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Lecture ll:

Recent Measurements & Perspectives

"There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.”

W. Shakespeare (Hamlet)



WHAT HAVE WE ALREADY

LEARNED FROM
OSCILLATION EXPERIMENTS ?




HOW DO WE CLASSIFY OSCILLATION EXPERIMENTS?

Four Basic Types

I/ ? I/ disappearance experiments
U, — U
U,

we talk about survival probability

appearance experiments

we talk about oscillation probability




HOW DO WE COMPARE DATA WITH THEORY?
WHAT DO EXPERIMENTS MEASURE?

[Experiment] [Theory]

: [Type of Source]
# of neutrinos v Flux survival probability

No(L)=A [ ®,(E)0(E)P(vg — Ve E,L) ¢(E) dE

number of -section detector
targets x time [Theory] efficiency
[Experiment] [Experiment]



Solar Neutrinos
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Solar Neutrinos
Standard Solar Model

[H. A. Bethe, “Energy production in stars” (1939)]

[J. Bahcall et al. (2001)]

pp - cycle
CNO - cycle

[Vinyoles et al. (2017)]

4'H —» “He +’.2 e™ —|— 2 Ve + energy

[@NASA]

only electron neutrinos are produced in the Sun



Solar Neutrinos
Standard Solar Model

chains of thermonuclear reactions

pp-cycle (99% of energy output of the Sun)
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Solar Neutrino Flux
Standard Solar Model

GALLEX/GNO/SAGE
GALLIUM
== KAMIOKANDE/SuperK/SNO

1013 LIQUID SCINTILLATOR BOREXINO
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Solar Neutrinos

v, Survival Probability

Solar neutrinos undergo matter effects inside the Sun and also when they travel through the Earth (ignored here)
In the Sun the problem reduces to an effective 2 flavor problem

| 2

P2I/(V€ —7 Ve, VC’C’ — C%3VC’C) — ‘Aee(RG)

Survival Probability at the surface



Solar Neutrinos

v, Survival Probability Sensitivity to the 12-sector

Solar neutrinos undergo matter effects inside the Sun and also when they travel through the Earth (ignored here)
In the Sun the problem reduces to an effective 2 flavor problem

4 4 2

P21/(Ve — Ve; Voo — C%SVCC) — ‘Aee(R®)|2

Survival Probability at the surface

finally we have to take into account the energy distribution and the distribution of the production point

— cos26,, cos® 01 + sin® 0., sin” 615 X = pp,’ Be,® B, etc.

averaged over production point and energy distribution



Ve = U9

Solar Neutrinos Sun’s core

Adiabatic Transition
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Solar Neutrinos
SNO Historical Results
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[Taken from SNO Collab. (2003)]

CC:ve+d—p+p+e
Ethreshold = 1.4 MeV

NC:vy,+d—v,+p+n
Ethreshold = 2.2 MeV

ES:v,+e — v, +e"

Ethreshold =0
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Atmospheric Neutrinos
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Atmospheric Neutrinos .- gammesn

Sources of the Flux

primary: 0 enith
p, He, CNO, Si-Mqg, Fe
Cosmic ray
TT" ' n
neutrino flux depend on: [, N

cosmic ray flux, hadron , | .
interaction, geom. field,
solar activity etc.

’

produced @ about 15 km
from Earth’s surface in
air showers

conventional flux
T (K7) = u +7,
b — e +Ve+v,
long-lived :

lose energy through collisions
before decay

v fromK/
ufromn /' —
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promptu
promptv - —
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HKKM: Phys. Rev. D92, 023004 (2015)

1Go-

unoscillated flux
averaged over zenith angle

E, (GeV)
prompt: mesons

decay before Iosing energy

10°

Total v. ——
Conventional v L ......
Conventional v S——
SIB2.3-Rc1 prompt H3a - —_—
BERSS-H3a - - -
PROSA H3a, 15 deg
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—
<
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Atmospheric Neutrinos
Sensitivity to the 32/31-sectors

Experiments count NI/e + & Nyu +’7M as a function of the zenith angle

have to take into account matter effect for neutrinos traveling through the Earth

H
Ve™Ve I/e—>l/lu
P P Am321 (or Am322)
UIM_)UIM Uﬂ—)lje %y

disappear

+ for antineutrinos



In Gifu, Japan

Atmospheric Neutrinos

SuperKamikande Event Classification 9.
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Atmospheric Neutrinos -

SuperKamikande Observations
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ATMOSPHERE

Atmospheric Neutrinos -

lceCube/DeepCore Observations

Sensitivity from 7 GeV to 300 GeV

Detection via Cherenkov light emission from

secondary particles producedin v — N
interactions :

ATMOSPHERIC NEUTRINOS

Event rate in IceCube: ~mHz
Composition at source: 17, : 21, : Oy,

Primary channels: kaon, pion, D-mesons

tracks: M
cascades: e, 7, hadrons

assuming NO

V. ' U v
€ 1B
0.0 ~

disappearance L. appearance

South Pole

—0.2 matter effect

I —04 U, appearance

—0.6

SN Red Outer Core

(71 « ”/z)c[




Atmospheric Neutrinos e

lceCube/DeepCore Observations

Sensitivity from 7 GeV to 300 GeV

ATMOSPHERIC NEUTRINOS

Event rate in IceCube: ~mHz
Composition at source: 17, : 21, : Oy,

Primary channels: kaon, pion, D-mesons

Detection via Cherenkov light emission from

secondary particles producedin v — N
interactions :

tracks: M
cascades: ¢, 7, hadrons [RESSEUHEE

assuming NO South Pole

l
0.0 a

- T ="

v_hppearance

matter effect |

I —04 U, appearance

—0.6

S Wed Outer Core

(71 « ”/z)c[




Atmospheric Neutrinos

lceCube/DeepCore Observations
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Atmospheric Neutrinos

lceCube/DeepCore Observations

lceCube Preliminary
2.8 -
[ 2.6 -
I
>
md)
| 2.4 -
L (
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oy
N 2,2 -
<
<
2.0 -
IceCube 2018
1.8 - IceCube 2019

0,5, 0,3, Am;, fixed to global best fit values

All contours at 90% C.L., Normal Ordering

IceCube 2023
= == = JceCube 2025

IceCube (11y)
[Wilks]

Detection via Cherenkov light emission from

secondary particles produced in v — [NV
interactions :

tracks : M
cascades: ¢, T, hadrons

Amg, = 2437105 X 10 eV?
Sln (923) — 0 516+0 024

Rate [uHz]|| Num events[11.1yr] | % of sample
veCC 71 24,822 + 56 22.8
vuCC 187 65,665 + 97 60.4
v: CC 16 5,629 + 21 5.2
v NC 34 11,912 + 39 11.0
Matm 2 754 + 46 0.7
Total 311 108,784 + 129 100
[lIceCube - Neutrino 2026]
Best Fit:

—0.048
—0.035

0.30 0.35 0.40

IC 2018 (3y): Physical review letters 120.7 (2018): 071801;

0.45 050 0.55 0.60

IC 2019 (3y): Physical Review D 99.
2025 (9.3y): Physical review letters 13

0.65 0.70

19): 032007 .;

(
4.9 (2025): 091801.

IC 2023 (8y) Physical Review D 108.1 (2023) 012014; IC




Atmospheric Neutrinos
KM3NeT/ORCA
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Atmospheric Neutrinos .
KM3NeT/ORCA [KM3NeT - Neutrino 2026)

ORCA6/7 ORCAG6/7 ORCA6/7 ORCA11-18 ORCAI11-18 ORCA11-18
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Accelerator Neutrinos
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Accelerator Neutrinos

Disappearance and appearance for neutrinos and antineutrinos

neutrino mode Absorher Muon Monitors
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Accelerator Neutrinos

Disappearance and appearance for neutrinos and antineutrinos

Near Detector

Far Detector

T R T ELEETETE

& | Long baseline O(~100 km)

Vo [ Vg

Ve v, disappearance v, AR
e W

I/M%VG

2 appearance




Accelerator Disappearance Probability

Sensitivity to the 32/31-sectors

— — Amz. L
Vp = Vp & Vy =V Ajj = 4EJ

P(Vu — Vu) ~ 1 — 4|Uu3|2(1 — ‘Uu3|2)Sin2 A 4|Uu2|2|Uu1|2 sin” Azy + O(Agl)

vacuum



Accelerator Disappearance Probability
Sensitivity to the 32/31-sectors

— — Am?.L
Vp =7 Vp & Vy =V Nij=——

AF

P(Vu — Vu) ~ 1 — 4|Uu3|2(1 — ‘Uu3|2)Sin2 A 4|Uu2|2|Uu1|2 sin’ Ag1 + O(Agl)

2 negligible vacuum
effective atmospheric Amatm for accelerator experiments

MINOS baselineL=735km (F) ~ 3 GeV A, ~ 0.02
T2K baseline L = 295 km (E) ~0.6 GeV A, ~ 0.05
NOVA baselineL=810km  (E) ~ 2 GeV A, ~ 0.04



Accelerator Disappearance Probability
Sensitivity to the 32/31-sector

— — Am?.L
Vp =7 Vp & Vy =V Nij=——

AF

P(Vu — Vu) ~ 1 — 4|Uu3‘2(1 — ‘Uu3|2)Sin2 A 4‘UN2|2|U#1‘2 sin” Azy + O(Agl)

> vacuum
effective atmospheric Amatm for accelerator experiments

so for these experiments to very good approximation we can write

~ 2 2 2 2 . 2 - . 2 . 9
PI/“—H/M ~~ 1 - 4323613(1 - 823613) S111 AIU'FL —_ 1 — S1I1 20€ff S111 AUIU'

+ matter effects are negligible



Accelerator Neutrinos

Disappearance Results

T2K
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Accelerator Appearance Probability

Sensitivity to the 32/31-sector: exploring matter effects

V), — Ve & UV, — Ve

PI/“—H/e ~ Patm + 2\/})a,tm\/})sol COS(A32 + 5) + Psol

in vacuum

\/Psol — C923C13 SiIl 2912 SiIl Agl
sensitive to 5

\/Patm — S$93 Sin 2913 SIn Agl

matter effects are important because they increase
the difference between neutrino & antineutrinos



Accelerator Appearance Probability

Sensitivity to the 32/31-sector: exploring matter effects

V _> I/ atmospheric term solar term
) e

9 9 SiHQ(Agl — CLL) ) 9 sinz(aL)

AQ A 2 2 2
1313 Ay — aL)? 31 T4512€12C13C23 (aL)?

2
A21

~ 2

interference term

4 CP phase
Agl COS(Agl 5)

mass ordering

J sin(Asz; —al) sin(al)
sin o (Agl B CLL) (CLL)

17 _) 17 effect of the matter potential
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Accelerator (& Atmospheric) Neutrinos

How neutrinos are measured?

Ch dC cC Neutral Current (NC)
. arge. urrent (CC) interactions mediated
interaction reveals the

W . f h . Z by Z boson is
avor from the outgoing indistinguishable for

n p charged lepton N N  the the 3 flavors
NOVA

~ vy CC Signal

\-'“—Ilke

T2K/Super-Kamiokande



Accelerator (& Atmospheric) Neutrinos

x-sections
CC-interaction [based on P. Lipari et al. (1995)] A Schulraft. G. Zoller
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N D

v cross section / E, (10°° cm? / GeV)
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Accelerator Neutrinos
Results from NOvVA

211 v, CC candidates observed
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Accelerator
Results from T2K
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Accelerator Neutrinos

Appearance Results

Normal Ordering Nature 646, 818-824 (2025) Inverted Ordering

. 2
S1n 623

—T2K-only lo
—NOvVA-only 1o
30 * Joint 1D HPD

*Highest Posterior Density




Reactor Neutrinos
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Reactor Neutrinos

Disappearance of antineutrinos **u(~50-60%),*" Pu(~ 25 — 35%),** U(< 8%),**! Pu(< 6%)

Neutrino Flux from commercial
nuclear reactors

2 x 10?° 7. /GWqp

commercial reactors fuel

Reactor 176

from neutron rich
fission fragments

Detected \
yoectrum

(E) ~ 4 MeV

Ue +D—€" +Mn

. Liquid Scintillator Detectors
cross section

n .-\ delayed "+ . ‘
® ~ 200 ps ‘
/. @ == A ' 7
v L4 — 1 (2.2 MeV)
p Y. ~few ns

Y (511 keV)« - - ®--- =7 (511 keV)

Mi— ¥ S
8 10
Neutrino Energy [MeV]

|.8MeV threshold in Inverse Beta Decay



Reactor Neutrino Oscillations , _ AmjL

Disappearance of antineutrinos 29

, _
Py =1— 3 sin” 26013 |1 — \/ 1 — sin® 2019 sin® Aoy cos(2|Ace| £ ®o) | — Po

[H. Minakata, H. Nunokawa, S. J. Parke, RZF (2007)] in vacuum
: : 2
P@ — SlIl2 2(912 COS4 6’13 SlIl2 Agl A - AmeeL
2 cC
effective atmospheric Amatm for reactor experiments 4E
_ . 2
Am?Z, = cos® 01oAm3, + sin® 019 Ams, +NO [ - 10

retardation/advancement of the phase

$, =arctan (cos 2615 tan Asq) — Asq cos 2615 Very useful for JUNO



Reactor Neutrino Oscillations

Disappearance of antineutrinos

Pﬁe—ﬁe =1

since we know

AmZ, ~3x 107 eV?
LS ~ 3 km

Amj, ~7 X% 107 eV?
Léz ~ 140 km

| _ _
> sin” 26013 |1 — \/ 1 — sin® 2605 sin® Ag; cos(2|Age| £ @)

(E) ~ 4 MeV

in vacuum



Reactor Neutrino Oscillations

Disappearance of antineutrinos

| _
Py =1— 3 sin” 26013 |1 — \/ 1 — sin® 26015 sin® Ag; cos(2|A/,.| -
since we know Ameze ~ 3 X 1()_3 €V2 Am221 ~ 7 X 10—5 eVz Z\'e;aged out
EY ~ 4 MeV
Ly ~ 3 km L2 ~ 140 km

KamLAND has a baseline about 180 km
SNO+ has a baseline > 240 km

~ T 12
L~Ls>Lg

in vacuum



Reactor Neutrino Oscillations , _ AmjL

Disappearance of antineutrinos 4F

1
Py =1— 3 sin” 26013 |1 — \/ 1 — sin® 2019 sin” Aoy cos(2|A| £ ®o) | — Ps
since we know Ameze ~ 3 X 1()_3 €V2 Am221 ~ 7 X 10—5 €V2 Zve;aged out
EY ~ 4 MeV
Ly ~ 3 km L2 ~ 140 km

KamLAND has a baseline about 180 km
SNO+ has a baseline > 240 km

4 4 _ _
Py, 5, = 813 + €13 Pay (Ve — V)

~ 12 ee the formula reduces to

PQV(DG — 176) =1 — SiIl2 2012 SiIl2 A21




Reactor Neutrino Oscillations , _ AmjL

Disappearance of antineutrinos 4F

, _
Py =1— 3 sin® 2603 |1 — \/ 1 — sin® 26015 sin® &1 cos(2|Ac.|

negligible h vacuum

since we know Ameze ~ 3 X 1()_3 eV2 Am221 ~ 7 X 1()—5 €V2 negligible negligible
ee <E> ~ 4 MeV
Lg ~ 3 km L2 ~ 140 km

Daya Bay/Reno/Double Chooz have a baseline of 1 km

~ 12
L~Ly <L



Reactor Neutrino Oscillations , _ AmjL

Disappearance of antineutrinos 4F

, _
Py =1— 3 sin® 26013 |1 — \/ 1 — sin® 26015 sin® &1 cos(2|Ac.|

negligible fn vacuum
since we know Ameze ~ 3 X 1()_3 eV2 AmZZI ~ 7 X 1()—5 €V2 negligible negligible
ee <E> ~ 4 MeV
L ~ 3 km LY ~ 140 km

2 2 2 . 2 2
Amee — COS 012 Amgl _l_ S111 912Am32
Daya Bay/Reno/Double Chooz have a baseline of 1 km
effective atmospheric scale for v, disappearance

~ Tee 12
the formula reduces to Do —>0, — ]_ — S1I1 2913 S1I1 Aee

+ matter effects are negligible



Reactor Neutrino Oscillations

Disappearance of antineutrinos
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Dominates the

Reactor Neutrinos

)
Results from Daya Bay measurement of sin“ 6,
2.5%
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Reactor Neutrinos

JUNO'’s Concept

Pve—ﬁe =1

[H. Minakata, H. Nunokawa, S. J. Parke, RZF (2007)]

P@ — SiIl2 2(912 COS4 6’13 SiIl2 Agl

SiIl2 2913

1.0

— Am?.. [NO] = +2.530 x 10 3eV?
— Am%. [I0] = —2.548 x 10 3eV?

0.0

1 — \/1 — sin® 2615 sin® Agq cos(2|A..]

$, =arctan (cos 205 tan Ayy) —

in vacuum

Aoq cos 2015

retardation/advancement of the phase result in a change

of the "effective fast oscillation scale"

9,
| Am, 0> | Am

sub-% precision

e
ee INO

|||||||||

L=52.5km

2 in2 2 2
Amy,, sin”0),, | Ams, | or | Am3, |




[Neutrino 2026]
JUNO Preliminary. June 2026 @
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Reactor Neutrinos
Results from JUNO a .
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[Neutrino 2026]

Reactor Neutrinos
Results from JUNO
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Reactor Neutrinos
Results from JUNO

e Normal Ordering is favored at 2.3c

JUNO Preliminary. June 2026 @

[Neutrino 2026]

— ==+ DYB Constraint —&— JUNO w/ DYB constraint
— =+ [LLBL Constraint —&— JUNO w/ DYB+LBL constraints
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[1] H. Nunokawa, S. Parke and R.Z. Funchal, Phys. Rev. D 72 (2005) 013009; Y. F. Li et al., Phys. Rev. D 88, 013008 (2013)
[2] NuFIT 6.0 (JHEP 12 (2024) 216 [arXiv:2410.05380]), www.nu-fit.org and M. Maltoni private communication




Reactor Neutrinos

[Neutrino 2026]
Results from JUNO
e Normal Ordering is favored at 2.3c
JUNO+DYB Feldman-Cousins JUNO Preliminary. June 2026 @
Normal Ordering Inverted Ordering

Analysis | i Analysis | i

O i | O :

Analysis |l i Analysis |l i

O : { | O i

Analysis Ili i Analysis i i

o : | o i

i NuFit-LBL i NuFit-LBL
2.44 2.48 2.52 2.56 2.60 Bl T D Ve T T

Am3, [1073 eV?] Am3, [1073 eV?]



Reactor Neutrinos ™ |amg |

~ Normal mass ordermg
Results from JUNO JUNO (+Dava T -
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Status of the Standard Para

2.2%

2.5%

Ax2

sz

x

A

NO, 10 (IC23 w/o SK-atm) NuUFIT 6.1 (2025 2
T==o2 NOLIO (IC24 with SK-atm) 1025 | [before Neutrino 2026}
15 _I | \\I | | I I | I | ;' l I_ _l L I_
ol a0 -
50 s -
i ] | ] I ] ] _l 1 1 1 | L 1 1 | ] 1 1 1 | L 1 1 | I_
028 03 032 034 7 72 74 76 78 8
. 2 2 -5 2
sin” 6., Am,, [10 " eV']
15_||| |I| ||||||I|I||||,ll'l IIII_ _II||I|‘II|III,F|||!!||||||I||I|I'II_ 23 NOI'O
i ¥ S Y ]
i I 1L \ , i -
] ¥ A T _
10 - L 4 \v o .
B - I J L T 1 _
i N B R | )
i =gl ii N 1%
: . 1 ii :
0 _l 1 111 | ] | 1111 Tl 1 11 | 1 1 1 I_ _I ] | 1111 | 1111 I 11 ” 11 | 111 I\L 11 | | I_
04 045 05 055 06 065-26 25 -24 24 25 26
sin” 0, Am;, [10°eV?] Am:,
15 _I [ \‘I | | Tl | Hr o1 I_ _I 11 /IJ\l T Tl | I\‘I Tl | 11 I"I
10  H
- 4 K
- 4
S0 -
0 i 1 1 1 | 1 1 1 1 1 | 1 1 1 | | ] L 1111 | L1111 | (/l | | 1 1111
0.018 0.02 0022 0024 0026 0 90 180 270 360
Sin2 913 SCP

360

270

90

[10° eV?]
N
€]

2
21
N

Am

S
)

digm

NUFIT 6.1 (2025)

II|IIII|IIII|II||II|IIII|IIII|II

L

II|IIII|IIII|I

I|IIII|IIII|II

IIII|IIII|IIII|IIII _Illllllllllllllll_
:Illlll I|IIII::|III|II :
l@
N ¥
glllllll Illlllgglllllll‘lllllg
3 0.4 %f 0.6 0.7 T T T T T T T T T T T T T

sine23 — ]
:Illll III|III|III | I:E E

026 028 03 032 034 0.36 0.018

.
sin 912

0.02

0.022 0.024 0.026

.2
sin 613



NO, TO (IC23 w/o SK-atm)
NO, IO (IC24 with SK-atm)

NUFIT 6.1 (2025)
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WHAT ELSE DO WE KNO
ABOUT
NEUTRINO MASSES?




Effective Neutrino Mass

Absolute Neutrino Mass Scale

Tritium §-decay Valid for Dirac or Majorana neutrinos pure kinematics
0 model independent

mle/if _ \/Z m2| U2 Kurie plot:

3 H N 3 H e _I_ e — _I_ Ee , E --‘:::::::::'*:'.’:-‘-t;}__.:::::.mI/ —

K(T)
-
I
|

AT
aTr

‘M ‘2 F(E) P E(Q - T) \/(Q o T)2 — (m,ejif)2 0.1 — el _ 100 e;;:-??j_::.; ;}__\-\%%\ _

K(T) = \/(Q - T)\/(Q —T)* —(mg?)* Q= My — Mye — me = 18.58 keV



Effective Neutrino Mass

Absolute Neutrino Mass Scale

Valid for Dirac or Majorana neutrinos : :
Tritium B-decay J pure kl.nematlcs
model independent

mle/if — \/nganzlz
)

neutrino mass scale

— Am%l 6%33%2 _I_ Am%l 3%3 normal ordering

2 2 .2 2 2
- Amiy 1387y — Amzy ey

inverted ordering

detector

main spectrometer

current bound

., ',/:;-\ | eﬁ Y, O 2 O 3
off <0.45@90 % CL W o TR LY - 3) eV
my e < ) 0 differential B?%%?Rgcsystem - %/////}‘ s 1" €
pumping system ) // N6 = ~ X : epe o
i | e\ ==E Wiris) KATRIN future sensitivity
‘ : " 'S ‘1 A"_. ‘!_:" ! ':/zt;_g_ L) .A‘v‘ \’ 4 - ll ’!!”::'5:(’,"';' - S

tritium source
[KATRIN Collab., Science 388 (2025) 6743]  Sien

P s [ 4] ]
- ,“ .........
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Effective Neutrino Mass

Absolute Neutrino Mass Scale

. Valid for Dirac or Majorana neutrinos pure kinematics
Tritium B-decay :
model independent

neutrino mass scale

— Am2 62 82 Am2 32 normal orderin myeff > 0.0085 eV (NO)
(meff)Z _ { 21C13512 T 31573 9 :

2 2 2 .2 2 2
mo T Ale 613312 — Am31 613 inverted ordering myeeff > (0.048 eV (IO)

current bound

mt < 0.45eV@90 % CL other limits _ _
e T = W T

[KATRIN Collab., Science 388 (2025) 6743]

mj, < 190 keV




Effective Majorana Neutrino Mass
Ovfpp - decay

Majorana Neutrino Dirac Neutrino

V=V X UV

Neutrinoless Double
Beta Decay

(A, Z) = (A, Z + 2) + 2e~




Effective Majorana Neutrino Mass
Ovfpp - decay

Only occurs for Majorana neutrinos /

[Tlo/VQ] -1 — QW |M()u ‘2 m%ﬁ if neutrino mass is the only source of L

phase space integral

.

half-life of the decay / ~ nuclear matrix element

Normal Ordering Inverted Ordering
_ L TT2 _
mi = my s = Z mi Ue; mi = \/m(Q) — Amgz, — Ams,
(4
Moy = \/m%—l—Amgl Moy = \/m%—Am§2

M3 = 1o
ms = \/m% + Am3, + Ams,

2 2 2 _2ia3

2ias 2 2
MBR=|M1C19C13€" " + M8 5C]3 + M3STge




Effective Majorana Neutrino Mass
Ovfpp - decay

: : Isotope Natural abundance (%) Qgss (MeV)
Only occurs for Majorana neutrinos e e o
6Ge 7.8 2.039
82Ge 8.7 2.998
—1 2 2 . . . Zr 2.8 3.348
[Tlo/’/Q] - GW% Moy, mgzg  if neutrino mass is the only source of k 00y 08 3035
11604 7.5 2.813
d ” 130e 34.08 2.527
. - 136xe 8.9 2.459
\\\\ 150N( 5.6 3.371
— . 2 L,\‘f (‘
mpgg = E : my; Uez — D 1 e
i
X V=1 --—0 7,
NO/IO 2
mgs = f(mg,order, Majorana phases) }\//\ )
. a]_ 9 0{3 - - :ﬁiggm.n.:m
neutrino mass scale a !
current bound i al o
Z Ul 4" 0vBB — New Physics!

Ty > 102 yrs

2| I I0.|4| I l0,|6I ‘ IO.B
(Summed B Energy)/QBB

My < (28 — 122) meV

Ov 26
[KamLAND-Zen Collab., Phys.Rev.Lett. 135 (2025) 26, 262501] T1/2 > 3.8 X 10 yr

: \x:\_;g;;}.; ;‘. 11879 PMTs 5

IR = AU, = ZENE. = SRS, = AN =N AN = AN = A~ A



Correlation Among Measurements

Absolute Neutrino Mass Scale

lower bound depends on ordering NUFIT 4.0 (2018)
I 11 I I I I I T 11 E 111 | I I I I 11 | E
B KATRIN sensitivity a ) KamLAND-Zen ]
10" £ =
10" - - n |
©  f 13 T )
= [|1© 1 «10°F E
S i ruled out i E 3 ruled out |
L. by cosmology- - by cosmology-
10° =fll NO E
=5 (- | =
10 E | R L1 | Lo o a7
10" 10 10" 10

xm. [eV] xm. [eV]



WHAT COMES NEXT?



JUNO - Precision Experiment

Oscillation Parameters

200 days 6 years
Am;, ~1.1%(2.5%) ~0.3%

Yangjiang NPP

SiIl2 (912 ~ 2.1 % (39%) ~ 0.5 % 6X2.9GW,, //:,,»
Am2 |  ~10% (2.4%)7 ~ 0.2 %

. Daya Bay . .
+ Mass Ordering Sub-percent precision

+ Atmospheric Neutrinos
on

+ Solar Neutrinos

2 . 2 2

+ SN Neutrinos



lceCube & KM3NeT/ORCA

Oscillation Parameters

~1.5-2.50 sensitivity to neutrino mass ordering after 3 years.

: : : A
lceCube Upgrade (ICU) new calibration devices

—— NUF?t w/o SK (653 =49.1°) dep]oyment :

New calibration devices will improve our understanding of the Antarctic ice, enabling IceCube to reanalyze more than 12 years of data 3 4=~ NuFitw/SK{6ps =422 1 12022/20 g8

»+ |ceCube 2023 (6,35 =47.5°)

IceCube Simulation

with enhanced detector modeling, reduced systematic uncertainties, and improved physics sensitivity.

Median NMO sensitivity (o)

5
3.0
All contours at 90% C.L., Normal Ordering 1- ,//v,vithqut
KM3Net ORCA 2024 - = = NOvAB 2026 IceCube (11y) | @ T ee-- icstnngs
28 - MINOS+ 2020 T2K 2025 . [ccCube (12—|—3y) 0 —; Y & 40 1 1 0
Super-K 2024 Livetime (years)

lceCube-Gen2 - 10x IceCube volume

g
o
|

2.4 -

Radio Array | Station Surface Array | Station

[\
(\V)
!

Visualization of the Ice-
¥ _ lceCube-Gen2 (Credit:
* Communication Lab)

-
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"’
) Sl
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2. |
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I
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* 3BT - L .
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lceCube & KM3NeT/ORCA

Oscillation Parameters

ORCA: 108 detection units, dense spacing (20m between lines), 6.5 Mton fiducial mass

ORCA keeps growing, from 38 DUs now, to 52 DUs (node 2 filled, 2027),
to 80 DUs (node 3 filled, 2028/2029), to 108 DUs (node 4 filled, 2030)
(roughly: 2.3 Mton = 3.1 Mton - 4.8 Mton - 6.5 Mton)

Sensitivity to mass ordering with realistic detector growth:

KM3NeT Preliminary

J. High Energ. Phys. 2022, 55 (2022

6 p 7 6
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DUNE & HYPER-KAMIOKANDE

Oscillation Parameters
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DUNE & HYPER-KAMIOKANDE

Oscillation Parameters

Generally the same setup as T2K

Baseline
Off-axis angle
Flux peak energy

Matter effect

295km

2.5 degree
0.6 GeV

Small

* ~20 times higher event rates than T2K

* 1.3 MW beam x 187 kton of FD’s fiducial mass

* For v, appearance, >1k events can be
collected for each beam mode

Hyper-Kamiokande

- Statistics only
------ e---... |mproved syst. (v./V, xsec. error 2.7%)
............ e T2K 2020 syst. (v/V, xsec. error 4.9%)
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Hyper-K preliminary

HK years (2.7x10%' POT/year 1:3 viv)

Impact of systematic uncertainty

Statistics only
Improved syst. (v ,/V, xsec. error 2.7%)
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Hyper-K preliminary
True normal ordering (known)
sin°0,,=0.0218+0.0007, sin°0,,=0.528, Am3,=2.509x10eV/c*

HK years (2.7x10%' POT/year 1:3 v:V)
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M. Maltoni et al., Phys. Eur. Phys. J. A52, 87 (2016)
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2.2 Up-turn - _
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* Solar 8B neutrino observation with ~130 events per day

* Confirmation of MSW effects by studying up-turn distortion

* >30 sensitivities in 10 years

True sin20,, | Atmospheric only | Atmospheric + accelerator 10 years w /1.3
Mass 0.40 2.20 _ 3.80 MW beam &
ordering 0.60 4.90 6.20 normal ordering
0.45 2.2 6.20 assumed
8,5 octant — —=)
0.55 1.60 3.60




PROJECT 8, HOLMES, ECHo [Neutrino 2026)

* New Technologies

Absolute Neutrino Mass Scale

&-
H

W aem  CRESDA:
siisiuGRES Demonstration Apparatus | Cyclotron Radiation Emission Spectroscopy

_* Beta decay of neutron-rich nucleus S| st Ve SREG (CRES)
€ x : : L RERE R = e
* Anti-neutrino escapes; electron’s kinetic energy ., 5055 crESHAG. A S

encodes neutrino mass demonstration %
2026 - 2030: CRESDA-Tritium. System

P demonstration, scaling, tritium readiness
o . ’ ’
Tritium: 2030 - ...: Neutrino mass experiment
* 2> 100meV -> 50 meV and beyond
* T, =123 yr |

 Fraction in last eV:2.9 x 10713
* Well-understood final state distribution

0% CL sensitivity on mg [eV/ &)

10 m* =110 years, 0g/B = 1077

j0-2 LAASAmad et al 2025 New J.Phys. 27 105006 |
108 10° 1010 10" 1012 10 10%
T atom number density [cm ™

Cryogenic

* Atomic electron capture by a proton-rich . .
Microcalorimetry

nucleus
* Neutrino escapes; de-excitation energy of the
daughter nucleus encodes neutrino mass ECHo-LE (2026 - 2030)
o 163H . Activity per pixel ~10 Bq/pixel
O. Number of detectors: 20000 > Multiplexed readout

AEFWHM <5eV

® T1/2 — 4570 )’I" fou< 10-¢

b < 10-¢ /eV/detector/day

1634 163y %

e Fraction in last eV: ~ 10712 my < 0.8 eVic? (90% C.L)

103py* — 183Dy 4+ E.. * Precise modeling required; significant
recent progress




KamLAND2-Zen, nEXO, LEGEND ...

Ovpp - decay : Dirac or Majorana?

Upgrade an existing observatory
More light: mirrors + HQE PMTs
5x photons / MeV
~2% energy resolution at Qgg
Al-enabled reconstruction and spallation rejection
More isotope: Xe-loading upgrade — several tonnes of 3®Xe

KamLAND2-Zen

acted Portion

[
\

)

Main DAQ start: 2028
Target sensitivity: {mgg) ~ 20 meV (5 years)

|

Record Sel
J

5}
=1
S

* Energy Resolution
4% — 2% @2.458 MeV

» Cover IO region almost
completely (NME precision)

mass (mgg) (meV)
8

2
3

» Target mass limit
mygg )~ 20 meV / 5 Years

ajorana

50

» Target half life limit for 5 Years
T > 2 % 10?7 years (90% C.L.)

Build a dedicated detector
from the ground up

Multi-ton enriched xenon
(~5 tonnes '36Xe)

Monolithic LXe TPC

Self-shielding:
ultra-low background environment

Topological discrimination:
energy, topology & standoff

[
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Design goal: background-free
Sensitivity approaching 1028 yr

Outer VETO: 3000 m? of ultrapure water

Middle VETO: 1000m? of ultrapure water

Scaling a proven xenon program
* 43t liquid xenon target
* Dark matter & OvBp flagship
« 20 t first stage fully funded

* Planned operation in 2028

PandaX-xT

LEGEND LEGEND-6000 (Concept)

*

- —_——— ==

Precision Spectroscopy

‘ Ultra-high energy resolution
WP»  toisolate the signal

0.12% FWHM at Qgg
(best resolution at OvBp Q- value)

Post-LEGEND-1000 concept: LEGEND-6000
133 strings of larger detectors: 6 tons Ge

15 years livetime / 100 t-yr exposure
T2 sensitivity ~ 102 yr == mgg = 3-6 meV




SUMMARY OF THE LECTURES

What have we learned?

e We have a theoretical framework for neutrino flavor oscillations based on
masses & mixings in vacuum and in matter

* This framework explains well the available oscillation data
 We still do not know the neutrino mass ordering (some hits now of NO)

 We still do not know if we have CP violation in the leptonic sector

» We still do not know the octant of 0,

e We still do not know the absolute neutrino mass scale

 We still do not know if neutrinos are Dirac or Majorana particles



SUMMARY OF THE LECTURES

What are the future perspectives?

 High precision experiments era started with JUNO in 2025 (sub-%)

e KM3Net/ORCA (not yet complete) + IceCube (11 yrs) — lceCubeGen2
* DUNE & Hyper-Kamiokande (CP-violation)

e KATRIN — PROJECT X, HOLMES, ECHo (towards absolute mass scale)

e KamLAND-ZEN — KamLAND2-ZEN, nEXO, LEGEND, etc.

* Many experiments to come - many possible new discoveries ahead...



