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The Sun in Neutrinos

Super-K,
1500 days
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Selected discoveries in neutrino physics
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Neutrino oscillation in 2 flavour case

» Flavour states (interact) (v_,v B) = mass states (propagates) (v ,v,).
v =70 % v, +30 % v, v, =30 % v, +70 % v,
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Atmospheric neutrinos in Super-K
* Neutrinos produced in cosmic ray decays.

cosmic rays
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R should be independent from zenith angle as production is isotropic.



The Super-Kamiokande detector

* A 50 kton water Cherenkov detector in Japan.
* Cherenkov light is detected by 11,000 PMTs.
* e / p discriminated using ring shape.

* No charge sign discrimination
— Unable to directly separate v & v.
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Atmospheric neutrinos

Zenith angle dependence
(Multi-GeV)
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II. Neutrino oscillation in the current era



Three flavour neutrino oscillations

« 3 flavour eigenstates ( VY . v ) and 3 mass states (v ,v , V).

— PMNS symetries allows to rewrite 3D matrix into three 2D rotations.
cij = cost;; and s;; = sin 0,
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3 mixing angles: © , O| , O

2 mass square differendes : Am’_, Am®

1 Dirac CP violation phase: 6,

« Atmospheric » « Reactor »
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Open issues in neutrino oscillations

* Is CP violated in the neutrino sector ?— Is P(v_ — \)B) = P(;oc — ;B) ?

* What is the neutrino mass ordering : affect nucleosynthesis in SN...

— Oscillations in vacuum provides only | Am?]|.

— Matter effect in the Sun

— 2 orderings :

provides : m, >m_ .
— Detected through matter
effect in the Earth.

* Is there maximal mixing
in the atmospheric sector
= 45° ?
— 0, =45°"
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The Tokai-to-Kamioka expenment

Super-Kamiokandee
(ICRR, Univ. TokVo)H

Detect \)u, v
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e Pure & intense \)u beam.

* Fixed L & tuned E, — Tune L/E

to maximize oscillation.
e Observe v, disappearance

and v_appearance.

e Can select v or v — Test CPV.
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T2K results

. T2K, Super-K, IceCube: Neutring 2022 Preliminary
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Use of v_appearance channel
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T2K results in the appearance channel
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Atmospheric neutrinos

* Mass-ordering can be measured through matter effects

— The longer the baseline, the higher the effects

Mantle Normal Hierarchy case

Outer Core
Inner Core

Plv,> v,)

Resonance

by Earth’s Matter

M
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* Mass ordering determined with upward-going multi-GeV v_sample :

atm. baseline < 13000 km > 295 km accelerator baseline

* Normal ordering : enhancementof v —v_.

* Inverted ordering : enhancementof v — v, .




O.p and mass-hierarchy

T2ZK, Super-E: Newtrine 2022 Preliminary, NOvA: PRD 106 032004 (2022)

* Inverted ordering also distavoured by SK > 20 (Ay* =5.8)

— Enhanced sensitivity to mass-ordering.
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* CP conservation (sin 6 _, =0) excluded by T2K (90 % C.L) and SK (> 10).

— Maximal CPV (6., = 371/2) favoured by T2K & SK, whatever MO.

— Sentivity is more shallow for atmospherics.



III. Neutrino oscillation in the coming years
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Next generation of experiments : Hyper-K

* Next generation of neutrino observatory in Japan— construction 2020-27
— A 260 kton water Cherenkov detector — Fiducial Mass ~ 8 x SK.

Super-Kamiokande Hyper-Kamiokande
—
DN
Super-K Hyper-K (1st tank)
Site Mozumi Tochibora
Number of ID PMTs 11,129 40,000
Photo-coverage 40% 40% (x2 sensitivity)
Mass / Fiducial Mass| 50 kton / 22.5 kton | 260 kton / 187 kton
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Sensitivity to CP violation

. Assummg arun v:v = 1 3 @1 3MW (can be ad]usted)
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of data taking : known in 2029-2030 !

— Independent from | systematic uncertainties.

« HK 10 years : 50 sensitivity on 60% of 6, values.

* HK has world-best sensitivity to CP violation for the coming generation.
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Precise measurement of SCP

 After CPV is determined, accurate measurement of 6, will be crucial

— Maximal CPV, leptogenesis, symetries of lepton’s generations ...
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True normal hierarchy (known)

HK Years (2.7E21 POT 1:3 viv)

CP conserved (5.,= 0)
Max XPV (6, = -7t/2)
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80
25°
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60
19°

« HK will be the world-leading experiment to measure 6_, and constrains

CP-violation in the next 20 years !



Conclusions

* Super-K discovered the neutrino oscillation 25 years ago.

— Since this, v physics has known an incredible boost in last 20 years
— Oscillation discovered & PMNS matrix has been almost completed.

* Opened the possibility to measure CPV in neutrino oscillation
— May be a crucial milestone to explain the matter/antimatter asymetry

— We found the 1st indication of CP violation in lepton sector w/ T2K
— Hope to find the 1st 30 evidence using T2K + SK-atmospheric.

0.04 i

[ ] i -
Next generation already 002} o pascoli ST Peicah A Riotto

under-construction : Hyper-K.

O 0 |
— 1st observation of CP violation. |
— Precise determination SCP to test ~002 f I

I

Maximal CPV, leptogenesis, symetrieéo'o4 |

115 —-11 -105 -10 -95 -9

of lepton’s generations ... Log,, Vs
— Unique test of PMNS unitarity : see Joao's talk.



Additional slides
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Matter /antimatter asymmetry

* v CP violation at low E maybe the key to matter/antimatter asymetry

— Class of theories directly link low E 6, to matter/antimat. asymetry.

CP violation at low Leptogenesis

energy for v

M
AP = P(vy —ve) = PV, —Ve) o< Jop [Ya| 2.8 x 107 sind (3%) (109 GlreV>

* First step is to actually measure if CP is violated...

0.04 | i | Precision on sin o,
0.02 | | _ < Precision on leptogenesis
. S. Pascoli, S.-T. Petcoy, A Riotto
N | models
S 0
-0.02 | . .
| l | Lower limit for leptogenesis :
—0.04 | I | |sinB,,sin ., | 20.11
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Flavour symmetries

* Models of lepton flavour symetries could be also tested

coS 2095 cos 2043

e e T
H COS 0 =

. . .9
’\)e s '\)IL Ly \)r S1I1 2923 S1I 913 (2 — 3sin 913)

N[ =

Lepton generation symetric models

— Limits the model constraints.
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L0y ” n n ” Op = less well-known parameter

o
o0

<
=)

Model separation requires :

First separation : 6 [6,] < 30°
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Combination of atmospheric + beam v

Impact on CPV sensitivity Sensitivity to mass ordering
18 HK 10 years (2.70E22 POT 1:3 viV)
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Hyper-K preliminary Running Time (Years)
True normal ordering, improved syst. (v./V, xsec. error 2.7%)

sin*(6,,)=0.0218 sin*(0,,)=0.528 | m3,|=2.509 X 10 eV*/c*

True 6CP

* Even if MO is not known when HK starts

— Sensitivity to CPV is little affected if we add atmospheric v.

* MO would be determined by :
— HK after > 6-10 years via atmospheric.
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One remaining main issue in oscillations

— Measure 6 _, parameter aka the CP violation parameter.

®

2 2 2 o2
4013513523 sin” Az
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— Usewv_ / ;e appearance in T2K
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1. sin%(20 ) : Leading term

2. CP violation effect:
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— sind is CP odd : opposite effect for v / v
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Atmsheric neutrin since 1998

* Neutrinos produced in cosmic ray decays.

20-""|""|""|""- 20-"
I8F SKI-V expanded FV g 18E
16 = Data fit - 16
14 - = == MC expectation — 14
12 _ [ Inverted _ 12

R0k

0.35 04 045 05 0.55 06 0.6
sin0,,



Neutrinos ?

1. v are the only known neutral leptons

— interacts through weak (and grav.) interactions. "

— 1 light year of lead to stop 50% v !

-

1 light-year

>

2. v are extremely (suspiciously?) light.

— Absolute mass unknown, only upper limits.

— > 6 order of magnitude < other SM masses.

— Is the origin of v mass # from other particles?

'50 %
V

Mass [giga-electron-volts]

Dirac ? or/and Majorana ?
_ _ 1 - i
LDmass — [VLVR_i_VRVL:| LL i _EML(VZVL 3 VLVZ)

3. Neutrino « oscillates » !

— The 3 neutrino flavours can

change to other ones.
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Selected d

scoveries in neutrino physics
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