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Neutrinos




Neutrinos are elementary particles,
e e

= indivisible

electrically neutral,
\—\/—_J

= no electric charge

very light,

= so light that we don't know their mass!

and superbly antisocial
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The Elusive Neutrino

Standard Model of Particle Physics

 Three neutrino flavours

* Very small masses
(unknown origin)

1947: Manchester University 1977: Fermilab ©23: Washington University”

d S b y

ange quark 7 hattorn quark

* Large mixing between
flavour and mass states
(unknown mechanism)

966 ~ sannah River Plant 062: Brookhaven

* 2nd most abundant
particle in the Universe
(impact on cosmology) ey s e P

e pu|7

(+ Higgs boson)

* Unique probe of
high-energy astrophysics
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The Elusive Neutrino

Neutrinos are very light and very antisocial

Strongly
interacting
electron ‘ @ proton
“Interactivity”
Weakly IO
interacting <@ NEUtrino - 4. 4 matter
Very light Mass Very heavy
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Who are we?

|
i

+ many excellent

Assoc. Prof. D. Jason Koskinen Prof. Irene Tamborra Ass POStdOCS/ Ph DS,
!Master & Bachelor

Asst. Prof. Mauricio Bustamante  Asst. Prof. Markus Ahlers  Asst. Prof. Shashank Shalgar
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Neutrinos as Cosmic Messengers

Unique abilities of cosmic neutrinos:

no deflection in magnetic fields
L (unlike cosmic rays)
source
' no absorption in cosmic backgrounds
magnetic .
deflection (unlike gamma-rays)

smoking-gun of
unknown sources of cosmic rays

/ o coincident with

photons and gravitational waves

absorption

BUT, very difficult to detect!
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Powerful Probes in Astrophysics

Neutrinos provide us with:

1. Energy Distribution 2. Flavour Ratios 3. Light Curve
dN,

A 40 # 1 e IMB
dEV e Kamiokande Il
g » H #
i= +
10 A + 6
> T e s w0 w2
Ly

Neutrinos are copiously produced in astrophysical sources, e.g.,

The Sun Supernovae Active Galaxies =~ Gamma-ray Bursts
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Grand Unitied Neutrino Spectrum
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[Vitagliano, Tamborra & Raffelt Rev. Mod. Phys. 92 (2020)]
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Neutrino Flavour Oscillations

contact:

Codkinen 1.0~
7
08

survival
probability .
transition E ’
probability S
S 04
a¥

(mass state)
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Two neutrino approximation
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4000
credit: Wikipedia

Neutrino oscillate between flavours in time/distance.







Neutrino Interactions

Understood phenomenon.

ell“'l‘c elul‘c
> I P>
: Neutrinos interact with
Z neutrons, protons and
! electrons.
> >
fermion (p, n, e) electron

We still need to learn a lot about this process!

) )
> | >
v — v interactions
Z
! Non-linear phenomenon!
> =
) )
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Stellar Nucleosynthesis

Elements heavier than iron are born in supernovae and neutron-star mergers.

Supernovae and neutron-star mergers

contact:
Tamborra

Synthesis of new elements could not happen without neutrinos.

n+ .|.10

10.|.De e++7’L

Particle Astrophysics Ahlers, Bustamante, Koskinen, Ruchayskiy & Tamborra



Rate [ms'1]

Probe of Supernova Dynamics
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[Tamborra et al.,

PRD 90, 123001 (2014) & PRD 98, 123001(2018)]

Neutrinos probe explosion mechanism of a supernova and its rotation.
Complementary information from detection of gravitational waves.
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Neutrinos In & From Cosmic Accelerators



Multi-Messenger Astronomy

Acceleration of charged nuclei (cosmic
rays) - especially in the aftermath of
cataclysmic events, sometimes visible in

cosmic ray nucleus @

magnetic proton

deflection

multi-
messenger
source

©— -

= O pions

/ \ SN Secondary neutrinos and gamma-rays

from pion decays:

absorption

7'('_|_—>,u+—|—V'u 7TO—>fy—|—fy

Let + v, + v,
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lceCube Observatory

lceCube Lab

50 m

lceCube Array

1450 m

DeepCore

Eiffel Tower
324 m

2450 m
2820 m

* Giga-ton Cherenkov
telescope at the South Pole

e Collaboration of about 300
scientists at 53 international
Institution

* 60 digital optical modules
(DOMs) attached to strings

* 86 IceCube strings
instrumenting 1 km3 of clear
glacial ice

* 81 IceTop stations for cosmic
ray shower detections

* price tag: ~2 DKK per ton

Particle Astrophysics
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Status of Neutrino Astronomy

Most energetic neutrino events (HESE 6yr (magenta) & v, + v, 8yr (red))

T 1
Y '.":.' -----
. 9 a T TR
. . . -
. . . O . —
" . . o —
- R . - ——
. . . ., ~
. . . o O
. Q G ., O

Earth
absorption

G

Galactic

No significant steady or transient emission from known Galactic and
extragalactic high-energy sources (except for one candidate).
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Probe of Fundamental Physics

keV MeV GeV TeV PeV_ EeV ZeV

a | ObservableUniverse - | | | i
& 25 EGZKhorizon T | Gpc
é B Supernova : pc
-lé 20 F High-energy | kpC
ol [ i N
o 15k _ . Q pc
2 N cosmic neutrinos o
3 [ Solar e
Z 10 F = 74U
£ [ Geoneutrinos o R
= cf e
%0 B Reactor- - km
'_'] 1 1 | 1 | 1 | 1 I 1 I 1 I 1 I !

3 5 7 9 11 13 15 17 19 21

Logio(Neutrino energy/eV)
I Mzjorana vs. Dirac I CP violation
Mass ordering [N

Neutrino decay C Oﬂta CtS:
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Ahlers,

Sterile neutrinos B u Sta ma n te /

Tamborra
[Ackermann, Ahlers, Anchordoqui, Bustamante et al., Bull. Am. Astron. Soc. 51 (2019)] oo

Dark matter
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Probe of Fundamental Physics

Probe of exotic neutrino mixing, e.g. in
Lorentz-invariance violating extensions
of the neutrino Standard Model.

Probe of neutrino-nucleon cross
sections at very-high energies.
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[Ahlers, Bustamante & Mu, Phys. Rev. D 98 (2018) 12, Ackermann et al., Bull. Am. Astron. Soc. 51 (2019)]
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New particles. New probes

Hidden particles

Dark sectors

How can we probe
for the existence of
new particles?

What particles can we
search for?

What is “feebly
Interacting
massive particles"?

contact: .
Oleg Ruchayskiy

9
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large

coupling

very small

10—31

mass (GeV)
10-%10-%10-210° 10-¢ 102 10° 10°

small

gravity only

AN

Meson factories

Astrophysics / precision experiments

S
ph

LHC

WIMP

AA~

1018
v '
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Example: Heavy Neutral Leptons
— The group is working on physics beyond the Standard Model with feebly

Interacting particles (feebly = weaker-than-neutrinos)

— Theoretical developments (what are they good for) and experimental searches
(how to find them at CERN and beyond)

Sterile neutrino dark matter 5
® Astrophysical searches: X-ray, g
, g )
Lyman-a 2 o —
® Production mechanisms: - Y
Leptogenesis, Einstein-Cartan p——— ,ﬁg H
gravity 3 Y 12 7
)
)

Heavy Neutral Leptons
(also known as right-handed neutrinos, heavy sterile neutrinos)
® Phenomenology of direct experimental searches: SHiP, ATLAS, SND
® Indirect searches and EFT
® Baryon asymmetry of the Universe: Leptogenesis
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Search in CERN (SHiP and SND)

fixed target Emulsion spectrometer evacuated decay vessel (50m)
* 58cm Mo-TZM * OPERA-like lead-emulsion-bricks + Surround Background Tagger
+58cm W (= 104) " muon spectrometer

—> D production —> v-physics (~4k events, 1t v, ’s)

hadron stopper
- 1t/K absorption

contact: .
Oleg Ruchayskiy
//__

A

-
-
®
E
>
o

Particle Astrophysics

muon shield (34m)

= 1.8 kt Fe

—> active shield &
passive absorber
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Main spectrometer

upstream veto tagger
+ straw chambers
- veto v events

+ residual u's

® tracking chambers + magnet
= electric calorimeter
" muon filters

{4y,
C 1‘00/7@/

SCATTERING AND
NEUTRINO DETECTOR

' 100 m rock |

Neutrinos

~ Residual hadrons

magnets

Charged
particles

ATLAS

480 m

pp collisions
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Neutrinos in Particle Astrophysics and Cosmology:
+ fundamental in most energetic phenomena in our Universe

+ ideal messengers

+ carry imprints of engine and population of extreme transients

+ their flavor conversions are crucial but yet to be fully grasped

M.Sc. projects in Particle Astrophysics can cover various aspects:

+ impact on stellar evolution

contacts:
+ potential to probe astrophysical environments Ahlers,
- fundamental neutrino properties Bustamante,
- direct probe of the origin of cosmic rays M

» observation in neutrino telescopes or experiments
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Dark particles. Dark sectors. Dark matter
* Particles beyond-the-Standard-model exist
+ These particles can be interacting weaker than neutrinos

+ They can be searches in lab and in space

M.Sc. projects in Particle Astrophysics can cover various aspects:

 New probes of feebly interacting particles — there is still space
for ideas!

+ New methods of data analysis (large-scale Al tools , including
popular nowadays LLMSs)

+ Lots of small cool projects to start you research contact:
Oleg Ruchayskiy
//
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Backup Slides
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Neutrino Selection |

COSMIC ray

atmospheric cosm i C
neutrino °
atmospheric neUtrl no

K

IceCube
up-going

down-going

cosmic ra)/
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Neutrino Selection Il
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* Atmospheric neutrinos ,
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. I I l
atmospheric muons. | b

I I

e Cosmic neutrino events |
can start inside the
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|
coOsmic
ne:utririlo

* High-Energy Starting
Event (HESE) analysis
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Multi-Messenger Interfaces
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The high intensity of the neutrino flux compared to that of y-rays
and cosmic rays offers many interesting multi-messenger interfaces.
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Realtime Neutrino Alerts

Low-latency (<1min) public neutrino alert system established in April 2016.

[ridium
+ GOId alertS: ~10 per Year Online Event lceCube iceCube ¥ EHE Alert > aApoN
o . Filtering - Live Live F—— &
>50% S'gnalness . System South i i North “PHESEAlert®  GCN
South Pole, Antarctica Followup
* Bronze alerts: NZO per year ...................................................................... : *Reconstruotions-’

lceCube Data Center, Madison WI
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GRBs and Gravitational Waves
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[LVD, Fermi & INTEGRAL, Ap) 848 (2017) no.2, L13]
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