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\two lectu resl

» Basics: brief history and basic concepts
» Oscillation phenomena and searches from many fronts
» Properties and Nature

» Theoretical frameworks and (Minimal) New Physics Models



\Some referenc:esl

» C. Giunti, CW. Kim, “Fundamentals of Neutrino Physics and
Astrophysics, Oxford University Press.

» R. N. Mohapatra and P. Pal, “Massive Neutrinos in Physics and
Astrophysics, World Scientific

» M. Fukugita, T. Yanagida, “Physics of Neutrinos: and Application to
Astrophysics (Theoretical and Mathematical Physics) ", Springer



\Part 1|

» Neutrino Problem: brief chronology
» Oscillation phenomena
» Searches from many fronts: present situation

» Why neutrino physics is challenging



Neutrinos are the most elusive particles of the Standard Model
Qem — 07 Qcolor = 0.

Provide informations on the essential features of the SM:
=

“left” nature of the weak interaction and family structure

® more importantly, they call for physics beyond the Standard Model



The Standard Model of particle physics

» Standard Model: renormalisable QFT formulation based on SU(3).xSU(2)r xU(1)y

=> successful description of (most) elementary particles and their interactions
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I Despite its remarkable success, is the SM the ultimate description of Nature?
Theoretical caveats (hierarchy problem, choice of gauge group, family/flavour puzzle, ...)

Observational problems: dark matter candidate, baryon asymmetry of the Universe,

massive neutrinos!



Brief history of the neutrinos v

» v birth: “Rescue” conservation of energy in nucleus beta decay n —p+e + e

“Dear Radioactive Ladies and Gentlemen,

... because of the wrong statistics of the N and Li® nuclei...and the continuous
beta spectrum, | have hit upon a desperate remedy to save the "exchange theorem"
of statistics and the law of conservation of energy. ... electrically neutral particles, that

that | wish to call neutrons, which have spin 1/2 and obey the exclusion principle ...

... The continuous beta spectrum would then become understandable...”

Pauli, 1930

Enter the “neutrino”: following the discovery of the “neutron” in 1933 by Chadwick,

Pauli postulates the existence of a “massless neutrino”

Electron neutrino: detected in 1956 by Cowan and Reines
Muon neutrino: discovery in 1962 by Lederman, Schwartz and Steinberger
3 neutrino families: Z boson decay width, CERN 1989

Tau neutrino: direct evidence in 2000 by DONUT team

Neutrinos in the SM: 3 massless states! Ve, Vy and Vr



Studying neutrinos: sources & detectors

» Neutrino sources have been experimentally and observationally explored,

huge impact for particle & astroparticle physics and astronomy!

» At every second, 70 x10° neutrinos cross a cm? |

FACT: about 65 million neutrinos pass

» A world-wide effort to detect and study v's oy oy e

from different sources, using distinct methods...

Laboratory: reactors, accelerators

Cosmic rays: atmospheric neutrinos (ra), ultra-high energy neutrinos

Astrophysical: solar neutrinos (vg ), supernovae




Studying neutrinos: unexpected news

» A puzzling and surprising discovery: the solar v, and atmospheric v,, fluxes...

Results of Solar Neutrino
experiments

method flux Data/SSM
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BP95: J.N.Bahcall and M.H.PinsonneaultRev.Mod.Phys.67(1995)781.

Solar neutrino problem: detection of only 1/3 of expected flux of solar v,.’s

Atmospheric neutrino problem: detection of ve ~ v, (expected ve ~ 2v,)

» Hypotheses:
“Unexpected”’ production of v,: do charged currents violate lepton flavours?

“Disappearance”’ of propagating v,: do neutrinos oscillate?

n p e

=

Standard Solar Model predictions: to be challenged?
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15 Facts: v change flavours after propagating a finite distance

Solar Am2, ~T.4x107° eV?

sol

sin? @, ~ 0.30

Atmospheric

LBL Accelerator AmZ,, ~ 2.5 x 1072 eV?
sin? @atm ~ 0.58
LBL Accelerator

LBL Accelerator
A/rn/gtm

LBL Reactor SinZ Ochooy ~ 0.022

SBL Accelerator
Am? ~ 1eV? (?)
SBL Reactor sin®f ~ 0.1 (?)




i Indisputable: vs are massive and mix

= ‘ The minimal SM is incomplete! I




Neutrino oscillations: massive states, leptonic mixing!

» A simple solution to both problems! lllustrative 2-family example

Two massive states (Am, # 0) related to flavour eigenstates as vo = Uqi Vi

v\ [ cos 6 sin6 1%
Ur —sinf cosf V3

» What happens to a relativistic neutrino, e.g. a v, produced in the atmosphere?
Production of weak eigenstate at ¢ = 0:

|vi=0) = |v,) = cos @ |va) +sin 6 |v3)

Travel distance L to the detector, during which it oscillates

lu(t)) = cosBe~ 2t |1y) + sin fe~E3t|u3)

At the detector, it produces p in charged current scattering, with probability
v . . Am2 L
P2, (1) = [(walw ()2 = 1 —sin? 20sin? (276E)  # 1

» Oscillations are possible if and only if neutrinos are massive and mix!

15° this is not accounted for by the SM!



Parametrisation with 3 flavours

The charged current interaction is not diagonal in flavour space:
Eint = ——EZ’Y’UJViUijW—F + h.c. ,

n=3 =» Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix

—48
C12 Ci13 S12 C13 S13€
_ ) ) . 1] 1o
U= —S12 C23 — C12 S23 S13€ C12 C23 — S12 S23 S13€ S23 C13 Dlag{e y € 71}
) i6
S12 §23 — C12 C23 S13€ —C12 823 — S12 (C23 S13€ C23 C13

[Chau-Keung parametrisation]

0 Dirac phase, a1,2 Majorana phases, 6012, 023,013 (v = D)
eial’Q

mai,ma, ms mass eingenvalues, if ms > 0, mi 2 = |mi2



Transition Probabilities |

P(va = vg; L) = bap—4) Re(Ua;Us;UspUps) sin’ Am,i L
fo' B af — ajVpBiYakV Bk AE

* * . Am?kL 2 2 2
-+ ZZIm (UajUBjUakUﬁk) sin Yo ,  Amj =m; — my
i<k

15 Oscillations are possible if v are massive (Am?,, # 0) and mix (Ua;Ug; # 0)
15> QOscillation experiments do not give the nature : Dirac or Majorana : v = v |
= n=2:

P(vo — vg) = sin® 20 sin” (Lfac 7T) . Lyac = % ~ 2.48km (A%S(?\//)Q))

- - - 2
15" oscillations arise when L ~ Lyoe = 22 ~ 1 & Am?(eV?) ~ EL((?{(;X)




Accessible Am? |

Depending on L and E neutrino sources:

l.e. v source and position of the detector

L(km) | E(GeV) | Am?(eV?) Source
10° 103 10~ solar v
10* 1 10~4 atmospheric v
103 10 10~ v from accelerators (long distance)
0.1 1 10 v from accelerators (short distance)
0.1 1073 10~ v from reactors




Lepton mixing & neutrino data: current status

|_NUFIT 5.0 (2020) | Normal Ordering (best fit) Inverted Ordering (Ax* = 7.1)
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» Exciting and rich experimental program ahead!

% So far, only Am,?j, but ....what about absolute neutrino masses?



Lepton mixing & neutrino data: current status

m2 m2
. . . A .y, A
» Oscillation data: only two squared-mass differences -,
|| VT
Undetermined mass ordering: ol 1,2
’ solar~7x1075eV?2 22
normal [my, < my, <K muy,] atmospheric T
~2x1073eV?2 . herd
. atmosphneric
Invel’ted [my3 < myq 5 ml/g] ~2><10p‘3eV2
2
Unknown absolute mass scale "
?
0 0

» Resolving the absolute mass scale Mmiyightest
- Tritium decays (3H —3He +7. +e7): my, S 0.8 €V [KATRIN'22] the only direct mass determination
- 0v2f decays - if Majorana nature: |Mmee| < 0.06 —0.16 €V [ KamLAND-Zen]

- Cosmology (CMB, LSS, Lya): >, mu, S 0.26 — 0.39 eV f '*C‘"‘Sf'zc’;f?d*
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Leptonic C'P Asymmetry |

Acp(af) = P(vy —vg) — P(vy — vp)
— 4§Im UoszﬁjU ng) sin (Am?kﬁ>
j

i Cannot be observed in dppearance experiments
CPT — A(;p(eu) = ACP(/M') = A(jp(7'€> — 16\7612623631

= 7 =Im (Ueg :1UZ3UM1) ~ SIn 2(923 sin 29128111 61381115
(Jarlskog Invariant)

15 (;; = sin (1 27Am3;(eV)? EL(%{?\;O
1= (o3 large (OK) and also Am?,.
1% (15 large (OK) and also Am?,.

& 6,3 conditions the measurement of CPV phase: 0,5 ~ 8.5



i Indisputable: vs are massive and mix

»‘The minimal SM s incomplete!l

\

[An observational Caveat that is also theoretical one!]




» v mixings "add fuel to the fire": add to the fermion flavour puzzle!

1—)2/2 A AX3(p —in)
Uckm = - 1—)2/2 A\2 ,LA~0.2,A~08,p~0.1,n~0.4
A1 —p—in) —AN 1

— Quarks: small mixing angles, 1 Dirac CPV phase

—is
c13C12 C13812 si1ze "’

— 1) Xe) . [ ¥e'% [ ¥e'%
UpMmnNns = —c23812 — S23S813C12€" c23C12 — S235813512€" —S823C13 X diag (e 1,e"%2, 1)

i o 18
823812 — 02331301231 —823C12 — C23813812€ C23C13

Leptons: 2 large mixing angles, 1 Dirac + 2 Majorana CPV phases

= Very different mixing pattern for Leptons and Quarks

=>» | Is this related to different mass generation mechanisms? I



» v data worsens fermion hierarchy problem!

? mp m’ﬂ m# %
e S e T —>
eV keV MeV GeV TeV 101 GeV
) 4 2 Y* Y# ytop
—— } — }

Ly = 10°%102 1

=3 | What is the absolute neutrino mass scaIe?I



= ‘ Are there some extra fermionic gauge singlets (steriles)? I

Ams
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3+7-v mixing schemes

Does this mean that Upp; s is incomplete? Non-Unitary ?I

logm



> ‘ Strong Potential for CP violation I

== Unitarity triangle surface oc JE2*" 1 JSB" ~ 1000 x Jaurk

JA =296 x 107°,  Jcpmax =~ 3.29 x 1072

J =Im (Ueg :1U;3UM1)

j = sin 2923 sin 291281_’(1 91381.'(1(5

Unitarity Triangle (in e, i) Jarlskog Invariant

— ‘ New possibility for having Baryogenesis from Leptogenesis 7 I




Lepton mixing & massive neutrinos: a gateway to NP

1 -SM = New Physics just to explain ¥ masses and mixings

» Need other d.o.f, for instance Right-Handed Neutrinos, m, + HY vy vgr + ...

» What is the neutrino mass generation mechanism?
» v ¢> v the only particle that can have both Dirac or Majorana descriptions

» If v has Majorana nature =» New physics scale (# EW scale)

5> -SM will allow for many new phenomena
» Lepton flavour violation in neutral sector, not in the charged one? ¢; — 000y, Ui — £y, ...
» Contributions to other observables like g — 2, Lepton EDMs

» Collider searches for new heavy states ...

I SM has other issues that call for larger BSM frameworks
» observational problems (v masses & mixings): BAU and Dark Matter
» theoretical caveats: fine-tuning, hierarchy and flavour problems ....

( =>» Determination of »-SM/BSM model requires combinations of # observables]




5> How to proceed?

signal of
new physics

: low-energies

N LHC observables

“~_ probe of
- new physics

-

» Ingredients:
1. mass generation mechanism (seesaw, radiative corrections, extra dim, ...)
2. extension of SM: SM + new d.o.f, or BSM (extend Higgs and/or gauge

sectors, e.g. SUSY, ...)

» Observables (peculiar to these extensions):
- Produce directly new d.o.f at LHC (if accessible)
- or study impact of 1. (and 1. + 2.) on observables at low-
energy/high-intensity experiments (MEG, ...) and high-energy (LHC)

» Probe New Physics: ﬁ interplay between low- and high-energy observables



