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Neutrino oscillations

Exquisite QM effect : v interact (production and detection) as flavour eigenstates -
propagate as mass eigenstates = coherent superposition of flavour states
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Exquisite QM effect : v interact (production and detection) as flavour eigenstates -
propagate as mass eigenstates = coherent superposition of flavour states

(localization and environmental effects induce tiny/negligible decoherence in the SM)
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Neutrino oscillations

Exquisite QM effect : v interact (production and detection) as flavour eigenstates -
propagate as mass eigenstates = coherent superposition of flavour states
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Neutrino oscillations : open questions

P, (T/)#POSC( v) direct probe to a new source of Vu Vu
fundamental Charge-Parity violation and first in CP

leptonic sector

- connected to matter/antimatter asymmetry —

through leptogenesis scenarios Vz ” Ve Vz ” Ve
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leptonic sector

- connected to matter/antimatter asymmetry —
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Many other interesting (a-)symmetries to test:
- is the mass ordering the same as charged leptons ?
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Neutrino oscillations : open questions

P, (T/)#POSC( v) direct probe to a new source of Vu Vu
fundamental Charge-Parity violation and first in CP

leptonic sector

- connected to matter/antimatter asymmetry —

through leptogenesis scenarios Vz ” Ve Vz ” Ve

Many other interesting (a-)symmetries to test:

- iIs the mass ordering the same as charged leptons ? - why mixing so different between

guarks and neutrinos ?
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Neutrinos as a tool

v as a “clock” :

could be the largest fundamental
T-reversal asymmetry in particle
physics




Neutrinos as a tool

v as a “clock” :

could be the largest fundamental
T-reversal asymmetry in particle
physics

W
ot

W
oy
\\\\\\\\\\\\\\\a \v\ ®

W
g™

a
et

Y \N\“\Z\\«p‘?‘t‘)““ﬁe for deformed space-time from
Minkowski metrics (

(mr-2 - mi)c‘3 L ‘r‘,'//L"\y
'ZT |

—1
P‘)a_>\)ﬂ (t) - Z UQJUEJ U(j:k Uﬁke
jk
Sci.Rep. 13 (2023) 1, 12651



Neutrinos as a tool

v as a “clock” :

could be the largest fundamental
T-reversal asymmetry in particle
physics

W
\\\\\\\\\‘\ W \

TV a s ‘ruier” ;
L \\\\p?bbe for deformed space-time from
Minkowski metrics

‘((m mk)c3 )\(//’] \)
= 2hp —
Pva—wg (t) = E UOtjUEjU;kUﬁke

jk
Sci.Rep. 13 (2023) 1, 12651

\d‘ecoherence from
GW or quantum gravity

| |
Nat. Phys. (2024). https://doi.org/10.1038/s41567-024-02436-w



Neutrinos as a tool

v as a “clock” : v as ‘spoon’

could be the largest fundamental matter di_stribution
T-reversal asymmetry in particle in the universe ;
physics depends on m,

\\“\\“\“‘\

qu
\\\\‘\\\\\\\\“ i

\\\\v § ruler”'

s p?bbe for deformed space-time from
Minkowski metrics 3 )@

f (m —m?)
w— "(UT
Puosvs(t) =D UsjUsi U Ugge

™~
)

jk
Sci.Rep. 13 (2023) 1, 12651

decoherrence from
GW or quantum gravity

Nat. Phys. (2024). https://doi.org/10.1038/s41567-024-02436-w



Neutrinos as a tool

v as a “clock” : v as ‘spoon’: |
could be the largest fundamental matter distribution
T-reversal asymmetry in particle in the universe
physics depends on m,
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Tools for neutrino analysis

 Reconstruction of tracks, events selection :
extract v information from reconstructed final state
particles of neutrino interactions

e Data-MC fit to extract oscillation measurements :

- statistical methods (combination of datasets
near+far detectors, different experiments)

See next talks in this section !



Extruded PVC cells filled with |
10.2IM liters of scintillator
instrumented with

wavelength-shifting fibre and

APDs
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Evidence of oscillation

v, spectrum at the far detector

n 160C

© = T2K Run 1-10, 2022 Preliminary
Z 140F-

120 Oscillated

Unoscillated

: |

L P | L 1 | p——

0 0.5 1 1.5 2 2.5 3
Reconstructed Energy (GeV)
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Precision era

spectrum at the far detector

N

Events in bin

Events

140
120
100
80
60
40
20
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T2K Run 1-10, 2022 Preliminary

I[l I||[I |[I' TTT I[lll[l[l |[II TTT |I[|III|

) IR | [
12 14 16 18

P(v, — vg)~ sin*(26) sin*|1.27

amplitude

=

Global fit from all experiments

Reconstructed Energy (GeV) ~3.50%, precision :

| NUFIT 5.3 (2024) | octant unkown,

Normal Ordering (best fit)

Inverted Ordering (Ay® = 2.3) maximal oscillation

possible

bip +1o Jo range
sin” @23 0.57210:01 0.407 — 0.620 0.412 — 0.623
Amd, 251113027 2428 — +2.597 2.498+9-022 2.581 — —2.409
103 o2 +24.0l17 ho. +2. — .o — 2.4k —d.a8l — —L2.41)

2
Reconstructed neutrine energy [GeV]

Am?[eV?]L[km]
E\[GeV]

~
frequency

-

~1.5% precision
(systematics starts to
limit the measurement)
No sensitivity to sign !
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N

Precision era

Events in bin

I[l I[l[l |[I| TTT I[llI[l[l'l[lll[l[lll[lll[l

v, spectrum at the far detector v
m 160 -
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e
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o055 1 35  _2 25 3 23 - v, mostly not
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Global fit from all experiments | NUFIT 5.3 (2024) | 2t - (E.<my)
Normal Ordering (best fit) Inverted Ordering (Ay” = 2.3) % e e b pe:;ﬁslﬁmwne,f;,m,,wy e
bip 1o 3o range bip 1o 3o range b
= 5 - 2
e - .,
sin” flas 0.57215: 05, 0.407 — 0.620 0.5781 0080 0.412 — 0.623 D - ol Am 2!_
: o o P(v,, — ve) = |sin” 2013 |sin” fa3 sin 2_
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Charge-Parity violation :
the strenght of accelerator v experiments

Runs 1-10, 2022 Preliminary -

CP = —
vV, H Ve V, H Ve

g ] ; s 1-10, 2022 Preliminary HO”]S —[ ‘hl
1 “E —— ‘\ '_l_~.
1 p w— LS - P —— e
= Target \Il\‘*
5 Lt Switching magnets polarity :
i ): P + + - i —
| -T-1 “-HT— 0 T -0 VM — U _)M VM

— — . N
Ao = Plv, =v,)—-Pv, —=7,) sin 26,4 sin 6)
cp = == )

Py, »v,)+P(T, »7,)  sinf gtan,,
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Charge-Parity violation
& matter effects -~ mass ordering (MO)
'qu'\’e F VM ‘Ve

é 1al- T2K Runs 1-10, 2022 Preliminary - é E PR o
g E a 45F i HO”]S y
@ 1 . T 3 4; T ,.._L
‘O; & - 35; }1 T i | '-—;--‘_.“.‘_‘_',_‘_‘;; =
°F T Target L
of = : : . . . .
S TP Switching magnets polarity :
e il £ g _
B o E _LL + + - -
; I I Y. TToutv, > TRV,
= ne oe AR ARG energy [:Siw % 02 04 0.6 TS
Pv,—-v,)-PU, —7.) sin 26, 8in d ——
Acp = Wy 2 il — o~ —— - A,{+ matter effects )
' F ’(Uﬂ —uv,)+ P [:7;, —7,) sind , tanf,, —_—

- Ve makes chqrged current' |n'§eract|ons with elec_:tron_s " .~ Am?; = Am?\fsin? 2833 + (T — cos2615)2
in matter : additional potential in matter of opposite sign ; sin? 26,4
v sin 203 .5 = i —
for velve o R sin® 2013 + (I' — cos 20,3)2
) . I = +2/2GgN.E/Am?
- larger neutrino energy and longer baseline - £
larger the matter effect - Ve

Sensitivity to Am? sign: MO ! 26



Antineutrino mode e-like candidates

24
22
20
18
16
14
12
10

CPV & MO : data

NOVA Preliminary
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T2K Run 1-10, 2022 preliminary
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Neutrino mode e-like candidates
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CPV results : T2K - NOVA

0.04F Bayesian Cred. Int. =~ ' !

Sy 5
E With reactor constraint == Both MO - 1
= 003 -_
% [ * Inverted MO =-="20 1
5 0.02F == Normal MO 35
.E :
E 0.01F
EII:I”'I. ..I"r'“:' _I_l._‘ﬁ.l'__l___;;.. -l. ; .I. - P B
Inverted | ! it ]
Mormal -L_____.|..-------...----'......| | 1 -F
—It _I 0 I
3 2

- Comparison T2K and

NOVA - joint fit

— (see Clarence talk for details)

T
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Ay?

Mass ordering results : T2K - SK

SuperKamiokande leading MO results with atmospheric neutrinos : Ax?(I0-NO) = 5.69
+ mild dcp Sensitivity in agreement with T2K

/ Joint fit T2K+SK (see Clarence talk for details)
3{}|""|""I""I""I"'-'I"'l[ '“5,‘: rIII|"''|""I""l""'l""l-_— llll|lll||l|||||||||]-:I||||||3|1|||||
: < - ol — Data = —3.
s _gfg s P T - i il e cning CPV ] 10 MO €221 True NO, p=052
g — SAI_(E+ND] £ o : 20 Inverted ordering T I True 10, p=0.076 4
20 :— —— Normal ordering 7 _: -

e Inverted ordering

16
PN 90% C

10 e

107

Fraction of pseudo data sets

-3 lead o0 1o b e ) Bl e i
=20 -15 =10 -5 0 3 10 15

acp FENO) — y*{10)

Next future :

- MO from combination reactor+accelerator of different precision measurements of Am?
- JUNO reactor experiment: from oscillation in vacuum 29



Events in bin

Events in bin

Prospects

New generation of experiments with thousands of events in ve and ve

HyperKamiokande : T2K x8 mass x2.5beam power
CPV discovery at 50 for >60% of possible dcp values
Sub-percent precision on |Amy3?| and sin%0,;

T2K data “HK projection
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o E i - e ol s J ; . J
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e E
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Prospects

New : large energy coverage and different baselines to measure the oscillation pattern in a
more agnostic/open-mind way (beyond PMNS paradigm)

DUNE : 1300 km baseline,
Santord Underground | energy up to few GeV,
e — ) e i Liquid Argon TPCs

E ProtoDUNE-SP Run 5387 Event 23034 @2018-10-17 14:36:57 UTC ProtoDUNE-SP Run 5387 Event 9259 @2018-10-17 13:15:05 UTC
£ - i
z TZK./Hyp er-K Quasi-elastic scattering candidate (data Charge-exchange scattering candidate (data)
< —— MicroBooNE/SBND ] T et
—— MINERvVA (ME) A Michel positron m'n (TAr) > Tp
e NOVA : ;

— DUNE JM.-’

s
b " y

bealm\

Chargeftickichannel (ke)




Entering In the precision era ..» ;

“A

i

- Main challenge : precise energy reconstruction
From final state particles to neutrino : complex nuclear effects
to correct for

u o o ® e
. 9 P,
P - i [ B -~ : / d r A\ i
y B [ ] 3 4 2 '. ' G
- + = @ . + ®e + .
..-
Vy . o

@ o ¢

o 9 ]
2 9 é é
[ )
Free Initial Nuclear Extra Nuclear Final State
Nucleon State Effects Interactions (FSI)

Crucial importance of a new generation of highly capable near detectors
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BSM ‘surprises’ ?

Sterile ‘conventional’ searches as modifications of active neutrinos oscillations
- sterile mass scales accessible driven by oscillation frequency

Am

o L

E
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Amj, (eV?)

BSM ‘surprises’ ?

Sterile ‘conventional’ searches as modifications of active neutrinos oscillations  , T,
- sterile mass scales accessible driven by oscillation frequency Am E

Near detectors (short baseline L)

— test for >1eV Am? To
102 e > 107'E 3 Far detectors (long baseline L)
E = | 2
r MicroBooNE 636910 POT = ~ test for lower Am
- 95% CL, 5 Use ne appearance, nm
10k — Data, profiling - disappearance but also Neutral
E = === Sensitivity, profiling B o
- lf — = Sensitivity, v_ App. only E Current
I N
13

E ” T2K NH 90% C.L.
H 107F T2K IH 90% C.L. =
B s MINOS/MINOS+ 90% C.L.

107! 3 IceCube 90% C.L.
E I LsSND 90% CL (allowed) SK 90% C.L.
: LSND ‘J"":J{nel’ CL[H“D‘-‘A’L‘{“ 10__1 1 el 1 Lol | L1t

ID—: oo aaaul Lol Lol i1 1 8151}l 10_3 10_2 lO_I l

" . <02
10~ 10 10— 107! l sin 924
sin“20,,. 34

Phys.Rev.Lett. 130 (2023) 1, 011801 Phys. Rev. D 99, 071103 (2019)  Phys.Rev.Lett. 122 (2019) 9, 091803



BSM ‘surprises’ ?

Sterile searches at ‘unconventional’ mass scales (hundreds of MeV): well motivated in
models of bariogenesis through leptogenesis, and in vMSM

35



BSM ‘surprises’ ?

Sterile searches at ‘unconventional’ mass scales (hundreds of MeV): well motivated in
models of bariogenesis through leptogenesis, and in vMSM

- “Heavy neutral lepton” from decays of Kaons in the
beamline - HNL into the near detector volume

- Challenge : creative strategies to suppress the
background from interactions of active neutrinos
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BSM ‘surprises’ ?

Sterile searches at ‘unconventional’ mass scales (hundreds of MeV): well

motivated in

models of bariogenesis through leptogenesis, and in vMSM

- “Heavy neutral lepton” from decays of Kaons in the

beamline — HNL into the near detector volume

- Challenge : creative strategies to suppress the
background from interactions of active neutrinos

T2K

Kt = ¢tN

- ND280: decay of sterile

107\

sy “HE

10k

T PRSI U] TSR T USRI [ S U SRR RS U

]
. . 150 200 250 300 350 400 450 500
bearr neutrinos in TPC gas volume My [MeV/c?
p L dumj
"""" ' prr———rrrr—rr 77 3 T i i ' ST
tarQEt = i:\ i —— T2K, marginalising 3 Y ?’ i — T, lising —3
Staﬁol‘l decay n 3% — = T2K, single-channel 5 —— CHARM
Al —— PS191 (2-hody) L i :
107 i —— PSI91 (-body) F T
— E949 iy . . i
140 211 245 388 493 E
| — } — My wy
PR R U2 [MeV/c’] L TE I
[0 K% - utN No— pEgt bj‘: E
o r2 r2 i
0 & ¥ Noptu— v, brré + U7 107 ]
N~ F’+."_ ;H bﬂ 10"
B e R Uﬁ + U‘f B i : | M BV BRI B |
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BSM ‘surprises’ ?

Sterile searches at ‘unconventional’ mass scales (hundreds of MeV): well motivated in

models of bariogenesis through leptogenesis, and in vMSM

- “Heavy neutral lepton” from decays of Kaons in the
beamline - HNL into the near detector volume

- Challenge : creative strategies to suppress the
background from interactions of active neutrinos

MicroBooNE:

Kaon decay in

BNB target or \f

Top view

BNB T

- heavy sterile from a
nearby beam not pointing
directly to MicroBoone

decay volume

o 7
9‘06\'\0“ &

L
HNL
travels

~500m

w2
‘(* \UUA\

(Extended PMNS
matrix element)

HNL decay inside MicroBooNE
B

NuMI

- heavy sterile delayed (larger
ToF) with respect to interactions
of standard neutrino

Phys. Rev. D 101, 052001 (2020) Phys.Rev.Lett. 132 (2024) 4, 041801

|Upa)? limit at 90% CL

|Uyal? limit at 90% C.L.
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Phys. Rev. Lett. 126 (2021) 051802

m Peculiar nature of v and being in direct contact

BSM ‘surprises’ ?

Va

with A : natural to expect new type of
interactions for neutrinos: Non Standard

Interactions

This is a quite open paradigm (difficult to falsify) but one clear signature would be
modified oscillation results depending on L (while standard oscillations go as L/E)

Eg : NSI constraints from T2K-NOVA joint fit
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Conelustens — Prospects

Neutrinos could be a wonderful tool to probe fundamental physics

Many neutrinos characteristics are still only partially known : we are bulding a much better
knowledge of neutrino oscillation thanks to accelerator long-baseline experiments

Era of precision physics on disappearance parameters (mixing angles and mass
differences) — need precise controls of neutrino flux and cross-section :
Crucial role of highly performing near detectors !

First hints of CP-violation in leptonic sector but still degeneracies with MO
- the combination of different experiments (including atmospheric and reactor
experiments) will solve the issue

Next generation of experiments (HyperKamiokande and DUNE)
- ultimate precision physics on PMNS + opening new ways to look at oscillation with

more model-independent / open-mind approaches
40



Neutrinos as door to New Physics (HEP)

= The SM cannot answer to many fundamental questions in cosmology and HEP
- ‘fishing’ expedition to the next energy scale of the necessary New Physics

i . 1
= Expansion of Lagrangian in terms of NP energy scale (A )): £ = L + mﬁg -
1 1 ) 1 The only 5" order operator possible according
—[:] =i Z v Cilyvg) = — —wWMv) to fundamental symmetries: neutrino
J"LU V JK=eu.t - 2 (Majorana!) mass is the first order effect of NP
1YeV Adam Falkowski 10%ev
: i P20 BSMN ksh
NeUtrInOS dlreCtIy 17eV (https://indico.iangfl}ll\el\(/)err-]thQg?F/)overview) 102"V
connected to the most
economical expansion iy B 10%%v

of SM physics
_» heutrinos are a

natural and very oy ’ l L otey
powerful door to New l HEF“.

PhySICS 1GeV poern vov  eEDM y—;ey K-K nEDM B-B N-oNev h-obb 10%V

1 PeV 10"V
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vV, Ve

CP

Charge-Parity violation

vV, H Ve

Aside note :

vV, Ve

T

Ve )V,
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vV, Ve

CP

Charge-Parity violation

vV, H Ve

Aside note :

vV, Ve

T

Ve )V,

vV, EV, No CPV!
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vV, Ve

CP

Charge-Parity violation

Aside note :

V., . Ve V.V, < | Ve H)V,

3 flavors necessary to allow CP violation !
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Beyond PMNS

-The ‘standard’ oscillation paradigm (PMNS-based) is very strict and not motivated by

fundamental symmetries (mixing angles and neutrino masses are ‘accidental’ numbers).

. . - minimal 3-flavour scenario
In particular it assumes  _ siandard neutrino interactions for production and detection
- standard matter effects along propagation arXiv:2106.16099 [hep-ph]

. E=0.75 GeV
Example of general beyond-PMNS ‘effective’ -~ EEREE r best it with
approach: can we search for fundamental CP ' TR O A Seven ey
violation in a more model-independent way? = & S| e tarms
- allow for arbitrary (non-standard) matter effect § o ?‘E]\L%ogti on |
- allow for arbitrary (non-unitary) mixing between flavour ! '
and energy eigenstates 4
- search for T-violation - look for L
dependency of oscillations at fixed energy 0 300 600 900 1200 1500
L [km]
- Combination of experiments will be crucial for a comprehensive,
45

precise and open-minded characterization of v oscillations


https://arxiv.org/abs/2106.16099

Neutrinos with beams around the world

Neutrino oscillation physics with accelerators entered the precision era with NOVA and
T2K - next generation experiments will be worldwide efforts comparable to collider
experiments

Nuclear theory

CERN KEK (JPARC) _ community
FNAL beams / Neutrino - T2K D
- NOVA Platform - T2HK —iad
- DUNE - R&D (NINJA, ...)
(SBND, MicroBoone, MINOS,
Minerva, ...)

... and many other experiments and new
facilities
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