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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

13 =
pp chain 107 F
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Production: CNO Cycle

CNO cycle 107
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Solar Neutrino Spectrum at Production

1013
102 = pp [+0.6%)]

(%) 1010 "Be [+6%)]

10° pep [+1%]

* All solar neutrinos are v,’s

8B [+12%)]

* Fluxis predicted by the
Standard Solar Model
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http://www.sns.ias.edu/~jnb/ Vinyoles, N. et al. Astrophys. J. 835,202 (2017). Borexino, Nature 562, 505-510 (2018)
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F i rSt DeteCti 0 n hfip://www.sns.igs.edu/”jnb/;r-i""

The Davis experiment,
or the Homestake experiment

Vo +37Cl > e~ + 37Ar™
2025/07/02 Solar and Atmospheric Neutrinos, Linyan WAN 8



Solar Neutrino Deficit at Davis R ¥

_ 17
B 12 | |Standard Solar del Prediction ;
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0.0} . | ! J. J' . . 0
1970 1975 1980 1985 1990 1995 The Davis experiment
)
Year

or the Homestake experiment
B.T. Cleveland et al., Astrophys. J. 496, 505 (1998)

Vo +37Cl > e~ + 37Ar™
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. BFL
“http://www.sns.ias.edu/~jnb/, =

Radiochemical Detection

Homestake, SAGE,

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

Detection Radioactivity from
the product nucleus

GALLEX experiment Sage experiment

The Davis experiment,
or the Homestake experiment

3

Vo +37Cl > e~ + 37Ar™

2025/07/02 Solar and Atmospheric Neutrinos, Linyan WAN 10




The Deficit

Ga

Standard Solar
Model Prediction

v

Cl

v

102 pp 0.6%]
%) 1010 "He [+6%]

5 10° pep [+1%]

Experimental
results

8B [+12%]
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Solar neutrino flux (cm=2s1
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etection at Kamioka

Kamiokande-lI,

Super-Kamiokande
Target H20

Interaction v+e —->v+e

Detection  Cherenkov

Kamiokande-l|
(1985-1990)

Super-Kamiokande
(1996-now)

8
844 494 0%,

600 kuu.,.,”'“.
e iL) P vaninda« 9
."h"ll‘.'.'vtl

# o
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Cherenkov Detectors

Kamiokande-lI,
Super-Kamiokande

Target H20

Interaction v+e —-v+e

Detection Cherenkov

2025/07/02 Solar and Atmospheric Neutrinos, Linyan WAN 13



Neutrinos!
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https://www-sk.icrr.u-tokyo.ac.jp/sk/
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Cherenkov Detectors ﬁ

Kamiokande-lI,

Super-Kamiokande
Target H20

Interaction v+e - v+e Sl ' .
QO.S i
Detection  Cherenkov S
-~
= .
© Solar neutrinos
0.2
_ﬂ .
c
0]
>
LL
0.1} g
Background
0 L | I | | | ] | I | L | 1 | | | L | L
Super-Kamiokande, Phys. Rev. D 94, 052010 (2016) -1 -0.5 0 0.5 1
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The Solar Neutrino Problem

Standard Solar
Model Prediction

Experimental

results
GALLEX

GNO

HBO Kargokande Ga

Se M P—DP, pep Experiments m
88 M CNO Uncertainties &

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

Kamiokande-lI,
Super-Kamiokande

SNO (1999-2006)
ht’gpg‘./y/sno phy.queensu.caj

Target H20 D20
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

2025/07/02 Solar and Atmospheric Neutrinos, Linyan WAN 17



SNO: A Special Cherenkov Detector

Kamiokande-lI, % 160E- @
Super-Kamiokande £ 140E
Target H20 D20 = 120F
Interaction v+e” > v+e- ES+CC+NC §100;—+ .
E L
Detecti h 5 SOl gen
etection  Cherenkov Cherenkov z 60? ++ 5 ++ +}#+++
402—
* Elastic scattering:v+e™ - v+e 20E-_ NC+ bkgd neutrons

* Chargecurrent:v, +d » e +p+p o

-1.0
* Neutral current:v+d - v+p+n

2025/07/02 Solar and Atmospheric Neutrinos, Linyan WAN

-0.5 0.0

SNO, Phys.Rev.Lett.89:011301 (2002)
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SNO: Flavor Measurement

o
N .. U - ooy 68% C.L. =
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| ]
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= I 0. 68% C.L.
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00 L '0!5' — '1' S '1"5 5 ns '3|, 35 SNO, Phys.Rev.Lett.89:011301 (2002)

b, (x 10° cm2 s
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The Solar Neutrino Problem

Standard Solar

Model Prediction

Experimental
results

2025/07/02

Cl

)
0.41+0.01 6715 Ve S
2.56+0.23
SAGE
SuperK

H.O Kamiokande
2

88 M CNO Uncertainties

Solar and Atmospheric Neutrinos, Linyan WAN

+0.186
1 '0—0,15

0.30+£0.02

%

http://www.sns.ias.edu/~jnb/
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Neutrino Oscillation: Simplified 2-Flavor Model

() = (S cose) (1)

Flavor Mass 5
eigenstate eigenstate : < Am |
)
Am?L &
— £ 22 .2 N
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

2025/07/02

Solar and Atmospheric Neutrinos, Linyan WAN

Am?
Mass 32
eigenstate
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Neutrino Oscillation

Pontecorvo—Maki—Nakagawa—Sakata matrix

Ve 1 C13 8136_%(S

Vi — C23 593 . 1

V; —S923 (a3 —S13€’ C13
Flavor

eigenstate

A 2
P.e =1 —cos*(013) sin2(2912) sin? ( Trjm L)

2
— cos?(612) sin®(2613) sin” (Am31 L)

2
— sin®(A12) sin®(26;3) sin’ (Am32 L)

2025/07/02 Solar and Atmospheric Neutrinos, Linyan WAN

Am?
Mass 32
eigenstate
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Neutrino Oscillation

Pontecorvo—Maki—Nakagawa—Sakata matrix

Ve 1 C13 8136_%'(S
Vi — C23 593 1
0
V; —So3  Ca3/ \—S813€' C13
Flavor
eigenstate . . Am?2
8 P.e =1 — cos*{¥1s) 511'12(2912) sin? ( 4p21 L)

A 2
— cos®(f12) sin rrsin? ﬂiBlL
. 2 - . 2 Am§2
—sin“(#12) sin 3 =< T,
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Am?
Mass 32
eigenstate
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Neutrino Oscillation

Pontecorvo—Maki—Nakagawa—Sakata matrix 2
Ams5,
Ve 1 C13 8136_%'(S 1
Vi — C23 593 . 1 %)
Vr —823  Ca3/ \—S13€° C13 V3
Am3,
Flavor Mass
eigenstate . . Am?3 eigenstate
8 P.e =1 — cos*{¥1s) 511'12(2912) sin? ( 4_21 L) 8
P

2
— cos®(f12) sin rrsin? AﬂimL 1
~ 1 — =sin?(260,,)
. 2 - . 2 A’mf%z 2 .
—sin“(#12) sin 3 =< T,
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The Solar Neutrino Problem

1 5
e =& 1 ——=5sin“(2604,)

P
2
7 1269
Standard Solar =8 mp— _7 — 1.0+0-16
e 2 7 e 1.0%018 )
Model Prediction ' % % iR
48+0.07
0.41+0.01 67+5
Experimental 2 56+0.23 0.30+0.02
results -~
SAGE
SuperK ir;llou
C1 HBO Kamiokande Ca
Theory "Be M P—P, pep Experiments M

58 M CNO Uncertainties E
http://www.sns.ias.edu/~jnb/
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The Solar Neutrino Problem

|
ee ~ 1 —=sin (2012)

P,
2
1o 7 126*2 1 0+0.16
Standard Solar : mop— '
— | 1.02515 :
Model Prediction % % % h
.48i0‘07‘ 26945

0.41+0.01
2.56+0.23

Experimental
results

0.30+£0.02

‘Be M P—DP, Peép Experi

eory L.
88 M CNO Uncertainties &

http://www.sns.ias.edu/~jnb/
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Matter Effect

Hy

~ 4E\ AmZsin2 20

2025/07/02

1 (—Am2 cos? 260 Am?sin? 26

Am? cos? 29)'

Solar and Atmospheric Neutrinos, Linyan WAN
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Matter Effect

T 1 (—Am2 cos? 260 Am? sin? 29)
% ,

T 4E\ AmZ?sin220 AmZ2cos? 20
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Matter Effect

T 1 (—Am2 cos? 20 Am?sin? 29)
" 4E\ AmZ%sin220 AmZ2cos?26/’
Effective mixing parameters
r 2
Am%, = \/(Amzcosze — Zx/EEGFNe) + (Am?sin260)?
V2 — 2
20
Hy = Hy + 7GFNe ) sin®26,, = - >
0 sin?26 + <c0529 — zﬁEGZFNe>
\ Am

Energy dependent mixing!
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MSW Effect

2025/07/02
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MSW Effect

2025/07/02
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Scintillation Detection

KamLAND,
Borexino...

Target Liquid scintillator
Interaction v+e - v+e”

Detection  Scintillation

/ N 4 -
Z N/ D ST - ?
\ ot Nl 5
. o ’ % A% ¢
E . R A e \ ]
. 3 “"r S ."' >, -~ \
. n ) .~ <
o \ | N,
| 5 )|’
|
|
| \

https://borex.Ings.infn.it
Borexino (2007-2021)

004 KamLAND (2002-)
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Borexino Results — ONOw — "Be-v and *Be-
......... pep_v 11C
10° s "y 210R; External backgrounds
= Other backgrounds

102 — Total fit: P value of 0.3

T I.'!III

Events/(SN,)

10

—1
II||

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

-
|

* Borexino
e SK+SNO

—e——
e
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1
Neutrino Energy

[MeV]

Events/(5N,)

103

102

10

= CNO-v "Be-v and ®Be-v

--------- pep-v 1c
g N e 210R; External backgrounds
= Other backgrounds

— Total fit: P value of 0.3

T I.'!III

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

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

* Discovery of CNO neutrinos in 2020

10 Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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Looking Forward

e Neutrino oscillation

* Probing the Sun

2025/07/02 Solar and Atmospheric Neutrinos, Linyan WAN



Looking Forward

e Neutrino oscillation Solar neutrinos
(SNO+SK)

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

||||||||

18 | Sin?(0,,)=0.308+0.014 Am3,=(4.85';&) 10%eV?
Sin®(0,,)=0.307331  Am3,=(7.49'313) 10%eV?

Am?in 10°%eVv?
>

“NWrOION0O
i N i i N i i i I

-Ldi.Zd:...?sG
246 8
sz

||||||||||

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 o0
@110

° MetalllClty E 10°
 Discover hep neutrinos

pp [£0.6%]

"Be [+6%]

| powr |

pep [£1%]

L

8B [+12%]

N—~

10" 1

Neutrino energy (MeV)
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Future Detectors

Directional

ater Cherenko
190 kton

Hyper-Kamiokande

2025/07/02
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Future Detectors

Directional

Energy resolution ~3%

c'ir’m’ﬁtil‘ "

Hyper-Kamiokande
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Future Detectors

Directional

Energy resolution ~3%

ater Cherenko
190 kton ‘

JINPING SR A
NEUTRINO qU|d Surhtll

ver-Kamiokande =) EXPERIMENT 3~ TR ZyuNo
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Future Detectors  Chereedcurrent

+ » LUV L
Elastic scattering 18 m e Bl LArTPC e

olUNR - 10Ktofx2 (4)

S 17 kton module
19 m 66 m (10 kton active volume)

ater Cherenko
190 kton

JINPING
NEUTRINO
EXPERIMENT

Hyper-Kamiokande
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Atmospheric Neutrinos




Atmospheric Neutrinos

Cosimic ray

-
Air nucleus &.‘

2025/07/02 Solar and Atmospheric Neutrinos, Linyan WAN 44



Atmospheric Neutrinos

Cosimic ray

.1' ® .f’\-?:““
Air nucleus ‘1",

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

Muon

_Electron

\\2 Muon

neutrinos /

s TSV, +u’t
s urov,+v. tet
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Atmospheric Neutrinos

[—
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Cosimic ray
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Neutrino Interaction at GeV

_ J. A. Formaggio, G. Zeller, * Main interactions:
Rev. of Mod. Phys., 84 (2012)

e (Quasi-)Elastic scattering
*vi+n-1"+p chargedcurrent
* V;+p-olt+n charged current

*V+p-oVvV+Dp neutral current
e Resonant Meson Production

e Deep inelastic scattering

(@) - -
o o N B
TIT I [T ?

© O O
N A O
TTTTTTT T

v cross section / E, (10 cm? / GeV)

o
i
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First Observations

. 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

2025/07/02

0 T 2METERS

East Rand Proprietary Mines

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

www-sk.i_c'rr.Li-td'kyo.ac.jp

|

|y
’ '
-

7 Iu lj'cﬁ.’edu/”jcv

IMB

An event display of an upward-going v, Y kande-l
amiokande-

Solar and Atmospheric Neutrinos, Linyan WAN
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Particle Identification for e/u

Event display
in KamiokaNDE

Y. Oyama XIV ICFA School On Instrumentation (2017)

Fuzzy ring Sharp ring

2025/07/02 Solar and Atmospheric Neutrinos, Linyan WAN
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Atmospheric Neutrino Anomaly

| | | 1 |
1.4 F
s R = (n/€e)pata /(1t/€)mc
, No osc.
R’ 1.0 frmmmmmmmmmmmmmmmemeeme e e
®
0.8F
0.6r & + +
0.4 F -
®°+ <<>°C) " \39?3\
02r & ¥ e o
| | | | |
1986 1986 1988 1986 1990

Int.J.Mod.Phys.A 1551 (2000) 229-256, eConf C990809 (2000) 229-256
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Detection at Super-Kamiokande

= 1 O_l JLJNNLE N Y L Y L O A O O
1 — E [ 3
5 F _Super-Kamiokande -
i 2 B § 1
8 107 F a = 5
72\ - o 3 R
00k - £
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m - Frejus\ru 2o * 3 s .?, -+ : .e
_ IceCube v, unfolding . i N !’.\ﬂ N : 3
6| IceCube v, forward folding _ E° sss!
10 = 5 AMANDA-IT v, unfolding - \;% L E RN i
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[~ —k— Frejusv, 7]
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-1 0 1 2 3 4 5

LoglO(Ev/GeV)
Super-Kamiokande, Phys. Rev. D 94, 052001 (2016)
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Atmospheric Neutrino Anomaly with SK

Deficit in

1.4 F -
R’ = (u/€)oata /(t/€) :
ol DATA MC | vy/ve ratio
No osc.
R’ 1.0 prmmmmmmmmmmmemmmmammn e b -
([ ]

0.8+ +
0.6 + + Sub-GeV -

0.4 F & . N M\llilti-GeV ]
N > S & & Nd |
0.2F P Fe O & &
| | | | | |
1986 1986 1988 1986 1990 1996-now

Int.J.Mod.Phys.A 1551 (2000) 229-256, eConf C990809 (2000) 229-256
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Zenith Angle Distribution

2025/07/02

,

MC expectation

22
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Super-Kamiokande,
Phys.Rev.Lett.81:1562-1567 (1998)
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250

Zenith Angle Distribution

MC expectation 150 i

| e-like _
200 p> 0.4 GeV/c -

A
0 N e aiie= =
@ 50 From From-
0 'beloyv | | apové
300 ,
| u-like _
* Fewer v, from below than 240 | P>0.4 Gevic :
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0
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Super-Kamiokande,
Phys.Rev.Lett.81:1562-1567 (1998)
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Zenith Angle Distribution

,

2025/07/02

MC expectation

22

* Fewer vy from below than
from above

oscillation

Solar and Atmospheric Neutrinos, Linyan WAN

250

200

150

100

50

300

240

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

- e-like ]
| p>0.4 GeV/c |
4 e |
ﬁ 77 flm

7]
From From -
'beloyv | apové
| u-like _
. p>04GeVic |

cos®

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

56



Zenith Angle Distribution

,

Q) * Same v, from below as
from above

* Fewer vy from below than
from above

1 %4
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Atmospheric Mixing Parameters

llIII]I

* Same v, from below as
from above

Kamiokande

(eV?)

Am?

——1 * Fewer v, from below than
from above

— v, oscillation

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

Pontecorvo—Maki—Nakagawa—Sakata matrix 2
Ams5,
—10
Ve 1 C13 S13€ 141
vy | = C23  S23 1 V2
0
Vr —893 €23/ \—S13€° C13 V3
. Am?
Flavor Atmospherlc\/ Interference\/ Mass 32
eigenstate eigenstate

2 2 2
Am32 — m3 _mz
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Missing Pieces in Neutrino Mixing

Pontecorvo—Maki—Nakagawa—Sakata matrix CP violation

Ve 1 C13 S13€ @ Cl12 512

Vp | = C23  S23 1 —S12  C19
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 s13e” " C12  S12
YV | = C23  S23 1 —S12  C12
Vr —S23 o3/ \—s13€” C13
Am3,
Flavor Atmospheric \/ Interference\/ Solar\/ Mass -2
eigenstate igenstate
A-km L
prs =4 X {000, ot (ST
>k
A'kmz L
: j
+ 2 Z In { i Upi Uak Ugy, } sm( % )
J=k Mass Ordering
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Mass Ordering

Pontecorvo—Maki—Nakagawa—Sakata matrix

—i8 _'
Ve 1 C13 S1z€ " Cl2  S12
Vi | — C23 523 1 —S512  C12
0
Vr —S23  C23/ \—S13€' C13
Am?
- 32
Flavor Atmospheric 3 p) Mass
eigenstate — igenstate
2
1 3
Am3, > 0 Am3, < 0

Normal Inverted Mass Ordering
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Mass Ordering

Pontecorvo—Maki—Nakagawa—Sakata matrix

—is _'
Ve 1 C13 S1z€ " Cl2  S12
Vi | — C23 523 1 —S512  C12
0
Vr —S23  C23/ \—S13€' C13
Am?
- 32
Flavor Atmospheric 3 p) Mass
eigenstate — igenstate
2
1 3
Q: How do we know Am3, > 0?
Am3, > 0 Am3, < 0

Normal Inverted Mass Ordering
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Atmospheric Neutrino Propagation

Zenith

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

Zenith

H]/ : ~ Cosmic ray

4 of

y o

. .
- sin”26 g : b

Sin 2(9M = > Kamiikande
. _2V2G :
SIHZZH + ' cos20 + \/_ ane ’ 13.000 km ]
Am ’
\ : £

Hy, = Hy + U' <\/§GFN6 ) U
0
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Mass Ordering

sin?20,, =

sin220 + ‘

2025/07/02

e Assume Am? > 0

sin%20

cos26 + 2\/76,:2713
Am

Normal
Ordering 0.6

~0.4
-0.2
sl ALl 0
1 10 10?
E [GeV]

1

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

+ 04
-0.2
Ll o ; 0

10 10?
E [GeV]

Resonance
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Mass Ordering

1 10 10?

P(v, = V)

Normal
Ordering

E [GeV]

<V
;

0.8
0.6

| 0.4
H10.2

0

P(Vp — V)
T T E—— . 1

Normal
Ordering 0.6

+ 0.4

Ll i | VT ) 0

1 10 10?
E [GeV]

0.5

% 0
S N

e AssumeAm? >0 s

“.

- sin®26 B

sin“20,, =
sin220 + ({cos26 F 2\/76,:2713

Am 1

0.5

e AssumeAm? <0 § %

-0.5%

i

—1

2025/07/02

PV, = Vo
" R@s

Inverted
Ordering

E [GeV]
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Mass Ordering Measurement

20

15

—— SK -V Expanded FV data fit

- = MC expectation at data best-fit

I Inverted
I Normal

11 I | 1 1 1 | 1 1 1 1

2025/07/02

CP
Super-Kamiokande, Neutrino 2022

;|||l||||

* Not yet conclusive

 Statistically constrained
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Future Upgrade

: Hyper-Kamiokande

2025/07/02

fStatistlEaTI'ITcofrs%Fa-i.n.ed_

Water Cherenkov
190 kton
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lceCube

- ]O'l LI Y I B O B B LN L L B I L I T
IceCube Lab — L[ f_igi(.‘ii o IceCube
T lceT o 102" =
R St ceTop = B E
—— M= s = 81 Stations % — l\‘ 3
S0m —— IS S S S A S 324 optical sensors [~ \,\ 3L |
o Mies 3 \ \
‘« © - N e =
' > B I\ -
| 0 104 \ =
IceCube Array @, = \\ X -
g6Dstrin s inclijc.ling S n N\ \! n
eepCore strings S N |
| 5160 optical sensors o 10 = . Super-Kamiokande LIV v, .—fu AP E
M F Freius v, =~ : E
1450 m i DeepCore B IceCube v , unfolding N ™ N
8 strings-spacing optimized 1 0‘6 - TocCube v, fougeuERRE N\ —
for lower energies S AMANDA-IT v, unfolding + =
3 480 optical sensors — AMANDA-II v, forward folding ~ -
32 B ANTARES v, ]
R — HKEKMIl v u+v|4 (w/ osc.) A N
Eiffel Tower 10 E AN =
324 m - ° Super-Kamiokande I-IV v - l . =
[ ——¢— Frejusv . 1
2450 m -8 IceCube/DeepCore 2013 v,
2820 m 10 = —%—  lceCube 2014 v, V=
C e u e — HKKMIL v _+V_ (w/ osc.) I
1n-2 i SN N [N N NN NN T T N S N S Y NN N S |
10

—

0 | 2 3 4 5
Logm(Ev/GeV)

Ethr * 6 GeV Super-Kamiokande, Phys. Rev. D 94, 052001 (2016)

DeepCore -
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IceCube Results

le—3
324 NOvA 2021 —-= MINOS/MINOS+ 2020
) -==- T2K 2021 === DeepCore 8 years - golden event sample
- SuperK 2020
3.0
— 2.8
N
>
v
— 2.6
e o
& \
< 2.4 AN
2.2 1
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

2025/07/02
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Ice Cherenkov
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Future Detectors

IceCube-Upgrade KM3NeT-ORCA
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Future Detectors: DUNE

e Low threshold for
hadron reconstruction

LArTPC

10 ktonx 2 (4) * v/V separation
TR B B i e Sensitive to CP violation
S i 17 kton module .
19k 66 m (10 kton active volume) and mass Orderlng
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Take-away Messages

Solar neutrinos

* Purev,’s

* Measure 1-2 mixing;

* Solar metallicity and more...

Atmospheric neutrinos
* V., Ve, Vy, Ve...
* Measure 2-3 mixing;

* Mass ordering, CP violation, .

=102
2 102
10
e
S
300
L
1
10
108
1012
10716
10-2°

1072

o0 10—28

Solar neutrinos
Atmospheric |
neutrinos

106 107 1 10° 108 10%  fov 0% o

puev. meV eV keV MeV GeV TeV PeV EeV
Neutrino energy

2025/07/02 Solar and Atmospheric Neutrinos, Linyan WAN 75




Thank you!




CP Violation

0 =5mP(ve 2 v,)

(P(Vq — v3))

0.1 0.2 0.3 0.4 0.5 0.6 0.7 080.91.0
E |GeV]

Signhature 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

Tl ot IceTo
_ T ey p
50m = o

IceCube Array
86 strings including
8 DeepCore strings
5160 optical sensors

L : . DeepCore
i 8 strings-spacing optimized
for lower ener gies
3 480 optical sensors 4
L Y
# @ ? o \"
! Eiffel Tower o8 ot
324 m .
@
2450 m - g =
2820 m .

lceCube & thrze GeV
DeepCore SAr: e

E.pny: 6 GeV

e
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o
.

e
e
" ohe
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