PLAN

e Lecture I: Neutrinos in the SM

Neutrino masses and mixing: Majorana vs Dirac

 Lecture II: Neutrino oscillations and the discovery of neutrino masses
and mixings

* Lecture III: The quest for leptonic CP violation

A neutrino look at BSM and the history of the Universe



“For the discovery of neutrino oscillations,
which shows that neutrinos have mass”
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Stars shine neutrinos

1939 Bethe

Stablishes the theory of stelar nucleosynthesis

pp: pep:
pT+pT— JH+ e+ v, 99.77% 0.23% pTre+p— H - v,
84.92% . v oo NeP
—] M+p'—3He+y [ *He+p*— He+e +v, Nobel 1967
lls.os'f.
0.1%
*He +“He — Be +v » Be+p = B+y
“Be: 199‘9% °B: v
‘Be + e — 'Li +v, 8B — 8Be* = et = v,
] ¥ ¥
3He +3He — *He+2p~ | | 'Li+ p* —%He + “He %Be* — 4He < *He

ppl ppll ppIIl



¢ How many neutrinos from the Sun ?
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1966 he detects for the first time
solar neutrinos in a tank of
400000 liters 1280m underground
(Homestake mine)

STCl4+ v, =37 Ar+ e~

Did not convince because he saw 0.4 of the expected....

Problem in detector ? In solar model ? In neutrinos ?

Other radiochemical experiments: Gallium with lower-threshold confirmed



Lepton mixing
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Neutrino oscillations

1968 Pontecorvo

Neutrinos are produced and detected via weak interactions
as flavour states:

V) Z v, a=e u, T

A neutrino experiment is an interferometer in flavour space, because
neutrinos are so weakly interacting that can keep coherence over
very long distances !
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v;travel at slighly different velocities in vacuum: neutrino oscillations



Classical analogy I: no flavour mixing

A V. isproduced and staysa'V, ...

Ve

Prob(v,) = Amplitude?



A(L)

The probability to find a Ve at any time is the same, but the probability

to find a VMiS Zero.



No flavour mixing

A VM is produced and stays a VM

Vi

Prob(v,) = Amplitude-



Classical analogy II: Maximal flavour mixing
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The probability to find a Ve oscillates with time and so does that of VM



Mass eigenstates=normal modes




A(L)

The probability to finda V. o VM does not change with time



Classical analogy III: small flavour mixing




A(L)

The probability to find a Ve oscillates with time and so does that of Vu



Neutrino oscillations 1n vacuum
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Neutrino Oscillation: 2v

§ —sinf
Only one oscillation frequency, U = ( cos SII )

sinf cos@

Am2(eV2)L(km))

P(vy — vg) = sin® 20 sin® (1.27 E(GeV)

(appearance probability)

Plvgy = vy)=1—P(vy, = v3)

é\ (disappearance or survival probability)
-« | LOSC
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Prob (a — B)

Losc(km) =

>
L



Optimal experiment: 7 Am?

E

7 > Am? Oscillation suppressed
P(vq — vg) o sin” 20 (Am2)2
L 2
7 < Am Fast oscillation regime
P(vs — vg) ~ sin® 20 (sin” AZLEQL> ~ %sin2 20 = U Up1 |* + |UZyUpgo|?

Equivalent to incoherent propagation: sensitivity to mass splitting is lost



Fast oscillation regime
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Neutrino Oscillations 1n matter

Many neutrino oscillation experiments involve neutrinos propagating
in matter (Earth for atmospheric neutrinos or accelerator experiments,
Sun for solar neutrinos)

Ve € Ve,p,T Ve,p.,r

€ Ve p,n,e€ p,n,e

Wolfenstein

Index of refraction (coherent forward scattering) different for electron and u/t
neutrinos



Neutrino propagation in matter

M? — +2V,, E + M?

+: neutrinos, -: antineutrinos

In the flavour basis: Vim =

( VNC+\/§GFN€

Vne )
Vne

E
; m 107 2V B~ 10" %eV?
Earth: V, 0~ eV — 2V, 0~ eV llGeV]

E
. m 10712 2V B ~ 10 %V
Sun: Vin > 107 %eV — 2V, 0= 5eV mev]



Neutrino oscillations in constant matter

0 ~
0 UpMNS
V-

+: neutrinos
-: antineutrinos

Effective mixing angles and masses depend on energy
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MSW resonance
Mikheyev, Smirnov ‘85

mi(Ne)




MSW resonance
Mikheyev, Smirnov ‘85

3 0=0
mi(Ne)
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Am?cos20 +2vV2GrE N, = 0

MSW Resonance: -Only for v or ¥, not both

-Only for one sign of Am?cos26



Neutrinos in variable matter
Solar neutrinos propagate in variable matter:
N.(r) & N (0)e "/ R

If the variation is slow enough: adiabatic approximation (if a state is at r=0 in an
eigenstate m? (0) itremainsin the i-th eigenstate until it exits the sun)

Pve = ve) = Z‘ (Ve Vi (00 ’ (i (0 )’Veﬂ
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P(Ve = ve) ~ 1 — = sin* 20 P(ve = ve) =~ sin® 6



Solar neutrinos

P(v. — ve)
1 — 1sm? 20
2

sin® 0

\ 4
Am? cos 20
Eres —
2v/2G N, (0) E

MSW resonance energy

In most physical situations: piece-wise constant matter or adiabatic approx. good
enough



Classical analogy IV:MSW resonance

\




Classical analogy IV:MSW resonance

A(L)

As we cross the resonance (when the two lengths are the same), there is
a maximal flavour conversion: what was mostly V e is now mostly "/



Underground cathedrals of light
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Koshiba (Nobel 2002)

CHERENKOV EFFECT M YYIILET

B =vic n(water) = 1.33 eee 20000 '. o
cos B=1/pn LI VLI L L X B a»

B=1 0 = 42 degrees

Allows to reconstruct velocity and direction, e/u particle identification



Solar Neutrinos

Neutrinography of the
sun

(c) Kamioka Observatory, ICRR(Institute for Cosmic Ray Researc|
SUPERKAMIOKANDE  NSTITUTE FOR COSMIC RAY RESEARCH UNIVERSITY OF TOKYO

l/e‘|‘€_% NC: vi+d—>p+n—+y

cC: vi+d—p+p+e”
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Survival Probability
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Solar neutrinos and MSW
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Atmospheric Neutrinos




Atmospheric Neutrinos

V), [Ve ~ 2

d¢,/dE, x E* (m™ sec™ sr™' GeV)

10 1 10 10° 10°
E, (GeV)

Produced in the atmospnere when primary cosmic rays collide with it,
producing m, K



Atmospheric Neutrinos

Isotropic flux of
COSMIC rays
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Number of Events

Atmospheric Neutrinos

300

Sub-GeV e-like Sub-GeV p-like multi-ring p-like Upward stopping p
400 P < 400 MeV/c 400 P < 400 MeV/c 150
300 300 200
et e 100
200 F 200
E 100
100 | 100 o
0:...1....1....1.... 0 0
Sub-GeV e-like 600 = Sub-GeV p-like PC stop L Upward through-going
400 P > 400 MeV/c [ P >400 Mevic + [ non-showering p
300 400 |- 400 |
200 tf‘ :
200 F 200 -
100 ; :
0 PP P I Olll 3] IS P T T
E Multi-GeV e-like E Multi-GeV p-like 300 PC through r Upward through-going
200 200 X showering p
1505- 150;- 200:— 1002-
100 E 100 f : :
F : 100 F SO
50 3 50 [ -
0:....1....1....1.... 0 3] P P I P 13 P T T I
200 multi-ring o-ike CgSG) -1 -05 CO%@ 05 1 -1 -0.8 -Oégs-g)A -02 0

150
100

SK-I: 1489 days

SK-II: 804 days

23,000 V’s
100 MeV -10 TeV




Atmospheric Oscillation
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Lederman&co neutrinos oscillate with the
atmospheric wave length

Pulsed neutrino beams to 700 km baselines
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Reines&Cowan (reactor) neutrinos oscillate with
atmospheric wave length

Double Chooz, Daya Bay, RENO
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1% e — U e Two different wave lengths

Modern copies of the influential experiment Chooz that barely missed
the effect and set a limit



# of events

Using the SuperKamiokande detector!
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Standard 3v scenario

2 2
AmQB _ m3 m2 — ATnat’m

2 _ .2
Amis = my —mi = Amg,,

Ve 41
v, | = Ua3(023)U13(013,0)Ur2(012) | 12
V+ V3

Solar and atmospheric osc. decouple as 2x2 mixing phenomena:
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soll

* Small 0 13



E,/L ~ Am3, > Am?,

Chooz
2 2 o (Am3,
P(ve = v,) = 533 sin”20;3 sin L) ~0
1F
Am3 ~
P(ve = v;) = (54 sin® 26,3 sin® ( 477;23 L) 0

P(v, —v;) = ci




E,/L ~ Am3, > Am?,

Plve —v,) = 0

Pve—v,) = 0

Plv, »v;) = sin” 263 sin” Amay L
7 T 23 AR

Pv.—v.) = 1

Experiments in the atmospheric are described approximately by 2x2 mixing with

(Am%& 023) = (Am2 eatm)

atm?’



E,//L ~ Am%Q < Amgg

4

P(ve = ve) = P(Ve — V) ~ ci3( 1 — sin” 2615 sin (

Am12
41F

L))

S13



E,//L ~ Am%Q < Amgg

Am? |
Pve = ve) = P(Ue — Ue) 1 — sin® 26,5 sin” ( 47212 L)

Experiments in the solar range are described approximately by 2x2 mixing with

(Am3,, 612) = (AmZ,), Oso)

sol»

The measurement of 0,3 ~ 9° implies that corrections to these approximations
are sizeable and need to be included in all analyses



SM +13 massive neutrinos: Global Fits

NUFIT 2.0 (2014) |
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Two state Quantum System

H = E1|d1) (1] + Ea|d2) (o]

evo  W(0) = = ((61) + [62)
—iHt _ o~ i1t o2t _
U(t) =e """U(0) = \/5( p1) + h2))

Probability to find the state in the same initial state:

1 —1(bo—FEn
\(‘I’(t)W(O)HQ:E\lﬂL@ (B2 F)t|2

= 1 — sin? (ﬁ)
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