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What is the status of energy/momentum conservation in the derivation
earlier? 24 / 67

Neutrino flavour oscillations
Flavour eigenstates 

 νe, νμ, ν𝛕

3x3 unitary matrix 
PMNS matrix

Mass eigenstates 
 ν1, ν2, ν3

2015  
Nobel Prize in Physics
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PMNS Parametrisation - 3 flavours

U =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδ

0 1 0
−s13e+iδ 0 c13

c12 s12 0
−s12 c12 0

0 0 1

1 0 0
0 eiα 0
0 0 eiβ

Atmospheric/LBL



θ23 ∼ 45o

Δm2
32 ∼ ± 2.5 × 10−3eV2

Reactor/LBL



θ13 ∼ 8.5o

δCP???

Reactor/Solar



θ12 ∼ 33o

Δm2
12 ∼ 7.5 × 10−5eV2

,   
 : the mixing angles  

 : CP-violating phase 
,  : Majorana phases 

sij = sin θij cij = cos θij
θij

δ
α β
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What do we know now?
arXiv:2212.00809
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25 years ago - Super K!

LC in SK dome (2011)
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SNO 2003, Canada
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I Oscillation interpretation complicated by matter effects in the sun
31 / 67

SNO and solar neutrinos
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Daya Bay, RENO and θ13
PRL 108, 171803 (2012)

PRL 108, 191802 (2012)

See talk by Liangjian Wen on 
reactor neutrino experiments!
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Big questions

How much do  
neutrinos mix?

Jargon alert: is  maximal? Upper/Lower octant?θ23
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Big questions

Normal Ordering Inverted Ordering

How much do  
neutrinos mix?

Which is the lightest 
neutrino?

Jargon alert: is  maximal? Upper/Lower octant?θ23 Jargon alert: is ?Δm2
32 ≶ 0
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Big questions

Normal Ordering Inverted Ordering

How much do  
neutrinos mix?

Which is the lightest 
neutrino?

Do neutrinos and 
antineutrinos oscillate in the 

same way?

?

Jargon alert: is  maximal? Upper/Lower octant?θ23

Jargon alert: is ?δCP ≠ 0

Jargon alert: is ?Δm2
32 ≶ 0

CP
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Big questions

Normal Ordering Inverted Ordering

How much do  
neutrinos mix?

Which is the lightest 
neutrino?

Do neutrinos and 
antineutrinos oscillate in the 

same way?

?

Jargon alert: is  maximal? Upper/Lower octant?θ23

Jargon alert: is ?δCP ≠ 0

Jargon alert: is ?Δm2
32 ≶ 0

CP

Is there a light sterile 
neutrino?

Jargon alert:  ?  ?νs ν4
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All neutrino oscillation experiments are the same…
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All neutrino oscillation experiments are the same…

Produce 
neutrinos

[possibly all in the same flavour]
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All neutrino oscillation experiments are the same…

Produce 
neutrinos

[possibly all in the same flavour]
Propagate! 

[a few km 
to a few kpc]

Neutrino 

oscillations

Matter  
Effects
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All neutrino oscillation experiments are the same…

Produce 
neutrinos

[possibly all in the same flavour]
Propagate! 

[a few km 
to a few kpc]

Look for a deficit 
or excess!

Neutrino 

oscillations

Matter  
Effects
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Complications…

N ⇡ �(E⌫)⌦ �(k, k0)⌦ ✏⌦ P (⌫↵ ! ⌫�)

Oscillated 
Neutrinos
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Complications…

Neutrino 
flux

N ⇡ �(E⌫)⌦ �(k, k0)⌦ ✏⌦ P (⌫↵ ! ⌫�)

Oscillated 
Neutrinos
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Complications…
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Complications…

Neutrino 
interactions

Detector 
response

Neutrino 
flux
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Complications…

Neutrino 
interactions

Detector 
response

Oscillation 
probability

Neutrino 
flux

N ⇡ �(E⌫)⌦ �(k, k0)⌦ ✏⌦ P (⌫↵ ! ⌫�)

Oscillated 
Neutrinos
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All neutrino oscillation experiments are the same…

Produce 
neutrinos

[possibly all in the same flavour]

Check what you 
produced

[optional]

Propagate! 
[a few km 

to a few kpc]

Look for a deficit 
or excess!

Neutrino 

oscillations

Matter  
Effects
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Atmospheric neutrino experiments
arXiv:2212.00809
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New results from SK
• Latest results:


• expanded FV (22.5 → 27.2 kt) and more livetime (328 → 484 kt year in total)


• neutron tagging (for SK IV-V) and new multi-ring event classification with BDT → 
enhanced  separation


• atmospheric neutrino oscillation fit with external constraints: 


•  from reactors and “T2K model”+T2K  data

ν/ν̄

θ13 ν/ν̄

See talk by Aoi Eguchi on 
Super-K and T2K!

LC in SK dome (2011)

• Tau neutrino appearance


• no  appearance hypothesis excluded at 
4.8σ


• tau events are background to mass 
ordering studies


• Doped with Gd salts since 2020

ντ

13
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IceCube and KM3NeT/ORCA

LC @ McMurdo Station (2016)

See talk by Maurizio Spurio

See talk by Alexandra Trettin
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Reactor experiments
arXiv:2212.00809
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Latest measurements from Daya Bay and Reno

PRL 130, 161802 (2023)

See talk by Runze 
Zhao on Daya Bay
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JUNO experiment
J. Phys. G43:030401 (2016)

See talk by 
Marco Grassi on 

JUNO
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Accelerator experiments
arXiv:2212.00809
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Accelerator neutrinos

MW-capable target

MW-capable horn

• Muon (anti)neutrinos from pion decay in flight


• Narrow band beam with off-axis technique


• Sensitive to  octant, size of  and mass orderingθ23 δCP

19
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See talk by Erika 
Catano-Mur on 

NOvA

See talk by 
Lorenzo Magaletti 

on T2K
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LC @ NOvA FD

21
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νμ CC 

νe CC 

NC 

1m

1m

Long, straight 
track

Short, wider,  
fuzzy shower

Diffuse activity 
from  

nuclear recoil 
system
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Appearance asymmetry

23
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Appearance asymmetry

Future joint fits
• Experiments with different neutrino energies have different oscillation 

probabilities and systematic uncertainties
• Combined analysis of data allows degeneracies to be broken and maximises

impact of data taken

Patrick Dunne (p.dunne12@imperial.ac.uk) 30 20 40 60 80
Total events - neutrino beam
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 and  without reactor constraintsΔm2
32 θ23
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 and  with reactor constraintsΔm2
32 θ23
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δCP

CP conservation 
( ) excluded at 

90% 
Weak preference for 

normal ordering

δCP = 0,π

 appearance 
disfavours MO/  

combinations with large 
asymmetry 

Disfavor NH, 
 at ~  

Disfavor IH,  
at >

νe/ν̄e
δCP

δCP = 3π/2 2σ

δCP = π/2
3σ
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NOvA-T2K

• Both show a weak preference for NO


• some tension in  but remember: current results are 
statistically limited!


• if IO: consistent preference for the 3π/2 region, small 
preference for upper octant


• more data needed in both experiments!


• joint analysis NOvA-T2K in progress, results expected 
soon


• Both undergoing upgrade, and new analyses from both 
expected 2024

δCP

27
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DUNE

DUNE FD1-HD simulation
2.5 GeV, 
νe + Ar → e + p + π0

LC in ProtoDUNE SP (2018)

LC in ProtoDUNE DP (2019)

See talk by 
Matteo Tenti on 

DUNE
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Hyper-Kamiokande
See talk by Katsuki 
Hiraide on Hyper-K
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PRISM
• Both DUNE and Hyper-K will have a moveable near detector to enhance flux at lower energies.


• These samples allow one to build a linear combination to match FD oscillated spectra and 
build analysis with minimal interaction modelling.

30
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Sensitivities

• DUNE: Mass ordering determination in phase I


• Hyper-K: if MO known, 2-3 years to exclude CP 
conservation at 5 sigmas


• After 10 years, 5sigma sensitivity for 50% of  
values in DUNE and 60% in HyperK

δCP

MO δCP

31
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Sterile neutrinos
arXiv:2212.00809

? ? ? θ14 θ24 θ34

32
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Sterile neutrino searches

33
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Sterile neutrino searches

LSND 3.6  excessσ

MiniBooNE excess

33
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Interpretation of LSND and MiniBooNE in 3+1

34
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Sterile neutrinos in disappearance channel
• Electron neutrino appearance through  with eV scale sterile 

neutrinos implies additional disappearance in 


• This is not seen by a number of experiments (MINOS, NOvA, IceCube)


• This creates a tension: there is no model involving sterile neutrinos 
which can simultaneously fit the appearance claims and the 
disappearance measurements.

νμ → νe
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Figure 1: How the rate of NC events is affected for both detectors, for the energy spectra and L/E,
with varying �m2

41, ✓23, ✓24, ✓34, �24, and ✓14, respectively. Oscillation probabilities are smeared by
30% to account for rapid oscillations.

For the typical beam neutrino energies and ND baselines, when �m2
41 < 0.05, oscillations are not

visible in the ND. Starting at �m2
41 ⇠ 0.5 eV2, oscillations begin to be visible at low energies in the

ND, and as �m2
41 increases, the first oscillation maximum moves to higher energies. At sufficiently

high �m2
41 values, the entire ND sees rapid oscillations which can no longer be resolved and are

seen as a constant normalization shift described by

1� P (⌫µ ! ⌫s) ⇡ 1� 1

2
cos4 ✓14 cos

2 ✓34 sin
2 2✓24. (1.2.5)

For ⌫µ-CC at the ND, the oscillation probability can be approximated as

P (⌫µ ! ⌫µ) ⇡ 1� sin2 2✓24 sin
2 �41, (1.2.6)

which behaves similarly to NC disappearance except it depends only on ✓24, and in the rapid
oscillation case the normalization shift is given by (1/2) sin2 2✓24.
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MicroBooNE and SBN

• MicroBooNE:


• electron searches, covering 4 final states reject 
electrons as the sole LEE explanation at > 97% CL


• photon search disfavours NC Δ→Nγ decay as a sole 
source of LEE at 94.8% C.L


• data from inclusive electron search used to test the 
(3+1) sterile neutrino hypothesis → no evidence of 
sterile neutrino oscillation


• SBN status: ICARUS taking data, SBND starts next year, 
multi-detector oscillation analyses

PRL 128, 241801 (2022)

See talk by 
Bruce 

Howard
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What I am excited to see now?

Normal Ordering Inverted Ordering

How much do  
neutrinos mix?

Which is the lightest 
neutrino? Do neutrinos and 

antineutrinos oscillate in 
the same way?

? CP

Is there a light sterile 
neutrino?
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What I am excited to see now?

Normal Ordering Inverted Ordering

How much do  
neutrinos mix?

Which is the lightest 
neutrino? Do neutrinos and 

antineutrinos oscillate in 
the same way?

? CP

Is there a light sterile 
neutrino?

IceCube
Super-K T2K

NOvA
JUNO

IceCube
NOvA

DUNE
NOvA

T2K
DUNE

Hyper-K
SBN LBL
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Thank you!


