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Three fundamental questions

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

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

❖ Are  neutrinos their own antiparticles ? (Majorana 1930s) 

❖ The three issues are interconnected and may throw light on the physics 
beyond the Standard Model 
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Planck data => ∑ mi ≤ 0.26eV

Neutrino oscillations  observed => neutrino mass and flavour mixing 

 Can be tested in neutrino less double beta decay  



P(σ, ρ)

The neutrino mass matrix 

❖ The neutrino mass matrix at low energy 

❖ Mixing matrix relating  the flavour and mass states 
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Parameters of the neutrino mass matrix 
❖ 9 unknown parameters for three neutrino flavours 

❖ Oscillation experiments sensitive to 

❖ Absolute neutrino mass  comes from 

❖ Majorana CP phases from lepton number violating processes 
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2 mass squared differences 

m1, m2, m33 masses
            3 mixing angles 

3 phases  

3 mixing angles 
1 Dirac phase 

Tritium Beta-decay 
Neutrino-less double beta decay 

Cosmology

θ12, θ13, θ23
δ, α, β

θ12, θ13, θ23

Δm2
21 = m2

2 − m2
1 , Δm2

31 = m2
3 − m2

1

δ



Oscillation Probability (vacuum)  
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Not sensitive to the sign of             
Not sensitive to the octant of           

Not sensitive to absolute masses 

If  neutrinos have Mass: :

2
ij ijm L / 4EΔ = Δ 2 2 2

ij i jm m mΔ = −

*: U Uν →
Δm2

θ



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

Courtsey: A. Yu. Smirnov



Matter Effect
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F
2 2 2 2 2 1/2
m em [( m cos2 2 2G n E) m sin 2 ]θ θΔ = Δ − + Δ

For antineutrinos  potential
 changes sign 

2 0mΔ <Resonance for 

Matter effect is sensitive to the 
ordering of the mass states 



Neutrino Oscillation:  Evidences  
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Solar  Atmospheric 

Reacto
r  

Acce
lerator  



Three Neutrino Mixing 
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Three Neutrino Paradigm
❖ Measurement of non-zero         in reactor experiments             three neutrino picture 
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Global analysis 

Tensions  in 
the data 

Complementarity  
and Synergy

combines 
statistics



Neutrino Oscillation Parameters 

42o

33o

9o



Neutrino  Oscillation : from discovery to precision 
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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

❖ The value of the  CP phase 
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θ23 > 45o or < 45o

Why these parameters are particularly  difficult to  
determine ? 



Current and future  oscillation experiments 
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T2K*
SK*

Dune

NOvA*
T2HK

IceCube

Daya-bay JUNO

HK

ORCA

Beam

Reactor 
Atmospheric 



Long baseline experiments : salient features 

❖
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Water Cerenkov 

High Intensity Beams, bigger  detectors 

}



Atmospheric neutrino detectors: salient features 
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Path length   — 10- 10000 km, 
matter effects important  

IceCube



❖ The main problem in determination of hierarchy, octant and         in 
LBL experiments is due to presence of degeneracies

❖ Degeneracy             different set of parameters giving the same 
probability              equally good fit to the data

❖

Degeneracy problem 



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 

❖
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T2K+SK 
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 Can resolve 
 hierarchy -CP degeneracy 

Claudio Giganti, Neutrino 2024



Synergy between neutrinos and antineutrinos  
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WH-WO-RCP

WH-RO-WCP

Combination of  neutrino and antineutrino run removes wrong octant solutions 



Synergy between channels 
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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 
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DUNE 

Fermilab

DUNE PRISM

Far Detector 

Liquid Argon  Time
 Projection Chamber 



Mass hierarchy and CP with DUNE 

❖                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

Hierarchy sensitivity due
to enhanced matter effects 

Matter effects help in removing
 wrong  hierarchy-wrong CP solutions 

From: R. Patterson’s slides 



JUNO: Jianmen Underground Neutrino Observatory

❖ Detector at 53 km from the 
two reactors 

❖ Reactor Antineutrino Experiment

❖ 20 kt Liquid Scintillator detector  

❖ Determination of mass Hierarchy 

❖ Precision of osc.  parameters

❖ Solar, supernova, atmospheric 
and geo-neutrinos

Expected to complete detector 
construction in 2023



JUNO: Hierarchy and Precision 

Hierarchy sensitivity 

Better than 3% energy resolution needed 

Distortions in the energy spectrum 

hierarchy sensitivity in 6 years 
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Precision of oscillation parameters 

Petcov, Piai, 2001, 
Choubey,Petcov,Piai, 2003

Bandyopadhay,Choubey, 
S.G. 2003 

Precision of 
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Table: A. Paoloni, 2021 



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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Neutrinos have mass 

❖ Neutrino Oscillation Experiments => neutrinos have mass and mixing 

❖ Cosmological bound on neutrino mass  

❖ => Neutrino masses are small 

❖ Neutrino mass and  mixing =>  physics beyond the Standard Model 
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=> Much smaller than the 
other fermion masses 

Σmν < 0.26 eV (90 % C . L .)



Simplest way to give mass to neutrinos  

❖ Add a right  handed neutrino to the Standard Model 

❖ Mass generation by Higgs Mechanism 

❖                                                                             

❖ In comparison                                                   

❖ Too small to be  interesting 

!29

mν = Yνv yν ∼ 10−12 − 10−13

me = Yev Ye ∼ 10−6



The effective Lagrangian 
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Weinberg Operator

Neutrino Mass 
Lepton Number Violation 

Lepton Flavour Violation, 
NSI 

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

ℒd= 5 = c5L̄cL HH

ℒd= 6 = c6L̄cL L̄cL

New  Physics at  a high scale   



❖ 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    

❖                                                                                    

❖ Violation of lepton number               Majorana nature of neutrinos  

❖ LNV decays of heavy mediators               leptogenesis 

Seesaw Mechanism 
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ℒd= 5 = c5L̄cL HH

mν ∼ c5v2 /M



Three types of seesaw 
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Type-I seesaw Type-II seesaw Type-III seesaw 

Xing

Right handed neutrinos Triplet Higgs Triplet Fermions 

SO(10)  GUTS Left-Right Models 

Left Right Models 

SU(5) GUTS



Type-I seesaw 
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Minkowski, 1977  
Yanagida, 1979  
Glashow, 1979 
Gelman, Ramond, Slansky, 1979  
Mohapatra, Senjanovic, 1980 

 

Cannot be tested directly. 



❖  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  

TeV scale seesaw 
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Other possibilities :  Radiative mass models,  higher dimensional models 



What is the scale of new physics ? 

❖  
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Ack: Andre De Gouvea , Snowmass 2022 



Fermion mass spectrum 
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Neutrino masses << quarks and charged lepton masses 

Hierarchy of neutrino masses not strong m3 /m2 ≤ 6

Inverted hierarchy, quasi-degeneracy  
No analogue in the quark sector 

Z.Z. Xing



The flavour puzzle 
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Flavour symmetry  approach 
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Residual symmetries 
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Lepton mixing from mismatch of          
Gl and Gν

Invariance of the Lagrangian 
under        requires flavons Gf

Vacuum alignment of flavons 



Generalized CP  invariance and flavour symmetry 
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Courtsey:  G.J. Ding

CP invariance  

Predictions for mixing angle  
and CP phases 



Generalized                       symmetry 
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μ − τ

Generalized CP invariance 

θ23 = π/4, θ13 = 0



Modular invariance approach 
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Flavour symmetry broken by the  VEV of a single scalar field  — the modulus      τ

The Yukawa couplings are  functions of modular forms 

Close to 200 papers … 

No other flavons or complexity of vacuum alignment 

Minimal, predictive 
Ding and King  2311.09282  (review) 



Modular Symmetries 
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Tanimoto
Penedo



Modular transformation 
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Specific transformations which 
does not change   T 2

Penedo



Results from a model based on  modular 
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S4

Correlation  between                                                            θ23 and δ

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



A snapshot of    different methods 

!46



Neutrino Connections 
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Baryogenesis via 
leptogenesis

Dark Matter 

Cosmology 

Astrophysics/
Multimessenger 

Neutrinos

Collider 
Physics 

Higgs/Vacuum 
stability

Nucl. Physics/
interactions 

CLFV



Future Goals in Neutrino Physics 
❖ Determination of hierarchy, octant and CP phase 

❖ Synergy between different experiments  

❖ Signatures of sterile neutrinos 

❖ Precise Measurement of neutrino cross-sections 

❖ Nature of neutrinos , absolute neutrino mass 

❖ Probing new physics in oscillation experiments

❖ Search for Dark Matter in neutrino facilities 

❖ Probing BSM physics through new interactions 

❖ Neutrinos and Multimessenger Astronomy 

❖ Origin of neutrino  masses  and mixing 
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} Immediate
 Goals 

Emerging 
 Goals  }

} Ongoing 

} Continuing
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Neutrino physics — still  a vast landscape 



Absolute neutrino mass 

Information  can come from three different sectors 

Slide :  G. Drexlin, NOW 2022



Grand Unified Theories 

!51

Quark-lepton unification 

GUT X flavour 
Modular GUT 



Prediction of   CP phase from SO(10) 
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Courtsey: K.M.  Patel



Prediction of   CP phase from  SO(10) 
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