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Neutrino Physics
History, electroweak interactions and neutrino scattering



Resources

• Giunti & Kim: “Fundamentals of Neutrino Physics and Astrophysics”

• de Gouvea: “TASI lectures on Neutrino ” available hep-ph/0411274.pdf 

• Pascoli: “Neutrino Physics” available Neutrino Physics

• Hernandez: “Neutrino Physics ” available hep-ph/1708.01046.pdf

• Thompson: Chapter 13 “Modern Particle Physics”

•  Athar & Singh: “The Physics of Neutrino Interactions”

https://arxiv.org/pdf/hep-ph/0411274.pdf
https://inspirehep.net/files/8ed5c873a3042ce39790b10ec94d15af
https://arxiv.org/pdf/1708.01046.pdf
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Neutrinos in the Standard Model

• Neutrinos are electrically neutral 
fermions which are part of an  

 doubletSU(2)L

• Neutrinos undergo weak interactions 
force carriers with the W and Z boson 
( )m(W±) ∼ 80 GeV, m(Z) ∼ 91 GeV

• Neutrinos are very light mν ≲ 1 eV



• 1800s was an extraordinary time for radioactivity discovery:  discoveredα, β, γ

•  - Helium nucleus, discovered by Rutherford 1899α

•  - electron emitted by radioactive nuclei, discovered by Rutherford 1899β

•  -  electromagnetic radiation (photon) arising from the radioactive 
decay of atomic nuclei 1900
γ

(A,Z) ! (A,Z + 1) + e� =) Ee = M(A,Z + 1)�M(A,Z)
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From energy conservation, the electron should 
have had a fixed energy, not a spectrum which 
was what was observed.

Discoveries of the Neutrino

https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Radioactive_decay
https://en.wikipedia.org/wiki/Radioactive_decay
https://en.wikipedia.org/wiki/Atomic_nucleus


• Some scientist thought that energy conservation principle must be violated.

• In his famous letter to “Radioactive Ladies and Gentlemen” Pauli 
(1930) proposed the existence of a new and yet undiscovered 
electrically neutral particle which would explain the continuous 
spectrum observed in beta decay.

(A,Z) ! (A,Z + 1) + e� + ⌫
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• Fermi proposed the new particle should be light, spin 1/2 and 
electrically neutral. He dubbed this new particle the “neutrino”.

Discoveries of the Neutrino



• 1934: Bethe and Peierls showed the interaction cross section of the neutrino 
should be extremely small  a neutrino can traverse the Earth without deviation⟹
“Today I have done something which no theoretical physicist should ever do in  
his life: I have predicted something which shall never be detected experimentally!”

• Walter Baade, had great faith in his experiment colleagues and bet Pauli the 
neutrino would be discovered. The bet was a crate of champagne.

• 1956: Reines and Cowan placed neutrino detector (vat of water  
combined with cadmium chloride) in front a fission reactor. 

15 msec delay from photon 

emitted by neutron capture 

Discoveries of the Neutrino



• The electron antineutrino had been discovered because the neutrinos coming 
from  fission reactors is emitted together with electrons. 

• Muon discovered (cosmic ray showers) in 1936. Was there an associated neutrino?

• 1959 Gaillard, Lederman, Schwartz and Steinberger built a spark chamber (chambers 
of a stack of metal plates placed in a sealed box filled with a gas such as helium, neon) 
to detect muon neutrino coming from pion decays


⌫e ⌘ ⌫µ =) N(µ�) = N(e�)
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Discoveries of the Neutrino

• neutrinos couple to weak gauge bosons and will modify their decay width 
Z boson width measurement by LEP in 1989 confirmed 3 generations of neutrinos

Requires N⌫ = 2.98± 0.082
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• Tau lepton was discovered in 1975 by Perls and colleague 
Discoveries of the Neutrino

e+ + e� ! ⌧+ + ⌧� ! e± + µ± + 4⌫
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• Was there a neutrino associated to this new heavy lepton?
• Confirmed in 1997 by the DONUT experiment: they observed 4 tau neutrinos 

• OPERA experiment observed about 10 tau neutrinos. These are the least well 
measured Standard Model particles!!

tau  
kink



Neutrinos in the SM
• The Standard Model (SM) gauge group based on the following symmetry:

• We have 3 generations of fermions: generations with identical gauge quantum 
number but different masses

QEM = TL3 + Y
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Neutrinos TL3 = 1/2 

Neutrinos have no strong or EM interactions

No right handed neutrinos in the SM

TL3 weak component of isospin

SU(3)C ⇥ SU(2)L ⇥ U(1)Y ! SU(3)C ⇥ U(1)EM
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Electroweak Theory for neutrinos

GSW Theory of Leptons



Electroweak Theory for neutrinos
Leptonic  doublet interact via their left-handed components:SU(2)L

Right-handed components are  singlets: SU(2)L eR, νR
Build weak interaction Lagrangian for single flavour. Kinetic Term for free leptons:

Add gauge interactions,  promote derivative to covariant derivative: ∂μ → Dμ

Dµ = @µ + i
g

2
~⌧ · ~Wµ + i

g0

2
Y Bµ
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~⌧ · ~Wµ =
3X

i=1

⌧ iW iµ =

✓
W 3µ W 1µ � iW 2µ

W 1µ + iW 2µ �W 3µ

◆
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Electroweak Theory for neutrinos

(1)
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L = i ̄L /D L + iēR /DeR + i⌫̄R /D⌫R
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Lagrangian is invariant under SU(2)L × U(1)Y

Pauli matrices are generators of SU(2)L



Electroweak Theory for neutrinos

Exercise: Substitute (2) into  (3) and then into (1) to show interaction terms are:
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(⌫eLēL) �µ

✓
W 3µ W 1µ � iW 2µ

W 1µ + iW 2µ �W 3µ

◆✓
⌫eL
eL

◆
+

g0

2
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Electroweak Theory for neutrinos

W±
µ =

W 1
µ ⌥ iW 2

µp
2
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Electroweak Theory for neutrinos
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W 1
µ ⌥ iW 2
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ēR�µB

µeR

<latexit sha1_base64="qnOF5TLVVo8UPhtKfrfELaArGMs="></latexit>

Exercise: Substitute (2) into  (3) and then into (1) to show interaction terms are:



Electroweak Theory for neutrinos
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Basis Transformation

Zµ =
gW 3

µ � g0Bµp
g2 + g02

Aµ =
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µ + gBµp
g2 + g02
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Electroweak Theory for neutrinos
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Basis Transformation

 remains massless and is the electromagnetic field of the photonAμ

 is the neutral weak gauge boson which has a massZμ
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µ + ē�µ (1� �5) ⌫eW

�
µ

�
�

p
g2 + g02

2
⌫̄eL�

µ⌫eLZµ

+
gg0p

g2 + g02
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Charged Current Interactions
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EW = � g
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Neutral Current Interactions

LEM =
gg0p

g2 + g02
| {z }

e

ē�µeAµ
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Z and photon are different linear combinations of  and  weighted by different 
factors. We can conveniently parametrise this in terms of the “weak mixing angle” 

W3 B
θW

Zµ = cos ✓WW3µ � sin ✓WBµ

Aµ = sin ✓WW3µ + cos ✓WBµ
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Exercise:  rewrite  in terms of weak mixing angle:ℒEW

Lem = eē�µeAµ
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2
p
2

⇥
⌫̄e�

µ (1� �5) eW
+
µ + h.c.
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Neutrino Interactions - Neutrino Electron Elastic Scattering 

⌫e(k) + e�(p) ! ⌫e(k
0) + e�(p0)
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Where we used the replacement:

νe(k) νe(k′)

e−(p) e−(p′)

Z(q)

νe(k)

e−(p)

e−(p′)

νe(k′)

W (q)

u ⌘ outgoing fermion

u ⌘ incoming fermion
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Neutrino Interactions

The following Fierz arrangement will be used:

( 1�µPL 2)( 3�
µPL 4) = ( 1�µPL 4)( 3�

µPL 2)
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The matrix element squared is:

X

i

X

f
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X

i

X

f

⇣
|MCC|2 +MCCM⇤

NC +MNCM⇤
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�
(k · k0)

i
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Average over incoming spins, sum of the spins of the outgoing states   
The scalar products  completeness relation, spinor trace & gamma matrices.  
We also redefined

⟹ 1/2 × 1/2
⟹

X
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X
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|M|2 = 16G2
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⇥
↵ (k0 · p0) (k · p) + � (k0 · p) (k · p0)� �m2

e (k · k0)
⇤
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Where  depends on the various couplings of neutrinos/antineutrino to leptons.α, β , γ

g0V = g̃eV + 1 g0A = g̃eA + 1
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General expression for νμe− → νμe− , νμe− → νμe− , νee− → νee−



Differential cross-section we still need to integrate over phase space of the outgoing 
states & enforce energy momentum conservation. In the centre-of-mass frame: 

Use the Mandelstam variables: 
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1980’s LAMPF experiment
�(⌫e e

�) = (3.18± 0.56)⇥ 10�43cm2
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376 The Physics of Neutrino Interactions

The total scattering cross section is given as:

s|Lab = 2p
Z +1

�1
d(cos q)

1
4p2me

G2
F

 
E02

e
En

! h
(g0V + g0A)

2(EnE0
e � En|~p 0| cos q

+meE0
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2(En + me � E0

e)(E0
e � |~p 0| cos q)

�me(g02V � g02A)(me � E0
e + |~p 0| cos q)

i
, (9.53)

where ~p 0 =~k �~k0 = ~q.
The expression for the differential cross section in the CM frame is obtained as:
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2
o

t
i
, (9.54)

where s = (k + p)2 = E2
CM.

During the late 1980s, the E225 experiment [407] was conducted at the Los Alamos Meson
Physics Facility (LAMPF) to measure nee scattering cross section; a total of 236±35 events
were reported. The collaboration reported the measurement of an interference term arising due
to the contribution of charged current (CC) and neutral current (NC) amplitudes. The value
was

I = �1.07 ± 0.17 ± 0.11,

which was found to be in good agreement with the standard model prediction of �1.07 with
sin2 qW = 0.233. The collaboration also reported a lower limit on the magnetic moment of the
neutrino. LAMPF used neutrino beams from the muon decay at rest with an average energy of
hEni = 31.7 MeV. Their reported result of the cross section is

s(nee�) = (3.18 ± 0.56)⇥ 10�43cm2,

which is found to be consistent with the prediction of the standard model.
Table 9.3 Cross section of neutrino–electron nee (n̄ee) scattering processes from different experiments. a Region

in visible energy [1.5–3.0] MeV. b Region in visible energy [3.0–4.5] MeV.

Experiment s(nee)
Ene

(⇥10�42 cm2

GeV ) s(n̄ee)⇥ 10�46cm2 sin2 qW

Savannah River [354, 408] 7.6 ± 2.2a 0.25 ± 0.05
(Reactor) 1.86 ± 0.48b

Kurchatov (Reactor) [409] 6.8 ± 4.5 0.29 ± 0.10
LAMPF E225 (LAMPF) [407] 10.0 ± 1.5 ± 0.9 0.249 ± 0.063

LSND [140] 10.1 ± 1.1 ± 1.0

Moreover, nee� cross section measurements have been performed by the liquid scintillator
neutrino detector (LSND) at the Los Alamos Neutron Science Center and 191±22 events were

s = (k + p)2 = k2 + p2 + 2(k · p) = m2
e + 2(k · p) =) (k · p) = s�m2

e

2

t = (k � k0)2 = �2(k · k0) =) (k · k0) = � t

2

u = (k � p0)2 = k2 + p0
2 � 2(k · p0) = m2

e � 2(k · p0) =) (k · p0) = �u�m2
e

2

s+ t+ u = k2 + p2 + k0
2
+ p0

2
= 2m2

e
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hE⌫i = 31.7MeV
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Neutrino Interactions
• By 1990s we knew there were three neutrinos: extremely light, electrically neutral 

and very weakly interacting → least well understood particle of the SM

BB: 
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<latexit sha1_base64="vz2N9oKOVYIWbSJ7OTrgZtyitFM=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiIoSRQCmMFC2OR6ENqSuQ4bmvVdiLbQYqi/AMLv8LCAEKsLGz8De5jgJYjXenonHt17z1BzKjSjvNtLSwuLa+sFtaK6xubW9v2zm5TRYnEpIEjFsl2gBRhVJCGppqRdiwJ4gEjrWB4PfJbD0QqGok7ncaky1Ff0B7FSBvJt4+9+oD6mSeS3FOUn1UdT1NOFHSd+6yaG/3EkzwLUZr7dskpO2PAeeJOSQlMUfftLy+McMKJ0JghpTquE+tuhqSmmJG86CWKxAgPUZ90DBXI7O1m459yeGiUEPYiaUpoOFZ/T2SIK5XywHRypAdq1huJ/3mdRPcuuxkVcaKJwJNFvYRBHcFRQDCkkmDNUkMQltTcCvEASYS1ibFoQnBnX54nzdOyWymf31ZKtatpHAWwDw7AEXDBBaiBG1AHDYDBI3gGr+DNerJerHfrY9K6YE1n9sAfWJ8/teaeEg==</latexit>

E⌫ ⇠ MeV � PeV

<latexit sha1_base64="Ry88QLpA2KuUgl0G9cRHtSL0SE8="></latexit>



Consider atmospheric muon neutrinos with mean energy 
of a GeV. The interaction cross-section with a proton is �⌫p ⇠ 10�38cm2 E⌫

GeV

<latexit sha1_base64="dRH4x4McL+Mb70mAjpIkW5Sjbac="></latexit>

How many atmospheric muon neutrinos would interact with you in your lifetime?

� =
1 ⌫

cm2sec
hE⌫i ⇠ GeV

<latexit sha1_base64="oyPQl9P1U9Xldpg6LPYh8bUBk/w="></latexit>

Nevents = � ⇥ �⇥Ntarget ⇥ Time

<latexit sha1_base64="QmTYfsbg35ZNizUsFii1edy3slc="></latexit>

1 kgwater =) 3.3⇥ 1025 H2O =) 1 kgwater =) 2.6⇥ 1026 protons

<latexit sha1_base64="IIM6QWfqjwm1i1uDPBa2ZQN2KPM="></latexit>

Say you’re 60 kg and live to a ripe old age

Ntarget ⇠ 1.5⇥ 1028 protons Time = 80 years = 2⇥ 109 secs

<latexit sha1_base64="WHv2dWVpcFciNPwZwK/Vf8w3q6s="></latexit>

Nevents ⇠ 1.5⇥ 1028 ⇥ 2⇥ 109 ⇥ 10�38 ⇠ 1!

<latexit sha1_base64="YYcQRswPQ2uQej/R61BxTfOVIkI="></latexit>

It’s likely you will have 1 CC interaction from atmospheric neutrinos your whole life! Not 
sure why cinema paints neutrinos in such a menacing light (see Alien Covenant and 
The Core) Physics point: need huge detectors with long exposures!

https://www.imdb.com/title/tt2316204/
https://www.imdb.com/title/tt0298814/



