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This paper reports on the search for heavy neutrinos with masses in the range 140 < M < 493 MeV/c?
using the off-axis near detector ND280 of the T2K experiment. These particles can be produced from kaon
decays in the standard neutrino beam and then subsequently decay in ND280. The decay modes under
consideration are N — £ZzT and N — t’;fﬁ‘(;)(a,ﬁ = e, p). A search for such events has been made
using the Time Projection Chambers of ND280, where the background has been reduced to less than two
events in the current dataset in all channels. No excess has been observed in the signal region. A combined
Bayesian statistical approach has been applied to extract upper limits on the mixing elements of heavy
neutrinos to electron-, muon- and tau- flavored currents (U%, Uﬁ, U%) as a function of the heavy neutrino

mass, €.g., U% <107 at 90% C.L. for a mass of 390 MeV/ c2. These constraints are competitive with

PHYS. REV. D 100, 052006 (2019)

previous experiments.

DOI: 10.1103/PhysRevD.100.052006

I. INTRODUCTION

Neutrino oscillations provide strong evidence that
neutrinos are massive particles. Although in the minimal
Standard Model they are massless, the most natural
extension to allow nonzero masses compatible with oscil-
lation experiments results (two different Am?) consists in
the introduction of n > 2 new right-handed (sterile) neu-
trino fields vy with the following mass term [1]:

1 _ . O mD IJC
Emass:_E(UL IJ;Q)(mT " ><UL) + H.c., (1)
D R R

where m, is the 3 x n Dirac mass matrix and my isthe n x n
Majorana mass matrix. If the seesaw condition mhm;, < m%
holds (in terms of eigenvalues), diagonalization of the mass
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matrix yields three light Majorana mass eigenstates v; (i = 1,
2, 3), with masses m,; of the order of the eigenvalues of
mpmz'mh and n heavy Majorana mass eigenstates N,
(I =1,...,n) (heavy neutrinos, also called heavy neutral
leptons in the literature), with masses M ; of the order of
the eigenvalues of mp. The flavor eigenstates can be

expressed in terms of the mass eigenstates as:

3 n
Va:ZI:Vaiyi+;®a1Nl (a:ewu’f)’ (2)

where V corresponds to the usual Pontecorvo-Maki-
Nakagawa-Sakata matrix (PMNS matrix) and © is the
active-heavy mixing matrix. Heavy neutrinos can be pro-
duced in leptonic meson decays M* — #= + N; with a
branching ratio proportional to |® |2, for My < mypeson—my,
and they can similarly decay via the same mixing element.

If at least two of the heavy neutrinos have a mass between
0.1 and 100 GeV/c?, they can generate baryogenesis
via leptogenesis without any additional new physics [2].
Anexample of such amodel is the neutrino minimal Standard
Model (/WMSM) with n = 3, in which N; has a mass of
1-100 keV/ ¢? and is a warm dark matter candidate, while
N, 5 are degenerate with GeV-scale masses [3,4].

In the following, we define U2 =5 |0,|*> summing
over the heavy neutrinos that cannot be distinguished
experimentally (such as N, and N5 in the YMSM).

Limits on U2 for My < 493 MeV/c? can be obtained
either by studying heavy neutrino production from kaon
decays (K* — £*N) or by searching for heavy neutrino

052006-3
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decays, e.g., to one pion and one charged Ilepton
(N — ¢=x7T). The best constraints in this mass range were
obtained by the BNL E949 [5] and the CERN PS191 [6,7]
experiments with limits of the order of 107°-107% on U2,
UZ and U,U, for My = 200450 MeV /c% Limits from
other experiments are summarized in the review [8].

This paper presents the search for potential heavy
neutrinos produced in the T2K decay volume and decaying
in the T2K Near Detector, ND280, as was originally
suggested in [9].

II. EXPERIMENTAL SETUP

A. The T2K beamline

The Tokai-to-Kamioka (T2K) experiment [10] is a long-
baseline neutrino experiment located in Japan with the
primary goal of measuring muon (anti-)neutrino oscilla-
tions using Super-Kamiokande as its far detector. The T2K
neutrino beam is produced at the Japan Proton Accelerator
Research Complex (J-PARC) by colliding 30 GeV protons
on a graphite target. The pions and kaons produced are
focused and selected by charge with magnetic horns and
subsequently decay in flight to neutrinos. Depending on the
polarity of the current in the horns, the experiment can be
run either in neutrino or antineutrino mode.

In this analysis, the production of heavy neutrinos from
kaon decays in data taken from November 2010 to
May 2017 are considered. This corresponds to a total
exposure of 12.34 x 10?° protons-on-target (POT) in neu-
trino mode and 6.29 x 102° POT in antineutrino mode, after
data quality cuts.

B. The off-axis near detector ND280

The off-axis near detector ND280 is located 280 metres
from the proton target. It is composed of several

SMRD
UA1 Magnet Yoke

Downstream
ECAL

Barrel ECAL

FIG. 1. An exploded view of the ND280 off-axis near detector
labeling each subdetector. Adapted from [10].

sub-detectors with a 0.2 T magnet [10]. The central tracker
consists of three time projection chambers (TPCs) [11], two
scintillator-based fine-grained detectors (FGDs) [12] and
one 7° detector (POD). It is surrounded by an electromag-
netic calorimeter (ECal) and a side muon range detector
(SMRD). A schematic view of ND280 is shown in Fig. 1.

The main goal of ND280 is to detect neutrino interactions
in order to constrain both neutrino flux and cross section
parameters. The TPCs are filled with a gas mixture based
on argon gas and provide excellent track and momentum
reconstruction with a typical resolution of 8% for 1 GeV/c
tracks [13]. This can be combined with energy loss (dE/dx)
measurements in order to perform particle identification
(PID) of charged tracks crossing the TPCs.

The analysis focuses on heavy neutrino decays occurring
in the ND280 TPC gas volumes, which corresponds to a
total volume of interest of 6.3 m°.

III. ANALYSIS

A. Simulation

The simulation of heavy neutrino production and decay
is performed using the T2K neutrino flux prediction, which
is constrained by the NA61/SHINE experiment results and
by in-situ measurements [14,15]. We first consider the flux
of standard light neutrinos coming from kaon decays in the
beamline and crossing the ND280 TPCs. This flux is
transformed into a flux of heavy neutrinos (K* — ZN,
a = e, p) by weighting event-by-event using the appro-
priate branching ratios [16—18] and modified kinematics.
The analysis assumes the heavy neutrino lifetime is long
enough to reach ND280 (z > time of flight ~ 1 us), which
is consistent with current limits on the mixing elements.
Figure 2 presents the results of the simulation for different
heavy neutrino masses and for both production modes in
neutrino mode. The flux has the same shape for anti-
neutrino mode, although it is a factor of ~3 lower.

The heavy neutrino decays are then simulated at a
random point along their trajectories inside ND280. All

the possible modes N — #*zF and N — fif*(;) were
simulated. Figure 3 shows the allowed production and
decay modes as a function of the heavy neutrino mass. The

-)
neutral current decay modes N — e*e‘(y, and N —

/ﬁ,u‘(y), are directly sensitive to the mixing element U2.

Effects related to heavy neutrino polarization [19] and
delayed arrival time (with respect to light neutrinos) are
taken into account in the simulation.

B. Selection

The selection was developed to isolate the signal events
listed in Figure 3 from the background expected from
standard neutrino interactions with matter. In order to
significantly improve the signal to background ratio, which
is inversely proportional to the density of the medium, only
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10" E 3
(5] . ey
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FIG. 2. Expected flux of heavy neutrinos crossing the ND280
TPCs from K* — p™N and K* — e* N for several values of M,
with the T2K beam in neutrino-mode and for U2 = U3 = 1. The
black dotted curve corresponds to the limiting case of a massless
neutrino (N = v); the one for K — ev is not drawn as it is a few
orders of magnitude lower due to helicity suppression.

events occurring in the TPC gas volume are considered for
this analysis.

Events are preselected by identifying two tracks of
opposite charge originating from a vertex in a TPC.
There should be no other tracks in the TPC itself or in
the detector located directly upstream (e.g., POD for the first
TPC or the first FGD for the second TPC). Particle
identification for each individual track is performed using
energy loss in the TPC. Five channels are then identified:
urtnT, e~nt, eta, ete, utu .

In the analysis, we do not define any specific selection
for the three-body decays N — e*uTuv because these
modes already contribute to the e* 7z selection channels.
For the putu~ channel, electromagnetic calorimeter infor-
mation is also used to clearly identify the two muons.

140 211 245 388 493

+ + } + — MN
N — etnT Ue2 [Me\//cz]
[JK* = u*N N = p*a? Uﬁ
OK* —etN N ptp™ Ve, U€2 + U72'
N—ptu~ v, U,
N — eﬂf‘?'ﬂﬁ Uﬁ + UE
N = efe v, Ue2
N pteF vl U?
N — eEp¥v, Uz
FIG. 3. Schematic of all the possible production and decay

mode combinations for heavy neutrinos with 140 < My <
493 MeV/c?. The colored bars show the allowed kinematic
regions for each decay mode, with the corresponding mixing
element in the right column. A total of 40 production/decay mode
combinations are possible.

Several kinematic cuts are then applied to further reject
the background:

(1) invariant mass m;,, of the two-track system: in the
case of a heavy neutrino decay, it is expected that
mite < My (mi¢ = My for the two-body decays).
The heavy neutrino is produced in kaon decays so
that it is necessarily lighter than Mg = 493 MeV /c?
allowing an upper cut on the reconstructed invariant
mass mi<° < 700 MeV/c? to be applied. The addi-
tional margin accounts for detector resolution effects.

(i1) angle between the two tracks A®: the two charged
tracks produced in the decay are boosted forward so
that only events with A® < 90° can be selected
without loss of signal efficiency.

(iii) incoming heavy neutrino polar angle 6: the heavy
neutrino’s direction is collinear to the beam, while the
products of an active neutrino interaction are expected
to be distributed with a larger angle because of
potential missed tracks or nuclear effects. 6 is recon-
structed using the two charged tracks but can still be
used with a good approximation for the three-body
decays. The cut is cos @ > 0.992 for y* 7T for the ux
channel and cos & > 0.99 for the others.

Applying these criteria to the signal simulated in the
ND280 TPC gas volumes, the efficiencies of the signal
selection for the different modes were obtained, as shown
in Fig. 4. For a given mass, they are quite independent of
the production mode (K* — u*N or K* — e*N). un
efficiencies are slightly better as muon tracks are easier
to reconstruct in the TPC.

C. Signal systematic uncertainties

Two sources of systematic uncertainties on the heavy
neutrino signal are considered:

035"

C ¢ KsuN-uwa) ]

030? $ K—=eN—=e a*) 3 -]

F b KouN-uE 3 %55 §6§ 3
025F | Kk enoe@n RN

E e e(e ) !éé 9§§E

R e £ r

ks F 7 K—eN—oe@Eev) @ - Ii174g Izi24Z =

2 - 4 ;31175313 ]

= 0.15F ,§§; S5 S Fag

S - giigttt | ]

r <583 FE3YSE ¥ v ]

R TTITI 104 AL L A L A A LT S

Fegizk® v YR ve, Y3

0.05F 4+ =

0.00= -

150‘“‘200““250“I‘300‘“.350‘“;&00““450.“500
My, [MeV/c?]

FIG. 4. Heavy neutrino signal selection efficiency in neutrino
mode as a function of heavy neutrino mass for some of the decay
modes. Error bars include both statistical and systematic
uncertainties.
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TABLE L.

Comparison of number of events in data (D) and corresponding NEUT prediction (with statistical

uncertainties) in the control regions used to determine the model uncertainties in the different channels, using the

data set presented in Sec. II A.

Neutrino mode

Antineutrino mode

CR-I CR-II CR-I CR-II
Ch. D NEUT D NEUT D NEUT D NEUT
utr® 15 114+£1.0 36 30.1 £1.6 2 26£0.5 5 6.5+0.8
e n" 2 24+£05 14 133+1.1 2 0.7£0.2 7 54£07
etn 5 3.1£05 17 11.7+1.0 1 05£02 2 33+£0.6
utu 0 09+03 3 25£05 0 02+£0.1 1 04+£02
ete” 4 45+0.6 58 535+£22 3 0.8£03 13 143+1.3

(1) flux: uncertainties on the kaon flux used as input to
the simulation, as presented in Sec. III A, are directly
transposed into uncertainties on the flux of heavy
neutrinos reaching ND280. The total normalization
uncertainty has been estimated to be 15%, using
external data such as those from the NA61/SHINE
experiment [14].

(i1) signal selection efficiency: detector systematic un-
certainties are defined to cope with any discrepan-
cies between data and simulation of the detector
effects. The dominant uncertainties are related to
TPC reconstruction and particle identification per-
formances and have been computed as in previous
ND280 analyses [20]. The overall effects have been
estimated to be approximately 5%.

D. Background estimation

The background remaining after the selection has first
been estimated using the NEUT 5.3.2 Monte Carlo gen-
erator [21], before being constrained using control regions
in ND280 data.

One of the dominant background contributions is the
neutrino-induced coherent pion production on argon nuclei
in the TPC gas (v, + Ar — u~ + 7" + Ar). The NEUT
prediction has been tuned to T2K and MINERVA data
[22,23] with a 30% normalization uncertainty.

Additional background sources include other types of
neutrino interactions in the gas and interactions outside the
gas. An example of the latter is the conversion of a photon,
emitted by a neutrino interaction in a FGD, to an electron-
positron pair.

Data and simulations are compared with two sets of
control regions in order to estimate the model uncertainty
on the background. First, a selection of events similar to the
signal events, but where the kinematic cut on the polar
angle 6 is inverted (CR-I), contains mostly resonant pion
production and quasielastic processes on argon. Similarly,
control regions are identified by considering events starting
in the borders of the TPC (meaning the box containing the
gas) as the volume of interest rather than in the gas itself

(CR-II). These control regions are dominated by photon
conversions and other misreconstructed processes.

Table I presents the comparison of T2K data and NEUT
predictions in the aforementioned control regions. We have
not found any significant discrepancies between data and
Monte Carlo predictions in any of them. Conservatively, we
have assigned to each background source a model uncer-
tainty equal to the statistical uncertainty of the data in the
corresponding control region.

For a given channel, the number of expected background
events is the nominal value from NEUT and the total
uncertainty is the sum of the contributions from the
Monte Carlo statistical uncertainty, the flux and detector
systematic uncertainties and the model uncertainties
described above.

Table II summarizes the background in the different
analysis channels. The dominant contribution to its uncer-
tainty comes from the limited statistics of the samples. The
background in the uz channel is higher than for other
channels, as it is dominated by the irreducible coherent
pion production.

E. Statistical analysis

Two approaches have been considered to constrain the
mixing elements UZ, U2 and UZ.

In the first approach, each heavy neutrino production/
decay mode is considered independently and the corre-
sponding analysis channel is used to put limits on the
associated mixing elements. For instance, the y*z¥ chan-
nel as defined in Sec. III B can constrain:

(i) either U2 by considering only the signal from

K* = u*N, N - u*nT,
(i) or U, x U, by considering only the signal from
K* — e*N, N - y*n¥.

Three methods to obtain constraints in this approach
have been applied:

(A) assuming that the background is zero, set conservative
upper limits, independently of background modeling
and estimation, on the mixing elements using the
Highland-Cousin method [24];
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TABLE II. Summary of the estimated numbers of background events in the different analysis channels in neutrino
and antineutrino beam modes with the corresponding absolute uncertainties (statistical, flux-related, detector-
related, model), using the data set presented in Sec. Il A.

E Uncertainties
xpected
Mode Ch. background Stat. Flux Det. Model Total
neutrino utrt 1.543 0.366 0.154 0.165 0.285 0.516
e nt 0.376 0.213 0.038 0.104 0.097 0.259
et 0.328 0.186 0.033 0.117 0.115 0.250
urp 0.216 0.107 0.022 0.045 0.062 0.133
ete” 0.563 0.192 0.056 0.092 0.074 0.233
antineutrino utrt 0.384 0.161 0.038 0.058 0.100 0.202
e nt 0.018 0.018 0.002 0.005 0.005 0.020
et 0.219 0.155 0.022 0.140 0.122 0.243
urp 0.038 0.038 0.004 0.007 0.011 0.040
ete” 0.015 0.015 0.002 0.001 0.004 0.016
B) Fhe Feldman—'Cous.ins method to define confidence L= HPoisson(nng, Ny). (4)
intervals, taking into account the nonzero back- y

ground [25];
(C) a Bayesian method to define credible intervals, taking
into account the nonzero background.

This “single-channel” approach has the advantage of
being straightforward and is similar to that of the PS191
collaboration [6,7]. However, it does not allow the different
modes and channels to be combined, so that the constraints
are valid only under strong assumptions of the hierarchy of
UZ, U2 and UZ. A “combined” approach was then defined,
in which all the heavy neutrino production and decay
modes (presented in Fig. 3) and the ten different analysis
channels (five for each beam mode) are considered simul-
taneously. For a given analysis channel A, the contribution
of a mode i is characterized by:

(1) the expected number of decays in the detector
assuming U2 = U2 = U? =1 and 100% selection
efficiency, denoted ®;;

(i1) the selection efficiency of these decays in the current
channel ¢4 ;;

(i) the actual values of U2, Uz and U? via the factor
fi=02%" U;/_ with a, #; € {e, .t} where a is the

flavor involved at the production of the heavy
neutrino and f3; are the flavors involved in its decay
(only one for charge current modes, several for
neutral current modes).

The expected number of events N4 in a channel A
depends on the background in this channel B, and the sum
of the contributions from the different production and
decay modes:

NA:BA+Z€AJXfi(U37U/2wU12')Xq)i' (3)

Only a Bayesian method has been considered in this
combined approach. The likelihood is built using a Poisson
function for the observed number of events n* in each

channel A, with Poisson parameter A/ 4:

The uncertainties on the flux and efficiency are taken into
account in the forms of multivariate Gaussian priors ¢ and
7, respectively. The priors on the background 7 are taken to
be log-normal with means and standard deviations given by
the expected background and its uncertainty in Table II. The
priors on the mixing elements U2 are assumed to be flat.

The marginalized posterior probability p is then defined
as the product of the likelihood £ and the priors, integrating
over all the nuisance parameters (flux, efficiency and
background):

p(UZ, U;, U7) = /dd)dsdB X L X ngpm.agmye. (5)

A Markov Chain Monte Carlo method has been imple-
mented using PYMC [26] to perform this integration. The
output can then be used to define 90% domains, either by
profiling or by marginalizing over the two other mixing
elements. For instance,

pprof(Ug) = p(U%, U;%,max U%,max)’ (6)
poas(UD) = [ p(U2 U U002 (7)

where UZ . and U?,,, are the values maximizing the
likelihood.

Limits in 2D/3D parameter space may be obtained as
well. Limits on U2 can be computed for 140 < My <
493 MeV/c?, while limits on U2 and U? can only be
computed for 140 < My < 388 MeV/c? due to the kin-
ematic constraints presented in Fig. 3.

IV. RESULTS

Following the selection from Sec. III B, no events were
observed in any of the different signal regions, which is
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FIG.5. 90% upper limits on the mixing element U2 as a function

of heavy neutrino mass using the single-channel approach, con-
sidering only the contribution from K* — ¢*N,N — e*z7T, with
the three methods A, B and C. The limits are compared to the ones
of PS191 experiment [6,7].

consistent with the background-only hypothesis, allowing
upper limits on UZ, U; and U7 to be placed.

An example of results from the single-channel approach
is presented in Fig. 5. It shows the comparison of the three
methods (A, B, C), which give similar upper limits with
method A giving slightly more conservative limits as
expected.

The results of the combined approach are shown in
Fig. 6. They provide an improvement by a factor of 2-3
with respect to the single-channel approach, thanks to the
increased statistical power of the combination.

The limits are competitive with those of previous experi-
ments such as PS191 [6,7], E949 [5] and CHARM [27],
especially in the high-mass region (above 300 MeV/c?).
The kinks clearly visible on UZ and U? limits come from
the changes in the contributing production and decay
modes as presented in Fig. 3.

The limits are obtained after marginalization over the
two other mixing elements. For U2, the limits after profiling
[Eq. (7)] are also presented, which effectively corresponds
to setting UZ = U? = 0. Indeed, for My > 388 MeV/c?,
the correlations between U2 and U2 (as seen in Fig. 7)
would give limits on U2 outside T2K’s reach. However,
profiling leads to a loss in the sensitivity on U2 with respect
to the marginalization as it forcefully suppresses the
contributions of the decay modes involving Uﬁ or U2

It is worth mentioning that the limits depend on the
choice of prior on UZ. The limits on U2 and U7 are quite
robust with respect to a change of prior as T2K data are
directly sensitive to these mixing elements (e.g., using
72 (U2) = U2 varies the limit by less than 30%), while the
limit on U? is strongly affected (more than 50%).

It is also possible to define 2D contours, e.g., in the U2 —
Uﬁ plane, allowing the correlations between the mixing
elements to be visualized. Figure 7 presents a set of such

10°E 3
E —— T2K, marginalising 3
r — = T2K, single-channel ]
- \ — PS191 (2-body) g
10*7 - —— PS191 (3-body) —
E —— E949 3
[ N\ :
a=108k N f |
510 VA .
E ~ 3
r - ]
~
L 4
10°E T
E T 7
10710 L L L L L L L L L
150 200 250 300 350
My [MeV/c’]
T T
107 E — T2K, marginalising —
- —— CHARM ]
= m
» \/ 4
10 E T §
e ]
107k \'\/\\_, |
0 T~ .
150 200 250 300 350

My, [MeV/c?]

FIG. 6.  90% upper limits on the mixing elements U? (top), U
(middle), U? (bottom) as a function of heavy neutrino mass,
obtained with the combined approach. The blue dashed lines
corresponds to the results of the single-channel approach (method
C). The blue solid lines are obtained after marginalization over
the two other mixing elements. In the top plot, the additional
blue dotted line corresponds to the case where profiling is used
(U,% = U?=0), as explained in the main text. The limits
are compared to the ones of other experiments: PS191 [6,7],
E949 [5], CHARM [27].
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FIG. 7. 2D contours in the U? — U,% plane, after profiling over
U? (U? = 0). Each line corresponds to a different heavy neutrino
mass hypothesis.

contours for different heavy neutrino masses. The change of
behavior at My =388 MeV /c? corresponds to the kinematic
cutoff for K* — u*N processes as seen in Fig. 3.

V. CONCLUSION

A selection of events with two tracks with opposite
charges originating from the ND280 TPC gas volumes
allows heavy neutrino decays to be efficiently isolated from
expected background coming from standard neutrino inter-
actions with matter. No events are observed in the defined
signal regions, which is consistent with the background-
only hypothesis.

Limits on the mixing elements U7, U; and U7 are
obtained using a combined Bayesian approach. Results
apply to any model with heavy neutrinos with masses
between 140 MeV /c? and 493 MeV/c? such as [28], and
can, in particular, be interpreted as constraints on the sum
of N, and N; coupling squared as explained in the
introduction, for the vMSM.

As the analysis is still statistically limited, results are
expected to further improve by a factor of 2-3 with T2K
data up to 2026. Additional data will also allow the

background treatment to be improved by using more
populated control regions.

By considering heavy neutrino production from pion
decays, it would also be possible to extend the phase space
down to a few MeV/c?. When combined with a better
understanding of the expected background, this may permit
the low-mass heavy neutrino phase space (10 < My <
493 MeV/c? and Uz, >107"1-1071°) to be fully explored.

The results presented in this article are available in the
corresponding datarelease [29]. It contains the signal flux and
selection efficiencies for all modes and masses, the detailed
background predictions, the limits presented in Figs. 5, 6, 7
and the raw output of the MCMC. One can use the latter to
recompute the limits with different priors on the mixing
elements or with different ways to present the results.

ACKNOWLEDGMENTS

We thank the J-PARC staff for superb accelerator
performance. We thank the CERN NAG61/SHINE
Collaboration for providing valuable particle production
data. We acknowledge the support of MEXT, Japan;
NSERC (Grant No. SAPPJ-2014-00031), NRC and CFI,
Canada; CEA and CNRS/IN2P3, France; DFG, Germany;
INFN, Italy; National Science Centre (NCN) and Ministry
of Science and Higher Education, Poland; RSF, RFBR, and
MES, Russia; MINECO and ERDF funds, Spain; SNSF
and SERI, Switzerland; STFC, UK; and DOE, USA. We
also thank CERN for the UA1/NOMAD magnet, DESY for
the HERA-B magnet mover system, NII for SINET4, the
WestGrid and SciNet consortia in Compute Canada, and
GridPP in the United Kingdom. In addition, participation of
individual researchers and institutions has been further
supported by funds from ERC (FP7), “la Caixa”
Foundation (ID 100010434, fellowship code LCF/BQ/
IN17/11620050), the European Union’s Horizon 2020
Research and Innovation programme under the Marie
Sklodowska-Curie Grant agreement No. 713673 and
H2020 Grant No. RISE-GA644294-JENNIFER 2020;
JSPS, Japan; Royal Society, UK; the Alfred P. Sloan
Foundation and the DOE Early Career program, USA;
RFBR research project No. 18-32-00072, Russia.

[1] M. Drewes, Int. J. Mod. Phys. E 22, 1330019 (2013).

[2] M. Drewes, B. Garbrecht, P. Hernandez, M. Kekic, J.
Lopez-Pavon, J. Racker, N. Rius, J. Salvado, and D. Teresi,
Int. J. Mod. Phys. A 33, 1842002 (2018).

[3] T. Asaka and M. Shaposhnikov, Phys. Lett. B 620, 17 (2005).

[4] T. Asaka, S. Blanchet, and M. Shaposhnikov, Phys. Lett. B
631, 151 (2005).

[5] A. V. Artamonov et al. (E949 Collaboration), Phys. Rev. D
91, 052001 (2015); 91, 059903(E) (2015).

[6] G. Bernardi et al., Phys. Lett. 166B, 479 (1986).
[7]1 G. Bernardi et al., Phys. Lett. B 203, 332 (1988).
[8] M. Drewes and B. Garbrecht, Nucl. Phys. B921, 250 (2017).
[9] T. Asaka, S. Eijima, and A. Watanabe, J. High Energy Phys.
03 (2013) 125.
[10] K. Abe et al. (T2K Collaboration), Nucl. Instrum. Methods
Phys. Res., Sect. A 659, 106 (2011).
[11] N. Abgrall et al. (T2K ND280 TPC Collaboration), Nucl.
Instrum. Methods Phys. Res., Sect. A 637, 25 (2011).

052006-9


https://doi.org/10.1142/S0218301313300191
https://doi.org/10.1142/S0217751X18420022
https://doi.org/10.1016/j.physletb.2005.06.020
https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1103/PhysRevD.91.052001
https://doi.org/10.1103/PhysRevD.91.052001
https://doi.org/10.1103/PhysRevD.91.059903
https://doi.org/10.1016/0370-2693(86)91602-3
https://doi.org/10.1016/0370-2693(88)90563-1
https://doi.org/10.1016/j.nuclphysb.2017.05.001
https://doi.org/10.1007/JHEP03(2013)125
https://doi.org/10.1007/JHEP03(2013)125
https://doi.org/10.1016/j.nima.2011.06.067
https://doi.org/10.1016/j.nima.2011.06.067
https://doi.org/10.1016/j.nima.2011.02.036
https://doi.org/10.1016/j.nima.2011.02.036

K. ABE et al.

PHYS. REV. D 100, 052006 (2019)

[12] P. A. Amaudruz er al. (T2K ND280 FGD Collaboration),
Nucl. Instrum. Methods Phys. Res., Sect. A 696, 1 (2012).

[13] K. Abe et al. (T2K Collaboration), Phys. Rev. D 92, 112003
(2015).

[14] K. Abe et al. (T2K Collaboration), Phys. Rev. D 87, 012001
(2013).

[15] N. Abgrall ef al. (NA61/SHINE Collaboration), Eur. Phys.
J. C 76, 84 (2016).

[16] R. E. Shrock, Phys. Rev. D 24, 1232 (1981).

[17] R. E. Shrock, Phys. Rev. D 24, 1275 (1981).

[18] D. Gorbunov and M. Shaposhnikov, J. High Energy Phys.
10 (2007) 015.

[19] J.-M. Levy, arXiv:1805.06419.

[20] K. Abe et al. (T2K Collaboration), Phys. Rev. D 98, 012004
(2018).

[21] Y. Hayato, Nucl. Phys. B, Proc. Suppl. 112, 171 (2002).

[22] K. Abe et al. (T2K Collaboration), Phys. Rev. Lett. 117,
192501 (2016).

[23] A. Higuera et al. (MINERVA Collaboration), Phys. Rev.
Lett. 113, 261802 (2014).

[24] R. D. Cousins and V. L. Highland, Nucl. Instrum. Methods
Phys. Res., Sect. A 320, 331 (1992).

[25] G.J. Feldman and R.D. Cousins, Phys. Rev. D 57, 3873
(1998).

[26] A. Patil, D. Huard, and C. Fonnesbeck, J. Stat. Software
Articles 35, 1 (2010).

[27] J. Orloff, A. Rozanov, and C. Santoni, Phys. Lett. B 550, 8
(2002).

[28] R. W. Rasmussen and W. Winter, Phys. Rev. D 94, 073004
(2016).

[29] http://t2k-experiment.org/results/nd280-heavy-neutrino-
search-2018-datarelease (2018).

052006-10


https://doi.org/10.1016/j.nima.2012.08.020
https://doi.org/10.1103/PhysRevD.92.112003
https://doi.org/10.1103/PhysRevD.92.112003
https://doi.org/10.1103/PhysRevD.87.012001
https://doi.org/10.1103/PhysRevD.87.012001
https://doi.org/10.1140/epjc/s10052-016-3898-y
https://doi.org/10.1140/epjc/s10052-016-3898-y
https://doi.org/10.1103/PhysRevD.24.1232
https://doi.org/10.1103/PhysRevD.24.1275
https://doi.org/10.1088/1126-6708/2007/10/015
https://doi.org/10.1088/1126-6708/2007/10/015
http://arXiv.org/abs/1805.06419
https://doi.org/10.1103/PhysRevD.98.012004
https://doi.org/10.1103/PhysRevD.98.012004
https://doi.org/10.1016/S0920-5632(02)01759-0
https://doi.org/10.1103/PhysRevLett.117.192501
https://doi.org/10.1103/PhysRevLett.117.192501
https://doi.org/10.1103/PhysRevLett.113.261802
https://doi.org/10.1103/PhysRevLett.113.261802
https://doi.org/10.1016/0168-9002(92)90794-5
https://doi.org/10.1016/0168-9002(92)90794-5
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.18637/jss.v035.i04
https://doi.org/10.18637/jss.v035.i04
https://doi.org/10.1016/S0370-2693(02)02769-7
https://doi.org/10.1016/S0370-2693(02)02769-7
https://doi.org/10.1103/PhysRevD.94.073004
https://doi.org/10.1103/PhysRevD.94.073004
http://t2k-experiment.org/results/nd280-heavy-neutrino-search-2018-datarelease
http://t2k-experiment.org/results/nd280-heavy-neutrino-search-2018-datarelease
http://t2k-experiment.org/results/nd280-heavy-neutrino-search-2018-datarelease

	Abe_K_PhysRevD_2019(2)_cover
	Abe_K_PhysRevD_2019(2)

