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Three fundamental questions

Do neutrinos have mass ? If so how small ? (Pauli, Fermi, 1930s)

Planck data => 2 m; < 0.26eV

Do neutrinos of different flavour oscillate amongst one another ?
(Pontecorvo, Maki, Nakagawa, Sakata,1960s)

Neutrino oscillations observed => neutrino mass and flavour mixing

Are neutrinos their own antiparticles ? (Majorana 1930s)
Can be tested in neutrino less double beta decay

The three issues are interconnected and may throw light on the physics
beyond the Standard Model



The neutrimo mass matrix

* The neutrino mass matrix at low energy
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* Mixing matrix relating the flavour and mass states

UpvmnNs

Upmns = Roz(023)R13(013,0)R12(012)P(0, p) -

/ C13
0
\ —s13€’

)

0 sy3e % \
1 0
0 e3 )

P(o, p)



Parameters of the neutrimo mass matrix

* 9 unknown parameters for three neutrino flavours

3 masses > My, M3
3 mixing angles 0),, 0,3, 053
3 phases §, a, f5

» QOscillation experiments sensitive to

2 mass squared differences Am221 = 17122 — mlz, Am321 == m32 — ml2
3 mixing angles 05, 013, 0,3
1 Dirac phase ¢

+ Absolute neutrino mass comes from

Tritium Beta-decay
Neutrino-less double beta decay

Cosmology

* Majorana CP phases from lepton number violating processes



Oscillaton Probability (vacuum)
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Matter Effect
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Mixing angle in matter is defined with
respect to the matter eigenstates

The eigenvalues and the mixing angle
are determined by diagonalizing the
effective Hamiltonian in matter




Matter Effect

» |In matter, only v.'s undergoes Charged current interaction — an

effective potential of V2G N,

Effective mixing angle 6y in matter
Am?sin 20

tan 20y = Am? cos 20-2v/2Gr n.E

Am? cos 20 = 2V2Gen.E, By — m/4 MSW Resonance

L. Wolfenstein, PRD 17, 1978 S.P. Mikhyev, A.Yu. Smirnov, SINP 42, 1985
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For antineutrinos potential
changes sign

Resonance for Am?’ <0

Matter effect is sensitive to the

Am>, =[(Am*cos20 —2+/2G,n E)? + Am’sin®20]"

ordering of the mass states

NI

» Probabiliucs arc oblained by solving propagation cqualion i matter

2 Depends on density profile of marter
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Neutrmo Oscillattion: Evidences

CC __ Vo
.LI\ C '/e_'_.'/“__k’/-r

Supck, GKC

l Cusmne Ray

w——THe ganectec rumber of svents wihout 1eutriroe oscillst e
I’ yosekes rambir of ovelo wih nedrro seillel e
wrved nurber of svia s in & woe Kem usends

Coizring |

1o 1R »
PP Alr nuclous

Flons

g

3 -

1

The rux
-
-
L —J
g '

Hewwrine Snorgy

E 1, — vy oscillation

T Ne= v |

o fa— . i . h o s
[« Data-BG-GeoW, Flioht brerh 1
l'_ — Expectation based on osci, parameters Ch S Mg oF § - " —_ — — - - "
L determined by KamLAND 2 I NC subtracied
= . | § ol *  NMOS a l
= 08 . , L
E - J\H‘P - | c [ Newirion Dslon Best P2 ]
£ 06—ed" o 4 - g 59 [ N
= [ \ ‘ . a ce .
= ——l * e | e ! \ + ]
P | - | | 1 o 3 R
é 04 . o 1 - v?‘ L -
‘ i . T '_’1,_, . - |
0.2 0& S . |
X ¥ > o
c I RS T R R . e 4 VIRV
60 40 50 60 70 KO 90 100 I o o !
$ lﬂ‘]:..‘_ (km/MeV) c_ _\ l‘_' Ol

o
(4]

10 15 20
Reconstructad Neutrino Energy (GeV)



J =

Electron Neutrino
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Three Neutrino Mixing
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Three Neutrino Paradigm

« Measurement of non-zero 3 in reactor experiments ss==fi three neutrino picture

Atm +LBL Sol+KL

Co3 523

Sp3 Gz )| e'®5; 3 i3

Cip —cos0Ojoetc., 8 CP-violating phase

°] Am%l, #12, 013 Solar + KamLND .
e Am3,, 613 Reactor
Q Am—;“fl, #23, 013, dcp Atm + LEL

. /

Tensions in Complementarity
because of & the data and Synergy

Interplay among different sectors
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Neutrimo Oscillation Parameters

Normal Mass y Inverted Mass
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Neutrino Oscillation : from discovery to precision

Normal Ordering (best [it) Iuverted Ordering (Ay® = 7.0)
bip 1o 3o range bip 1o 3o range
sin? @19 0.30170 013 0.269 — 0.313 03011505 0.269 — 0.313
B10/° ; 31.27 > 35.87 33.45 1578 31.27 > 35.87
sin” A3 0.450%)-012 0.408 — 0.603 0.57015:0%8 0.410 — 0.613
023 /° 5 39.7 — 50.9 19.0799 30.8 — 51.6
sin” @12 0.02246 ' 000ea  0.02060 — 0.02435 | 0.02241'0 00045  0.02055 — 0.02457
013/° CR3.6278 7 8.25 — 8.8 8.617015 8.24 — 9.02
bcp/° 230138 144 — 350 278155 194 — 345
Am3, 21 . .
= . . i ) , ~ .)'f‘ﬂ?l ' ‘) ;
TR 20 6.82 — 8.04 7.4210 30 6.82 — 8.04
Amsz, N) .27 & Al .- ‘ ¢ 0.026 ¢y mr .
10 2 e\"‘ 027 +2.4{;‘) _)’ +259.3 —‘2'49“-{-0028 _2.-'.)14 _)' _2410

NUFIT 5.1 (2021) |




Oscillation parameters we do not know

# The neutrino mass ordering i.e. if

the third state is above or below
the first two states

* The octant of the 2-3 mixing angle

i.e.if 6,3 > 45° or < 45°

* The value of the CP phase

Normal

T

Atmosphere

2
Sun
i e pT

Inverted
2

1

Sun
Atmesphere

3

Why these parameters are particularly difficult to

determine ?
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Current and future oscillation experiments

- ORGA Daya-bay JUNO
Dune

— Atmospheric
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Long baseline experiments : salient features

Baseline
GeV

295 km,
Tokai to Kamioka

NOVA 810 km,

FNAL to ASH River
DUNE 1300 km

FNAL to South Dakota
T2HK 295 km

JPARC to Kamioka
T2HKK 295km, 1100 km
ESSnuSB 540 km, Lund to

Gapenberg

1.7

0.5-8

0.6

0.6

0.3

0.76 MW
Super Kamiokande

Water Cerenkov

0.7 MW
14 kt TASD

1.2 MW
Liquid Argon 10kt/40 kt

1.3 MW, 187 kt X2
Hyper Kamiokande

HK, Water Cherenkov in
Korea

5 MW
500 kt Water Cerenkov,

High Intensity Beams, bigger detectors
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Atmospheric neutrino detectors: salient features

_

Magnetized IRON ICAL@INO 50 kt, muon energy and direction
measurement, charge id, neutrino
energy reconstruction

Water Cherenkov Hyper Megaton, no charge id, both electron
Kamiokande and muon energy and direction

Water Cherenkov ORCA Multi- Megaton, tracks and showers,

(Mediteranian) no charge id

ICE Cherenkov PINGU Multi megaton, tracks and showers,

(Southpole) IceCube  no charge id

Liquid Argon DUNE Liquid Argon, both muon and electron
events

Charge id for both ??

Path length — 10- 10000 km,
matter effects important

16



Degeneracy problem

# The main problem in determination of hierarchy, octant and d¢p in
LBL experiments is due to presence of degeneracies

K/
L X4

Degeneracy —’ different set of parameters giving the same
probability _> equally good fit to the data

X/
X4

Hierarchy - 0., degeneracy Intrinsic octant degeneracy  QOctant - Scp degeneracy
P,M(A-‘?(--p) - 1?”’( A,o"m,) l:m(():s) /:«4(023 -r/2-6,) P (6y,,00) =P (Héj,d;.,,)

Jle Lie

Minakata, NunoKawa, 2001 Fogli and Lisi, 1996 Gandhi, Ghosal, Goswami, Shankar 2005

Comprehensive Approach
Pue(f, A, dcp) = Pye(fs. —A'.é'cp) = generalized (hierarchy - fy; - 0¢p) degeneracy.

Ghosh,Ghoshal,Goswami,Nath,Raut, 2015



Synergy between experiments

# Different experiments have different L, E dependence and

therefore the dependence on the oscillation probability on a
given parameter can be different

two degenerate

o
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{ values for expt 1 \ I,

parameter (p)
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S. Raut. Talk
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two degenerate

values for expt 2



%*(best CP conserv.) - y*(best §_,, MO)

T2K+SK

True Normal Ordering

True Inverted Ordering
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Can resolve Claudio Giganti, Neutrino 2024

hierarchy -CP degeneracy
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Synergy between neutrinos and antineutrinos

sin’ 28.3 = 0 1, NOVA[6+0] NOVA[3+3]
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Ghosh,Ghoshal,Goswami,Nath,Raut, 2015

Combination of neutrino and antineutrino run removes wrong octant solutions
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Synergy between channels

NOvVA[3+3].NH-NH
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T(’ue B, =39°°
\ Scg = -90° (True = Test)

35 37 39 41 43 45 47
0,,(Test)
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Total »° greater
than individual
Contribution



Additional challenges

+ (CP violation is manifest in differences between neutrino

and antineutrino probabilities

« The difference is at the level of few percents

* Needs large data samples

“ Systematic uncertainties play important role for
precision measurements

* Near detectors are helpful in reducing these

22



DUNE

Fermilab

Sanford Underground
Research Facility

Fermilab

Far Detector

AU EE B arsar
v e
LT Y

Liquid Argon Time
Projection Chamber

SAND " ND-GAr  ND-LAr
DUNE PRISM



Mass hierarchy and CP with DUNE

Mass hicrarchy sensitivily

—l Bop = -T2

0 100% of g values
— Nominal Analysis
eeees B, & By, unconstrained

- DUNE Senzitivity (Staged)
12 tormal Ordering

- sim2n,, = 0.085 + 0.003
" i, = 0.491 £ 0.042

.....................

Ullllll'lll'llll

Hierarchy sensitivity due
to enhanced matter effects

CPv sensitivity
12 . DUNE Sensitivity (Staged) i, = -v2
. Normal Ordering ) 50% of 5, values
- sin‘20,, = 0.085 + 0.003 @ 75% of 5, values
10}=sin’s,, = 0.441 = 0.042 —— Nominal Analysis
- mmeses fl,y & 6,, unconstrained
o~ -
N
3
= 6 6 yvears >
: D

Matter effects help in removing
wrong hierarchy-wrong CP solutions

From: R. Patterson’s slides



JUNO: Jianmen Underground Neutrino Observatory

Kaiping, ek " - : : :
Jiangmen, e@ﬂﬂg Zhou # Reactor Antineutrino Experiment
Guangdong - Q

# 20 kt Liquid Scintillator detector

Determination of mass Hierarchy
7. el g RN
/I8 BERMETT L WY
/AN EEERERT Y W .
T T UrEy  Precision of osc. parameters

1

i
’. \ ¥ 1l -
L AR ; cT: Solar, supernova, atmospheric
+ Detector at 53 km from the . L and geo-neutrinos

two reactors

o DCDaya Day — —— ~
.S - Far Sire s\\&
" - :
=LITTARN <
= r sk i)

P"é 4l
0
0
|

Expected to complete detector
construction in 2023



JUNO: Hierarchy and Precision

cos' 6, sm‘ ‘
BV, > 7,)=1-

Petcov, Piai, 2001, -
Choubey,Petcov,Piai, 2003
Hierarchy sensitivity

Distortions in the energy spectrum
Better than 3% energy resolution needed

30 hierarchy sensitivity in 6 years

Precision of oscillation parameters

Am3, Am3, sin“fj2 sin“f3

JUNO 6 years ~0.2% ~0.3% ~0.5% ~12%

PDG2020 1.4%  2.4% 4.2% 3.2%

Table: A. Paoloni, 2021

Evants per 1 MeV
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+sin’ 26, sin’ 4, 0032A3lsm A, - 1zsiﬂ\.’2A3))sin2A,,1

Precision of 0 19

. Bandyopadhay,Choubey,
S.G. 2003

arXiv:2104 02565

2000 days of data taking

Ams,

- N0 oscillations

= Only soler term
- Normal ordering
— Inverted ordering

- 2
sin” 263




Beyond vanilla oscillations

+ Possibility of probing new physics beyond the SM in neutrino
oscillation experiments

= Sterile neutrinos, non-standard interactions, non-unitarity of neutrino
mixing matrices, CPT violation, long range force, unstable neutrinos ....

# Sub-leading effect
+ Changes the oscillation probability

+ Impact on the 3-neutrino picture — extra
parameters and degeneracies

+ Constraining new physics parameters

» Unique signatures of BSM physics in neutrino experiments ?
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Neutrimos have mass

» Neutrino Oscillation Experiments => neutrinos have mass and mixing

» Cosmological bound on neutrino mass Xm, < 0.26 eV (90% C. L.)

* => Neutrino masses are small

* Neutrino mass and mixing => physics beyond the Standard Model

fermion masses
g s Do
e => Much smaller than the
large angle MSW) .
S - other fermion masses

28



Simplest way to give mass (o neutrinos

* Add a right handed neutrino to the Standard Model

* Mass generation by Higgs Mechanism

m,=Y,v » y, ~ 10712 - 10~1
* In comparison jm, = ¥,v * Y ~10-6
I 1 - € i

* Too small to be interesting

20



The effective Lagrangian

f,eff = Lsy + iLd:S + i[,d:(i T -

M M?
Weinberg Operator

Lepton Flavour Violation,
NSI

GOS0 = o JOTLIE T

Non- Renormalizable Operators —> what is the UV completion ?

* New Physics at a high scale

30



Seesaw Mechanism

A natural way to explain small neutrino masses is via seesaw mechanism
Relates smallness of neutrino masses with new physics at a high scale

Tree level exchange of some heavy particle gives rise than effective
dimension 5 operator at the low scale

» ¥ P4=5 — . [*LHH

EW symmelry
Ks breaking

Weinberg, 1979

2
m, ~ csv-IM

"oy
~inY

Violation of lepton number === Majorana nature of neutrinos

LNV decays of heavy mediators === leptogenesis

31



Three types of seesaw

Type-I seesaw

(¥ (¥
X X
[ 1
HO| i HO
1N,
A
vy Y, yi Vg
1
M, ~ —v*Y,—Y]!
i/ 14 1[
Right handed neutrinos

SO(10) GUTS
Left Right Models

Type-11 seesaw

(V) ‘I’\ ;FU

I""

M, ~ AaYaqr-

Triplet Higgs

Left-Right Models

52

Type-11I seesaw

(P, (P,

X X

[ : Xing

] [

HO. i HO

] TO i
A
VY e 4
M =~ —v%Y, ! — Y
“VYi T \[

Triplet Fermions

SUG) GUTS



lype-1 seesaw

L=_Lsm+ (Y, Nrol, + 1Np°(Mpg);;Ng + h.c

i\ /8 e\ /é \ 7
- o “

N h +

y / \
2 . \(.Da ~
Lb \ | f \ Oa

Ly

k=YIM;'Y, (@t Mg) my, = Kv?

\

M ), = mgM R ‘mp , mp =Y,

® m, ~001eVfor Mp~10"° GeV. mp ~ 100 GeV. Y, ~ 1

Minkowski, 1977

Yanagida, 1979

Glashow, 1979

Gelman, Ramond, Slansky, 1979
Mohapatra, Senjanovic, 1980
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TeV scale seesaw

GUT scale seesaw no testability at colliders — TeV Scale seesaw
Extra singlets — inverse/linear seesaw
Scale of LNV different than scale of mass generation
Large light-heavy mixing —> testability at colliders
Large light-heavy mixing = Lepton flavour violation
Stability of electroweak vacuum

Combined constraints on model parameters

Other possibilities : Radiative mass models, higher dimensional models
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Whatis the scale of new physics ?

Neutrinoless Double-Beta Decay

Charged Lepton Properties
& i . Cosmic Collider
Beta Decay

High Energy Collider

o Meson Decay GUT
Oscillations Leptogenesis
+-— e - s
eV keV MeV GeV TeV PeV EeV ZeV Mnew

Ack: Andre De Gouvea , Snowmass 2022
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Fermion mass spectrum

ueV meV eV keV MeV GeV TeV
1 lllll‘ I lllll1 LILLJ ll1 LI ll1 LI llll‘ e ! LY ..* jw|.|'I= 1% 4 |'71 (0] I‘?i} ’ .l‘?‘z 0 ]
' vy [ : Th t
3L — e A -
c : '
o :
v ; siL ¢
§2 = — : IH " -
f :
© : : : ! !
: vy : ud :
1 | ; : vy : .
1_11111‘ l_um‘ 141 llj PRURIT BN RRTIT! BNT] ‘A; Sl "’1’&‘ _— ‘i I MBSy S m'LLnui_qul_x_umi_LumLunml__umu
10® 10® 10™ 10™ 10¥ 10”7 10° 10" 10° 10 10° 10° 10° 10" 10° 10" 10" 10" 10™ 77 Xing
Mass (eV)

Neutrino masses << quarks and charged lepton masses

Hierarchy of neutrino masses not strong m3/m, < 6

Inverted hierarchy, quasi-degeneracy

» No analogue in the quark sector
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Quark Mixing angles

g, =13"
&,, —2.3°
6,.=0.2"
S.p = 68.5"

The flavour puzzle

P caey
CCl o i
o, f

\ -[.'

ez

Uiz

‘ Ue3

(b) PMNS lepton flavor mixing

2
3o

0.606,0.742
0.051,0.270

0.028,0.469

0.265,0.337
0.198,0.484

0.008,0.685

0.020,0.024
0.392, 0.620)

0.140, 0.929

Vot Vs tVio
Vo Vs L A
v l Vs
Vee Vs
(a) CKM quark flavor mixing
Neutrino mixing angles
G, =33.5 Current
0 U
O,; = 49
G; —8.5°
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Flavour symmetry approach

Flavor symmetry(horizontal)

—_—

Gauge symmetry(vertical)
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Residual symmetries

£m

Gf
charged Ieptony neutrinos

GV

4

G,
U

U=UU,,
Gy Continuous
Abelian U(1)
Non-Abelian U(2), SU(3),50(3) ...

39

Lepton mixing from mismatch of

Gl and Gy

Invariance of the Lagrangian
under G, requires flavons

Vacuum alignment of flavons

Discrete

——- ---
’—‘ —



Generalized CP invariance and flavour symmetry

-‘-
m,m,

N\

Courtsey: G.]. Ding

_J \_
Mixing angles
CP phase

40

CP invariance *

Xf-/TmuLLXf-/ =My,
X (mime) XE = (myme)*

Predictions for mixing angle
and CP phases



Generalized p — 7 symmetry

Ve Ve, V,—Vp, V.=V, Ve Ve, V, V., VoV,
c c am e
Ve Ve 100 Ve 823 —71'/4, 9]3 =()
vp | = s | =10 01 vy
C C
Vr v, 010 Vs

Generalized CP invariance wliie o7/ 5 _

(a’dd*\ /u1 U2 Uz\

M, 0o = d ¢ b ) * U 0o = V1T Uy Vs )

\ & b ) Ry

* |U’“‘I — |U'ri| Where i = 123 -
* 0 M e cosd 0 1Uul = Un| <= ] or
23 — —, & socp = U,
i — O ==, §=+—.
! 4 2
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Modular invariance approach

a3 I'/<]_V > hep-ph > arXiv:1706.08749

High Energy Physics - Phenomenology

{Submitted en 27 jun 2017 (v1), last revised 29 Sep 2017 (this version, v2)]
Are neutrino masses modular forms?

Ferruccio Feruglio

The Yukawa couplings are functions of modular forms

Flavour symmetry broken by the VEV of a single scalar field — the modulus?

No other flavons or complexity of vacuum alignment

Close to 200 papers ...

Minimal, predictive

Ding and King 2311.09282 (review)
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Modular Symmetries

Compactification ¢ torus compactification

10D - 4D.X@X©X

S = fd4xd6y Liop — fd"’x Leofr

# Loff depends on the structure of @

The shape of torus is represented by a modulus 7 € C.

@ @ The different value of T
realize the different shape of T2
T=1y T=1

D Tanimoto
Legf D Y(T)ij¢l/)i¢j T - Penedo
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Modular transformation

Modular transformation Specific transformations which
@ @ does not change B4
T =
T T
/ b ‘ @ b |
T == a'T+ SL(‘Z)Z)_ T — a,b,c,dEZ, detf/—l
_cer+d C @,

N a b I .‘ a b B 1 0 ,. V)
T(;\')—{( ) (_I)G.SL(B,ZL( - d)—(ﬂ l) (mod N )|

v = [/T(N) quotient group finite group of level N

‘-2 253 r3 =~ A4 r4 254 r5 ’ZA5

Penedo
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Results from a model based on modular S,

P. P. Novichkov , J. T. Penedo , S. T. Petcov. , A. V. Titov, JHEP 04 (2019) 005

200~ 200,
_ 198} .
| 196}
L. = M
~o .
E EREC:
» 190}
1.40} :
' 188}
. 186F
120k ' o
040 045 050 056 060
=2
sm*8,q

Correlation between 6,; and 6
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A snapshotof different methods

Ceneralized CP
Phases:
Sum Rules @B
Charged Lepton Masses:
Corrections Ty, M3, My
Texture Z Mixing Aqgies:
Ou, 13 724

Modular
Symmetnies

Dentonn and Geherlin, 230%,09737
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Neutrimo Connections

Baryogenesis via

Collider leptogenesis
Physics Dark Matter

Higgs / Vacuum

Astrophysics/

Nucl. Physics/ Multimessenger

Interactions
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* Nature of neutrinos , absolute neutrino mass

Future Goals in Neutrino Physics

» Determination of hierarchy, octant and CP phase :
Immediate

 Synergy between different experiments Goals

« Signatures of sterile neutrinos

* Precise Measurement of neutrino cross-sections ;
Ongoing

- Probing new physics in oscillation experiments

| . i Heelgdinly
» Search for Dark Matter in neutrino facilities o
Ciepils)
* Probing BSM physics through new interactions
» Neutrinos and Multimessenger Astronomy
» QOrigin of neutrino masses and mixing } m

48
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Absolute neutrio mass

Information can come

kinematics of weak decays

- R-decay: 3H, EC: 1%3Ho
- model-independent

A

r e
-~ L : . o.l
o‘.- - -'.n
. e .
\__.. ‘ ..:. /u.j LAY
.l ~ . h
g Py

from three different sectors

search for Ov33-decay large-scale structures

- BR-decay: °Ge, 13Xe,... - CMB, galaxy surveys,...
- model-dependent (a;) - model-dependent (Hy)

A\

B

Slide : G. Drexlin, NOW 2022



Grand Unified Theories

Quark-lepton unification

Gsm CG l ]
b O (Qs, us,ds, Ly, e, ...)

G = SU(5), SU(6), SO(10), ...

GaguT

S0(10)

SUGS)xU (1) / \

SU(4),, xSU(2), x SU(2),

SUB) xSU(2), xSU2), xU(D),_,

GUT X flavour
Modular GUT
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Prediction of CP phasefrom50(10)

[B. Fu, S.F. King, L. Marsili, S. Pascoli, [F. Feruglio, D. Vicino, KMP (2014)]
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Prediction of CP phase from SO(10)

- Predictions for CP?

[B. Fu, S.F. King, L. Marsili, S. Pascoli, - : .
[V.S. Mummidi, KMP (2021)] J. Tumer, YL Zhou (2022)1 g\femg"o’ D. Vicino, KMP (2014)]
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