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A brief history of neutrinos.

The neutrino oscillation revolution.

The Standard Model

Scenarios of neutrino masses
Electroweak-scale right-handed neutrinos
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The LHC as the discovery tool for the origin of
masses, including those of neutrinos.
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| A Brief History of Neutrinos

The Birth of the Neutrino

» The puzzle of #-decays:
The electron () energy In the decay
Az — Az + e
IS not equal to the mass difference between
Az and Az.;. Infact ...

Transition
EEEEEE

Beta Particle Energy
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» Give up energy conservation?
Wolfgang Pauli’'s desperate attempt to save It
In 1930:

Ay — Az 1+ e + unknown particle

» Unknown Particle (“neutron” by Pauli):
electrically neutral, spin 1/2 particle with
mass less than 1% of the proton mass.

# |In 1932, Chadwick discovered a electrically
neutral, spin 1/2 particle with mass
comparable to the proton mass: The real

neutron and not Pauli’s particle. |
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#-decay involving the new particle of Pauli
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» Birth of the Weak Interactions: Enrico Fermi
wrote down In 1933 a theory describing
#-decay involving the new particle of Pauli
and called it the neutrino (little neutral one).

» Neutrinos are elusive: light, electrically

neutral and interacting weakly with matter.
Hard to detect!

f one uses a wall of lead, how thick should it

ne to stop a beam of neutrinos?
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» Typical low energy (MeV) cross section
o~ 107" m?.
Mean free path for neutrinos going through
e.g. Lead:

» Number density of nucleons in Pb:

11400 kg/m?
= 167x10-2kg"

» Number of interaction per meter:

11400 kg/m?>
1.67x10-2" kg

oxn=10"4"m? x

» Mean free path:

A= -~ 15x 10" m ~ 1.6 light years |
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» Every second a few trillions neutrinos
produced from the sun go through our body!
And we don’t even notice It...

# There are about 330 neutrinos /em? left over
from the Big Bang.

» How are we going to discover any of that
stuff?

# Huge detector and lots of neutrinos!
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» Fred Reines and Clyde Cowan 1956’s
experiment: 200 liters of water (lots of
protons!), 40 kg of cadmium chloride to
capture neutrons, scintillators to detect the
photons.

» Source of neutrinos: Savannah River nuclear
reactor, South Carolina: ~ 10 trillions
neutrinos/sec.cm? in the form of ..
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» Reaction in detector: 7, + p — n + e* followed
by et +e= — 2~ and
n_|_108 C'd —109 O qx —109 Cd+7

» Observation: about 3 interactions per hour.
Predicted cross section:6 x 10~* cm?.
Measured cross section: 6.3 x 10™% cm?.
Discovery made 26 years after the neutrino
was postulated.

» Nobel Prize in 1995 (Reines). Almost 40

years after the discovery of v,! |
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» Another neutrino, v,, was discovered In an
accelerator by Leon Lederman, Mel Schwartz
and Jack Steinberger in 1962. Nobel Prize
1988, 26 years after its discovery.

# Discovery of 3rd charged lepton in 1975 by
Marty Perl (Nobel Prize 1995). Postulate of a
3rd neutrino v.-. Observed in 2000 at
Fermilab(Nobel Prize in 2020-20307?).

—



| Neutrino. Oscillation Revolution

» Neutrinos come from outer space too! Lots of
them!



| Neutrino. Oscillation Revolution

» Neutrinos come from outer space too! Lots of
them!

# 1,.’S produced deep inside the sun carry an
energy ~ 0.1 — 10 MeV'.

—



| Neutrino. Oscillation Revolution

» Neutrinos come from outer space too! Lots of
them!

# 1,.’S produced deep inside the sun carry an
energy ~ 0.1 — 10 MeV'.

» Small cross section = Big detector.

—



| Neutrino. Oscillation Revolution

» Neutrinos come from outer space too! Lots of
them!

# 1,.’S produced deep inside the sun carry an
energy ~ 0.1 — 10 MeV'.

» Small cross section = Big detector.

» Ray Davis’'s Homestake Experiment in South
Dakota: 615 tonne of tetrachloroethylene (dry

cleaning fluid) in a tank 4,800 feet
underground. |
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» 1968 result: neutrino count ~ 1/3 of John
Bahcall’s calculation!
Two possibilities (assuming the experiment Is
right):
» The solar model is wrong.

» Something weird Is happening: 2/3 of v,’s
disappear on the way to the Earth! (First
hint of neutrino mass.)
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» 1968 result: neutrino count ~ 1/3 of John
Bahcall’s calculation!
Two possibilities (assuming the experiment Is
right):
» The solar model is wrong.

» Something weird Is happening: 2/3 of v,’s
disappear on the way to the Earth! (First
hint of neutrino mass.)

o This is the so-called Solar Neutrino Problem.
What happens to v.’'s on their way from the

to Earth? |
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» Relativistic muon frome.g. v, +n — pu~ +p

S harp!
» Relativistic electron frome.d. v.+n — e~ +p

| Fuzzy! Why? _l
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» Expected v, /v, =2/1. Found v, /v, = 1.3/1!
(1998).

» Where did 35 % of v,’s go? Could they
change into another neutrino which is not
detectable?

» How does one describe guantum
mechanically the oscillation of one quantum
state into another?

o Definition of flavor: W+ — It + vypna. 11

charged lepton mass eigenstate of flavor o
(67 M’ T’ ) 4
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» Flavor eigenstates v, (o = e, i) # Mass
eigenstates v; (1 = 1, 2).

® |V, >=cosfO|lv; > +sinf|vy >
|VM >= —Sin9|V1 > —|-COS(9|V2 >

# At a distance L from the source and for
uItrarelativisticgneutrinos
vi(L) >= e ™iLll2E|1,(0) >

s For example |v (L) >= cos e "iLI2E |y, >
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» Probability for a neutrino of born with flavor «
to change into one with one with with a

different flavor ¢ at a distance L

P(vy — v5) = sin® 20 sin®(1.267 202k _GeV_)

» Probability for it to remain the same or
Survival probability:
Py — V) =1— P(v, — v3)

» Two unknown parameters:

9 and Am?, = mj — ms3

» Choose L and E such that Am3, L/E ~ O(1). |
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»# |In general, for more than 2 flavors and at ¢t = 0
1a(0) >= 32, U, " |v(0) >

» U'erton: | eptonic mixing matrix in charged
current interactions similar to the quark
Cabibbo-Kobayashi-Maskawa (CKM) matrix.

» Atadistance L: P(vy — vg) =

. Am2 I
ZZJUONUﬂZU Uﬂ] eXp( t ?é )

# To a good approximation, many experiments

used the two-flavor oscillation formula. See
lectures on neutrinos. |
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MINOS Preliminary

.
Ny 0-006 T — | -
N; - *  MINOS Best Fit .
Qb T MINOS 68% C.L. E
"k MINOS 90% C.L. -
~s F SK 90% C.L. .
E oo e SK (L/E) 90% C.L. =
ﬂ BEERLLLELEET K2K 90%_QL-_ 7
0.003 :— *o,
0.002 :— ......
0.001:—
[ L |
02 05 0.6 0.7 0.8

0.9 1
sin“(20,, )

Am? from Atmospheric Neutrinos
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KamLAND
B 95% C.L.
99% C.L.

Y 99.73% C.L.

* best fit

............. 95% CL

""""" 99% C.L.

— 99.73% C.L.
*  best fit
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2
tan 9®

Solar neutrinos v, — vy |
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Compilation of experimental results



| Neutrino. Oscillation Revolution

L
2
o 5 Anlatm

Flavor composition: cross-hatched v,;

left-leaning v;; right-leaning v,
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o Am?

atm

~ 103 eV Am2, ~107°eV?

solar

o Cosmology: ) .m; < (0.17 —2.0)eV .

» Cosmology + oscillation:
0.04 eV < Mpequiest < (0.07 — 0.7) eV

» Lepton mixing as deduced from neutrino
osclillation data very different from quark

mixing.



| Neutrino. Oscillation Revolution

» Lepton mixing:

(2 8 0
Upnns ~ —\/%\/g—\/g
-V VE VE
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» Lepton mixing:

Upmns ~ —\/%
1
6

» Quark mixing with A ~ 0.2

[ 1 a3
Uckm~ | =\ 1 N
\A3 —)\2 1/
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