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Analysis of nuclear de-excitation γ-rays using T2K data
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Abstract: In searches for supernova relic neutrinos (SRN) or GUT monopoles in Super-Kamiokande (SK), nuclear de-
excitation γ-rays induced by neutral-current (NC) interactions of atmospheric neutrinos with 16O are one of the major
background sources. However, until recently their kinematic properties and absolute yield were largely unknown. The
T2K experiment started in January 2010, and its beam energy is typical of atmospheric neutrinos which induce NC de-
excitation γ-rays. We have selected low energy (4 - 30 MeV) NC events in the T2K data, and comparing these events
with MC we’ll estimate the amount of NC background relevant for low energy analyses in SK. Preliminary results and
future prospects for this analysis are presented.
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1 Introduction

In searches for supernova relic neutrinos (SRN) or GUT
monopoles in Super-Kamiokanede (SK) [1, 2], nuclear de-
excitation induced by neutral-current (NC) interactions of
atmospheric neutrinos with 16O is one of the major back-
ground sources. When the excited nucleus from a neutrino
interaction decays to its ground state, γ-rays, nucleons, and
heavy particles are emitted. When the emitted nucleons (e-
specially neutrons) interact with other 16O nuclei in water,
they may also become excited and emit γ-rays. Even if
the energy of each γ-ray is below 10 MeV, the total num-
ber of Cherenkov photons from a cascade of all the γ-rays
(or their Compton electrons) in a single event is often re-
constructed above the thresholds of low energy analyses at
SK. However, their kinematic properties and absolute yield
have large uncertainties, and data is needed for calibration.

2 T2K experiment

The Tokai-to-Kamioka (T2K) [3] is a long baseline neu-
trino oscillation experiment that started in January 2010,
which uses a high intensity muon neutrino beam produced
at J-PARC and directed toward SK, 295 km away. The
main purpose of the experiment is to determine the last un-
known mixing angle, θ13, by observing the oscillation of
νμ → νe. However, since its beam energy is similar to that
of atmospheric neutrinos it is also useful to study various
phenomena at SK related to atmospheric neutrinos interac-
tions, including the emission of de-excitation γ-rays from
NC interactions in the water.

Figure 1 shows the result of the T2K Monte Carlo (M-
C) simulation for interactions with reconstructed energy1

between 4 - 30 MeV. In this energy range, more than 95
% of events come from NC interactions, of which about
80% are elastic (NCE) events. T2K beam NC neutrino
events are expected to peak around 6 MeV due to the 6.18
MeV and 6.32 MeV de-excitation γ-rays from 15O∗ and
15N∗ decays, respectively. However, in this energy range
the many γ-ray background events from radioactivity in
the PMT case and glass usually make it impossible to ex-
clusively tag neutrino-induced events. However, the GPS-
based T2K beam timing is accurate to 200 ns, and cuts on
this time profile dramatically enhance our ability to reject
these backgrounds.

3 Event selection

3.1 Data set and reduction

We have performed a low energy (4 - 30 MeV) NCE even-
t search on the T2K data. Table 1 shows a summary of
each T2K RUN used in this analysis. After a total charge
cut and an outer detector trigger cut, the data are subject-
ed to a fiducial volume (FV) cut. As mentioned above, the
main source of background for this search is produced by
γ-rays emitted from the materials of the detector structure
and therefore a higher background rate is expected near the
inner detector (ID) walls. To reduce this background, we

1. We assume all Cherenkov photons in an event come from a
single electron, and reconstruct the total energy (not the kinetic
energy) of the electron.
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Figure 1: Expected energy distribution assuming 1 × 1021

POT and its breakdown by neutrino interaction mode.

first reject events whose dwall, the distance to the nearest
ID wall, is less than 2 meters. This cut defines the FV.
However, some events originating from outside of the FV
have the possibility of being reconstructed within the FV.
To remove these events, we cut on the event’s distance to
the nearest ID wall projected backwards from its vertex po-
sition along its reconstructed direction (“effwall”). Events
whose effwall is very short are highly likely to be γ-rays
from the ID walls and are removed.

RUN-I RUN-II
Run start Jan. 2010 Nov. 2010
Run end Jun. 2010 Mar. 2011
POT (protons on target) 3.23× 1019 1.11× 1020

#spill 9.99× 105 1.48× 106

#bunch 6 8
GPS accuracy ±200 ns ±200 ns

Table 1: Summary of each T2K RUN.

To further reject the remaining backgrounds, especially
mis-reconstructed events, we check the quality of the re-
constructed vertex (vertex goodness) and direction (angu-
lar goodness). The vertex goodness is evaluated by a fit
of the PMT timing distribution, where a sharp timing dis-
tribution defines a large goodness. The angular goodness
is evaluated using the uniformity of the spatial distribution
of hit PMTs around the reconstructed direction: the more
uniform the distribution is the smaller the goodness. The
correlation between the vertex goodness (GV) and the an-
gular goodness (GA) is shown in Figure 2. The top fig-
ure shows the T2K MC signal2 and the bottom shows the
background. In both figures only events above 4.5 MeV
in the FV are used. We can efficiently separate signal
from background events if we use the following variable:
ovaQ ≡ GV

2 −GA
2.

Comparing the MC prediction and expected background,
the signal-to-noise ratio is found to be strongly dependent
on the reconstructed energy. Thus, we optimized the cut
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Figure 2: Correlation between the vertex goodness (GV
2)

and the angular goodness (GA
2). The top figure shows

the T2K MC and the bottom the background, and in both
figures only events above 4.5 MeV in the FV are used.
Each cut line corresponds to the threshold of ovaQ ≡
GV

2 −GA
2 = 0.25.

criteria of effwall and ovaQ simultaneously in each energy
bin so as to maximize the following figure-of-merit (FM),

FM ≡ Nsignal√
Nsignal +Nbackground

, (1)

where Nsignal and Nbackground are the numbers of signal
and background, respectively, in each energy bin. After the
criteria are tuned for all bins, we fit the discrete values to a
line and use it as the reduction criteria. Strictly speaking,
because the T2K experiment has had different beam inten-
sities and beam bunch structures during its runs, the relative
background level has always been changing. Therefore, we
prepared cut criteria for various beam intensities and bunch
structures. Figure 3 shows the signal-to-noise ratios before
and after all cuts assuming a constant beam intensity of
20 kW and six bunches per beam spill with a GPS tim-
ing accuracy of 200ns. We can see a great improvement
in the background rejection ability by introducing the cuts
explained above, particularly in the energy region below ∼
6 MeV, where backgrounds are expected to be large.

3.2 Further cuts to select NC elastic events

In this analysis’ energy region, there are fewer NC non-
elastic events expected relative to NCE events as shown
above (Figure 1), which makes it difficult to discern non-
elastic events from CC events. We therefore opt to select
only NCE events for this study. To enrich the sample in
NCE interactions, we apply additional cuts: a multi-peak
cut on the event’s timing structure to reject decay electron
events and a cut on the Cherenkov opening angle to remove
muon-like events.

2. The range this term indicates will be narrowed to only NC
elastic events later.
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Figure 3: Signal-to-noise ratios before (dark) and after
(light) all cuts assuming a beam intensity of 20 kW and
six bunches and a GPS timing accuracy of 200 ns.

The multi-peak cut rejects events which have a subevent
occurring 1 to 20 μs before the candidate event. More tech-
nically, the event’s hit PMTs are ordered in time after ap-
plying a time-of-flight correction and the maximum num-
ber of hit PMTs within a sliding 30 ns time window (N30)
is calculated. If N30 is above 25, the candidate event is re-
jected since the timing peak is likely to be a parent muon
of the candidate event. That is, the candidate event is likely
a decay electron from that muon.

A Cherenkov opening angle cut is applied as follows:
the opening angle is estimated by histogramming the an-
gles defined by all possible combinations of three hit PMT-
s. The histogram is then divided into 100 angle bins and
peaks are located by finding successive seven bins combi-
nations with the largest number of entries. The middle of
the seven bins is taken to be the Cherenkov angle of the
event. Figure 4 shows the expected Cherenkov angle dis-
tribution and its breakdown by neutrino interaction mod-
e. The leftmost peak with θC < 34◦ is mostly muons that
come from CC and NC non-elastic interactions that remain
in the signal energy region due to their low momenta. Since
the NCE component (white) is low in the region θC < 34◦,
all events with θC < 34◦ are removed from the data (the
threshold is shown by the dotted line and arrow). Electrons
from a single γ-ray have a Cherenkov angle of θC ∼ 42◦

while in the rightmost peak around 90◦ most events lack
on a clear Cherenkov ring pattern and are likely multi-ring
events, where each ring corresponds to a secondary γ-ray
emitted from an excited 16O in a random direction.

3.2.1 Calculation of the relative neutrino event timing
to the bunch timing

The relative timing of the neutrino interaction to a spill’s
leading edge (ΔT0) is roughly calculated combining the
neutrino time-of-flight from J-PARC to SK and the hard-
ware timing offsets in the both places. Then ΔT0 is cor-
rected projecting the reconstructed vertex onto the T2K
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Figure 4: Expected Cherenkov angle distribution assuming
1 × 1021 POT and its breakdown by neutrino interaction
mode. The dashed line shows the threshold below which
events are rejected.

beam direction so that we can compare all events timing
at the center of the SK coordinate. Furthermore, ΔT0 is a-
gain corrected for photon propagation in the SK tank. With
knowledge of the GPS timing of the spill leading edge, the
timing of hit PMTs, and the time of flight difference be-
tween hit PMTs and the reconstructed vertex, we can ac-
quire the GPS time when the neutrino passes through the
plane containing the SK origin perpendicular to the beam
direction. A similar estimation of the timing of neutrino
interaction is also done in a separate analysis, the fully-
contained (FC) analysis, which uses several hundred MeV
neutrino events. Here we use only the 200 ns (the GPS
accuracy) before and after the 581 ns interval bunch center
positions fitted by the FC analysis to select the final sample.

3.3 Reduction results

After all cuts, 21 events remain in the RUN-I/II data sam-
ple. In Figure 5, the energy distributions of the final sam-
ple is overlaid with the POT-normalized MC expectation.
In the distribution the data and MC are in good agreement
within statistical fluctuations.
The comparison of the event timing distributions between

the final sample in this analysis and the bunch center posi-
tions fitted by those of the fully contained analysis events
is shown in Figure 6. All ΔT0 agree with the bunch center
positions within the precision of the GPS timing.
We have also performed a Kolmogorov-Smirnov (KS) test

for the event rates in RUN-I and II. The maximum vertical
difference D between the observation and the ideal cumu-
lative event distribution was 0.484 for RUN-I and 0.173 for
RUN-II after normalization by each final data sample. This
corresponds to KS probabilities of 30.6 % and 68.6 %, re-
spectively. These probabilities are acceptable as statistical
fluctuations.
In Table 2 we summarize the number of remaining events

and the expectation from the T2K MC. Since the systematic
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Figure 5: Comparison of energy distribution of the final
data sample and the POT-normalized MC.
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Figure 6: ΔT0 distribution of all events in the RUN-I/II
final sample during compared to the bunch center positions
as fitted by the fully contained events analysis (eight dashed
vertical lines).

errors are currently under estimation, only the statistical
errors are shown. Data are consistent with the MC.

4 Summary

We searched for nuclear de-excitation γ-rays induced by
neutrino-nucleon NCE interactions at SK in the T2K da-
ta. In RUN I/II (amounting to 1.43× 1020POT), 21 events
remain and their ΔT0 distribution is consistent with the
bunch timing fitted by the FC analysis. The number of
final candidate events is also consistent with the MC ex-
pectation. After systematic errors are estimated accurate-
ly, the present result will be used to estimate the extent
of low energy backgrounds in searches for SRN and GUT
monopoles at SK.

NC elastic 13.9 ± 0.1 (stat)
NC others 3.15 ± 0.05 (stat)
νμ + ν̄μ CC QE 0.63 ± 0.02 (stat)
νμ + ν̄μ CC non-QE 0.24 ± 0.01 (stat)
νe + ν̄e CC < 0.01
Beam unrelated events 3.3 ± 0.1 (stat)
Expectation (Total) 21.2 ± 0.2 (stat)
Observation 21 ± 5 (stat)

Table 2: Comparison of the final event sample for the ob-
servation and expectation. Since the systematic errors are
under estimation, only the statistical error is shown.
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