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Neutrino mass and mixing

Neutrino mass and mixing: truly new physics beyond the standard model
Tiny neutrino mass and large mixing!
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Three-neutrino mixing

» Flavor Neutrinos:  ve, v, v  produced in Weak Interactions
» Massive Neutrinos:  vq, v, v3  propagate from Source to Detector

» Neutrino Mixing:
- Flavor Neutrinos are superpositions of

Massive Neutrinos

Ue> Ue1 Ue UE3 U1>
v) | = | U U Us )
V’r) UT]_ UT2 U’T3 V3>

» U is the 3 x 3 unitary Neutrino Mixing Matrix




Neutrino oscillations

v(t =0)) = |va) = Uaa [v1) + Uaz |12) + Uaz |13)

Yo NN NN P

source L detector

v(t > 0)) = Uy e 1t Jug) + Ugz e7B2t 1) + Uyz €738 |13) # [y

Ek:p —|—mk t:L

Ami L
Pancs(L) = LD = 3 Ul kUmUaJexp( 25’)

The oscillation probabilities depend on U and Amij = ms — m?
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Neutrino oscillations
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Tiny neutrino masses lead to observable macroscopic oscillation distances!

(10 % 52\",) short-baseline experiments

L - 10° VY, GeV long-baseline experiments

E™ < 10* & atmospheric neutrino experiments
{ 10! MrZV solar neutrino experiments

Am? > 10"1eV?
Am® > 103 eV?
Am® > 10 % eV?
Am? > 1071t eV?

Neutrino oscillations are the optimal tool to reveal tiny neutrino masses!
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Three-neutrino mixing matrix

Standard Parameterization of Mixing Matrix (as CKM)

1 0 0 C13 0 5136_';613 cip s12 O 1 O 0
U= 0 o3 o3 0 1 0 —5S12 c12 O 0 e*21 0
0 —523 (23 —5136';613 0 Ci13 0 01 0 0 e”‘31
C12€13 s12€13 s;ze 13\ /1 0 0
0 e?21 0

5 '
—512C23—C12523513€'°13  C1oCo3—S12523513€'°13  sp3€13

S12523—C12C23513€/°13  —ciosp3—spc3si3e’®13 cpzci3 0 0 €31

. T
Cab =COSUap  Sap=sindy, 0 <, < 5 0 < 013, A21, A31 < 27

3 Mixing Angles: 115, 123, ¥

OSCILLATION g i e GRS
1 CPV Dirac Phase: 013

PARAMETERS . 5 2 5 5
2 independent Amy; = mj — mji: Amyy, Amsy

2 CPV Majorana Phases: A\21, A\31 <= |AL| = 2 processes
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Mixing parameters:

C12 s;i2 O

U= —S12 €12
0 0 1
. 3 ( 2 2
SNO, Borexino Ams = Amgl
Solar Super-Kamiokande = (736 -+ 0155) X 10_5 eV2
Ve = Uy, Vr GALLEX/GNO, SAGE (~ 2.3% accuracy)
Homestake, Kamiokande > — <

Sin2 195 = Sin2 1912
0.303 = 0.013
(~ 4.5% accuracy)

VLBL Reactor
U. disappearance

(KamLAND)

[A. Marrone, talk at NeuTel 2021]

[Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo, arXiv:2003.08511]

[de Salas, Forero, Gariazzo, Martinez-Mirave, Mena, Ternes, Tortola, Valle, arXiv:2006.11237]
[Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, arXiv:2007.14792]
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Mixing parameters:

Solar neutrino measurements using the full Best fit oscillation parameters from SK-IV
data period of Super-Kamiokande-IV N, 8@ - .
Phys. Rev. D 109, 092001 (2024) 8 o 4
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Phase SK-I SK-II SK-III SK-IV \ g | / 7N i 1
Period (Start) Apr. ‘96 Oct. ‘02 Jul. ‘06 Sep. ‘08 10 \\ “ i
Period (End) Jul. ‘01 Oct. ‘05 Aug. ‘08 May ‘18 =20
Livetime [days| 1,496 791 548 2,970 It |
ID PMTs 11,146 5,182 11,129 11,129 " f
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Mixing parameters:

1 0 0
U: 0 C23 503
0 —s3 o3
At heri Super-Kamiokande \
maos eric 4 2 2 2
P Kamiokande, IMB Amp = |Am3 + Am3y|/2

MACRO, Soudan-2 = (2.47540.028) x 10 > eV?
(~ 1.1% accuracy) (NO)

— (2.455 4+ 0.028) x 103 eV?
LBL Accelerator ( K2K, MINOS) 4 EN 1.2% accura)cy) (|Oe)

v,, disappearance T2K, NOvA
Sin2 19A — sin2 1923
= 0.569 4+ 0.017
LBL Accelerator Ry \ (~ 5.4% accuracy)
vy — Vs )

[A. Marrone, talk at NeuTel 2021]

[Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo, arXiv:2003.08511]

[de Salas, Forero, Gariazzo, Martinez-Mirave, Mena, Ternes, Tortola, Valle, arXiv:2006.11237]
[Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, arXiv:2007.14792]
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Mixing parameters:

C. Giganti, Neutrino 2024

T2K (Japan)

« Selectable v, or "7;4 beams by

focusing #* produced by p
beam on fixed target

e Precision studyofv, — v

l Mt. Ikeno o H EH
1,360 m oscillations near first

. oscillation maximum

Kan*gioka
: 3 >
e Low v, /U, contamination
e e
NOVA (USA) Far detector:
Fermilab Ash River, MN allows study of U,u — U,

oscillations for both v/T

: _ * Near detectors to measure
% B0 ' ’ neutrinos before oscillations

Neutrino mode ; ; ' ' l
Ur YVyr Uy 1/#, Up Up Uy, > U, U, VU, , _ ,
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Mixing p

arameters:

ND

. Neutrino 2024 Preliminary
v, disappearance

FD

v-beam w-heam NOvA Preliminary
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r -} ND Deta 1 o 32 — 2024 Best-fit Pred. |
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= 10} |7}
0 L | B 1 2 E) 4
1] 1 ] 3 4 5 Reconstructed Neutring Energy (GeV)
Reconstructed v, energy (GeV) )
384 v, data candidates
(113 background)
FGDI1 v, CCilx Op ?)
oo T T +—| Amgzl
g!&ull Bl CC2p2h v CC Hes In . - - — - -

Bl CC Cohln []v CC Other
v NC modes [T ¥ maosdes

vy CCOMOp

..F.....T.R.“l-'..lo...'l'.I..!....-l...n.......‘.......

O MW 400 600 B0 1000 1200 144 1600 TR0 2000
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N 11

NOvVA doubled v-mode statistics — leading

T2K 10% more v-mode compared to 2022
and reduced FD detector systematics

= 90% CL, NO
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sin” 26,
Consistent with maximal mixing

T2K has been upgrading beam-line and ND.
— expect improvement in future.




Mixing parameters:

Atmospheric v detectors

detectors drawn roughly to scale

Surface covering 3D sampling
Deep Core O Track-like (v,)
5, \ e Installed |- HYE
MAREE “‘" A so far ‘
.'.:...-.'.' g ‘

#20g ouLNaN ‘aqny 89

PhysRevD.109.072014 SuperK Ice Cube C%; g& : ;
HyperK (South Pole) L3N R

Detailed event Shower-like

reconstruction over wide DeepCore ORCA/ KM3Net NG

E, down to sub-GeV 10 Mton (Mediterranean ~ (¥e: NG, )

Sea) 7 Mt
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Mixing parameters:

v, disappearance

* SuperK: 20% expansion of fiducial 3.2 90% CL, NO
: volume + additional years.
g PRD 109, 072014 (2024) =1l
§ i § > 28]
2 In total 48% statistics increase over mﬂ»‘
2 . - |
8 previous publication S 2.6
e DeepCore moved to CNN-based NEE#', -
1 10 10 i
Reutring Enerey eV rieconstructlon + 2 years g T
2.2
SuperK 7x increase in statistics cudeal
arXiv:2405.02163 2.0 ORCA 6
x10° = ' 0.35 .40 0.45 0.50 0.55 0.60 /0.65 0.70
+| DeepCore i~ expect 2x reduction in next 4 years sin2(6,3)
.| Track-like .,
s « Data
> 2 i
4 Lu
1.2 N m Atm. p* B v.+v.CC --- no-osc.
Lo I[IIIIIIIIII!IIIII b+ CC v+9,CC I Data
0.8 1 f I Van+vayNC ~ —— Total MC
10t 10?2 103
L/E [km/GeV]
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Mixing parameters:

, Cosine Zenith Angle

lceCube

ORCA

Neutrino Energy [GeV]

SuperK

x103

.| DeepCore
Track-like

Events

1.2

nRaliv

0.8

II
1.0 Hyly g tiy g1y
I 1T I III

10t

W 14

10?
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10°

v, disappearance

* SuperK: 20% expansion of fiducial
volume + additional years.
PRD 109, 072014 (2024)

In total 48% statistics increase over
previous publication

e DeepCore moved to CNN-based

reconstruction + 2 years
l

7X increase in statistics
arXiv:2405.02163

expect 2x reduction in next 4 years

Am3, [1073 eV?]

3.2 90% CL, NO
3.0

2.81

2.61 . MINOS+2020
2.4

2.2

SK 2024
2.0 ORCA 6
0.35 .40 0.45 050 0.55 0.60 /0.65 0.70
sin?(623)

Consistent results, and now competitive (IC)
with accelerator measurements

note: 20~50x longer baselines and energies




Mixing parameters:

C13 0 5136_'-613
U= 0 1 0
—s13€°13 0 13
LBL Accelerator A .

70 (T2K, MINOS, NOvA) Ami — |Am§1 —+ Am§2|/2
Sin2 1913

0.0223 &= 0.0006
(~ 2.9% accuracy)

vy ¢ sin?da

LBL Reactor Daya Bay, RENO
Ve disappearance Double Chooz )

[A. Marrone, talk at NeuTel 2021]

[Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo, arXiv:2003.08511]

[de Salas, Forero, Gariazzo, Martinez-Mirave, Mena, Ternes, Tortola, Valle, arXiv:2006.11237]
[Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, arXiv:2007.14792]
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Mixing parameters:

Prompt (¢ ™) e
elaye - -
e“ef%f/' ”_C;éture Medium Baseline (km)
Rl ’ Reactor Experiments
e .o
"no-. - y * Intense anti-neutrino flux from
Y reactor beta decay chain
R e Detection in liquid scintillator via
! Hn.gk sEo&usEncs — Best fit - inverse-beta decay with delayed
. . — +
100k [ icl;l;zntal - coincidenceV,+p = e" +n
4 B Fast neutron + Muon-x
% 10°g i "I]Z;“Am—”g -« Neutrino energy inferred from ¢
§ 10° - ...f......?f?::???...o . energy deposit in LS
LLI 2 - }'& k Jrouy nds
10 . e Delayed y from neutron capture
et . on Gd (main) or H (sub) for
ez 2 46 8 10 12 significant background reduction

Prompt energy [MeV]




Mixing parameters:

Medium Baseline (km)
Reactor Experiments

D S 7 s
S ~
R S\ Vet
4 \ R =
L C SN
S g A

e g = 4P SN AT il
Photo: Roy Kaltschmidt, Berkeley Lab

¢ 3 experiments with similar design
Double Chooz (France),
Daya Bay (China),
RENO (K

DayaBay (PRL.130.161802) (Korea)

06— Neor  Far ] All have completed data taking

1.04 YEHI EH2 | EH3 .

1.02

Best fit (3-flavor osc. model) 7] * |dentical detectors near and far (~ 1 km) from
T N :

G Zog a i reactor al.lows cancellation of many
: 13 : systematic effects

 Oscillation of T, — T, at first osc. max.

B LR

.
()(l < - . .
T T Approximately 2-flavor osc. with amplitude

LegAEz, ) (m/MeV] sin® 26,5 and frequency |Ameze ~ |Am321 |
Very clear oscillation signature
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Mixing parameters:

0, constraints

Daya Bay nH analysis Experiment Value
PRL 133, 151801 (2024) nGd —_— 0.0851 +0.0024 2.8%
= - : - Daya Bay nH ——t 0.0759 <00 6.5%
] nGd-+nH — 0.0833 +0.0022  2.6%
B E nGd - 0.0920 010 659
= ] RENO
P 10 - nH o 0.082 0013 15.9%
.E —4— Data 1
- —— No oscillation _
3 - — Best it ] Double Chooz nGd+nH+nC —_—— 0.102 zo0012 11.8%
- EH3 -LH —L7iren .
0.02 - : I Fast neutron - Reactor Average - 0.0839 +0.0021  2.5%
r ] !Ladmgemc neutron |
- -"“Am-”C - '""""""""""""""""'"""'"""""""""""'"T““‘,' """""""""""""""""""""""""""""""""""""""
N NO o 0.0892 +o01st 1599
Ezg E 1l E T2K + NOvA P
é; 0; A T ,W 3 (accelerator) IO 0.1008 =301z 14.2%
ey . - J - L 3 0.06 0.07 008 009 010 0.11 0.12
Prompt Energy [MeV] sin2 2013 Figure by Hongzhao Yu

Slightly modified emphasis

Note: average is error weighted
average assuming no correlation
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Am%OL<
31
Amioy Ay
V)
] 2

n V3
Normal Ordering Inverted Ordering
Amz, > Am3, >0 Am?3 Am? 0

31 32 M3y < 8M3; <

absolute scale is not determined by neutrino oscillation data
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. I AmijL
Pua—>u5(L; E) — 5055 - 42 RE[UQk U@k Uaj Uﬁj} SIn AE
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. o

W

CP conserving

[ AmiL
+2) Im[ Uz Usk Uaj U3;] sm( T )
k>j

. >y

CP vicﬁating

» The oscillation probabilities depend on the quartic rephasing invariants

Usk Usk Uaj Ug;

» CP violation depends on the Jarlskog invariant

* * 2 .
Jcp = 4+ Im[ s Uﬁk Uaj Uﬁj] — C€12512€23523C73513 SIN 513
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v,/U, appearance

Currently mostly a rate measurement

T2K

T2K Runi-11 Preliminary

24
22
; 20
18

16

Antineutrino mode e-like candidates

14

12

10

— sin0; = 0.45, 0.50. 0.5, 0.60
— Am}, =2.52x107 eV?
—--- A, = -2.49x107 eV’

e mO
I
+
=l
L]

68% syst err. at best-fit
v Bestfit
=== Data (68% stat err.)
| IR ST SR R TR S N NS A |

o2

L L PRI S R S
20 40 60 80 100 120 140
Neutrino mode e-like candidates

e

NOvVA

NOvA Preliminary
— ——
60(-NOVA FD ) -
| 26.61x 102 POT-equiv (v) sir28,5=0.085 1
L 12.50 x 10% POT () |
50 Inverted MO

AmE,—2.47x107%eV?

3
N
Q

Total events - antineutrino beam

n
[=}

.
=1
|

\

32 V. data

candidates 23

I=1
T

4
Normal MO .
[0 8ep=0 ® §gp=m2 A, +2.43x107%V?
[0 Ggp=n " Bgp=3m/2 2024 best fit

PRI TN NI

50 100 150 | 200 250
Total events - neutrino beam

I
e

181V, data
candidates

Accelerator only: 6,3

Correlated change

With reactor 65 :
0,5 octant, oS d¢p

22T ' e



Antineutrino mode e-like candidates

T2K

v,/U, appearance

Currently mostly a rate measurement

T2K Runi-11 Preliminary

26

24

22

20

18

16

14

12

10

— sin’®,, = 0.45,0.50,0.55, 0
—— Am}, =2.52x107 eV?
---- Amy, = -2.49x 107 eV?

0 O(?I‘= n
m O, =+m2
0 8,=0
e O, =-ml

68% syst err. at best-fit
¥ Bestfit
=== Data (68% stat err.)

\
“
Ny

Degenerate

p
’\\ :
- -

NO

" 4

e

20 40

L L I TR
80 100 120 140
Neutrino mode e-like candidates

Preference for NO

32 V. data
candidates

Total events - antineutrino beam

n
=}
T

NOvVA
NOvA Preliminary

T
BD*NDVAFDl

229, ,=0.085 |
[ 26.61x 100 POT-equiv(y) o - ]
L 12.50 x 10° POT (v)

501 Inverted MO ]
i AmB,=—2.47107%eV? D ]
| egen

40)

F 10

3

[=1
™

4
Normal MOGEH
* b= w2 AME,=+2.43x10%eV ]

2024 best fit
T

[© 5= 0

[° Sco= T ° Bop= Bn2

brate

50 100 150 | 200 250
Total events - neutrino beam

|
181V. data
candidates

More sensitivity to MO than T2K due to
higher energy (longer baseline).

But data prefers MO-degenerate region




Antineutrino mode e-like candidates

26

T2K

v,/U, appearance

Currently mostly a rate measurement

T2K Runi-11 Preliminary

24

22

20

18

16

14

12

10

'\ : (NO?Se% |

Co,
S (10) Co

e

120 140

80 100
Neutrino mode e-like candidates

Preference for §cp &~ — 7/2

Data outside of MO-degeneracy
= stronger CP constraint

Total ever'its - antineutrino beam

=]
[=1

©w

n
(=]

o
=]
T

s
(=]
LI

NOvA
NOVA Preliminary

§in’20,,=0.085 |

EvYERN
| 26.61x 10%° POT-equiv (v)
L 12,50 x 10%° POT (v) O

Inverted MO ~
AmZ,=—2.47x10%eV?

Q
(10) g,

Sin8,,=0.54

(NO) ]

; Sin (Scp

Normal MO
Bop= %2 AME=+2.43x10%V? ]

2024 best fit

[0 8,.=0 =

w0 S

0 §pmnt = Bop= B2
L | L

L L PR PRI
50 100 150 | 200 250
Total events - neutrino beam

Ocp preference depends on MO




Using reactor @5 constraint
(different values are used)

warn: difference in freq vs. bayesian

T2K

NOVA

NOVA Preliminary (Neutrino 2024) 5
DO i B BRI P erpv— L note: plot range modified for consistency G
x r 5 L . 0025 T Ma‘r 'ﬁ T d —T L B LT c H T T T T CD
r E— i 1 ginalized jointly } Bayesian Cred. Int.
d 25— Normal ordering 1 4? over orderings 1 With 1D Daya Bay constraint Ir
C Inverted ordering 1 @ 002 ¥
C ] 5 == Both MO -1 1 3
o o Aol 4 A oo1s =Inverted MO --26 w/ 1D Daya Bay &
o - 90% CL 1 5 =Normal MO -3¢ ] =
o C 20CL 41 = o001 1 @
C>U s Bl secL . % p E!h
@ u 1 © 0.005 T S
o u a L o
5 10:" ] TE—— T— : TR — a
e C 1 Both MO [ —=| o
I sf— 1 Inverted |- +=sm————— -
E | Normal I_,|-,-—-‘ ...... | ......... | ; ,,-I
— o . .
[4s] -3 -2 -1 0 1 2 2 Fs b
& 0 ¢ - 2 ’ T 2 T”

Preference for CP violation (sin ¢p < 0)
Mild NO preference* (1.7 Gireq)

In NO prefer CP-conserving
or sin ocp > 0

Neutrino 2024, Preliminary

In IO prefer CP-violation (sin §qp < 0)
Mild NO preference (1.40¢req)

* Carabadjac Denis, ICHEP 2024, T2K Preliminary
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T2K + NOVA

NOvA only: Phys. Rev. D106, 032004 (2022)
T2K only: Eur. Phys. J. C83, 782 (2023)
Input analyses are not latest results, but first shown in 2020

0.04 Bayesian Cred. Int. =~ ' ! 1 Z
g [ With reactor constraint  wBoth MO~ —1Io <C) « Different degeneracy of d-p, MO, and 6,,
k5 0.03:— e Inverted MO 20 ] jl} octant — synergy
— - i ' ]
0.02 =Nomal MO 30 § [ o .
’8 [ : ] ‘%) * A first joint fit was performed using the
2 001 1 analyses first shown in 2020
o : : : . . . .
£ £ —— B j a (publication in preparation)
Both MO¥ : é * Candidate for systematic correlations:
Inverted | }-- - F-=—=——- ] : = . .
g : ; ; 1 U interactions
Normal [EEEESSs==== TocodBo oo oo SEEE CERRRS | . boo PR = \E
B - o * No trivial mapping between parameters
2 S 2 (except z/ef U, systematics which were correlated)
Cp

e If 10, CP violated at 3¢

(Above plot is normalized over both MO, but
conclusion also holds when conditioned on 10)

¢ [f NO, consistent with CP conservation

Compatible with both MO, posterior

influenced by reactor constraint e At current statistics omitting correlations

found to not affect result
NOVA+T2K only : 10 (71%)
+1D 65 110 (57%)
+2D (63, Am3,): NO (59%)

¢ Studied impact of interaction model
differences, all tests pass pre-set criteria
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—4— Data, |cosb, | > 0.6

—— Normal
—— Inverted
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S ost E
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gl Usliked
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a 02F E
2 o0 E
S o2} i
[=]
0 —04f E
% o6k SKIV-VMulli-GeV v, like

n ! o ! ] : PRt

T L) — L) » <4 %
- ]
= osf * U -like
8 o4} e 3 £
- o2} E ~
2 =)
Z 0-#* ] 2
g —0.2f 3 5
o -04f E §
3

[V

_0.6 F SKIV-V Multi-GeV ¥ -like 1n _

(subset of sensitive samples shown)

» SK performs statistical v/U

separation using # of r etc.
to enhance purity

e Updates to selection
Multi-Ring: likelihood — BDT
Single-Ring: + neutron tag

Mass ordering

From matter resonance
SK, 484 kt years

S L) UL Ll
[ PhysRev D 109 — Data(-5.69) ]
- 072014 (2024) 1 True N.O.
1071k 1 Truel.O. .
: pro. (0.88)
Pr.o. (0.0091) -
102 3 i
f o —
[ NO-like |O-like 1
1073 3 .
107
80 -20 -10 0 10 20 30
AxR.o.-10.

Indication of NO.
Rejection of 10 at 92.3% CLs.

Dominated by stats, then xsec

Future sensitivity

12

10 A

v/ Ax? for wrong ordering rejection

Atm. v Combined fit
True NO, sin®fyy € [0.45,0.60]

Atm. » Combined fit
True 10, sin® 6,3 € [0.45,0.60]

HyperK ace. True NO
DUNE acc. True NO
SuperK data fit, Neutrino 2022

Atm.

Acc.

iStart of 1C-Up and |
ESI( (full Gd [:).‘uiim:)i

l: I I - 1 I
2025 2026 2027 2028 2029 2030
Year

IceCube upgrade, ORCA, and HyperK
expected to measure MO in the next
few years. PRX 13, 041055 (2023)
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Using @5 constraint from reactors 08
O‘SE- B(v, = Vo)

Foayesan CP phase "

16 PhysRev D 109, 072014 (2024)
L L L
14:_ SK IV expanded FV E
L — Data fit [ Inverted A
12 L ---MC expectation [[]Normal 10°
10
~ » SKalso constrains dcp from normalization of sub-GeV
>2
< 8 e-like events. Unlike accelerators, decoupled from MO.
o T2K2024 - |
NOVA 20241 4 |- I T RAPTTINE N—. -
(vertical offset B TN NN : * Weak indication of maximal CP violation
has no meaning) 2t~ - - - - N but CP conservation still allowed

/2 T

T2K 2024*
NO R

NOvVA 20241\ Il

* Prefer ocp = mover 0.
Interesting contribution to NOvA and T2K’s NO constraints.
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Future prosects

Calibration — Electronics

Top Tracker

Filling +
- Overflow

Central detector
55 latticed shell
Acrylic sphere
(20Kt LS in it)

~17000 20” PMT
+~34000 3" PMT

Connecting bars

~2000 20" VETO P

CD Support legs
Qty: ~100

AS: Ac;yl.ic sbﬁe-re?. SSLS lstégr.llt;ss ;teel Iatti-c;eci shell
JUNO: 2025 (running) Jie Zhao’s talk
Reactor neutrinos for mass ordering

Sanford Underground
Research Facility

HyperK: 2028, Jan Kisiel’ talk ey
Acc. & Atm. neutrinos, MO & CP % gt

DUNE: 2029-2031, Jianming Bian’ talk
Acc. & Atm. neutrinos, MO & CP




beta-decay spectrum neutrinoless double-beta decay

cosmolo . . )
9y (KATRIN) (assuming Majorana neutrinos)
U 7 NUFIT 6.0 (2024)
IIHIII' LU | ||||I|T| ULRRLLLLY] 10 Elllllllr | |||||I|I ) ||||||T| I IIIII? 10 gl\lllll | ||||I|T| I ||||||T| ) IIIIIE
- KATRIN 2024 . Lt :
= = v 1 10'F10 E
3 13 10 43 .
e {1 7 1 10 =
N : ] E 1 € 3
0" _ 1 10° E
1 10° E NO .
_II\IIIII | IIIIIIIl | ||||||,|] 1 ||||||__|_| IIIIIIIl | IIIIIIII 1 ||||||_|J l IIIIIE 10‘4 I\IIIII| | ||||||,|J Ly
10° 107 10" 10° 10° 102 10" 1d° 10°  10°7 10" 10°
Myt [€V] Mgt V] Myigne [BV]




Light Majorana
neutrino exchange

mpg (eV)

Energy conservation
100?
Strong complementarity, Y/ KATRIN (2024)
also with cosmology ]
Interplay allows to test _ _
underlying models 3 1073 o
Eﬂ o e.g. Project8
ok
Many new constraints and ;/
powerful tools online, 10-2 4 Y2
e.g. LEGEND-200 ] a
V//I 1
107! 10°
Standard cosmology 3 (eV)

Cosmology (Planck, DESI)

[Abdul Karim et al., arXiv:2503.14738]

X< 0.06 eV (95% CI)

Neutrinoless BB decay (KamLAND-Zen, **Xe)
[Abe et al., arXiv:2406.11438]

m,, < [0.03, 0.12] eV (90% CL)

[NuFIT 6.0, nu-fit.org]

10°y —— Normal ordering
1 —— Inverted ordering
107! z .
/ Kam e 24)
2 ] e.g. LEGEND
1077 ¥4 /5
L
2
1073 4 mg
Al 1
107t 10°
2 (eV)

B decay kinematics (KATRIN)
[Aker et al., Science 388 (2025) 6743]

m, <0.45 eV (90% CL)




Ezimi:{ mo -+ v/Amdy +mf + /Amdy +m3

(NO)
(10)

mo + \/|Am§2| +md+ \/|Am§2| — Am3, + mj

eminimal values predicted from oscillation data for m, = O:

s _ [ 986+085meV (I0)
min = 58.5+0.48meV  (NO)

eUpper bounds from current data:

oXm, < 0.12eV (95 % CL) Planck CMB+BAO 2018
oXm, < 0.064 eV (95 % CL) DESI 2025 + CMB

1041

109

Planck+BAO 2018

DESI 2025 + CMB

-~ | Planck+EUCLID/DESI

NuFit 4.1, 30 ranges

1073 1072

101 10°
mq (eV)




The simplest and most natural way to accommodate tiny neutrino masses

® Massive Majorana Neutrinos

- fi—
L = Loy + Tridrg — [ELYVHVR + h.c.] — [EVSMRI/R + h.c.]

Generate tiny Majorana v masses via the so-called seesaw mechanism

B Retain SM gauge symmetries : v2Y @11/1“
v v

® Well motivated by the GUTs
0(0.1eV) 0(101* GeV)

Canonical Seesaw Mechanism

Introduce all terms allowed by
the SM gauge symmetries




Dirac v.s. Majorana masses

Neutrinoless double beta decay: talk by Pin-Jung Chiu

Lepton-flavor-violating rare processes 4+ Agostini et al., RMP, 2023 odd-odd
Goeppert-Mayer, 1935 o ] T —G |M |2|m |2 "’ even-even
2vBB — Standard Model a5 e | N0 — ol Toul sl |1
Ti2 = 10%8 - 102! yrs SNO+ - / ‘o TOKr
SuperNEMO . ; ;
NEXT -70 . Bre
-0 T gy
; PANDAX-II c
i CDEX-v300 = j
Ve NvDEX 4 :
CUPID-China
JUNO-Ov
Majorana, 1937 PP
/ Furry, 1939
os VBB (BR. = 10 32 33 34 35 36
08 g HPGe resolution 1 7
07F
g _ OvBp decay limit (90% CL). smalles NNHE _
S oet Background 10"l v gy 00 L > o= m'Bﬁ — |21Uezlm1| [eV]
g osE =
£ ™ R, Key observations to
03 g .
- . 5 probe the Majorana
°2é Slgnal o Y . .......................... nature of massive
g T i e OvBp — New Physics! neutrinos and origin

B 33

* 04 ’ 06 ’ 0}8
(Summed B Energy)/QM

Ty > 10%8 yrs

My [€V]

The most promising way to test the lepton number violation and Majorana nature of neutrinos.

1

of neutrino masses




Summary & Outlook

Neutrino mass and mixing: truly new physics beyond the standard model

Robust 3v-Mixing Paradigm
Amé ~74x107°eV?  Ami ~25x 10 3eV?
sin Y15 ~ 0.3 sin® Y3 ~ 0.5 sin® Y13 ~ 0.02

B and 3Bg, Decay = my, mp, m3 < 1eV

To Do

Theory: Why lepton mixing # quark mixing?
(Due to Majorana nature of v's?)
Why 0 < sin? 3 K sin® Ho < sin® PYo3 ~ 0.57
Experiments: Measure mass ordering and CP violation.
Find absolute mass scale and Majorana or Dirac.

ks 5§ 0 O I 1 |



Summary & Outlook

» Important first determination: neutrino mass ordering.
» Neutrinos can be powerful messengers of the physics beyond the SM.

» The discovery of L violation through 53y, decay is of paramount
importance — Majorana neutrinos.

» The additional discovery of CP violation in the lepton sector in LBL
neutrino oscillation experiments will represent a strong indication in
favor of leptogenesis as the origin of the matter-antimatter asymmetry in
the Universe.

» The search for sterile neutrinos may open a cornucopia of new

phenomena.
See talk by Michele Lucente

» Look out for Non-Unitary Mixing neutrino Non-Standard Interactions,
and Electromagnetic Interactions.
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Extras




Borexino: CNO cycle

Article | Published: 25 November 2020

Experimental evidence of neutrinos produced in the
CNO fusioncycleinthe Sun
6.6:“3_'3 x 108 em™2 7!

Phys.Rev.D 108 (2023) 102005

The Borexino Collaboration

Nature 587, 577-582 (2020) | Cite this article

‘ +1.2 8 —2_—1
14k Accesses | 137 Citations | 902 Altmetric | Metrics 6.7_[].8 < 107 cm S
40 i
800 + A RTTE Fit without systematics 11 ng
Room for 35} : —— Fit with systematics '
CNO i HZ-SSM 68% ClI
500 301 : LZ-SSM 68% CI 10.05
[ : w Borexino 68% Cl
25§ - [ Counting analysis 10.04 é
() o
£ 20t
400 | 2 f0.03 £
151 E
210R; 10.02 &
. O
200 } 10} .
5| >0.01
Others
0 0 : : ; ; 0.00
Events in the ROI 0 2 4 6 8 10 12 14

CNO-v rate (cpd per 100 t)
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Neutrinoless double beta decay

> |mgg| can vanish because of unfortunate cancellations among the vy, v»,
3 contributions or because neutrinos are Dirac particles.

» However, 3o, decay can be generated by another mechanism beyond
the Standard Model.

» In this case, a Majorana mass for v, is generated by radiative corrections:

< v+ ¢
d u q S
> —> > > 2
e - e M
— -
/8/801/ — /8/602/ > -
€ e
— —— > > 7
d u d - u e A
h Ver

[Schechter, Valle, PRD 25 (1982) 2951; Takasugi, PLB 149 (1984) 372]

» Majorana Mass Term: ﬁg}_ = —% Mee (I/gl_ Vel + Vel ygl_)

» Very small four-loop diagram contribution: me. ~ 107%% eV
[Duerr, Lindner, Merle, JHEP 06 (2011) 091 (arXiv:1105.0901)]

s 5§ O I 1'E»x |



What is mass ordering:

. 107 E
R e e v, cosf sinf\ [,
Am -
fam (> )
U1 | Tl [] U —sinf cosf/) \vy) <ot
g
<
10 E [ Rate excluded
F [ Rate+Shape allowed
- B LMA
L . . 5?110 Verdei e()i(c(]iuded
, , -6 |1 S e e
P(b’e — y#) - SBRQ(ZQ)SERQ(L??Amg_) 100702 04,06 08 1
Eu sin*20
95% C.L.

[KamLAND, PRL 90 (2003) 021802, hep-ex/0212021]

With v, €-v,, and 0 €-> a/2 - 6, complete degenerate!

We can either choose m,>m, = determine if @ < or > n/4?
or choose 0< @/4, = determine if m,>m, or m,<m, ?

Solar neutrino flavor conversion (matter effects) tell us cos26*Am2,,>0

ke 5§ O 1 1'E» |



What is mass ordering?

Am?

atm

atm

A 4
? 7] I:I;:I:I

\ 2
L4 vAmsol
V3 ﬁ:l:\ v 011

Inverted hierarchy  Normal hierarchy

ve@m VYu@ V-

Atmospheric neutrino (vacuum) oscillation: Am?;,>0 or Am?,,<0?

The mass ordering is only relevant, after we intrinsically define what
are the mass eigenstates: v, v, v,.

One definition: decreasing v, components of these mass eigenstates

Hierarchical mass spectrum v.s. quasi degenerate mass pairs
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Methods to determine MO

Matter Effects: Accelerator, atmospheric, supernova neutrinos

~ AmZ;cos2¥13

> Ve = v, MSW resonance: V = >F & Ami; >0 NH
Am?, cos 213
> Ve = 7, MSW resonance: V = — 132E & Ami; <0 IH
Vacuum oscillations: Reactor neutrinos, Petcov et al., PLB 533, 94 (2002)
Normal Hierarchy & L2 Inverted Hierarchy
A m3, | | A m3 |
11 11
|IA M35 |+ | Am3y | | Am3s | —|Am3,
|Am3y| = |Am3,| T [Am3, | < |[Am3,|

SURVIVAL PROBABILITY
: : 5
?D,__x Vi = 4= 5'\/\/\2’2_9(3 x (C,o&l G SMEAr +o5M Sy Sw A52_> FAST /—\"MZAM

—om29, @ost M1 Sim* Aoy SLow A,
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