Lecture |V:

Evidences of Masses and Mixings - Current Status

“‘Anyway, in as far as the neutrino masses are negﬁ’giﬁfe comparecf to the
cﬁm’gecf [ejown masses, the observable eﬁ%cts @[ [ejownic mixing ang[es are

[imited to fairfy exotic @jtect such as neutrino oscillations.”
Froggatt & Nielsen



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
v

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

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




Solar Neutrinos



Solar Neutrinos
Standard Solar Model

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

[J. Bahcall et al. (2001)]

pp - cycle

[Vinyoles et al. (2017)]

4'H —» “He +“2 e’ 4+ 21, + energy

[@NASA]

only electron neutrinos are produced in the Sun



Standard Solar Model

chains of thermonuclear reactions

Solar Neutrinos

pp-cycle (99% of energy output of the Sun)

l i | 90,77 9% 0,23% | _ i !
ptr+pt==H+e"+ 1. pt+e +p*—==H + v,

|

8492% |
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| 15,08 %

1077 9%

*H +p*=3He + Yy ’—3He +p*=7'He +e*+ v_

| 0,19%

‘ iHe + ‘He — Be + vy
\ 90 0 %

‘Be + e~ ="Li+ v ‘

He + 3He — 'He + 2p* ‘ ‘Li + p*—=%He + ‘He

[@Wikipedia]

v

‘Be + p*="B +y I

B — 5Be* 4+ e* + V.

|

“Be* — 1He + ‘He

CNO-cycle

15N+p*— 12C+4,He 150—5 1BN+e*+y_ 15N+p*—> 160+
| | |
12C+p+—>13N+';/ 16O+p+—)17F+’;/
| |
BN—>13C+et+v, TF>170+e*+v,
| |
13C+p+—>14N+’;/ 14N+p+_)15o.|.7 — 17O+p+—>14N+42He




Solar Neutrino Flux
Standard Solar Model

GALLEX/GNO/SAGE
GALLIUM
TR Ta KAMIOKANDE/SuperK/SNO
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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
[show this]

| 2

P21/(Ve —7 Ve, VCC’ — C%3VCC) — ‘Aee(RG)

Survival Probability at the surface



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
[show this]

4 4 2

P21/(Ve —7 Vg, VC’C’ —7 C%3VC’C’) — ‘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

P;t = cos? 6,, cos® 013 + sin® 0,, sin® f15 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

- 8

6
2
¢, (10 em™s
D W 5 W O
llllllllllllllllllll,f

[

l'{lllllllll

SNO
ks

SNO

Occ

OO

| I 1 I

[Taken from SNO Collab. (2003)]

CC:ve+d—p+p+e
Ethreshold = 1.4 MeV

NC:vo,+d—v,+p+n
Ethreshold = 2.2 MeV

ES:v,+e — v, +e"

Ethreshold =0

, ',)'

SNO /;
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Allows us to Label the Mass Eigentates

Using data results

since SNO we know that

Ut| > [Usa| > [Uss| 15020 ~ 03]

using | I/e> content

|V3> I least




What is the neutrino mass Ordering?
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Reactor Neutrinos



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 . ‘
® " ~200ps -'
s .\ prompt 7 (2.2 MeV)
P *. ~few ns

v (511 keV)« - - . — -~y (511 keV)

8 10
Neutrino Energy [MeV]

|.8MeV threshold in Inverse Beta Decay



Reactor Neutrino Oscillations |, _ AmjL

Disappearance of antineutrinos 29

1
. =1 5 sin® 26013 |1 — \/ 1 — sin® 2015 sin® Ag; cos(2|Ace| £ @) | — Po

e
|

in vacuum

.2 4 . 2 2
P@ — sin”“ 26045 cos 6’13 sin® Aoq A = AmeeL
2 cC
effective atmospheric Amatm for reactor experiments 4E
2 2 2 . 2 2
Am., = cos” 012Amz; + sin” 012Ams, +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 €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

~ 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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Reactor Neutrinos
Results from KamLAND
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Reactor Neutrinos Dominates the

)
Results from Daya Bay measurement of sin“ 6,
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JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

Pﬁe—ﬁe =1

solar term

SflIl2 2913

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

P@ — SiIl2 2(912 COS4 (913 SiIl2 Agl




JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

1.0
— Am®¢. [NO] = +2.530 x 10 °eV?
5 8; — Am?. [10] = —2.548 x 10 °eV?
| Am2. . ( SADO =
| | Qo1 = Tgl — g . Several-tens of km Antineutrino DetectOr
™ 0.6 \ [H.Minakata, H. Nunokawa, W.Teves,
= RZF (2005)]
1 |
0.4
0.2} L =53 km
v
- w/o Energy Resolution
0.0 ' 1 ' ‘ ' ' ' ' '
1 2 3 & 5 6 7 8 9 10 11



JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

1.0
—| Am?¢. [NO] = +2.530 x 10 eV?
- }} Am? — -3 _\y2
0.8! ‘» M ee [IO] 2.548 x 10 “eV
| | 4 . 2 " ‘
|
IR cos™ 0, s1n”20,,
@ %6 |
.;: |
QU 0.47
N\
' A\
0.2} N L = 53 km
v
~ w/o Energy Resolution
0.0 | | | |
1 2 3 4 5 6 7 8 9 10 11

SADO =
Several-tens of km Antineutrino DetectOr

[H.Minakata+ (2005)]



JUNO’s Concept

A.. ~ —

A medium baseline reactor neutrino oscillation experiment

Pyeﬁpe — 1 Siﬂ2 2913

solar term .
P@ — SiIl2 2(912 COS4 (913 SiIl2 Agl o8
100 days 6 years < 0.4

Am;, ~1.0% (2.5%) ~03% oz

1 — \/1 — sin® 2019 sin® Agq cos(2|Age| + @)

—|Am?.. [NO] = +2.530 x 10 eV?
— Am?.. [I0] = —2.548 x 10 2eV?

cos* @, sin* 20,,

L =53 km

w/o Energy Resolution

6 7 8 9 10 11



JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

Pﬁe—ﬁe =1

SflIl2 2913

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

- CIDQ)_




JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

1.0

0.8/

— Am%.. [NO] = +2.530 x 10 3eV?

— Am?e. [10] = —2.548 x 10 3eV? sin? 2615 r
2

\ fast oscillakions

2 2
AmBl? Am32
L =53 km

w/o Energy Resolution

3 4 5 6 7 8 9 10

11

low and high frequency
modes present

[S.T.Petcov, M Piai (2002)
&
S. Choubey+ (2003)]



JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

1.0

0.8/

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

Sil‘l2 2913 —

\ fast oscillakions

2 2 2 . 2 2
Amee — COS 012Am31 _|_ S111 912Am32
L = 53 km

w/o Energy Resolution

3 4 5 6 7 8 9 10 11

Am

effective atmospheric

2
atm

for reactor experiments



JUNO’s Concept

Flagship Measurement - The Neutrino Mass Ordering

1
Pr.p. =1—3 sin® 26013 |1 — \/ 1 — sin® 2019 sin” Aoy cos(2|Ac.| £ ®o)| — Po

In vacuum
solar term
e 2 4 . 2 A
P@ — S1Il 2(912 COS (913 S111 21
1.0
— Am?.. [NO] = +2.530 x 10_‘3ev2 2
0.8 — Am®ee [I0] = —2.548 x 10 eV A AmeeL
2 Am;, = Ams, cos” G, + Ams, sin” 0, cc AF

QU 0.4

o.zH

0.0

L = 53 km

w/o Energy Resolution

1 2 3 4 5 6 7 8 9 10 11



JUNO'’s Concept Y= 2

Flagship Measurement - The Neutrino Mass Ordering

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

iIn vacuum

solar term

P = sin® 205 cos* 013 sin® Ay;  Pe = arctan (cos 2015 tan Ag; ) — Aoy cos 20,9

1.0

— Am?.. [NO] = +2.530 x 10 3eV?

0.8 — AmZe. [10] = —2.548 x 10 eV?

0.67

~
w
~

2 — 2 2~ 2 il

QU 0.4

o.zH

0.0

L = 53 km

w/o Energy Resolution

+ matter effects are negligible

1 2 3 4 5 6 7 8 9 10 11



JUNO’s Concept

Flagship Measurement - The Neutrino Mass Ordering

| _
Py =1— 3 sin® 26013 |1 — \/ 1 — sin® 2019 sin” Aoy cos(2|Ace| £ ®0) | — Po

iIn vacuum

P = sin® 205 cos* 013 sin® Ay;  Pe = arctan (cos 2015 tan Ag; ) — Aoy cos 20,9

solar term

1.0 retardation/advancement of the phase result in a change

— Am%ee [NO] = +2.530 x 10 3eV? . . .
M ee [NOI = +2.530 x 10 e of the "effective fast oscillation scale"

— Am%. [I0] = —2.548 x 10 3eV?

0.0




JUNO’s Concept

Flagship Measurement - The Neutrino Mass Ordering

1
Pr.p. =1—3 sin® 26013 |1 — \/ 1 — sin® 2019 sin” Aoy cos(2|Ace| £ ®0) | — Po

iIn vacuum

P = sin® 205 cos* 013 sin® Ay;  Pe = arctan (cos 2015 tan Ag; ) — Aoy cos 20,9

solar term

1.0

retardation/advancement of the phase result in a change

— Am?.. [NO] = +2.530 x 10 3eV?

, o of the "effective fast oscillation scale"
— Am°ee [I0] = —2.548 x 10 eV

2 2
| Amg, NO # | Amg, (0

100 days 6 years
~ 0.8 % ~ 0.2 %

0.0



JUNO’s Determination of the Ordering

How challenging is this?
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Solar Neutrino Parameters

Current status: combined results for the 12-sector

EXPERIMENT Dominant Dependence Sub-dominant Dependence
. 2
Solar (Cl,Ga,SK,SNO,Borexino) 012 Amsy, 013
Reactor LBL (KamLAND, SNO+) Am3z, 012, 013
NuFIT 6.0 (2024)
14 B [ 2I I | [ | [ [ | 12 B 1 \I| | F | L | I _
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o — \\ — 8 __ || SNO+
% B ~ - — KL & SNO+
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0.2 0.25 0.3 0.35 0.4 2 4 6 8 10

. 2 2 5 2
sin 6, Am,, [10 ~eV']

2 2 ~5 72
MB22m = high metallicity Ams; ~ 5.6 X107 eV

AAG21 = low metallicity



Solar Neutrino Parameters

Current status: combined results for the 12-sector

EXPERIMENT Dominant Dependence Sub-dominant Dependence
Solar (Cl,Ga,SK,SNO,Borexino) 012 Am3,, 013
Reactor LBL (KamLAND, SNO+) Am3z, 012,013
NuFIT 6.1 (2025)

14 | | | O | | L | 12 | LR L b | I | Ll
= . D i N \' /1 | i
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02 025 03 035 04 2 10

MB22m = high metallicity sing,,  Amy ~56X107eVE Am,, [107 eV']
AAG21 = low metallicity



Accelerator Neutrinos




Accelerator NeutriNOS i cuismarsnai s wathew Tous

Disappearance and appearance for neutrinos and antineutrinos

neutrino mode Absorber Muon Monitors

Target .
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NuMI neutrino beam @ FNAL
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Vw = Vu  disappearance
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H H for the neutrino flux
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Vy — Ve appearance
modes [taken from NOVA Collab.]
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Accelerator Neutrinos

Disappearance and appearance for neutrinos and antineutrinos

Near Detector

Far Detector
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Accelerator Disappearance Probability

Sensitivity to the 32/31-sectors

> > Am?. L
Vp = Vp & Vy =V Ajj = 4Ej

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

vacuum



Accelerator Disappearance Probability
Sensitivity to the 32/31-sectors

> > Am?. L

AF

P(Vu — Vu) ~ 1 — 4|Uu3‘ (1 - |Uu3| )Sm2 AV +4‘Uu2| |Uu1‘23m2 Ag1 + O(Agl)

2 negligible vacuum
effective atmospheric Amatm for accelerator experiments

Amw = s19Am3; + cioAm3, + s13Am3, sin 26015 tan faz cos§ =~ s2,Am2, + c2,Am2,

MINOS baselineL=735km (F) ~ 3 GeV Ay ~ 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 = Vp & Vy = Vy ANijj=——

AF

P(Vu — 1/#) ~ 11— 4|Uu3‘2(1 — ‘Uu3|2) sin’ A 4‘Uu2|2|Uu1‘2 sin” Azy + O(Agl)

> vacuum
effective atmospheric Amatm for accelerator experiments

Amw = s19Am3; + cioAm3, + s13Am3, sin 26015 tan faz cos§ =~ s2,Am2, + c2,Am2,

so for these experiments to very good approximation we can write

~ 2 2 2 2 . 2 - . 2 . 9
PI/“—H/“ ~~ ]. - 4823613(1 — 323613) S111 A“H’ —_ ]. — S1I1 29€ff S111 AH',U'

+ matter effects are negligible



Accelerator Appearance Probability

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

V), — Ve & UV, — Ve

PI/“—H/Q ~ Patm + 2\/Pa,tm \/Psol 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

I/ﬂ, _> Ve atmospheric term solar term
N

. 9 . 2
sin“(Asz; — al) 5, o oW, sin“(al)
%36%3 (A31 B CLL)2 A%1+4512612613623 (CLL)2

mass ordering

2
A21

~ 2

interference term

g J sin(Agzp — aer)A Sim(aL)A¢ (A 5)
sin 0 (A31 - aL) 31 (&L) 21 COS 31
17 u] _> 17 e effect of the matter potential

0 = Gpne N 1 P
~ V2 3500 km \ 3 g/cm3
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Accelerator (& Atmospheric) Neutrinos

How neutrinos are measured?

Neutral Current (NC)
Charged Current (CC)

. . interactions mediated
inferaction 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

v“—hke

T2K/Super-Kamiokande



Accelerator (& Atmospheric) Neutrinos

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

Quasi-elastic
[l

—
N

[see Sophie Berkman]

—
N

—k

Resonant pion
[t

O
o

O
»

O O
N D

v cross section / E, (10°° cm? / GeV)

1 Super-Kamiokande
(GeV)

IceCube-DeepCore

T2K NOvVA



Accelerator Neutrinos

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

n1-9c Preliminary
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Disappearance Experiments Synergy

Neutrino Mass Ordering

-y

15

5 110 » |NO .
| Amg, |7 > Amy |,

Reactors Combined .
Amg, = cos* 0, AmZ, + sin” 0,,Ams,
10

LBL+Reactors

NUFIT 6.1 (2025)
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http://www.nufit.org

Disappearance Experiments Synergy

Mass Ordering Sum Rule

@ the moment no disappearance experiment has any sensitivity to the ordering

few %

Am3; o nowa = (2.516 £0.031) X 107eV?

u — e
\// Precision ~ | .2 %

(2.485 +0.031) X 107%eV?

2 (10 2 110
‘Amgz P \Am32 U if 10 is true ‘Am32|T2K+NOVA

1\/

his will change soon with JUNO
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Atmospheric Neutrinos




Atmospheric Neutrinos mcoummens

Sources of the Flux e
0.8
® 0.6 T~V
S
©
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Atmospheric Neutrinos
Sensitivity to the 32/31-sectors

Experiments count NVe + & 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 Ulu—)lje %y

disappear

+ for antineutrinos



In Gifu, Japan

Atmospheric Neutrinos

SuperKamikande Event Classification 9.
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Atmospheric Neutrinos

lceCube/DeepCore Observations

Detection via Cherenkov light emission from
secondary particles producedin v — N

Neutrinos propagate interactions :
across the Earth

m—— tracks: M
nu u .
arXiv:2112.13804 cascades: e, 7, hadrons

LUS\Uzenith)

100 102 10° 104/
DeepCoret [GeV]

Absorption at high energies




Atmospheric Neutrinos

lceCube/DeepCore Observations
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Atmospheric Neutrino Parameters

Current status: combined results for the 32/31-sectors

EXPERIMENT Dominant Dependence Sub-dominant Dependence
Atmospheric Bos Am2, . 013,06
Accelerator disappearance Amitm Amz 03
Accelerator appearance 1, — 1, 012 0, 023

Reactor (Daya Bay, RENO, DC) 015 Amitm Amge

NUFIT 6.1 (2025)

normal ordering e 23/13-sector now best determined by

accelerator experiments + reactors

2
AmS1

e consistent Am?

atm

2 -3 2
Am, [10° eV

inverted ordering

||||| ||||G Amz

| [ll
0.3 0.4 0.5 0.6 0.7 0.015 0.02 0.025 0.03 at
. 2 .. 2
Sin 923 sin 913

_ 2 2
— Am31 or Am32



Status of the Standard Paradigm
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Status of the Standard Paradigm

2.2%

NO, IO (IC23 w/o SK-atm) NuFIT 6.1 (2025
===z== NO, IO (IC24 with SK-atm) i )
15 | | \ | | | | | | | }' | | | I |\| [ | 11 | 11 |I'| | | | 0
| i R \ / — 1 03 /()
10 - - —~
5 I — — —
B | | | | 11 | | | | _l 1 1 1 | 1 1 1 I | 1 1 1 I 1 1 1 | I_
0.28 0.3 0.32 0.34 7 72 74 76 78 8
sin° 0., Am; [10° eV?)
_l | | | L | L I T Tl L I_ _|| | LA L | L F | I ” I | N | | 1 II_
or ! 10 | /- if
B 11 J L | : I .
1 \ ] " I
B 1 177 \ ) .
- I 1 F \ J | I
10 — l — \ 1 1| —
B - 1 | 4L :: ‘ .
i N 1k I T
A A n | I o
- N/ — :: I 1
5 — — :: ‘\ I’ — 1 /o
i 1L v\ i
1 W\
i N\ 1L 1 % ]
0 _I L1 11 | ] | L1 1 1 T L1 11 | 1 1 1 I_ _I | | 1111 | L1111 | 1 | ” 1 1 | 111 I\L ] 1 | | I_
04 045 05 055 06 065 -26 -25 -24 24 25 26
sin” CI Amg2 [10'3 eV2] Am\,z31
15 _I | \‘l | | T 1 | l 1 I_ _I [ /I’l\l I T 1T 11 | |\‘| I T 1 | T Tyl
10 - H
= i
B 4L
5 - —]
B T /
0 i 11 1 | 1 1 1 11 | 1 1 | ] ] L1111 | I T | | f’/l ] | L1111
0.018 0.02 0.022 0.024 0.026 0 90 180 270 360
Sin2 913 SCP

NO/IO

-2.6

360

270

90

N
O,

[10° eV

2
21
N

Am

S
&)

NUFIT 6.1 (2025)

LS

-

1L 1 1 1 | 1 L 1 1

N

)

i 0.4

0.5 0.6
. 2
sin 923

<
N

(e

026 028 03 0.32 0.34 0.36 0.018

. 2
sin 912

0.02
. 2
sin 913

0.022 0.024 0.026



WHAT ELSE DO WE KNOW
ABOUT
NEUTRINO MASSES?




Effective Neutrino Mass

Absolute Neutrino Mass Scale

Tritium f-decay Valid for Dirac or Majorana neutrinos pure ki.nematics
/ model independent

& off 2 19 Kurie plot:
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[see Elise Novitski]



Effective Neutrino Mass

Absolute Neutrino Mass Scale

Valid for Dirac or Majorana neutrinos : :
Tritium B-decay J pure kinematics

model independent

neutrino mass scale

— Am%l 6%38%2 _I_ Am%l 3%3 normal ordering
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inverted ordering
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tritium source
[KATRIN Collab., Science 388 (2005) 6743]  ien

[see Elise Novitski]
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Effective Neutrino Mass

Absolute Neutrino Mass Scale

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

eff 2 2|2
M, — \/E mz |UY:
;

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 (2005) 6743]

m,e/if < 190 keV m,ef < 18.2 MeV




Effective Majorana Neutrino Mass
Ovpp - decay

Majorana Neutrino Dirac Neutrino

Neutrinoless Double ' ) '
Beta Decay nid—— d P
v JAL[=2

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

[see Benjamin Jones]




Effective Majorana Neutrino Mass
Ovpp - 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
Ovfp - decay x O

Only occurs for Majorana neutrinos e
Ge .7.8 2:039
0 | 0 5 5 2Ge 8.7 2.998
— . . . 7 2.8 3.348
[Tl/’/z] =G |My,| mgzg  if neutrino mass is the only source of k ooy p. 2 o
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mgs = f(mg,order, Majorana phases) }f\ )
o a]_ 7 Q{S > »- E :ﬁiﬁgm.a.:m
neutrino mass scale d ! e
current bound Pl o
Z Il A 0vBB - New Physics!

Ty > 102 yrs

0,2| I I0.|4| I ‘0,|6I ‘ IO.B
(Summed B Energy)/OBB

My < (28 — 122) meV

[KamLAND-Zen Collab., arXiv:2406.11438]
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Sum of Neutrino Masses

Absolute Neutrino Mass Scale

CO S M O LOGY Valid for Dirac or Majorana neutrinos
2 m
()

||||||||||||

neutrino masses affect CMB and the growth of large scale structures A

atm

Zmi = f(mg,order, Ams,, AmZ, )

100
Multipole moment ()

§ :m’& <0.26 eV [Planck Collab., Astron.Astrophys. 641 (2020)]
)

current bound
[see Yvonne Won(]



Correlation Among Measurements

Absolute Neutrino Mass Scale

lower bound depends on ordering NUFIT 4.0 (2018)
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SUMMARY OF LECTURE |l

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 the neutrino mass ordering

 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



