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If we discuss the neutrino physics in the last 50 years, one of the main topics is neutrino

oscillations. Therefore, today, | will mostly discuss experimental neutrino physics related to
neutrino oscillations.

e Solar neutrinos

* Atmospheric neutrinos and Long-baseline neutrino oscillation
experiments

e The third oscillation channel
* Agenda for the future neutrino measurements
* Summary

In this talk, | use this flag to show the IN2P3’s
contribution to neutrino physics.

Many thanks to Marco Zito and Michel Gonin.



Solar neutrinos



Solar Observatory, NAOJ, Mitaka

Solar neutrino problem
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About 50 years ago, the pioneering Homestake experiment observed solar neutrinos for
the first time. However, the observed event rate was only about 1/3 of the prediction.




Results from solar neutrino experiments (before ~2000)
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SNO detector
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SNO was able to observe the v, flux by CC
interactions (v, + D = e + p + p) and the total
flux by NC interactions (v, + D 2 v, + p + n).




3 neutron detection methods (for v d = v pn measurement)

Phase | (D,0) Phase Il (salt) Phase Il ((He)
Nov. 99 - May 01 July 01 - Sep. 03 Nov. 04-Dec. 06
n captures on 2 tonnes of NaCl 400 m of proportional
2H(n, y)*H n captures on counters
Eff. ~14.4% 33CI(n, y)3¢Cl SHe(n, p)*H
Eff. ~40% Effc. ~ 30% capture
SC|+n
°H+n 8.6 MeV
—T 6.25 MeV \
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Evidence for solar neutrino osciflations

BSO05

\~~
S
~~~~
6 ---------- ¢SSM 68% C L
~~~~
~~~~~~
S

—— ¢, 68%, 95%, 99% C.L.

0,0 (X 10% cm2 s

W@
AN, =
- SNO o0
o [ ¢cc 68%CL.
= D onc 68%C.L.
1 [ 05 68% C.L.
- I 5 68%C.L.
B 1 1 1 1 | 1 1 1 1 | - 1 1 | | 1 1 1 1
° 0.5 1 1.5 2.5 el SNO NC

SNO CC i SNO ES SK ES
68%CL 68%CL 68%CL

SSM

68%CL

0, (x 10 cm?s?) NN gIE

SNO PRL 89 (2002) 011301

(A plot based on the SNO PRC 72, 055502 (2005)
salt-phase data)

Three (or four) different
measurements intersect at a
point.
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SNO results from 3 phases
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Really neutrino oscillations!
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Consistent with MSW /
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Borexino reported the detection of CNO neutrinos as well!
Borexono, Nature 587 (2020) 577-582.

. Borexino, PRL 101, 091302 (2008), PRD 82 (2010) 033006, PRL 108, 051302 (2012),
BOI’EXan Nature 512, 383 (2014), PRD 89, 112007 (2014), G. Bellini, JINR, Sep. 2016
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Atmospheric neutrinos and long-baseline neutrino
osciflation experiments
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Atmospheric neutrinos
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Atmospheric v,, deficit (1980’ to 905)

v’ Proton decay experiments in the 1980’s observed many atmospheric neutrino events.

v’ Because atmospheric neutrinos are the most serious background to the proton decay
searches, they had to understand atmospheric neutrino interactions.

v During these studies, a significant deficit of atmospheric v, events was observed.

Kamiokande (1988, 92, 94) O e
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Super-Kamiokande detector
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Evidence for neutrino oscillations (Super-Kamiokande, 1998)

Super-K, Neutrino 98, Super-K., PRL 81 (1998) 1562
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CHOOZ: v, D v, ?
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Studies of v ,=2v, oscillations

Atmospheric neutrinos \* A AES

SuperJ(OF“

s
£ e 1
\
t
\
2450 mp—— \ \

2820m

IceCube

fit]
bs
4 .
S|y~
Y
|
2




v, disappearance studies T2K 12k, pro 91 (2015) 072010
(a ccelerator experiments)

:), L
m L
{:l |
o 60
= u ——— MC Unoscillated Spectrum
> i
= 40 I~ ——— MC Best Fit Spectrum
K2K, PRD 74 (2006) 072003 2 i
%13 L L 1] - -NCMCPredicticrn
316 [ MINQOS 20
c‘ -
514 F =
= 4 MINOS PRL 110 (2013) 251801 0
%12 - _ 0 2 4
10 [ vy-dominated beam Reconstructed v Energ;
10.71x 10" POT — _
8 | :i_..:-.,__ contained-vertex v :—F’redliction | Nomsosnn POT-equn.r:
S EY ! -] 1-0 syst. range i
6 [ ; o - Max. mix. pred. -
:= MINOS data NOVA “EBackgrounds o :
a L —— Best fit oscillations - o [—Data - ]
, k o - - - No oscillations NOVA, PRL g 1o .
; % PFR_ ' - NC background 118 (2017) Yo ]
I L. . _[EEE Cosmic-ray muons = = ot -
o T2 s B2 Y 151802 T LT -
Y 0 P AR00 IETETEE NS W WL IR T ;
0 g1sf .
%%0_5— r_:E
0 2 4 6 8 10 12 14 ®° o il GGG st s ol

="
[y

Neutrino Energy (GeV) Reconstructed neutrlno3energy (GeV)



Vv, appearance
OPERA
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The third oscillation channel



Experiments for the third neutrino oscillations

Accelerator based long baseline neutrino oscillation experiments

" Double Chooz
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Discovery of the third neutrino oscillations (2011-2012)

Accelerator based V, appearance experiments
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Oscillation parameters
LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

F. Capozzi et al.,arXiv:2107.00532v2 (Sep 2021)
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Agenda for the future neutrino measurements
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Agenda for the future neutrino measurements

Neutrino mass hierarchy? CP violation?
. normal inverted — —
v T v, [P(Va > V)#P(V, > V,) ?J
7 v,
8 Baryon asymmetry of the Universe?
8 (Present data
E slightly disfavor?)
=\ v, : .
| v ——— v, I Are neutrinos Majorana
T mmo taken from . & Paterson, Ann Rev Nu particles? =>» Neutrinoless
double beta
Absolute neutrino mass? decay
Beyond the 3 flavor framework? Ve = Vg
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Next generation neutrino oscillation experiments

v We would like to observe if oscillation of neutrinos and those of anti-neutrinos are different.
If observed, it will the first step to understand the origin of the matter in the Universe.

Hyper-Kamiokande (Hyper-K)

Fermilab

=
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DUNE (located in USA) and Hyper-Kamiokande (located in Japan) have similar sensitivities,
although the experimental details are largely different. We would like to see the consistent
results from these 2 complementary experiments!




DUNE

(Neutrino Telescope 2021,
Georgia Karagiorgi)
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https://ilance.cnrs.fr/

International
Laboratory for
strophysics,
Neutrino and

Cosmology

Experiments

ILANCE was created on April 1, 2021. The founding Institutions are CNRS and the Univ. of Tokyo.
ILANCE's office is located at the Kashiwa campus of the Univ. of Tokyo. The teams of IN2P3/CNRS and
the University of Tokyo have been actively involved together in research projects in neutrino physics,
cosmology, astrophysics, high energy astrophysics and particle physics. In particular, ILANCE will be a
key laboratory for the collaboration between France and Japan in the T2K and Hyper-Kamikande
experiments.


https://ilance.cnrs.fr/

* During the last 50 years, we discovered that neutrinos have small mass
(and large mixings).

* IN2P3 has been playing very important roles in neutrino physics and
astrophysics.

* We expect that IN2P3 will continue to play major roles in neutrino
physics and astrophysics.

* Let us keep working together and enjoy neutrino physics and
astrophysics!

Congratulations for IN2P3 50 years!
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