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Kamioka Nucleon Decay Experiment 
Initial plans of a water Cherenkov detector 

Inner detector (ID)

Outer detector (OD)

• ID filled 
with ultra-
pure water. 

• Detector 
lined with 
photon 
detectors. 

The start of things for Kamiokande: The Kamioka Nucleon Decay Experiment

Atsuto Suzuki arXiv:2203.10457

mailto:maitrayee.Mandal@ncbj.gov.pl
https://arxiv.org/search/hep-ex?searchtype=author&query=Suzuki,+A
https://arxiv.org/abs/2203.10457
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Cherenkov radiation

Maria reactor. (2023, January 27). In Wikipedia. 
https://en.wikipedia.org/wiki/Maria_reactor
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• Cherenkov radiation is produced for 
charged particle travelling faster 
than the speed of light in a dielectric 
material.

5

Detecting charged particles 

• For refractive index, n,         
Cherenkov angle, .θC =

1
nβ

θC2

β1 > β2

θC1
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Working of a water Cherenkov detector 
Particle identification 

p → μ+ + η0
Candidate for

μ+

Well defined muon ring.
The start of things for Kamiokande: 

The Kamioka Nucleon Decay 
Experiment


Atsuto Suzuki arXiv:2203.10457

mailto:maitrayee.Mandal@ncbj.gov.pl
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Working of a water Cherenkov detector 
Particle identification 

p → μ+ + η0
Candidate for

e+

Fuzzy ‘electron ring’.
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• Cosmic rays 
interact with the 
atmosphere and 
the secondaries 
produced lead to 
atmospheric 
neutrinos. 

8

Background to the proton decays: Interactions of atmospheric neutrinos
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• Mostly muon neutrino and electron neutrinos. 
, 

      . 

, 

      .

π+ → μ+ + νμ

μ+ → νμ + νe + e+

π− → μ− + ν̄μ

μ− → νμ + νe + e−

9

Background to the proton decays: Interactions of atmospheric neutrinos
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• Neutral Current (NC) Interactions:  

•  
• Charged Current (CC) Interactions: 

•  

•  
where . 

• Flavor of a neutrino identified from 
the charged lepton created.  

νl + N → νl + X

νl + N → l− + X

ν̄l + N → l+ + X

l ∈ {e, μ}

10

Interactions of atmospheric neutrinos
Weak interactions
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• Neutral Current (NC) Interactions:  

•  

• Charged Current (CC) Interactions: 

•  

•  

• In order to produce a charged 
lepton, the neutrino must have 
sufficient energy - threshold 
energy.

νμ + N → νμ + X

νμ + N → μ− + X

ν̄μ + N → μ+ + X

11

Neutrino-nucleon interactions
Weak interactions Quasi-inelastic (QE) Deep-inelastic scattering 

(DIS)

Resonant pion production (RES)
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Weak interactions
Neutrino-nucleon interactions
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Generations of experiments in the Kamioka Mine
Kamiokande 
1983-1996 

Super-Kamiokande 
1996-present 

Hyper-Kamiokande 
2026 onwards

4.5 kton 50 kton 258 kton

arXiv:2203.10457 Hyper-Kamiokande design report

arXiv:1805.04163, 2018

mailto:maitrayee.Mandal@ncbj.gov.pl
https://arxiv.org/abs/2203.10457
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OD: 50 cm PMTs 
ID: 8 inch PMTs

14

Super-Kamiokande photomultiplier tubes
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A discovery for the atmospheric neutrinos
Deficit of upward going muon neutrinos 

Downward  
going 
neutrino

Upward  
going 
neutrino

Earth

Atmosphere 

Super-K

θd

θu

2015 
Nobel 
Prize

From 18th 
International 

Conference on 
Neutrino 

Physics and 
Astrophysics 
(Neutrino ’98) 
by the Super-
Kamiokande 
collaboration


(edited)
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Neutrino oscillations
Muon neutrinos oscillate to tau neutrinos 

Oscillation probabilities 
for the appearance of tau 
neutrinos from muon 
neutrinos,  
assuming normal 
ordering.
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• Expected at SK at the rate of 1 
tau neutrino CC interaction per 
kt fiducial volume (active mass of 
the detector) per livetime year. 

• Not explicitly designed for tau 
neutrinos.  

17

Can SK detect tau neutrinos?
Detecting oscillated tau neutrinos is an unambiguous proof of neutrino oscillations

Eth ∼ 3.5GeV

17

10.1103/PhysRevD.98.052006
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Can SK detect tau neutrinos?

18

Challenges due to the short lifetime and large mass of the tau lepton

Tau (mass1.8GeV,  
lifetime10-13s)  decay 
mode 
h: charged hadron (π/

B.R.
%

26.0
17.8
17.4
11.5
9.8
9.5

Other hadronic modes 8.0

τ− → e−ν̄eντ
τ− → μ−ν̄eντ
τ− → h−ντ

τ− → h−π0ντ

τ− → h−π0π0ντ

τ− → h−h+h−ντ

310 410
visE

10
, in MeV as log

vis
Visible energy, E

10

210
Ev

en
t r

at
e  CCτν10x

 CCµν
 CCeν

NC

• Background to  CC interaction  events:  CC,  
CC and NC interactions of all flavors

ντ νμ νe
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• Showering events present in both 
background and signal. 

Can SK detect tau neutrinos?
Background-like events in the signal

NC DIS

 CC DISνe

 CC DISντ

 CCQE     ντ

TYPICAL HADRONIC TAU DECAYS BACKGROUND

mailto:maitrayee.Mandal@ncbj.gov.pl
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50− 0 50
PID of the most energetic ring (MER)

0

200

400

600

Ev
en

t r
at

e  CCτν10x
 CCµν
 CCeν

NC

 CC DISν̄μ  CCQEν̄μ

 CC BACKGROUNDνμ

 CCQEντ

TYPICAL LEPTONIC 
TAU DECAY 

( , 17% B.R.) τ− → ντν̄μμ−

• No single 
variable that 
completely 
differentiates 
the signal from 
the background. 

Can SK detect tau neutrinos?
Non-showering background-like events in the signal
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νl

above Cherenkov 
threshold 
l−

ID

OD

FULLY CONTAINED (FC) 
EVENT 

Livetime, in years

0 2 4 6 8 10 12 14 16 18 20

16%

16%

68%

50% MORE EXPOSURE 
(Livetime x FV)

Livetime, in years

Last analysis 
on tau 
appearance 
(2018)

Expansion of 
the FV in the 

last dataset

New livetime 
used in the 
analysis

NEW DATA

Can SK detect tau neutrinos?
Yes. 

• We use 
multi-variate 
methods of 
classification.
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0 0.5 1
Neural network output
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Background

EVENT RATES FOR 
NN INPUT 

DISTRIBUTIONS
NN OUTPUT • Nearly 20 

times more 
background 
picked out as 
compared to 

 CC signal, 
no cut made 
on the NN 
output.

ντ

Tau-like

Neural network to detect tau neutrinos

• Cut at the threshold of 
0.54 results in a 5% pure 
tau neutrino sample.
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Extended likelihood fit
Data = αSignal + Background + Σiϵi(Fluctuations in the nominal distributions due to +/-1σ change in systematic uncertainties)

0
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Background
Tau CC signal

SK PRELIMINARY
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Extended likelihood fit
Data = αSignal + Background + Σiϵi(Fluctuations in the nominal distributions due to +/-1σ change in systematic uncertainties)

  normalisation  ντ

.α =
Number of ντ events observed

Number of ντ events expected under the
standard 3-flavor oscillation formalism
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Tau neutrino appearance

SK 2023 results on data from 1996 
to 2020  (exposure of 485 kT.y) 

•  αfitted=1.36+/-0.29 
under normal ordering.  

• 428+/-92 observed  CC 
events.

ντ

25

Tau-like Upward-
going

Downward-
going
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Tau neutrino appearance

SK 2023 results on data from 1996 
to 2020  (exposure of 485 kT.y) 

•  αfitted=1.36+/-0.29 
under normal ordering.  

• 428+/-92 observed  CC 
events.

ντ

26

SK PRELIMINARY
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What next?

0 0.5 1
Neural network output
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 CCeν

NC

% of 
background 
misclassified 13% 37% 70%

 CCνμ  CCνe NC

• On-going efforts to remove mis-classified 
background by introduction of neutron 
capture information (for NC) from the Sk-Gd 
upgrade. 

• Upgrading the neural network by the usage of 
better classification methods. 

• Hyper-Kamiokande.  

68m

71m
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What next? 
Three flavor neutrino oscillation 

νe
νμ
ντ

=
Ue1 Ue2 Ue3

Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

ν1
ν2
ν3

.
• Era of precision measurements. 
• 3 open questions remain.

UPMNS =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

c12 s12 0
−s12 c12 0

0 0 1
.
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Neutrino mass ordering 
NORMAL INVERTED

Δm2
32 > 0

= Δm2
32 = m2

3 − m2
2 < 0

OSCILLATION PROBABILITIES OF  UNDERνμ → νe

NORMAL ORDERING INVERTED ORDERING

https://open.bu.edu/handle/2144/46427

1− 0 10
10
20
30
40
50
60
70
80
90
100

Inverted 
ordering 

Normal  
ordering 

 CCντ

X

cosθ

EVENT RATES  FOR AN  
 SAMPLE                        

AT SUPER-K                             
-like events that produce 

multiple Cherenkov rings 
and visible energy 

Evis>1.33 GeV         
selected by a BDT

νe

νe
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51800 points for each ordering

SK 2023 paper

Three flavor neutrino oscillation 



Present data fit
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SK samples 
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Multi-ring only events

Multi-class classifier development removed from online copy.
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Predicted 
 CC νμ + ν̄μ

Predicted  
CC 

ν̄e
Predicted  
CC 

νe Predicted 
 CC ντ + ν̄τ

Predicted 
NC

MC truth 

• 43% efficiency of 
selecting tau events in 
the dedicated sample, 
with comparable 
efficiency in other 
samples. 

Multi-class classifier development removed from online copy.
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Summary

Taken from slide by Ed Kearns

14th International Neutrino Summer School 2023 at Fermilab NPC
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