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Resources

 Giunti & Kim: “Fundamentals of Neutrino Physics and Astrophysics” available
In the library

 Pascoli: “Neutrino Physics” available Neutrino Physics

* Hernandez: "Neutrino Physics * available hep-ph/1708.01046.pdf

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

NeutrinoScope (:: Neutrinoscope is a free App for iPhone and

Bring neutrinos alive with AR!

Cambridge Consultants |Pad deveIOped by Cambrldge COﬂSUltantS and
R 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

Standard Model of Elementary Particles

three generations of matter
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* Neutrinos are electrically neutral
fermions & part of SU(2); doublet

* Neutrinos undergo weak interactions
with the W and Z boson

(m(W*) ~ 80 GeV,m(Z) ~ 91 GeV)

 Neutrinos are very lightm, S 1eV



Discoveries of the Neutrino

1800s was an extraordinary time for radioactivity discovery: a, 3, Y all identified

a - Helium nucleus, discovered by Rutherford 1899

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

B - electron emitted by radioactive nuclel, discovered by Rutherford 1899
(A, Z) = (A, Z+1)+e — E.=MA,Z+1)— M(A,Z)

Intensity [arbitrary units]
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Electron Energy [MeV]

From energy conservation, the electron should
have had a fixed energy, not a spectrum which
was what was observed.


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

Discoveries of the Neutrino

e 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.

Abschrift

Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Airich Cloriastrasse

Liebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhbren bitte, Ihnen des niheren asuseinandersetsen wird, bin ich

angesichts der "falschen" Statistik der Ne und Li-6 Kerne, sowie .
des kontinmuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselsats™ (1) der Statistik und den Energiesats (A’ 2 ; ) % (147 2 ; _|_ 1 ) _|_ 6 _I_ Ve

su retten. MNimlich die Moglichkeit, es kbnnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘eheh von lichtquanten musserdem noch dadurch unterscheiden, dass sie
mit Lichtgeschwindigkeit laufen, Die Magse der Neutronen
| von derselben Qrossenordmung wie die Elektronenmasse sein und
s nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche
Spektrum wire dann verstandlich unter der Annahme, dass beim
boba-~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
aisd, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

* 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

e 1934: Bethe and Pelerls showed the interaction cross section of the neutrino
should be extremely small — a neutrino can traverse the Earth without deviation

 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.

Photomultipliers Detection chamber
N, .
Y B) Annihilation of the positon in two photons
A ettt
' 2 N S —
== T - _.nr‘f\'.
(v (as) T -UI.‘[U.H’
v @ QY @ et
996 9% ¢ & . 15 msec delay from photon
~ (W) A) Antineutrino interaction -
2§ Wrpe e emitted by neutron capture
Antin inos flu Y
fro tor

m reac : ‘n
‘ 9 10X . 109 X e ——— -.“U” .t'»-
1()1‘} /em” | sec n + Cd— Cd +vy 9 —_— W

() Neutron capture by a Cadmium nucleus




Discoveries of the Neutrino

e U, discovered from inverse beta decay where ¢ was in final state

e U discovered (cosmic ray showers) in 1937. Was there an associated yﬂ?

e 1959 Galllard, 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

Beryllium Steel Shield

Spark Chamber

Protons Pions
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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, DELPHI, L3 and OPAL 1989 confirmed 3
generations of neutrinos
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Discoveries of the Neutrino

e 7T discovered in 1975 by Perls and colleague

et +e =T 47 et +uT + 4

e Was there v associated to this new heavy lepton?
e Confirmed in 1997 by the DONUT experiment: they observed 4 tau neutrinos

36 meters

800 GeV
proton beam

shielding emulsion

. detector
mean energy neutrinos

~ 50 GeV

primary DT
interaction

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



e The Standard Model (SM) gauge group based on the following symmetry:

SU(3)C X SU(Q)L X U(l)y —> SU(3)C X U(l)EM

» Spin-0 particle ¢: (1,2, =)
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* \WWe have 3 generations of fermions: generations with identical gauge quantum
number but different masses
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Tz weak component of isospin is
quantum number related to weak interactions

Neutrinos T3 = 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



Board



Recap on Electroweak Theory for neutrinos

In weak interactions, neutrinos and charged leptons come in a SU(2); doublet
always interact via their left-handed components:

_ (VL
o= ()
Right-handed components are SU(2); singlets: e, U5

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

L = iTZLawL + 1er0der + 1UVROVR

We want to add gauge interactions (invariant under local gauge group SU(2); X U(1)y)
So promote derivative to covariant derivative: 0 — D"

/
DH —6’“+2‘;]_’ W —z’%YB”




Electroweak Gauge Interactions
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Weak Charged Current and Electromagnetic Interactions
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Charged Current Interactions
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Neutral Current Interactions
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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.



Electroweak Theory

gW3 —4¢'B, gW, + 9B,
Z,u p— A,u p—
\/92 _|_g/2 \/92 _|_g/2

Z and photon are different linear combinations of W3 and B weighted by different
factors. We can conveniently parametrise this in terms of the “weak mixing angle” @y,

Z,, = cosbwWs, —sinw B, B q | B q
. cos Oy = sin By =
A, = sin Oy W3, + cos 0w B, V9:+9g” V9*:+g"”

Mw = M cos 0w

Ex: rewrite Eq. (1) in terms of weak mixing angle:

Lii =— —2— (D" (1 W+ + evk (1 Wy - VIR,
int — /2 (VeW (1 —75)e T ey (1 —5) ve u) 5 VY VL 4y
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Electroweak Theory

L: — Eem _I_ L:CC _I_ ENC Veotorcoup:l)ngofelectron

L = eeyteA,
g B Axial coupling

L:CC —_ Ve 9/ 1 . €W_|_ _|_ h.C. Electron to Z
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Neutrino Interactions

Let’s calculate the

cross-section for this scattering process
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Where we used the replacement: —



Neutrino Interactions

_iMnye = u Ky —"Y . (1 —%)u(k): y ( igw)

The following Fierz arrangement will be used:

(V1Y PLW2) (V! PLWy) = (W17, PLWy)(VUsyH PrL¥s)

M = Mcc + Mnc = G—\/g (@ (p) v (L —5) u(k)] - [u (E") " (1 —vs5) u(p)]

+[u (k) v, (1 —s) u(k)] - [a(p) v (9v — 9a7s) u(p)]] -




Neutrino Interactions

The matrix element squared is:

SN IME =33 (IMeel + Moo Mie + MyeMic + [Mucl)

= 16G3 |(gh +92)* (K- p) (k- p) + (91 — 9a)” (K- p) (k- p') = m? (9 — gF) (k- k)]
Note that we average over the spins of the incoming states, sum of the spins of the outgoing

states = 1/2 X 1/2 factor. The scalar products are a result of applying the completeness
relation and tracing over spinors and Gamma matrices. We also redefined

gv =9v+1 ga=9ga+1

This expression for the matrix element squared can be written for

yﬂe —>I/,u€ ye —>I///t€ 1/8 —>I/€ dS

LL\MIQ—H)’GQ a (K -p)(k-p)+B (K -p)(k-p) —ymZ(k-K)] Eq. (2)

Where a, 7,y depends on the various couplings of neutrinos/antineutrino to leptons.



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:

do 1 2_, ,23—m§2 , ,gu—mQQImg .2 ,2_
d_QCM—47T2SGF (gV‘|‘gA) ( 9 ) ‘|‘(QV—QA) ( 9 ) | 5 {(gv) —(gA) }t Eq (3)

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

2 2

s=(k+p)’=0K+p), t=Ek-K) =0 -p", u=k-p) =FE -p)

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:

s —m?
2

s=(k+p)? =k +4p>+2kp) =m?+2kp) = (kp) =
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Neutrino Interactions

Consider atmospheric muon neutrinos with mean energy _ag o Ly
of a GeV. The interaction cross-section with a proton is Ovp ~ 107 ""cm GeV
How many atmospheric muon neutrinos would interact with you
in your lifetime?
d — 1; (E,) ~ GeV Nevents = 0 X © X Nigrget X T1me
cIm<sec
1 kg water = 3.3 x 10*°H,0 = 1 kg water = 3.3 x 10°°® protons

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

Niarget ~ 2 X 10%° protons Time = 80 years = 2 X 10” secs
Nevents ~ 2 % 10%% x 2 x 10”? x 1073% ~ 1!

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/

