V physics
in deep underground laboratories ...

Double beta decay

Solar and atmospheric neutrinos
Neutrino oscillations

Neutrino astronomy

Neutrino from supernovae
Neutrinos from reactors
Neutrinos from beams
Geoneutrinos
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... and 1n under-ice,
under-water experiments



What is a neutrino?

* Stable Elementary Particle — 3 over 6 constituents of (stable) matter

* No electric charge — cannot see it

* Very little interaction with matter — goes through the Earth unscathed
* Has very little mass — less than I millionth of electron’s mass

* Lots of them throughout — 700 million in your body any time!

Nature's building blocks

dl =k

Three flavors or generations, and
no more, and we do not know why.
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Some mass,
but curiously
little.
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& other information from:

B and B decays
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Sources of Neutrinos
e Natural:

o Atmospheric (10 s),

o Solar (8 min),

o Supernova (>10% yt),

o Other astrophysical sources (GRB, AGN) (10° yr),
o Early Universe (101Y yr),

o Earth's Interior (0.01 s).

* Artificial (Man-made):
o Reactors (104 s), o Sources from ff/EC

o Accelerators (0.001 s), decay isotopes.



Farly History

November 1895: William Roentgen discovers X-rays from Cathode
Ray Tubes (Wuerzburg)

January 1896: Henri Becquerel (Paris) hears about the X-rays in a
lecture by Poincare

February 1896: H.B. discovers Radioactivity(in Uranium ore) while
trying to find natural sources for X-rays!

1898: Ernest Rutherford and Marie (and Pierre) Curie start working
on Radioactivity and studying its properties

Rutherford found: (a) the exponential decay law; (b) three types of
activity: alpha (not-penetrating), beta (penetrating easily), and gamma
(undeflected and most penetrating). Thus, alphas and betas were
charged, and gammas were neutral.

Curies found other stronger radioactive substances (Thorium,
Radium, Polonium, etc) and showed alphas were much heavier than
betas (turned out to be electrons).



The beginning of v...

1914 - Chadwick: Two-body decay would give

monoenergetic electrons. Continuous energy

spectrum of [§ inconsistent with 2-body decay!
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1929 - Bohr: Goes as far as to suggest that energy is not conserved in beta decay!

Puzzle with Beta

Three-types of
radioactivity: «, S, 7

Both ¢, ydiscrete
spectrum because

E«x. ¥ i E/ Ef

Spectrum

F. A. Scott, Phys. Rev. 48, 391 (1935)

But £ spectrum
continuous

3 12 13

V telectron voits

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 [-ray disintegrations
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Desperate Idea of Pauli

4th December 1930
Before the discovery of the

neutron, there was the

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will
explain to you in more detail, how because of the "wrong" statistics of the N

problem of the “wrong”
statistics of the nuclei: %;Li
and '*N. They behave like
bosons, but they are Z-odd.
Why is that?

and Li6 nuclei and the continuous beta spectruin, I have hit upon a desperate
remedy to save the "exchange theorem" of statistics and the law of
conservation of energy. Namely, the possibility that there could exist in the
nuclei electrically neutral particles, that I wish to call neutrons, which have
spin 1/8 and obey the exclusion principle and which further differ from light
quanta in that they do not travel with the velocity of light. The mass of the
neutrons should be of the same order of magnitude as the electron mass and
in any event not larger than 0.01 proton masses. The continuous beta
spectrum would then become understandable by the assumption that in beta
decay a neutron is emitted in addition to the electron such that the sum of
the energies of the neutron and the electron is constant...

December 4, 1930 B clecay
Dear radioactive ladies and gentlemen,

...I have hit upon a ‘desperate remedy’ to
save...the law of conservation of energy.
Namely the possibility that there exists in the
nuclei electrically neutral particles, that I call
neutrons...l agree that my remedy could seem
incredible...but only the one who dare can win...

Unfortunately I cannot appear in person, since |
am indispensable at a ball here in Zurich.

Your humble servant
W. Pauli



December 1933: Enrico Fermi

submits a paper to Nature: “Tentativo di Una Teoria
Della Emissione di raggi Beta”

It was rejected:”speculations too remote from reality
to be of interest to the readers”.

Eventually published in Nuovo Cimento This paper laid
out the essential theory of beta decay that has
survived almost unchanged until now, with “small”

modifications. It predicted the spectrum, obtained the
correct value for the coupling etc




The beginning of v... —

1914 - Chadwick: Two-body decay would give
monoenergetic electrons. Continuous energy
spectrum of [§ inconsistent with 2-body decay!
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1929 - Bohr: Goes as far as to suggest that energy is not conserved in beta decay!

1930 - W. Pauli

o
~ R
) 4 iE Wolfgang Pauli

1900-1958

1945 Nobel Prize for physics for the discovery of the
e, also called the Pauli principle.

o +
v,+pll n+e

et 4+ e — 2x~(511[keV])

Delayed n-capture on Cd: ), y's = 8 MeV

Savannah River Reactor
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Antineutrino Detection

inverse beta decay:

?E+p—:-+®

E,e =E, —E, —0.8MeV

~1-8 MeV
prompt event

Q=M+ m,—-M ~ 1.8 MeV

n+Gd—Gd —Gd+y's (~8MeV),t~30us

n+H—d+y(2.2MeV), t~230us
delayed event

i Emitted spectrum

Detection in Gd-loaded liquid organic scintillator " Crosssecton

—— Detected spectrum

157Gd, 195Gd highest cross section for thermal n -

release of total ~8 MeV ys .

(arbitrary units)

= distinctive signature, well above
radioactive background /

2 3 4 5 6 7 8

/ __,..--"H
bbb e by Ly s T3 P N T



Antineutrino Signal

inverse beta decay:

¥E+p—r+®

E,c =E, -E, -0.8MeV

~1-8 MeV
rompt event

chr=Mn+ me_Mp#.I.B MBV

n+H—d+y(2.2MeV), t~230us
delayed event

Detection in Gd-loaded liquid scintillator
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n+Gd—Gd — Gd+y's (~8MeV),t~30us

Apollonio et al. (2003)



Projeck
Poeltergeist

Experiment attempted at Hanford in 1953,
too much background. Repeated at Savannah
River in 1955. [Flux: 10" neutrinos/(cm? s)]
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V is a Dirac or a Majorana Particle?

dpaaed deai(g
Majorana particle

Teoria simmetrica dell’elettrone e del positrone (1937).

Majorana trova una particolare formulazione delle matrici di Dirac che
gli permette di identificare una nuova particella priva di carica elettrica
che non ¢ fisicamente distinguibile dalla sua antiparticella

> fanno la loro apparizione i v di Majorana. Una lorto proprieta
fondamentale & che la loro massa a riposo # zero.

V: | LEFT

YV =V  (Majorana, 1937)




* Dirac equation: thoy —my =0 def

* Majorana equation: Aoy —myp,. =0 A — 'Yu Au
ihoy, + myp =0

In this equation, Y, is the charge conjugate of Y, which can
be defined in the Majorana basis as: P, = iY”

The appearance of both ¥ and Y in the Majorana equation means
that the field i cannot be coupled to a charged electromagnetic field
without violating charge conservation, since particles have the

opposite charge to their own antiparticles.
To satisfy this restriction, Y must be taken to be neutral.

The quanta of the Majorana equation allow for two classes of
particles, a neutral particle and its neutral antiparticle.

The frequently applied supplemental condition 3 results in a single
neutral particle, in which case Y is known as a Majorana spinor.


https://en.wikipedia.org/wiki/Electromagnetic_field
https://en.wikipedia.org/wiki/Charge_conservation

Neutrinos are Left—ha nded This result that neutrino is left-handed is

exactly what was expected in the 1957

V - A theory of Sudarshan and

Marshak and in the two component theory of
Lee, Yang and Landau and Salam, so this
was a confirmation

of it.

COMBINED analysis of circular polarization and The fact that weak interactions are V — A
resonant scattering of ~ rays following orbital JEWEENegSle-1N{gNeelgiiugileiulglcMuplsBSivc1glelc]ge]

electron capture measures the helicity of the neutrino. Model of electroweak interactions a la
We have carried out such a measurement with Eu!%?m, Glashow, Salam and Weinberg.

which decays by orbital electron capture. If we assume i
the most plausible spin-parity assignment for this

Helicity of Neutrinos™

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

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

J= 0 152Eu J

isomer compatible with its decay scheme,! 0—, we find Ecaptune: § -— & e
that the neutrino is ‘‘left-handed,” i.e., o,-p,=—1 e ts2gy*
(negative helicity). — | /= SR i -
17960 keV - TS -y LH
10°- _ J=0 15"’Sm
Sorgente radioattiva v 1 v E 3 (@) (b)
: : —§ =1 A § = 1
J e ANy M
" produzione con ] - — — ! SN
Fe . 839 keV - diffusore yW\W 14
s Sm,04 - I — -8
£ \ LH e RH
: ::)s':)c:\::toen \:\\ 961 keV 152G m* % \'\‘_—7 %
g 102 X ] Forward Backward New
I, % - A . No spin-fiip Spin-fiip
- 1 Distribuzione energetica dei gamma osservati
i ] dal rivelatore. La radiazione prodotta dalla
‘\. ' [ \ — = V] . . .
o N\l = " cattura elettronica del 1°2Eu eccita lo stato di
Diffusore \{ *__| L 4
! 964 keV del 1>2Sm; questo si diseccita
N O AT O emettendo gamma di 961 e 839 keV.

...................



I2Eu(J = 0)+ e — P2Sm*(J = 1) + v..

... In more details

J
RH*\‘/:—/S\_/T\y — O R
1525m*
— = J —— ——
IS'ZSm*(J — 1) — lﬁzsm(‘j — 0) _]_ ? H=_ "y - O = vLH
SZ(E) SZI:Sm*} SZ(U} hv SZ(}I) h'}" If the v and ’}/ are
+1/2 1 —-1/2 — 1 — .
+1/2 0 112 + 0 x antl—parallel, they have
-1/2 -1 1/2 -1 < .
—1/2 0 i-]i'z t 0 1— the same hehCIty

The spins of the electrons
responsible for the

ferromagnetism are oriented |B'|‘
opposite to B. These electrons can?
easily absorb the photons, by

flipping their spin, if the photon

spin has the direction of B. "1
The measured quantity is the P ghieki
asymmetry: c

[, —1 %

I, +1°

* Because the directions of the photon
and neutrino momenta are nearly
uncorrelated, the problem is to select
only those photons that happen to be

emitted opposite to the neutrino.

* This is done by scattering the photons in
a sample of 1>2Sm before they enter the
detectot.

* Only photons emitted opposite to the
direction of the neutrino have sufficient
energy to be resonantly scattered



1SSIng ener roblems in 7t and u decays, observed in cosmic rays
9

1964 Lederman, Schwartz & Steinberger First v beam built at Brookhaven accelerator

29 interactions showing a muon, none with an electron
v, with u v, with e

= two different conserved leptonic number

}i"”“‘ Accélérateur de protons
de protons giple

P
. : I S
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Schwartz Lederman Steinberger

Brookhaven experiment (1962)

far detector
—— f near absorber
detectors

H (|

Confirmation that the
second neutrino is

different from the first!

Expectation: Since neutrinos
are created with muons and
electrons, the neutrino beam
should create both electrons

f
|

iron muon absorber

p— focusing and muons in the detector.
magnets target
~— |, Result: No electrons produced,

only muons

Conclusion: There must be two

Conceptual layout of an accelerator neutrino beam

NV Date: 1962
Intent: Measure weak force at high energies

kinds of neutrinos.

More than one kind of neutrino?




1SSIng ener roblems in 7t and u decays, observed in cosmic rays
9

1964 Lederman, Schwartz & Steinberger irst v beam bullt at Brookhaven accelerator

' ' % cibla Accéllrate - — ——
‘:I'\%ggel =£=*»4=-3'=3 .

29 interactions showing a muon, none with an electron -
v, with u v, with e S S|

= two different conserved leptonic numbers

1975 Mark 1 detector at SPEAR: ~ 20 « anomalous events »
ete=>et+tut+X

The 3rd family
ete =1+ T

Three conserved lepton numbers
T=>¢e¢tVv, TV,
T=>U+v, + Vi

Direct proof: few events in the Donut exp

2000 Beam-dump at Fermilab: D,=> 1+ v,



In 1975 Martin Perl et al. observed events at
SLAC in e*-e- collisions which suggested the
existence of a third lepton, christened the Tau(r).

There was a third neutrino expected to be associated
with this charged lepton.

It required 25 years (2000) to confirm the existence

of v. by direct detection (Fermilgh)!

v, discovery: year 2000

DONUT experiment at Fermilab

Protons > target > X + D,
5t ++ > detector >
> X +. > detector >

SHIELDING

SPECTROMETER *




* Nuclear reactions used in experiments:

1
2.

R N &S A

Neutrino interactions

« Weak interactions only, high energy v

v,+ N = u+ hadrons

Ve+tp-oet+n
Vet (A,Z2)— e +(A,Z+1)

Vx+€_—>VX+e_

vy +(4,2) - vy + (4,2)"
Vetd—-e +p+p
vyt+td-ovx+p+tn
vy + N - u,e, v + hadrons

vy + N = vy + hadrons

CcC
CcC
NC (CC)

NC
CC
NC
CC
NC

final
state
hadrons

(Ey=1.8 MeV, reactor and geoch. expts)
(Ey,» radiochemical and geoch. expts)

(real time, e direction Sun-Earth; v energy
dist.; v flavour sensitivity)

(Recoil energy +E,; v flavour)

(real time, anti-correlation with Sun direction)
(v flavour sensitivity)

(HE v)

(HEv)



A textbook picture

AACHEN-BONN-CERN-MUNICH-OXFORD COLLABORATION

WA 21
EVENT 294/0995 ‘

vp—=D'pu-

' LD° 'n'\"‘
- +
' / ,te:,'v _
: Kt

L+ p—3 Tt
nmT”
l-4—p—.np

68681

H

p NEUTRINO
I BEAM

MOMENTUM IN GeV/c



Gargamelle

Discovery of
neutral currents

(1973)

V,+N = v, + hadrons

v,te —> v, +e

&— Collision
point

&—Incoming
neutrino




Neutrino masses, mixings and oscillations

A When neutrinos have masses, the “flavor’ states, such as v, and v,;,

do NOT have well defined mass states.

O So the production is in these states, whereas the propagation
afterwards is in terms of states with well defined masses.

* B. Pontecorvo invented the concept of neutrino
oscillation (1957)

* Z. Maki, M. Nakagawa and S. Sakata (1962)

* V. Gribov and B. Pontecorvo (1968)

Flavor Basis Mass Basis

Important m; # m,



Bruno Pontecorvo
(1913-1993)
Invented v oscillations




Neutrino oscillations

basics: tlavor and mass eigenstates
> 1957: Bruno Pontecorvo proposed neutrino oscillations in analogy with
K° 2 K° oscillations (Gell-Mann and Pais, 1955)

> Flavor Neutrinos: Vo,V

» Vo produced in weak interactions

» Massive Neutrinos: V1, Vy, V3 propagate from source to detector

> A Flavor Neutrino 1s a linear superposition of Massive Neutrinos

Ve) = Ugq|vi) + Ugz|vy) + Ugz|vs)
Vu) — U,ul Vl) + U[J,Z VZ) + U/,L3|V3>
ve) = Up|vy) +Ups|vy) + Upz|vs)

> U is the 3 X 3 Neutrino Mixing Matrix

> It is called Pontecorvo-Maki-Nakagawa-Sakata (PMINS) mixing matrix.



Neutrino oscillations
basic of neutrino oscillations: change of v flavor due to propagation

V(t - O):): Ve) = Uel Vl) o Ue2 V2> y 2 Ue3 V3:>

1
Ve Vo V),
T,
source _propagation _ detector

v(t > 0)) = Usr e Bt 1)) 4+ Ucpe B2t 1)) 4 Uz e B3t |13)#£|ve)

at the detector there is a probability > 0 to see the neutrino as a v,



Simplest case: two flavour neutrino oscillation
* Interaction eigenstates are linear combination of mass eigenstates:
lv,) = cosO|vy)+sinf |vy)

lv,) = —sin@|vy) + cosb |vy)

 An electron neutrino evolves in time into the state

[V, (t)) = cos 8 eF1t|y,) + sin 6 e*F2t|v,)

* Probability amplitude for v, to v, conversion

A(Ve - Vu) = (vu|ve(t)) = —sin 6 cos 0 e'F1t + cos O sin O e'F2t

plEat _ plEit

A(ve - vﬂ) = sin 260



* Probability of v, to convert into v,

. ) 2
lEzt_elEltl

P(v, »v,) =|A(v. - vu)|2 — sin? 20

4
2_(ei(Ez—E1)t+e—i(E2—E1)t)
4
1—cos(E,—Eq)t
2
(Ex—Eq)t

P(v, »v,) = sin? 26

P(v, »v,) = sin? 26

P(v, - v,) = sin? 20 sin

e When neutrinos are relativistic

0 (E, —Ep) =p?+m2—p?2+m? =~

2
AM21. where Am2, = m% —m
, WNCEre 21 — My 1

* Neutrinos can change flavour during propagation with a probability
: . 5 (Am534L : .
a P(ve - VM) = sin? 26 sin® (%); where [.=¢f1s the distance

a P(Ve — VH) — Sln 20 sin (1 27Am21L)

Am5, in eV% Lin km; E in GeV




Neutrino oscillations
basic of neutrino oscillations: practical case: two v mixing and oscillation

2 |
Vo) = Z ULk Vi) (ax=e, u) v,
k=1 \

U — cost¥ sind Ve) = cost V1) + sint? v7)
—sintt  cos? Vy) = —sint [v1) + cost? 1)
Am? = Am3, = m3 — m?
N . _ o Am2LY
Transition Probability: Poosv, = Pu, 50, = sin? 24 5|n2( = J

Survival Probabilities: P,



Neutrino oscillations

basic of neutrino oscillations: dependence of flux from distance

Am2L 1 Amzf_
S L | W)

i e T T
E -,:/\'-.' SRR R R
::“ Vs F r{:‘ 1-)( ) 1 (x B Z:'x'})l \)
T / Plx) = exp[ —_—
- “'h E_ _J;l \ ‘\‘flliz_?rg %\ 2[7- .-'I
— E / [
= E / :
1 04 - / .
s / \ sin?29 = 1
T D2E /
BT T o e=0.2 {LEJ
0.1 1 10 100

L/ I‘ km (;E‘\J Am? p\-!l



Suppose neutrinos have non-zero masses.

Mass eigenstates are distinct from weak interaction eigenstates.

Uel UeZ UeB V1

Weak interaction Ve

. v, | = U U U Vv Mass eigenstates
elgenstates 7 ul u2 u3 2 3
Yz Ui U Ugs V3

>It is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.



Neutrino flavor oscillations

L"FE- yl
g7 2
V- Flavor eigenstates # Mass eigenstates Vs

Weak interaction Propagation

Neutrino flavor oscillations

.

what we presently know from neutrino flavor oscillations

oscillations do occur ‘ neutrinos are massive




Neutrino mixing and masses

given the three v mass eigenvalues m, m,, m, we have
approximate measurements of two An;;:

Am, 12 ~(9 meV)” Solar |Am; ,2 | ~ (50 meV)” Atmospheric
‘I'he current neutrino oscillation data has been fitted well in terms ot two mass
squared differences namely, the solar mass splitting, (Am%,1 =7.6x10>¢V?) and
the atmospheric mass splitting (|Am§1| = 2.5 x 1073eV?). In the case of solar

mass splitting, due to the presence of matter effects in the sun, it is known that

V3

‘ Ve UE]. U€2 U€3 b’l
v, v | = | Ua U Uus | | w2
v ST R T

Exactly, Am2, = 7.6 X 1075 eV |Am2, | =~ 2.5 x 1073
eV?2



Neutrino flavor oscillations and mass scale

Since Am3; = 7.6 X 107° eV |Am3,| = 2.5 X 1073 eV?
— mz > m1 bU.t AW dOﬂ,t kﬂOW if either m3 > m1 or m3 < ’m1

what we do not know from neutrino flavor oscillations:

¥ 2
$ Vs \'21 OMgmal
* neutrino mass hierarchy (Mass)? direct § 8Mg, or inverted M2,
Vo d snp2
Vi OMgman V3

* absolute neutrino mass scale — degeneracy ? (m;~my,~ms)

* DIRAC or MAJORANA nature of neutrinos

\ \

V £ anti-v VvV = anti-v



Neutrinos Are Left-Handed (chirality is left-handed)

... and Helicity
 Helicity is projection of spin along the * If neutrinos have mass, then
particle direction left-handed neutrino is:
— Frame dependent (if massive) — Mainly left-helicity
— But also, small right-helicity
The operator: o - p component o« m/E
right-helicity @ left-helicity @ * Only left-handed charged-leptons
(e-,u,t7) interact weakly but those
with mass bring right-helicity:

« Handedness (or chirality) is Lorentz- R, _ I(nT—etv,)
invariant heory F(W*ﬂ;*fm)g :
— Only same as helicity for massless = (22;;)2(2;2:;";2)
particles. = 1.23 x 104

Neutrinos only interact weakly with a (V-A)
interaction

— All neutrinos are left-handed
— All antineutrinos are right-handed



Neutrino di Dirac e di Majorana I

Domanda: qual & la differenza tra un neutrino v e un antineutrino v ?
Fenomenologicamente: V.+ matera —— e-

V. + materia —— e*?

due modi per spiegare questo comportamento

— T

numero leptonico differente differente elicita
L(v,,e)= -1 H(v,)= -1 —
L(V,e*)=+1 H(T) =41
Il numero leptonico, come Il comportamento del
una carica, & v & determinato solo
strettamente conservata dalla elicita
Dirac |v.=V, Majorana |v.=V.

_ L =H .Ma} esperime_nti
Se M, =0 ‘ DIRAC = MAJORANA | "hamassa




Massive Neutrinos: Majorana or Dirac?

Lorentz Invariance:
massive particle velocity < speed of light ¢

spin

Helicity: H=-1v, <:@: Momentum  (Lab)
Helicity: H=1 v; :@:> (Speed-of-light Frame)

If m<<E, chirality = helicity

Majorana Neutrino Dirac Neutrino
Neutrino=anti-neutrino Neutrino and anti-neut distinct
Boost Boost
' '
v Vi | r 1
! ] VL VR VL VR
CPT I I 1 1




Neutrino Properties

* Neutrino Mass Phenomenology
* Direct Neutrino Mass Experiments
* Double Beta Decay Experiments

 Neutrino Oscillations



Direct Neutrino Mass Experiments

e Techniques ;
— Electron neutrino:
* Study E, end point for
SH—>3He + v, + e~
— Muon neutrino:
* Measure P, in
T—uv, decays
— Tau neutrino:

e Study N7t mass in
T— (Nm) v, decays

10

& Ve (eV)
Vl_l (keV)

10 F

Mass Limit (eV, keV, or MeV)

L 2 VI (MeV)

(Also, information from

Supernova time-of-flight) 0* —— | | | | |

1950 1960 1970 1980 1990 2000

=

Year



Three and only three neutrinos

LEP =Z factory

Z decays democratically to all
pairs of constituents (m<45 GeVl’)

11 constituents: 2.7 GeV width

New vflavor adds 167 MeV to the width )\

First LEP result (1989)
N(v) = 3.00 = 0.01 N\,

— Three families of constituents o 0 i GL)

+ infos from cosmology k " Enerie (OV)



The Fundamental Particles in the Standard Model
Neutrinos

There exist 3 and only 3 “active” neutrinos, with their |u
antineutrinos

. d
v+ N = + hadrons cc £ down
anti-v+ N = [T + hadrons cc v
electron muon tau ®
V + N :,> V _|_ had’,oons nc neutrino neutrino neutring E
g € I W I T W 3
anti-v + N = anti-v + hadrons nc oo decon pmen g Whoson gy &
They only feel weak interactions:
Neutrino interactions
In the MSM, SU(2)xU(1) : SR
leptons appear as left-handed doublets + right-handed =~ '

singlets ~ (F,v). (F)g

Charged Current (CC) MWeutral Current (NC)

No right-handed v (or left-handed anti-v) = v are massless



Electroweak Theory

Parity violation and V-A

0o Parity violation in weak decays postulated by Lee & Yang
in 1956

0 Parity violation confirmed through forward-backward
asymmetry of polarized 6°Co (Wu, 1957).

e Y 60 Onret  —
’ | H HEIHT 1OV) CO_) Nl +e +V
WA 1o X ' E XOHANGE e
|~ w GASl N
glo More electrons emitted in
- ! . . . .
gg ] direction opposite to °Co
v spins, implying maximal parity
violation

olllll_lL__Q
o1 4 6 0 % & W %

TEMPS (minutes)

_o'pP_»r ‘6-.(_ﬁ)=—H
i 7]
Projects spin along direction of motion

O Helicity operator: H



Electroweak Theory

Parity violation and V-A

o Goldhaber, Grodzins, Sunyar (1958) measure helicity of
neutrino from K capture of 52 Eu:;

= J-.— —_—
2Eu(07) +e —"Sm (1) +v,  mTN :

152 0 * r1—y 152 Q. * A - .
Sm (17)—>7"Sm (0")+y AN 0 o

PPy — — — spins

0,/~-0,  yforward ot NaVAVAN O WA y-backward

H;V=Hv 0 prracn <+— velocity ®w

Sm*=

Asymmetry of photon spectrum in magnetic field determines helicity of v,:
Hv,)=—-1=>H{,)=+1

Neutrinos are “left-handed” | Antineutrinos are “right-handed” 1



Electroweak Theory

Parity violation and V-A
O Left and right handed projection operators:

1 1
VL=PLV=E(1—75)V VR=PRV=E(1+75)V

o Chirality operator: ¥, = iy’ y'y*y°
same as helicity operator for massless neutrinos (E=p).
ysv, =Hv =-v, YsVe = HVyp =4V,

o If only v, interact and v, do not interact, then 7; have to
transform as: erv — (Pe)l,(Pv)=eP.I Py

1 1
V:P:vP, =57ﬂ(1—75) A:Rr'vh =_57#(1_7’5)

o The only possible coupling is V-A, due to maximal parity
violation in weak interactions (Feynman, Gell-Mann, 1958):

G — —_—
Ly_a = —fg [I/Jp]/”(l — 9a¥s)¥n] [I/Je)/u(l — ) |
with g4 = —1.2573 £ 0.0028 (determined empirically)



Electroweak Theory
« Standard Model

— SU(2) ® U(1) gauge theory unifying weak/EM
— weak Neutral Current interaction

— Measured physical parameters related to mixing
parameter for the couplings, g '=g tang,,

4G

o (=) | [ 1 - 1+
weak — T /= 14 ! #( ) :| .C.
Huweak \/é[/rf'm 5 Y| |/ 9= tor—5— ) f| the
Z coupling gL 9r
v 1/2 0
e, T —1/2 + sin? Oy sin? Oy
u,c,t 1/2 — (2/3)sin® Oy | —(2/3) sin® Oy,
d,s,b —1/2+ (1/3)sin? By, | (1/3)sin? Oy o= gsind, . G, - gz 2 M, st
. . . - woe N F T > - w
« Neutrinos are special in SM 8M,, M,

— Only have left-handed weak interactions
— W*and Z boson exchange

«~~_ Charged-Current _ ». 17, Neutral-Current e-



Electroweak Theory

o Lagrangian for electroweak interactions:

L 5 [J(”W‘” +j, W ]+i[g cosby j,. — 8 smé?wj(m)]Z'” +

1nt_"‘\/_

+z[g sin @y, j,” + g cos(?wj{m)]A”

o 1stterm: charged current interactions (W+, W- exchange)
o 2" term: neutral current interactions (Z° exchange)
o 3" term:electromagnetic interactions (photon exchange)

o Electron charge: e=gsinf, = g'cos@,,

3 4 (YfZ)
o 3 term: € —6’(1 )

(neutrinos only couple to W+ and Z0)



Electroweak Theory

0 A) Neutrino electron interaction
L, =i-S=[jw* + jOws |+i——L8_— j@zx 4igjerm

m = 2cos b,

. 1 _
o Where: J{ )_VeLyp =—V,y,(1=7%5)e

]y)_eLyﬂ eL__Eyﬂ(l_y5)V€
jP =2(j —sin’ 6, jo") =
=V, ¥V —€ Y6, +2sin" O ey e=
1_ 1_ : _
= _Vey,u A=), _Ee yﬂ(l_ Ys)e+ 2sin” by e V€

1_ _
= ]LZ) = ZVByy(l_yS)Ve +€yy (gV _gAyﬁ)e
1 . 1

o With: gy =—E+251n2 6, 84="7%



Electroweak Theory

0 B) Quark weak interactions

_ 8 |:owe . sOwrer|: 8 (Z)Yrpl | s sem
L. =i W& + W5 |+ Z" +ie
nt ,'2 []p .]y ] 2COS€W Jﬂ .]p

Y7

: 1
0 Where:ji =y, (1-,)d

o 1=
J,f,)=5d7ﬂ(1—75)u

j& =uy,(A,—By)u+dy,(A,—B,y;)d

o With:
1 4 ., 1
=———sin" 6, B =—
Au 2 3 W U 2
1
A, —l+§sin29w Bff:_E



Electroweak Theory
o After introducing Higgs field and spontaneous symmetry breaking:

Liiggs = ‘D ¢‘ 2‘¢‘2 _’1’¢|4

o Masses: m, = ./21v

2
gv m,_ . 2
My =5 L 29 — =cos’ g,
f 2+ 12 mzo g +g
mzo =%V

o Vacuum expectation value: Vv = (\/EGFFIE ~ 246 GeV

o Effective Hamlltoman )

g ory ) Q (2 #(2) _

H. . = + h.c.|+ =

" 4m, [/ ] 8m,’* cos? 6, I
G

[2]““‘ ”+hc +chxuj<2')

==

o The vector boson masses are then predicted:

2 2

e 4

GF= g

= = a=1/137.036
J2 8m,? 8m,’sin’6, 8m,’sin?6,
o Need radiative corrections:
o Masses: , m,, =80.450+0.058 GeV my = — 37.2805 _
. (37.2805 m, =91.1876 +0.0021 GeV siné,, (1-Ar)
W _[ sing,, ] sin 6, = 0.22280 +0.00035 with  Ar =0.03630+0.0011for m=172.7 GeV m,, =117 GeV

yields: m, =80.51+0.11GeV



Neutrino cross-section
Total cross-section (ignoring mass terms) on electrons:

2 2
Grs _ 2GFme E (L AB) The squared energy in CM:
o v s=(p, + pe)z ~ 2m.E,

(0
T T

Total cross-section on nucleus:

c=0,7 1038 * E (GeV) cm2

—-10“”

“E 150}

42

Cross saction o x 10

10

Cross-section [cm”

0, 1 v b by b by by v e b b by
Ene:gﬂ;r}{ﬁe'l.r‘] 200 0 2 4 6 8 1|0 12 14 16 18 20
Neutrino Energy [MeV]

Solar v: only 1/1 billion interacts in crossing the earth
But Earth becomes opaque above 10'° eV

*—> Neutrino physics: need of huge fluxes and gigantic detectors



Total cross section:

2
o (V,N) = %ﬂs [(Q} + %@)] =(0.677£0.014)x10"*cm? / GeV x E(GeV)

_G’s
2

O-CC (17;1 N)

E(o) + (o)] =(0.334+0.008)x10*¢ cm?® / GeV x E(GeV)

T2K (Fe) PRD 90, 052010 (2014)
T2K (CH) PRD 90, 052010 (2014)
T2K (C), PRD 87, 092003 (2013)
ArgoNeuT PRD 89, 112003 (2014)
ArgoNeuT, PRL 108, 161802 (2012)
ANL, PRD 19, 2521 (1979)

BEBC, ZP C2, 187 (1979)

BNL, PRD 25, 617 (1982)

CCFR (1997 Seligman Thesis)

CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 104B, 235 (1981)
GGM-PS, PL 84B (1979)
IHEP-ITEP, SINP 30, 527 (1979)
IHEP-JINR, ZP C70, 39 (1996)
MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
SciBooNE, PRD 83, 012005 (2011)
SKAT, PL 81B, 255 (1979)

Different quark
content in the nucleus:

(@), (Q)

-
(2]
o

—h
I
—
S OXoD g

KX reoea<4amngd

-
N
T

oce/ E, (10% cm?/ GeV)
o ©©

©o © o o

=)

N

1 10 100 150 200 250 300 350

E, (GeV)

o




Interactions on electrons

» Purely leptonic process, simple in principle

_ Ggs _ 2Ggm

o~ - E, (LAB)

But experimentally difficult
o(v+e)/o(viN) ~ m/my~ 1/2000 —



Neutrino Mass: Theoretical Ideas

» No fundamental reason why neutrinos are much lighter than other particles?

> Grand Unified Theories

— Dirac and Majorana Mass
—> See-saw Mechanism

» Modified Higgs sector to accommodate neutrino mass

» Extra Dimensions
— Neutrinos live outside of 3 + 1 space

Many of these models have at least one Electroweak i1so-singlet v

— Right-handed partner of the left-handed v

— Mass uncertain from light (< 1 eV) to heavy (>1016 V)

— Would be “sterile” — Doesn’t couple to standard W and Z bosons



Seesaw mechanism

This model produces a light neutrino, corresponding to the three known neutrino flavours, and a very heavy,
undiscovered neutrino.

I e\ 0 M| v ,_ (0 M
LM:——( v, V, )[ ] A—(M B)’ B> M

2 M B Ve

Ais essentially the mass matrix for the right-handed neutrino.

The Majorana mass B is comparable to the GUT scale
The Dirac mass M is of order of the electroweak scale.

The matrix A has the following eigenvalues:

N — B+ /B2 4 4M?
+ = D) .
The larger eigenvalue is approximately equal to B while the smaller eigenvalue is approximately equal to
M?
-~ A LB

If one of the eigenvalues goes up, the other goes down, and viceversa. This is the reason why the name
seesaw was given to the mechanism.

This mechanism is used to explain why the neutrino masses are so small.

The smaller eigenvalue leads to a very small neutrino 2

mass comparable, which qualitatively agrees with the (2 46 GeV)

experiments. Such an agreement may be interpreted as an _ = 15 = 60 meV
experimentally confirmed qualitative prediction of 10+>GeV

Grand Unified Theories.


http://en.wikipedia.org/wiki/Mass_matrix
http://en.wikipedia.org/wiki/Majorana_spinor
http://en.wikipedia.org/wiki/GUT_scale
http://en.wikipedia.org/wiki/Dirac_spinor
http://en.wikipedia.org/wiki/Electroweak_scale
http://en.wikipedia.org/wiki/Eigenvalue
http://en.wikipedia.org/wiki/Seesaw
http://en.wikipedia.org/wiki/Neutrino

See-Saw

In general case:

Ly=L), +L

_ C
1 (— c | My Mp ||V R
LM =——\v, VL
2 m m %
D MR R
1 _ _
L, —_E(mlvﬂﬁ +m,v,v,)
2
m +m m —m
— MLiJ< =)’ o
: 2 4

if m,, >m,,m,, :

2
mrp,

m, = m,;; m, =
Myr
This can explain smalness of m

de se pe
PDG 2000 + SNO + SK
L+ ce te
ee ue te

< (‘I."_:_:.j < V1 < -"rrz < (\'-'_:.)__}

= = m o = @ =
& ® < @ ® ® @
< < < < < <



Prime evidenze di1 oscillazion di
neutrino: esperimenti con neutrini
solar1 (ved1 prossime lezioni)



Capture Rate expected in
SSM for 1Ga *
Source Rate (SNU)
PP 70.8
pep 3.0
hep 0.06
Be 343
’B 14.0
BN 38
150 6.1
7R 0.06
TOTAL 132 SNU

*Bahcall 1990

Example: GALLEX results
(Low energy v measurements)

GALLEX RESULTS

GALLEX

LLEX III

GALLEX

Rate (S.N.U.)

B3
[ =]
[==]

Combined Result (SR1-SR65): 77.5 + 6.2 (stat)

Data/SSM =0.59£0.06




The first observations of Atmospheric
Neutrinos made in Kolar Gold Fields
near Bangalore,
and in South Africa in 1965.

m The Indian team was led by
M. G. K. Menon et al

m The South African team was led by
F. Reines et al.

29



KGF — The 1t reported Atmospheric
A%

Several detectors in KGF mine
at various depths.

3 v evts published

DETECTION OF MUONS PRODUCED BY COSMIC RAY NEUTRINO
DEEP UNDERGROUND

C.V.ACHAR, M.G.K.MENON, V8. NARASIMHAM, P.V. RAMANA MURTHY
and B. V.SREEKANTAN,
Tata Institute of Fundamental Research, Colaba, Bombay

K. HINOTANI and S. MIYAKE,
Osaka City University, Osaka, Japan

D.R.CREED, J.L.OSBORNE, J.B,M.PATTISON and A. W, WOLFENDALE
University of Durham, Durkam, U.K.

Recetved 12 July 1965 Vs, '&F induced muons

(upward and downward
" moving)

g
>
@x
w
-
=
°
0
N
(9]
w
0,
~N
w
[
<
14

Table 1
e e e e
Event Type of Projected
number coincidence zenith angle Date Time

B V0 P,

1  TEL.2Ng+Sy 37°  30.3 20,04

20 30 40 50 60 70
ZENITH ANGLE' (DEGREES)

2  TEL.1N;+8; 4810 27.4 18.26

3  TEL.2Ng+Sg 75+10° 25.5 20,03
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CWI — The 15 recorded Atmospheric v

First v
February 29, 1965
Recorded 100 (1/month)




« V

YETECTION OF THE FIRST NEUTRINO IN NATURE
ON

23Rk> FEBRUARY 1965
IN
EAST RAND PROPRIETARY MINE

[HIS DISCOVERY TOOK PLACE IN A LABORATORY SITUATED
TWO MILES BELOW THE SURFACE OF THE EARTH ON
76 LEVEL OF EAST RAND PROPRIETARY MINE, MANNED
Y A CROUP OF PHYSICISTS FROM THE CASE INSTITUTE OF TECHNOLOCY U.S
AND THI: UNIVERSITY OF THE WITWATERSRAND JOHANNESBURC.
THE PROJECT WAS SPONSORED BY :-
UNITED STATES ATOMIC ENFRCY COMMISSION
E.R.P.M. AND RAND MINFES CROUP
CASF INSTITUTE OF TECHNOLOCY
UNIVERSITY OF THE WITWATERSRAND
IVL. & O.F.S. CHAMBER OF MINES
AND CONVERTED FROM PROPOSAL TO REALITY
WITH THE HFEILP OF THE OFFICIAIS AND MEN
OF THE HERCULES SHAFI OF E.R.P.M.
6'" DFCEMBIR 1967

I P




1998: Super-Kamiokande announces
observation of Neutrino oscillations

Super-Kamiokande

Nucleon Decay Experiment

m p>etal, Ky, etc m Cosmic rays isotropic
— So far not seen ric neutrino

— Atmospheric neutrino
main background

cosmic ray
proton

atmosphere

Earth Edetector




uper-Kamiokande =&

11 stories high (about 35 m)

1,000 meters underground

50,000 tons of water

22.500 tons fiducial volume
11,200 photomultipliers

0.5 meter photomultiplier diameter

(old copper and zin¢c ming)




Half of v, lost!

Multi-GeV e-like | Multi-GeV yi-like

N
=
=

n
e
=
)
>
-
—
o=
»
)
e
=
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Summary

1. Are neutrinos their own anti-particles? Dirac or
Majorana neutrinos

2. What are the hierarchy of the neutrino mass ordering?
3. What are the scale of neutrino masses?

4. What about the mixing angles 9,,, 9,3, ¥,5° Now
measured

5. Do neutrinos violate the CP symmetry and contribute to
the matter-antimatter asymmetry?



Oscillations indicate Am? # O, but unable to determine <m, >

Reactor neutrinos

Solar neutrinos Earth

«“10%Klametos

1968

~Atmospheric neutrinos

Cosmic Rays
p. He, etc.

alt molkecules

E[‘"fﬁ’o o neesc opdm
1957 Accelerator neutrinos




How to weight neutrinos?

@ Neutrino Oscillations

10

@ Cosmology o
@ Direct Beta Decay Endpoint * |
@ Double Beta Decay 0'
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