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NEUGIHNoS

* Neutrinos in the Standard Model
are elementary particles with the
following properties:

> They are fermions, part of the lepton
doublets

> They interact only via weak
interactions (charge current - CC,
neutral current NC)

> Have no electric charge

> They are massless (within Standard
Model)

> We have three flavor states of
neutrinos: electron neutrino: ve,
muon neutrino: v,, taon neutrino: v..

LEP experiment result: N, = 2.984 + 0.008

(From Z° boson width measurement).

> Only left-handed neutrinos and right-
handed antineutrinos are observed
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neutrinos

» 1930 - Wolfgang Pauli introduces hypothethical | have done something very bad today
particle to solve the missing energy problem in | by pPropaskig o Pamde that cannot be
beta decays detected; it is something no theorist

. . . should ever do.”
1933 - Enrico Fermi calculates the cross section for

) : ) . Wolf Pauli
interaction of a typical neutrino from reactor (few plEgand Fatil

MeV of energy) to be ~10-%cm?2. Mean free path in spectre
steel of 1 MeV neutrino is 10 light years! We need a HHE> @ ek Expected
very strong neutrino source to detect signal. £ spectrum of electron

: : . 8 energies energy
1956 - First neutrino detected! Reines and Cowan s
observe for the first time neutrino interaction. Their 5
detector was located close to the nuclear power g n->pev
plant (5 x 102° v/s) in Savannah River (USA). 7 z
1962 - Lederman, Schwartz, Steinberger discover Energy o
muon neutrinos v, with first experiment using S;;Etﬂﬁff

'accelerator neutrinos’. Nobel prize in 1988.

1975 - t particle discovery at SLAC (USA) and v,
hypothesis

2000 - DONUT experiment (Fermilab, USA) detects
tau neutrinos v,
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eutrino?

 Neutrinos are neutral and don’t s

interact with photons — are 9 partiles out
literally invisible

« When neutrino interacts in
matter it may produce charged
particles

* They are visible and seem to
appear out of nowhere...

Paper Glass Lead

* The interaction length for 1 MeV
photon in lead is ~2 c¢m

 For the neutrino of the same /@

energy it's ~5 light years!

From A. Himmel
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neutrinos
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* In the early universe neutrinos were in thermal
equilibrium with protons, neutrons and electrons
maintained through the weak interactions.

* Production of neutrinos in the early Universe
happened in the weak process:

+ - —
e +te 2v,+v,

* Neutrinos exit the thermal equilibrium and
decouple from other types of matter with
temperature kT < 3 MeV at time t>107s

* In consequence there should be ~330 cm=3 of
‘relic’ neutrinos in the Universe with

temperature ~ 1.95K ...

* ...but they have very low energies (~10* eV)
therefore are very difficult to detect.
Experimental challenge for future experiments!
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oS

= Current data 2 60 Outlook toward year 2025 4
* Neutrinos are produced inside the Earth by £ o
the radioactive decays of long-lived LA £ S| 000
natural isotopes: Uranium (U), Thorium s . _}_ " HFF
. . = b £ 30
(Th), Potassium (K), Radium (Ra),... i
£ 20 P — power in BSE g o power in BSE
» Beta decays are the source of electron * 1 3,
antlneutranS. -I—he ﬂUX Of geoneutranS _ S B . E P ‘z

6*106 Cm'zs'll ! 0 10 20 30 40 50 60 0 - 10 2030 40 50 60

Geophysical prediction: Lithospheric flux in TNU Geophysical prediction: Lithospheric flux in TNU

« The most 'applied’ field of neutrino Lith heri {ino
physics. Possible applications of Ithospheric geoneutrino Tux
geoneutrinos: data vs predictions

> Geology, Geophysics. Studies of Earth’s
interior by measuring the fluxes of neutrinos
at the surface. Studying the composition of
our planet without drilling below the surface.

» Additionally geoneutrinos consitute a

—4— Data

----- Reactor neutrino

----- Best-fit with fixed M(Th)M{U) ratio
I U fit with free mass ratio

Th fit with free mass ratio

Events / 233 p.e. / 907 ton x year
>
[ N

significant background in experiments - Borexino
measuring solar neutrinos: KamLAND, Il o experiment
SNO+, JUNO, Borexino i3 ‘Ml 4« results

Prompt Event Energy [p.e.]
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utrinos

Neutrinos are produced during the gravitational collapse
of the core of the massive star (m > ca. 8-9 M ).

Emission of the neutrinos from the neutronization
process (~ms): e+p=2>n+v, Core density increases to
nuclear matter density and neutrinos are trapped.
Neutron star is created.

External layers fall into the core and bounce back
causing a shockwave = Supernova explosion. Neutrinos
are released in the shockwave.

Neutrinos are also produced in:

+ - 0 _
e e 2L VAV, V,V,, V.V,
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trinos

50'_:IIT]T]IITIIIIIIITIITTIIT Ill II:
 During the neutron star cooling B * ERmeicanaD =
99% of the gravitational energy is 3 E
emitted in the form of neutrino 5 2004 ¢ EMev thres:m'd E
pulse (!) lasting several seconds & 10 E—I | TR A
(~10% nevtrinos) D
* We can detect neutrinos from = 40 :—“ﬂ + IMB —
Supernovae via inverse beta E 30F + =
decay: . B 205 4t :
Vetp2>n+te S 105 | 20MeVthreshold ' —
0'_111]-llll-llllllll]illll 114 11-
« Famous detection of neutrinos 80 Cr [T T T T T T T T
(10-15 MeV) from Supernova = 40 Baksan —
1987A explosion by Kamiokande HH:> Z 30 =
(Japan), IMB (USA), Baksan S ¢ . t =
(USSR) experiments g 10 =
0J.ll];llll.llllllll]allll.lll ll:

0 2 4 6 8 10 12 14

Time after first event [s]
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Atmospheric neutrinos

o = ° Primary cosmic rays - very high
::_,:_IA':c:.m'osph_ere' _' ._---_'P.ro_to'ns'-"' energy (Up to 102° eV) partiCIeS
s, 7 B (86% protons) interact with the
nuclei in the higher parts of the
atmosphere producing secondary
particles, mainly pions.

 Charged pions decay into muons
and muon neutrinos

 Muons decay into positrons, electron
neutrinos and muon neutrinos

« Atmospheric neutrino flux ~1 cm=s-!

 Mean energy of atmospheric
neutrinos ~ 1 GeV (energy
distribution peak ~100 MeV )
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and electron

0S
* The ratio of number of muon
T~ AN neutrinos and antineutrinos to
number of electron neutrinos and
y n | antineutrinos below 1 GeV should be
+ H equal approximately 2
u—/ J4
- _|_ —
' e NM:N(VM+VM)N2
. N. N(v+v,)
Y » Experimentally it is convenient to
measure double ratio R to reduce the
/ / \ \ \ N\ systematic uncertainties. It is defined
5 Vi — - V, — as observed ratio / theoretical ratio.
Ve "1V Vi Ve Vu "H VY Ve R should be equal to 1
ﬂ+—*M+ + Vu E-_}M- + V“ R:(NM/Ne)Obs
L e++ve+§u LE""\TE"'Vu (NM/Ne>Teor
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> IMB (USA, 1986):

any deficit:

 No final conclusion...
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> Frejus (France, 1989): +0.35
> NUSEX (France/ltaly, 1982): R:0,99_ 0 .25

rinos anomaly

* In the 1980s several experiments reported a deficit in the
number of detected atmospheric muon neutrinos

R=0.54%+0.05%=0.12

> Kamiokande (Japan, 1988): R=0 60+O.06+0 05

 ...on the other hand there were experiments that didn’t observe

R=1.00%=0.15%=0.08

T.Wachala&G.Zarnecki, Neutrino Physics 1



stUper-Kamiokande experiment

..until Super-Kamiokande - world largest neutrino
detector was built (operating since 1996):

> Cylindrical tank with the diameter and height
of 40m,

> Located 1km underground, in the zinc/copper
mine near Mozumi in Japan

> Tank filled with 50 000 tons of ultra pure water

> 11 000 of photomultipliers (PMTs) on the walls
of the tank detecting Cherenkov light

'Top view of the detector
ﬁlled w:th water '

‘ ’:'L'InSIde the detector-‘f?_""-'
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HoWaStUper-Kamiokande ,,sees”
, L-'

* Neutrinos interact with the nuclei inside
the tank and produce charged particles

* Charged particles traveling in the
medium (eg. water) faster than the
speed of light emit cause the
Cherenkov radiation along their
trajectory

* Photomultipliers detect the
characteristic rings of the Cherenkov
light

« Spatial and the time distribution of the

Cherenkov radiation

Neutrino Cherenkov light allow to reconstruct
1 v the direction of charged particle (and
i neutrino direction)
Charged « Amplitude of the signal detected by
particle PMTs, the opening angle of the light
traversing the cone and characteristic pattern of ring
water tank allow to discriminate between muons
o and electrons and measure their
Photomultiplier | energy

Krakow, 13.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 1 19



HoWaStUper-Kamiokande ,,sees”

1leutrinos?
Veth—e~+p

603 MeV muon (sharp ring) 2 ' 492 MeV electron (fu_zzy rng) :

Event displays from Super-Kamiokande
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* Super-Kamiokande online event display:

http://www-sk.icrr.u-tokyo.ac.jp/realtimemonitor/

Krakow, 13.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 1

21



* |sotropic flux of cosmic rays = The
flux of atmospheric neutrinos should

_ Zenith be isotropic.
Isotropic flux of -

cosmic rays ’/\ + The ratio of the number of "upward-

5 going” and "downward-going”
muons from atmospheric neutrinos
should be equal 1.

« Zenith angle ® measures the length
of the trajectory of neutrino from the
production point to the detector

"Downward-going”

"Upward-going neutrinos” neutrinos

Krakow, 13.02.2025 T.Wachala&G.Zarnecki, Neutrino Physics 1 22
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» Explanation of Super-Kamiokande result:
atmospheric muon neutrinos change their flavor
on their way from the source to the detector to
taon neutrinos — the ratio of muon neutrinos to
electron neutrinos is different than predictions

» The longer is the source - detector distance the
more muon neutrinos disappear — explanation
of the dependence of number of detected muon
neutrinos on the zenith angle

* Based on the measurements Super-Kamiokande
experiment calculated the corresponding mass
splitting and the mixing angle from theoretical
model of neutrino mixing called Pontercorvo-
Maki-Nakagawa-Sakata (PMNS) model.

Results were confirmed later by a number
of experiments: Il
K2K, MINOS, T2K, OPERA ...

os oscillations

1T T T 1
VY,
10 E

Kamiokande

sin20 > 0.82 90%C. L.

5x10°% < Am? < 6x10 °eV?
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Solar neut

. SK, SNO _* Electron neutrinos are produced in
omestake .
GALLEX/GNO *  the Sun in the thermonuclear
° T T I reactions:
1pu ﬂ 1% Bahecall—Serenelli 2005 3 5 d CNO |
100 | Neutrino Spectrum (+1o) E pp an CyC €
b Ben| +10.5% > Electron capture on 'Be
~ ool .- (IR b B > Beta decay of ¢B
T PP | pep-: 2
A | ]
|E 107 g-"— _-"______:__‘ :, _
N | IR B 1+ Overall flux of solar neutrinos on
5 - "Be . :
B 108 [ £10.50% . 1 earth: 6.5 x 1019cm=2 st
102 F 73 . . .
* Theoretical predictions come from
102 F .
- the well established Standard
10! . e

0.1

Solar Model (SSM) developed
since 1963 and continuously
Most of the solar neutrinos come from: updated by J. Bahcall et al. over

4p > “He+2e'+2v, +2y several decades.

Neutrino Energy in MeV
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Radiochemical:

37 37 - 71 71 -
V.+ CI>7 Ar+e v, + Ga-> Ge+e

SK, SNO
Homestake

GALLEX/GNO

1012 -
1om |
pp| £1%
100 |-
B

Bahcall-Serenelli 2005

Neutrino Spectrum (:xlo)

i
Neutrino Energy in MeV

Water Cherenkov:

Vyte dvyte  Vytndvy+n
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Solar neutrinos - detection
o

« Radiochemical experiments:
detecting low energy ve : GALLEX,
GNO, Homestake:

> Had low energy threshold

> Only counted nuclei in the final state
of the reaction

> Had no information about the time of
interaction

> Had no information about neutrino
direction

» Water Cherenkov experiments:
detecting neutrinos with energy
E>5 MeV: Super-Kamiokande, SNO:

> Higher energy threshold

> Had neutrino time and direction
information (for electron recoil
events).

T.Wachala&G.Zarnecki, Neutrino Physics 1 27



* 1969 - 1999 - R. Davis Jr.’s experiment in the
Homestake mine in USA was constantly
reporting a deficit of solar neutrinos.
> Measured flux:  2.56 + 0.16 (stat) = 0.16 (sys) SNU gi*=
> Predictions: 8.5 + 0.9 SNU

* 1992-2010: GALLEX/GNO experiment in Italy

and SAGE (USSR): observed ~50% lower solar
neutrino flux than predicted by SSM

* 1989: Kamiokande experiment in Japan
observed ~50% lower solar neutrino flux than
SSM predictions

Three options:
SSM model is wrong, experiments don’t control well their systematic errors or

something is happening with the neutrinos during their travel from Sun to the the Earth

1 SNU (Solar Neutrino Unit) = 1 neutrino interaction / (s x 103¢ target nuclei)
Krakow, 13.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 1
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eriment

* Pioneering radiochemical _
experiment operating through 30 "'°°\® P o
years: 1969 - 1999 by Raymond G"’) o o
Davis Jr. wp® prr P
« 615 ton of carbon chlorine in the b -~
tank in the old gold mine m/,, _—
Homestake in South Dakota AN o
* Very challenging and time St
consuming experiment - every 2-3
month 3’Ar atoms were extracted oF ' Predicted
from the tank and counted by Y ISR I -
looking at Auger electrons } .
emmitted during the Argon decay. 4 | : m‘ H
* Nobel prize for R. Davis Jr. in 2002 | } M } w Measured

HJ By Homestake

IIIIIIIIIIIIIIIIIIIIIII
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solaipNeutrino Observatory (SNO)

Zed

e - .
= S -

e 2 km underground in the nickel mine near
Sudbury in Ontario, Canada

* 1000 ton of ultra pure heavy water (D20) in
the spherical tank with 12 meters of
diameter

* 9500 photomultipliers detecting Cherenkov
light on the walls of the tank (similar
detection principle to Super-Kamiokande)

 Additional veto detector filled with water to
tag the particles from radioactive decays.

Krakow, 13.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 1 30



Charged Current (CC)

- : Electr_on
Interaction: ”e“tﬁ'& Electron /< crenkov
- 3 ring
v,+d=>p+p+e : /1
Deuterium \ @ Proton
P
Proton
Neutral Current (NC)  neutrino |
interaction: N /(. Neutrino
Vi +dd ptn+v, T A
Deuterium \ ©® Proto
Ngutro
n
Electron Scattering (ES): /\
Neutrino Electron %/ ﬁggrenkov
v +e >V +e Ca, o
Electro \
n Neutrino
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sractions in SNO

Only electron neutrinos
can be detected

All neutrino flavors
can be detected

All neutrino flavors can be
detected
(but with different weights

- cross section different for
ve than for v,, v.)
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S in SNO

» First phase: NC interactions in SNO are detected by measuring the
photons from the neutron capture on deuterium:

Neutrino

n+’H-> H+y
Proton
\ Photon energy (y): 6.26 MeV

Deuterium

Neutrmo

@ Neutron

« Second phase: 2 tons of NaCl were added to the detector tank and
increased the NC detection efficiency from 24% to 84% (neutron capture

on chlorine)

I’l+35 Cl> - CI+Z Y Energy of the photons (Xy): 8.58 MeV

* Third phase: helium counters were put into D,O to estimate the
systematic uncertainties for NC interactions independently:

n+° He= p+3H

Krakow, 13.02.2025
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SINEE=SInal r

.
.

 Measured number of
charge current CC (only
electron neutrinos) and
neutral current NC (all
neutrinos) interactions
simultaneously -» SNO was 3
able to calculate:

.
.
bt
LEs

(2001 1 2002)

-
e
"

b [l occ 68% C.L.
> Electron neutrino flux only I o 68%C.L.
(Dcc) 1 [ ¢ss 68%C.L.
B SK
> QOveral flux of all neutrino B -|¢Es 68%|C-L- |
flavors (dne) |- S B 2

2l

DI =1.68 = 0.06(srar.)’y o (syst.)
@I = 235+ 0.22(star.) = 0.15(syst.)
DI = 4,94 = 0.21(star.) 038 (svst.)

Pec. =034 = 0.023(stat.)* %27

—0.031
Pnc

Krakow, 13.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 1

—— 0y, 68%, 95%, 99% C.L.
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(PSSM
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uzzle solved

* In the Sun only electron neutrinos v. are produced

* SNO experiment showed that: Pec _ 0.34%0.023(stat) %

P
> Electron neutrino flux is ~1/3 of the total neutrino flux,
because electron neutrinos transform into v, i v.

> Total neutrino flux from the Sun agrees with SSM

« Homestake, GALLEX/GNO, SAGE were able to
detect only electron neutrinos -» they measured
deficit.

\/e+37Cl(71 Ga)> > Ar(" Ge)+e

« Kamiokande and Super-Kamiokande were
measuring total neutrino flux but with different
weights for different neutrinos —» deficit.

Krakow, 13.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 1
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NE Dasic concept

Reminder: neutrinos change their flavor with time. Experimentally
confirmed by a number of experiments: Super Kamiokande, SNO...

JtRNoe mixing -

Example for muon neutrinos

Muon neutrinos @ @ Detector
with energy E [Ge'V] ' ~ (mixture of neutrinos of
@ \__/ \/ \ / \/ \ / . all three flavors)
! Oscillations i
\ \
L [km]
Probab|l|ty of 1.07 Osci]lation probgbilitis:s fl'olr anliflitia‘l mgon nel‘ltri‘n‘o
transition
08 p (\/M -> VM)
P(vy V)
Z o P(v, =>v
'oscillates’ with 2 o8| (v ve)
L/E T 2 o4
: \\ H! H S
= 02 \ i{ \ ' (\
- o Lihatlbbd L
etails in ' 5000 10000 15 000 20000 25000 30000 35000
the next lecture! L/E (km /GeV)
35
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* Neutrinos are the second most common particles in the
universe

* Their energies range from meV up to EeV

 They can provide us information about the following objects:
early universe (relic neutrinos), structure and processes
inside the Earth (geoneutrinos), structure and processes
inside the Sun (solar), cosmic rays (atmospheric),
Supernovae explosions and others...

* Neutrinos change flavor on their way from the source to
detector = neutrino oscillations phenomenon

* Presence of neutrino oscillations implies that at least two of
them have non-zero mass - Physics beyond Standard Model
— Stay tuned for more details IN LECTURE 2!
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* Fermilab’s neutrino university (slides and
videos): https://npc.fnal.gov/neutrino-
university/
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