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Goals of these lectures:
« Survey the important discoveries about neutrinos.
 Discuss the key experimental techniques.
* Discuss the important theoretical concepts.

We will avoid theoretical details. | assume some background and
general familiarity with the relevant framework: relativistic
Kinematics, quantum mechanics and relativistic quantum
mechanics, basic ideas of quantum field theory... Boris Kayser
will lecture on current and future theoretical directions.

We will survey experiments assuming a basic understanding of
common experimental techniques: energy loss of charged
particles, basic spectrometry and other common experimental
techniques...

We will take a historical approach when it provides useful insights
or interesting stories.
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Historv of the Universe

Neutrinos

* Created in equal
abundance to other
particles in the Big Bang.

- About 300/cm3 left over
from the Big Bang.

*+ T ~ 1.9K° primordial
background radiation .

» Light relativistic
particles were critical in
determining the cooling
rate of the universe.
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Cosmological connection to neutrinos
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The sun is a prolific source of neutrinos
(radiograph of the sun as observed in an
underground neutrinos detector)




Neu‘rrmos are, produce in Supernova Explosuons :
(In fac’r mos’r of the energy. is in neu‘rmnos)

v




Neutrino Energies

Big-Bang neutrinos ~ 0.0004 eV

Neutrinos from the Sun <20 MeV

Antineutrinos from nuclear
reactors < 10.0 MeV




Neutrinos are very weakly interacting

Four light-years of lead would not appreciably shield us
from the neutrinos from the closest star!

Sl «— 4 light-years of Lead ——— *
Our Sun /

Alpha
Centauri




Pauli
Predicts
the
Neutrino
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MiniBooNE refutes LSND
- KamLAND detects geoneutrinos

Minos detects oscillations
KamLAND provides direct
evidence for oscillations

K2K confirms
atmosphenc

oscillations
KamLAND confirms
solar oscillations
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Nobel Prize for neutrino

astroparticle physics!
SNO shows solar
oscillation to active flavor

0.4+ ) .
iper K confirms solar
ficit and "images" sun
0.2 or K sees evidence of atmos-
ic neutrino oscillations
0.0 | | I I I el Prize for v discovery!
1 2) 3 4 5 ID sees possible indication
10 10 10 10 10 ;

Fermi's
theory

of weak
interactions

Distance to Reactor (m)

Reines & Cowan
discover

( L’Il]lI neu ll'illUS

scillation signal
e —BRLIZE fOT discovery
_. distinct flavors!
Kamioka Il and IMB see
supernova neutrinos
Kamioka II and IMB see
atmospheric neutrino anomaly
SAGE and Gallex see the solar deficit
LEP shows 3 active flavors
Kamioka II confirms solar deficit
2 distinct flavors identified

Davis discovers
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the solar deficit
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The existence of the neutrino

N 3 12 i 20 x10%
V telectron volts)

F1G. 5. Energy distribution curve of the beta-rays.

Bohr: At the present stage of atomic theory, however, we may
say that we have no argument, either empirical or theoretical,
for upholding the energy principle in the case of B-ray

disintegrations.



]

First “letter” on "neutrinos'’
(Never published, often cited)
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Offaner Briaf an dis Jrunpe dear Radicaktiven bol der
CGauverains~Tagupg zu Tubingsn.

Wolfgaﬁg Pauli

Abmohri ft

Physikelisches Institnt

dar Eidg, Tachnisecher, Hochachla Airich, i« Des. 1930
Zriokh Oloriastranse

Liebe Radicaktive Damen und Herrem,

Wie dar Usbarbringesr dissar Zeilan, den ich Mmldvollast
ansuhbren bitte, Ihnan des nEhearen sussinsndersetsen wird, btin ioh
angesichts der "felachen" Statlatik der Ne und Li-6 Kerne, sowle
des kontimuierlichen betw-Spektrums suf olnen varsgweifelten Aueweg
varfalley um den "Wooheelsate®™ (1) der Statistik upd den Energienats
su retten, Nimlioh dis MOglichkeit, ea kiimtan elaktrisch nsutrale
Tellohen, e iah Neutronean nenman will, in den Iernen existieren,
wolohe dem Spin 1/2 baban ond das Ansechlisesungaprinsip befolgen und
‘wheh von ldchtquanten musserdam noch dadirch cnterscheiden, dass oie
ﬁ‘dt Liohtgesawindigkeit laufen. Die Hasse der Neutronen

von derzelben OXosmenordmung wis die Elektronensesse sxin wad

s nioht grosser als 0,0] Protonamapse.~ Dam kontimuierliiche

Spektrum wire dann warstindlich unter der Atmalme, dass beinm

6L| boba~Zarfal)l mit dem Elektron jeweils noch ein Heutron ewittiert
wed, dewward, dase die Sumne der Enorglen von Neutron und klektron
konstant last.




Fag. 1.2, Cloud chamber picture of the decay of He® (Csikan er &) [1758)



Fermi's Theory of the Weak Interaction

ANNO IV - YOL. I - N. 12 QUINDICINALE 31 DICEMBRE 1033 X1

LA RICERCA SCIENTIFICA

ED IL PROGAESSO TECNICO NELL' ECONOMIA NAZIONALE

Tentativo di una teoria dell emissione
dei raggi “beta”

Nots dol grof. ENRICO FERMI

Riessunto: Tecriz della emissione dei rapgi P delie soitanze radisattive, fondata sul-

Iipotess che s}i elestroni emeassi dai nuclei pon esistanc prima della disintegrazione

M3 venganc iormat, imsieme ad un pewtring, in modo azmalogo alla formaziens di

un quamio di juce che accompagna un malto quamico di wn atomo. Confroate della
teorin con Vesperienza

Creazione "

Tempo



Fermi’s notes on QM
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Shape factor in allowed beta decay
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Fermi’s Theory suggests "detectable” neutrinos

Neutron Beta Decay Inverse Beta Decay
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First proposal for direct detection of the neutrino

MNuclear
explosive

Fireball

Buried signal line
30m for triggering release

40 m ———

Back fill —t= Yacuum
pump
Suspended ——=m
detector YVacuum
line

Vacuum——=

tank  WE~—Feathers and
foamrubber
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First Direct Detection of the Neutrino

Scintillator
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The second version of Reines’ experiment that worked



(a) Positron scope Neutron scope
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(b) Positron scope

(c) Neutron scope (d) Neutron scope
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(e) Positron scope (f) Neutron scope



The discovery of the second "flavor” of the neutrino
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Neutral Currents
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Determining the number of ("active” "light")
neutrinos by measuring the width of the Z°
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DONUT Detector

Identification of
muons coming from

The t neutrino e e

Calonmeter determines
energy of decay products

Dnift chambers record
decay particle tracks

Mac%net spreads tracks
of charged particles

Emuision target
with planes of
scintiliation fibers

Steel shield to
block particles
other than
neutrinos

DONUT Detector for
direct observation of
tau neutrinos (V)

Neutrino
beam



Creating a Tau Neutrino Beam

Beam of Tungsten Tau

high-energy bloc neutrinos

protons and other
particles

00° -

Magnets Shielding Neutrino To DONUT
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Remove all particles but neutrinos

Proton hits The tau lepton
tungsten decays, producing
nucleus a tau neutrino

Incoming

proton Tau neutrine

. i . -

I

Some particles
produced in collision
decay into tau leptons

The t is identified by its
relatively long lifetime

v, CC — 18% BF

S— '< to a penetrating
muon — long event
v, CC — 18% BF
to an

electron — short
event



The Standard Model of Quarks and Leptons
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Electroweak Fermions
(massless neutrinos)

quarks () () () () (1) (s)(ce) (B)(te)
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leptons
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CKM mixing matrix

Cy12C3 912¢13 -
= —S5,,Ch; —C,,5,.5 6()3 Ci5Chqa — 5,555,525 61013
1223 1223713 12 23 12723713
10,4 10,4
S12923 7 €12C23513€ —Cy2523 512(23§13€

0.9741 to 0.9756 0.219 to 0.226 0.0025
0.219 to 0.226 0.9732 to 0.9748 0.038 to
0.004 to 0.014 0.037 to 0.044 0.9990 to

Mixing angles are small!



Helicity of Neutrinos™

M. GOLDHABER, L. GroODZINS, AND A. W. SUNYAR

Brookhaven N ational Laboratory, U pton, New York
(Received December 11, 1957)

COMBINED analysis of circular polarization and

resonant scattering of + rays following orbital
electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Eul?m
which decays by orbital electron capture. If we assume
the most plausible spin-parity assignment for this
isomer compatible with its decay scheme,! 0—, we find

that the neutrino is “left-handed,” ie., @,-p,=—1
(negative helicity).
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Elements of the Goldhaber-Grodzin-Sunyar experiment
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Id'L >=V |d, >+V |s, >+V 1b, >

Leptons
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Leptonic Mixing and Leptonic Flavor

t (e, u, ort)
V; (VsVg, OF V) —>— -

Detector

A neutrino that can only create a e is called av..

A neutrino that can only create a w is called a v,

A neutrino that can only create atis called a v..
Ve, Vy» and v, are the “neutrinos” with different “flavors”
Any mass eigenstate v; is a sum of v, v, and v..

Ve> V1o and v, are each the sum of vy, v, and v (ko cery



The (new) Standard Model of Quarks and Leptons
(with massive neutrinos)
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(preview)
Neutrino mixing matrix

U Ue2 Ue3
U=\U, U, U,
U Ur2 U‘r3
1 0 0 cos, 0 e™rsinf,| (cosh, sinf, 0\ (I 0 0
=[0 cosO,, sinf,, |x 0 1 0 x|-sinf, cosB, 0|x|0 e“" 0
0 -sinf,, cosfy,) |(-e®rsinf, 0  cosO, 0 0 1) {0 0 7"
— o o _ +24 =9
5=7 p="



Essentials of Neutrino Oscillations
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(Preview)

l Bounded by CHOOZ

From Max. Atm. mixing,
V3= (Vy + V) A2

«— Ami, =274%3 0107 eV?

{ From v|,(Up) oscillate

2
7 -
(mass) AMgtm but v, (Down) don't

P In LMA-MSW, Fé(\’e — Vo)
= Ve fraction of V2

V2 _ }Am(% From distortion of Va(solar)

and V(reactor) spectra

— V,
e { From Max. Atm. mixing, V1 & V5
- v, Am?, =804 o 10750y?  Linelude (v —vq) N2

Slide B. Kayser



~175 GeV

Quarks

b —— ~45 GeV
c ~1.4 GeV S ~1506eV
u ~0.004 GeV d ~0.014 GeV
Q=2/3 Q-=-1/3
Leptons
T — ~1.780 GeV ——
c? < R
u ~0.105 GeV
e ~0.0005 GeV — Inverted
Q = -1 Q =0

Neutrinos



What are these objects and what do they have to do with v?
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