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NEUTRINO MIXING
▸ Neutrinos are neutral, left-handed, weakly interacting 

fermions


▸ Mixing matrix, aka Pontecorvo-Maki-Nakagawa-Sakata 
(PMNS) matrix





▸ Decomposition of unitary PMNS matrix 


νe
νμ
ντ

= U*PMNS

ν1
ν2
ν3

, UPMNS =
Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

UPMNS =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδCP

0 1 0
−s13e−iδCP 0 c13

c12 s12 0
−s12 c12 0

0 0 1

3

1 0 0
0 e−i α21

2 0
0 0 e−i α31

2

Only present if neutrinos 
are Majorana

sij = sin θij

cij = cos θij
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NEUTRINO OSCILLATION
▸ Neutrinos are produced through weak interaction in flavor eigenstates  and 

propagate in the mass eigenstates 


▸
Oscillation probability in vacuum 


▸  (baseline) and  (neutrino energy) of an experiment determines which 
parameters it can measure

|νk⟩
|να⟩

P(να → νβ) = ∑
j

U*αje
−i

m2
j L

2E Uβj

2

L E
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▸ KamLAND


▸ Reactor neutrino 


▸ E:  a few MeV


▸ L: ~180km

ν̄e

▸ , 


▸

L
4E

∼ 0.5 × 105eV−2 Δm2
21 ≈ 7.6 × 10−5eV2

P(ν̄e → ν̄e) ≈ 1 − sin2 2θ12 sin2 ( Δm2
21

4E
L)

▸ Long baseline (LBL) experiments


▸ Accelerator neutrino 


▸ E: ~1 GeV 


▸ L: a few hundred km

νμ/ν̄μ

▸ , 


▸

L
4E

∼ 0.5 × 103eV−2 Δm2
32 ≈ 2.5 × 10−3eV2

P(νμ → νμ) ≈ 1 − sin2 2θ23 sin2 ( Δm2
32

4E
L)
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NEUTRINO OSCILLATION
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propagate in the mass eigenstates 
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▸ CP-violation in the lepton sector if 



▸ 


▸  can be probed by 
comparing  and  oscillation

δCP ≠ 0, ± π
P(νμ → νe) ≠ P(ν̄μ → ν̄e)
δCP

ν ν̄
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▸ CP-violation in the lepton sector if 



▸ 


▸  can be probed by 
comparing  and  oscillation

δCP ≠ 0, ± π
P(νμ → νe) ≠ P(ν̄μ → ν̄e)
δCP

ν ν̄

▸ The “matter effect” (or MSW effect) can 
modify the oscillation probabilities


▸  and  interaction with  in matter


▸ Effects different for  and 


▸ Sensitive to the sign of  in long 
baseline and atmospheric neutrino 
measurements

νe ν̄e e−

ν ν̄
Δm2

32

W

⌫e e�

⌫ee�

W
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pn

Z
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▸ Is  larger than ?


▸ Is there CP-violation in the lepton sector?


▸ What are the absolute masses of neutrinos?


▸ Are neutrinos Dirac or Majorana?


▸ Are there sterile neutrinos?

m3 m1

CURRENT UNDERSTANDING OF NEUTRINO OSCILLATIONS

7

Δm2
32 > 0

Solar & reactor

Reactor

Atmospheric & 
LBL

🤔

🤓
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CURRENT UNDERSTANDING OF NEUTRINO OSCILLATIONS
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Δm2
32 > 0

Solar & reactor

Reactor

Atmospheric & 
LBL

LBL

🤔

🤓

LBL & atmospheric & reactor

E.g. KATRIN, Project 8 & cosmology

Neutrinoless double beta decay experiments

All of the above & SBL 
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Poster “Denoising of p-Type Point Contact (PPC) HPGe Detector Signals with Generative Adversarial Networks”

Tiani Ye
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LONG BASELINE EXPERIMENT: T2K
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280 m 295 km

J-PARC  beamν

Neutrino beam

Near detector

Far detector

Neutrino spectrum 
before oscillation

ν μ
→

ν e

ν
μ →

ν
μ

Neutrino spectra 
after oscillation
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LONG BASELINE EXPERIMENT: T2K
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280 m 295 km

J-PARC  beamν

Neutrino beam

▸ Magnetic horns focus positively charged or negatively 
charged pions and kaons


▸ Neutrinos are produced via the decay of pions and kaons


▸ Neutrino fluxes vary as a function of off-axis angle


▸ Current beam power ~500 kW
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LONG BASELINE EXPERIMENT: T2K
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280 m 295 km

ND280, 2.5º off-axis

INGRID, on-axis

Near detector

▸ On-axis detector monitors neutrino beam profile and event rate


▸ Off-axis detector measures neutrino interactions at 2.5º off-axis angle


▸ Unoscillated neutrino fluxes


▸ Constrains neutrino fluxes and interaction cross-section at the same 
time


▸ Tracker and calorimeter


▸ Several different nuclear targets


▸ Magnet to differentiate positively charged and negatively charged 
particles produced by neutrino interactions
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LONG BASELINE EXPERIMENT: T2K
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280 m 295 km

Far detector

39 m

42
 m

μ e

 CCQEνμ  CCQEνe

muon electron
Super-Kamiokande
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HYPER-KAMIOKANDE
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295 km

J-PARC  beamν

Neutrino beam

Near detector

▸ Beam power 500 
kW —> 1.3 MW

HA-TPC
SuperFGD 2.5º off-axis, 

~0.6 GeV

3D-array of 1-cm scintillator 
cubes (184x192x56) 

▸ 4  coverage


▸ Neutron 
measurement

π

~1 km280 m
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HYPER-KAMIOKANDE
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295 km280 m ~1 km

Intermediate Water Cherenkov Detector (IWCD)

BEAM

1º
2.5º

4º ▸ Linear combination of the 
neutrino fluxes at different 
off-axis angles can mock 
up a quasi mono energetic 
beam


▸ Cross-section independent 
measurements possible

mPMT

Bean direction
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HYPER-KAMIOKANDE

16

295 km280 m ~1 km

68 m

71
 m

▸ 8.6X fiducial volume compared to Super-K


▸ 20,000 20” PMTs, 20% photocathode coverage


▸ 2X detection efficiency compared to Super-K PMTs


▸ Better energy and timing resolution


▸ A few hundreds of mPMTs

258 kton

Solar neutrino

Atmospheric neutrino

Supernova neutrino

Proton decay
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HYPER-K: RECENT PROGRESS
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May 2021, Groundbreaking Total of 3,772 PMTs (~20%) delivered by April 2022
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HYPER-K: RECENT PROGRESS
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Approach tunnels completed

Reached dome centre 
First light in 2027!
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HYPER-K 10-YEAR PROJECTION

▸ Thousands of  and  events


▸ Systematic uncertainties will 
surpass statistical uncertainty:


▸ Neutrino flux 


▸ Cross Sections 


▸ Cross section effects on 
neutrino energy 
reconstruction 


▸ Energy Scale/Resolution 


▸ Particle Identification 


▸ Kinematics reconstruction 

νe ν̄e

19

νe ν̄e
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HYPER-K SENSITIVITY

▸ The systematic uncertainty on neutrino interaction cross-section, particularly the  cross-section, will have the largest impact 
on  —> IWCD


▸ The energy scale uncertainty also degrades the sensitivity to  —> improved detector calibration and test beam measurements

νe/ν̄e
δCP

δCP

20

Exclusion power of CP-conservation with different true 
value of  (with known MH)δCP

Hyper-K requires <1% detector systematic 
uncertainties and <0.5% energy scale uncertainty, 
more than halved relative to T2K
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CONSTRAINING SYSTEMATIC UNCERTAINTIES
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External hadron 
measurement

Cross-section models

Neutrino flux model

ND280

IWCD

Far detector

Detector models

Oscillation 
parameters
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CONSTRAINING SYSTEMATIC UNCERTAINTIES
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External hadron 
measurement

Neutrino flux model

▸ External hadron production data 
from NA61/SHINE (measurements 
done on a T2K replica target) 
reduces flux uncertainties


▸ EMPHATIC data will be used to 
further reduce the flux uncertainties
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CONSTRAINING SYSTEMATIC UNCERTAINTIES
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Cross-section models

CC1! NC1!

" "’

$ !
∆

& '

" "’

( !
∆

& &

Multi-nucleon interaction

&) CCQE&* CCQE
DIS

Correct measurements of oscillation parameters highly depend on the 
correct modelling of neutrino interactions; but model-building is 
overwhelmingly difficult!

Neutrino interaction 
cross-section

Neutrino energy can be 
calculated if lepton 
kinematics are known

“Measurement of the inelasticity distribution of neutrino 
interactions for 100 GeV < E𝞶 < 1 TeV with IceCube DeepCore”, 
Maria Liubarska, 3:30 pm
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CONSTRAINING SYSTEMATIC UNCERTAINTIES
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Cross-section models

CC1! NC1!

" "’

$ !
∆

& '

" "’

( !
∆

& &

Multi-nucleon interaction

&) CCQE&* CCQE
DIS

CC1! NC1!

" "’

$ !
∆

& '

" "’

( !
∆

& &

Multi-nucleon interaction

&) CCQE&* CCQE
DIS

Correct measurements of oscillation parameters highly depend on the 
correct modelling of neutrino interactions; but model-building is 
overwhelmingly difficult!

ν

ν̄
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CONSTRAINING SYSTEMATIC UNCERTAINTIES
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Cross-section models

CC1! NC1!

" "’

$ !
∆

& '

" "’

( !
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Multi-nucleon interaction

&) CCQE&* CCQE
DIS

CC1! NC1!

" "’

$ !
∆

& '

" "’

( !
∆

& &

Multi-nucleon interaction

&) CCQE&* CCQE
DIS

ν

ν̄

1 Cross sections for oscillations
The global neutrino physics program is currently focused on studying the open ques-
tions about neutrino oscillations such as precision measurements of neutrino mixing
parameters, �CP measurement, neutrino mass ordering and sterile neutrinos. Neu-
trino oscillations can be studied by observing the energy and flavor spectra of a beam
of neutrinos (e.g., from an accelerator) at the beam source (usually with a near detec-
tor), before oscillations have started, and at the far detector, after oscillations have
occurred. In addition to understanding the beam precisely, oscillation measurements
also require a thorough understanding of neutrino-nucleus interactions to accurately
reconstruct the incoming neutrino energy and compare the near and far fluxes. When
neutrinos interact with the target material in a detector, they interact with nucle-
ons that are bound within nuclei; the heavier the nuclei, the larger the impact of
the nuclear environment. The universal scheme of using near detector (ND) data to

Figure 1: (left) Illustration of how various processes get triggered when a neutrino
interacts with a nucleus. (right) Neutrino energy landscape of current and future
oscillation experiments.

constrain oscillation measurements in the far detector (FD) is not perfect due to os-
cillated flux and differences in E⌫ ; usage of different detector technologies and nuclear
targets can further complicate this scheme. Furthermore, the physics of neutrino os-
cillations depends on the initial neutrino state, and cross sections measured in the ND
do not necessarily represent this due to flux uncertainties and detector effects. Also,
to attain high statistics, modern neutrino experiments use heavier targets, where nu-
clear effects such as nucleon correlations and final state interactions (FSI) introduce
significant complications and hadron kinematics come into play (see Fig. 1, left). For
these reasons, experiments rely on nuclear models to convert the neutrino energy
and flavor spectra detected at ND to initial interaction energy and spectra. Much
of our understanding of neutrino scattering comes from data from light nuclei such

1

Final state interaction (FSI)

Fermi gas

2p2h

FSI cascade+

+ secondary interaction
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CONSTRAINING SYSTEMATIC UNCERTAINTIES
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ν

▸ The ability to measure neutrino interactions at different 
energies is important for understanding neutrino energy 
reconstruction


▸  cross-section measurement can be improved due to 
better  rejection than ND280
νe/ν̄e

γ

“Feed-down” effect in neutrino 
energy reconstruction

IWCD

Water Cherenkov Test Experiment

▸ T9 test beam @ CERN


▸ 0.2 - 1.1 GeV 


▸ Measurement of  secondary interaction and 
scattering can improve neutrino interaction modelling


▸ Prototype of IWCD: test of mPMT and calibration 
techniques


▸ Data taking in 2024

π, p, e, μ

π

“Threshold Aerogel Cherenkov 
Detectors of WCTE”, Poster by 
Sirous Yousefnejad
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CONSTRAINING SYSTEMATIC UNCERTAINTIES
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ν

▸ The ability to measure neutrino interactions at different 
energies is important for understanding neutrino energy 
reconstruction


▸  cross-section measurement can be improved due to 
better  rejection than ND280
νe/ν̄e

γ

“Feed-down” effect in neutrino 
energy reconstruction

IWCD

Water Cherenkov Test Experiment

▸ T9 test beam @ CERN


▸ 0.2 - 1.1 GeV 


▸ Measurement of  scattering can improve neutrino 
interaction modelling


▸ Prototype of IWCD: test of mPMT and calibration 
techniques


▸ Data taking in 2024

π, p, e, μ

π

“Threshold Aerogel Cherenkov 
Detectors of WCTE”, Poster by 
Sirous Yousefnejad

A better detector model for the Hyper-K water 
Cherenkov detectors is needed.


More sophisticated detector calibration methods 
are necessary.
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CALIBRATION SYSTEMS @ TRIUMF — PHOTOGRAMMETRY

▸ Use photogrammetry to measure the position of PMTs and 
calibration sources in-situ


▸ The first survey was done in SK using underwater ROV


▸ WCTE and IWCD will utilize fixed cameras


▸ Reduce fiducial volume error

28

SK preliminary

* Gaps are due to the lack of photos with 
overlapping features at certain locations

First assembled camera 
module @UWinnipeg 

N. Prouse
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CALIBRATION SYSTEMS @ TRIUMF — WATER MONITORING SYSTEM

29

▸ Light propagation in water needs to be precisely 
calibrated and monitored


▸ Pulsed LED (230 - 700 nm) with <1 ns width


▸ Applications in drinking water monitoring


▸ First mechanical prototype built

PMT
PMT

Light transmission through 15 m of water
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CALIBRATION SYSTEMS @ TRIUMF — PTF

▸ Photosensor Test Facility (PTF)


▸ Single photon level 


▸ Variable , wavelength and 
polarization 


▸ Variable magnetic field


▸ Will also be used to calibrate mPMT

x, y, θ, ϕ

30

Electronics rack

Water system

Helmholtz coils PMT angular response 
can produce degenerate 
effects as water quality 
variation

MSc V. Gousy-Leblanc
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CALIBRATION SYSTEMS @ TRIUMF — MPMT

▸ mPMT instrumented with fast pulsed LED


▸ Calibration of water parameters and internal 
reflection of the detector


▸ mPMTs instrumented amongst 20” PMTs can help break 
the degeneracy between water parameters and PMT 
angular response


▸ Multiple angles


▸ Better timing resolution than 20” PMTs

31

Light injector

WCTE mPMT
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FUTURE PROSPECT

▸ Hyper-Kamiokande will be able to determine whether there is CP-violation in the 
lepton sector for most of the phase-space


▸ Its success relies on the reduction of systematic uncertainties


▸ A multi-purpose experiment that can study many other interesting physics subjects!


▸ Lots of effort to reduce systematic uncertainties


▸ WCTE, IWCD


▸ Improved detector calibration methods are being developed

32

THANK YOU



NEUTRINO OSCILLATION
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▸ The “matter effect” (or MSW effect) can 
modify the oscillation probabilities


▸  and  interaction with  in matter


▸ Effects different for  and 


▸ Sensitive to the sign of  in long 
baseline and atmospheric neutrino 
measurements

νe ν̄e e−

ν ν̄
Δm2
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P(νμ → νe)

Assuming normal 
hierarchy; matter effect 
resonance


Neutrino energy (GeV)

P(ν̄μ → ν̄e)
Assuming normal 
hierarchy — no matter 
effect resonance in anti-
neutrino oscillation. Atmospheric neutrino

Neutrino energy (GeV)

Co
sin

e 
ze

ni
th



▸ 1.2 MW neutrino beam, upgradable to 2.4 MW


▸ Beam is optimized for         measurement


▸ ND design concept is an integrated system 
with multiple detectors including highly 
segmented LArTPCs, magnetized trackers, EM 
calorimeters and possibly a movable detector

3. FUTURE PROSPECT: DUNE

DEEP UNDERGROUND NEUTRINO EXPERIMENT (DUNE)

L~1300km

▸ On-axis FD: two oscillation maxima


▸ Liquid Argon Time Projection Chamber (LArTPC) 


▸ 10-kton fiducial mass 

34

× 4
δCP


