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Two Basic Interactions

Most interactions are limited to two basic type of interactions:

A charge W+ is exchanged:  Charged Current Exchange

A neutral Z0 is exchanged:  Neutral Current Exchange

All neutrino reactions involve some version of these two exchanges.

νl l-

W +CC

Charged Current

νl νl

Z0NC

Neutral Current



How Neutrinos Interact

• If we are to consider sources of neutrinos, it is 
important to review how neutrinos interact with 
the other particles in the Standard Model. 

• Consider the first model of the weak interaction, 
as proposed by Fermi:

H =
GF√

2
[ēγµν][Φ̄nγµΦp]
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Within the Standard Model

• In the Standard Model, the theory is not just a 
vector theory (like electromagnetism), but has 
both vector and axial vector components. 

• The SM does not treat left-handed and right-
handed particles the same!

The strength of the interaction is still 
governed by the fermi constant, GF 

H =
GF√

2
[ēγµ(1− γ5)νe][Φ̄nγµ(V −Aγ5)Φp]

Note the presence of both vector (V) 
and axial vector (A) terms.



A Misnomer

• Consider now the propagator, which is 
a heavy gauge boson. 

• For (massive) gauge bosons, the 
propagator is dominated by the mass 
of the exchange particle... 

• Even if gW is the same order as the 
electromagnetic coupling, the mass of 
the W-boson makes it extremely small.

H =
GF√

2
[ēγµ(1− γ5)νe][Φ̄nγµ(V −Aγ5)Φp]

GF is a small number...g2
W

q2 −M2
W

GF =
√

2
8

g2
W

M2
W

= 1.166× 10−5GeV−2



Case Study: Neutrino-Lepton scattering 

• We can study one of the simpler cross-
sections, where the interaction is 
solely with another lepton (neutrino-
lepton scattering). 

• The two-body interaction (and the 
smallness of the neutrino mass) 
simplify the cross-section to allow a 
direct connection with the matrix 

element (|M|2).

<latexit sha1_base64="KbTJD4YkPujRof7qvKF+BZMfx40="></latexit>

dω

dq2
=

1

16ε

|M|2

(s→ (me +mω)2)(s→ (me →mω)2)

<latexit sha1_base64="VKRIKl3B1FooXajJ6/TRyyBwuR8="></latexit>

dω

dq2
=

1

16ε

|M|2

(s→m2
e)

2



Case Study: Neutrino-Lepton scattering (2)

Consider the case of just the charged current process to apply (e.g. l = μ or t)  

The SM has a simple prediction for the cross-section as a function of inelasticity (y). 

At sufficiently high energies, where the threshold is irrelevant, we have the simple scaling…

<latexit sha1_base64="ktBjGvo76XSVi/4EmrWnOVfHumg="></latexit>

MCC = →GF↑
2

[(
ω̄µε

µ(1→ ε5)ωµ
) (

ω̄eεµ(1→ ε5)e
)]

<latexit sha1_base64="uGVtJw2NWJOaItQ6qJBYEiBAzJM="></latexit>

ωω + e→ → ε→ + ωe (ε = µ or ϑ).νl l-

W +CC

Charged Current

<latexit sha1_base64="4CHy9UJzG+P/LWHnywFm3W0XbvE="></latexit>

dω(εee → εeϑ)

dy
=

2meG2
FEω

ϖ

(
1↑ m2

ε ↑m2
e

2meEω

)

<latexit sha1_base64="OowCArE6FZPa7Tb3Y78cf6kurOg=">AAACLHicbVDLSgMxFM34tr6qLt0Ei+CqzJSibgRRfCwr2Cp06pBJ77ShSWZMMkIZ+kFu/BVBXCji1u8wbWehrQcu93DOvST3hAln2rjuhzMzOze/sLi0XFhZXVvfKG5uNXScKgp1GvNY3YVEA2cS6oYZDneJAiJCDrdh72zo3z6C0iyWN6afQEuQjmQRo8RYKSie+Zp1BMG2CXjAfqQIzSpYBIAvg4v7Cj4PfJkOMj9hA3yc+2NHj9VCISiW3LI7Ap4mXk5KKEctKL767ZimAqShnGjd9NzEtDKiDKMcBgU/1ZAQ2iMdaFoqiQDdykbHDvCeVdo4ipUtafBI/b2REaF1X4R2UhDT1ZPeUPzPa6YmOmplTCapAUnHD0UpxybGw+RwmymghvctIVQx+1dMu8TmYWy+wxC8yZOnSaNS9g7K1etq6eQ0j2MJ7aBdtI88dIhO0BWqoTqi6Am9oHf04Tw7b86n8zUenXHynW30B873D2YLpnY=</latexit>

ω → 2meG2
FEω

ε
=

G2
F s

ε



Case Study: Neutrino-Lepton scattering (3)

Due to the available spins, the cross-section for the anti-neutrino version of 
this process looks different (helicity dependence)

<latexit sha1_base64="RTuq5yOhwtO7i4OeoAeeR2IHaR0=">AAACG3icbVBNS8NAEN3Ur1q/qh69LBZBEEpSinosevFYwbZCE8JmO2mXbjZhd6OU0P/hxb/ixYMingQP/hu3bUBtfTDM470ZducFCWdK2/aXVVhaXlldK66XNja3tnfKu3ttFaeSQovGPJa3AVHAmYCWZprDbSKBRAGHTjC8nPidO5CKxeJGjxLwItIXLGSUaCP55ZobEJm5Ih37gE8wYFey/kATKeN7/OO5wLmxp80vV+yqPQVeJE5OKihH0y9/uL2YphEITTlRquvYifYyIjWjHMYlN1WQEDokfegaKkgEysumt43xkVF6OIylKaHxVP29kZFIqVEUmMmI6IGa9ybif1431eG5lzGRpBoEnT0UphzrGE+Cwj0mgWo+MoRQycxfMR0QSag2cZZMCM78yYukXas6p9X6db3SuMjjKKIDdIiOkYPOUANdoSZqIYoe0BN6Qa/Wo/VsvVnvs9GCle/soz+wPr8BEQ2gzQ==</latexit>

ω̄e + e → ω̄ω + ε

<latexit sha1_base64="tHnf2Fu7NljEa6luUPUotfKrqqM="></latexit>

dω(ε̄ee → ε̄ωϑ)

dy
=

2meG2
FEε

ϖ
·
(
(1↑ y)2 ↑ (m2

ω ↑m2
e)(1↑ y)

2meEε

)



Case Study: Neutral Current Processes

Now, let’s examine a process by which the matrix incorporates the 
neutral current interaction.   

The process now allows one to be sensitive to the Weinberg mixing 
angle directly

<latexit sha1_base64="kq5X5JmbZFaOrsGFtX6tF4KVVys="></latexit>

MNC = →
↑
2GF

[
ω̄µε

µ(gωV → gωAε
5)ωµ

]
↓
[
ēεµ(g

f
V → gfAε

5)e
]
.

νl νl

Z0NC

Neutral Current

<latexit sha1_base64="4P6wezPWhBOqkDW4Wn7wsole+jo=">AAACKXicbVDLTgIxFO34RHyhLt00EhNXZIYQdQm6ceECExlIGJh0SgcaOp2hDxJC+B03/oobTTTq1h+xAywUOEnT03PPze09QcKoVLb9Za2tb2xubWd2srt7+weHuaNjV8ZaYFLDMYtFI0CSMMpJTVHFSCMRBEUBI/Wgf5vW60MiJI35oxolpBWhLqchxUgZyc+Vu74LPTLQdAiLsOvftz2uze22Q+h5WW8w0Khj3pVVpko7zPq5vF2wp4DLxJmTPJij6ufevE6MdUS4wgxJ2XTsRLXGSCiKGZlkPS1JgnAfdUnTUI4iIlvj6aYTeG6UDgxjYQ5XcKr+7RijSMpRFBhnhFRPLtZScVWtqVV43RpTnmhFOJ4NCjWDKoZpbLBDBcGKjQxBWFDzV4h7SCCsTLhpCM7iysvELRacy0LpoZQv38zjyIBTcAYugAOuQBncgSqoAQyewAt4Bx/Ws/VqfVrfM+uaNe85Af9g/fwCfmukVA==</latexit>

gV → 2gωLg
f
V

gA → 2gωLg
f
A



Case Study: Neutral Current Processes

Neutrino scattering thus becomes a powerful early test of the 
Standard Model couplings. 

{N.B. if the incoming neutrino is an electron neutrino, there is an 
interference term between CC and NC (shift gA/V to gA/V +1)}

Neutrino Scattering

Anti-Neutrino Scattering

<latexit sha1_base64="v1MM+m74CsBcYvGrRbiluuqCh3U="></latexit>

dω(εωe → εωe)

dy
=

meG2
FEε

2ϑ
{(gV + gA)

2 + (gV ↑ gA)
2

(
(1↑ y)2 ↑ (g2V ↑ g2A)

mey

Eε

)
}

<latexit sha1_base64="OWIGlqp9voN9Rr0EKTR+q9rRqw8="></latexit>

dω(ε̄ωe → ε̄ωe)

dy
=

meG2
FEε

2ϑ
{(gV ↑ gA)

2 + (gV + gA)
2

(
(1↑ y)2 ↑ (g2V ↑ g2A)

mey

Eε

)
}
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At high energies, even the total cross-
sections stand as precision tests of 
the Standard Model by probing the 
weak mixing angle. 

Gargamelle experiment as a prime 
example of the observation of neutral 
currents.

The first candidate leptonic neutral-current 
event from the Gargamelle CERN experiment.
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From Simple to not-so-Simple

Leptonic interactions illustrate the simplest case of neutrino cross-sections, since 
the target has no internal structure and there is no inner structure (aside from spin). 

 When it comes to nuclei / hadronic / atomic matter, the inner structure can play a 
major role in the cross-section behavior. 

Convenient to introduce a spectral function, S(q,⍵), to capture inner structure
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• The neutrinos that I would expect from a known 
source depends almost entirely on the energy (and 
type of matter) that is available for the reaction. 

• If lepton flavor is conserved, then even the type of 
neutrino can be determined.  However, neutrino 
oscillations clearly spoils this rule.



Eν~MeV

What Neutrinos do I Expect?

• The neutrinos that I would expect from a known 
source depends almost entirely on the energy (and 
type of matter) that is available for the reaction. 

• If lepton flavor is conserved, then even the type of 
neutrino can be determined.  However, neutrino 
oscillations clearly spoils this rule.



Eν~MeV

What Neutrinos do I Expect?

• The neutrinos that I would expect from a known 
source depends almost entirely on the energy (and 
type of matter) that is available for the reaction. 

• If lepton flavor is conserved, then even the type of 
neutrino can be determined.  However, neutrino 
oscillations clearly spoils this rule. Eν~MeV



Eν~MeV

What Neutrinos do I Expect?

• The neutrinos that I would expect from a known 
source depends almost entirely on the energy (and 
type of matter) that is available for the reaction. 

• If lepton flavor is conserved, then even the type of 
neutrino can be determined.  However, neutrino 
oscillations clearly spoils this rule. Eν~MeV

Eν~GeV



Eν~MeV

What Neutrinos do I Expect?

• The neutrinos that I would expect from a known 
source depends almost entirely on the energy (and 
type of matter) that is available for the reaction. 

• If lepton flavor is conserved, then even the type of 
neutrino can be determined.  However, neutrino 
oscillations clearly spoils this rule. Eν~MeV

Eν~GeV

Eν~GeV - TeV



Eν~MeV

What Neutrinos do I Expect?

• The neutrinos that I would expect from a known 
source depends almost entirely on the energy (and 
type of matter) that is available for the reaction. 

• If lepton flavor is conserved, then even the type of 
neutrino can be determined.  However, neutrino 
oscillations clearly spoils this rule. Eν~MeV

Eν~GeV

Eν~GeV - TeV

Eν >> TeV



“...the ancient of days” 
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Neutrinos from 
the Cosmos

• Our understanding of the chronology of the cosmos is directly tied to knowing 
the existence of neutrinos and the role they play in the standard model.

• Cosmology allows us to interpolate events ranging from ~ 1 second after the 
universe was born to today.

Eν ~ 0.17 meV



New Frontiers
Neutrino 
Decoupling

• Inference about the existence of the relic neutrino 
background comes from knowledge of the primordial 
photon background. 

• As the universe expands (cools), neutrinos transition 
from a state where they are in thermal equilibrium with 
electrons, to one where they are decoupled from them. 

• Standard model yields predictions for this decoupling 
temperature.

Neutrino decoupling occurs when two 
rates are equal.
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Neutrino decoupling occurs when two 
rates are equal.
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TD(νµ,τ ) ! 3.7 MeV



• The presence of neutrinos have a vast impact on our 
understanding of the universe’s chronology. 

• Precision cosmology can now look at the consistency 
of the theory across different epochs.  Neutrinos 
play a role across each of these phases.
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• The presence of neutrinos have a vast impact on our 
understanding of the universe’s chronology. 

• Precision cosmology can now look at the consistency 
of the theory across different epochs.  Neutrinos 
play a role across each of these phases.

Relic Neutrinos 
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Primordial Nucleosynthesis 

1st few minutes

Cosmic Microwave Background 
400 kyrs

Large Scale Structures 
Recent Epoch

Neutrinos Today



Instead of beta decay...
3H ➟ 3He+ + e-  + νe 

Any Chance to Detect the CvB?



The process is energetically allowed even at zero momentum.   

This threshold-less reaction allows for relic neutrino detection 

3H ➟ 3He+ + e-  + νe 3H + νe ➟ 3He+ + e-  

...look for neutrino capture
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Has three main advantages: 

(i) The process is exothermic.  There is 
enough energy for the decay to occur 
(because beta decay will happen 
anyway).   Thus, it is threshold-less. 

(ii) Electron energy is almost mono-
energetic, after the endpoint energy. 

(iii) For tritium, 100 g corresponds to 10 
events/year.

λν =
∫

σν · v · f(pν)(
dp

2π
)3

σν · v

c
= (7.84 ± 0.03)× 10−45cm2

Neutrino Capture Rate

Tritium Cross-Section

Neutrino Capture
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Any other way?  Coherence may provide an option…



Neutrinos from 
the Stars

• Stellar deaths are also 
powerful sources of neutrinos, 
as nearly all of the gravitational 
energy from the collapse is 
radiated away by neutrinos. 

• Can be observed via sudden 
bursts of neutrino flux, with 
times characteristic of the 
stellar collapse.

Eν ~ 10-20 MeV



• Core-collapse supernovae are truly unique 
environments in our known universe: 

• Incredible matter densities: 1011-1015 g/cm3 

• Extreme high temperature: 1-50 MeV 

• Highest recorded energetic processes in the 
Universe:  1051-53 ergs 

• At these energies, all species of neutrinos can be 
produced:

e+ e− ↔ νiν̄i

νe n ↔ p e−

ν̄e p ↔ n e+

Neutrinos from 
the Stars



Supernovae 
Detection

• Supernovae SN1987A detected using 
neutrino detectors, making use of the 
characteristic short burst of neutrinos. 

• Still waiting for another such type of 
explosion close enough for detection

Before

During 
(few days later)

After



Neutrinos from our star... 
(the Sun)

Eν ~ 0.01-10 MeV
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In Bethe’s original paper, neutrinos are not 
even in the picture.

(H. A. Bethe, Phys. Rev. 33, 1939)

+ ν′s !
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In the sixties, John Bahcall calculates the neutrino 
flux expected to be produced from the solar pp 
cycle. 

Basic assumptions of what is known as the 
Standard Solar Model...

(1)	 Sun is in hydrostatic equilibrium.

(2)	 Main energy transport is by photons.

(3)    Primary energy generation is nuclear fusion.

(4)	 Elemental abundance determined solely from fusion reactions.
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More detailed...

This is known as the pp fusion chain.

Sub-dominant CNO cycle also exists.
  

Light Element Fusion Reactions

p + p →2H + e+ + νe p + e- + p → 2H + νe

2H + p →3He + γ

3He + 4He →7Be + γ

7Be + e- →7Li + γ +νe

7Li + p → α + α

3He + 3He →4He + 2p

99.75% 0.25%

85% ~15%

0.02%15.07%

~10-5%

7Be + p →8B + γ

8B → 8Be* + e+ + νe

3He + p →4He + e+ +νe

4p + 2e− → He + 2νe + 26.7 MeV



• Only electron neutrinos are produced 
initially in the sun (thermal energy below 
and threshold). 

• Spectrum dominated mainly from pp fusion 
chain, but present only at low energies.
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Detecting Solar Neutrinos 
(Using deuterium)

The Charged Current (CC) Interaction: 

Signature:  Cherenkov ring from ejected electron 

Sensitive to νe flux only.

The Elastic Scattering (ES) Interaction: 

Signature:  Electron with high directional correlation to the sun 

Sensitive mainly to νe .  Some sensitivity to νμ, and ντ.

The Neutral Current (NC) Interaction: 

Signature:  Neutron emitted from deuterium break-up 

Sensitive to νe,νμ, and ντ flux.
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The Essence of the Measurement...

If one looks only 
at electron neutrinos, only 1/3 are 

seen

νe

Charged Current

However, if one looks at all neutrino 
flavors, we see the number expected

νe

νµ

ντ

Neutral Current



Deuterium  
Cross-sections

• Direct measurements of deuterium cross-
sections at low energy (MeV scale) come 
mainly from reactor measurements or 
stopped pion beams. 

• A simple nucleus (pn) allows for good 
agreement with calculations.  However, axial 
form factor (usually called L1,A in the 
literature) represents largest uncertainty. 

• Recently, lattice QCD has been adding 
independent calculation of axial form 
factors, reducing uncertainty.



• Direct measurements of deuterium cross-
sections at low energy (MeV scale) come 
mainly from reactor measurements or 
stopped pion beams. 

• A simple nucleus (pn) allows for good 
agreement with calculations.  However, axial 
form factor (usually called L1,A in the 
literature) represents largest uncertainty. 

• Recently, lattice QCD has been adding 
independent calculation of axial form 
factors, reducing uncertainty.

Axial 2-body calculations 
from LQCD



Ultra-High 
Energy Neutrinos

Eν > 1 TeV



Ultra-High 
Energy Neutrinos

• Galactic and extra-galactic celestial objects 
are known sources of extremely high energy 
cosmic rays (protons, etc.) and neutrinos. 

• Three possible creation mechanisms: 

(1)  Acceleration processes 

(2) GZK neutrinos  

(3) Annihilation and decay of heavy 

Eν > 1 TeV



Acceleration 
Processes

• Evidence of ultra-high energy neutrinos would 
prove the validity of proton acceleration models. 

• Neutrinos would be produced from the decay of 
unstable mesons (π0, π+, K+, etc.).

• For extremely high energy cosmic rays or extra-
galastic sources, extreme acceleration environments 
such as AGNs and GRBs need to be considered.
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Acceleration 
Processes

• Evidence of ultra-high energy neutrinos would 
prove the validity of proton acceleration models. 

• Neutrinos would be produced from the decay of 
unstable mesons (π0, π+, K+, etc.).

Supernova 
remnants

Binary 
systems

Interaction 
with interstellar 

medium• For extremely high energy cosmic rays or extra-
galastic sources, extreme acceleration environments 
such as AGNs and GRBs need to be considered.



High Energy 
Neutrinos

• A nice oddity of neutrino cross-
sections at this scale (since the 
energies are sooooo high) 

• One can observe a resonance 
between the W and Z bosons! 

• First suggested by Glashow in 1960 
as a means to directly detect the W 
boson



GZK Neutrinos

• At high enough energies, protons 
interact with the cosmic microwave 
background, providing a mechanism to 
create high energy neutrinos. 

• Due to the known existence of high 
energy cosmic rays and the CMB, GZK 
neutrinos are a guaranteed signal. 

• In addition, one can also look for 
massive particles that decay into high 
energy neutrinos as a signature for 
physics beyond the standard model.

GZK Cutoff



“...down they fell, driven headlong 
from the pitch of heaven, down into 
this deep...”,  Paradise Lost

What we will cover: 

Where do neutrinos come from? 

Neutrinos from the Heavens 

Neutrinos from the Earth 

Neutrinos from Man 



Atmospheric 
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from pion decay.

p +16 N → π+, K+, D+, etc.
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Atmospheric 
Neutrinos

• To calculate the predicted neutrino flux, 
several key steps must be taken into 
account: 

1. Primary cosmic ray flux.  This is 
measured using large array 
telescopes and balloon 
measurements. 

2. Hadronization.  Constrained by beam 
measurements. 

3. Optical depth, decay length, and 
transport.  

• Often, one needs to take into account 
other subtle effects, such as the Earth’s 
magnetic field.  Important at low energies.
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• To calculate the predicted neutrino flux, 
several key steps must be taken into 
account: 

1. Primary cosmic ray flux.  This is 
measured using large array 
telescopes and balloon 
measurements. 

2. Hadronization.  Constrained by beam 
measurements. 

3. Optical depth, decay length, and 
transport.  

• Often, one needs to take into account 
other subtle effects, such as the Earth’s 
magnetic field.  Important at low energies.



Atmospheric 
Neutrinos

• The absolute flux uncertainty is fairly high, 
so people use other useful properties of 
the atmospheric neutrino flux: 

1. νμ:νe ratio:  This ratio is fixed from 
the pion/muon cascade. 

2. Zenith variation:  Allows one to probe 
neutrinos at very different 
production distances (essential for 
oscillation signatures). 

3. Compare cosmic muon flux

νμ:νe ratio 
near 2:1
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the atmospheric neutrino flux: 
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Neutrinos from 
Radioactivity

Eν ~ 0.1-5 MeV



Neutrinos from 
Radioactivity

• Nuclear transitions, such as beta 
decay, allow for the changing of the 
atomic number (Z) with no change in 
the atomic mass (A). 

• One can consider three such 
reactions: 

(Z, A)→ (Z + 1, A) + e− + ν̄e ( β− Decay)

(Z, A)→ (Z − 1, A) + e+ + νe ( β+ Decay)

(Z, A) + e− → (Z − 1, A) + νe ( Electron Capture)

Sample β-decay 

3H →3He + e- + νe
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• To determine the rate of a particular 
reaction, one needs to take into account of a 
number of factors:

• The phase space of the decay (i.e. 
how many different states can occupy 
a particular momentum).

• Corrections due to the Coulomb 
field, or Fermi function.

• The matrix element related to 
the initial and final states of the decay.
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Neutrinos from 
Radioactivity

• To determine the rate of a particular reaction, 
one needs to take into account of a number 
of factors:

• The phase space of the decay (i.e. 
how many different states can occupy 
a particular momentum).

• Corrections due to the Coulomb field, 
or Fermi function.

• The matrix element related to the initial 
and final states of the decay

Transition ΔI Parity change?

Superallowed 0,  + 1 No

Allowed 0,  + 1 No

1st Forbidden 0,  + 1 Yes

Unique 1st Forbidden + 2 Yes

2nd Forbidden + 2 No

3rd Forbidden + 3 Yes

Spin of states govern type of exchange 
E.g.:  0+ → 0+ is superallowed
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• Though neutrinos from radioactive decay play 
an important role in many astrophysical sources, 
we rarely use them as a source, per se. 

• Except we did to calibrate some of our solar 
neutrino detectors!
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Geoneutrinos

Radiogenic heat from U and Th 
decays in the earth’s crust and 
mantle provide a sufficient flux of 
neutrinos at low energies. 

Radiogenic heat is expected to 
be a significant portion of the 
Earth’s heating source (~40-60% 
of 40 TW). 

First geoneutrinos detected only 
recently (from Kamland).

Geoneutrinos

• Radiogenic heat from U and Th decays in 
the earth’s crust and mantle provide a 
sufficient flux of neutrinos at low energies.

• Radiogenic heat is expected to be a 
significant portion of the Earth’s heating 
source (~40-60% of 40 TW).

• First geoneutrinos detected only recently 
(from Kamland).



“...and Prometheus was 
punished for giving fire 
back to mankind...”

What we will cover: 

Where do neutrinos come from? 

Neutrinos from the Heavens 

Neutrinos from the Earth 

Neutrinos from Man 



Reactor Neutrinos
Eν ~ 1-5 MeV



New Frontiers
Neutrinos from 
Fission

• Reactor neutrinos stem mostly as a 
by-product from fission, as 
numerous unstable nuclei are 
produced and beta decay to more 
stable isotopes. 

• Four main neutrino fuel sources:     

238U, 235U, 239Pu and 241Pu

Sample Fission: 235U

235
92 U + n→ X1 + X2 + 2n→

...9440Zr +140
58 Ce

Fission Yield

94Zr 140Ce

235U 239Pu



New FrontiersNeutrinos from 
Fission

• Eventually reaction produces stable 
isotopes, such as Zr and Ce.   In the 
process, 6 protons must have beta-
decayed to 6 neutrons. 

• About 6 anti-neutrinos are produced 
per fission.  Since each fission cycle 
produces 200 MeV, one can convert 
power to neutrino flux.

1 GW (thermal) ≈ 1.8 × 1020 νe / second-



Reactor Experiments: 
Pioneering Efforts

First experimental detection of 
neutrinos came indeed from the high 
flux of neutrinos created in reactors.

ν̄ + p→ n + e+ signal here

and here!
n + 113Cd → γ′s
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Anchoring Low Energy 
Cross-sections

For neutrino energies at MeV energy 
scales (such as nuclear reactors, 
supernovae, and terrestrial sources) 
we  can anchor the cross-sections to 
careful studies of nuclear decay. 

Inverse Beta Decay
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Neutron Lifetime

For example, the neutron lifetime can be directly related to the 
cross-section for inverse beta decay… 

Superallowed decays can also help constrain factors such as |Vud|

Inverse Beta Decay
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Accelerator 
Neutrinos

Eν ~ 1-300 GeV

• We can consider three very broad 
types of accelerator neutrino sources:

(a) Proton driver (or 
“conventional”) beams

(b) Beta beams

(c) Muon storage beam (“neutrino 
factories”)
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Conventional 
Beams

Beam creation very similar to atmospheric 
neutrinos (protons drive the production 
mechanism; neutrinos produced from pion 
decay). 

Beam creation allows for greater selectivity 
of the beam properties.  Typical the beam 
user will create beam with a given: 

 
  Neutrino flavor purity, 

  Selected energy range & distance, 

  Intensity

CERN’s WA21 beamline
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Optimization of oscillation wavelength

CERN’s WA21 beamline



Conventional 
Beams

Beam creation very similar to atmospheric 
neutrinos (protons drive the production 
mechanism; neutrinos produced from pion 
decay). 

Beam creation allows for greater selectivity 
of the beam properties.  Typical the beam 
user will create beam with a given: 

 
  Neutrino flavor purity, 

  Selected energy range & distance, 

  Intensity

Allows selection of final state

Optimization of oscillation wavelength

You always want more...

CERN’s WA21 beamline



Stages

• Basic ingredients of target, focusing 
region, decay region, absorber, and 
detector found in almost all accelerators. 

• How system is optimized depends on 
type of beam desired.

Target Region

Region of primary 
interaction.

Concerns include 
heating and 
attenuation of 
particles

Decay/Absorber Region

Region for pion/
kaon decay to 
occur. 

Absorber removes 
unwanted charged 
particles & neutrons 
on route to detector



Stages

• Basic ingredients of target, focusing 
region, decay region, absorber, and 
detector found in almost all accelerators. 

• How system is optimized depends on 
type of beam desired.

Target Region

Region of primary 
interaction.

Concerns include 
heating and 
attenuation of 
particles

Focusing Region

Selects pion/kaon 
charge (neutrino or 
anti-neutrino running)

Can also be used to 
ensure beam purity.

π+ → µ+νµ

π− → µ−ν̄µ

or

Decay/Absorber Region

Region for pion/
kaon decay to 
occur. 

Absorber removes 
unwanted charged 
particles & neutrons 
on route to detector



A Complex Region…

At the GeV scale, there is considerable structure to nuclei that makes cross-
section modeling challenging.

Nuclear initial state 

Multi-nucleon effects

Final-state interactions 

Pion/hadron resonances



Lots of Experiments Work Here…



Quasi-Elastic Scattering

Let’s consider the “simplest” process at this scale, i.e. quasi-particle scattering. 
Even in this process, the cross-section depends on several form factors, i.e. 

electric (GE), magnetic (GM), axial (FA) and psuedoscalar (FP). 

Although some can be accessed through electron-nucleon scattering, others are 
unique to the weak force.
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Theoretical Tools

Theoretical and phenomenological models allow one to capture the inner 
structure of the target nucleus for details predictions. 

Effective field theories, superscaling and sum rules provide strong models for 
predicting cross-section evolution versus probe momentum.



Lattice QCD

Lattice QCD is a recent, power tool in determining the correlation functions 
for neutrino-nucleon scattering. 

Unlike other approaches, QCD is completely self-determined and ideal for 
2-point correlation functions (provided one has sufficient computing power)



Lattice QCD

Lattice QCD calculations have advanced sufficiently that they can now 
provide ad initio calculations of nuclear structure form factors, such as axial 

and pseudovector form factors. 

Direct comparisons to  available data (deuterium, hydrogen, MINERVA, etc) 
are now possible, at the 10% level.  Good agreement with gA measurements.



Region of primary 
interaction.

Concerns include 
heating and 
attenuation of 
particles

Neutrinos from Beta Decay

Beta Beams
Different from conventional beams, as they 
use accelerated beta-decaying ions as the 
source of neutrinos. 

Extremely pure beam of electron (or anti-
electron neutrinos). 

Spectrum extremely well known, since it 
comes from a boosted beta decay rather than 
a complex nucleon production scheme. 

Production of ion source still considerable 
challenge, but research is ongoing.

6He→ 6Li e− ν̄e

18Ne→ 18F e+ νe

Electron Anti-neutrino Source

Electron Neutrino Source



Neutrino Factories

Driving mechanism comes from muon 
decay rather than pion decay. 

Ideal “beam” for many oscillation 
studies.

Region of primary 
interaction.

Concerns include 
heating and 
attenuation of 
particles

Main Advantages 

Extremely pure beam due to use 
of delayed decays. 

Well known beam profile 

Typically intense source 
envisioned.

Main Disadvantages 

Both neutrino & anti-neutrino 
are present in the beam at once 

Extremely short storage times 

Challenging technology 

µ+ → e+νeν̄µ

µ− → e−ν̄eνµ

Neutrinos from Muon Decay



Spallation 
Neutron Sources

Eν ~ 50 MeV



Any reaction that can produce an intense 
pion source is effectively an excellent 
neutrino source. 

In this case, there is no boost from a 
relativistic proton (pions created at rest). 

The Spallation Neutron Source (high 
intensity neutron source) can also double as 
an excellent neutrino source. 

Pulsed beam ensures clean tagging of 
neutrino events. 

Intensity neutrino source (1015 ν/s)\ 

Can be used for oscillation studies & 
coherent neutrino scattering.



What’s So Special About 
Coherence?

One can think of the energy (really, momentum) the neutrino imparts on 
its target as a way to probe the nucleus.   

The higher the imparted momentum, the finer the probe.

Nucleon Size (<< 1 fm)

Protons Neutrons

Incoming 
Neutrino

ν ν

Outgoing 
Neutrino



In this case, the probe momentum is such that it singles 
out a single neutron or proton.

Nucleon Size (<< 1 fm)

Protons Neutrons

Incoming 
Neutrino

ν
Outgoing 
Neutrino

Non-Coherenct Interactions

ν



Nucleus Size (> 1 fm)

ν ν

However, if the exchange momentum is small enough, the probe just sees the 
entire nucleus, and no single proton or neutron is singled out. 

Result: Interaction probability scales as the number of nucleons squared.

All Together Now…



Oscillations as Coherence

Numerous analogies exist between 
neutrino oscillations and optical 
phenomena. 

For example, the interference between 
neutrino mass states with different de 
Brogile wavelengths (oscillations) have a 
direct optical analog in the propagation 
and recombination of differently 
polarized photons through birefringent 
media. 

One can even set up an optics experiment 
to mimic oscillation behavior…



C Weinheimer. 
Progress in Particle and Nuclear Physics, 64(2):205–209, 2010.

Numerous analogies exist between 
neutrino oscillations and optical 
phenomena. 

For example, the interference between 
neutrino mass states with different de 
Brogile wavelengths (oscillations) have a 
direct optical analog in the propagation 
and recombination of differently 
polarized photons through birefringent 
media. 

One can even set up an optics experiment 
to mimic oscillation behavior…

Oscillations as Coherence



Coherent 
Enhancement

Coherence effect
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Coherent 
Enhancement

Coherent Elastic Neutrino Nuclear Scattering 
(CEνNS) has been proposed and schemed as a 
means of detecting neutrinos.  

It took 40+ years, but the effect has finally been 
observed experimentally using a spallation source.

Coherence effect
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Opening the Door for Coherence?
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Opening the Door for Coherence?

CEνNS is (in my opinion) just the beginning of using coherence in neutrino physics.   

Are there other potential avenues for coherence to be used in neutrino physics? 

One option:  Superradiance 

Might be *the* way to measure the CvB…
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As you can see, neutrinos are EVERYWHERE in the universe; playing a crucial 
role in many natural interactions. 

Given so many abundant sources of neutrinos, they provide an excellent 
means to probe the universe around us.



Texts I find useful... 

• “Fundamentals of Neutrino Physics and Astrophysics” by 
Carlo Guinti 

• “From eV to EeV: Neutrino cross sections across energy 
scales,” by JAF and G. P. Zeller (RMP 84, 1307) 

• “Neutrino Physics”, by Kai Zuber 

• “Particle Physics and Cosmology”, by P.D.B. Collins, A.D. 
Martin, and E.J. Squires. 

• “The Physics of Massive Neutrinos,” (two books by the 
same title, B. Kayser and P. Vogel,F. Boehm 

• “Massive Neutrinos in Physics and Astrophysics,” 
Mohapatra and Pal.



Fin 


