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Explaining the MiniBooNE excess by a decaying sterile neutrino
with mass in the 250 MeV range
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The MiniBooNE Collaboration has reported an excess of 460.5 £ 99.0 electronlike events (4.80). We
propose an explanation of these events in terms of a sterile neutrino decaying into a photon and a light
neutrino. The sterile neutrino has a mass around 250 MeV, and it is produced from kaon decays in the
proton beam target via mixing with the muon or the electron in the range 107! < |U4|> <1077 (£ = e, p).
The model can be tested by considering the time distribution of the events in MiniBooNE and by looking
for single-photon events in running or upcoming neutrino experiments, in particular by the suite of liquid
argon detectors in the short-baseline neutrino program at Fermilab.
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I. INTRODUCTION

The MiniBooNE Collaboration has published evidence
for an excess of electronlike events of 381.2 + 85.2 above
their background expectation [1], confirming previous hints
present in both neutrino and antineutrino beam modes [2].
The combined excess of 460.5 £ 99.0 events corresponds
to a significance of 4.8¢. The collaboration presents the

results in the context of (1/)” - (u)e neutrino oscillations,
under the hypothesis of a sterile neutrino with a neutrino
mass-squared difference Am? of order 1 eV2, motivated by
a previous claim from LSND [3]. The interpretation of the
above mentioned results in terms of neutrino oscillations
with an eV-scale sterile neutrino is in strong conflict with

data on (;)e and (17>M neutrino disappearance at the Am? ~

1 eV? scale [4-6]. This motivates us to look for other new-
physics explanations, beyond sterile neutrino oscillations.

In this paper we propose a sterile neutrino in the 150 to
300 MeV mass range, which is produced in the beam target
from kaon decay via mixing either with electron or muon
neutrinos. Subsequently it decays inside the MiniBooNE
detector into a photon and a light neutrino. Since the
electromagnetic shower of a photon inside MiniBooNE
cannot be distinguished from the one of an electron or
positron the photon can explain the observed excess events.
We study the energy and angular spectra and predict a
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specific time distribution of the events. In order to obtain a
reasonable fit to the angular distribution, we are driven to
heavy neutrino masses around 250 MeV, which can be
produced by kaon decays in the beam target. For lighter
neutrino decays, the signal is too much forward peaked,
inconsistent with MiniBooNE data [7]. Then the heavy
neutrinos are only moderately relativistic, and therefore our
signal has a specific time structure, which provides a
testable signature of our model [8]. The required param-
eters are consistent with all laboratory, astrophysics, and
cosmology bounds. Current bounds and sensitivities of the
upcoming short-baseline program at Fermilab for N — yv
with the heavy neutrino N in the relevant mass range have
been discussed in Ref. [8]. Our model differs from various
previously discussed explanations of the MiniBooNE and
LSND anomalies based on the decay of a sterile neutrino.
In the explanations of Refs. [9,10] and [11,12] the heavy
neutrino is produced by v, scattering inside the detector and
has to decay with a very short lifetime into a photon or an
e™ pair, respectively. The photon model from Ref. [10]
is by now excluded by searches for radiative neutrino
decays from kaons by the ISTRA + experiment [13]; see
also [14,15]. For other decay scenarios and related work see
Refs. [6,16-19].

The article is structured as follows. In Sec. II we
introduce the model, and in Sec. III we describe the
calculation of the MiniBooNE signal, including the time,
energy, and angular event distributions. We present our y?
fit to the data in Sec. IV. The results are discussed in terms
of the model parameters in Sec. V, which includes also a
discussion of other constraints on the model and possible
tests in existing or upcoming experiments. In Sec. VI we
conclude. Details of the heavy neutrino flux calculation are
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given in Appendix A;in Appendix B we discuss the impact
of the timing cut on the MiniBooNE fit result.

II. THE MODEL

We consider one heavy Dirac neutrino N with mass my
that mixes with the SM neutrinos, parametrized by the
leptonic mixing matrix U. The submatrix Uy,; with £ = e,
u,tand i =1, 2, 3 is approximately the Pontecorvo-Maki-
Nakagawa-Sakata matrix that gives rise to neutrino oscil-
lations, and the matrix elements U, allow N to interact
with the weak currents and the lepton doublets of the
Standard Model. Focusing on the case my = O(100) MeV,
we consider effective four-fermion interactions between the

|

Br(K - #N) Br(K — £v)

(o + 27 = (i = 2)°) V(1= (o +x)*) (1 = (v = x0)°)

heavy neutrino and the SM particles, which are the mesons
and leptons at this energy scale. Of particular importance is
the following effective operator:

Oquuqd = Uf4vququF [Zluyﬂ(l - yS)qti] [2},/4(1 - J/5)N]
+ h.c., (1)

where Gp is the Fermi constant, g, and g, are up-type and
down-type quarks, respectively, V is the CKM matrix, and
¢ is a charged lepton. Fixing the CKM matrix element to
V., the operator in Eq. (1) allows us to calculate the
branching ratio of the kaon into a lepton # = e, u and the
neutrino N. For later use we define the following quantity:

Unal?

pe(my) = =

Br(K - uw) Br(K - w)

which takes into account the mixing of the heavy neutrino
and the kinematical factors related to the finite mass of
the neutrino [20]. Here, x; = m;/mg, and we use Br(K —
uv) = 0.636 and Br(K — ev) = 1.6 x 107>, The factor
pe(my) is normalized to the branching ratio of K — uw,

since we use the kaon induced (y)ﬂ flux in MiniBooNE to
derive the heavy neutrino flux in both cases, K — Ny and
K — Ne; see Appendix A.

In order to obtain the decay N — vy into a light neutrino
and a photon we introduce another effective operator to
parametrize the possible interaction of N with a photon and
light neutrinos via its magnetic moment [9,21],1

1_
Onyy = XNG{I/}I/LF(:/% (3)

with the electromagnetic field strength tensor F,, =
d,A, —9,A,, the antisymmetric tensor o = % (y"y —
y'7*), and the unknown energy scale A. The operator
Oy, could be created at the loop level, for instance, such
that we expect 1/A to be a combination of an inverse mass,
unknown coupling constants, and a typical loop suppres-
sion factor. In Eq. (3) we assumed the coupling to the left-
handed neutrinos v; . This requires breaking of the SU(2)
gauge symmetry, and therefore it corresponds intrinsically
to a dimension-6 operator with 1/A = v/A’”, where v is
the Higgs vacuum expectation value. Alternatively, if light
right-handed neutrinos v; are available (e.g., if the light
neutrinos are Dirac particles) then v; could be replaced by

"The operator in Eq. (3) has been chosen as a specific example
for a possible decay mechanism, which we use below to study the
relevant phenomenology. Other operators (including dimension-6
operators) inducing N — vy in the case of Majorana neutrinos
have been considered e.g., in Refs. [22,23].

(2)

X (1= x3)° ’

v and Eq. (3) would be already gauge invariant. The
operator in Eq. (3) allows N to decay via the process
N — vy, with the total width in the rest frame of N given by

3

My
Py = 4o
10° TeV? m 3
~ 1.2 x 10716 MeV N .
x © ( A )(ZSOMeV

(4)

To predict the energy and angular event spectra in
MiniBooNE, we will need the differential decay rates with
respect to the photon momentum p, and the angle 6 between
the photon and N momenta in the laboratory frame,

dF}@b_,W _ 1 my
dp}, 471'/\2 ENPN’

(5)

g, 1 m§,
dcos 8xA’Ey (Ey — pycos)?’

(6)

The minimum value of Py is in the backward direction,
Pymin = (Ey — py)/2, and the maximum value in the
forward direction, p, . = (Ey + py)/2.

The phenomenology of the magnetic moment operator
from Eq. (3) has been studied extensively in Ref. [15]; see
also [8,24,25] for recent considerations. In general this
operator provides also a production channel for the heavy
neutrinos [14,15]. Comparing with the results of Ref. [15]
we will see that for decay rates relevant for our scenario,
the production via mixing and weak boson mediated kaon
decay as described in relation to Eq. (2) will be the
dominant production mechanism.
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The neutrino mixing parameters U4 allow for various
decay modes of N into SM particles via weak boson
exchange; depending on its mass into a number of leptons,
or also into a lepton and one or more mesons, which have
been computed e.g., in Refs. [26,27]. In the mass range of
interest to us, m, < my < mg, the dominant decay modes
are N = ¢*27 and N — va°. Using the results of Ref. [27]
the decay rate can be estimated by

22,3
Grfmy

301 |Uf4|29(mn, Myepts mN)

r, EFN—»leptzz =

~3x 10713 MeV|Uf4|2< (Mgs Mgy, M),

(7)

Here, g(m,, Mgy, my) is a dimensionless kinematical
function depending on the decay channel [27], “lept”
indicates either a light neutrino or a charged lepton of
flavour £ = e, p, and f), ~ 130 MeV is the pion decay
constant. As we will see below, for large portions of the
parameter space for I'y_,, and U required to explain
the MiniBooNE events, the decays N — leptz will be
subleading compared to N — vy.

Note that a decay width of the scale indicated in Eq. (4)
corresponds to lifetimes much shorter than milliseconds,
and therefore our sterile neutrino decays well before big
bang nucleosynthesis and hence does not affect cosmology.
Heavy neutrinos in the 100 MeV mass range are at the
border of being relevant for supernova cooling arguments.
Limits from supernova 1987A on heavy neutrino mixing
are avoided in our scenario [28], while the limits due to the
magnetic moment operator derived in Ref. [15] will be
relevant in the part of the parameter space able to explain
the MiniBooNE excess; see also [29,30].

To summarize, the relevant phenomenology of our
model is determined by three independent parameters,
which we chose to be the heavy neutrino mass: my, the
mixing with the e or y flavour: |U|?, and the decay width
into the photon: I'y_,,,. We will present the parameter space
where the MiniBooNE excess can be explained in terms of
those three parameters in Sec. V below.

_ MmN
250 MeV ) ?

III. THE MINIBOONE EXCESS EVENTS

Our analysis proceeds as follows: first we construct the
kaon flux at the BNB from the given flux of the muon
neutrinos. From the kaon flux we derive the flux of the
heavy neutrinos and work out its time structure. Then we
calculate the energy and angular spectra of the photon from
the heavy neutrino decays inside the detector and inside the
time window defined by the MiniBooNE Collaboration.

In order to calculate the flux of heavy neutrinos @y (py)
we proceed as follows. We depart from the kaon contri-

bution to the (;)ﬂ fluxes provided by the MiniBooNE

Collaboration Ref. [31]. Assuming that this flux is domi-
nated by the two-body decay K — vu we reconstruct the
initial kaon flux, from which in turn we can calculate the
heavy neutrino flux at MiniBooNE by taking into account
the modified angular acceptance of the detector due to the
non-negligible effect of the heavy neutrino mass on the
angular distribution. Details of this procedure are provided
in Appendix A. Note that the flux ®y(py) obtained in this
way depends on the mass of the heavy neutrino, which we
keep implicit to simplify notation.

A. Time spectrum

A heavy neutrino with momentum p, arrives at the
detector at distance L after a time,

)

IN:E,

with the MiniBooNE baseline L ~ 540 m. The ultrarela-
tivistic light neutrinos all arrive after 7, ~ 1.8 us, the heavy
neutrinos generally arrive later. In order to calculate the
time distribution of the events, we first convert the neutrino
flux ®y(py) into a function of time,

and p=2N (8

L
with to = — s
c Ey

4y 9)

(1) = Ou(py)| L

with the Jacobian |dpy/dt| = pyt/(* — £3), which fol-
lows form Eq. (8). In the decay model, an additional
momentum dependence appears due to the effect of the
Lorentz boost on the decay rate, which leads to a factor
my/ py; see Eq. (15) below. Finally, to construct the time
spectrum we need to include the time structure of the proton
beam, which we approximate with a step-function being
nonzero from t = 0 to t = 6t = 1.6 us [32]. Therefore, we
obtain the time spectrum 7(¢) in the following way:

my

() = % [_15, aro (). (10)

We show the time distribution of the decay events inside the
detector for a typical heavy neutrino mass in Fig. 1. The
contribution of the monochromatic peak from the stopped
kaon decays is visible in the discontinuous part of the red
curve around ¢ = 3 us. It is important to notice, that the
neutrino appearance analysis from MiniBooNE considers
only events that occur between ¢ and 7, + 1.6 us after each
beam spill [33]. The fraction of our heavy neutrino signal
inside the analysis window is denoted in blue in the figure,
those that arrive after f, 4 ot are too late to be included and
are denoted in red. The fraction of the events inside the
timing window is 41% (34%) in the neutrino (antineutrino)
mode. Therefore, we predict a significant fraction of
delayed events. Those could be searched for in the
MiniBooNE data. Note that MiniBooNE records events
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FIG. 1.
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Time distribution of signal events for a sterile neutrino mass of 260 MeV in the neutrino (left) and antineutrino (right) beam

mode. For the proton beam we assume a step-function of 1.6 us duration. The zero of the time axis corresponds to the time when a
neutrino produced at the onset of the beam traveling at the speed of light would arrive at the detector. The blue shaded region indicates
the time window used for the analysis (1.6 pus); it contains 41% (34%) of all events in the neutrino (antineutrino) mode.

within a time window of about 19.8 us around each beam
spill (cf. Ref. [32]). A detailed investigation of events in this
time region can be a definite test of our model. Using
timing information to test heavy neutrino decays has been
suggested previously in Ref. [8].

B. Event numbers, energy and angular spectra

The number of heavy neutrinos that decay inside the
detector are obtained by integrating over the heavy neutrino
flux ¢y, together with the probability P that the long-lived
particles decay within its fiducial volume. Furthermore, a
detection efficiency € has to be included that is an empirical
function of the signal energy, here approximated with the
momentum of the photon, and the decays have to occur
inside a timing window as discussed above. These consid-
erations are summed up in the following master formula:

Ngecay = POTPf(mN)BrwAMB/dPN(f’N(PN)é(PN)

(11)

Here, POT denotes the number of protons on target, which is
12.84(11.27) x 10%° for the neutrino (antineutrino) mode.
The factor p,(my) has been defined in Eq. (2), and it
includes the mixing matrix element |U »,|?> and the branching
ratio of the kaon decays into heavy neutrinos. Br,, =
I'y-yy /T is the branching ratio for the decay N — vy,
with I',; being the total decay width of N. In the relevant
mass range we have Iy ~T'y_,, + 1, with ', given in
Eq. (7). Furthermore, Ay = (5 m)? is the effective area
of the MiniBooNE detector, and

X Piec (PN ) Wime(Pn- My ).

Py max 1 dr}%\l]b_}y
2(py) = / dp,e(p,) —— TN (1)
py.min ! ! Fk"b—ﬁl}/ dp7

is the MiniBooNE detection efficiency [33] e(p,) averaged
over the photon momentum distribution for a given py. Py,
is the probability that the heavy neutrino decays inside the
detector, and wy,,. is a timing-related weight. Using the
heavy neutrino arrival time ¢y from Eq. (8) the latter is
given by

to+ot—t
% for tN < (St + tO

(13)
0 for ty > ot + 1.

Wtime(pN» mN) = {

For the decay probability we have

Poec(p) = e7H1oiw — 72l (14)
m

~T o —F AL, (15)
PN

where L, L, denote the distance of the front and back
ends of the detector from the beam production and we
assume an effective value of AL=L,—-L; =8 m.
Here I, is the heavy neutrino width in the rest frame, a
factor my/Ey takes into account the boost into the lab
frame of the detector, and L; x Ey/py is the time the
neutrino needs to reach the position L;. In Eq. (15) we have
used an approximation, which holds for the MiniBooNE
baseline of L ~ 540 m when Iy, < 107> MeV. In this
approximation the number of events is proportional to
|Uf4|2BruyFtot = |Uf4|2FN—>uy'

We use the angular and energy spectra of the visible
energy (E,;) as provided by the MiniBooNE Collaboration
as input for our analysis. In our model, the visible energy is
given by the momentum of the photon from the heavy
neutrino decay: E,j ~ p,. Using the linear approximation
for the decay probability (15) and the differential decay
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FIG. 2. Predicted ratio of heavy neutrino events in the Mini-
BooNE detector for the horn being in antineutrino mode to the
one in neutrino mode as a function of the heavy neutrino mass.

widths from Egs. (5) and (6), we construct the predicted
angular spectrum .A(z) with z = cos 0 and energy spectrum
&(p,) in the following way:

A(Z) = POTpf(mN)AMBAL/de(DN(pN)

lab
e (), (16)

X = Wtime(pNv mN)
PN

E(p,) = POTpf(mN)AMBAL/dPNCDN(pN)

lab

N—-vy
17
e (7)

N
X — Wtime(pNv mN)
PN

where the neutrino flux depends on the horn mode and
includes forward and backward decays of the parent meson.
The photon momentum is related to the scattering angle by

2
My

Py(2) = 2(Ey — pycos)’ (18)

In our model the ratio of signal events for the two horn
polarizations (Rp.q) is determined from the corresponding
fluxes and can be calculated from Eq. (11) for a given heavy
neutrino mass. We show R4 as a function of my in Fig. 2
for the heavy neutrino being produced together with a muon.
The ratio is almost identical when the heavy neutrino is
produced together with an electron, aside from the fact that
larger values for my are kinematically accessible.

IV. FIT TO THE DATA

In order to test our model we perform a fit to both, the
angular and energy spectra. The data and the different
background contributions are read from Fig. 14 of Ref. [1].
Ideally one would fit the angular and energy information
simultaneously by using the two-dimensional distribution

TABLE 1. Relative uncertainties ¢, and &, for the various
background components, taken from Table 1 of Ref. [1]. Un-
certainties for “dirt” and “other” are estimates. All background
uncertainties are assumed to be uncorrelated.

Background contribution v mode 7 mode
v, from u 0.24 0.3
v, from K* 0.22 0.21
v, from K° 0.38 0.35
70 miss 0.13 0.10
A - Ny 0.14 0.16
dirt 0.25 0.25
other 0.25 0.25

of the data. Unfortunately this information is not available,
and therefore we have to fit the energy and angular spectra
separately and check if the results are consistent.” In each
case the fit is done fitting simultaneously both the neutrino
and antineutrino spectra.

Using the results of the previous section, we parametrize
our model with two effective parameters, which we chose
to be N,y and the sterile neutrino mass m,. The predicted
number of events in a given bin 7 of the energy or angular
data is given by N, f%(my) and N, f%(my) for the neutrino
and antineutrino polarization, respectively. Here,

_ Ntotal
1+ Rpred (mN)

Rpred (mN)

. Ny=Nygg—2N
v total 1+ Rpred (mN)

14

. (19)

where Rp.q(my) is the predicted ratio of events in the
neutrino and antineutrino modes shown in Fig. 2, and
f4(my), f¥(my) are the predicted relative contributions
for each bin, normalized to 1. They are derived from the
corresponding differential spectra given in Eqgs. (16)
and (17).

We define the following y’-function to perform the
analysis:

(0] = baB} = N, f{(my))?
(Gstat)z =+ (GSYSI)Z
(ODi - Baé? - RpredNuf?(mN»Z
Z (5§tat)2 + (5_yst)2

SR

Here i labels the angular or energy bins, a labels the
background contributions (sum over a is implicit), OY
and OY are the number of events in each bin i for the v
and 7 mode respectively. B¢ and B¢ are the different a

Xz(Nme) = Z

i

2Fitting the one-dimensional spectra together would imply a
double-counting of the same data.
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1200

1000}

800+

600

400 ¢

Total signal events

200

250 300 350
my [MEV]

FIG. 3. Allowed regions at 1, 2, and 3¢ for the energy (orange
regions) and angular (dashed blue curves) in the Ny, versus my
parameter space. The best fit of the energy spectral fit is indicated
with a cross. The angular fit provides an upper limit on N . In
green we show the measured excess of events and its lo
uncertainty. We assume here heavy neutrino mixing with the
muon; results for the electron are very similar.

background contributions in each bin i, b, and b, are
the pull parameters that account for their uncertainty o,
and 6,, which are taken from Table 1 of Ref. [1]; see
Table 1. Possible correlations are not taken into account.
Furthermore, a totally uncorrelated systematic uncertainty
of 20% is considered in each bin to account for possible

spectral shape uncertainties: 67" (N, nmy) = 0.2N, f*(my)
and 5" (N, my) = 0.2N, f%(my).

The results of the angular and energy analyses are
shown in Fig. 3. To be specific, we assume the
production mode K — Ny, results for K — Ne are very

similar. The energy spectrum provides a best fit point at

1201 my = 250 MeV, N = 400
100 1 ¢ data v mode
¢ data v mode
80 1 [ v mode

[ v mode

60 -
40 1
20 1

Number of events/bin

OA

my =250 MeV and N, = 640 with closed allowed
regions. At 68% confidence level our fit allows the masses
to vary between 190 MeV and 295 MeV and normalizations
between 425 and 865 events, consistent within 1o with the
observed number of excess events N, = 460.5 + 99.0, as
indicated by the green band in the plot. Note that this
comparison is only indicative, since the data used in our fit
(taken from Fig. 14 of Ref. [1]) uses a lower energy
threshold, and therefore the number of excess events is
somewhat larger, consistent with our best fit value. The best
fit point has »2, /d.o.f. = 58.1/36 which corresponds to a
p value of about 1% (see discussion below). In contrast, the
angular spectrum only provides an upper bound on N,y
which is in some tension with the energy fit.

In order to investigate the quality of the fit we show in
Fig. 4 the predicted energy and angular spectra for my =
250 MeV and Ny, fixed to 400, chosen within the lo
range of the observed value. The data points shown in the
figure are taken from Fig. 14 of Ref. [1] with the back-
ground subtracted, after the individual background con-
tributions have been rescaled according to their pull
parameters that minimize the overall y?. From the left
panel we see that our model explains well the excess events
in the energy spectrum. A significant contribution to the y?
comes from bins above 1 GeV, where a signal is neither
observed nor predicted. This explains the rather low
p-value of only 1%. The right panel shows that the angular
shape for the antineutrino mode is in good agreement with
the observations, while the signal is somewhat too much
forward peaked in the neutrino mode. From comparing the
neutrino-mode spectra in the two panels (blue histograms),
the tension between energy and angular fit is apparent.
While the energy spectrum would prefer to increase the
normalization, this would clearly worsen the prediction in
the forward angular bin. Note however, that the largest
contribution to the angular y> comes from the three bins

300
- my=250MeV, N =400
rol 2501 ¢ data v mode
Ty ¢ data b mode
c 200 1 v mode
% 150 1 b mode
Yy—
© 1001 ‘
—
S 50
S t
=] 0 [y s [ i e i ry i I
=2

¢
—50 : : ;
-1.0 -0.5 0.0 0.5 1.0

cos@

FIG. 4. Predicted energy (left) and angular (right) spectra for my = 250 MeV and Ny, = 400. The dots are the data with background
subtracted, where each background component is rescaled by the corresponding pull parameter obtained from the fit. Error bars include

statistical and systematical errors.
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around cos @ = 0, including the one with the downward
fluctuation. Those bins are difficult to explain by any
smooth function.

A general discussion of the angular event distribution in
decay models can be found in Ref. [7]. We stress that to
definitely assess the viability of our model a joint energy
and angular fit should be performed, including detailed
acceptances and efficiencies suitable to our signature. Let
us also mention that both the timing cut and the imple-
mentation of the angular acceptance is important to predict
the angular shape, since both affect mostly the signal from
the decay of ‘“slow” neutrinos, which give the main
contribution to events with cos@ < 1. In Appendix B we
show the fit results without imposing the 1.6 us timing cut,
which leads to an improved angular fit. Below we proceed
under the assumption that our model does provide an
acceptable fit to MiniBooNE data.

V. DISCUSSION OF RESULTS

A. Available parameter space of the model

By using Eq. (11), the total number of events determined
by the fit above can be translated into the parameter space
given by the neutrino mixing parameter |Uy4|*> and the
heavy neutrino decay rate I'y_,,,. In Fig. 5 we show the
1 and 2o contours for those two parameters for the neutrino
mass fixed at the best fit point. The straight part on the left
side corresponds to the linear approximation for the decay
probability, Eq. (15), where event numbers are proportional
to the product |Ug|*Ty_,,. The linear approximation

107¢
107}
10—8 L
3 109}
= SN1987A
1070}
260 MeV
ol | %
— 10
-12 n . L L
10 10—19 10—17 10—15 10—13
I-N—)vy [MeV]

breaks down when the decay length becomes shorter than
the MiniBooNE baseline and most of the neutrinos decay
before reaching the detector. This leads to the upturn of the
allowed region visible in the plots for decay rates
Iy, 2 10715 MeV. This value depends only weakly on
my and defines a minimum value of |Uy|* needed to
explain the excess of roughly 2 x 107!, The lower limit on
|U 4|? is shown as a function of the heavy neutrino mass in
Fig. 6. The dark and light orange shaded regions corre-
spond to the 1o and 26 range for my as shown in Fig. 3.
Note that we do not consider masses below 150 MeV in
order to avoid N production due to pion decays. We see that
the excess can be explained by a wide range of values for
the mixing and for the decay rate. Let us now consider other
constraints on those parameters.

NOMAD: The single photon signature predicted in our
model can be searched for in various other neutrino
experiments. A rather sensitive search comes from the
NOMAD experiment at CERN. An overview of the experi-
ment is given in Ref. [37]. An analysis searching for single
photon events (motivated by the MiniBooNE observation)
yields 78 observed events in forward direction versus
76.6 £4.9 £ 1.9 expected, which was interpreted as a null
result and an upper bound of 18 events at 90% C.L. has
been set on single photon events [36]. We can interpret this
bound as a limit within our model. We use the kaon-
produced muon neutrino flux from Ref. [38] and construct
the heavy neutrino flux as described in Appendix A. The
number of heavy neutrino decays in the detector is
estimated as in Eq. (11). The POT is 2.2 x 10'°, and we

1077
1078
L 107
5
S
=) 10-10| SN1987A
250 MeV
10| — 20
— 10
-12 n . L .
10 10—19 10—17 10—15 10—13
rN—>vy [MeV]

FIG. 5. Parameter region in the plane of I'y_,, and |U ¢24|? that is consistent with the observed MiniBooNE excess at 1 and 26 for
the neutrino mass fixed at the best fit point. The left (right) plot assumes that N is produced from a kaon decay with an associated
electron (muon) and corresponds to my = 260(250) MeV. Also shown are upper limits on |U,4|* from NA62 [34] and E949 [35]
and the region excluded by NOMAD from the search in Ref. [36], interpreted in our model, as well as the region for I'y_,,

disfavored by SN1987A [15].
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FIG. 6. Parameter region in the plane of my and |U,4|* that is consistent with the observed MiniBooNE excess at 1 and 2¢. For each
point in the allowed region the decay rate I'y_,,, can be chosen such that the observed MiniBooNE events can be obtained. For the left
(right) panel the heavy neutrino is produced by K — eN(uN). Excluded parameter space from peak searches in the kaon decay spectra
of electron and muon from the NA62 [34] and E949 experiments [35] is shown as gray shaded regions. The regions disfavored by
SN1987A constraints on I'y_,,, [15] are shown as blue shaded regions.

use a constant reconstruction efficiency of 90%, an analysis
efficiency of 8%, and a trigger efficiency of 30% [36]. In
order to take into account an analysis cut on the observed
energy we consider only heavy neutrinos with momentum
greater than 1.5 GeV. We do not apply any time window for
the events.

The parameter space excluded by NOMAD by requiring
that less than 18 events are predicted is shown as the dark
gray shaded region in Fig. 5. Since the baseline of NOMAD
is shorter than MiniBooNE and the neutrino energies are
higher, the decay rate for which neutrinos start decaying
before reaching the detector is shifted to higher values of
I'y.,, for NOMAD compared to MiniBooNE and
NOMAD excludes the “nonlinear” part of the parameter
space. In the linear regime for the decay probability the
NOMAD bound is always consistent with the value
|Ug4|T'y—.,, required to explain MiniBooNE. We have
checked that the predicted number of events in NOMAD is
about 5.4 x 1073 times the signal events in MiniBooNE,
with very little dependence of this number on m within the
interesting range. Therefore, the NOMAD bound limits the
available parameter space to the linear regime but does not
provide a further constraint on the range of the parameters.

Limits from kaon experiments. Due to the long lifetimes
of the heavy neutrinos the vast majority of the produced N
decay outside the detectors in most kaon experiments.
However, an observable feature of their presence is given
by an additional peak in the spectrum of the lepton from
the decaying kaon. The NA62 experiment has recently
published a search for heavy neutral leptons that are
produced in kaon decays. Not observing candidates for

kaon decays into heavy neutrinos, they placed upper limits
at the 90% C.L. of around |Uz|> ~ 1077 for £ = e, u and
heavy neutral leptons with masses between 170 and
448 MeV for £ = e and between 250 and 373 MeV for
¢ = u [34]. Earlier searches for heavy neutrinos from the
E949 experiment studied the muon spectra from about 10'?
stopped kaon decays. In their analysis, the collaboration
derived the still most stringent upper limits at the 90% C.L.
on |U,4|* down to 107 for heavy neutrinos with masses
between 175 and 300 MeV [35]. We show the region
excluded by E949 and NA62 in Figs. 5 and 6 as a gray area.’

To summarize so far, as visible in Fig. 6, several orders
of magnitude in mixing are available to explain the
MiniBooNE excess in this model. For a fixed value of
my, for each value of |U,|? in the allowed range, the value
of the decay rate can be adjusted such that the event
numbers are kept constant. Requiring N,,; = 400 events in
MiniBooNE we have approximately,

-10 23
Thow, 23 % 10-17 MeV( 10 ) <250 MeV) (Nmm)’

UesP )\ iy 400
(21)

where we have used the linear approximation for the decay
probability and the fact that then event numbers are

3Recently NA62 has presented preliminary updated limits
[39]. They are in the range |U,4[* <2 x 1075 for 220 MeV <
my <370 MeV, and |U,)? <2 x 107 for 150 MeV < my<
400 MeV. For a recent review of bounds on heavy neutrino
mixing in the relevant mass range see Ref. [40].
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proportional to the product |U4|*T'y_,,. The power of the
mass dependence has been obtained by fitting the numeri-
cal result with a power law, and it is rather accurate in the
range 150 MeV < my < 300 MeV.

Constraint from SN1987A. As discussed in Ref. [15], a
heavy neutrino interacting via the operator (3) may con-
tribute to the cooling rate of a supernova. In order to be
consistent with the neutrino observation of SN1987A,
too fast cooling has to be avoided. This argument can be
used to disfavor certain regions in the parameter space of
my and I'y_,,, . In the parameter region of our interest those
considerations lead to a lower bound on the decay rate of
approximately [15],

250 MeV
Tyey > 24 % 10718 MeV <—e>

my
(50 MeV < my <320 MeV). (22)

For decay rates fulfilling this bound, the heavy neutrino is
sufficiently trapped inside the supernova to avoiding too
fast cooling. The bound shown in Eq. (22) holds in the
relevant mass range for our scenario, up to my =~ 320 MeV;
heavier neutrinos are gravitationally trapped inside the
supernova [41]. The region disfavored by the bound (22)
is shown in Figs. 5 and 6 as blue shaded region, where in
order to translate the bound into |U2, | as shown in Fig. 6 we
assume our explanation of the MiniBooNE events, using
the relation (21). We see that in the mass range where the
SN bound applies, the mixing is limited to 107''<
|U2,| < few x 107, while for my > 320 MeV values of
|UZ,| up to the kaon bounds of order 1077 are allowed.
Once these constraints from the magnetic moment operator
are imposed, the supernova limits on mixing from Ref. [28]
are satisfied; they disfavor the region my < 100 MeV
and |U2%,| 2 1078,

By comparing the decay rate from Eq. (21) with the
mixing induced decay rate in pions given in Eq. (7) we find
that I'; < T'y_,,, for

250 MeV\ 265 /N, \ 1/2
Unl? <1077 2 ol ) (03
U < 107 (BN (B}

We see from Fig. 6 that for the largest allowed mixing angles
in the high-mass region this condition may be violated. In
this case, the decays N — vz® and N — £*2T can provide
an additional observable signature. A detailed investigation
of these signatures is beyond the scope of the present article.
Note, however, that in the region where the linear approxi-
mation breaks down, I'; < T'y_,,, is satisfied, and we can
use [~ Iy, for calculating the decay probability
according to Eq. (14).

B. Other searches and tests of the model

The PS191 and E816 experiments: The dedicated PS191
experiment searched for displaced vertices from the decay

of heavy neutrinos in the mass range from a few tens of
MeV to a few GeV. Not having found such vertices PS191
placed limits on the mass-mixing parameter space [42,43].
It is important to notice that these limits are not applicable
in the here considered model, because the decays of the
heavy neutrino into a photon and a light neutrino do not
produce a visible vertex in the decay volume.

We remark that the experiment observed an excess of
electronlike events [44], which was interpreted as electron-
neutrino scatterings in the calorimeter, but might be also
induced by the photons from the N decay in our model. This
finding is backed up by the PS191 successor at BNL, the
experiment E§16 [45]. Unfortunately the collaborations do
not provide the details on the kaon flux, such that we cannot
quantify the respective signal strengths in our model.

LSND and KARMEN: The LSND [3] and KARMEN
[46] experiments produce neutrinos from muon decay at
rest, and therefore heavy neutrinos with masses of
2100 MeV will not be produced. The interactions of the
800 MeV proton beam with the target might produce a
few slow-moving kaons, which could give rise to a heavy
neutrino flux that is small compared to the one at
MiniBooNE. Furthermore, the standard search in LSND
and KARMEN requires a coincidence signal between a
prompt positron and delayed neutron capture from the 7,
inverse beta decay process, which is rather distinctive from
the pure electromagnetic signal induced by the single
photon decay in our model. Therefore, we predict a
negligible event rate in those experiments.

T2K, NOvA, and other running neutrino experiments:
Modern neutrino detectors, such as the near detectors of
NOvA, T2K are generally not expected to confuse a single
photon with charged current electron neutrino scattering
due to their more sophisticated detectors. Recently the T2K
Collaboration published results for a search for heavy
neutrinos [47] by looking for events with two tracks, for
instance from the decays N — u*zT or N — £*£7F. The
limits, comparable to those from PS191 and E949, are not
applicable to our model. A search for single photon events
in T2K has been published recently in [48]. We have
roughly estimated the sensitivity of this result to our model
and found that the resulting limits are weaker than the ones
from NOMAD discussed above.

It is important to realize that the signal of our model
mimics neutral current produced 7z° decays where one
photon was not reconstructed, which may interfere with the
control regions of any analysis and affect results in a
nontrivial way [19]. An analysis that searches for single
photons in the data in all running neutrino experiments
may be able to shed light on the MiniBooNE excess. The
relative signal strength between experiments is fixed by the
fluxes and allows us to reject the hypothesis.

ISTRA+: The ISTRA + experiment searched for and
excluded the process K* — u*N, N — vy for 30 MeV <
my < 80 MeV [13] and for very short neutrino lifetimes.
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With about 300 million events on tape, the experiment
could in principle be sensitive to heavy neutrinos in the here
considered mass range.

The MiniBooNE dark matter run: The MiniBooNE
experiment collected 1.86 x 10?° POT in beam dump mode,
which greatly reduces the dominant production modes of
neutrinos from the decay of charged mesons and was used to
test different models of dark matter interaction [49]. The N
production via neutrino mixing is strongly suppressed in
beam dump mode due to the reduced charged meson fluxes,
and therefore the production via the dipole portal Eq. (3)
would dominate. We can use the results of Ref. [15] to
estimate the sensitivity of the MiniBooNE beam dump to the
dipole interaction strength. For my ~ 250 MeV, Ref. [15]
obtains a limit on the operator (3) of A > 3 x 10° TeV using
data from the MiniBooNE neutrino run with 5.6 x 10*° POT
[50]. From the expected background (358) and observed
number of events (380) we can estimate that this corresponds
to an upper limit of 57 signal events. We now assume that the
“neutrino selection cuts” for ve scatteringlike events applied
for the beam dump mode in [49] have similar efficiencies as
the standard neutrino analysis. Then we can predict the
expected signal in the beam dump mode by rescaling the
number of signal events from the analysis of [15] by the ratio
of the corresponding POT. Reference [49] estimates 8.8
background events for this type of analysis, with 6 observed
events, which gives an upper limit at 95% C.L. on a possible
signal of about 5.5 events (where we have used the same
limit-setting method as [15]). With the above mentioned
rescaling of events this would correspond to a limit of
A2 6x10° TeV or Iy, <3 x 107 MeV.

Comparing this estimate with the parameter range shown
in Fig. 5, we conclude that the sensitivity of the currently
available data in beam dump mode does not constrain the
parameter space of our model. We would like to point out,
however, that a dedicated analysis of beam dump data
with increased statistics may have the potential to test our
hypothesis.

The Fermilab short-baseline neutrino program: The
short-baseline neutrino (SBN) program at Fermilab con-
sists of three liquid argon detectors in the booster neutrino
beam line: SBND, MicroBooNE, and Icarus [51,52], with
the MicroBooNE detector already running and producing
results. A sensitivity study to heavy neutrino decays,
including the photon decay mode has been performed
in [8]; see also [53]. Liquid argon detectors will be very
suitable to search for the signal predicted here, since such
detectors can discriminate photons from electrons. The
main characteristics of the three detectors are summarized
in Table II. Since they are located in the same beam as
MiniBooNE we can roughly estimate the expected number
of events by scaling with the proportionality factor,

POT x V/L2, (24)

TABLE II. Benchmark characteristics of the three SBN detec-
tors [51,52] compared to MiniBooNE. We assume the same POT
as quoted in [8]. For MiniBooNE we sum the POT in neutrino and
antineutrino modes. The row “Ratio” indicates the ratio of signal
events relative to MiniBooNE based on the scaling with the factor
in eq. (24). In the row “Events” we give the predicted number of
events assuming 400 signal events in MiniBooNE.

MiniBooNE SBND  MicroBooNE Icarus
POT/10% 24 6.6 13.2 6.6
Volume/m? 520 80 62 340
Baseline/m 540 110 470 600
Ratio 1 0.09 0.15
Events 400 400 35 58

where V is the detector volume and L the distance of the
detector from the neutrino source. Note that the simple
scaling with this assumes that the linear approximation for
the decay probability holds for all baselines. In the table
we give this scaling factor for each experiment relative to
MiniBooNE (“ratio”). Assuming 400 signal events in
MiniBooNE, we can predict then the expected number
of events by multiplying with this ratio. As is clear from
the last row in Table II a significant number of events is
predicted for each of the three detectors, under the quoted
assumptions on the available POT [8].

Atmospheric and solar neutrinos. The magnetic moment
operator (3) can lead to the up-scattering of atmospheric
or solar neutrinos to the heavy neutrino, which can give
observable signals in IceCube [24] or dark matter detectors
[25], respectively. The latter can test heavy neutrinos with
mass below ~10 MeV. The sensitivities of IceCube derived
in Ref. [24] from atmospheric neutrinos are in the relevant
mass range, but are about one order of magnitude too weak
in I'y_,,, to start constraining the parameter space relevant
for our MiniBooNE explanation.

VI. CONCLUSIONS

We presented a model with a heavy neutrino of mass
around 250 MeV that is produced from kaon decays at the
beam-target interaction via the mixing |Uzy|* (¢ = e, u)
and decays after traveling over several hundred meters
into a light neutrino and a single photon via an effective
interaction. We demonstrated that it is possible to account
for the event numbers and spectral shape of the electronlike
excess in the MiniBooNE data under the assumption that
single photons are indistinguishable from single electrons.
Some tension appears for the angular distribution of excess
events, which are somewhat too much forward peaked.
A quantitative assessment of this tension requires a
dedicated analysis of MiniBooNE data including a careful
treatment of angular and timing acceptances.

The excess events can be explained for a wide range of

mixing parameters of roughly 107! <|Uzl> <1077,
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consistent with existing bounds; see Fig. 6. The model
makes clear predictions and can be tested in the follow-
ing way:

(1) Delayed events in MiniBooNE: Due to the non-neg
ligible mass of the heavy neutrino, we predict a
characteristic time structure of the signal with a
significant fraction (up to 60%) of events outside the
time window corresponding to the time structure of
the beam and assuming speed of light for the
propagation to the detector. Therefore, the model
can be tested by looking for delayed events in
MiniBooNE data.

(i1) Single photon events in SBN detectors: We predict a
sizable number of single photon events in all three
liquid argon detectors of the Fermilab short-baseline
neutrino program (SBND, MicroBooNE, ICARUS).
These detectors have good photon identification
abilities and should be able to confirm or refute
our hypothesis.

Assuming that the decay N — vy is induced by the
dimension-5 operator of the magnetic moment type,
see Egs. (3) and (4), the decay rates required to explain
MiniBooNE would correspond to a suppression scale A
of roughly 10* TeV <A <107 TeV. If the magnetic
moment operator is generated at 1-loop level, we expect
generically,

1 g 1

—~

AT 1622 M,

(25)

where g is a coupling constant and M, is the mass scale
of some new physics. We see that for moderately small g,
M., can be in the TeV range and therefore potentially
accessible at the LHC.

If N is a Majorana neutrino, there will be a contribution
to the light neutrino mass via the type I seesaw mechanism
of order m, =~ m%/my =~ |Uz|*my, where mp =~ |Uz4|my
is the Dirac mass of N. In the upper range of the allowed
region for |U 4 |?, the seesaw contribution to m, is too large.
However, it is interesting to note that for my ~ 250 MeV
and |Uy|? ~ 10719 the seesaw contribution to m, is of
order 0.025 eV, just of the right order of magnitude for
light neutrino masses. Furthermore, the magnetic moment
operator from Eq. (3) will induce also a contribution to
the light neutrino mass via a 1-loop diagram [15], whose
size in general depends on the UV completion of the
operator (3) and which can be tested at present and future
facilities via lepton number violating signatures [54]. Both
contributions—from seesaw and magnetic moment
operator—can be avoided (or suppressed) if N is a Dirac
(or pseudo-Dirac) particle. While our scenario has all the
ingredients to generate light neutrino masses, we leave it
for future work to identify consistent models explaining
light neutrino masses and mixing in this framework.
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APPENDIX A: HEAVY NEUTRINO FLUX
AT MINIBOONE

Our starting point is the flux of the muon neutrinos,
@, (p,,), and we focus on the contribution to this flux from

kaon decays. These are provided by the MiniBooNE
Collaboration, cf. Figs. 29 and 31 in Ref. [31]. We consider
both, neutrino and antineutrino components for each
horn polarization, since it does not matter for the decay
signature.

The kaon flux: We construct the kaon flux from the light
neutrino with the underlying assumptions that for each light
neutrino there is one kaon parent and that all of the kaon
contribution to the light neutrino flux stems from two body
leptonic decays of the kaon (i.e., we ignore the three-body
decays). An inverse Lorentz transformation allows us to
reconstruct the momentum of the kaon |p | from the given
tables of |p,|,

= mg |ﬁv| Py
el =5 (el ) (A1)
T2 \p, (B
In the above equation,
2 2
my —m
P, = I;mK g (AZ)

is the definite momentum of a light neutrino from a kaon
decay at rest. Under the above assumptions we can now
reconstruct the flux of the parent meson ®g(pg). The
resulting kaon fluxes, summing K and K~ for each of the
two horn polarizations, are shown in Fig. 7. The peak for
px = 0 corresponds to stopped kaons which decay at rest.
Notice that our assumptions introduce an error both in
shape as well as in magnitude of our prediction, which we
take into account in our fit by introducing a 20% uncorre-
lated error in each bin.

The heavy neutrino flux: Next we will construct the
heavy neutrino flux @y (py). We start with the assumption
that the momenta of the heavy neutrinos are parallel to the
parent kaons, i.e., py||px. This simplification allows us to
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FIG. 7. Kaon fluxes aiming at the MiniBooNE detector that
were obtained from applying an inverse Lorentz boost on the
muon (anti) neutrino. For details see text.

construct the heavy neutrino flux ®y(py) from the kaon
flux ®g(pg) via the Lorentz boosting the momentum
|Pn o] from the rest frame of the kaon with momentum |p g

k]

- K |-

[Pyl ="""Eyo+—|Pyolcos®, (A3)
mg

where the heavy neutrino momentum in the meson rest

frame is given by

V(my — &%) (my —3?)
2mg

[Pvol =

)

A =my —my, E = my + my. (A4)
For my comparable to my and for sufficiently large |p|,
also heavy neutrinos that are emitted backwards with
respect to px can reach the detector. This means, from
the kaon flux we construct two heavy neutrino fluxes: one
from the forward emitted N with cos @ = +1, and one from
the backward emitted N with cos & = —1. Both the back-
ward @84 (py) and the forward ®W4(py) emitted fluxes
are normalized to the original light neutrino flux @, (p,, ).

The peak in the kaon spectrum from the stopped kaons
(shown in Fig. 7) gives rise to monochromatic heavy
neutrinos of energy pyo. We add this separately to the
analysis and call it the “monochromatic peak.”
Geometrical acceptance: We work under the assumption
that the kaon momentum is always parallel to the beam
line. In the experiment, neutrinos (light or heavy) are
not produced with cos@ = =£1, but rather with an angle
0=0+460,7—50, such that |cosf| =1—e. This
deviation & stems from the angles that are smaller than
or equal to the solid angle of the detector, which we

approximate with 6, ~ tan @, = r/L, where r is the radius
of the detector and L is the distance from the source. The
maximal acceptance angle of the heavy neutrino in the lab
frame is given by

|Pn.Ll P Sin 95\7“
9D = . == .

o T P Ex rest
|Pwy | meEno + 5k pyocos Oy

(AS)

here Oy is the kaon rest frame decaying angle. The
component of the momentum perpendicular to the beam
line is not affected by the kaon boost and the parallel one is
given by expression (A3). For small angles sin@ ~ 6,
cos@ ~ £1, the acceptance angle in the rest frame, for
the backward and the forward decay, can be easily solved,

m
GRe]st — p_K (PKEN,O + EKPN,O)QD' (A6)
N,0

Since the decay in the rest frame is isotropic, the heavy
neutrino flux can be corrected by adding a geometrical
factor given by the ratio between the maximum acceptance
angles in the kaon rest frame for the heavy and light
neutrinos,

rest,fwd
QN

rest °
0y

rest,bwd
HN

rest
oy

ffwd — fbwd — (A7)

Here we assume that the angular acceptance for light
neutrinos is already included in ®, as provided by the

collaboration. For small angles, Eq. (A7) turns into

(pkEno + Expno) |
pno(Px + Ek)

(PkEno — Expno)
pno(Pk + Ek)

f™(pk) =

M (pk) = (A8)

Note that only the light neutrinos decaying in the forward
direction reach the detector, so the heavy neutrino accep-
tance angle, for both backward and forward directions, has
to be compared to the light neutrino one in the forward
direction.

We have checked that for the kaon energies at
MiniBooNE the small angle approximation (AS8) works
very well. On the other hand for the kaon energies in
NOMAD, this approximation does not hold because the
kaon momentum can be leurger.4 We have checked that
taking the approximated expression for the geometrical
factor for the NOMAD prediction gives an extra

4Rigorously, Eq. (AS) has to be solved numerically for both
light and heavy neutrinos from which one can obtain the ratio of
the two kaon rest frame angles.
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enhancement; i.e., we are somewhat overpredicting the
number of events in NOMAD. This makes the limit
somewhat too strong and is therefore conservative in what
concerns the consistency with MiniBooNE, and hence we
stick to the approximated expression.

The geometrical factors (A8) can be expressed as a
function of the heavy neutrino momentum performing an
inverse boost,

)4 E
KEy+Lpy = +pno-
mg mg

Solving for px we obtained

mg mg ENPN,O 2
Pk =F a3 Enpnvot ™ (7) + Py = Phos

mN mpy N
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where upper (lower) signs apply to the forward (backward)

geometrical factors. Note that in the forward decay case py

starts from py and in the backward decay from 0.
Finally, the heavy neutrino flux is given by

q’N(PN) = fde(PN, mN)‘I’f\‘;’d(PN’ mN)
+ bed(pN’ mN)(D?VWd(pN’ mN)‘

APPENDIX B: IMPACT OF THE TIMING CUT

The timing cut of 1.6 us after each beam spill discussed
in Sec. Il A has a strong impact on the predicted event
spectrum, since it removes events from ‘“slow” heavy
neutrinos, which would provide a less forward peaked
angular distribution for the photon events. In order to
illustrate the importance of the timing cut, we show in this
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Allowed regions at 1, 2, and 3¢ for the energy (orange regions) and angular (dashed blue curves) in the Ny, versus my

parameter space, without imposing the 1.6 us timing cut. The left (right) panel assumes heavy neutrino mixing with the electron (muon).
The best fit of the energy spectral (angular) fit is indicated with a black (blue) cross. In green we show the measured excess of events and

its 1o uncertainty.
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FIG. 9. Predicted energy (left) and angular (right) spectra for my = 370 MeV and Ny, = 400, without imposing the 1.6 ys timing
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appendix results without requiring arrival within 1.6 us;
i.e., we include all events from N decays in the predicted
signal.

From Fig. 8 we see that in this case also the angular fit
shows preference for nonzero signal event numbers, and the
1o allowed regions overlap between the energy and angular
spectral fits. The best fit point for the energy spectrum
degrades only marginally from y2. /d.o.f. = 58.1/36 with
timing cut to 62.8/36 without timing cut in the case of
muon mixing. For the electron mixing we obtain an energy
spectrum best fit with 2. /d.o.f. = 61.9/36. Without the

timing cut the angular fit yields 2. /d.o.f. =
32.1/18(30.0/18) for the mixing with the muon (electron),
corresponding to a p-value of 1.1% (3.7%). In Fig. 9 we
show the resulting energy and angular spectra for an
example point in the 1o overlap region. In comparison
with Fig. 4 we clearly observe an improved angular fit,
while still maintaining a good description of the energy
distribution. As discussed in the main text, the formally
still rather low p-value is a consequence of the scattered
data points with small error bars in the tail of the
distributions.
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