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1. Neutrino Mass and Neutrino Oscillations 
    A brief neutrino history





Although weakly interacting, can be seen almost everywhere!



Neutrino Mixing

B. Pontecorvo (1957). "Mesonium and 
anti-mesonium". Zh. Eksp. Teor. Fiz. 33: 549–551. 

Oscillation between neutrino and anti-neutrino.

Z. Maki, M. Nakagawa, and S. Sakata (1962). 
"Remarks on the Unified Model of Elementary Particles". 
Progress of Theoretical Physics 28 (5): 870. 
B. Pontecorvo (1967). 
"Neutrino Experiments and the Problem of Conservation 
of Leptonic Charge". Zh. Eksp. Teor. Fiz. 53: 1717.

Oscillations between different flavors.
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More detailsBruno Pontecorvo

Mario De Biasi (Mondadori Publishers) - http://www.gettyimages.co.uk/search/2/image?

phrase=Bruno%20Pontecorvo%20mondadori&family=editorial&sort=best&page=1&excludenudity=false



Experimental Discovery Of Nuetrino Mixing



Mixing and Non-zero Neutrino Masses

Need mixing and non-zero mass to have oscillation!
Active neutrinos mix with each other and have non-zero masses!

Must go beyond SM to have neutrino masses!



2. Neutrion mass generation mechanisms
Neutrino mass, what mass?

Gravitational mass or inertia mass? Equavilence principle, they are the same.

E = mc2  hadrons due to color confiments, not all masses of hadrons are due to quark 
masses. For neutrinos, no confinement, all masses are due to masses in the primary 
SM Lagrangian.

Masses due to Higgs mechanism, may be “bare” masses? 
Neutrions can have “bare” masses which is not due to the usual mechanism like those 
other SM particles, quarks, W and Z from the VEV of a Higgs doublet.

Neutrions are special due to neutral electric charge, it can have masses not due to the 
usual Higgs mechnism, due to Higgs doublet non-zero VEV. Can have Dirac mass or 
Majorana mass!



In the minimal SM neutrion mass is zero

Invluding higher dimension operator: 
HH L Lc / Λ   the Weinberg operator => (v2/Λ) vLvL

c Majorana mass

This term is not renormalizable!! Can one construct a renormalizable one???



How To Generate Neutrino Masses?
Introduce right handed neutrinos νR: (1,1)(0) to pair up with L to form Dirac 
mass:

Neutrino is its own anti-particle, particle and anti-particle to pair up 
for mass term:                               gauge invariant should be included.

One can also make the above a Higgs-like generation of mass. 
Introduce a singlet scalae S couple to                         S/vs. When S 
develops a VEV vs, generate the vR mass

This term is not directly related to the usual Higgs mechanis, no need 
to have Higgs H to give mass.  It is a “bare” mass.

Non-zero MR  is called Majorana mass.



How to generation small neutrino masses?
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Fine tune Yukawa couplings
Not natural



Loop generation neutrino masses

Provide understanding why neutrino masses are small 
but no information about mixing!

Simplest model ruled out
XG He, EPJC34(2004)371



Three Generations and Their Mixing



Neutrion Oscillation With Three Generations

 PDG



VCKM ~

Problems related to neutrino masses
Mixing pattern:  Very different quark and lepton mixing patterns
Mixing pattern in quark sector

Mixing pattern in lepton sector

More precise data needed to determine mixing pattern  
T2K, NOvA, JUNO, DUNE ...        Stay tuned!

Mixing pattern very differnt than their quark conter parts. Mass hierarchy not yet determined!
Mass hierarchy soon be answered by JUNO? Stay tuned! CP V, DUNE, HyperK ... within 10 years?

Neutrion mass hierarchy
         Normal   or   Inverted



Neutrino Mixing Pattern

Early days, expecting neutrino mixing might be following a similar pattern as 
quarks, mixing angles are small.
For example, 1992 people are 
trying to produce mixing on the right

                              (Davies and He, PRD46, 3208)

But both solar and atmospheric show large mixing angles! 



Model building for θ23 = π/4 and δ=+(-)π/2
X-G He,Chin. J. Phys. 53(2015) 100101 E Ma, PRD92(2015)051301; G-N Li, X-G He, PLB750(2015)620

In the charged lepton mass eigenstate basis,  

For δ=+π/2, C <-> C* and D< -> D*

A A4 model to achieve this:                                              under A4

W. Grimus and L. Lavoura, PLB579(2004)113; 
Z.-z Xing and Y. L. Zhou, PLB693(2010)584.



Absolute Neutrino masses and Neutrinos Are Dirac Or Majorana Particle?

Absolute mass measurement
Tritium decay spectrum    Katrin, Mainz, Troitsk...

Neutrinoless double beta decay                  KamLAND-Zen, LEGEND, CUORE,  GERDA...                                       
    Test Majorana mass nature                                and more to come, PandaX NT, Xeno NT...                 

Other propertise of neutrions: dipole moment... Are there light right handed neutrions

KamLAND-Zen (Xenon) 
GERDA  (Germanium)              



Constraints on Majhorana neutrino mass matrix   mν = (mij) = (VilmlVlj)



Model has only 11 real parameters plus 7 phases

Grand Unification Theory SO(10) Predictions

Minimal SO(10) Model without 120 

More data will help to finally determine 
mixing pattern, whether there is CPV!

Good prediction for  Away from 

Loop generated Dirac mass models also work!
Eax:Babu, He, Su &Thapa, JHEP 08 (2022) 140



3. Neutrinos In Cosmology And Astrophysics

In early universe, all energy forms existed in form of elementary particles, or …. 
Temperature is high and were in thermal equilibrium 
Criteria for thermal equilibrium: particle interaction length 1/Γ (Γ interaction rate) is 
smaller than Hubble length 1/H0 

???Planck mass  T ~ 1019GeV
Inflation
Big Bang ~ T> 1016 GeV
(Not in thermal equillibrium by SM for particle physics)
Grand Unification ~ 1016 GeV
EW symmetry breaking 300GeV
Color confinement ~300 MeV
BBN ~ 1 MeV
CѵB  ~ 1 MeV
CMB ~0.3 eV
Large structure formation
...
Today ~2.7K



Relic neutrino density: 

Big-Bang Nucleothynsis:         Neff ~ 3  light neutrinos, 
                                                 consistent with Z decay witdth.

Neutrino back ground temperature:  Tѵ/TϪ = (4/11)1/3 = 1.95 K
                                                           nϪ = 440/cm3,  nѵ = 339/cm3

Energy density from neutrinos:



Neutrino Mass On CMB And Matter Spectrum

The sum of the neutrino masses should be less than 0.6 eV.

Future, reach 0.06 eV reaching the allowed range by neutrino oscillation! 
DESI, Euclid, LSST, SPHEREx, SKA.

Neutrinos play important role in BBN!
Cosmology constraint their masses compareable to neutrino oscillation data!



Neutrino And Our Matter Universe
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Dark matter cannot be the 
part icle in the standard 
model, which has to be:

Dark Matter : 26.8%

Massive

W IMP

Non baryonic

No charge (electric or color)

Stable (τ > 1026 s, τuniverse ~ 1017 s)

Axion
Sterile neutrino
. . . . . .

Cosmic Microwave Background (CMB)     
very cold (-270.275 C, 2.725 K) and nearly uniform relic 
radiation left over from the hot big bang 

1992 2003 2013

1965

Physics Nobel Prize 1978

Physics Nobel Prize 2006

Baryon Number B  Violation

C and CP Violation

Interactions Out Of Thermal 
Equilibrium

Sakharov Conditions (1967)



Standard Model Has All Ingradients, But Too Small
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Baryon number violation: Sphelaron effects-tunneling effects from different vacuum 
states with non-zero baryon number differences. Violated B+L, but conserves B-L.

C and CP violation: Electroweak interaction violates C, and phase in Kobayashi-
Maskawa mixing matrix violates CP.

Out of thermal equilibrium: Electroweak symmetry breaking

But, CP violation rate too small, out of thermal equilibrium too weak. Not enough to 
generate a large enough Baryon Asymmetry.

If Higgs mass is less than 70 GeV, second order phase transition at electroweak 
symmetry breaking, too weak. 

Too small.   Needs to go beyond SM!

Electroweak baryogenesis, Leptogenesis, Gut baryogenesis….



Leptogenesis

Fukugita and Yanagida, PLB174, 45(1986)

Translate lepton number asymmetry generated in the early universe to 
baryon number asymmetry!

Requires lepton asymmetry generated before Sphelaron effects to be in 
effective ( T ~ 1012 – a few TeV).   Initial aL(i)=a, aB(i)=0.

Sphelaron effect: Conserve B-L, but violates B+L
After: aL(f)+aB(f) = 0, aL(i) – aB(i) = aL(f) – aB(f)

         aL(f) = a/2;  aB(f) = -a/2  

half of initial lepton asymmetry will be translated into baryon asymmetry if 
complete.

SM Sphelaron effect:  aB = - (28/79)aL
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Seesaw Model Plays The Right Role

The last term violates lepton number L by two units!
Out of thermal equilibrium decay, new CP violation in N -> L h()

N decays into L and anti-L differently
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MN and m masses are correlated to obtain the right number for ,
m of order 0.05 eV, MN ~ 1000 GeV.

Neutrino Seesaw model is a viable model for Baryon Asymmetry of our Universe 



Cosmic Neutrino Ray As Messenger For Our Universe
Where the very high energy neutrino ray come from? How they 
are acceleratted to have such high energies?

Any use of the 
neutrino 
cosmic ray? 
Like we use neutrino beam on earth to probe new interactions, 
human being can use cosmic neutrino beams as messengers to 
probe our universe with much less disturbances compared with 
hadrons, photons! 
Extremely low energy: CѵB and super high energy neutrino rays.

Messenger for our universe!   Icecube, KM3net and future:Trident and Hunt projects are initiatives for this!



Thank you for your attentions!


