.718) 127723 /m,, and d = 0.164 X A=2/3 GeV? Qb deost. 327 sm3 Y (k§)*(1 ¥ sin (2A%,)
[12]; 1ty = 7.39 X m2 [10] (im, is electron mass). Y Y i=1
For the differential cross sections of muon neutrino X cos (¢y; — xi;) cos(6,)), (12)
conversion into sterile neutrinos of positive do, , and
negative do _ ,, chirality, we obtain
M L S R = sin 22y
v (Kt )2 dp. dcos, 3272 ‘&4 4
do(E, 6, dJ) . . . y y i=1
(1 —sin (2A;4) cos (qﬁ T )(#4))
dcosfdd 4 X cos (¢, — x'1;) cos (6,)), (13)
G*(1)
X 2 vEH(1 £ v)’(1 F cos ), (10)  where 6, and ¢, are polar and azimuthal angles of the out-
going photon’s three-momentum in the sterile neutrino rest
i r i . frame measured from the three-momentum of the heavy
where ki, )\M4, uas and x,, are defined in Egs. (6)

and (7), E is the incident muon neutrino energy,

=4E>—m2/E, and 6 is the angle between the
muon neutrino three-momentum and the sterile neutrino
three-momentum in the laboratory frame. Equation (10)
generalizes Eq. (4) of Ref. [10] to the case of models
where electric and magnetic transition moments are
presented.

For muon antineutrinos, the conversion cross section is

dol(E,0,¢) _a(xl,)
dcosOdd  4m
G*(1)
l‘

1+ sin(2/\t;4)cos( XM))

X

vE*(1 = v)3(1 Fcosh). (11)

We see that neutrino and antineutrino cross sections
complement each other in the sense that at least one of
them is nonzero for any choice of phases A% > (]524, and
XM4 if K,u4 is nonzero. Combined with the analogous
property of the sterile neutrino decay rate [see Eqgs. (12)
and (13)] it would follow that we can limit the value
of - We note in passing that in Egs. (10) and (11)
we assume that quasielastic processes dominate and the
energy of the heavy neutrino is equal to the incident muon
neutrino energy.

Let us proceed with a description of heavy sterile (anti)
neutrino radiative decay. The (anti)neutrino decays into
some other (anti)neutrino of significantly smaller’ mass
(m; < my) and a photon. The formulas for the differential
decay rates of sterile (anti)neutrinos of a given chirality
(%) are

It is important that final (anti)neutrinos have significantly
smaller mass in comparison with m; otherwise, the spectra get
shifted towards smaller energies and all further calculations have
to be modified, as in Sec. IV.

neutrino in the laboratory frame. As we see, generally there
is an anisotropy in the polar angle in Eqgs. (12) and (13).
The full width is (see, e.g., Ref. [13])

3
r=ry = §= Z;% (14)

The difference between Majorana and Dirac neutrinos
slightly modifies the formulas, and to get constraints for
the Majorana case one should substitute «,4 with 2k,
and «4; with 2k4; everywhere. In this paper, we present
constraints for Dirac neutrinos. In the case of Majorana
neutrinos, one should divide the obtained constraints on
K .4 for the Dirac case by a factor of two.

III. THEORETICAL PREDICTIONS

In this section, we derive approximate analytical formu-
las for the number of photon events associated with sterile
neutrinos that should be observed in the MiniBooNE
detector. The MiniBooNE experiment has two operating
modes: mode € {neutrino, antineutrino}. In the neutrino
mode, there is a dominant flux of muon neutrinos and a
subdominant flux of muon antineutrinos; in the antineu-
trino mode, there is a dominant flux of muon antineutrinos
and a subdominant flux of muon neutrinos [14]. (Electron
neutrinos do not play a role in our analysis, and they are
neglected in what follows.) It should be emphasized that
these two fluxes would be independent sources of photons.

We use the following notations for angle coordinates:
(6, ¢) are for converted heavy neutrinos in the laboratory
frame, (6,, ¢,) are for photons in the heavy neutrino rest
frame, and (O4e, Pye) are for photons in the laboratory
frame.

The bins to measure distributions of reconstructed
quasielastic energy events [evaluated by observed energy
and polar angle, see Eq. (3) of Ref. [15]] are [1-3]
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bin = [EX | E&E

min’

€ {[0.2 GeV, 0.3 GeV],[0.3 GeV, 0.375 GeV], etc.}.
(15)
The observed energy bins are [2,3]
bin = [Epin, Enax ]
€ {[0.1 GeV, 0.2 GeV],[0.2 GeV, 0.3 GeV], etc.}.
(16)
The polar angle bins are [1,2]
bin = [c0S ,in, COS Oy |
€ {{-1.0, —0.8],[—0.8, —0.6], etc.}. (17)

In each bin, we compare the number of events expected
due to dipole interactions with the number of anomalous
events (the excess is defined as the difference between
numbers of events observed and events predicted by the
Standard Model with three active massive neutrinos). For
the energy range of detected photons under investigation,
the predictions depend monotonically on the energy of
detected photons. The differences between the observed
and reconstructed quasielastic energies of the photons are
negative and negligible for photons at small polar angles
f4e In comparison with the detector resolution and bin
sizes. Therefore, it is reasonable to neglect the difference
between observed and reconstructed energies because
almost all predicted events have very small polar angles
O4e (see Fig. 3).

The efficiency of the MiniBooNE detector €,(E) at
registering photons is determined as a piecewise function
of observed energy [3]. For the energy distributions, we set
the efficiency inside each bin as corresponding to a con-
stant. For the polar angle distribution, we set the efficiency
to its minimal value €, = 7.3% to simplify the calculations
when we work on constraints (this gives conservative con-
straints for photon energies below E, < 1.5 GeV). These

mode, particle __ tr \2
ﬂ[Em|n |T|8X] ( l“4)

+ (1 — v)3(1 + co0s 0))(cos Oy (Emax )

J\fpmg‘{ezvcey f dEd cos 0E3\/E2 — m2phinicle

— Cos 0cul(Emin )): (21)
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measures are justified by a very moderate dependence of
the results (i.e., the limits on k" 4) on the variation in
efficiency.

To be observed, sterile neutrinos must decay inside a
sphere of radius R = 5.0 m. The MiniBooNE detector is
located far away from the beam target, so heavy (anti)
neutrino fluxes are approximately homogeneous over the
volume of the spherical detector. For sterile neutrinos of
energy E, we define the average probability of a decay
inside the inner sphere. Because heavy neutrinos could be
produced anywhere inside the inner sphere, this probability
is evaluated by averaging the probability for a heavy
neutrino to decay inside the total volume,

Pe) = [ 2mrar [P (1 NV
X _4/37TR3[0 mr rj;) ( exp< R )) Z

(18)

where a dimensionless parameter x is defined as the
product of the inverse decay length and the radius of the
inner sphere as

x=———-"—R (19)

87 JE? — m2
The integral in Eq. (18) is equal to

3232 — 1+ 2x + e ™)

P)=1-
(x) 00

(20)

Below, we obtain theoretical predictions for the distri-
butions of observed energy and polar angle, and we discuss
the approximations we used in calculating the constraints.

From Egs. (20), (10), (12), (11), and (13), we give
an analytical estimate for the number of events in both
operating modes of the MiniBooNE experiment. We
introduce two functions: the first corresponds to the
isotropic part of the differential decay rates (12) and (13)
(the 6,,-independent terms),

()

+ v)3(1 — cos h)

while the second corresponds to the anisotropic part of the differential decay rates (12) and (13) (the 6., -dependent terms),

mode,particle __ ( tr )2
(Emin: Emax ] w4
-(1- U)3(1 + cos 0))(00520cut(Emax)
where pl(’zgzliineutrino

€,(0.5(Eyin + Ennyy)) is the detection efficiency, N 9% is

i G*(t
S NpENe, ] dEd cos 0EE2 — m2 pP i () ()P( )% (1 + v)(1 - cos 6)
— COS 20(:ut(Emin))r (22)

(E) is a muon (anti)neutrino energy spectrum in a given operating mode [14], €,=
the number of protons on target, N-=(5.0/6.1)3X3.5x103!

is the number of carbon atoms inside the inner sphere, and the function cos 6, (E) is defined as
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-1 at £ <'54/17%
€08 Oy (E) = i(’i—Em - 1) at e flov < pem Lt (23)
1 at E > 7,122
In a given bin, the predicted number of events is defined as:
NEESe 5y = (1= sin @A) (ARSI — sin QA B ye)
(1 s 2, )( ARSI 4 sin (20 B ), @9

where we have introduced the variables

sin (2A,,) = sin (2)1;;4) cos ( ‘;4 — ,\/Z4) and

() >
sin (2A4) = Z K; sin (2A4;) cos (Y, — x1)-
i=1
Note that if cos 6., (E i) < €08 0oy (Epnay ) then
I Bmode,particle | < ﬂmode,particle (26)

[Emin> Emax ] [Emins Emax ]

and, consequently, the predicted number of events [see
Eq. (24)] would be nonzero for all values of parameters
A, and Ay.

It is important that the theoretically predicted number of
events (24) depends monotonically on the parameters '

uéd
and «Y,. Provided the approximate relation

3
Z(KE{,')Z = (KZ4)2; (27)
i=1

which is valid up to the neglected flavor mixing between
active and sterile neutrinos, we place constraints from
above on the possible values of Kz4. Indeed, if we sub-

stitute everywhere the combination 37_, (k) by (x%,)?,
it would only suppress the predicted number of events (24).

1

0.8 ]

0.6

0.4

particles per 1 MeV

0.2 Hb ::H
J

0 aERmacs ===

NI
-0.2 -

02 04 06 08 1
E,, GeV

1.2 14

FIG. 2 (color online).

[

Otherwise, if inequality (27) is invalid and, hence, flavor
mixing between sterile and active neutrinos is significant,
the constraints will depend not only on the mass of the
sterile neutrino but on its lifetime as well.

In Fig. 2, we compare the predicted number of events

'mode — tr  —
N (£ g1 At parameter values m; = 50 MeV, «,

99X 10 %upz, 7=1/T=15%X10"8%s, sin(2A,) =0,
and sin (21,) = 0 to the observed energy distributions of
excess events obtained in both operating modes.

Next, we investigate the event distribution as a function
of polar angle. We introduce the polar angle 64, and the
azimuthal angle ¢4, between the muon neutrino beam
axis and the detected photon’s three-momentum. This defi-
nition is related to the previously introduced polar angle 6,
for a given polar angle 6,

€OS Bger €OS O + sin Oy SIN O COS gy — v

cosf, = p . .
Y1 — v(cos Oy cos O + sin By, sin 6 cos P ye )

(28)

To define the predicted number of events, we need to cast
Eqgs. (12) and (13) in terms of new angles (4c;, Pyt )- The
integration measure is transformed as

1

0.8
>
3
= 0.6 F7
— .
i
2 04 |_
" ]
[}
< 02 'L[—LT
z
~ 0 M‘: b
i 1 i—'
—0.2
02 04 06 08 1 12 14
E,, GeV

Energy distributions of excess events obtained in neutrino (left) and antineutrino (right) operating modes with
error bars [3] and the corresponding predicted spectra of photons JNmede

B B ] from sterile neutrino decays for the parameter values

mg; = 50 MeV, Kffb4 =99X10%ug 7=1/I' =15 X 1078 s, sin (21,) = 0, and sin (24,) =0.
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(1 - Uz)dCOS edetdd)det

dcosf.,d¢, =

(1 — v(co86 4o cOS O + 5in B 4o SINOCOS Py )

(29)

Using Eqgs. (28) and (29), we transform the decay rates (12) and (13) into new variables 0y, and ¢4 . Analogously to the

previous case, we introduce two functions:

(1 — v®)dEd cos 0d cos 0 4o, d P ey

mode, particle — (ot )2 ﬁ mode
u[cos 01min ,COS Opax | (K,u4) 8 Np.o.t. NC

Vmode,particle

(1 — v(cos B4e, cOs @ + sin B4, sin O cOS P yer ))?
icle, oy G (1)
rticl
x BB — mie, ol (5)

X 0 (1 + v(cos Byer €Os O + sin By sin O coS Pyer) —

((1 + v)3(1 — cos 0) + (1 — v)3(1 + cos 8))P(x)

N

— 1,2 .
21 mv Em) 0

(1 — v?)dEd cos 6d cos 6 4oy d b ey

o
= (tr )2 'mode
[0S B11in ,COS Oa | (K,u4) 3 Np. ot Ne

. . i t
X (COS Ogeq €OS 0 + Sin Oye; sin O €OS Pyo — V)ESYE? — m?eyppma;ggle(E) o

(1 — v(cos Bge cOs O + sin Oye sin O cos ¢ye))?

G*(1)

X ((1 +v)3(1 —cosf) — (1 — v)*(1 + cos 6))P(x)

X @ (1 + v(co8 Oye; COS O + sin Oy Sin O COS Dy ) —

) .
241 uEmm) an

mg

where we integrate over ¢ from 0 to 27 and over cos 0y, from cos 6, to cos @i, and O is the step function, which
selects events with observed photon energies £, > Ey;, = 0.2 GeV. Then, the theoretical prediction for the number of
events vs cos 64, with observed photon energies E,, > Ep, is

Nmode

+ (1 + sin (2)\'“))<um0de,particle

[COS O mmin ,COS Opmax ]

0.8 |-

0.6 |-

04+

distribution of events

L

proed |
02 04 06 08 1

=l | 1 . 1 |
-1 -0.8-0.6-0.4-0.2 0
€08 O et

FIG. 3 (color online). Theoretically predicted events as a func-
tion of cos 64 in the neutrino operating mode for the parameters
mg =50 MeV, kj, =1X 10%ug, 7=1/T=15X10"°s,
sin(24,) = 0, and sin (2A4) = 0 (solid line) and the observed
excess (the dashed line) [3].

(005 D c05 ] — (1 78I mu))(umde'pme

[c0S O1nin,COS Oy ]

— sin (2 /\4)Vmode,pa.rticle )

[COS Oimin ,COS Onax ]

+ sin (22,) Vmode particle ) (32)

[COS Omin €08 Oinax ]

Figure 3 demonstrates that almost all photons would be
produced in the forward direction. To properly constrain
K4 for polar angle distributions, one needs to know the
uncertainties for the excess events. However, we did not find
these estimates in the literature and thus do not use the polar
angle distribution to place limits on k4. We note in passing
that the excess distribution of cos 64, remains intact with a
decrease in sterile neutrino lifetime (e.g., if other decay
modes are introduced). Indeed, a decreased lifetime would
simply add more energetic photons and increase the peak in
the forward direction because Eq. (20) suppresses high-
energy particles more strongly than low-energy particles
and has a limit equal to one for large arguments.

IV. ANALYSIS METHODS AND RESULTS

By fitting the theoretically predicted numbers of events
(32) to the excess distributions, we see that the anomalies
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[1-3] cannot be entirely explained only by the effective
electromagnetic dipole interaction (5). For this reason, we
adopted the following methods: (i) work on constraints and
not on the expected values of parameters, which will
explain the anomalies and (ii) analyze each bin and each
mode independently.

We calculated the numbers of events as functions of '} ;,
sin A, and sin A4 for all bins and modes using Eq. (24).
After these calculations, we investigated the predicted
numbers of events as functions of sin A, sin A4, and m;
using the known uncertainties of the experimental results
for each bin and mode. In each bin, we constrained

‘/24(sin)\ sin A4, m;) at the 95% C.L. Finally, we con-
strained &% s for a given mg by the minimum value over

all bins and modes and the maximum value over the
|

drl}i 3 )2 r
dddcosd, Z(K‘ (15 sin (2A%,) cos (o
X (15 sin(2Af ,)COS(¢4” X4, j)cos ©,)),
ary. 1

d¢,dcos6, 32w
X (1 £sin(2A4; ) cos(dy ; —

The energy of the outgoing photon as a function of £ and
cos 6 is determined through

E _ms<1_m§,j)l+vc050
Y2 ) -

msg

(35)

Consequently, we have to introduce modifications of
the cutoff function 6 [see Eq. (23)], which now depends

on ms’j,

4
2
=3
X
2 Y Excluded
o[ 1 at O5% |IC T
~ N AU U /U T T ad.
Ao
3
N
1k
0 L L

| |
0 0.1 0.2 0.3 0.4 0.
mg, GeV

FIG. 4 (color online).

)(4”)005(07)) +

5m 3Z(Kﬁ{l)z 1 % sin (2A4;) cos (¢Y; — x4 ;) cos (6, ))+
=

X5, ) cos (6,).
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continuous variables sin A, and sin A4 of the constraints
on k' (sin A, sin Ay, my).

The upper hmit on Kz 4 atthe 95% C.L. is shown in the left
panel of Fig. 4, and we present constraints on the sterile
neutrino mean life time in the right panel of Fig. 4, which
are derived from the upper limit on Kz4 [provided Eq. (27)].
We see that data from the MiniBooNE detector allows us to
improve constraints [10] for the mass range m, < 350 MeV.

Now let us discuss a modification of the previous
analysis to models with more sterile neutrinos
(N, =5). In particular, »; may decay into y and new
sterile neutrino(s) v,; (j=5) if it is kinematically
allowed, i.e., .. Equations (12) and (13) take
different forms,

m>m

2

mSvj>3 r )2
_ KU
m% ( 4.?,])

(33)

N,
m3 Z O(m, — mw»)<l
=5

2

gz®(m ( _m2> (K451)2

N

(34)

cos cht(E) = €08 Oy (#) (36)
(1-")

We are now ready to discuss the second scenario
mentioned in the Introduction [9], which suggested an
explanation for the MiniBooNE anomaly. Initially, the sce-
nario allowed flavor mixing between sterile and muon
neutrinos, but such mixing was found to be inconsistent
with kaon decays [6]. Then, the authors of Ref. [9] intro-
duced two sterile Majorana neutrinos with m; = 50 MeV

-7
-8 \
< -9
=
&
o
& —10
S
Excluded
—11 —at95% C.L.
12l

0 0.1 0.2 0.3 0.4 0.5
mg, GeV

In the left plot, the shaded area in (m;, " 4) is excluded at the 95% C.L. from our analysis. The region above the

dashed line was excluded by Ref. [10]. In the right plot, we present constramts on the sterile neutrino lifetime obtained from constraints on x% A
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and 5 MeV <my s <10 MeV and two transition mag-
netic dipole moments uj, = 2.4 X 101y and pls =
2.4 X 1078 up; the latter moment saturates the heavy sterile
neutrino decay rate via vy — v ;y. Equation (35) implies
that the massless approximation is reasonable for such a
hierarchy of m; and m, 5. To test the case with two sterile
neutrinos, we fix the proposed relation between magnetic
moments as w,, = 0.1 X ujs. Using Eq. (24), we place
the constraint ulfs<2.1X108up (95% C.L.) for
Majorana neutrinos, which is marginally consistent with
the given value of ujs. However, such a model is evidently
disfavored because the additional source of photons would
give a peak in the forward direction. Extensions of the
obtained constraints to models with several neutrinos are
straightforward. A more careful analysis is required to test
models with almost degenerate (in mass) sterile neutrinos.
In particular, in the model with two degenerate neutrinos
my = mygs for (ki5)*(1 — mis/m3)* > (x',)* most pho-
tons from the decay v, — v, 57y could have energies com-
parable or below the lower energy cutoff at 200 MeV. In
such a specific case, a sterile neutrino could avoid our
constraints for js and «,,. However, such a situation is
excluded as an explanation of the excess because experi-
mental data shows a smooth angular dependence [3].

PHYSICAL REVIEW D 88, 015016 (2013)

V. CONCLUSION

Combined analyses from different focusing regimes
of the MiniBooNE detector have allowed us to investi-
gate models with heavy sterile neutrinos. In particular,
we renewed and generalized the constraints on electro-
magnetic transition dipole moments. The main results are
presented in Fig. 4. The obtained analytical formulas
are rather general and are applicable to other neutrino
experiments.

We have shown that sterile neutrinos of mass 10 MeV <
m; < 500 MeV that have transition dipole moments and
do not significantly mix with active neutrinos with masses
in the region 10 MeV < m, <500 MeV cannot explain
anomalies if one regards the MiniBooNE polar angle
distribution of the anomalous events.
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