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T2K is a long baseline accelerator neutrino experiment in Japan which studies neutrino oscil-
lations with a narrow-band muon neutrino beam peaked at 0.6 GeV. In the present study the
T2K setup is used to search for light sterile neutrinos and constrain 6,4 and 034 mixing ele-
ments in the 3+1 sterile neutrino model. This is the first long baseline study of sterile neu-
trinos at T2K which is based on SK data. To enhance the sensitivity to the effects related to
the presence of sterile neutrinos, a joint analysis is done using both charged-current and the ne-
wly implemented neutral-current (NC) oscillation samples (NCz” with 2 rings observed and NC
gamma de-excitation) at the far detector. The analysis strategy and the results obtained for the
current T2K data (2010-2017 data taking) are presented. We set the most stringent limit on
sin? 6,4 for the sterile neutrino mass splitting Am?“ < 3x1073eV2, and exclude sin? 64 > 0.1
and |Uzs|* = cos? Br4 sin® B34 > 0.5 at 90% C.L. for Am3, = 0.1eV>.
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1. Introduction

A sterile neutrino is a neutral singlet fermion which can contribute to weak interactions only
through mixing with active neutrinos. While their existence is still an open question, they are
present in many extensions of the Standard Model and can have important implications on neutrino
oscillation experiments, astrophysics, cosmology, etc. There are some hints of sterile neutrino
coming from accelerator and reactor/radioactive source experiments suggesting an oscillation with
a third mass splittings Am? ~ 1eVZ, which could be due to the existence of one or more sterile
neutrinos. However, there are tensions between existing experimental results and no definitive
conclusion has been reached.

While T2K is designed mainly for studying standard 3-flavor neutrino oscillation, specifically
to look for oscillations at Am? ~ 10~3eV?, it also has the potential to search for oscillation signatu-
res due to sterile neutrinos. In this study, we use only the oscillation samples from the far detector
Super-Kamiokande (SK) to perform the first long baseline search of sterile neutrino at T2K.

We consider the simplest 3 + 1 model with only one sterile neutrino V; to constrain 8,4 and 634
mixing elements for a range of Amf”. The vy, survival probability and v, appearance probability at
SK are modified by the sterile mixing as:

Am? Am?
P(Vy — vy) ~ 1 —sin? 263 cos? Or4 sin”> —21 — sin? 260y sin> —21 1.1
(Vu 1) i )3 ha iE i b4sin” — (1.1)
. 9 2 ) ) Am%l
P(Vy — V) ~ sin” 2603 cos” B4 sin” 653 sin E (1.2)
while the neutral-current (NC) channel can now exhibit oscillation behavior:
Am3 Am}
Pyc = 1—P(vy — vy) ~ 1 —sin? B34 5in? 2623 sin? —3L — cos? B34 sin® 26,4 sin’ %. (1.3)

2. The T2K experiment

The T2K (Tokai-to-Kamioka) experiment is a long baseline accelerator neutrino oscillation
experiment in Japan. At the J-PARC facility in Tokai, a 30 GeV proton beam is used to hit a
graphite target, producing primarily v, in neutrino beam mode and V;, in antineutrino beam mode
respectively. The beam is tuned in an off-axis angle of 2.5° relative to the far detector such that the
neutrino energy is narrowly peaked at 0.6 GeV and has much less v, /V, contamination.

The neutrino beam is first measured by a set of near detectors at 280 m from the graphite target:
INGRID is an array of iron/scintillator detectors on the center of the beam axis which measures
precisely the beam direction and intensity; ND280 is the off-axis, magnetized tracking detector,
which constrains the neutrino flux and cross-section model parameters in the oscillation analysis.

Our far detector SK at Kamioka detects the oscillated neutrino events at 295 km away. Apart
from the charged-current (CC) oscillation samples used in the standard 3-flavor oscillation analysis
[11, SK also provides a few NC samples that benefits the sterile search. They are the NCz samples
which select events with single 7° production decaying through 7% — 27; and the NC gamma de-
excitation sample where neutral-current quasi-elastic (NCQE) interaction between neutrino and
oxygen produces "N*/150*, emitting de-excitation gammas peaked at 6 MeV [2]. Deficit in these
samples may be inferred as active neutrinos oscillating into sterile one. Fig. 1 shows the observed
and expected event spectra in the absence of sterile mixing.
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Figure 1: Event spectra of NCx® samples (left and middle) and NC gamma de-excitation sample
(right). MC prediction is calculated assuming no sterile mixing.

3. Analysis method

The analysis method used in this study is similar to the standard oscillation analysis in Ref.[1],
except that we are fitting the sterile mixing parameters and gaining extra sensitivity from the new
NC samples. The flux and cross-section measurements at ND280 (assuming no oscillation, which
is valid for Am3, < 0.3 eV?) are used to predict the non-oscillated event spectra at SK, and the
oscillation parameters are varied to achieve the best agreement with data. Additional cross-section
(NC1x/NCQE,~ 30%) and far detector (~ 10%) errors are assigned to the NC samples, which are
a bit larger than the CC samples.

4. Results and prospects

Table 1: Event rates of T2K Run 1-8 data and MC prediction assuming no sterile mixing.

Sample 1-Ring u 1-Ring e NCr® NCy de-excit.
Mode v v v v |vizt | v v v
Data 240 68 74 7 15 53 9 102
Prediction | 2684 | 643 | 735 |79 | 69 |495 | 113 107.7

Data fits are performed in two parameter planes (see Fig. 2). With T2K Run 1-8 data, which
corresponds to an exposure of 14.7(7.6) x 10?° protons on target in neutrino (antineutrino) mode,
we found no sterile neutrino and set the upper limits on the sterile mixing parameters. We obtained
the best limit on sin® 0,4 for AmfH < 3 x 1073eV2, with certain difference between normal hierarchy
(NH, m; < mp < m3) and inverted hierarchy (IH, m3 < m; < my). But we are not competitive in the
larger AmfH region because of the lack of high neutrino energy events. We exclude sin® 624 > 0.1
and |Uzy|?> = cos? 04 sin” B34 > 0.5 at 90% C.L. for Amﬁ1 = 0.1eV2. Due to the limited statistics
and large systematic errors of the NC samples, our limit on sin® B34 is worse than others.

Apart from future statistical updates, we are aiming to improve our analysis by better syste-
matic studies on the NC samples. Additional multi-ring samples with higher neutrino energy and
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Figure 2: The T2K 90% exclusion limit on sin? B4 as a function of Am?“ (left), and 90% and
99% exclusion limit on sin 654 vs. sin’ B34 (right), together with results from other experiments
[3, 4,5, 6].

NC samples are in development to provide extra sensitivity in the interesting parameter space. A
longer term planning is to combine this study with the ND280 analysis to perform a short + long
baseline sterile neutrino search. Together with the coming upgrades for T2K-II, we will exploit our
full discovery potential in both standard and sterile neutrino oscillation.
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