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EARLY NEUTRINO THEORY

1930 - Pauli introduces concept of
neutral particle that conserves energy e

and momentum in beta decay, hames it

neutron

1933 - Fermi develops theory of weak
interactions, renames particle to little
neutron or neutrino
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NEUTRINO DISCOVERED

1956 — Cowen and Reines discover the -
neutrino using inverse beta decay.

Electron anti-neutrino produced by

nearby nuclear reactor

LN 1 L 1 L | L I
Solar neutrino flux per reaction
hep

1968 — Homestake experiment detects -
electron neutrinos from the sun, but the
number observed is |/3 what was
expected.

1968-2021 - All neutrino flavors seen,
measure mass, measure charge, etc...
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SOLAR NEUTRINO PROBLEM

Oscﬂlatlon probabllmes for an 1n1t1a1 electron neutrino

. —

» Homestake only observed |/3 of the

predicted neutrinos, where did they 6
all go? 2 06l
* Neutrino oscillations... s

© 04

oW

» They were only optimized to detect 02
electron neutrinos, decades later A '
. 0.0 ‘ -

confirmed solar neutrino problem and 0 5000 10000 15000 20000 25000 30000 35000

established neutrino oscillation 1995 Nobel Prize Winner
CoweReines

“For the greatest benefit to mankind

* Needed different detection

techniques to detect all neutrino
flavors
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VWHY ARE WE INTERESTED IN NEUTRINOS?

» Source of neutrinos also
N
S - - produces gamma rays and

Gamma rays -
They point to their sources, but they

e cosmic rays
* Neutrinos are neutral, aren’t
deflected by interstellar magnetic
mme Y _ field

sources and carry information

from deep within their origins,

air shower

\' * They are charged particles and - . Y N e Utri n OS a— re Wea— I(Iy i nte raCti ng’

are deflected by magnetic fields,

; o can travel billions of light years
without interacting
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NEUTRINO SOURCES

* Naturally produced neutrino from | eV
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'_Emm: /\ Cosmological v to I Eev N energy

'Tf 10: : Solar v

".'E e Supernova burst (1987A) 5 )

Sior | N * Flux scales rapidly with energy, the

E | / eactor anti-v ) A 3
O ckaround from old sunermoved higher in energy the neutrino the lower
10+ | the rate produced
10-¢ F Terrestrial anti-v
10-12 : Atmospheric v
I vfrom AGN * lceCube optimized to observe neutrinos
ot wmogenid > 100 GeV, deepcore extends this to |
L ,\ Gev
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ICECUBE FLUX MEASUREMENTS
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NEUTRINO INTERACTION PROBABILITY

» Neutrino cross section is working in
. Extra.Galactic our favor, increases linearly with

. Galactic ecne rg)’
Accelerator

Atmospheric

superhiov A » At lceCube energies, deep inelastic
ctos scattering dominates

Cross Section (mb)

 The neutrino scatters off a nucleus
in the ice and produces an electron,
muon, tau and/or hadrons

10 10° 1 10° 10* 10° 10 10° 107 10* 10° 10"
Neutrino Energy (eV)
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ICECUBE CROSS-SECTION MEASUREMENTS

10—32 :
0.95 -® Neutrino :
O.8§ A+ Antineutrino
| — Weighted combination —
—~ 0.7 , N ==
g — This result = z="
L. 1n-33 -
2 10772 = z=~
N =
NE ~— —
S O Z=7
0 O -7
:z S
g 8;
N . L 10—34_ )
0.5 Argiielles et al. (v)
{1 Accelerator - C -Sarkar et al
: data ooper-darkar et al.
0.1 - Aartsen et al.
0 § This work
5 25 35 45 55 & AP
5 5 3|:g[E oo 5 5.5 6.5 105 106 107
‘ E, |GeV]
Nature 551, 596—600 (201 7) arXiv20 1 | 03560
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NEUTRINO OSCILLATIONS
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* PMNS matrix defines three
R neutrino mass and three neutrino
et/ )
o =2 o| flavors eigenstates
0 0 L
Ko Lt 1 1
0o =2 ol,* B2 013 B23... are referred to as
0 0 1 SRt
"~ the mixing angles
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AE and measured simultaneously
9
Am;; L
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Manuel Silva - Bootcamp 2021 10



ICECUBE OSCILLATION MEASUREMENT

Cascade-like Track-like
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Phys. Rev. Lett. 120,071801
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BEYOND THE STANDARD MODEL

* We assume there are 3 neutrino
flavors, but what is there is a 4th

neutrino? A sterile neutrino?

» Sterile because it only interacts with

gravity

lceCube “detects” sterile V via

oscillation effects from incoming

atmospheric neutrinos
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NEUTRINO FLAVOR IDENTIFICATION

» Historically, lceCube has separated
data into two categories
» Cascades and upgoing tracks

 Cascades consist of all neutral
current and electron/tau neutrino
charged current interactions

Cascades Up-going Tracks- Upgoing tracks are charged current
muon neutrino interactions only
* Recent developments show that
tau decay inside the Earth
contributes to tracks!
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FLAVOR IDENTIFICATIQN;: )
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MUON NEUTRINO/ANTI-NEUTRINO CLASSIFICATION

v CSMS

v CSMS

- Phys. Rev.

| — Flux-averaged CSMS

D 99,032004

102 103 104

10° 106 107

E, (GeV)

- <y> = Energy in cascade/Total Energy of neutrmo. 1 HE '

IVI S|\va \/L\/I\IT ZOZ \

L E= |6Tev

- Inelasticity of event could be used to classify
events into neutrino/anti-neutrinos
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https://indico.ific.uv.es/event/3965/contributions/14812/

NEUTRON ECHO

» CC interactions all have a charged 108 .

| I I I |
lepton emitted Srompt
— 107 F shower
* NC interaction hadron is the detectable &
signature g 10°F muon
© decay
. . . “g 105 neutron
* Neutron scatters elastically in the ice w0 10T captre
until it is eventually captured by a S
o
nucleon 19
» Gamma rays emitted ~Ims after the 3
10
DIS 10° 10° 107 10° 10° 10* 107

Time [s]

Pnys. Rev. Lett. 1222, | 5 .
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SUMMARY

Neutrinos are one of the most interesting fundamental particles to study!

Several Nobel Prizes have already been won studying the neutrino

lceCube has measured the oscillation parameters of the neutrinos, the flux of
atmospheric and astrophysical neutrinos, cross-section, etc...

Next phase of study include more precise measurements such as flavor
identification, neutrino/anti-neutrino classification, etc....
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NEUTRINO PHYSICS PRIMERS

THE PRYSICS OF

- Neutrinos
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QUESTIONS??
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DEEP INELASTIC SCATTERING

Neutral current
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