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Fermi’s neutrino is 
massless and feels only 

the weak force



Only Weak Interactions

Interaction length for a high-
energy photon in carbon is 
~20 cm.

For a neutrino of the same 
energy its ~1 light year!
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Strength ~ frequency of collisions



How to “See” a  Neutrino

• Neutrinos, being neutral, do not interact with photons. 
They are literally invisible.
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How to “See” a  Neutrino

• Neutrinos, being neutral, do not interact with photons. 
They are literally invisible.

• When the neutrino collides with an atom, it produces 
charged particles.

• They are visible and seem to appear out of nowhere.
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Charged
particles out
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The First Detection

Cowan & Reines

Alex Himmel

n + p® e+ +n

11

Invisible

1956



The First Detection

Cowan & Reines

Alex Himmel

n + p® e+ +n

12

H2O + Cd
Invisible Hydrogen

1956



The First Detection

Cowan & Reines

Alex Himmel

n + p® e+ +n

13

H2O + Cd
Invisible Hydrogen

Scintillator

Produce light 
in Scintillator

1956



The First Detection

Cowan & Reines

Alex Himmel

n + p® e+ +n

14

H2O + Cd
Invisible Hydrogen

Scintillator

Produce light 
in Scintillator

1956

1995



Where do neutrinos come from?
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Where do neutrinos come from?
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Accelerators

Reactors
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Nuclear 
Bombs



Steel Shielding

Be Target

Discovery of Neutrino Flavor
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Steel Shielding
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Solar Neutrinos

• Blessing of weak interactions – 
carry information from deep inside 
heavy objects.

• Rate of neutrinos from fusion is 
extremely sensitive to the 
temperature of the sun.

Alex Himmel 21



Solar Neutrinos

• Blessing of weak interactions – 
carry information from deep inside 
heavy objects.

• Rate of neutrinos from fusion is 
extremely sensitive to the 
temperature of the sun.
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The Solution: Neutrino Oscillations

Discovered in 1998 by 

Super-Kamiokande
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The Solution: Neutrino Oscillations

Discovered in 1998 by 

Super-Kamiokande
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• Create in one flavor (νμ), but detect in another (νe)

Neutrino Oscillations
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• Create in one flavor (νμ), but detect in another (νe)

Neutrino Oscillations
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• Each flavor (e, µ) is a superposition of different masses (1, 2)

νμ
μ

W
Source e

W
Detector

νe

Alex Himmel



A Colorful Analogy
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A Colorful Analogy
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Neutrino Oscillations
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Neutrino Oscillations
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Neutrino Oscillations
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Neutrino Oscillations
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νμ = νe     νµ=
ν1

ν2

ν1

ν2

Phase ∝ (m1)2L/E

Phase ∝ (m2)2L/E

Neutrino oscillations 
require that neutrinos 

have mass!



Neutrino Oscillations
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Muon Neutrino Survival Probability



Neutrino Oscillations
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• With only 2 neutrinos, the oscillation formula is simple:



Three-flavor Neutrino Oscillations

• Oscillations among the three 
neutrino flavors depend on:

– The mixing matrix
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Three-flavor Neutrino Oscillations

• Oscillations among the three 
neutrino flavors depend on:

– The mixing matrix
• θ23, θ13, δCP, θ12
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Three-flavor Neutrino Oscillations

• Oscillations among the three 
neutrino flavors depend on:

– The mixing matrix
• θ23, θ13, δCP, θ12

– The mass differences
• Δm2

32, Δm2
21

41Alex Himmel



Solar Neutrinos
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SNO

• The definitive solution came from the 
SNO experiment, which measured 
both the νe and all-ν fluxes together. 
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Understanding oscillations: a world-wide effort
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Understanding oscillations: a world-wide effort
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Understanding oscillations: a world-wide effort
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Understanding oscillations: a world-wide effort
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Sub-dominant term 
due to small θ13

One “dip” due to 
the fixed baseline.

Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, 
Prog.Part.Nucl.Phys. 60 (2008) 338-402.

How to study oscillations: Disappearance
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Designing an Accelerator ν Experiment
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Designing an Accelerator ν Experiment
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Designing an Accelerator ν Experiment
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Designing an Accelerator ν Experiment
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How to study oscillations: Disappearance
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How to study oscillations: Disappearance
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Compare the 
measured 

spectrum to the 
unoscillated 
prediction…

But there are large 
uncertainties from 

the neutrino flux and 
cross-section.
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How to study oscillations: Disappearance
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Control those systematics 
with measurements at a 

Near Detector.
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How to study oscillations: Appearance

56

Still start from the 
unoscillated νμ 

prediction based 
on ND 

measurements.

νμ → νe oscillations 
are sub-dominant 

(a few %)

Need ND 
measurements to 

constrain both 
signal and 

background.



How to study oscillations: Appearance

57

Need ND 
measurements to 

constrain both 
signal and 

background.

• Depends on every oscillation 
parameter.
– All angles must be non-0.
– We didn’t know we could do 

this until 2012!

• All the unanswered 
(oscillation) questions 
depend on νe appearance.

• …but they’re unanswered 
because it’s really hard!



Open questions in neutrino oscillations

1. Do neutrino oscillations violate 
CP symmetry directly via δCP?

2. Is the mass hierarchy “normal” 
or “inverted?

3. What is the “octant” of θ23?

– Or is the mixing “maximal” 
(e.g. θ23 = 45°)?
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Aside – what is CP symmetry?

• We are very interested in symmetries and 
broken symmetries since they are deeply 
related to fundamental laws.

• C = charge, which means particle-
antiparticle symmetry

• P = parity, which means symmetry under 
mirror reflections

• Large violations of C and P symmetry are 
common, but violations of C & P together 
are very rare.

• Important: more CP violation is needed to 
explain why the universe is made of matter!
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1. Is the mass hierarchy “normal” or “inverted?

2. Do neutrino oscillations violate CP symmetry?

3. What is the “octant” of θ23?
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1. Is the mass hierarchy “normal” or “inverted?

2. Do neutrino oscillations violate CP symmetry?

3. What is the “octant” of θ23?
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1. Is the mass hierarchy “normal” or “inverted?

2. Do neutrino oscillations violate CP symmetry?

3. What is the “octant” of θ23?
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1. Is the mass hierarchy “normal” or “inverted?

2. Do neutrino oscillations violate CP symmetry?

3. What is the “octant” of θ23?
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So, what do we know?
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So, what do we know?
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From M. Tórotola at NEUTRINO2024



What are we still trying to learn?

• The neutrino mass

– …and why it’s so small

– But oscillations can’t 
answer those questions.

• The ordering of the 
neutrino masses.

– Are they like the rest of the 
particles or not?

• Whether neutrinos violate 
CP symmetry.

• Why neutrino mixing is so 
different from quark 
mixing.
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