
Neutrino Physics: Part 1
The (non)Standard Model Particle

DESY Summer School 2024 - Dr. S. Blot



Overview

Part 1:

● Introduction to neutrinos
● Neutrino cross sections
● Sources of neutrinos 
● Massive neutrinos and oscillations

Part 2:

● Overview of neutrino detection techniques
● Review current landscape and key measurements
● Open questions and future prospects
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Let’s go back in time…. 1920s
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Meanwhile…

Physicists….



A letter from Wolfgang Pauli - 4 December, 1930
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Letter addressed to Lise Meitner



A letter from Wolfgang Pauli - 4 December, 1930
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● Proposal of a new particle that 
carries away E, p

○ Electrically neutral
○ Spin-½
○ Very hard to detect

Letter addressed to Lise Meitner
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A letter from Wolfgang Pauli - 4 December, 1930
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● Proposal of a new particle that 
carries away E, p

○ Electrically neutral
○ Spin-½
○ Very hard to detect

● Community initially skeptical
● Incorporated into theory of weak 

interactions by Enrico Fermi and 
renamed - neutrino

n → p + e- + νe Letter addressed to Lise Meitner



Crazy ideas inspire more crazy ideas…
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Los Alamos proposal, 1940s

● Use nuclear bomb as an 
intense source of neutrinos

● Suspend a neutrino detector in 
a deep hole with vacuum

● Release detector when bomb 
goes off

● Hope it lands softly…



Discovery of the neutrino - 1956
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Reines and Cowan - Project Poltergeist

● Use nuclear reactor as a neutrino 
source

● Capture neutrinos through inverse 
beta decay

● Tank filled with water + cadmium 
chloride, monitored by light sensors

○ Prompt signal: e+ + e- → γ + γ
○ Delayed signal: 113Cd + n → 114Cd + γ

 νe + p → e+ + n

Inverse β decay

β+ 
decay



Neutrinos in the Standard Model
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Quarks
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Boson
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Neutrinos interactions
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Charged Current (CC) Neutral Current (CC)



Neutrinos interactions

23DESY Summer School 2024: Neutrino Physics S. Blot

*NC interactions also categorized like this

“Elastic”

Same particles in 
and out

“Quasi-elastic”

Different particles in 
final state, but same 

number in/out

“Inelastic”

Energy transferred 
to create new 

particles

Charged Current (CC)



Cross-section for CC elastic scattering of anti- νe+e 
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Recall, depends on:
● Particle energy and momentum
● Type of scattering process
● Phase space available for final state 
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Using Feynman rules for scattering amplitude:

Recall, depends on:
● Particle energy and momentum
● Type of scattering process
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Cross-section for CC elastic scattering of anti- νe+e
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Using Feynman rules for scattering amplitude:

Recall, depends on:
● Particle energy and momentum
● Type of scattering process
● Phase space available for final state 

When q2 << MW
2   , then  [matrix stuff]
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Using Feynman rules for scattering amplitude:

Recall, depends on:
● Particle energy and momentum
● Type of scattering process
● Phase space available for final state 

When q2 << MW
2   , then  [matrix stuff] Such that,

since…
~10-10 GeV-4
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Cross-section for CC elastic scattering of anti- νe+e
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Using Feynman rules for scattering amplitude:

Recall, depends on:
● Particle energy and momentum
● Type of scattering process
● Phase space available for final state 

When q2 << MW
2   , then  [matrix stuff] Such that,

since…
~10-10 GeV-4

Important!
picks out 
left-handed 
fields

p4

p3

p1

p2



Cross-section for CC elastic scattering of anti- νe+e
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● For sake of time, have to skip a few 
steps in the calculations
→ Excellent review with details can be 

found here: 
https://arxiv.org/abs/1305.7513

● Key points:

Figure adapted from: Formaggio, Zeller

For reference, σ(γ) ~ 1-106 barn

https://arxiv.org/abs/1305.7513
https://arxiv.org/abs/1305.7513
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● Key points:
→ at low energies,   σ ~ GF

2 s / π  (linear)
and σ(ν-bar) / σ(ν)  ~ 1/2  (due to spin)

→ As energy grows, propagator matters   
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Cross-section for CC elastic scattering of anti- νe+e 
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● For sake of time, have to skip a few 
steps in the calculations
→ Excellent review with details can be 

found here: 
https://arxiv.org/abs/1305.7513

● Key points:
→ at low energies,   σ ~ GF

2 s / π  (linear)
and σ(ν-bar) / σ(ν)  ~ 1/2  (due to spin)

→ As energy grows, propagator matters

Figure adapted from: Formaggio, Zeller

For reference, σ(γ) ~ 1-106 barn

E(ve) ~ M2
W / 2me 

→ Glashow resonance ~ 6 PeV

https://arxiv.org/abs/1305.7513
https://arxiv.org/abs/1305.7513


Flux predictions from natural sources
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Astrophysical ν
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fission



Flux predictions from natural sources

39DESY Summer School 2024: Neutrino Physics S. Blot

Astrophysical ν

Nuclear 
fission

Nuclear 
fusion

Nuclear 
fusion



Flux predictions from natural sources

40DESY Summer School 2024: Neutrino Physics S. Blot

Astrophysical ν

Nuclear 
fission

Nuclear 
fusion

Nuclear 
fusion

Active 
galaxies



Flux predictions from natural sources

41DESY Summer School 2024: Neutrino Physics S. Blot

Astrophysical ν

Nuclear 
fission

Nuclear 
fusion

Nuclear 
fusion

Active 
galaxies

Cosmic-ray 
air showers



Flux predictions from natural sources

42DESY Summer School 2024: Neutrino Physics S. Blot

Astrophysical ν

Nuclear 
fission

Nuclear 
fusion

Active 
galaxies

Cosmic-ray 
air showers



Solar Neutrinos
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Image credit: Sarang

● Fusion reactions in the sun 
generate anti-νe through several 
mechanisms

● Dominant reaction is through 
proton-proton (pp) chain (99%)

https://commons.wikimedia.org/w/index.php?curid=51118538
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● Fusion reactions in the sun 
generate anti-νe through several 
mechanisms

● Dominant reaction is through 
proton-proton (pp) chain (99%)

● Carbon-Nitrogen-Oxygen (CNO) 
cycle is a subdominant process 
→ More important for heavier, hotter stars
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45DESY Summer School 2024: Neutrino Physics S. Blot

● Fusion reactions in the sun 
generate anti-νe through several 
mechanisms

● Dominant reaction is through 
proton-proton (pp) chain (99%)

● Carbon-Nitrogen-Oxygen (CNO) 
cycle is a subdominant process 
→ More important for heavier, hotter stars

● Standard Solar Model provides 
estimates of neutrino fluxes 

Review of Solar Neutrino Physics

https://www.sciencedirect.com/science/article/pii/S0146641023000248


The Solar Neutrino Problem - another crisis?
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● First solar model developed in 
1960s by John Bahcall 
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● Prediction of anti-νe flux higher 
than experimental measurements
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● First solar model developed in 
1960s by John Bahcall 

● Prediction of anti-νe flux higher 
than experimental measurements

● Confirmed by several targets
→ Unlikely to be a cross-section error



The Solar Neutrino Problem - another crisis?
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● First solar model developed in 
1960s by John Bahcall 

● Prediction of anti-νe flux higher 
than experimental measurements

● Confirmed by several targets
→ Unlikely to be a cross-section error

Once again, neutrinos are 
causing trouble…



The solution: massive neutrinos!
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● Neutrinos flavour states are a superposition of mass states

α = e, μ, τ (weak eigenstates)
i = 1, 2, 3  (mass eigenstates)
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α = e, μ, τ (weak eigenstates)
i = 1, 2, 3  (mass eigenstates)



The solution: massive neutrinos!

52DESY Summer School 2024: Neutrino Physics S. Blot

● Neutrinos flavour states are a superposition of mass states

● Connected by 3x3 matrix - up to 9 x 2 = 18 parameters (real + imaginary)

α = e, μ, τ (weak eigenstates)
i = 1, 2, 3  (mass eigenstates)



The solution: massive neutrinos!
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● Neutrinos flavour states are a superposition of mass states

● Connected by 3x3 matrix - up to 9 x 2 = 18 parameters (real + imaginary)
● Unitarity constraints reduce dimensionality: 

α = e, μ, τ (weak eigenstates)
i = 1, 2, 3  (mass eigenstates)

U†U = 𝟏→ Ui∙Uj = δij and UT
i∙UT

j = δij 

i.e.    |Ue1|2+|Uμ1|2+|Uτ1|2 = 1



The Pontecorvo-Maki-Nakagawa-Sakata matrix
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● PMNS matrix is most widely used parameterization

Where cij = cosθij and sij = cosθij

Free parameters: θ12,θ13,θ23, δCP (maybe α1& α2) 
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Neutrino oscillations in vacuum
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● To understand how this helps answer the Solar neutrino problem, we 
apply Schrödinger's equation and get a plane wave solution 
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apply Schrödinger's equation and get a plane wave solution 

● Ultra-relativistic limit:



Neutrino oscillations in vacuum

58DESY Summer School 2024: Neutrino Physics S. Blot

● To understand how this helps answer the Solar neutrino problem, we 
apply Schrödinger's equation and get a plane wave solution 

● Ultra-relativistic limit:
● Substituting this, with t ~ L (distance)



Neutrino oscillations in vacuum

59DESY Summer School 2024: Neutrino Physics S. Blot

● To understand how this helps answer the Solar neutrino problem, we 
apply Schrödinger's equation and get a plane wave solution 

● Ultra-relativistic limit:
● Substituting this, with t ~ L (distance)

Transition probability for  α → β 



Vacuum oscillation probability
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Vacuum oscillation probability
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Phases determined by squared mass splittings

α = β “appearance” or “survival”
α ≠ β “disappearance”

Δm2
12 ~ 10-5 eV2                               Δm2

32 ~ 10-3 eV2
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Phases determined by squared mass splittings

α = β “appearance” or “survival”
α ≠ β “disappearance”

Δm2
12 ~ 10-5 eV2                               Δm2

32 ~ 10-3 
eV2



Vacuum oscillation probability - electron neutrino
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Δm2
12 ~ 10-5 eV2



Vacuum oscillation probability - muon neutrino
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Δm2
32 ~ 10-3 eV2



Solving the solar neutrino problem
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● Solar neutrino detectors 
were only sensitive to anti-
νe

● Low anti-νe survival 
probability when reaching 
Earth

● The SNO experiment was 
designed to measure both 
anti-νe and NC (all)
→ NC rates match 

expectation!

2015



Neutrino mixing vs Quark mixing

66DESY Summer School 2024: Neutrino Physics S. Blot

● Quarks also mix in weak interactions, governed by the CKM matrix
● How is the situation different for neutrinos?
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● Quarks also mix in weak interactions, governed by the CKM matrix
● How is the situation different for neutrinos?

Neutrino oscillations are a 
propagation effect

Mixing in lepton sector is large 
with very different structure

Is there some new symmetry 
at play?



Key takeaways from today

● Neutrinos are Standard Model odd-balls 

● Extremely low interaction rates 

● Naturally produced in abundance by 
many sources

● Unexpectedly massive 
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