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Lecture 1

»Neutrino: concept and discovery
» Helicity and Handedness

> Neutrinos in standard model



The standard model (SM)
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Neutrino is a portal to new physics!



SM mass spectrum

Mass (giga-electron-volts)
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 Neutrino Properties:
charge =0
spin=1/2
mass <leV
speed=c

* Neutrinos are lighter than all other
fermions by at least a factor 10°

* Units
1GeV = 1.78 x 10~27kg
1GeV = 103MeV = 10°%eV



Where are neutrinos produced?

Human Body

Reactors Sun

Supernovae
Accelerators P

Earth atmosphere Active galaxies

Earth crust

radioactivity Big Bang




Neutrinos are everywhere

Every second we are traversed by: The Particle Universe

103 |

« 400 X 102 neutrinos from the Sun o |

e 50 % 102 neutrinos from natural =

radioactivity al

<')E 1071 |

* 10 x 10? neutrinos from nuclear i: 102
power plants é o3
Moreover: 2 104
105

e our body emits 400 neutrinos/s (4°K
decay)

i0-6} protons electrons

107 - neutrons
108 | dark matter

* the Universe contains ~ 330 neutrinos/cm?3
109!



Why neutrinos are so important?

they can probe environments that other techniques cannot: SN explosions,
core of the Sun,...

their role is crucial for the evolution of the universe (Big Bang
Nucleosynthesis, structure formation)

they could help explaining the matter-antimatter asymmetry of the
Universe (leptogenesis mechanism)

they could be a component of the dark matter of the universe.
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Beta decay and enegy crisis?

1900 Radioactivity: Becquerel, M & P Curie, Rutherford...

B decay Energy conservation:

|::> Eelectrcm = (I\/[N — J‘/IN*)CZ — Q

A Ay -
7X = z41X te

* Electron spectrum of f decay: why continuous not single peak?
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v hypothesis and first kinematical properties at 1930

* Pauli introduced the neutrino in a famous letter to explain continuous electron
spectrum in nuclear beta decay.

Dear Radiocactive 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 and Lis nuclei and the continuous
beta spectrum, 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
nuclel electrically neutral particles, that I wish to call
neutrons, which have spin 1/2 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 1is emitted in addition
to the electron such that the sum of the energies of the neutron
and the electron is constant...

Unfortunately, I cannot personally appear in Tibingen since I am " —
indispensable here in Zirich because of a ball on the night from | @ CERN, Seneva -
December 6 to 7...

zero electric charge, spin 1/2, tiny mass

1

1930: m,, < 0.01 GeV
Today: m, < 0.1 ~1eV




Three years later: v name and first dynamical properties

* At 1933, Fermi postulated the first theory of nuclear beta decay, the theory
of weak interactions

ANNO IV - VOL. 1 - N. 12 QUINDICINALE 31 DICEMBRE 1883 . X1l

LA RICERCA SCIENTIFICA | ature did not publish this
D . PoCAESO TEONCD e EEvCMA MADENALE article: “contained
speculations too remote

from reality to be of

Tentativo di una teoria dell' emissione

dei raggi “beto” interest to the reader...”
Nots dal grof. ENRICO FERMI
Risssunto: Tecria della emissione dei raggi B delie sostanze radicantive, fondata sul
woria con Fesperienza
n-op+e +v, v s Lepton current i
O e (electron/neutrino)

Gr = 1.166 X 10™>GeV 2

Electron
Neutron \ Nucleon current
. p P (neutron/proton) n
Proton set the energy scale of

J1/Gg ~ 0(100)GeV of
weak interactions

—->new name for particle: neutrino
13



How to detect neutrinos

* At 1934, Bethe and Peierls calculated the cross section o for the processes:

vV+n->p+e
v+p-on+e”

Fermi theory prediction:

2
E
o= 10‘44cm2< L4 )
m,C?

For E, ~2MeV, g ~ 10~**cm?, to be compared with g, ~ 107*°cm

2

“It is therefore absolutely impossible to observe the processes of this kind
with the neutrinos created in nuclear transformations.”

1

* mean free path of neutrinos: 1 = —

neutrino mean free path in water:  A,ater & 1.7 X 101”m ~ 15 Light years

neutrino mean free path inlead:  Ajeaq = 1.5 X 10'®m ~ 1.5 Light years

14



Neutrino: impossible to detect?

“1 have done something very bad today by proposing a particle that cannot
be detected. It is something that no theorist should ever do."—Pauli, 1930

Pauli’s worst insult to a theory: “Not even wrong”
» Event number in a neutrino experiment:

No—
Wo—= v
Volume of

W —= W - 3
S detector V (m~)
Meutring v W —= N — (I)O-Ntar At
flux  (1/m2s) v —> 8
Meutring _
cross-section Density of nucleons
a {m2) n (1/m?)

with a 1000 kg detector and a flux of 10'° v/cm?/s: few v events/day

010

—solar neutrino flux~ 7 X 10-Yv/cm?/s

—reactor neutrino flux~ 10%%v/cm?2/s

Difficult but not impossible!
15




Discovery of the neutrino

» At 1956, first observatlon of reactor Ve by Reines and Cowan.

Scintillator
H,0 + CdCl,

1995 Nobel Prize
in Physics to
Reines

Antineutrinos

from .#9&7 3 photons

Savannah en coincidence

River reactor %@%6%0

Telegram to Pauli on 12/06/1956

“We are happy to inform you that we have definitely detected
neutrinos from fission fragments by observing inverse beta decay
of protons. Observed cross section agrees well with expected six
times ten to minus forty-four square centimeters"”

Modern versions of Reines&Cowan experiment: Chooz, Dchooz, Daya Bay, RENO...
still making discoveries today !

16



More than one neutrino flavours?

e At 1959, Pontecorvo suggested the existence of a different neutrino,
associated to muon decay and proposed an experiment to check it

Vacctn—=>p+ (e or u?) (Vee) (17;)

* At 1962: Discovery of v, by Lederman, Schwartz and Steinberger

proton nt ->ut+v
beam target proton accelerator \ A Uu -
. ) Lo s — \
P h. b . _J‘, -—JJA , —— e
S vV tn-p -I—' ,u
: 2 1
: datoctor -
pi-meson steel shield spark chamber
haam
n =
N r - e
The accelerator, the peutrine g Pres 3 o e
beam and the detector \:\ -----
Part of the circular sccelerator in T e, R PR T T
Brookhaven, in which the protons Sl
were accelerated. Thep-mesons (), = W o, HEAM Y ", |
which were produced in the prolon
concrete

colisions with the into
muons (1) end seutinos ( he 13
m lhlc't-sled she.l‘d stops JI the
p-rhc except the v penctrat
neutrinos. A very sma "]rach f.""'E
neutrinos react in the detector and
give rise to muons, which are then
observed inthe spad( chamber.

Leon M. Lederman Melvin Schwartz Jack Steinberger

: | | e s 1988 Nobel Prize in Physics
Modern versions of Lederman, Schwartz, Steinberger experiment are accelerator neutrino
experiments: MINOS, OPERA, T2K, NoVA, ... 17




More than two neutrino flavours?

At 1978: Discovery of T at SLAC - imbalance of energy in T decay suggests
existence of a third neutrino.

At 1989: LEP measurements of the invisible decay width of Z boson

0.Imd [ nb]

Finv = FZ _ I‘had _ 3Flep

N, = inV/FSM(Z - ViVi)

- N, = 2.984 + 0.008 L

| I ——
86 88

PR T VR S S— |
90 92
E,, [GeV]

At 2000: Discovery of v, by the DONUT Collaboration.

P— |
94
[ ]

800 GeV p 2 D; meson (= ¢S) = v.beam - t detected
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Parity violation in weak interactions

e T — 0 puzzle
0t - 7t + ¢ P=(-1)x(-1) =+1 Tt =gt =K+
ttont+nt+n P=(C1Dx(-1)x(-1)=-1

* At 1956: Lee and Yang proposed parity
violation in weak interactions

1957 Nobel Prize in Physics

e At 1957: using a radioactive source of ®°Co, Wu et. al.

Beta emission is

determined that weak interaction violates parity MmO
. . opposite the
conservation maximally: spin rckar i
e Stoty
> e- Wu, 1957
momenfum 6000-> 6%i+e’+\"e

* At 1958: Goldhaber et. al. measured the helicity of the
neutrino - only left-handed neutrinos (spin antiparallel to .
neutrino direction) participate in the weak interaction (right

handed antineutrinos)

19



Helicity

The Helicity of a fermion relates its spin to
its direction of motion

A=s-p/|pl = £1/2

A massive particle’s helicity isn’t relativistically invariant.

Looks like a left-handed corkscrew. No—Ilike a right-handed corkscrew!

20



Parity and helicity

Parity and Helicity: if parity were (a) Four States of a Spin-1/2 Particle
conserved, a spin-1/2 particle would p p
exist in both left- & right-helicity
states Right-  Left
) helicity (’"' N 7 T helicity
partice ~— W~ ~_ W 7 particle

(b) Mirror Reflection of a Right-Helicity Particle

P
_,-""_: . "“x\
rRight- () W) Lett-
helicity T & helicity
antiparticle ' SY antiparticle
Mirror image has B (’“
N = Ve Y
left helicity gii @
. Spin aligned Spin opposite
Particle has with momentum  to momentum
right helicity

P = Particle momentum  § = Spin pseudovector

21



Handedness

» The Handedness of a spin-1/2 particle is a relativistically invariant quantity
to describe this particle’s spin states.

2 independent handedness or chirality states: left & right.

» A massless or massive particle can always be decomposed into two
independent components: left- and right-handed.

Particle Antiparticle
W =, + Y| Helciy Right () Left () Right () Left (—)
Loy (l) JD (&) @\g)
I o i
1y > >
Yr = 2 W' | Handedness er e en e,




Neutrino interactions in SM

> SM Gauge group:  Ggy = SU(3). X SU(2)1 X U(1)y

> Fermion fields and transformation under SM  (SU),SU(2))u(1),

(L)1 (3,12 (3,1)y
No right-handed neutrinos,
) ) . thus neutrino mass is zero in

: ) renormalizable SM

(L

C

N VLfYuVLf Ly + hec.
QCDSHW’ Zf: Lf ipVLf%p + N.c

/

Charged currents: CC ' Neutral currents: NC

/e

23



» Four-fermion interactions at low energy

Vig lLa Via lLa

CC

NC

20c2
4mscos=0y,

Yy Vr

Fermi constant:
2

SF= 9 — 1166 x 10-5GeV 2

2 8mW

24



 The neutrino interactions are very weak and very difficult to be observed

1
g 10 o
— - Extra-Galactic
= "E[1 barn = 107%% m?
_g " E Galactic
08, . w8 Accelerator
1 107" B
/4 = Atmospheric
81013 o SuperNova
1016 ::
10" -
102 -
10% - ()2
= ES/— _— “'F 5
-~ o (Ve )~ m, L,
ull T
1041I—_ll Il ll ll ll ll II ll ll IL II ll ll II ll ll ll lI ll ll ll II |

10°  10? 1 102 10°* 10° 10° 10° 102 10" 10" 10"
Neutrino Energy (eV)

[Formaggio,Zeller, Rev.Mod.Phys. 84 (2012)
1307, arXiv: 1305.7513]



Picture of neutrino interactions before discovery of neutrino oscillation
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Lecture 2

»The 3x3 neutrino mixing matrix
» Neutrino oscillations in vacuum

> Neutrino oscillations in matter



Takaaki Kajita

2015 Nobel Prize
in Physics

NEUTRINOS FROM
COSMIC RADIATION

cosMic \ | o

RADIATION
.. ATMOSP,
£ N‘.’P&_ /L

MUON-
NEUTRINO

SUPER-
KAMIOKANDE
KAMIOKA, JAPAN

~
1000m

Muon-neutrinos
give signals in
the water tank.

Muon-neutrinos
arriving directly
from the
atmosphere

Light detectors
measuring Charenkov
radiation

=
(®—

CHERENKOV
RADIATION

PROTECTING
ROCK

Muon-neutrinos
that have travelled
through the Earth

Arthur B. McDonald

NEUTRINOS FROM
THE SUN

Electron-neutrinos
are produced in the
solar core.

SNO

SUDBURY NEUTRINO OBSERVATORY [SNOJ
ONTARIO. CANADA

PROTECTING ROCK L

Both electron neutrinos. BAES

alone and all three types of 2100m
neutrinos together give sig-
nals in the heavy water tank.

“for the discovery of neutrino oscillations, which shows that
neutrinos have mass”




Neutrino mixing

» Neutrino interactions: charged currents and neutral current interactions

( - (
Lsar O —% S oLl Wi — oY Trgvuris Zy + he.
_ costw &

> If the flavor states are transformed into the mass states, the source of
flavor mixing and CP violation will show up in the CC interactions:

d
Quarks: £/ = —% (uct) y*v (s) W," + h.c.
b/,
V1
Leptons: L, = —% (eut)y*U (?) W, + h.c.
371

e V:quark mixing matrix, it is named as CKM (Cabibbo-Kobayashi-Maskawa)
matrix which is a 3x3 unitary matrix.

e [: neutrino mixing matrix, it is also called PMNS(Pontecorvo—Maki—
Nakagawa—Sakata) matrix, it is a 3x3 unitary matrix too at leading order.

29



Parameterization of neutrino mixing matrix

The 3 X 3 unitary matrix U can always be parametrized as a product of 3
unitary rotation matrices in the complex planes:

et g e 0
O1(01, a0, B1,7,) = — g€ e ()
0 0 e’
s; = sin6;, ¢; = coso;
e 0 0 (i =123)
Os(09, (g, B2, 7y) = 0 Coei®2  goe T2
0 —s9e'2  cpei
C3e'3 0  sg3e” s
03(939 3, 33, ’YB) — 0 e 0
—sze 0 czeTOs
* Category A: 3 possibilities * (Category B: 6 possibilities

U — OLOJOL (l =/=]) U — 010]0]{ (l :/:j * k)



Phases in neutrino mixing matrix

For example, the standard parametrization of neutrino mixing matrix is
given by:
U

e’z 0 0 Cae™s 0 s.e s c, et s e 0
3 3 1 1
= 0 coe®2  spe P 0 e'’s 0 —s,eP e ()
0 —sge2 cyemi —s5eP3 0 cgeis 0 0 e
¢, caei @ tratag) s, caeTAitratay) §5ei 1 +72=53)

e“ 0 0 €1 Cq $1C5 s,e 710 e 0 0
— 0 e® 0 —8,Cy — €555 ¢/ Cy — 5,5955€% 85Cs 0 e¥ 0
0 0 e §18y — C1Cy83€0  —¢ Sy — 85,0850 Cyey 0 0 e~
_ A . 1 . . — . - . .
a=(a,=0) —(aa+ 0= %) =7, b=—Fo—a3, c=—ay,—ay;

r=P01+ (gt B) +(az+73) . y=—ay+(ay+5) +(ag+7;), 2=7.

The phases a, b, c can be absorbed by redefinition of charged lepton fields.



Physical Phases

If neutrinos are Dirac particles v # v, the phases X,y and z can be
removed. Then the neutrino mixing matrix is
i

C12C13 512€13 S13€
— id id I i
U=| —512€23 — €12523513€ C12€23 — 512523513€ 523€13 for Dirac neutrinos
o) i5
S12523 — €12€23513€ —C12523 — S512€23513€ C23C13

If neutrinos are Majorana particles v = v, left- and right-handed fields

are correlated. Hence only a common phase of three left-handed fields
can be redefined (e.g., Xx=0). Then
—i8

C12€C13 S12€13 S13€ 1 0 0
= 9 14) i /2
U= —512€23 — €12523513€ C12€C23 — S12523513€ S53C13 0 ela21/ 0 /
i6 1X0) lazq/2
512523 — €12€23513€ —C12523 — 512€23513€ C23C13 0 0 2

for Majorana neutrinos.

* Three mixing angles: solar neutrino mixing angle 64,
atmospheric neutrino mixing angle 68,5, reactor neutrino mixing angle 6,5

* Three CP violation angles: Dirac CP violation phase §, Majorana CP
violation phase a4, @31 only for Majorana neutrinos



» In the limit of two neutrino only, the neutrino mixing depends on 1 angle
only (+ 1 Majorana phase)

U = ( CO_SH Sme) for Dirac neutrinos
—sinf cosf
cos6 sin@\ /1 0 . .
U= ( : ) ( , ) for Majorana neutrinos
—sinf® cosf/ \Q el%21/2 J

» Three flavor neutrino mixing can be written as the product of two flavor
mixing, and it depends on 3 angles and 1 Dirac (+2 Majorana) CP violating

phases.
L o0 0 1 0 0
U=10 ¢ s 0 & ’
0 e e 0 0w
Reactor mixing & Solar mixing  Majorana CP phases

Atmospheric mixing
Dirac CP phase

33



Ultra-relativistic Approximation

Only neutrinos with energy = 0.1MeV are detectable!

Charged-Current Processes: Threshold

v+A—=B+C Ve +"1Ga — "Ge+ e~ Ey = 0.233 MeV
;l , ve +3Cl = 3%Ar+ e~  Es = 0.81 MeV
s = 2Ema + mx = (ms + mc) Ue+p—>n+e’ Ewn, = 1.8 MeV
X3 ° vp+n—p+p” E. = 110 MeV
_ (mB+ mc ma _ _ my,
Eth = 2mA > Vy + e — Ve+ j2 Eth = ome T 10.9 GeV

Elastic Scattering Processes: Cross Section o< Energy

v+e —v+4e o(E) ~ oo E/mg oo ~ 107* cm?

Background = E;, >~ 5MeV (SK, SNO), 0.25 MeV (Borexino)

Laboratory and Astrophysical Limits — |m, < 1&V

e

34



Why neutrino oscillation?

* Oscillation — a spontaneous periodic change from one neutrino flavor
state to another, is a spectacular guantum phenomenon. It can occur as a
natural consequence of neutrino mixing.

* In a neutrino oscillation experiment, the neutrino beam is produced and
detected via the weak charged-current interactions.

Pure weak state Viz3 Pure weak state

three distinct neutrino mass
V states (matter waves) travel & V B
interfere with one another

U

detector @ : @
W I | W
)=} |

..........

| | Iﬂ"
||||||l|||‘“‘||'“||ll ll"|

|| I |
mllll |l". '1“‘ "vll'l"\'.

sS01Irce

V)
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2-flavor neutrino oscillation?

For simplicity, we consider two-flavor neutrino mixing and oscillation:

Mass states

First Second First Second

Weak states

() = (0 am ()

Approximation:
a plane wave

with a common
momentum for
each mass state

|V#(O)> = |1/]_L> = —sin0|vy) + cos O|vy)
v, (1)) = —sinfe""1*|v)) + cos fe 2! |1,) AE = B - E
. . ~ |pt
= e B! (— sin 0|v,) + cos Qe—mEﬂyg)) ( p
Am?® = mj3—mi, E~p> m, (relativistic neutrino beam) , h =c = 1 (natural units)
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» The oscillation probability for appearance v experiments:

P (f/” — .r/e) = (ye\y”(t))‘g = ‘(cos 0(v,| + sinf{v,|) (— sinfl|v,) + cos He_iAEﬂyg)) ‘2
. Am?*t
= |sinf cos® (1 - e_?’AEt)‘Q = 2 (sinf cos f)” (1 — COS ;% )

Am?2L
4F

— sin? 20 sin?

The conversion and survival probabilities in realistic units:

Lo 9 1L2TAMAL Due to the smallness of (1,3)
P (yn — Ve) = sin” 20sin E mixing, both solar &
) atmospheric neutrino
p (V vy ) — 1 —sin2920sin? 1.27TAm°L oscillations are roughly the 2-
g g E flavor oscillation.
Am? in unit of eV?, L in unit of km , F in unit of GeV

32



P( Yy

—v,)=1- sin426 sinZ(

1.27Am?x

|

—~
< <
®
T
|

cost sinb
—sinB cosH

()

—sinB

Time, t
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Why 1.27 ?

Natural units Realistic units
: E,
Phase factors exp (—aEl 275) exp —%T’i
’ )
Energies and momentum E ,= \/102 +mi, E ,= \/102(32 + mi ot
A 2 A 2/3 A 2/4
Energy difference AE = ;g AE = T;pp = ;TLEF
. . L
Time and distance t=1 t=—
c
1 Am?L 1AE & Am?L
Oscillati t —AEt = ="
scillation argumen 5 B 57 T
- 3
Cc=2.998x10°> kms™ C 1

=1.267~1.27

— =
h=6.582x10"% GeV-s| |4k 4%x0.1973

c=1 = h=6.582x10" GeVx2.998x10° km
=1.973x10™"° GeV km =0.1973eV* GeV " km
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2-flavor neutrino oscillation with neutrino energy:

Oscillation Probability

-

I ——

SLLLLLOL2

|||||||||||||||||||||||||||||||||I|WI
-

Oscillate too slowly

= = P DN ] 00 ND —

Oscillate too fast

Energ@( MeV)

P(ve — v,)

(v, |v(t))|]? = sin® 20 sin? (

1.27TAm?L

E

)
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e 2-neutrino oscillation probability with L /E':

: : Am2LY . :
P(ve — v,) = sin?20 sin? ( ) in natural unit

4E

1 I I lllllll P rrni I UL

"short" "long" "very long"

distance distance distance -

0. 2 —
. 4n / Am™
-

06

=

oscillation a®

amplitude 04

L1 1

llll

T L/E 10

first oscillation maximum

averaged
oscillation

100

oscillation length:

_ AmE

ocs — Amz 41



Neutrino oscillation picture

L. /B
neutripo oscillaticns Vg
7 ~— \
5 4 \
W .. \ W
o \
o’ \
"long" distance
Production Propagation Detection
— * —. o — Il Il
[Va) = Z Uajlvj) vj:e LEjt <vﬁ| — Z(VllUBJ
j J
coherent superposition of different propagation projection over flavor
massive states phases change v; eigenstates

composition
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3-flavor neutrino oscillation

Production and detection of a neutrino beam by CC weak interactions:

+ - 3
deg v W 0 = ) = Vil
1=1
v 3 _
—> () = Y Vae ")
W (IVO.) (Vﬁ) W— i=1
o.B.y=¢e,u,t
Source Target i,j,k=1,2,3

3 3 3
A(ya%yﬁ) = lalt) = (z Vfij(l"j) (Zvr:iem“i%:)) = D VaiVge ™!
J=1 =1 i—1
3 2

P (ya — yﬁ)

v. (1))

‘2

‘ (Vg

— Bt
Vi Vﬁie '
1

1=

3
i=1

*
Vai 1[/5?

2 3 .
+23 Re ViV, Ve (5"

1
i<j

* The neutrino mixing matrix is denoted as V here, sorry for the notation change. 43




The formula of three-flavor oscillation probability with CP/T violation:

3 3 A 2L
P (Va — L’_B) = > |VaiVa o QZRC( Vi Va Vﬁ*j) cos ?2?11:?7?
1=1 1<jJ
Am2L
—2§:hn VaiVasViy) sin —=
& ( B 93) 2F
3 3
= 3 Vil + 2 Re (Vav i)
1=1 1<j
Am L 3 Am2L

3
2

L AwﬁL
= —4;}{0( VaiVasVii) sin® —-L
Am2 L B L
+2§Im( ViV VQ?) sin ZE‘

y 4
2 s L Im (Vanjjv Vx) jZ (e Gy

3
> VeV
=1

-2
i
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The final formula of 3-flavor oscillation probabilities with CP violation:

, AmL
P(pa—H/@) = 4ZR€‘( ViV Vg,})%m —
f vy J 4E
Am3 L . Am%L . Am3L
+ 87 ) €., sin ———sin ——— sin ————
Z by A1F AF A1E
» How the last term is derived?
Am?2.L
2y 1 VsV V 2
; m ( B 61) sin 5L
Am?2. L Am2, L Am2, L
= +27 ;eaﬁ,}, (Sin T;El — sin 7’2”%1 + sin ;ng? )
Am?2, L Am2. L Am?2, L
= 27 Zy: €0 py (Sin ;ng + sin 7;;3 sin ;ngl )
Am?2, L Am?2. L Am?2, L
= +8J 27:6&57 sin TEl? sin TE?’ sin TE
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General properties of neutrino oscillations

Conservation of probability: ZB P(va - vﬁ) =1
For antineutrino: V - V'~

Neutrino oscillations violate flavour lepton number conservation(expected
from mixing) but conserve total lepton number

Complex phases in the mixing matrix induce CP violation:

P(va - vﬁ) * P(va - vﬁ)

Neutrino oscillations do not depend on the absolute neutrino mass scale
and Majorana phases.

Neutrino oscillations are sensitive only to mass squared differences:

2 — 2 2
Amji = m] —m;

46



Discrete Symmetries

CPT invariance

Am?%L
P (I/Q — ‘Vﬁ) = - 4ZRO ( V@j V@?) %1112 Tg
Basic expression e il aes
. oAmy L . Amg L Al
+ SJZ{:%M SN — o Sl — e sin —
. Am21,
CP transformation |, (7a—7,) = b 4230( Vi VaVs) sin? m_é
V o>VvF | - ’
_ SJZF sin Amp L Si Am L o Amisl
J—>-=-J — T 4E T 4E AE
: Am%L
T transformation |P (v, »v,) = 6, - 4ZR0 (VaiVa; Ve Vi) sim® —Té
1<J .
a <&
ﬂ — &72 €4~ SIN Am L sin Am, L sin Ams,L
— 7T 4B 4E AE

P (56 —)?a) = P (Va — 1/5)

C = charge conjugation

Action of CP and T on v,V oscillations from source S to detector D:

(particle-antiparticle
exchange)

Vg v, Vg v, P = parity (space reversal)
—— CP «—e T —— T = time reversal
D D S S D
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CP & T Violation

Under CPT invariance, CP- and T-violating asymmetries are identical:

P (ya — 1/_5) - P (170 — F@) = P (va — 1/_5) - P (r/ﬁ — ya)

Am2 L Am2L  AmiL
— 16‘7;605,}, sin Tgl sin Tg sin T;j?

Comments: . (P /T violation cannot show up in the disappearance neutrino
oscillation experiments (o = [3);

* CP /T violation is a small three-family flavor effect;

e CP /T violation in normal lepton-number-conserving neutrino
oscillations depends only upon the Dirac phase of VV; hence such
oscillation experiments cannot tell us whether neutrinos are Dirac
or Majorana particles.

J =siné,,cosé,,sin ,,c0s0,,5in G,,c0s°G,,sind <1/ 6+/3 ~ 9.6%

43



Disappearance experiments

Most neutrino oscillation experiments are of the disappearance type:

Pl 1) = 1=d[Vyf [Vaolsin? 2000
41V P Vi P sin? 20
4V Vi P sin? 222
Ams,| = AmZ, < AmZ, . = |Am3,| ~ |Am3,|
~7.6x107 eV*? ~2.4x107° eV~

This hierarchy & the small (1,3) mixing lead to the 2-flavor oscillation approximation
for many experiments. A few upcoming experiments (long-baseline experiments) will
probe the complete 3-flavor effects.
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2-flavor Approximation

Solar, reactor, atmospheric and accelerator v oscillation experiments:

Experiment

Solar
v, =V,

KamLAND
U, T,

Atmospheric

v, =V,
K2K

v, =V,
MINOS

v, =V,

CHOOZ
U, T,

Survival probability

Oscillation factor

S 2912—4| 1|‘ 2‘2

sin 29 10 = 4|V, 1| ‘Vez‘z

— [Vsl’)

sin” 2055 = 4|V,¢,r,3‘2 (1 N ‘Vﬂ%‘?)

— [Vsl’)
Val’)

sin” 26, = 4|Vp,3‘2 (1

sin® 26, = 4|Vp,3‘2 (1

sin? 20, = 4|V . |* (
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Matter Effect in neutrino oscillation

PHYSICAL REVIEW D VOLUME 17, NUMBER 9 1 MAY 1978

Neutrino oscillations in matter

L. Wolfenstein
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213
(Received 6 October 1977; revised manuscript received 5 December 1977)

The effect of coherent forward scattering must be taken into account when consideri
neutrinos_traveling through matter. In particular, for the case of massless neutrinos for which vacuum
oscillations cannot occur, oscillations can occur in matter if the neutral current has an off-diagonal piece
connecting different neutrino ‘types. Applications discussed are solar neutrinos and a proposed experiment
involving transmission of neutrinos through 1000 km of rock.

n, index V,: exp[ipx(nnc +n, — 1)]
V> Ve'OCity Vy exp[ipx(nnc — 1)]

v, : explipx(n, —1)]

0,
C%\j\ Refraction of neutrinos
£
]
g

LN

Q in media, where both
CC and NC interactions
contribute to refractive
indices (not far from 1)

*\\ k : o
Lincoln Wolfenstein
(1923-2015)

Refraction of light in media

When neutrinos are traveling in matter, the effect of coherent forward scattering with
background particles leads to a modification of their energies. Such a modification can
be described by an potential energy. The difference between the potentials of distinct
neutrino flavors is relevant for neutrino oscillations.
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formalism of neutrino oscillation in matter

@ Flavor neutrino v, with momentum p: [v,(p)) = 2. U [V (D))

(2Evolution of neutrino states is determined by Hamiltonian

(3®Hamiltonian in vacuum: H = H,

Holvi(p)) = Exlvk (D)), Ex = ./PZ +mj;

@Hamiltonian in matter: H = Hy + H;, H;|v,(p)) = Vi |vﬁ(p))
®)Schrédinger evolution equation: i% lv(p,t)) = H|v(p, t))
®Initial condition: [v(p, 0)) = |v,(»))
(DAt t > 0, the neutrino state is a superposition of all flavors:
v(p,t)) = X 0@, )|vg(®@)) = 05 (0. 1) = (v@)|v(. 1)), @, 0) = up

(8Transition probability:

P(vy - vg) = |op(®, t)|2 @g(p, t): flavor transition amplitude
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Evolution equation of flavor transition amplitude

Schrodinger equation: e lv(p,t)) = Hlv(p, t)) lv(p,t)) = z ©p(D, t)|vﬁ(p))

b

i~ s, t) = (Vg (@) H (P, )= (vs () Holv(p, ) + (vs () |H v (p, £))

» (vg)IHolv(p, ) = X X (v @) [vie @) }vie () 1 Ho lv; ) ){v; () [v, @) v, (0) |[v (D, D))
Uk O Ex U;; ©,(p,t)
= 2 2 UgrEx Uk ¢p (D, 1)
p kj
> (vg()H[v(p, 1)) = X (v @) H; v, 0))(v, ) |v(p, ) = X, Vpp 9, (P, 1)
\'V'J \-V-J
V,Bp Pp (p, 1)

—> <pﬁ — Z (Z UpiEx Ul + Vﬁp)
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2
Ultrarelativistic neutrinos: E, = p + %, E=p t=x

d

—> i~ ¢p®.x) =D 9p +2<z Uﬁk 2E Upk +Vﬁp> @, (0, x)

Redefine the flavor transition amplitude: ¢4 (p, x) — e‘ipx<pﬁ (p, x)

. d mp .
i (p,x) = z Z Upi 2E Upk + Vp | 0 (0, %)
K

Evolution of flavor transition amplitudes in matrix form:

vacuum (kinematics) matter (dynamics)

\ \
[ \ [ |
. (% p (mi 00 Vee  Veu Jer\|
Pz 0 0 m3 Vie Vip Vi Pz
> > 4,.""“‘. »
free streaming + i' : interaction amplitude
W/W

background matter -



effective potential of neutrino interactions with matter

4 Ve Ve ) (~ Ve Ve A
2z 0 0 wY 00
D %/ Z
pne Vv e e
Vop= 0 z 0 + 0 0 0
)
p,ne V¢ Vv
b
0 !
0 _ — 0 0 0
- Pne N J
NC cC
i i
observable in v, related oscillation

proportional to unit>unobservable

Full calculation (omitted) gives

= iag(1, 1, 1)+V,. diag(1,0,0
V'="Vne dlag((;F,N, )+Vec diag(1,0,0) N,: number density of electron
= - Vec= \/fGFNe N,,: number density of neutron

Ve = \/7 )

For anti-neutrinos in matter, the sign of potential is inversed

V= _VNC' dlag(l, 1, 1) — VCC dlag(l, 0, O)
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neutrino evolution in matter for three flavors

2
LAV S ; 8 ot (M0 0 o)|(%
Ydx | Pn ) T 2E L Pu
0 0 ms 0 0 0/]\¢;

Pz

where A = 2EV . is introduced to make the vacuum and matter terms more similar:

A = 2EV.. = 22GgN,(x)E, [—A(x) for anti-neutrinos]

Expect sizeable matter effects when the contributions of matter and vacuum are
comparable

Exercise: Units for matter effects

A o P(X) E eV?
> = 1.526 X 107"Y, 3 5
Ams; g/cm MeV J\ Amj;

1 . .
Y, = :—e ~ the ratio of electron and nucleon number densities
N
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matter effect for 2 flavors in constant matter density

Lepton mixing matrix for 2-flavor neutrinos v,, v,:
U= (cos@ smH)

—sinf cos6 Am? = m5 — m?
> U mZ 0 gt - m% cos?6 + m5 sin?0 Am? sinfcosé
0 m5 Am? sinfcos@ m% sin?6 + m5 cos?6

_ mf{ +mj3 (1 O) N Am? (—COSZH sinZH)
2 0 1 sin260  cos26

2
T— irrelevant common phase

» Evolution equation of flavor transition amplitudes (after removing irrelevant
common phase):

ii P\ _ 1 (—Am2c0529 + A Am?sin20 ) Pe
dx\@,) 4E\ Am?sin26 Am?cos26 — A/ \ @,
diagonalization of effective Hamiltonian:

(COSHM _SineM) (—Am2c0529 + A Am?sin26 > ( cosBy 511191\/1) _(—Amy 0O
sinfy  cosby Am?sin26 Am?cos26 — A 0 Ami

—sinf,; cosOy

0,,: effective mixing angle in matter AmZ,: effective squared-mass difference 57



Am?sin260

tan20,, =
::> aNebm AmZ2cos260 — A

AmZ; = \/ (AmZ2co0s26 — A)? + (Am?sin26)2

MSW (Wolfenstein-Mykheev-Smirnov) resonance condition: 8,, = /4

AmZ?cos20

2V2 EGr

Am?cos20 —A=0>=> NE =

» Mass eigenstates and transition probability in matter
Ve (cosHM sin9M> o1 ::> o1 _ (cos@M —sin9M> Pe
@) \=sinby cosOy/ \ p¥ o sinfyy  cosOy / \ g,

d (oM 1 [—Am?2 M
Evolution equation: i—(%) ( My 0 )(901)

dx\oM) " 4E\ 0 Am%, ) \ @3
( y " Am3x
@1 (x) = @7 (0)exp| i 1E
Solution: ) ,
Amyx
L90’2”(96)=<p’z”(0)exp<—l v >




Transition probability of v, - v,;:

initial v, = (¢e((g))) 1) => (Z¥(0)> _ (C‘_’SHM>

M(0) sinfy,

P(ve > vﬂ) = |<pﬂ(x)|2 = |—sinfy; @} (x) + cosby, @5 (x)|

Ame
= |—sinfycosOyexp | i AE + cosOysinfyexp | —

Am?,x
= sin229M51n2< v >

Ame
AE

4E

we can use vacuum expression for oscillation probability by replacing “vacuum”

parameters by “matter” parameters

* Maximal transition probability for 8,, = m /4

2
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MSW resonance

l | IIIIIII| | LA I

.2 4
sm20 =03
vac

08 : . :
Effective mixing angle in matter

'small matter effect
'vacuum osc.

sin220

sin?20,, =

0

resonance

strong matter effect
osc. are suppressed]

A \°
T _ 2
sin“260 + (cosZH A 2)

|
I
|
|
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
L
|

I-J 1 Ll _L I LLl

10 100

1 1

8 1 1 1 |||ll| 1 1 1 lllllll
01 0.1 1
A/Am?

e A « Am?cos26, small matter effect->vacuum oscillation: Oy =0

e A > Am?cos20, matter effect dominate-> oscillation is suppressed : 8, =~ %
« A = Am?cos26, MSW resonance takes place->maximal mixing: 8, = %

- In the case of 8 < /4, resonance condition is satisfied for neutrinos for Am? > 0

for anti-neutrinos for Am? < 0 0



3v can explain a@ — f oscillations seen in vacuum and matter...

e~>e (KamLAND,KL) pn2>p (Atmospheric) e->e (SBL Reac.)

II'__ = 1.8
o al |z
% ) 51_2
E £
= gos
E D o6
= Ecm
— e st in oscillation e Dhata - BG - Geo ¥, gu_2
Ny B 0 M 6 T @ 90 d6 o 0 02 o3 06 o8
Ly/Ey, (kmMeV)y Leyp ! E, [km/MeV]
e—e (Solar) u->M (LBL Accel) u-e (LBL Accel)
: - - . — 3 ) . . p.
T & = Q1 us SR
F uf + L~ E I -';'. '-": F'i:£111f:|251] MeV
2 P Eu.s 3 4 } H
] =
0 T s 2f |
: () 4 5 _é | b 3 RELIRE:
e Reconstructed v Energy (GeV) | |3 0 00 S o i

IL—->T (OPERA, SK, DC)

LBL = Long baseline (few x 100 km); SBL = short baseline (~1 km)

(a) KamLAND reactor [pleot]; (b) Berexino [plot], Homestake, Super-K, SAGE,
GALLEX/GNO, SNO; (c) Super-K atmosph. [plot], DeepCore, MACRO, MINOS etc_;
(d) T2K (plot), NOvA, MINOS, K2K LBL accel.; (e) Daya Bay [plot], RENO, Double
Chooz SBL reactor; (f) T2K [plot], MINOS, NOvA LBL accel.; (g) OPERA [plot] LBL
accel., Super-K and IC-CD atmospheric.




e—~e

... with dominant parameters

(6m?, 0,,)

(Am2,0,,)

e—~e (Amz, 913)

> = -

Survival Probability

= 1.8
B1eh
o 1.4
842
3 i
5 0.8 - + 4
0% sttt
Boal e
willation bt 0zt 1
S0 &0 TO R G0 o 4 10 40 10 10
Lo/E, (kes/McV) L/E (km/GeV)

ik}

0 0.2

0.4 0.6
Lo/ E, km/MeV]

H>e (Am?,0,5,0,3)

( sz ’ 912 ) H9H ( Am2 ’ 923 )

% Ll BT SR
] S Y I NN - SR YU W A _ J +_ é 6: I-'irl,r_vz_'i":' < 1250 MeV
- - e RBCG[ISUUCT.Ed y Eﬂﬂ]'g:}iI {GEV) z " Hf::{i?'-nnlrllr:lclagxlﬁ“rfin“ im}' “"'“[Z%’?m

Established so far:

dm2 |Am2| 04, Oz3 043

(Am2,0,3)

-
S _’_,P' o
4"'
e W
e
I ‘-‘\"-.‘
[T ~ L.
o s = -
- il 4= - L =
] - - —
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3-flavor Global Fit

Parameter Ordering Best fit 1o range 20 range 3o range “lo” (%)
am* /107 eV? NO, 10 7.37 7.21 - 7.52 7.06 — 7.71 6.93 - 7.93 2.3
sin” @12/10~" NO, 10 3.03 2.91 - 3.17 2.77 — 3.31 2.61 — 3.15 1.5
|Am®|/107? eV? NO 2.495 2.475 — 2.515 2.454 — 2.536 2.433 — 2.558 0.8
10 2.465 2.444 — 2.485 2.423 — 2.506 2.403 — 2.527 0.8
sin® 013 /1072 NO 2.23 217 - 2.27 211 - 2.33 2.06 — 2.38 2.4
10 2.23 2.19 - 2.30 2.14 — 2.35 2.08 - 2.41 2.4
sin® O3 /107! NO 4.73 4.60  4.96 447  5.68 4.37  5.81 5.1
10 5.45 5.28 — 5.60 4.58 ~ 5.73 4.43 - 5.83 4.3
8/ NO 1.20 1.07 - 1.37 0.88 — 1.81 0.73 - 2.03 18
10 1.48 1.36  1.61 1.24  1.72 112 1.83 8
.&Xfu_ﬂu l{] ND ‘IE.{]
[Capozzi, Giare, Lisi, et al, arXiv: 2503.07752]
g 2 .
I N B > What is the value of 6 ?
Am,
V1 Mass hierarchy: NO or |07
No &mitm o o
Am2 Octant of 8,5 : >0r<45"
|O atm
™ Majorana or Dirac neutrinos?
A : Wh I?
V1 I v y m, S0 smali:
UE yﬁ' VT
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Lecture 3

> Fermion masses in SM
»Quark flavor mixing

» Massive neutrino and lepton flavor mixing



CERN mug with SM Lagrangian

&vector bosons and ...

&fermion interactions ...

&Higgs & fermion Yukawa ...

<Higgs & vector bosons
(+Higgs self-interaction
potential V)
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Flavor structure of SM

SM Gauge group: Ggy = SU(3). X SU(2)1 X U(1)y

I=1,2,3>generation index SU(B)C SU(Z)L U(l)Y
(M) (e (L 3 2 1/6
qiL_(dL) ) (SL)’ (bL) /
1 2/3
Uir=Ug, Cg, tg 3
D;r=dg, Sg, bg 3 1 -1/3
~_(VeL\ (VuL\ (VL 1 y) ~1/2
fll‘_( eL)'(,UL )' (TL)
Eir=egr, Ugr, T 1 1 -1
¢ = (20) 1 2 1/2

* The fermion content is “chiral”: left-handed and right-handed fermions transform
differently under G,

* Explicit fermion mass term is forbidden

* No right-handed neutrinos—>neutrinos are massless at renormalizable level



Quark and charged lepton masses

» The Yukawa interactions are the most general gauge invariant and
renormalizable terms in the Lagrangian that involve fermions and the Higgs
doublet

Lyukawa=—)ij Gz PUir — Ya)ijGirdDir — (Ye)ijLiEir + h.c.

T T T— charged lepton masses

Up-type quark masses down-type quark masses
Conjugated Higgs doublet ¢ = io,¢*: (1,2,—1/2) under (SU(3),,SU(2);,U(1)y)
Yukawa matrices Yy, 4 o are arbitrary 3 X 3 complex matrices in flavor space

» Higgs mechanism
The most general scalar potential allowed by SM gauge group

V(g) = 12 (o) + A(¢T )" ¢ = (2(’)
% %

N
T 67

A>0,u®>>0




Minimizing the scalar potential, one finds the Higgs vacuum expectation value
(VEV):

- 2
(p) = (v/(i/f) = (P) = (U/\/—) v =+ —u?/1 = 246.22GeV

0

SUR2), XUy > U()gy

¢+

Unitary gauge: ¢ Ei( 0 )
V2\v+h

The neutral real component h is the only physical state
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» After electroweak symmetry breaking, Yukawa interactions give rise to
fermion mass matrices

— () _ %
(Ywij Qi dUjr— uyy(My,)ijUjr, My = EYu (6% — o3
@) — v Nl ?
(Yq)ijQiLdDjr— di,(Mg)ijDjr, Mg= Eyd
— () %
(Yo)ijtiL@Eir— €y ,(Mp)ijEjr, Mp= Eyf
- UR - dg - €R
Loy D —(ug,cp, tp )My, cp | — (dL ySL» bL)Md Sp | — (ér,ug, T )M, UR
— | ¢ — \ p | 7
3x3 \'R 3x3 ‘"R 3x3 V'R

The fermion mass matrices M,, 4 » can be diagonalized through bi-unitary
transformations

VLTuMu Vry = diag(m,, mg, m¢)

Quark and charged lepton masses

.I. _ N
ViaMa Vra = diag(mgq, ms, mp) are proportional to the Higgs VEV v

VLT{,Mg Vge = diag(m,, my,, m;)
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» rotating from the interaction basis to the mass basis by field redefinition

up, u;, dL di e el,,
LH fields: (CL> = Vi Ci ) St | =Via Si ] <HL> :K% .u;,
t; —\ ¢t/ b, —~\ p! T, Tt
3x3 3x3 3x3
UR u;? dR d;g eRr e}lz
RH fields: (CR> == VRu C;z ) SR | = VRd 5;2 ) Hr | = VRﬁ .u;?
te -\ 4 by —\ p Th —\ o/
3x3 R 3x3 VR 3x3 \'R

The primed fields are mass eigenstates
* Viw Veu,Via» Vra,Vie, Vge are 3-dimensional unitary matrices
VI Vi = ViV = VI Ve = VeVt =1
VI Vg = VgVt =V Veg = VagVa =1
Ld"Ld Ld¥Ld™ YRd"Rd RAYRd
VIiVie = VigV,h= Vi Vee = VeV, = 1

e LH up-type quarks (u;, c;, t;)" and down-type quarks (d;, s;, b;)T are rotated
separately
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Quark mixing: Cabbibo-Kobayashi-Maskawa (CKM)

basis where CC and NC diagonal # mass eigenbasis
The charged current (CC) interaction in weak basis:

g _
— [ y#dy, + vigyH e ]W," + hee.

V2

—Lec =

In the mass eigenstate basis ﬂ

g 7 T l; — ! —_
—Lec = V2 luiLyu(VLuVLd )i jdjL + Vi y# VLt’ejL] W' +hec. KCKM — Vljl‘-u V&
W
CKM

Neutrinos are massless in the SM, one can always redefine neutrino fields as

Vel Vel g g —
/ — v y*V, el W = —v] yHte W
(V[JL> — VLf V[.tL I:> \/i iLY VLe€iL u \/E iLY" €iL U

VvV e/ /
A N .
U No lepton mixing and no
neutrino oscillations in SM!
.9 ,1—vs
VVH+ lﬁ)’” 5 (VCKM)ij

d. 71



CKM Parametrization

Not all entries are independent: 3 Euler angles 8,,,043,0,3 and 1 complex phase &

Vud Vus Vb 12013 | $12€13 | s1ge” "
Vekm = | Vea Ves Vo | = —s12C23 — C12523513€"0  C12C23 — S12523513¢"0  s23¢13
o Vis Vi S12823 — C12C23513€"0  —593C19 — S12C23513¢"  Ca3013
Vud| ~ [Ves| ~ [Vip| ~ 1 —
Cyj = COSHij,Sij = sineij 7 w1Vl 9 2
[Vius| ~ [Vea| ~0.22 L 815<<8,5<< <<l
[y
(V| ~ [Vis| ~ 0.04 | 5
2
Vig| ~ [Vial ~ 0.005 ¥
Wolfenstein parametrization
2 £ .
1 -5 A AN(p—in)
2 - 1
Vekm = —X 1— % AN? + O(\Y)
AN(1—p—in) —AX 1
=7

A =515, A% =s,3, AX3(p —in) = size
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» The fitting values of the CKM elements [Particle Data Group 2024]

0.97435 + 0.00016 0.22501 + 0.00068 0.003732 000020
[Vekm| = | 0.22487 4 0.00068  0.97349 + 0.00016  0.041837 1 (oo
0.00858 o017 0.04111770d0es  0.999118™ (400054

1-51['![

1.0

sinf;, = 0.22501 + 0.00068
" sinf;3 = 0.003732+9:000090
sinf,; = 0.04183%3-99079

0 = 1.147 £ 0.026

I= o0f

-0.5

1.0 § . 2 &
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Higgs-fermion couplings

The Higgs-fermion coupling is proportional to the fermion mass

h __ —— __
<1 + ;) (—muiuiL Uip — Mg di, Uig — My €, eiR) + h.c.

2 myy
neutrinos de se pe
= Huge hierarchies
e e = among the quark
ee He Te and lepton masses
) x
J 2 S 3 b o
< < < =
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Nature 607(2022) 52, arXiv:2207.00092
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Nature 607(2022) 60, arXiv:2207.00043

CMS 138 fb' (13 TeV)
T T T T T T T s
E>|p 1; m,=125.38 GeV WZ’“‘,-';
5 107k ]
£l
) b
2| L 4
10 e
i Vector bosons
10-%k } 3™ generation fermions |
; l;_ i 2" generation fermions
- e SM Higgs boson
1?_1?..| sl Ll L i .
e "k ﬂ ]
2 2,3** """" L
&n D:GEIII . Ll L Ll 1 Lol L E
107 1 10 10°

Particle mass (GeV)
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Massive neutrinos: Dirac versus Majorana

. Majorana neutrino of mass m:

Dirac neutrino of mass m:

:Lm = —lmFV —lmv_vc
m . — — Majorana — 2 LVL 2 LVL
Lpirac = —MVLVgp — MVRV] 1 1
— _ T —r—T
= —mVp Vp = _EmVLCVL_EvaCVL
1
— _EmVMVM

Majorana: vy; = v; + v{ = LH and RH
components are NOT independent

Dirac: vp = v; + vr—> LH and RH
components are independent

* break SM gauge invariance * break SM gauge invariance

e, vE = Cv, T
L 5 x >»°" .

I
I
|
|
|
|
|
|
|

— c I

Vp =V, + Vg = Vp F Vp : — c __ +,C
Vy =V Vi > Vy =V

L VM EVL YV M = Vy
|
I
I
|
|
1
I
|
|
|

> X > Vg

1-vs 1+ys
2 ) PR= 2 ’ l/)LEPLl:b' l/)REPRl/)'

Y =9Ty°, Yo =CYT =Cy%y, Y=y
C=iy*y?° ('=c™', "=-C




Massive Dirac neutrinos in SM

Introduce three right-handed neutrino v;p which are SM singlets,
ViR ~ (111;0) under (SU(B)C) SU(Z)L' U(l)Y)

Massive Dirac neutrino via Yukawa coupling: SM+vp

Dj: _(Yv)ii an <ISViR + h.c. ViL
T\ _ (v/N2 Mvzﬁyv () = v/V2
EWSB: (CP) = ( 0 ) V2 (V)i mmmmm = ®
pirac= — Vi, (My);;Vjgr + h.c.
ij

Neutrino mass-eigenstate basis:
Lepton number

4 !/
Vel V1L V1R ViR
_ ! _ / conservation:
VuL | =V, \ Vi |, | V2r | = Vg | Vog

\m o’/ i

Vel V! V3R =~ \ V! L — e,
3x3 1L 33 3R .

Vir = €'Vig

== V' M, Vs, = diag(m,, my, m3)
Vam, 02ev o,
% 200 GeV

tiny Yukawa couplings (¥3,);j ~



Massive Majorana neutrinos in SM

Massive Majorana neutrino via dim-5 Weinberg operator

ﬁ\/Neinbergz —— (f ¢* )(¢T¢;) +h.c

($) (&)
~ UZ
EWSB: (§) = (U/SE) My = cij>+
ﬁaiorana = 2 lL (MV)UV]L + h.c.

Neutrino mass-eigenstate basis:

Vel V1L
Vur | = Vi | VoL > V/ M, V,, = diag(im;, m,, m3)

VTL 3X3 VéL
] v? 20072
Rough estimate: A ~ ~ GeV ~ 10'*GeV
2m, 2X0.1

Lepton number violation under £;; — e ¢;;

% 210 %
EWeinberg - e LWeinberg 28




Lepton mixing: Pontecorvo—Maki—Nakagawa—-Sakata (PMNS)

Lepton charged current (CC) interaction in weak basis:

—LE = ie_l-Ly"‘vl-LI/I/M‘ + h.c.

V2

In the mass eigenstate basis e;;, = (Vie)ijejr, Vi = (Vin)ijvjL

g 7 T ! — e’
—Li. =——e¢] y“(V VLV)..V-LW + h.c. L
\/i iL LY ii JL'TH
—— wW-
PMNS — T H
Upmns = VipViy .9, 1-7s
v lﬁ)’ 5 (UPMNS)ij
In standard parametrization J
1 0 0 1 0 0
UPMNS — 0 (,'23 ,3'23 0 Ei'an,-"?. 0

fery /2
0 —85;3 Oy 0 0 €

Atmospheric mixing ~ Reactor mixing & Solar mixing Majorana CP phases
Dirac CP phase

~ 9

The Majorana CP violation phases a5, @31 are unphysical for Dirac neutrinos
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Lecture 4

> Seesaw mechanisms

» Radiative generation of neutrino mass



UV completion of Weinberg operator at tree-level

¢ ¢
* Transformation properties:
_ (o7
? 0=(3)- G
/ \ e ="~ @2 -1/2)
'€L £L Lo €r ’ /

» SU(2); contractions
2020202=83H1)®(3®1)

similar to the composition of four %:-spin
O1 = (L)1 (£ jL¢)1 O, = (£ jL)l(d)QbX Z?n;lz:fnzzﬁr;e
Os = Cud)s(bind), 04 = (Luty) (dd)s

If neutrino are Majorana particles, a Majorana mass can arise as the low
energy realization of a higher energy theory (new mass scale!)
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Three types of seesaw mechanism

Oy = (Cud)1(np), Os=(futjn),(@d)3 O3= (Cu®)a(jd),

Type II see-saw:
a heavy triplet scalar

Type III see-saw:
a heavy triplet fermion

Type I see-saw:
a heavy singlet fermion

2 2
av T v’ _av’ o2 et rv
my = "y =Yg Y YTA ﬂM R Wl VARt
%;Enagﬁz_];ﬂ[;}lashﬂw; Clﬂ:netschh_llw, Kummer; Foot et al; Ma;
Gell-Mann, Ramond Slansky; 1618, L ! Baje, Senjanovic...

Lazarides, Shafi, Wetterich ...

Mohapatra, Senjanovic...
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type-l seesaw mechanism

Higgs-lepton coupling: ¢ ¢*

T8 ~(2,-1/2) ® (2,1/2) = (3,0) ® (1,0)

(1,0) (1,0)
¢ ¢
W (1,0) »
L
/ e \
tiL tjL

(1,0) ® (1,0) = (1,0)
Field content: SM fields+ np RH neutrinos vy

Len = Loy + 'EI/‘iRa Vip — |:(YV)U Cir, @ Vir + E(J’{R)UV;R Vir + hC]

(MR)l-j is not protected by any symmetry, hence it can be very large

EWSB: (¢) = (, ) T

_ 1 —
mass = —(Mp) Vi, Vjr — > (Mg);jvizr Vjr t+ h.c.

Mp

Y, 7
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Define a vector of LH fields with 3 + np components

c
Vi, Vel c VIR

NL — c | V) = V#L y Vp = :

Vp c

ViL Vn RR

The neutrino Dirac-Majorana mass Lagrangian

1 _
Vmass — _i(MD+M)ijNiL ch + h.c.

0 M, (3 +ng) X (3 + ng)
complex symmetric mass matrix

nRX3 NnpXneg

In mass eigenstate basis

weak states «— N, = U, N; —> mass eigenstates N = V}L
VnL
unitary (3 + ng) X (3 + np) complex matrix n =3 + ng

UZMDJFMUZ‘ = diag(m, m,, ..., m,), My, My, ..., My, positive neutrino masses
34



/
VL

U[TMD+MUZ< — diag(ml, mo, ...,mn)

massive Majorana neutrinos ol
1 Ni=(: ] n=3+ng
mass = 5 (Mp+m)ijNi Nip, + h.c.

NL — ULNIIJ
n
v 177 7t % Nyl — 1 7 ..IC h
mass = —5 N, Uy Mpy UL Np +hec. = =5 ) ™MV Vi +hc
i=1

. . I/ !/ IC
Majorana fields  v; = v + V] @

n
LV _ _1 RN
mass = 5 m;Vv; v;
i=1

The general Dirac-Majorana mass term leads to 3 + np massive Majorana
neutrinos.



» Seesaw formula
In the limit My > Mp, there will be definitely a light and a heavy neutrino sector

Block-diagonalize M, 5, to separate the heavy and light sectors

V
Ny, = < i)» N, - W, Ny
VR

1

1—--BBt B

— T

WL=<\/1 BB B )z 2 1 B~ MM
-pt \J1-BtB _pt  1_Zptp

2

. (M, 0
:> ]/VLTMD+MWL — ( Ov MN)

The diagonal blocks are:

1
M, = —MpMg* M}, + EMDMgl(MgMBM,;l* + MV MEMy) M MG + -
1 L
My = Mg +§(M,§MDMR1 + MU MIMp) + -

at lowest order in the expansion, one has:

M, = —Mp Mz ML, My= Mg




The blocks M,,, My, are generally non-diagonal

US M, U; = diag(my, my, m3),  UjMyUy = diag(My, My, ..., My,

Ul—/l-Mv U1>/l< — diag(mli ms, m3)

M. .
ULMyU;, = diag(My, M, ..., My > my

Rotation to the mass eigenstate basis:

NL = WLdiag(Uv, UN)NLII

I N

" 3x3 3XTLR ViL
/vei\ y ‘ /v’ \
N <\/ 1- BBt U, BU, ) g
= — 3L
vEr -Btu, J1-B'BUy/| N,

NpX ’
e,/ : e\

Heavy-light neutrino mixing is small in type-| seesaw
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CC and NC interactions in type-l seesaw

> in weak basis

CC interactions: LCC— —%e_uy“vuwﬂ_ + h.c.
NC interactions: Lf .= —Lﬁy“viLZu
2cy

» in mass eigenstate basis of type-l seesaw

Lcc—_\/—[ e V" VfTL\/l—BB U )]V1L+91LV (V{)LBUN) N]L]W +h.c.

9 ,
Lyd=— " 2¢y, viy*(Ui(1 - BBNH U,), Vi NLL)/“(UTBTBUN)

-+ y*(UINT=BBT BUy), Nj, + Niy*(UBTVT = BBT Uv)l,jij] Z,

» Non-unitary (active neutrino) interactions

g T / —
Vw,z=—2C viy*(NTN). VitZy = 2[%1’” N;jvi Wi +hc

& mv
|N = (1 — E) Upmns, Upmns = V;L Uy, €= VJLBBTV“ ~ o & 1

Non-unitary: NNTx~1-e¢#1, NIN= U;MNS(l — &) Upyns # 1 23



» Experimental constraints on non-unitary interactions

G-SS
V21 = \JEis
Tij " LFC LFV
1¢(0.03170030 —
V 27ee |§E|
20|| < 0.050 —
le| < 0.011 -
£/ 2Ny, |ﬁ.u|
20| < 0.021 -
1¢0.0440:919 -
vV 2Nrr, |'91'|
20| < 0.075 —
!/
V; le| <0018 |<4.1-103
L
Z J v/z"'?ﬂm \/ |06y
2l <002 |<49-10°3
NTN).. lo| <0045 | <0.107
( )l] vV 2Ner, Y |HE9‘J'|
20| < 0.052 < 0.127
v! lo| < 0.024 < 0.115
L V207, /10,07
20| < 0.035 < 0.137

[Fernandez-Martinez, Hernandez-Garcia, Lopez-Pavon, arXiv:1605.08774]
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type-lll seesaw mechanism

Higgs-lepton coupling: ¢¢, ¢*,¢T¢; ~ (2,+1/2) ® (2,—1/2) = (3,0) @ (1,0)

(3,0) (3,0)
¢ ¢
A\ (3,0) »

ST \
2. tjL

(3,0) ® (3,0) = (1,0) @& (3,0) @ (5,0)

Field content: SM fields+ 1y RH fermion triplets fR

We can write each fermionic triplet as: fiR = (Zi(;), Zl-(;), Zi(;))

It is convenient to work with charge eigenstates and use a 2x2 representation:

ik
=Y 1) T ()
) _ 2 . Zi _ ZiR +ZiR ZO _ 2(3)
iR — 20 ’ iR — \/E iR — “iR
- iR
YR T

90



In terms of which the Lagrangian is

. 1
f.fuu = [:S_\.{—i—TI‘ [ZiR?»E) E-;;R} — [(YE)U il Z;B ¢ + = (ﬂ[z)”TI [EGQZER ZO'Q Z;R] -+ h.c.

Similar to type-| seesaw mechanism, the neutrino mass terms read

1 — T
mass = _E(Mv)ijNiL i +he, Np= (VeL Vur VrL, Ry ---23§R)
0 Mp "

ol ) g

The effective light neutrino mass matrix is
M, = —MpM; "M},
There are corrections to the charged-lepton masses due to the presence of
the heavy fields:

_[(Mmy My
Mf"(o Mz)

1 _
ass = ——(/\/lf)ij EiLEjr + h.c,

E; = (eL Up 1, Zf}% an) Er = (eR URr TR 21R - ZEER

The charged and neutral current interactions are a bit more complicated but
nothing drastically different with respect to the type | seesaw case.... 91
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type-ll seesaw mechanism

Higgs-lepton coupling: #¢,¢;, ~ (2,—-1/2) ® (2,-1/2) = (1,—-1) & (3, 1)
¢ ¢
a v The singlet combination v5 ejr, — e, Vi
T doesn’t lead to a neutrino mass term
¥

3,1

A~ (3,1)
G-1) A
tiL ¢t
Field content: SM fields+ Y=1 scalar triplet A = (A(D, A®), A®))

It is convenient to work with charge eigenstates and use a 2x2 representation:

A+

- A++
1) — ;A2 (1) 4 ;A(2)
Ao | V2 ) ’A++:A iA ,AOZA + A RUVSING
o A V2 V2
V2
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The Lagrangian is
Len = Lsm + Tr [(D”A)T (DMA)] + [(Ya)i b AlioolS, +he] =V (o, A)

» The most general gauge-invariant scalar potential is
V(gp,A) = MATr(ATA) + upTio,Ad + AGTATAG + V' pTPTr(ATA)
+ATr[(ATA)?] + A(Tr[AtA])” + hec.

In the limit M{ > v2, minimize the potential
The VEV of A is

(0 (0 0 —uv*
(P) = (v/ﬁ)’ (A) = (u/\/f O) ::> u= \/7M§ supressed by the

large triplet mass

» Neutrino mass
LD (YA)UE A—I-l.O'Z ]gL + h.c.= — (YA)UW AOV]'CL + .-+ h.c.

@ (A%) = u /2

Vv _ _u \ — ¢
mass =~ T 3 (Ya)ijVir vj, + h.c.

2
v
C=> M, =V2Yyu=—u—sV,
MA

The u term breaks lepton number and, thus, can be naturally small 93



Radiative origin of neutrino mass

* neutrino mass vanishes at tree level, generated radiatively at n —loop order

* neutrino masses suppressed by loop factors: intermediate states can be light
and probed at existing facilities such as colliders, charged lepton flavour
violation. (NOTE: vy in seesaw at the GUT scale)

» General classification of one-loop neutrino mass models
* Topologies which are just finite corrections to tree-level seesaws

¢ ,/_"'\ ?; ) VAEREN ) ?; ,/_ ~ P

fL T4-3-i ¢ £L T4-1-ii £L (l) T4-2-i ¢

// S 7/ ~ -~
- - -l — - __+__' »- _H\ - PR — /__._,_}“____
I | I 7\ /-, »
\ / \ ’o 4 '
A / N oy VY /
~L~ ~ L~ \ /
"'-d-,

|

+ divergent divergent 4 divergent
|

|

- 1 -

T4-1-i T4-3-ii T5 94



* Genuine 1-loop topologies

Genuine n-loop order means that only diagrams starting from n-loop order contribute
to neutrino mass. There are no lower-order terms contributing to neutrino masses.

Y

-------
-----

. s’
. ’
e ¥ e
\\ %

Y
A
Y
A

- -

- - .
- -

Y
A

Dashed lines denote scalars or gauge bosons; solid lines refer to fermions

 The quantum numbers of the messenger fields are fixed by SM gauge invariance
* uniqueness of tree-level seesaw lost, large (c0) number of models

[Bonnet, Hirsch, Ota, Winter, 1411.7038] 95



An example: Zee model

Zee model is an extension of SM with two Higgs doublets ¢4, ¢, ~ (1,2,1/2)
and a singly-charged scalar singlet h* ~ (1,1,1)

[Zee,Phys.Lett.B 93 (1980) 389; Cheng, Li,
Phys. Rev. D22 (1980) 2860]

G+ H*
- ]- . = ]- . +
H, (ﬁ(tr+90?+zGU))  Ha (ﬂ(gongzA)) , R

» Higgs basis: only Higgs field takes a VEV

» scalar potential (16 independent terms)
‘ 1 2
V = 2HIH, + u2HiHy — (ﬂ-éH;rHl + H.c.) + A (HIHl)

1 2
+ 5 (H;HQ) + A (Hle) (H;‘HQ) s (H}HQ) (H;Hl)

+ { %/\5 (HiE) + [N (B + o (HE)| HiH, + H_C_}

2 [ B s BT HTHL + Mo 0| HIH,
Mo (1" (HUH + Hee.) + (peasHi HI D™ + Hec.)
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Scalar mass spectrum

1 : 2
Two charged Higgs: mim; =5 {ﬂ'szj% + M;, F \/(f'vfff+ — M%) + 2022
. 1 . ‘
Mige = i3 + 30" A5, My = piy + 0"

1 .
one CP-odd Higg -mi = ﬂzfﬁr+ — 51}2 (A5 — Ag)

two CP-even Higgs

1 ;
My, = 3 {mﬁ + 02 (A + Xs) £ \/[mzﬂ +02 (s — M)+ 41}‘0\@}

Very rich phenomenology for LHC, FCNC, LFV: stability of the potential,
naturality and perturbativity, Higgs signals, Higgs lepton flavor violation...

[e.g., Herrero-Garcia,Ohlsson,Riad,Wiren,1701.05345]
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» Lepton Yukawa interactions and neutrino mass

fij = —Jji
—fsz (YT)«UCH (YQT)UC)Q] iR + )CUIEL.-’.{FQ(JL/LI—F + h.c.
4)1,2
Y
# ..-I.-‘- “
ht, s P12
,BiL —-e T -— jL

i
$1,2

In the scalar mass eigenstate basis, calculating the one-loop diagram

o mf+
N _S20ts ' 2, 2 T
J}{y 8272 v L mf:_|_ {f mg + TnEf

!f.l

mp = = (E.QYT + SQYT tan 8 = vy /vy, So
E= "\ gL2 | | 2/ %1y 92

7 (Fme Y+ Y mi 1)

2 2
T —m
h ;r h,]L

If u = 0lepton number conservation is restored and neutrino masses vanish
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Scotogenic model:combining neutrino mass with Dark Matter

Scotogenic comes from the Greek word skotos (okotoc) -darkness. Then, the

meaning of scotogenic is “created from darkness”. [E. Ma, hep-ph/0601225]

e version of inert Higgs doublet model

* SM + 2nd Higgs doublet 77 + RH neutrinos N

* nand N are odd under a discrete Z, symmetry= the lightest of them is a
DM candidate

* neutrino masses generated at 1-loop (Tree-level forbidden by Z,)

Field SU(Q)L X U(].)y Zg
fiL (27 _1/2) +
€; (1,-1) +
qb (2? | 1/2) +
N; (1,0) —
7] (27 - 1/2) —
» Fermion Yukawa and mass terms

- My — _
Ly = Niij)N; — TN NEN; — (Yu)i; i N; ;1 + h.c.

The Z, symmetry does not allow couplings @TN{L
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» Scalar potential and electroweak symmetry breaking
A1 Ao

V(g,n) = —mid'd +min'n+ = 5 - (ol0)” + Y (n'n)” + X3 (¢'0) (n'n)

+Ai (6'n) (n'e) + 25 {(@Tn) (??Tfﬁ)z]

If Ac = 0 then we can assign L(n) = —1,L(N = 0),L(#;) = 1, and lepton
number conservation is restored. Small A5 is natural in the ‘t Hooft sense.

We want the Z, symmetry to be maintained after EWSB. Thus we must
guarantee that:

1
(n) = (8), (p) = E(g) I::> Inert scalar sector: %, n° = (ng + in))/V2

Scalar mass spectrum:

m2+ = m% + /"\3'1»'2/2

-m% = m:i + (A3 + Ay + As5) -1{2 /2 == |m§j —mi = Asv?
mi =m, + (A3 + Ay — As5) v7/2

* Z, remains unbroken, the lightest particle np, n; or N; will be stable—>dark
matter candidate. 100




» Scotogenic neutrino mass matrix

¢\ J"¢-

\* }f
~ )\5 /
N ’

- ¥ -
- Sy

3 i 3 i
(}?v)k-(}?v)k: m2 m m2 m2

M) . = § : I M R___ k) — L log 4
(Mo ) — 3272 N [mzﬁ — M3, 05 (M'Z ) mj — My, 05 M3,

k=1
small scalar masses splitting: m5 — m# = A:v? <K mj = (mé + m#)/2
( ‘ /\517 Z Yj\ RE Yj\ kj .ﬂ/fj\k l+ Jf‘lf[lp%rk log ﬂffl%k
~ 32n mg — My, mg — My, mé

k=1

Many phenomenologically interesting aspects: LHC signals, dark matter relic

abundance, LFV, etc
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Lepton flavor violation in Scotogenic model

o — Uy lo — 3‘?;3

107 107

o107t 8 S0t

to107% T o107

; 10710 ‘1‘_’1 10710

ﬁ 1072 | smnannsnn= g A 1072 2zmzzznnnnnn=s R ——

a 107" : @ 1074

L 107 Lo

= u:r"‘.r R - 107%

0 o e | . | o
0% 10 10? 10" 1w0* 10* 10° 0 10* 10? 10" 10 10* 10°
§={m,v..-,l'm,?-)2 §=(ﬂiﬁfﬂ"iq'}2

[Toma, Vicente, 1312.2840] 102



Lecture 5

» Absolute neutrino mass in beta decay and
cosmology

»Neutrinoless double beta decay



Absolute neutrino mass

neutrino oscillation determines Aml-zj, absolute mass scale is unconstrained

» Three different ways to measure absolute neutrino mass: sensitive to
different quantities

Cosmology Neutrinoless BB decay B-decay kinetics

[ 2 = Z m; ] [ Mgg = ‘thz my ] mg = \/IZW“FT"I" ]
i . \ :

10° ¥/, KATRIN

—— normal ordering // 107 5
——— inverted ordering /

10° 4 10-1 4

Iz (eV)
mga (eV)

% Planck

107} 4

10-° 1077 10! 10°
m; (eV)

10~ 10?2 107! 10Y




The B spectrum and neutrino mass

» B decay

(A, Z) - (A, Z+1)+e + 7

n—pt+e +v, &,\,\NL‘

» General idea: distortion of the endpoint of the electron spectrum
due totinym; # 0

Tritium beta decay  *H — *He+ e~ + 7,

® 2 e = .
-g 1.0 entire spectrum S / region close to endpoint
£ S,

B /08

S os ©

> )

3 £ 08 m(ve) =0 eV

2 06 |

é 04

o
n

only 2 x 1071 of
decays in last 1 eV

m(ve) =1 eV interval

o
(N)

..................
[ I . — 2 -1 0
2 6 10 14 18

Electron-energy E [keV] E-Eqlev]

o




The effective mass

mg = \/zmi2|Uei|2 = 4
i

| II|I|II1 | ] I|I|II1 | ] I|I|II|
IO
NO

:
\/m% + Am2, (1 — cZ3¢,) + Amé,s%, for NO

2 2 .2 L2 2 .2

0.001 0.01 0.1 1

Minimum value for my; g, = 0: m’ﬁnm = 8.5 (48) meV for NO (l0)

2 ] ~y
For myjgne > |A7”31|- Mmp =~ Myjgnt
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-

KATRIN = KArlsruhe TRitium Neutrino Experiment

Sensitivity of KATRIN aims to mg < 0.2eV
107



Cosmology and neutrinos

A bound on the sum over all neutrino masses is provided by the large-scale

structure of the universe and the temperature fluctuations of the cosmic
microwave background (CIVIB)

0. h2 = Zimi 0 _ Py
v —

, =—,h=0.7
93.5eV’ VT p.r

The current constraint from Planck: );; m; < 0.12 eV



Massive neutrinos: Dirac or Majorana?

v # v©

@trinoless double beta deca
* lepton numberviolation at collider
e cosmology
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The 2B-decays

2vBpB decays
(AZ) > (A Z+2)+2e +2v,

AL:OQ?

Vv

(VR
w

Qv

[Goeppert-Mayer, Phys. Rev.48,512(1935)]
 Allowed in SM

* second order in weak
interaction

* Natural background for
decay

i

OvBPB decays
(AZ) > (A Z+2)+2e

NOT allowed in
SM-rare

Lepton number
violation— neutrinos
are Majorana fermions
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The OvBB-decays: sighature and candidate nuclei

OvBP is potentially observable in certain even-even nuclei (9 isotopes including %8Ca,

’6Ge, 199Mo, 130Te, 13¢Xe) for which single beta decay is energetically forbidden. The

decay rate is less than 1 event per ton and year.

T, >10%yr

n P
e
e
n P
5 HEEn | L | LI | | [ LI
C 480 En -pnintn#zzzﬂn -
4 - - induced radioactivity =
= F “Zr  PNd lE 5(79Bi)=3.270 MeV ]
B e Mg Moo B
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The 9 experimentally most feasible isotopes:

Qpp =M(A,Z) —M(A, Z + 2)

Abundance (%)

Qpp (MeV)

Isotope

¥ Ca 0.187 4.263
6Ge 7.8 2.039
82Ge 9.2 2.998
67 r 2.8 3.348
10006 9.6 3.035
16Cq 7.6 2.813
130T 34.08 2.527
136Xe 8.9 2.459
150Nd 5.6 3.371
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Current and future experiments

Most stringent constraints on the half life:

o 136Y%p (KamLAND-Zen): T1/2> 2 .3x1026 yrs [KamLAND-Zen Collaboration, 2203.02139]

* 7°Ge (GERDA): T,/,> 1.8x 10%®yrs

[GERDA collaboration,

2009.06079]

» 139Te (CUORE): T,/,> 2.2x 10%yrs  [CUORE collaboration, 2104.06906]

There are many OvBB decay experiments in plan and construction
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Half life of Neutrinoless Double Beta Decay
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Effective mass mgg for OvBpB-decay
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Absolute neutrino masses from synergies of neutrino facilities
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Possible BSM physics in OvBp decay

The OvBP decay can also be induced by other AL=2 physics besides the
Majorana neutrino mass. There are many possible scenarios:
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Conclusions

 Neutrino oscillation shows that neutrinos are massive, extension of SM is
required to accommodate tiny neutrino masses.

 Many fundamental questions remain to be answered: the nature of
neutrinos (Majorana vs. Dirac) , absolute neutrino mass, CP violation in
lepton sector, flavor structure of quarks and lepton, the possible connection
with dark matter and baryon-asymmetry...

* Arich experimental neutrino program lies ahead, complementarity of
different experimental approaches: neutrino oscillation, OvBp decay, B
decay, cosmology, colliders, lepton flavor violation etc. A bright future!

Thank you for your attention!
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