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Neutrino flavour oscillations

Flavour eigenstates  3x3 unitary matrix ~ Mass eigenstates

Ve, Vi, V PMNS matrix V1, V2, V3
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PMNS Parametrisation - 3 flavours
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What do we know now?

arxiv:2212.00809
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SNO and solar neutrinos
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Daya Bay, RENO and 0, ;

| PRL 108, 171803 (2012)
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Big questions

How much do
neutrinos mix?

vy, "

Jargon alert: is 6,5, maximal? Upper/Lower octant?
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Big questions

How much do
neutrinos mix?
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Big questions

How much do
neutrinos mix?

Jargon alert: is 6,5, maximal? Upper/Lower octant?

Do neutrinos and

antineutrinos oscillate in the

same way”

Jargon alert: is 0-p # 0?
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Big questions

Which is the lightest
neutrino?

neutrinos mix? g "y
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Normal Ordering Inverted Ordering

How much do

Jargon alert: is 6,5, maximal? Upper/Lower octant? Jargon alert: is Am322 s 07

Do neutrinos and

antineutrinos oscillate in the s there a light sterile
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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 Propagate!
[possibly all in the same flavour] [a few km

to a few kpc]

Neutrino Matter
oscillations Effects
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All neutrino oscillation experiments are the same...

Produce
neutrinos Propagate! ook for a deficit
[possibly all in the same flavour] [a few km or excess!

to a few kpc]

Neutrino Matter
oscillations Effects
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Complications...

N~®FE,)Ro(k,k)®e® P(ry, — vg)

Oscillated
Neutrinos
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Complications...
N~®FE,) R0k, k)®e® P(ry, — vg)

Oscillated Neutrino
Neutrinos flux

HOW TO MAKE
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Complications...

N~®(E,) ok, k') ®e® P(ry, — vg)

Oscillated Neutrino Neutrino
Neutrinos flux INnteractions
HOW TO MAKE
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A NEUTRINO BEAM
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Complications...

N~®(E,) ok, k') ®e® P(ry, — vg)

Oscillated Neutrino Neutrino Detector
Neutrinos flux Interactions response

HOW TO MAKE
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A NEUTRINO BEAM
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Complications...

N~ ®(E,) ok, k') ®e® P(rg — v3)

Oscillated Neutrino Neutrino Detector Oscillation
Neutrinos flux interactions response probability

HOW TO MAKE
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A NEUTRINO BEAM

a 1000 D 3000 400
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All neutrino oscillation experiments are the same...

Produce / \

neutrinos Check what you Propagate! L ook for a deficit
[possibly all in the same flavour] prggig]g]ed to[eelt ffee\:/vv T(I:)]c] or excess!

Neutrino Matter
oscillations Effects
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Atmospheric neutrino experiments
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SKI-V + T2K run 1-9 model
—_— [ata fit
= = = MC expectation

New results from SK

o | atest results: 35F 2] Inverted
30 ] Normal
* expanded FV (22.5 — 27.2 kt) and more livetime (328 — 484 kt year in total) , .
225 Preliminary
* neutron tagging (for SK IV-V) and new multi-ring event classification with BDT — o0k 000
enhanced v/U separation 15
e atmospheric neutrino oscillation fit with external constraints: 10¢
sk
» 0,5 from reactors and “T2K model”+T2K v/U data N A ST AR SR
—IT —Tt/2 0 /2 T
Tau CC signal
* Tau neutrino appearance 600 —— Background
' —e— Data

* No v, appearance hypothesis excluded at
4.80

Number of events

400 ﬁ"ﬁm&
* tau events are background to mass Rel

ordering studies oo [
* Doped with Gd salts since 2020

LC in SK dome (2011)
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See talk by Aoi Eguchi on n —— M R
Super-K and T2K! T =05 0 0.5 1

Cosine of zenith angle

| @

s
\5.:@_5/ Queen Mary NNN 2023 L. Cremonesi, “Neutrino oscillation experiments”

University of London




lceCube and KM3NeT/ORCA
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Reactor experiments
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Latest me

asurements from Daya Bay and Reno
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JUNO experiment
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Accelerator experiments
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Accelerator neutrinos

Muon Monitors

Target Hall Decay Pipe
o o
Target
Protons from — —
. - 4‘
Main Injector ‘"
Hom 1 Horn 2

10m

30m

Hadron Monitor = il
NV
Rock

Muon (anti)neutrinos from pion decay in flight

 Narrow band beam with off-axis technigue

Sensitive to 6,5 octant, size of d,p and mass ordering

MW- capable
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See talk by
Lorenzo Magaletti
on T2K

See talk by Erika
Catano-Mur on
NOVA
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Long, straight
track

Short, wider,

fuzzy shower “Q“mm
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Appearance asymmetry

NOVA 10 BF: sin® 6,, = 0.56, Am5, = -2.45 x 10” eV*
NOVA NO BF: sin® 8,, = 0.57, Am3, = 2.41x 10° eV?
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Appearance asymmetry

NOVA 10 BF: sin® 6, = 0.56, Am3, = -2.45 x 10™ eV?
NOVA NO BF: sin” 8,, = 0.57, Amg, = 2.41x 10° eV®

T P T e T2K Runl-10 Preliminar
0.1 — O 5 _ O — Z 8 _I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | }I, | | | I_
- cp = 10O k= 24— " ]
i o 8 =T 2 7 < _— B 7
i cp = T2 P 2 2F -
O 6 = S B _
[ — Q
0.08 CP - o ook ]
> . 1D O qgf -
> . = s 13 -
(i 13 = 1o E
1 15 o f -
ES I £ - -
— N — S1n 923 = 0.45, 050, 055, 060 U CP
0.04 —1_2 > T Am?Z, =2.49x107 eV? ® 5= -m/2 -
al _ = 12 e  Am2. = -2 46%107 e V2 . | 68% syst err. at best-fit
] = L 0 5. ox v Best-fit ]
| < 10 I 62: ) -~ Data (68% stat err.) ]
/,’, N I A A A B A A i B A A A I A A B A A B R
0.02(- - - 50 60 70 8 90 100 110 120
i —— Normal Ordering . . .
- ormal Orde , J Neutrino mode e-like candidates
| Inverted Ordering -
0." ' R NN S S RSN T S SN SR NN S SN SR R
0 0.02 0.04 0.06 0.08 0.1
P (v, = V)
YaY,
“:EQJ Queen Mary NNN 2023 L. Cremonesi, “Neutrino oscillation experiments”

University of London



Am322 and 0, without reactor constraints

Both Otdermqs
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Am322 and 0,, with reactor constraints

NOVA Preliminary
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 Both show a weak preference for NO
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» some tension in O-p but remember: current results are
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DUNE

See talk by
Matteo Tenti on
DUNE

Sanford Underground
Research Facility - Fermilab
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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.
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Sensitivities
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 Hyper-K: if MO known, 2-3 years to exclude CP
conservation at 5 sigmas
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Sterile neutrinos
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Sterile neutrino searches

neutrinos de s@ pe
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Sterile neutrino searches

neutrinos de s@ he
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Interpretation of LSND and MiniBooNE in 3+1
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Sterile neutrinos in disappearance channel
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What | am excited to see now?

How much do Which is the lightest .
neutrinos mix? e Do neutrinos and
| y N antineutrinos oscillate in s there a light sterile
T F "<£>$ the same way? neutrino”
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