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Signal and Background
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Signal : ~6MeV gammas
possible to observe in Super-K 
“low-energy” sample
(energy threshold is 3.5MeV for solar neutrinos)

Backgrounds
- ν beam related : NC-other interactions, CC interactions.
- ν beam un-related : gamma rays from radioactive impurity, 
decay-e, etc.
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✓No previous measurement of Neutral Current 
Quasi-Elastic (NCQE) scattering on oxygen at 
hundreds of MeV with de-excitation gamma rays.

✓Gamma rays produced by atmospheric neutrinos 
are one of the main background in supernova 
relic neutrino search in Super-K.

✓NC samples can be used to search for sterile 
neutrino oscillations.

✓The similar sample used in this “low-energy” 
sample can also be used to search for low-mass 
dark matter.

Motivation
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T2K experiment
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• Flux peak is at 630MeV, and the tail extend to several GeV. 
• NCQE cross-sections are large at T2K ν energy region. 

w/o oscillation 

✓Off-axis (2.5 degree) beam
✓Energy peak is at 630MeV
✓NCQE interactions are 

dominant in the NC samples 
in this energy region’s NC 
sample in T2K-SK data.
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Super-Kamiokande
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New electronics system had been installed 
before T2K started.
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“Low energy” events in Super-K
Typical event 

Ee = 8.6 MeV (kin.)
(~6hit/MeV)

vertex 55cm hit timing
direction 23deg. hit pattern
energy 14% # of hits.

Detector performance
resolution (10 MeV)

well calibrated by LINAC and DT 
within 0.5% precision

information

Top of the Suer-K tank

Pipe to introduce electrons
LINAC system over there 

bending 
magnet

electrons enter the tank
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MC production

1. Neutrino flux : simulated with FLUKA & Geant3, 
constrained by monitoring and external 
experiments.

2. NEUT : Spectral function model(Ankowski et. al.*) for 
NCQE scattering and gamma ray generation.

3. Detector simulation : Geant3, GCALOR to 
simulate Cherenkov photons and neutrons which 
produce secondary gamma rays.

(*) Theoretical calculation of the cross section for 
nucleon knockout in oxygen by neutrino above 100MeV

Physical Review Letter 108, 052505 (2012)
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Data set for this analysisData Collected and analyzed 

6 

• We collected 6.57x1020 proton on target (p.o.t.) of data so far. 
• Data for this analysis is 3.01x1020 p.o.t. 

Run1~3 data result are 
analyzed and reported here. 
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Neutrino beam spill structure
GPS signal and ν beam spill structure 

• GPS signal synchronize timing record of JPARC and 
SuperK. 

• To reduce beam unrelated events, we choose 
events near bunches structures within ±100ns. 

10 
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Only events within ±100ns 
from the bunch are used

to reduce radioactive 
background.
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Vertex distribution

Fiducial volume (F.V.) 
2m from the wall

Black : Before FV cut, Red : After tight FV cut, 
Blue : gamma cut, Green : Fit quality cut
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Figure 4.3: Two dimensional vertex distributions after each reduction and of the final data sample.
In all panels, the solid (black) and dotted (light blue) lines show the boundaries of the inner
detector and fiducial volume, respectively. Top: X versus Y (left) and R2(⌘X2+Y2) versus Z
(right) distributions after each reduction. The meanings of each color is the same as in Figure 4.1
and Figure 4.2 while black points show the events before the fiducial volume cut. Bottom: X versus
Y (left) and R2 versus Z (right) distributions of the final data sample. In the left two panels, the
arrows show the T2K beam direction.
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Reduction of gamma rays 
from radioactive impurity

✓Super-K PMT&Cover contain 
radioactive impurity.

✓Rock around Super-K, too.
✓The following cuts are applied

- 2m from the wall (FV cut)
- tight FV cut, which depends 

on energy, events with 
lower energy are tighter cut 
in E<5MeV.

- “effective distance” from the 
wall cut, which also 
depends on energy.

34

Events with very short e↵wall are highly likely to be gamma-rays from the ID walls and are removed

by this cut. The cut criteria are determined by an optimization which is detailed later in this section.

Outer Detector

SK Tank

Reconstructed

Reconstructed
Direction

Vertex deff

Inner Detector

Figure 4.2: The definition of e↵wall (d
eff

) that is used in the gamma-ray cut.

4.2.3 Fit quality cut

To further reject the remaining background, especially mis-reconstructed events, we evaluate the

quality of reconstruction of the vertex (vertex goodness, GV) and that of the direction (angular

goodness, GA).

The vertex goodness is evaluated by a fit of the PMT timing distribution and defined using hit

PMT timing as,

GV =

X

i

w
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with w
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where v and �t(⌘ t

res,i

(v) � t0) are defined in Section 3.1. The summation is taken over all hit

PMTs whose |�t|  50 ns for the numerator and those whose |�t|  360 ns for the denominator.

w

i

is the weight for the i-th hit PMT to reduce the dark noise hits, where ! is set to 60 ns. � is

set to 5 ns to test goodness. It follows that a sharp timing distribution defines a large goodness.

The angular goodness is evaluated using the uniformity of the spatial distribution of hit PMTs

around the reconstructed direction. For the evaluation of the uniformity, the Kolmogorov-Smirnov

(KS) test is applied:

GA =
max

i

{\uni(i)� \data(i)}�min
i

{\uni(i)� \data(i)}
2⇡

, (4.2)

Fiducial Volume
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Fit quality cut
✓Some of beam unrelated background are remained 

because of the mis-reconstructed.
✓The fit quality value Qrec=g2t - g2p is effective to remove 

those backgrounds.
37
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Figure 4.4: Correlation between GV
2 (GV: vertex goodness) and GA

2 (GA: angular goodness).
The top and bottom panels show the T2K beam ⌫

µ

MC and beam-unrelated events, respectively.
In both panels only events above 4 MeV in the FV are used. The dotted straight lines correspond
to the threshold of ovaQ ⌘ GV

2 �GA
2 = 0.25.

We can see a great improvement in the background rejection ability by introducing the cuts

explained above, particularly in the energy range below 6 MeV, where backgrounds are expected

to be large.

In determining the cut criteria, constant beam intensities of 20 and 100 kW are assumed in RUN

I and II, respectively. These values are slightly lower than the average beam intensity during each

run period; the lower the beam intensity, the tighter the criteria become.

Signal MC

T2K beam unrelated data

g2t

g2p

recQ
-0.4 -0.2 0 0.2 0.4 0.6

N
um

be
r o

f e
ve

nt
s

0

5

10

15

RUN1-3 data
NCQE
NC non-QE
CC
Beam-unrelated

-0.4 -0.2 0 0.2 0.4 0.6

Before
selection

recon Q

(off-timing)



NUFACT201429th August, 2014 17

Other reductions

Pre-event cut

The observation of gamma rays after neutral current interactions 
at Super-Kamiokande by using the T2K neutrino beam 

Abstract 
We report the first measurement of the neutral current quasi-elastic (NCQE) cross section on oxygen by observing nuclear de-excitation gamma rays with the T2K neutrino beam. 
The interaction from atmospheric neutrino is one of the main background in supernova relic neutrino search. The de-excitation gamma rays can be observed in the Super-
Kamiokande (Super-K) water Cherenkov detector. We selected candidate events by using the T2K beam timing, dramatically reducing the background of natural radioactivity. We 
observed 43 events in the 4-30 MeV reconstructed energy region, compared with the MC prediction of the  estimated NCQE signal efficiency of about 70%. We measured the NCQE 
cross section of 1.35 × 10 cm . 

The T2K Collaboration 
Kunxian Huang(Kyoto Univ., Japan) 

Motivation 

• After a neutral current 
interaction,  a nucleon is kicked 
out from an oxygen atom. 

• The de-excitation gamma rays are 
emitted from oxygen nucleus. 

• When the kick-out nucleons 
interact with other oxygen nuclei 
in water, secondary gamma rays 
can also be produced. 

• We can observe Cherenkov light 
from Compton electrons. 

MC production 

Summary 
• T2K has already reached 6.57x1020 protons on target (POT) now, and we have analyzed about half accumulated data to search for 

NCQE event candidates. 
• After data reduction, 43 event samples are selected as γ ray candidates, which is lower than MC simulation prediction (55.7). 
• There are discrepancies between MC and data in the Cherenkov angle distribution. Analysis is now in progress. 
• Observed NCQE cross-section: < 𝜎 , >  = 1.35 × 10 cm  with a 68% confidence interval of (1.06, 1.94)× 10 cm . 

• No previous measurements of NCQE scattering  on oxygen at hundreds of MeV with 
de-excitation gamma rays. 

• Gamma rays produced by atmospheric neutrinos are one kind of the main 
backgrounds in supernova relic neutrino searches. 

• NC samples can be used to search for sterile neutrino oscillations. 
• Can use similar low-energy samples to look for low-mass dark matter. 

•Neutrino flux-- simulated with FLUKA & Geant3, constrained by monitoring 
and external experiments. 
•NEUT--Use Ankowski model for NCQE scattering and photon production. 
•Detector simulation-- Geant3, GCALOR  to simulate Cherenkov photons and 
neutrons which produce secondary gammas. 

• Off-axis 2.5 degree 
• Energy peak is at 630 MeV. 
• NCQE interactions are the most NC 

samples in T2K-SK data. 

Super-K J-PARC 

GPS receiver GPS receiver 

295km 

proton bunch structure 

Data reduction 

Observed Event Candidates 

ν beam 

Y vs. X Z vs. R2 

Fiducial Volume 1 

Reconstructed 
Vertex 

dwall 

FV 
2m 

Vertex distribution before (after) the following cuts 
Black : Before FV cut    Red : After dwall cut 
Blue : After effwall cut  Green : After Qrec cut 

Applied Vertex distance cuts from inner detector wall. 

 Expected number of events 

NCQE 39.1 70.3% 
NC others 13.1 23.6 
CC 2.2 3.9 
Beam unrelated 1.2 2.2 
Total 55.7 

Systematic Errors and σNCQE measurement result 

• NCQE cross-section as below 

< σ , >=   
𝑁 − 𝑁

𝑁 − 𝑁
< σ , > 

observed data event # in Run1~3 

~1𝜎 
< σ , >  = 1.35 × 10 cm  
68%C. I. (1.06, 1.94) × 10 cm  

ν beam 

Fiducial Volume 

Y vs. X Z vs. R2 

Vertex distribution after all data reduction 

Fit quality cut: Quality cut criterium 𝑄 = 𝑔 − 𝑔  
𝑔 : goodness  of  hit  times    𝑔 : goodness  of  hit  pattern 

NCQE physics process 

T2K neutrino beam @Super-K 

Cherenkov angle cut: 𝜃 > 34  

t 

Pre-cut for decay e 

low energy 
signal 

0μs -20μs 

Pre-event: μ 

Fraction of 
sample 

Signal NCQE 
~70% 

NC-nonQE 
~24% 

CC 
~4% 

Beam 
unrel. ~2% 

Flux 11% 10% 12% - 

Cross-section -- 18% 24% - 
Primary  γ 

Production 10% 3% 6% - 
Secondary  γ 
Production 13% 13% 7.6% - 

Detector 
response 2.2% 2.2% 2.2% - 

Oscillation 
Parameters - - 10% - 

Total 20% 25% 30% 0.8% 

No previous experimental 
data about secondary gamma 
production. We compared 
different MC models to get 
these systematic error values. 

•After all the reductions, 43 event candidates are selected in 
reconstruction energy (Erec) region of 4~30MeV. 

•Simulation predict 55.7 events. 
•Discrepancies between MC and data at large Cherenkov angle. 

2.01 × 10 cm  

• Goal signal: De-excitation gamma rays of NCQE interaction.  
• Backgrounds 

– ν  beam  related:  NC-other interactions, CC interactions 
– ν  beam  un-related: gamma rays from radioactive impurities of Super-K wall and PMTs, 

decay e from cosmic muon. 

• ±100 ns cut around bunch times 
to reduce radioactive background. 

1 

on timing 

off timing 

timing distribution of events 

Reductions 
1 GPS timing 
2 Fiducial Volume 
3 dwall, effwall 
4 Fit Quality 
5 Decay e 
6 Cherenkov angle cut 

1. 

2. 
3. 

4. 

5. 6. 

Neutrino 2014 
Poster ID:341 

Remove decay electron 
from CC interaction muon

Cherenkov opening angle
Remove remaining 
low energy muons

Data Reductions 
• Cherenkov opening angles:  

– For our low energy regions, Cherenkov angles of muons are less 
than 34o. And angles of electrons produced from de-excitation γ 
are 42o  in average. Select event with angle >34o  

• Pre-active cut:  
– decay e signal from CC interaction muons are also one kind 

background of our observation.  Reject events those have 22hits 
in a 30ns window before trigger time(0~-20us). 

15 

MC of T2K Run1~3 
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Vertex distribution after reduction
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Figure 4.3: Two dimensional vertex distributions after each reduction and of the final data sample.
In all panels, the solid (black) and dotted (light blue) lines show the boundaries of the inner
detector and fiducial volume, respectively. Top: X versus Y (left) and R2(⌘X2+Y2) versus Z
(right) distributions after each reduction. The meanings of each color is the same as in Figure 4.1
and Figure 4.2 while black points show the events before the fiducial volume cut. Bottom: X versus
Y (left) and R2 versus Z (right) distributions of the final data sample. In the left two panels, the
arrows show the T2K beam direction.
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Observed events

Reconstructed energy (MeV)
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43 candidates are found.
The energy distribution is 
consistent with MC.
MC predicts 55.7 events.

Expected number of eventsExpected number of eventsExpected number of events

NCQE 39.17 70.3%

NC others 13.16 23.6%

CC 2.18 3.9%
beam unrelated 1.2 2.2%

Total 55.7 100%
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Observed events

Vertex
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Ĉ

Figure 7.10: The vertex and three independent PMT vectors (A,B,C) uniquely define the
Cherenkov opening angle.

energy range due to their low momenta. Single gamma-ray events typically have an opening angle
in the e-like region between 38◦ and 50◦. The large peak around 90◦ comes from events where an
16O nucleus is excited by the knockout nucleons from the neutrino interaction and emits multiple
gamma-rays.

The CC components are much larger than those of NC in the region θ
C

< 34◦, and thus all
events with θ

C

< 34◦ are removed from the data (the threshold is shown by the dotted line).

114

calculate angles with all 
the possible combination 

of three hit PMTs 

multiple γssignal
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Discrepancies between 
data and MC at large 

Cherenkov angle.

Studies are ongoing.

multiple γssignal

Observed events
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multiple γssignal

Secondary gamma differences?

ν

n/p

16O

γ

γ

γ

Neutrino interaction
(NEUT)

Detector simulation
 (geant3 based - GCALOR)

primary γ

secondary
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Systematic uncertainties
Fraction of 

sample
Signal NCQE 

69%
NC non-QE 

25%
CC
4%

Beam unrel. 
2%

Flux 11% 10% 12% --

Cross section -- 18% 24% --

Primary γ 
production 10% 3% 6% --

Secondary γ 
production 13% 13% 7.6% --

Detector 
response 2.2% 2.2% 2.2% --

Oscillation 
parameter -- -- 10% --

Total 20% 25% 30% 0.8%
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NCQE cross section

< �obs
�,NCQE >=

Nobs �Nexp
bkg

Nexp �Nexp
bkg

< �theory
�,NCQE >

Nobs = 43
Nexp = 55.7
Nexp

bkg = 17.3
2.01x10-38 cm2

< �obs
�,NCQE >= 1.35� 10�38cm2

68%C.L.(1.06, 1.94)� 10�38cm2

preliminary


