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Tentative Outline for The Lectures

1. Brief History of the Neutrino;

2. Neutrino Puzzles – The Discovery of Neutrino Masses;

3. Neutrino Oscillations;

4. What We Know We Don’t Know;

5. Neutrino Masses As Physics Beyond the Standard Model;

6. Some Ideas for Tiny Neutrino Masses, and Some Consequences.

[note: Questions/Suggestions/Complaints are ALWAYS welcome]
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Some Neutrino references (WARNING: Biased Sample)

• “Are There Really Neutrinos? – An Evidential History,” Allan Franklin, Perseus

Books, 2001. Good discussion of neutrino history.

• A. de Gouvêa, “TASI lectures on neutrino physics,” hep-ph/0411274;

• R. N. Mohapatra, A. Yu. Smirnov,“Neutrino Mass and New Physics,” Ann. Rev.

Nucl. Part. Sci. 56, 569 (2006) [hep-ph/0603118];

• M. C. Gonzalez-Garcia, M. Maltoni, “Phenomenology with Massive Neutrinos,”

Phys. Rept. 460, 1 (2008) [arXiv:0704.1800 [hep-ph]];

• C. Giunti and C.W. Kim,“Fundamentals of Neutrino Physics and Astrophysics,”

Oxford University Press (2007);

• “The Physics of Neutrinos,”V. Barger, D. Marfatia, K. Whisnant, Princeton

University Press (2012);

• A. de Gouvêa et al., “Working Group Report: Neutrinos,” arXiv:1310:4340;

• A. de Gouvêa, “Neutrino Mass Models,” Ann. Rev. Nucl. Part. Sci. 66, 197 (2016).

• Several lectures at TASI 2020; soon in an arXiv near you.
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1 - Brief History of the Neutrino

1. 1896: Henri Becquerel discovers natural radioactivity while studying

phosphorescent properties of uranium salts.

• α rays: easy to absorb, hard to bend, positive charge, mono-energetic;

• β rays: harder to absorb, easy to bend, negative charge, spectrum?;

• γ rays: no charge, very hard to absorb.

2. 1897: J.J. Thompson discovers the electron.

3. 1914: Chadwick presents definitive evidence for a continuous β-ray

spectrum. Origin unkown. Different options include several different energy

loss mechanisms.

It took 15+ years to decide that the “real” β-ray spectrum was really

continuous. Reason for continuous spectrum was a total mystery:

• QM: Spectra are discrete;

• Energy-momentum conservation: N → N ′ + e− — electron energy and

momentum well-defined.
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Nuclear Physics before 1930: nucleus = npp+ nee
−.

Example: 4He = 4p+ 2e−, works well. However: 14N = 14p+ 7e− is expected to

be a fermion. However, it was experimentally known that 14N was a boson!

There was also a problem with the magnetic moment of nuclei: µN , µp � µe

(µ = eh/4mc). How can the nuclear magnetic moment be so much smaller than

the electron one if the nucleus contains electrons?

SOLUTION: Bound, nuclear electrons are very weird!

This can also be used to solve the continuous β-ray spectrum: energy need not

be conserved in nuclear processes! (N. Bohr)

“... This would mean that the idea of energy and its conservation fails in dealing

with processes involving the emission and capture of nuclear electrons. This

does not sound improbable if we remember all that has been said about peculiar

properties of electrons in the nucleus.” (G. Gamow, Nuclear Physics Textbook,

1931).
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enter the neutrino. . .

1. 1930: Postulated by Pauli to (a) resolve the problem of continuous β-ray

spectra, and (b) reconcile nuclear model with spin-statistics theorem. ⇒

2. 1932: Chadwick discovers the neutron.

neutron 6= Pauli’s neutron = neutrino (Fermi);

3. 1934: Fermi theory of Weak Interactions – current-current interaction

H ∼ GF (p̄Γn) (ēΓνe) , where Γ = {1, γ5, γµ, γµγ5, σµν}

Way to “see” neutrinos: ν̄e + p→ e+ + n. Prediction for the cross-section -

too small to ever be observed...

4. 1935: (Yukawa postulates the existence of mesons (pions) as mediators of

the nuclear (strong) force: mπ ∼ 100 MeV.)

5. 1936/37: (“Meson” discovered in cosmic rays. Another long, tortuous story.

Turns out to be the muon...)

6. 1947: (Marshak, Bethe postulate the 2 meson hypothesis (π → µ). Pion

observed in cosmic rays.)
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observing the unobservable:

1. 1956: “Discovery” of the neutrino (Reines and Cowan) in the Savannah

River Nuclear Reactor site. ⇒
ν̄e + p→ e+ + n. Measure positron (e+e− → γs) and neutron

(nN → N∗ → N + γs) in delayed coincidence in order to get rid of

backgrounds.

2. 1958: Neutrino Helicity Measured (Goldhaber et al.). Neutrinos are purely

left-handed. Interact only weakly (Parity violated maximally).

e− +152 Eu(J = 0)→152 Sm∗(J = 1) + ν →152 Sm(J = 1) + ν + γ

3. 1962: The second neutrino: νµ 6= νe (Lederman, Steinberger, Schwartz at

BNL). First neutrino beam.

p+ Z → π+X → µ+νµ ⇒
νµ + Z → µ− + Y (“always”)

νµ + Z → e− + Y (“never”)

4. 2001: ντ directly observed (DONUT experiment at FNAL). Same strategy:

ντ + Z → τ− + Y . (τ -leptons discovered in the 1970’s). ⇒
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What we Knew of Neutrinos: End of the 20th Century

• come in three flavors (see figure);

• interact only via weak interactions (W±, Z0);

• have ZERO mass – helicity good

quantum number;

• νL field describes 2 degrees of freedom:

– left-handed state ν,
– right-handed state ν̄ (CPT conjugate);

• neutrinos carry lepton number:
– L(ν) = +1,

– L(ν̄) = −1.
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2– Neutrino Puzzles – 1960’s to 2000’s

Long baseline neutrino experiments have revealed that neutrinos change

flavor after propagating a finite distance, violating the definitions in the

previous slide. The rate of change depends on the neutrino energy Eν and

the baseline L.

• νµ → ντ and ν̄µ → ν̄τ — atmospheric experiments [“indisputable”];

• νe → νµ,τ — solar experiments [“indisputable”];

• ν̄e → ν̄other — reactor neutrinos [“indisputable”];

• νµ → νother — from accelerator experiments [“indisputable”].
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The SNO Experiment: conclusive evidence for flavor change
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SNO Measures:

[CC] νe +2H → p+ p+ e−

[ES] ν + e− → ν + e−

[NC] ν +2H → p+ n+ ν

different reactions

sensitive to different

neutrino flavors.
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UP 6= DOWN – neutrinos can tell time! → neutrinos have mass.
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