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The Nobel Prize in Physics 2015 was awarded
jointly tc and Arthur B. McDonald
"for the discovery of neutrino oscillations, which
shows that neutrinos have mass"
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Solar Neutrinos
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Production: pp Chain
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Production: CNO Cycle

CNO cycle 107
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Solar Neutrino Spectrum at Production
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The Davis experiment,
or the Homestake experiment

Vo +37Cl > e~ + 37Ar™
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Solar Neutrino Deficit at Davis

37Ar production rate (Atoms/day)
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The Davis experiment,
or the Homestake experiment

Vo +37Cl > e~ + 37Ar™
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Radiochemical Detection

Homestake, SAGE,

GALLEX...
Target Ga or Cl
Interaction v, +N —>e” + N’

Detection Radioactivity from
the product nucleus

The Davis experiment,
or the Homestake experiment

Vo +37Cl > e~ + 37Ar™
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The Deficit
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etection at Kamioka camiokande.l|

(1985-1990)

Kamiokande-lI,
Super-Kamiokande

(1996-now)

Super-Kamiokande
Target H20

Interaction v+e —->v+e

Detection  Cherenkov
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Cherenkov Detectors

Kamiokande-lI,
Super-Kamiokande

Target H20
Interaction v+e —-v+e

Detection Cherenkov
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Cherenkov Detectors

Kamiokande-lI,

Super-Kamiokande
Target H20

Interaction v+e —-v+e =S '
QO.S
Detection  Cherenkov S
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Super-Kamiokande, Phys. Rev. D 94, 052010 (2016) -1 0.5 0 0.5 1
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An Image of the Sun

Neutrinos!
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The Solar Neutrino Problem

Standard Solar
Model Prediction

Experimental

results
GALLEX

GNO

Hzo Kargfokande Ga

Be M PP, pep Experiments m
8 M CNO Uncertainties

http://www.sns.ias.edu/~jnb/
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SNO: A Special Cherenkov Detector

Kamiokande-lI,
Super-Kamiokande
H20 D20

SNO (1999-2006)

Target
Interaction v+e —v+e ES+ CC+ NC
Detection  Cherenkov Cherenkov

e Elastic scattering:v+e~ - v+ e
* Charge current:v, +d > e +p+p
* Neutral current:v+d->v+p+n
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SNO: A Special Cherenkov Detector

Kamiokande-lI, % 160E- @
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* Chargecurrent: v, +d »>e +p+p 9 T " T o
* Neutralcurrent: v+d - v+p+n ©0%%

SNO, Phys.Rev.Lett.89:011301 (2002)
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SNO: Flavor Measurement
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The Solar Neutrino Problem

Standard Solar
Model Prediction

Experimental
results

2023/08/09
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Neutrino Oscillation: Simplified 2-Flavor Model

() = (S cose) (1)

Flavor Mass 5
eigenstate eigenstate : < Am l
3
. ., (Am°L 5
P, -y, =1 —sin“(20)sin 1R =

oy | B~
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Neutrino Mixing

Pontecorvo—Maki—Nakagawa—Sakata matrix

Ve

Yy

Vr

Flavor
eigenstate
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Neutrino Oscillation

Pontecorvo—Maki—Nakagawa—Sakata matrix
Ams5,
Ve 1 C13 5136_65 Cl12  S12 1
YV | = C23 523 , 1 —S12 (€12 V9
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Neutrino Oscillation

Pontecorvo—Maki—Nakagawa—Sakata matrix 2
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Neutrino Oscillation

Pontecorvo—Maki—Nakagawa—Sakata matrix 2
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The Solar Neutrino Problem

1
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Matter Effect
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Matter Effect
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Hy, = Hy + U' <\/§GFN6
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Matter Effect

/7;_; \

Hy, = 2 Effective mixing parameters
2

\
( 2
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Energy dependent mixing!
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MSW Effect

2023/08/09
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MSW Effect
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Scintillation Detection

KamLAND,
Borexino...

Target Liquid scintillator
Interaction v+e - v+e”
Detection Scintillation
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https://borex.Ings.infn.it
Borexino (2007-2021)

---------

400 KamLAND (2002-)
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Borexino Results — ONOw — TBe-vand *Be-s
......... pep_ 11C
10° s "y 21OBiv External backgrounds
= Other backgrounds

102 — Total fit: P value of 0.3

T IJIII
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10

—
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| J-'-J - | I_ L L I

500 1,000 1:500 2,000 2,500

Energy (keV)
Borexino, Nature 587, 577-582 (2020)

* Discovery of CNO neutrinos in 2020
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Borexino Results : — ONOw — TBe-vand *Be-s
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Looking Forward

e Neutrino oscillation

* Probing the Sun
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Looking Forward

e Neutrino oscillation Solar neutrinos
(SNO+SK)

* Precise measurement of sin®6,, and Am3,

18 | sin?(©,,)=0.308+0.014 Am2,=(4.85"&) 10°eV?
| Sin’(0,,)=0.307"3318  Amg,=(7.49'%1%) 10°eV?

Am?in 10°eV?
>

“NWrrOIONO©
i N i i i N i i I

-Ld:.Zd:...ZsG
246 8
Ay

||||||||||

Super-Kamiokande, Phys. Rev. D 94, 052010 (2016) 0.1
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Looking Forward

* Neutrino oscillation
* Precise measurement of sin6,, and Am5,

1013
* Probing the Sun o
@110
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 Discover hep neutrinos
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Future Detectors

Directional

éter Cherenko
190 kton

Hyper-Kamiokande

2023/08/09
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Future Detectors

Directional

Energy resolution ~3%

qter Cherenko
‘ 190 kton |

Hyper-Kamiokande
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Future Detectors

Directional

Energy resolution ~3%

ater Cherenko

190 kton
JINPING oy 8 B BRI
, NEUTRINO : uquud Scnﬁtll
o . 3% REGn .7/
Hyper-Kamiokande S W e SUUND.
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Future Detectors  Chereedcurrent 4

Elastic scattering 1am i e LArTPC

DUNE | SRS e))

S0 17 kton module
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Atmospheric Neutrinos




Atmospheric Neutrinos

Cosimic ray

-
Air nucleus t’
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Atmospheric Neutrinos

Cosimic ray

a - TN
Air nucleus .".ﬂ

* T oV, + U
* U 2V, t+v.+e

Muon

Electron

| 2 Muon :
\neutrinos /

¢ 7T+ — vﬂ + l’l+ :(; 1 Elecrton neutrino
s urov,+v. tet
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Atmospheric Neutrinos
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Neutrino Interaction at GeV

- 3. A. Formaggio, G. Zeller. * Main interactions:

R Rev. of Mod. Phys., 84 (2012) ° (Quasi—)EIastic Scattering
*vi+n-1"+p chargedcurrent
* V;+p-olt+n charged current
*V+p-oVvV+Dp neutral current

* Resonant Meson Production

* Deep inelastic scattering

©c o O - =
A OO 0 o N b
TTTTTTT [ TTT [ TTT 1T

o
N

v cross section / E, (10°® cm? / GeV)

(]
TTT
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First Observations

i, &
''''''

. Kolar Gold Fields

1965, in India
Bombay-Osaka-Durham experiment
Plastic scintillator counter

Proc Indian Natn Sci Acad, 70, A, No.1, January 2004, pp.11-25

2023/08/09

0 T 2 METERS

East Rand Proprietary Mines

1965, in South Africa
Case-Witwatersrand-Irvine experiment
Liquid scintillator paddles
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Detection 1n Water Cherenkov Detectors

www-sk.i_c'rr.Li-tdkyo.ac.jp

IMB
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Particle Identification for e/u
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Event display
in KamiokaNDE

Y. Oyama XIV ICFA School On Instrumentation (2017)

Fuzzy ring Sharp ring
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Atmospheric Neutrino Anomaly
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Detection at Super-Kamiokande
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Atmospheric Neutrino Anomaly with SK
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Zenith Angle Distribution | elike
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2023/08/09
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Super-Kamiokande,
Phys.Rev.Lett.81:1562-1567 (1998)
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Zenith Angle Distribution

,

2023/08/09

MC expectation

0002

* Fewer vy from below than
from above
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300 ,
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0 | | | |
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cos®

Super-Kamiokande,
Phys.Rev.Lett.81:1562-1567 (1998)
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250

Zenith Angle Distribution

) ) 200
No-oscillation

A
@ 2 100
@ 50
0
300
* Fewerv, from below than 240
from above

oscillation &

MC expectation 150 _

| e-like ]
| p>0.4 GeV/ic _

——7 7
From From-
'beloyv | apové
- u-like
. p>0.4GeVic _

L 77 ! b
Ll 77 7L

0 | | | |
-1 -06 -02 02 06 1

cos®

Super-Kamiokande,
Phys.Rev.Lett.81:1562-1567 (1998)
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Zenith Angle Distribution

,

2023/08/09

* Same v, from below as
from above

* Fewer vy from below than
from above

1 %4
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u — Vz oscillation
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250

Atmospheric Mixing Parameters

200
1 g T T [ T T T E 150
i Vi~ Ve ] 100
7 E 50
- i* Same v, from below as
O Kamiokande from above 0
s | 1 300
NE1O = J——
< F ; = * Fewer v, from below than 240
- Super-Kamiokande —>/ ’
- --~ from above
T S— 68%
E _ 90%
S 99% _
1 v, — v oscillation e
0 A T T R R U _
0 0.2 04 2 0.6 0.8 1
sin“20
Super-Kamiokande, Phys.Rev.Lett.81:1562-1567 (1998) Super-
Phys.R
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Neutrino Mixing

Pontecorvo—Maki—Nakagawa—Sakata matrix 2
Ams5,
1 —10 . -.
Ve C13 513€ Cl2 512 V1
Vi | — C23 523 1 —S512 C12 V2
5 __
Vr —893 €23/ \—S13€° C13 1 V3
. Am?
Flavor Atmospheric \/ Interference\/ Solar\/ Mass 32
eigenstate eigenstate

With reactor neutrinos
See Bryce Littlejohn’s lecture

2 2 2
Am32 — m3 _mz
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Missing Pieces In Neutrino Mixing
Pontecorvo—Maki—Nakagawa—Sakata matrix

Ve 1 C13 513€ @ Cl2 512

Vi | — C23 523 1 —S512 C12
0
Vr —S23  C23/ \—S13€' C13
| Am?
Flavor Atmospherlc\/ Interference\/ Solar\/ Mass 32
eigenstate igenstate

Mass Ordering
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Mass Ordering

Pontecorvo—Maki—Nakagawa—Sakata matrix

Ve 1 C13 s13€7% Cl2  S12
Vi | = C23 523 1 —S12 (€12
Vr —S93 o3/ \—s13€” C13
. Am
Flavor Atmospheric \/ Interference\/ Solar\/ Mass 32
eigenstate igenstate
A LT L
05—?'5_6(143_4272’{ Uﬁ.? [3!4:} j41;1 ]
>k
Am? L
« : Jk
+ 2 Z I { Ugj Uar Uﬁk } sm( o )
J>k Mass Ordering
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Mass Ordering

Pontecorvo—Maki—Nakagawa—Sakata matrix

—is -.
Ve 1 C13 Size " Cl12  S12
VPL — Co3 593 1 —S19  Cq19

0
Vr —S23  C23/ \—S13€' C13
Flavor Atmospheric 3 i
eigenstate ——— |
2
1 3
Am$, > 0 Am3, < 0

Normal Inverted
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Ams3,
Mass

igenstate

Mass Ordering
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Mass Ordering

Pontecorvo—Maki—Nakagawa—Sakata matrix

U, 1
Vi | — C23 523
Vr —3523 (23
Flavor Atmospheric
eigenstate

Q: How do we know Am3, > 0?

2023/08/09

C13 513€ C12

1 — 512
PR
3 2
] 1
2

1 3

Am2, > 0 Am2, <0

Normal Inverted
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Am3,
Mass

igenstate

Mass Ordering
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Atmospheric Neutrino Propagation

Zenith

Hy, = Hy + U' (ﬁGFNe ) U
0
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Atmospheric Neutrino Propagation

Zenith

290 sin%20 g . er-
Sin M — > Kamiokande
- _ 2V2Ggn, - A8
Sin 29 + ' COSZH + Am2 13’000 km

Hy, = Hy + U' (ﬁGFNe ) U
0
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Mass Ordering

sin?20,, =

PV, — V)
1 1 T
0.5 Normal
" Ordering
2 0
o b
« Assume Am? >0 s
L*—O
. 2 _1‘\A | Lt 3
sin?260 L 19 90
E [GeV]

sin%260 + (cosz

2023/08/09
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0.8

0.6

0.4

-0.2

0

el 1]

1

PV, = V,)
T T 1
0.8
Normal
Ordering 0.6

+ 0.4
| -10.2
L | AT 0

10 10?
E [GeV]

Resonance
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Mass Ordering

P(v, = V) — vV vV — PV, — V)

1 . 1 1 —rrrrreny 1

0.8 0.8
0.5 Normal 0.5 Normal
o Ordering o6 | . Ordering 0.6
2 0 | 2 0 |
) ° B _ 0.4 = + 0.4
o A i |
Assume Am< > 0 054 - 05 5
\ | |
_1’\5 Lasuul AT 0 _1l TR TETY BN I S TTTY T W W UTPY M 0
sin?26 1 0 107 1 10 107
Sin229M = E [GeV] E [GeV]

sin220 + <c052 1 P(vy, = Vo) R ’S N CFéVu — V) 1

os Inverted 0.8 ol Inverted 0.8
' Ordering ' Ordering
" 0.6 . 0.6
2 2 o % o
e AssumeAm- <0 8 oa | © M.
—0.5\‘ 02 -0.5; _;0.2
|
_1‘\% a0 vl el - L 0 _1' ‘0
1 10 10
E [GeV]
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Mass Ordering Measurement

20

15

L L R I AL B
—— SK -V Expanded FV data fit
- = MC expectation at data best-fit

_ I Inverted
~ [ Normal

11 I | 1 1 1 | 1 1 1 1

-1t -T1/2 0 /2

I
:|||l||||

o

CP

Super-Kamiokande, Neutrino 2022

2023/08/09

* Not yet conclusive

 Statistically constrained
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Future Upgrade

. Hyper-Kamiokande

2023/08/09

fStatistlc‘eTIW'cofrs%Fa-i.ned_

Water Cherenkov
190 kton
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lceCube

IceCube Lab

50 m D Ll e el

|

1450 m

TS -

IceTo

2450 m
2820 m

2023/08/09

4

l;thn‘:(S GeV

= ~_— 81 Stations

- 324 optical sensors

IceCube Array

86 strings including
8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized
for lower energies

2 480 optical sensors

Eiffel Tower
324 m

lceCube
DeepCore

E? ® [GeV cm™ sec! sr]

1 O_l ET T T T [ T T T T[T roT LI I A I B T
loz*fféigfi. IceCube
A3 \’\ ]
107 —Ra N E
E \w!\ 4 E
104 A - =
= \\\ R =
| N \! |
S : :\, 3 |
107 E = Super-Kamiokande I-IV v, =< g E
- Frejusv, ¢ e -
— IceCube v, unfolding N\ M |
1 0_6 | IceCube v, forward folding \\\ ]
= AMANDA-I v, unfolding , \={ , E
— AMANDA-II v, forward folding N 3
B ANTARES v, . ]
l 0_7 L — HEKEKMIl v u+v|4 (w/ osc.) \-\\ -
= ® Super-Kamiokande [-IV v | l El
- —— TFrejusv, N
-8 IceCube/DeepCore 2013 v,
10 = —%—  IceCube 2014 v, V=
- HKEKMIL v +V_ (w/ osc.) o
1 0—9 RN R T M T T T N A NN TV O A M N/
-1 0 1 2 3 4 5

Logm(Ev/GeV)

Super-Kamiokande, Phys. Rev. D 94, 052001 (2016)
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lceCube Results

le—3
324 NOVA 2021 —-- MINOS/MINQS+ 2020
' -==- T2K 2021 === DeepCore 8 years - golden event sample
- SuperK 2020
3.01
— 2.8
N
>
)
—. 2.6
e T
£ \
< 2.4 \
2.2
2.0- all contours at 90% C.L.,
' Normal Ordering

030 035 040 0.45 050 055 0.60 0.65 0.70
sin? (6,3)

arXiv: 2304.12236
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Future Detectors

lceCube-Upgrade

| e
| '5 : ©
MR R
| // lce Cherenkov
R ~50m

2023/08/09
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Future Detectors

IceCube-Upgrade KM3NeT-ORCA

fw),
Top
<
-]
® e
° o
° e o
9 o
o
: ° > ®
: £ * g 100
{1 [
ol 12
(RN i
< LR \
E é | ® leeCube ¢
. : °
i

{
|. s
! !' : i Upgrade: 7 "
YT |
X
lce Cherenkov

pmm— R ~ 50 m \/‘ Water Cherenkov
R =115 m
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Future Detectors: DUNE

e Low threshold for
hadron reconstruction

LArTPC

10 ktonx 2 (4) il * v/V separation
e B B ] =j= e Sensitive to CP violation
bRy 17 kton module '
19k 66 m (10 kton active volume) and Mass Orderlng
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Take-away Messages

1G4
= 107

L gjie Solar neutrinos
* Purev,’s ¥ 10

* Measure 1-2 mixing; 5
* Solar metallicity and more... Atmospheric |
104 neutrinos

10°¢

V,LU Ve: V,LU Ve T2
* Measure 2-3 mixing; 107
 Mass ordering, CP violation, ...

10

10°%

107 "10* 1 10° 10° 10° 10" 10" 10"
puev. meV eV keV MeV GeV TeV PeV EeV
Neutrino energy
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Thank you!




CP Violation

(P(vg — V.B)>

0.1 0.2 0.3 04 05 0.6 0.7 0.80.91.0
E |GeV]

Signature at sub-GeV

* Requires precise prediction of neutrino flux and
precise reconstruction of neutrino energy
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Other Atmospheric Neutrino Observatories

IceCube Lab
\.\_<._—.- - IceTop
e = 81 Stations
50m —— IS ST e S — 324 optical sensors
IceCube Array
86 strings including
8 DeepCore strings
5160 optical sensors
1o i DeepCore
i 8 strings-spacing optimized
| for lower energies
i i 480 optical sensors
J i Eiffel Tower
324 m
2450 m
2820 m

DeepCore
E,, .6 GeV
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