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"Neutrinos they are very small"

Cosmic Gall

Neutrinos they are very small.

They have no charge and have no mass
And do not interact at all.
The earth is just a silly ball

To them, through which they simply pass,
Like dustmaids down a drafty hall

Or photons through a sheet of glass.

John Updike
1932-2009

http://holyjoe.org/poetry/updike.htm



Nobel Prises for Neutrino Research

1988: Leon M. Lederman, Melvin Schwartz, Jack Steinberger

"for the neutrino beam method and the demonstration of the doublet structure of the
leptons through the discovery of the muon neutrino"

1995: Frederick Reines (1/2)
“for the detection of the neutrino”

2001: Raymond Davis Jr., Masatoshi Koshiba

“for pioneering contributions to astrophysics, in particular for the detection of cosmic
neutrinos”

2015: Takaaki Kajita, Arthur B. McDonald
“for the discovery of neutrino oscillations, which shows that neutrinos have mass”



J Introduction
From Pauli and Fermi theory to discovery of neutrino.
Neutrinos in the Standard Model

J Neutrino Oscillations
Solar and atmospheric neutrino problem.
Discovery of neutrino oscillations and consequences.

d Neutrino Astronomy/astrophysics
Solar and Supernova neutrinos
High Energy Neutrino Astronomy



Anomaly in 3-Decay

Problems in B-decay: why electron energy in -decay is continuous?

B(1930): (A,Z) —» e +(A,Z +1)
2 Observed Expected
= spectrum of electron
3 energies energy
()]
©
o
L0
=
=
Z
Energy _
Exercise: Endpoint of
spectrum

Po(my, 0) — p1(E1,p) + pa(Eq,-p)



Neutrino: "Birth Certificate" (4 December 1930)
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Offener Brief an die Qrunpe der Radiosktiven bel der
Gauvereins-Tagung zu Tubingen.

Abschrift

Phyaikalisches Institut

der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Zarich Oloriastrasse

Iisbe Radicaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich mldvollst
) ansuhtiren bitte, Ihnen des n&heren suseinandersetsen wird, bin ich
2 . angesichts der "falschen" Statistik der Ne und Li-6 Kerne, sowie
-\ Wolfgang Paull des kontimiierlichen beta-Spektrums suf oinen versweifelten Aumieg
) 1900-1958 verfallen um den "Wechselsats" (1) der Statistik und den Energlesats
su retten. Mimlich die Moglichkeit, es kbnnten elektrisch neutrale
leuhend. dle !.ullifﬂmtrmm nennen ﬂltl;l::n den Kernen m&ti“’md
. lldqh- en Spin 2 haben und das Aups esssungsprins folgesn
1945: “for the discovery of sheh von Lichtquanten wusserdem noch dadurch untn'lnhniﬂm. sie

: . laufen. ey
the Exclusion Principle, also  Eees"ven Gerssiben Gfossamordmng vie dte Klarironsmasse sein und

. .. » s nicht grosser als 0,01 Protonenmasse.- Das kontinuierliche
called the Pauli Pr1nc1p1e : Spelkctrum wire dann verstindlich unter der Annahme, dass beinm
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert

aird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.




1932: Discovery Neutron and Positron

pump

James Chadwick
(1891 — 1974)

a+9Be 12C+n

To vacuum
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Y 1935 For discovery of neutron

Carl Anderson
(1905 — 1981)

1936 For his discovery of positron

Unknown
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Fermi: Theory of B-decay

E. Fermi, Quantum Theory of Radiation,
Rev. Mod. Phys. 4(1932), 87 (published 1/01/1932)

E. Fermi. Tentativo di una Teoria Dei Raggi f,
I1 Nuovo Cimento, vol. 11, issue 1, pp. 1-19

"Versuch einer Theorie der beta-Strahlen. I"
Zeitschrift fir Physik, Volume 88, Issue 3-4, pp. 161-177

Enrico Fermi
1901-1954

1938: “for his demonstrations of

the existence of new radioactive

elements produced by neutron

irradiation, and for his related 0
discovery of nuclear reactions
brought about by slow neutrons”




1934: Letters in Nature ("Neutrino")
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How to Detect Neutrino

Radio-chemical method (B. Pontecorvo) HALF-LIFE

THE DIVIDED LIFE OF

v+ (AZ) - e +(AZ+])

PHYSICIST
OR SPY

Cl-Ar method:

v +37Cl] > e +37Ar

Bruno Pontecorvo Stable isotopes of Clorine: 3°Cl (76%), 37Cl1(24%) L S
(1913-1993) FRANK CLOSE

Neutrino energy E, > 0.814 MeV

37 Ar half-life: 35 days (decay mode: EC)

v +1Ga — e+ "1Ge



How to Detect Neutrino: Inverse beta Decay

Incident
Inverse beta decay antineutrino

- / Gamma rays

V +p—e€e"+n

Gamma rays
er+e —>vy+y i

Neutron capture
Neutron capture reaction:

n+Cd— Cd*— Cd+ Y Positron

annihilation

Liquid scintillator
and cadmium



Project "Poltergeist”

Cowan and Reines experiments for
neutrino detection (1951-1956)

Considered sources of neutrinos:
a) Nuclear bomb explosion (20kt)
b) Nuclear reactor flux (about 1013 cm™2 s!)

Liquid scintillator detector
with 90 PMTs.



1945-1960: Neutrino Fluxes for Neutrino Detection

cm?

v.evenis [MeV sec GW]
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TANK FEATHERS AND

FOAM RUBBER

E, (MeV)

proposed experimental setup to detect the
neutrino using a nuclear bomb. This experiment
was approved but was superceded by the
approach which used a fission reactor.



Detection of Neutrino

(a) T=0 Positron annihilation produces electron signal.
Energy
discriminator

N Detector | /N 0.75-30-us
-§ timer
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Detection of Neutrino
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Pions, Muon and Muon Neutrino

SAEl Meson (or m-meson) was introduced by Hideki Yukawa

. 1939 []
e T — W'+ VHD

@ % Lightest hadrons, with isospin 1: n*, n°, =
Y Hideki Yukawa | _

—

wW—e'+v+v|

Discovered by
Ceccile Pawell [

) Ceecile Powell
1903-1969




Two Types of Neutrinos

Neutrino physics at proton accelerators:
Secondary beams of selected particles: — including neutrino beams.

p+A—>7t+/7t'+X 71;+—>M++vM v. =v.[] ?

First neutrino beam at particle accelerator:

Vit A—p+X Alternating Gradient Synchrotron (1960-present)

vatA— e +X



Accelerator Neutrinos and Discovery of Muon Neutrino

OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS”

G. Danby, J=M. Gaillard, K. Goulianos, L. M. Lederman, N, Mistry,
M. Schwartz,t and J. Steinbergert

p + Be-om+X ToH + vV,

% L. M. Lederman (1922-2018), M. Schwartz (1932-2006) , Ep =15 GeV v,tA-u+X
J. Steinberger (1921)
proton il :
beam target proton accelerator ) S

BB DD LD ==

detector -
pl-mesg:a steel shield spark chamber
m

The accelerator, the neutrino
beam and the detector

Part of the circular accelerator in
Brookhaven, in which the protons
were accelerated. The pi-mesons (1),

which were produced in the proton

collisions with the target, decay into ~ COncrete
muons (1) and neutrinos (;T). e 13 <3
m thick steel shicld stops all the —
particles except the penetratiog

neutrinos. A very small fraction of the
neutrinos react in the detector and
give rise to muons, which are then
observed in the spark chamber.

Based on a drawing In Sclentific Amerkan,
Mareh 1963

_1pst// ﬁﬁ):/sics.aps.org/articles/ v8/75



Standard Model of Particle Physics

Steven Weinberger, "Model of Leptons”, Phys. Rev. Lett 19 (1987) 1264
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Gargamelle Experiment at CERN

Gargamelle — bubble chamber

4.8 m long and 2 m in diameter, filled
with 12 m? of heavy liquid Freon.
Operated in a 2 Tesla field.




Discovery of Neutral Currents

2 V[Jn Vr Ve, V/lw Vr

F.J] Hasert et al., Search for elastic muon-

neutrino electron scattering
Phys. Lett. 46 (1973) 121

F.] Hasert et al., Observation of neutrino-like
interactions without muon or electron in the
gargamelle neutrino experiment

Phys. Lett. 46 (1973) 138



LEP — Collider to study the Standard Model

The Large Electron—Positron Collider (LEP) o
B 1983-1988, the largest civil

engineering project in Europe.

26659 m length tunnel for electron
Positron beams

e+e- collider, E. =91, 209 GeV

- —
-_—
-—

Data taking: 1989-2000

Current collider: LHC



LEP Detectors

Event_Viewing

DELPHI

4 large detectors at LEP



Number of Light Neutrinos and Test of SM
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Neutrino Oscillations

Solar and atmospheric neutrino problems

Discovery of neutrino oscillations and consequences



Solar Neutrinos

Distance from Earth (mean): 149,600,000 km (1 A.U.)

Luminosity: 3.828 10%° W

Energy production by nuclear reactions|1]:

4p — “He + 2e-+ 2v,

1H. A Bethe, Energy production in stars, Phys.Rev, 55(1939), 434



Solar Neutrinos: pp-Chain and CNO-cycle

P ﬂ P o
L . 99,77 % 0,23 % g eyt 2H 4 H, o
p'+p —H+e +v, }7 4[ prte +p —H+v, .)\/ A \/,Y

.———"" \*
107 % » 3 3 / : 12C \ ¥ :
84,92 % 2 + 3 3 +_ 4 + BN
H+p"— " He+y He+p"—“*He+e +v, 15N
\
15,08 % A/ T
LA J1I\
3 4 ., 1 01% l "
He + “He — "Be + A
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. ) - o 2 /
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‘ 7\ £ HW
| - WO T
[ *He +*He — “He + 2p* [ Li+p"— “He +*He B — *Be* +e"+v,
L J J Proton
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[ sBe* — *He + “He | Positron Neutrino v

|
99% of Sun's energy



Solar Neutrino Fluxes
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Homestake Solar Neutrino Experiment

Raymod Devis Jr.
1914- 2006

Devis (Bahcall-Devis) experiment
1970-1994

In the Homestake Mine, South Dacota
v +37Cl — e +37Ar*

380 m? (100,000 gallon) tank filled
with tetrachloroethylene (C,Cl,)



Solar Neutrino Problem
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Gallium Experiments

E, > 0.233 MeV |

v+71Ga — e + "1Ge T("Ge)=112d - o

Solar Neutrino experiments in LNGS:
1991-1997 GALLEX

Gallium Experiment
1998-2003 GNO

Gallium Neutrino Observatory

Solar Neutrino experiment in Baskan (BNO)
1991- SAGE

Soviet(Russian)-American Gallium Experiment




Cherenkov Detectors: Super-Kamiokande
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Sun in the Super-Kamiokande

Neutrino image of the Sun - 500 days worth
of data was needed from Super-K to detect
this image. Centered on the Suns position,
the picture covers a significant fraction of the
sky (90x90 degrees in R.A. and Dec.). Brighter
colors represent a larger flux of neutrinos.

https://apod.nasa.gov/apod/ap980605.html
Astronomy picture of the day,




Solar Neutrino Problem

-] b C
9343 {13?t§
$1.02017
l 79+12
69+13
]{].44:1:{].06
Theory
$2.55+0.25 B 7Be
I éB
BN pp, pep
B CNO
[ Experiment
Chlorine Water Cherenkov Gallium
E > 0.8 MeV E> 7.5 MeV E > 0.2 MeV

Comparison of the

measured rates with the
Standard Solar Model
predictions for the solar

Neutrino experiments:
(a) chlorine

(b) water Cherenkov

(c) gallium



Atmospheric Neutrinos

Cosmic ray

O
=00 J‘_:*D.E .
~o—— o
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—
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—I—_I_

SuperkK 2016 - v,
SuperK 2016 - v,
ANTARES 2021 - »,
ANTARES 2021 - v,
IceCube 2015 - v,
IceCube 2015 - v,

IceCube 2021 - Astrophysical 7,

IceCube 2023 - Astrophysical all-flavor
IceCube 2018 - UHE limits

Auger 2022 - UHE limits

Allowed region for cosmogenic neutrinos

Astrophysical v
Upper limits

TT f_‘—ﬁw § i

101 103

Neutrino energy (GeV}

L]

Atmospheric neutrinos are produced from the cosmic ray interactions in the atmosphere -

(weak decays of hadrons)




Atmospheric Neutrino Anomaly

the p/e ratio of atmospheric neutrino interactions with energies of about 1 GeV (or less)
was significantly smaller than expected.

10 I 1 lllllll 1 | Ill.lll.l 1 1 Frrnri
9 = -
8 L -
7r — Honda flux
6r Bartol flux ("
i ~ Fluka flux ]
hel °
©
= 4T i
5
TH
3 - -
2t 5 /v av
VY, IVt
1 1 IIIIIII 1 1 IIIIIII 1 1 L1 1 111
-1 2
10 1 10 10

ratio of the atmospheric neutrino by three
independent groups

Data Monte Carlo Prediction
e-like events 93 + 9.6 8&8.5
u-like events 85 + 9.2 144.0

The numbers of e-like and p-like events observed in
Kamiokande in 1988, compared with the prediction
(without neutrino oscillations.23).



Neutrino Oscillations

2v — mixing:
Mixing of flavor neutrinos (va, vB) with massive neutrino states (vI , vz)

Vo=U_,;V;, oa=e,n i=12 ‘

cosf  sin6 v, (x)=cosOv,(x)+sin®v,(x)
i .
-sin cosH
Bruno Pontekorvo
) ) P - survival(disappearance) probabilit Two neutrino approximation
Neutrino propagation: P, ,+ P ap= au PP N P Y ~
P - appearance probability ,
2 -
Ami, L = 06
2 2 . 2 12 :
P.(0,Am;, L, E,)=sin"20sin"( 1F ) N
v

=
2

Oscillati 0. A m2 60 0 1000 2000 3000 4000
scillation parameters: U, 21 Conditions: ) s )
= —_ /E (km /GeV)

Amy,=my—m|#0

e
=



Oscillation of Atmospheric Neutrinos

Super-Kamiokande Collaboration (Y. Fukuda et al.), Phys,. Rev. Lett., 81 (1998) 1562-1567

100071 100071~ 6007 6007
E "'""'--...-__ - . I | - .--:
c s H
14 400F 1 400F .-~
L ! | L _2=¥
5 +
s 500~ 500 - . -
L3
E | . o
=
= 200F — 200
Sub-GeV e-like | " Sub-GeV p-like L Multi-GeV e-like | Multi-GeV p-like .
[] .o 3 3 1 3 3 3 4 D ..... l 4 4 3 3 U 'R T TR T B T N D I T T B T T
-1 0 1 -1 0 1 -1 0 1 -1 0 1
cos(zenith) cos(zenith) cos(zenith) cos(zenith)

Zenith angle distributions observed in SK (2,806 days exposure). Sub- and multi-GeV events are defined
to have the visible energy below and above 1.33 GeV, respectively. The dotted and solid histograms show
the un-oscillated and best- fit oscillated Monte Carlo distributions.



Tau Neutrinos in Syper-Kamiokande

A simulated charged-current v,
Q interaction in the Super-Kamiokande
detector.

Super-Kamiokande

Run 999999 Event 30
00~01~21:00:49:03

Inner: 5502 hits, 14223 pE
Outer: -1 hits, 0 pE (in-time)
Trigger ID: Ox03

ap ver: 0
Fully-Contained

Time (ns ‘\,ft-+_ ];) — ’I:4_ _+_ ]:l

Due to the heavy tau mass (1.78
GeV/c?), the is about 3.5 GeV.

» 1575-1083
¢ 1083-10%93
® 1093-1103

>1103

With lifetime is 2.9 10713 sec.
T almost immediately decays
into many hadrons.

Difficult to select over large
background from MC events.




Neutrino Oscillations

Super-Kamiokande Collaboration (Y. Fukuda et al.), Phys,. Rev. Lett., 81 (1998) 1562-1567
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Neutrino Oscillations

3 neutrino case:

V= UiV U, = UPA/ﬂVS PMNS matrix
. (Pontecorvo—Maki—Nakagawa Sakata)
a=e,u,t i=1,2,3
Uy Uy Uy 10 0 Ci3 € 3 Cia S
Up‘,‘[‘,\'sz uul uuz uu3 — 0 C23 S23 X 0 1 O X '—Slz Clz 0
S8
c.=cos®. s5.=sin®. ( 2 2 2
if ij ij ij = =
Oy O O O Amy,=Amy—Am,,
illati . < 2 2 2
] ,, Oscillation parameters: , : . +Amy,=m>—m;
la (v:) lﬁ’ Am32, Am31, Amzl
R VA -
Ve Ve awt (Neutrino Mass Hierarchy, NMH)

P(v,—v,)=sin’(20,)cos"(0,,)sin’(Am;, L,/ 4E )

(ignoring A mgl , O and matter effects)



End of Lecturel



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42

