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Is The Whole Universe made of—

Electrons Protons       Neutrons ?

NO!
Electrons Protons

are rareties!
Neutrons

For every one of them, the universe contains a
billion neutrinos ν!  
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Passing through each person on earth every second:
One hundred trillion neutrinos from the sun.

The sun shines because of nuclear fusion in its core.

This fusion produces—

• Energy, including visible light

• Neutrinos

• The atoms more complicated than hydrogen

Almost all neutrinos zipping through us do nothing at all.
Typically, a solar neutrino would have to zip
through 10,000,000,000,000,000,000 people

before doing anything.

The probability that a particular solar neutrino
will interact as it zips through one of us is

1 / 10,000,000,000,000,000,000 .
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Are Neutrinos Important to Our Lives?

If there were no νs, the sun and stars would not shine.

• No energy from the sun to keep us warm.

• No atoms more complicated than hydrogen.

No carbon. No oxygen. No water. 

No earth. No moon. No us.

No νs is very BAD news.

Particle physics was not a hard course to take …..

β decay was supposed to be a two body decay

n  → p+ +  e-
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Another anomaly was the fact that the nuclear recoil was not in 
the direction opposite to the momentum of the electron.

Studies of β decay revealed a continuous energy spectrum.

The emission of another particle was a probable explanation of 
this behaviour, but searches found no evidence of either mass 
or charge.
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…desperate remedy to save the law of conservation of energy…

Fermi postulated a theory for β decay in terms of  spinors

A Dirac field is described by a four component spinor
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Neutrino oscillations

𝑊஑ஒ௝௞ = 𝑈஑௝ 𝑈ஒ௝∗ 𝑈஑௞∗ 𝑈ஒ௞
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CPT violation
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CPT tests
CPT invariance tested in 
several matter-antimatter 
systems:

neutral kaons

electron/positron

proton/antiproton

H/anti-H

E. Widmann, arXiv:2111.04056 [hep-ex]Several experiments at the Antiproton 
Decelerator and ELENA(Extra Low Energy
Antiproton) @CERN

Current bounds
• We can use data of various experiments to 

calculate the neutrino and antineutrino 
oscillation parameters:
– Solar neutrino data:
– Neutrino mode in LBL:
– KamLAND data:
– SBL reactors:
– Antineutrino mode in LBL:

• No bounds on CP-phases since all values are 
allowed
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Current bounds
• We use the same data (except atmospheric 

neutrinos) as for the global fit  to obtain

G.B., C. Ternes and M. Tortola, 2005.05975, JHEP2020

θ13 ≠ θ13 can account for different behavior in neutrino 
and antineutrino channels

all values of δ and δ 
remain allowed at ~ 1σ
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Violations of Lorentz invariance

standard 
Lorentz 
covariant term

violates both CPT and 
Lorentz invariance

Lorentz violation

Violations of Lorentz invariance

standard 
Lorentz 
covariant  term

violates both CPT and 
Lorentz invariance

Lorentz violation

As usual, the oscillation probability is governed by the difference of the
eigenvalues of the effective hamiltonian.
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Conclusions: Neutrino physics will continue delivering results

• Majorana vs Dirac

• Sterile neutrinos

• Hierarchy

• CP violation in oscillations …but CPT invariance check should come           
BEFORE any CP violation claim….

CP violation asks what nature is doing. CPT violation asks whether 
we’ve been asking the question in the right language.
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