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

in the library

• 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

Neutrinoscope is a free App for iPhone and 
iPad developed by Cambridge Consultants and 
Durham University. It allows to visualise the 
neutrinos around us.

https://arxiv.org/pdf/hep-ph/0411274.pdf
https://inspirehep.net/files/8ed5c873a3042ce39790b10ec94d15af
https://arxiv.org/pdf/1708.01046.pdf


Neutrinos in the Standard Model

• Neutrinos are electrically neutral 
fermions & part of  doubletSU(2)L

• Neutrinos undergo weak interactions 
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: 𝞪, β, Ɣ all identified

• 𝞪 - Helium nucleus, discovered by Rutherford 1899

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

• Ɣ -  Penetrating form of electromagnetic radiation arising from the radioactive 
decay of atomic nuclei 1900

(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.

• 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

<latexit sha1_base64="GcSxD30jgphxe97fgWxHctB5x1I="></latexit>

(A,Z) ! (A,Z + 1) + e� + ⌫e



• 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



•  discovered from inverse beta decay where  was in final stateνe e−

•  discovered (cosmic ray showers) in 1937. Was there an associated ?μ νμ

• 1959 Gaillard, Lederman, Schwartz and Steinberger built a spark chamber (chambers 
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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36µ�, 4 e�

<latexit sha1_base64="k0vBKngXKXFdkLjaGdOCNy9KDwY=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWwUVbZrRelkU3LivYWuhMSybNtKFJZkgyQhkKvoobF4q49Tnc+Tam7Sy09YfAx3/O4Zz8Qcyo0o7zbeWWlldW1/LrhY3Nre0de3evqaJEYtLAEYtkK0CKMCpIQ1PNSCuWBPGAkYdgeDOpPzwSqWgk7vUoJj5HfUFDipE2Vtc+OLuAXgl6POmUS7A6YdIpd+2iU3GmgovgZlAEmepd+8vrRTjhRGjMkFJt14m1nyKpKWZkXPASRWKEh6hP2gYF4kT56fT8MTw2Tg+GkTRPaDh1f0+kiCs14oHp5EgP1HxtYv5Xayc6vPJTKuJEE4Fni8KEQR3BSRawRyXBmo0MICypuRXiAZIIa5NYwYTgzn95EZqnFbdaOb+rFmvXWRx5cAiOwAlwwSWogVtQBw2AQQqewSt4s56sF+vd+pi15qxsZh/8kfX5A6Kokrc=</latexit>

36µ�, 4 e� =) ⌫µ 6⌘ ⌫e
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Discoveries of the Neutrino



Discoveries of the Neutrino
• neutrinos couple to weak gauge bosons and will modify their decay width 

Z boson width measurement by LEP, DELPHI, L3 and OPAL 1989 confirmed 3 
generations of neutrinos

Requires N⌫ = 2.98± 0.082
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N⌫ =
�inv

�⌫
=

�total � �visible

�⌫
=

�total � �had � 3�lep

�⌫
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•  discovered in 1975 by Perls and colleague τ
Discoveries of the Neutrino

e+ + e� ! ⌧+ + ⌧� ! e± + µ± + 4⌫
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• Was there  associated to this new heavy lepton?ντ
• 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



• 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 component of doublet

Neutrinos have no strong or EM interactions

No right handed neutrinos in the SM 
only LH-neutrinos and RH antineutrinos

TL3 weak component of isospin is  
quantum number related to weak interactions 



Board



Recap on Electroweak Theory for neutrinos
In weak interactions, neutrinos and charged leptons come in a  doublet 
always interact via their left-handed components:

SU(2)L

 L =

✓
⌫L
eL

◆
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Right-handed components are  singlets: SU(2)L eR, νR

Write the weak interaction Lagrangian in terms of a single flavour (e) but this can be 
generalised easily. We begin with kinetic terms:

We want to add gauge interactions (invariant under local gauge group )

So promote derivative to covariant derivative: 

SU(2)L × U(1)Y
∂μ → Dμ

L = i ̄L@ L + iēR@eR + iv̄R@⌫R
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<latexit sha1_base64="R4hkWyXutoOMZPUALxPi5Q//MTU="></latexit>

Dµ = @µ + i
g

2
~⌧ · ~Wµ � i

g0

2
Y Bµ



~⌧ · ~Wµ =
3X

i=1

⌧ iW iµ =

✓
W 3µ W 1µ � iW 2µ

W 1µ + iW 2µ �W 3µ

◆
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 - Pauli matrices 
generators
τ SU(2)L

Bµ⌫ = @µB⌫ � @⌫Bµ
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Electroweak Gauge Interactions

L = i ̄L /D L + iēR /DeR + iv̄R /DvR � 1

4
Bµ⌫B

µ⌫ � 1

4
Gi

µ⌫G
µ⌫
i
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Gi
µ⌫ =

�
@µW

i
v � @⌫W

i
µ

�
+ g✏ijkW

j
µW

k
v

<latexit sha1_base64="ni1CzM+XGSj2G86ptgxnlmlVwvA="></latexit>

Dµ L =

✓
@µ +

ig

2
~⌧ · ~Wµ � ig0

2
Bµ

◆
 L

DµeR = (@µ � ig0Bµ) eR

Dµ⌫R = @µ⌫R
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L = i ̄L /@ L � g

2
 ̄L�µ

✓
W 3µ W 1µ � iW 2µ

W 1µ + iW 2µ �W 3µ

◆
 L +

g0

2
 ̄L�µB

µ L + iēR /@eR + i⌫̄R /@⌫R + g0ēR�µB
µeR

= i ̄L /@ L + iēR /@eR + i⌫̄R /@⌫R � gp
2

�
⌫̄L�µW

µ+eL + ēL�µW
µ�⌫L

�
� 1

2
⌫̄L�µ

�
gW 3µ � g0Bµ

�
⌫L

+
1

2
ēL�µ

�
gW 3µ + g0Bµ

�
eL + g0ēR�µB

µeR
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W±
µ =

W 1
µ ⌥ iW 2

µp
2
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Weak Charged Current and Electromagnetic Interactions

L = i ̄L�
µ

✓
@µ +

ig

2
~⌧ · ~Wµ � ig0

2
Bµ

◆
 L + iēR�

µ (@µ � ig0Bµ) eR + i⌫̄R�µ@
µ⌫R
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g0Bµ � g~⌧ · ~Wµ

⌘
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µBµeR

=(⌫̄L ēL) �µ
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g0Bµ � gW 3

µ g
�
�W 1

µ + iW 2
µ

�

�g
�
W 1

µ + iW 2
µ

�
g0Bµ + gW 3

µ
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⌫L
eL

◆
+ g0ēR�µBµeR
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2
⌫̄L�µW

+
µ eL +

1

2
⌫̄L�

µ
�
g0Bµ � gW 3

µ

�
⌫L � gp

2
ēL�µW

�
µ ⌫L

+
1

2
ēL�

µ
�
g0Bµ + gW 3

µ

�
eL + g0ēR�µBµeR

=� gp
2
⌫̄L�µW

+
µ eL � gp

2
ēL�µW

�
µ ⌫L +

g0

2
(⌫̄L�µBµ⌫L + ēL�µBµeL + 2ēR�µBµeR)

+
g

2

�
ēL�µW

3
µeL � ⌫̄L�µW

3
µ⌫L

�
.
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Charged Current Interactions

Lint =� g

2
p
2

�
⌫̄e�

µ (1� �5) eW
+
µ + ē�µ (1� �5) ⌫eW

�
µ

�
�

p
g2 + g02

2
⌫̄L�

µ⌫LZµ

+
gg0p

g2 + g02
ē�µeAµ +

Zµp
g2 + g02


�g02ēR�

µeR +
g2 � g02

2
ēL�

µeL

�
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Zµ =
gW 3

µ � g0Bµp
g2 + g02

Aµ =
g0W 3

µ + gBµp
g2 + g02

<latexit sha1_base64="NOdwFwvxIl1uuOWe01qcUUsIecM="></latexit>

LCC
int = � g

2
p
2
⌫̄e�

µ (1� �5) eW
+
µ + h.c.
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✓
g

2
p
2

◆2 1

M2
W

=
GFp
2

i.e. g2 = 4
p
2M2

WGF =
p
2v2g2GF
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Neutral Current Interactions

Lint =� g

2
p
2

�
⌫̄e�

µ (1� �5) eW
+
µ + ē�µ (1� �5) ⌫eW

�
µ

�
�

p
g2 + g02

2
⌫̄L�

µ⌫LZµ

+
gg0p

g2 + g02
ē�µeAµ +

Zµp
g2 + g02


�g02ēR�

µeR +
g2 � g02

2
ēL�

µeL

�
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gW 3

µ � g0Bµp
g2 + g02

Aµ =
g0W 3

µ + gBµp
g2 + g02
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L⌫
NC = �

p
g2 + g02

2
⌫̄L�

µ⌫LZµ
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We just derived the interaction of electroweak theory (developed by Glashow, 
Weinberg and Salam in the 1970’s) Nobel Prize 1979.

Lint =
gg0p

g2 + g02
| {z }

e

ē�µeAµ
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Eq . (1)



Electroweak Theory 

Zµ =
gW 3

µ � g0Bµp
g2 + g02

Aµ =
g0W 3

µ + gBµp
g2 + g02
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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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gp

g2 + g02
sin ✓W =

g0p
g2 + g02
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MW = MZ cos ✓W
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Ex: rewrite  in terms of weak mixing angle:Eq . (1)

Lint =� g

2
p
2

�
⌫̄e�

µ (1� �5) eW
+
µ + ē�µ (1� �5) ⌫eW

�
µ

�
�

p
g2 + g02

2
⌫̄L�

µ⌫LZµ

+
gg0p

g2 + g02
ē�µeAµ +

Zµp
g2 + g02


�g02ēR�

µeR +
g2 � g02

2
ēL�

µeL

�
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Eq . (1)



Electroweak Theory 

L = Lem + LCC + LNC
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Lem = eē�µeAµ

LCC = � g

2
p
2

⇥
⌫̄e�

µ (1� �5) eW
+
µ + h.c.

⇤

LNC = � g

4 cos ✓W
[⌫̄e�

µ (1� �5) ⌫e + ē�µ (ge⌫ � geA�5) e]Zµ
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Where we used

Vector coupling of electron 
 to Z

Axial coupling 

Electron to Z

geV = 4 sin2 ✓W , geA = �1,

g

2
p
2
=

✓
GFM2

Wp
2

◆ 1
2

,
g

4 cos ✓W
=

1p
2

✓
GFM2

Zp
2

◆ 1
2
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Neutrino Interactions
⌫e(k) + e�(p) ! ⌫e(k

0) + e�(p0)
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1
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1� �5
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Charged Current Interactions

�iMCC =


ū (p0)

�ig

2
p
2
�µ (1� �5)u(k)

�✓
� igµv

M2
W

◆
ū (k0)

�ig

2
p
2
�v (1� �5)u(p)

�
,

) MCC =
GFp
2
[ū (p0) �µ (1� �5)u(k)] · [ū (k0) �µ (1� �5)u(p)] ,
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=

g2

8M2
W

<latexit sha1_base64="nh6/Oc9XqgMxcxDHxZ1N6UY6UwM="></latexit>

Where we used the replacement:

Let’s calculate the  
cross-section for this scattering process



Neutrino Interactions

�iMNC =


ū (k0)

�ig

4 cos ✓W
�µ (1� �5)u(k)

�
⇥

✓
� igµ⌫

M2
Z

◆

⇥

ū (p0)

�ig

2 cos ✓W
�v (g̃

e
V � g̃eA�5)u(p)

�
,

) MNC =
GFp
2
[ū (k0) �µ (1� �5)u(k)] · [ū (p0) �µ (g̃eV � g̃eA�5)u(p)]

<latexit sha1_base64="0PXnGEham3IxTLt69UDmUxNlXT4="></latexit>

The following Fierz arrangement will be used:

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

µPL 2)

<latexit sha1_base64="A3f2rN3tPsprlhMIIbWgk5Ot5m8="></latexit>

M = MCC +MNC =
GFp
2
[[ū (p0) �µ (1� �5)u(k)] · [ū (k0) �µ (1� �5)u(p)]

+ [ū (k0) �µ (1� �5)u(k)] · [ū (p0) �µ (g̃eV � g̃eA�5)u(p)]] .

<latexit sha1_base64="wgXJc3x5FsJfmrLnPDy7Al+JO68="></latexit>



Neutrino Interactions
The matrix element squared is:

X

i

X

f

|M|2 =
X

i

X

f

⇣
|MCC|2 +MCCM⇤

NC +MNCM⇤
CC + |MNC|2

⌘

= 16G2
F

h
(g0V + g0A)

2
(k0 · p0) (k · p) + (g0V � g0A)

2
(k0 · p) (k · p0)�m2

e

�
g02V � g02A

�
(k · k0)

i

<latexit sha1_base64="VGI7HU9luphwYIJdeuU8Eh++k6E="></latexit>

Note that we average over the spins of the incoming states, sum of the spins of the outgoing 
states  factor. The scalar products are a result of applying the completeness 
relation and tracing over spinors and Gamma matrices. We also redefined

⟹ 1/2 × 1/2

This expression for the matrix element squared can be written for 
 asνμe− → νμe−, νμe− → νμe− , νee− → νee−

X

i

X

f

|M|2 = 16G2
F

⇥
↵ (k0 · p0) (k · p) + � (k0 · p) (k · p0)� �m2

e (k · k0)
⇤

<latexit sha1_base64="QXTLWVdGJX02Klf3wxqU/zKKjlw="></latexit>

Where  depends on the various couplings of neutrinos/antineutrino to leptons.α, β , γ

Eq. (2)

<latexit sha1_base64="3lbyLSsO+crpqZg4zB9neL7mwcI="></latexit>

g0V = g̃eV + 1 g0A = g̃eA + 1

<latexit sha1_base64="ityDsXjAnr5EGEYeaAI0Cj+wpHQ="></latexit>



Neutrino Interactions

We have the following expression for the matrix element squared but to find 

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

The centre-of-mass frame is defined as and we use the Mandelstam variables: 

To go from Eq. (2) to Eq. (3), integrate over the momentum of the outgoing fermions and 
replace the scalar products of four-momenta in the following way:

Eq. (3)

<latexit sha1_base64="oTFn+X65BvoCSWIHq1A7l7VW4Dc="></latexit>

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

s�m2
e

2

<latexit sha1_base64="UbRQueYPzopAvrflnKUEOsh7iUc="></latexit>

s = (k + p)2 = (k0 + p0)
2
, t = (k � k0)

2
= (p0 � p)

2
, u = (k � p0)

2
= (k0 � p)

2

<latexit sha1_base64="5iJJ7PkF7TnkeWdXjzeV1cnMNcI="></latexit>
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e

2
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+
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<latexit sha1_base64="j9HIUpaGSROstRdax55vzuVLImA="></latexit>



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: 

E⌫ ⇠ MeV

<latexit sha1_base64="MsXiUIyfwDN09J7t83lCS9AhKoE=">AAAB/XicbVDJSgNBEK2JW4xbXG5eGoPgKcxIRI9BEbwIEcwCmWHo6XSSJt09Q3ePEIfgr3jxoIhX/8Obf2NnOWjig4LHe1VU1YsSzrRx3W8nt7S8srqWXy9sbG5t7xR39xo6ThWhdRLzWLUirClnktYNM5y2EkWxiDhtRoOrsd98oEqzWN6bYUIDgXuSdRnBxkph8eA69GWKfM0Eynwl0C1tjMJiyS27E6BF4s1ICWaohcUvvxOTVFBpCMdatz03MUGGlWGE01HBTzVNMBngHm1bKrGgOsgm14/QsVU6qBsrW9Kgifp7IsNC66GIbKfApq/nvbH4n9dOTfciyJhMUkMlmS7qphyZGI2jQB2mKDF8aAkmitlbEeljhYmxgRVsCN78y4ukcVr2KuWzu0qpejmLIw+HcAQn4ME5VOEGalAHAo/wDK/w5jw5L8678zFtzTmzmX34A+fzB35qlJ4=</latexit>

E⌫ ⇠ GeV

<latexit sha1_base64="jq+QrKU0lqBBTxPDn0pI459rAEw=">AAAB/XicbVDJSgNBEK2JW4xbXG5eGoPgKcxIRI9BET1GMAtkhqGn00madPcM3T1CHIK/4sWDIl79D2/+jZ3loIkPCh7vVVFVL0o408Z1v53c0vLK6lp+vbCxubW9U9zda+g4VYTWScxj1YqwppxJWjfMcNpKFMUi4rQZDa7GfvOBKs1ieW+GCQ0E7knWZQQbK4XFg+vQlynyNRMo85VAN7QxCoslt+xOgBaJNyMlmKEWFr/8TkxSQaUhHGvd9tzEBBlWhhFORwU/1TTBZIB7tG2pxILqIJtcP0LHVumgbqxsSYMm6u+JDAuthyKynQKbvp73xuJ/Xjs13YsgYzJJDZVkuqibcmRiNI4CdZiixPChJZgoZm9FpI8VJsYGVrAhePMvL5LGadmrlM/uKqXq5SyOPBzCEZyAB+dQhVuoQR0IPMIzvMKb8+S8OO/Ox7Q158xm9uEPnM8fdUCUmA==</latexit>

E⌫ ⇠ MeV � EeV

<latexit sha1_base64="6a0hgJ/Owiot+b/qc963MR5++mc=">AAACB3icbZDLSgMxFIYz9VbrbdSlIMEiuLHMSEWXRSm4ESrYC3SGIZOmbWiSGZKMUIbu3Pgqblwo4tZXcOfbmE5noa0/BD7+cw4n5w9jRpV2nG+rsLS8srpWXC9tbG5t79i7ey0VJRKTJo5YJDshUoRRQZqaakY6sSSIh4y0w9H1tN5+IFLRSNzrcUx8jgaC9ilG2liBfVgPPJFAT1EOU09yeEtak9OM6oYCu+xUnExwEdwcyiBXI7C/vF6EE06Exgwp1XWdWPspkppiRiYlL1EkRniEBqRrUCBOlJ9md0zgsXF6sB9J84SGmft7IkVcqTEPTSdHeqjma1Pzv1o30f1LP6UiTjQReLaonzCoIzgNBfaoJFizsQGEJTV/hXiIJMLaRFcyIbjzJy9C66ziVivnd9Vy7SqPowgOwBE4AS64ADVwAxqgCTB4BM/gFbxZT9aL9W59zFoLVj6zD/7I+vwBl1KYgg==</latexit>

atmospheric neutrino: 

�⌫ ⇠ 1 ⌫/cm2s

<latexit sha1_base64="ZAYz5ppR7l3l+CvDf1DTwZa4s+E=">AAACCHicbZC7TsMwFIadcivlFmBkwKJCYkAlqYpgrGBhLBK9SE2IHNdprdpOZDtIVdSRhVdhYQAhVh6BjbfBbTNAyy9Z+vSfc3R8/jBhVGnH+bYKS8srq2vF9dLG5tb2jr2711JxKjFp4pjFshMiRRgVpKmpZqSTSIJ4yEg7HF5P6u0HIhWNxZ0eJcTnqC9oRDHSxgrsQ68xoIEnUk9RDl3v1OBZ5kkOMb+vqnFgl52KMxVcBDeHMsjVCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHJSxVJEB6iPukaFIgT5WfTQ8bw2Dg9GMXSPKHh1P09kSGu1IiHppMjPVDztYn5X62b6ujSz6hIUk0Eni2KUgZ1DCepwB6VBGs2MoCwpOavEA+QRFib7EomBHf+5EVoVSturXJ+WyvXr/I4iuAAHIET4IILUAc3oAGaAINH8AxewZv1ZL1Y79bHrLVg5TP74I+szx+ccZkW</latexit>

Human:

E⌫ ⇠ MeV

<latexit sha1_base64="Vqh4gavXOB83s3dX9yutw5/uEYQ=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEKrosiuBGqGAf0IQwmU7aoTOTMDMRSsjGX3HjQhG3foY7/8ZJm4W2HrhwOOde7r0nTBhV2nG+raXlldW19cpGdXNre2fX3tvvqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOrwu/+0ikorF40JOE+BwNBY0oRtpIgX14E3gihZ6iHGae5PCOdHLPqwZ2zak7U8BF4pakBkq0AvvLG8Q45URozJBSfddJtJ8hqSlmJK96qSIJwmM0JH1DBeJE+dn0gRyeGGUAo1iaEhpO1d8TGeJKTXhoOjnSIzXvFeJ/Xj/V0aWfUZGkmgg8WxSlDOoYFmnAAZUEazYxBGFJza0Qj5BEWJvMihDc+ZcXSees7jbq5/eNWvOqjKMCjsAxOAUuuABNcAtaoA0wyMEzeAVv1pP1Yr1bH7PWJaucOQB/YH3+ACqOlX4=</latexit>

Earth:

SN1986: E⌫ ⇠ MeV

<latexit sha1_base64="MsXiUIyfwDN09J7t83lCS9AhKoE=">AAAB/XicbVDJSgNBEK2JW4xbXG5eGoPgKcxIRI9BEbwIEcwCmWHo6XSSJt09Q3ePEIfgr3jxoIhX/8Obf2NnOWjig4LHe1VU1YsSzrRx3W8nt7S8srqWXy9sbG5t7xR39xo6ThWhdRLzWLUirClnktYNM5y2EkWxiDhtRoOrsd98oEqzWN6bYUIDgXuSdRnBxkph8eA69GWKfM0Eynwl0C1tjMJiyS27E6BF4s1ICWaohcUvvxOTVFBpCMdatz03MUGGlWGE01HBTzVNMBngHm1bKrGgOsgm14/QsVU6qBsrW9Kgifp7IsNC66GIbKfApq/nvbH4n9dOTfciyJhMUkMlmS7qphyZGI2jQB2mKDF8aAkmitlbEeljhYmxgRVsCN78y4ukcVr2KuWzu0qpejmLIw+HcAQn4ME5VOEGalAHAo/wDK/w5jw5L8678zFtzTmzmX34A+fzB35qlJ4=</latexit>

E⌫ ⇠ 10�4 eV

<latexit sha1_base64="UJZKjudrTFZvFT4krhaosz5I9FE=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQksiFV0WRXBZwT6giWEynbRDZyZhZiKUkJUbf8WNC0Xc+g3u/BuTNgttPXDhcM693HuPHzGqtGV9G6WFxaXllfJqZW19Y3PL3N5pqzCWmLRwyELZ9ZEijArS0lQz0o0kQdxnpOOPrnK/80CkoqG40+OIuBwNBA0oRjqTPHP/2nNEDB1FObSt++SknjrHiSM5JO204plVq2ZNAOeJXZAqKND0zC+nH+KYE6ExQ0r1bCvSboKkppiRtOLEikQIj9CA9DIqECfKTSZvpPAwU/owCGVWQsOJ+nsiQVypMfezTo70UM16ufif14t1cOEmVESxJgJPFwUxgzqEeSawTyXBmo0zgrCk2a0QD5FEWGfJ5SHYsy/Pk/Zpza7Xzm7r1cZlEUcZ7IEDcARscA4a4AY0QQtg8AiewSt4M56MF+Pd+Ji2loxiZhf8gfH5A6Z0l1U=</latexit>

⇢⌫ ⇠ 330/cm3

<latexit sha1_base64="rUn5hNXbphQ8K0NV6zkts0ixI7w=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqSS0CMYKFsYi0YfUhMhxndaq7US2g1RFXVj4FRYGEGLlH9j4G9w2A7Qc6UpH59yre+8JE0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPh9cRvPxCpaCzu9CghPkd9QSOKkTZSYB96chAHnkihpyiH1apzmnmSQ8zH99XALjsVZwq4SNyclEGORmB/eb0Yp5wIjRlSqus6ifYzJDXFjIxLXqpIgvAQ9UnXUIE4UX42/WIMj43Sg1EsTQkNp+rviQxxpUY8NJ0c6YGa9ybif1431dGln1GRpJoIPFsUpQzqGE4igT0qCdZsZAjCkppbIR4gibA2wZVMCO78y4ukdVZxa5Xz21q5fpXHUQQH4AicABdcgDq4AQ3QBBg8gmfwCt6sJ+vFerc+Zq0FK5/ZB39gff4AslCXbA==</latexit>

�⌫ ⇠ 6⇥ 106⌫/cm2s

<latexit sha1_base64="N03JgtoSuFEBmx4VkM2s25qJbD8=">AAACE3icbVC7TsMwFHXKq5RXgJHFokJCDCWpSmGsYGEsEn1ITRo5rttatZ3IdpCqqP/Awq+wMIAQKwsbf4PbZoCWI13p6Jx7de89Ycyo0o7zbeVWVtfWN/Kbha3tnd09e/+gqaJEYtLAEYtkO0SKMCpIQ1PNSDuWBPGQkVY4upn6rQciFY3EvR7HxOdoIGifYqSNFNhnXn1Ig9QTycRTlMOqpyknynW6VWjEc0/yFPNJtwxVYBedkjMDXCZuRoogQz2wv7xehBNOhMYMKdVxnVj7KZKaYkYmBS9RJEZ4hAakY6hAZrGfzn6awBOj9GA/kqaEhjP190SKuFJjHppOjvRQLXpT8T+vk+j+lZ9SESeaCDxf1E8Y1BGcBgR7VBKs2dgQhCU1t0I8RBJhbWIsmBDcxZeXSbNcciuli7tKsXadxZEHR+AYnAIXXIIauAV10AAYPIJn8ArerCfrxXq3PuatOSubOQR/YH3+AOrAnYw=</latexit>

�⌫ ⇠ 360⇥ 106⌫/day

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



Neutrino Interactions
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>

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

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!

1 kg water =) 3.3⇥ 1025H2O =) 1 kg water =) 3.3⇥ 1026 protons

<latexit sha1_base64="TPrjgshyMB/WPV1gQfO1BAccNdA="></latexit>

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

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

<latexit sha1_base64="q2q6M7FTPKFTltqHAPhcLbi0gAs="></latexit>

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

