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3 Families of Fundamental Particles

0 10 1 0 1
ee% @ % @ 'A 4+ their antiparticles
e d S b
3 types (avours) of active % and ~%

The notion of \type" (\ avour") - dynamical,

+| ++

e. et nl e + p; ; etc.

The avour of a given neutrino is Lorentz invariant.

6 0~ 6~p01619=¢; ; 6~ I;19= ¢;;
The states must be orthogonal (within the precision
of the corresponding data): hy = 19 =i = |,

-y i =0.
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Data (relativistic 's) . | (=) - predominantly LH ( RH).

Standard Theory: - (0
L (x) form SU(2) | doublets with I (x), | = e;
0 : )1
@ IL X)a . | = e -
IL(X) ] 1 9

No (compelling) evidence for existence of (relativistic)
's (~'s) which are predominantly RH (LH): R (~L.)
If R, ~_ exist, must have much weaker interaction than
I, 7l R, L - \sterile", \inert"
B. Pontecorvo, 1967
In the formalism of the ST, rR and ~| - RH elds

r(X); can be introduced in the ST as SU(2) | singlets.

No experimental indications exist at present whether the
SM should be minimally extended to include r(X), and

If it should, how many r(X) should be introduced.
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r(X) appear in many extensions of the ST, notably in
SO(10) GUT's.

The RH 's can play crucial role
) In the generation of m( ) 60,

) In understanding why m( ) m|; Mg,
i) in the generation of the observed matter-antimatter
asymmetry of the Universe (via leptogenesis).

The simplest hypothe3|s IS that to each IL (X) there cor-
responds a |gr(x), | = e;;
ST+ m( )=0: Ly= const,, | = ¢€;; ;

L Le+ L + L = const:
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There have been remarkable discoveries in neutrino
physics in the last 18 years.
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Compellings Evidence for Oscillations

atm : SK UP-DOWN ASYMMETRY

z , L=E  dependences of like events

Dominant ! K2K, MINOS, T2K; CNGS (OPERA)

: Homestake, Kamiokande, SAGE, GALLEX/GNO
Super-Kamiokande, SNO, BOREXINO; KamLAND

Dominant e ! ; BOREXINO

e (from reactors) : Daya Bay, RENO, Double Chooz
Dominant e ! ;

T2K, MINOS ( from accelerators): ! e

S.T. Petcov, INVISIBLES School, SISSA, 09/09/2016



1™

> N

= 0.8 +

O ~ 1

S s ;-

S ERT S

Soo b My Apfffes |

s

S 04=

= + +

0P B *

0.2 | — 3-n best-fit oscillation —e— Data - BG - Ged,

I 2-n best-fit oscillation
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

200 30 40 50 60 /0 80 90 100 110
L/E. (km/MeV)
KamLAND: L=E Dependence (reactor e, L =180 km, E = (1.8 - 10) MeV)

S.T. Petcov, INVISIBLES School, SISSA, 09/09/2016



baseline = 180 Km

P, =1 - sin2qsirr (DM°L/4E )

ee

OO | I I I I | I I I I | I I I I |

En In MeV
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Compelling Evidences for Oscillations: mixing

J 1 >= Ujlj> j: m60; I=e; ; n 3

X
L(x)= U ju(x); j(x): m;p 605 1= e;;

B. Pontecorvo, 1957; 1958; 1967,
Z. Maki, M. Nakagawa, S. Sakata, 1962;

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
neutrino mixing matrix.

j» mj 6 0: Dirac or Majorana particles.

Data: at least 3 s are light: 1.3, m1:2.3 < 1 eV.
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The Charged Current Weak Interaction Lagrangian:

L CC(x) = ?g*zl "0 (1 s) W)W (x) +h e
=e;;

X
iL(x)= 1UIj iL(X); jL(x)r mj60; I=¢e;;
J:
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Dr. T. Kajita, Prof. A. McDonald, Nobel Prize for Physics win ners, 2015
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These data imply that

m ; <<<m ¢;; ;Mg, 9= u;C;t;d;s;b

For m < 1eV: m =m;q< 10 ©

For a given family: 10 2 < mjq=mg < 107

g
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These discoveries suggest the existence of
New Physics beyond that of the ST.
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The New Physics can manifest itself (can have a
variety of di erent \ avours"):

In the existence of more than 3 massive neutrinos: n> 3
(n=4,0or n=5 0o n=6,..).

In the observed pattern of neutrino mixing and in the
values of the CPV phases in the PMNS matrix.

In the Majorana nature of massive neutrinos.
In the existence of LFV processes: I e+ I 3e,

e conversion, etc., which proceed with rates close to
the existing upper limits.

In the existence of new particles, e.g., at the TeV scale:
heavy Majorana Neutrinos Nj, doubly charged scalars,...

In the existence of new (FChNC, FCFNSNC) neutrino
Interactions.

In the existence of \unknown unknowns"...
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We can have n> 3 (n=4,or n=5 0o n=6,..) If
e.g., sterile R, — exist and they mix with the active
avour neutrinos 1 (=), 1= e;;

Two (extreme) possibilities:
) Mygs5.... 1eV;
In this case e ) ! g oscillations are possible (hints

from LSND and MiniBooNE experiments, re-analises
of short baseline (SBL) reactor neutrino oscillation
data (\reactor neutrino anomaly"), data of radioac-

tive source callibration of the solar neutrino SAGE
and GALLEX experiments (\Gallium anomaly"); tests

(STEREO, SOX (BOREXINO), BEST (SAGE), DANS,
RICOCHET, PROSPECT, Fermilab (3 LAr TPC detec-
tors), CeLAND (KamLAND),...) under way).

i) Mg.5.. (102 103) GeV, TeV scale seesaw models;
Mg-5:... (10 9 1013) GevV, \classical" seesaw models.
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All compelling data compatible with 3- mixing:

The PMNS matrix U -3 3 unitary to a good approxi-
mation (al least:  jU;nj < (<< )0:1, I = e; , n=4,5;:).

j» mj 8 0: Dirac or Majorana particles.
3- mixing: 3- avour neutrino oscillations possible.
, E; at distance L: P( ! (e)) 60, P( ! ) < 1

P( |! |O): P( I! 10, E;L;U;m% m%;m% m%)
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Three Neutrino Mixing

x3
L = Uj jL
=1
U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing matrix,
0 1
Uer Uex Ues
U= @Qu,; U, UzA
Ui U Ugs
U - n n unitary:
n 2 3 4
mixing angles: zn(n 1) 1 3 6
CP-violating phases:
j Dirac : X(n 1)(n 2) O 1 3
i Majorana : In(n 1) 1 3 6

n=3: 1 Dirac and
2 additional CP-violating phases, Majorana phases

S.M. Bilenky, J. Hosek, S.T.P., 1980
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Majorana Neutrinos

Can be de ned in QFT using elds or states.
Fields: k(x) - 4 component (spin 1/2), complex, my
Majorana condition:

C(w(x)" = kk(x); ju*=1; ¢t C=

{ Invariant under proper Lorentz transformations.
{ Reduces by 2 the number of components in k(X).

Implications:

U@R): «(X)! € (x) impossible

{ «k(x) cannot absorb phases.

{ Quap =0: Qe=0;L;=0;L=0;:

{ «k(x): 2 spin states of a spin 1/2 absolutely neutral particle
{ « K
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Propagators: ( x) Dirac, (x) Majorana

<OiT( (x) (y)jo>= 8" (x vy);

<OoTC () (Y)NJ0>=0 ; <0jT(C (x) (y))j0>=0 :

<OiT( (x) (y)jo>=S"(x vy);
<0T(C (x) (y)io=>= ST (x y)C

<OT( (x) (ypio>= C *s"(x )

Up (X) Usp= cp o (X% cp= i:
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PMNS Matrix;: Standard Parametrization

1
1 O 0
U= VP; P= @0 €% 0 A;
0 0 €=
o) 1
C12C13 _ S12C13 - suze’
V=@ spc 125351360 CroCos S12523513€0 Spzciz A
S12S23  C12C23S13€ C12S23  S12C23S13€'  C23C13
sj sin j, ¢ cos i, j=[0;53]
- Dirac CPV phase, =[0 ;2 ]; CP inv.: =0;; 2 ;

21, 31 - Majorana CPV phases; CP inv.. 553 = k(k9 , k(k9=0 ;1;2:
S.M. Bilenky, J. Hosek, S.T.P., 1980
m? m3, = 7:37 10 % eV?> 0,sin? 15 = 0:297, cos2 1 > 0:29 (3 ),

j mMiiay 0= 2:53(2:43) 10 B eV? sin? ,3 = 0:437 (0 :569), NO (10)

13 - the CHOOZ angle: sin 2 13 =0 :0214 (0 :0218), Capozzi et al. NO (I0)
F. Capozzi et al. (Bari Group), arXiv:1601.07777v1.
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m? m3, = 7:54 10 % eV?> 0, sin? 1o = 0:308, cos2 12 > 0:28 (3 ),

i M3y i = 247 (2:42) 10 B eV? sin? 23 = 0:437 (0 :455), NO (lO)
13 - the CHOOZ angle: sin 2 13 =0 :0234 (0 :0240), NH (IH)

1 ( m3)=2 6% 1 (sin® 12)=5 :4%;

1 (j m3yps i) =2 6%, 1 (sin? 23)=9 :6%:

1 (sin? 13)=8 :5%;

3 ( m3): (6:99 8:18) 10 5eV? 3 (sin? 12): (0:259 0:359);
(3 ( m%): (6:93 7:97) 10 5eVv?; 3 (sin® 12): (0:250 0:354);)

3 (] m§1(23) j): 2:27(2:23) 2:65(2 :60) 10 3 eV?;
(2:40(2 :30) 2:66(2 :57) 10 3 eV?;
3 (sin? ,3): 0:374(0 :380) 0:628(0 :641);
(3 (sin? ,3): 0:379(0 :383) 0:616(0 :637))

3 (sin? 13): 0:0176(0 :0178)  0:0296(0 :0298)
(3 (sin? 13): 0:0185(0 :0186)  0:0246(0 :0248).)

F. Capozzi et al. (Bari Group), arXiv:1312.2878v2 (May 5, 20
(F. Capozzi et al. (Bari Group), arXiv:1601.07777v1.)
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sgn( m2,. ) =sgn( m%l(SZ) ) not determined

2 2

M&im m3; > 0; normal mass ordering (NO)
mZ,, m3, < 0; inverted mass ordering (10)

Convention: M1 <M>2<M3-NO, M3<Mq1<M2y2-I0

m3,(NO) = m3,(10)
mi My<ms3; NH ;
m3z mMmp<mo; IH;

M= M= M3 Mi,g>> | m§1(32)j; QD; mj > 0:10 eV :

P
m= mf+ m3, mz3= mi+ m3 - NO;
mp = M3 M33 ms;, M2 = M3 M33 :

S.T. Petcov, INVISIBLES School, SISSA, 09/09/2016



The (Mass)? Spectrum

A
v 'y ¥ 2
. v, }Am sol
2
(Mass)? Am _—_— or A .
m atm
V, 4 )
V, }Am sol Vs 4
Normal Inverted
Am2,;=276x105eV2, Am?,  =24x103eV?

Are there more mass eigenstates, as LSND suggests,
and MiniBooNE recently hints?

Due to B. Kayser
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A I ne A

- N
. N,

2 2

My~ L, — —52——%

solar~7 10 ~eV
m. 2
T 1

atmospheric
~2 10 3eV? _
atmospheric
2 | plee—— ~2 10 JeV?

solar~7 10 2eV?2

m12__ mEee——— - _ — m32
? ?
0 Y Y 0

S. King, Ch. Luhn, 2013

)
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Dirac phase : |$ 10 |$ 10, | 6 |0, AUY 1 Jcp 1 sin 13 sin

P.l. Krastev, S.T.P., 1988

1 . : : :
Jecp =Im  Ueg U 2U,,U ; = §S|n2 12SIN2 23SIN2 13 COS 13 SIN
Current data:  jJcpj < 0:035 (can be relatively large!); b.f.v. with =3 =2
Jcp =  0:035.

Majorana phases 21, 31:

{ ] $ 10 | $ |0 not sensitive ;

S.M. Bilenky, J. Hosek, S.T.P.,1980;
P. Langacker, S.T.P., G. Steigman, S. Toshev, 1987

{J]<M> ] in( )o decay depends on 21, 31:
{ (! e+ )etc. in SUSY theories depend on 21:31;

{ BAU, leptogenesis scenario: : 21:31 !
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Absolute Neutrino Mass Scale

The Absolute Scale
of Neutrino Mass

A v,
} v Oscillation
(Mass)? v,
. " ?f } Cosmology, p Decay,

How far above zero
is the whole pattern?

Oscillation Data = VAm?,, < Mass[Heaviest v;]

Due to B. Kayser
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Absolute Neutrino Mass Measurements

Troitzk, Mainz experiments on SH!1 3SHe+e + ¢
m .< 2:2 eV (95% C :L:)

We have m .= mj.o.3 In the case of QD spectrum. The
upcoming KATRIN experiment is planned to reach sen-
Sitivity

KATRIN:  m , 0.2eV

l.e., it will probe the region of the QD spectrum.
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Improved p energy resolution requires a BIG p spectrometer.

e, KATRIN

\ \. Sosignal if m; > 0.35 eV

Leégoldslxlafen 5.1 06 o
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L]
Scale 1: 19,500,000/ w

Lambert Conformal Conic Projection,
v'“'ﬁ-m standard parallés 40°N and 56°N
0 300 Kilometers
g 300 Mites

4
]

x
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Mass and Hierarchy from Cosmology

P
Cosmological and astrophysical data on j mj: the Planck + WMAP (low | 25)
+ ACT (large | 2500) CMB data + CDM (6 parameter) model + assuming
3 light massive neutrinos, implies
X
m;j < 0:66 eV (95% C :L:)
j
Adding data on the baryon acoustic oscillations (BAO) leads to:
X
m;j < 0:23eV (95% C :L:)
j
Data on weak lensing of galaxies by large scale structure, co mbined with data
from the WMAP and Plan%é( experiments might allow to determin e
mj : = (0:01 0:04) eV
j
P

NH: ~;m; 0:05evV (3 ),

P
IH: jm; 0:10eV (3 ).
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Mass and Hierarchy from Cosmology

1.50 = .
1.00} E
0.70} Planck+WP
0.50} ¢ i

= I E

L 0.30 Planck+WP+BAO

S 0.20} ¢ E

=\ :
0.15} :

 Z
0.10} ;;
TH v
NH
104 0.001 0.01 0.1
mmin[ev]
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Future Progress

Determination of the nature - Dirac or Majorana , of j .
Determination of  sgn( m2, ), type of mass spectrum
mi M2 mgs; NH;
m3 mi<moy; IH;

Mi= Mz= m3 Mi,;>> mi,; QD; mj; > 0:10 eV:
Determining, or obtaining signi cant constraints on, the absolute scale of -
masses, or min( mj).

Status of the CP-symmetry in the lepton sector: violated due to (Dirac)
and/or due to 21, 31 (Majorana) ?

High precision determination of m2, 12, M2, 23, 13
Searching for possible manifestations, other than | oscillations, of the non-
conservation of L, = e;; ,suchas ! e+ , ! + , etc. decays.
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Understanding at fundamental level the mechanism giving ri se to the masses
and mixing and to the L, non-conservation. Includes understanding

{ the origin of the observed patterns of -mixing and  -masses ;

{ the physical origin of CPV phases in Upuns ;

{ Are the observed patterns of -mixing and of m3, .5, related to the exis-
tence of a new symmetry?

{ Is there any relations between g mixing and mixing? Is 12+ = =47

{ Is 23= =4,0r 23> =4 o0relse ,3< =47

{ Is there any correlation between the values of CPV phases and of mixing
angles in Upyuns ?

Progress in the theory of -mixing might lead to a better understanding of the
origin of the BAU.

{ Can the Majorana and/or Dirac CPVP in Upmns be the leptogenesis CPV
parameters at the origin of BAU?
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The next most important steps are:

determination of the nature - Dirac or Majorana,
of massive neutrinos (( )o -decay exps: GERDA,
CUORE, EXO, KamLAND-Zen, SNO+; SuperNEMO,
MAJORANA, AMORE,...).

determination of the neutrino mass ordering;

determination of the status of the CP symmetry in the
lepton sector (T2K, NO A; T2HK, DUNE)

determination of the absolute neutrino mass scale, or
min( m;) (KATRIN, new ideas; cosmology);

The program of research extends beyond 2030 (with a
total cost exceeding 2 :5 10° Euro).
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Determining the Mass Ordering (sgn( métm )

Reactor e Oscillations in vacuum (JUNO, RENO5S0).
S.T.P., M. Piai, hep-ph/0112074 (PL B533 (2002) 94)

Atmospheric experiments: subdominant e ! ¢ ) and @ ! e)
oscillations (matter e ects) (ORCA, PINGU (lceCube), HK, IN 0).
LBL oscillation experiments T2K + NO A; DUNE (future); + T2HK
(future), designed to search also for CP violation.
3H -decay Experiments (sensitivity to 5 10 2 eV) (NH vs IH).
( )o Decay Experiments; i Majorana particles (NH vs IH).

P
Cosmology: | mj (NH vs [H).

Atomic Physics Experiments: RENP.
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Solar Neutrinos e, E 1 MeV: B. Pontecorvo 1946
e+3'Cl! ST Ar + e

R. Davis et al., 1967 - 1996: 615 t C >Clg; 0.5 Ar
atoms/day, exposure 60 days.

+ e | + e

Kamiokande (1986-1994), Super-Kamiokande (1996 -),
SNO (2000 - 2006), BOREXINO (2007 - );

et D! e + p+ p; SNO
1+ D!+ n+ p; = e;; SNO

Super-Kamiokande: 50000t ultra-pure water;
SNO: 1000t heavy water ( D>0O)
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e+7lGa! 1l Ge+ e

gOAC%E (60t), 1990-; GALLEX/GNO (30t, LNGS), 1991-
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Atmospheric Neutrinos , , e e E 1GeV (0.20 -

100 Gev)
+ N | + X: ~+N! T+ X
et N! e + X ~+ N! e + X
K2K, MINOS, T2K, ( ), E 1GeV
+ n(N) ! + p(X) (et N(N)! e + p(X))

Reactor e CHOOZ,KamLAND, Double Chooz, RENO,
Daya Bay ( E = 2 8 MeV)

e+t p! € +n
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Neutrino Oscillations in Vacuum
Suppose at t =0 Iin vacuum
] e> =] 1>cC0S + ] 2> sIn ;
J (y> =] 1>sin +]y>cos ; 12! mM260

After time t In vacuum

iE qt: iE ,t: 2

je>i=e 1Y 1>cos +e F2lj,>sin; Ejn= pP+ mis,
A( e! )= < ] e>= %sinZ (e B2t ¢ IE1l

P(e! ;t)= 3sin?2 (1 cos(Ep Ej)t)

P(e! et) Pee=1l P(e! 1)

V. Gribov, B. Pontecorvo, 1969
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Neutrinos are relativistic: ~ t= L, E; Ei1= (m3 m%)=(2p)
(E2 Ept= (M3 mH)L=2p) =2 [va; LEE 25,

P(e! it)= 3sin?2 (1 cos2 pvx): LYE

: E[MeV
L\C/)gg: 2:5 m n[12[ee\/]2]

E=3MeV:; m?eVi =8 10 °: LY = 100 km
E=1GeV; m?[evé = 25 10 3: LY = 1000 km
E ects of oscillations observable if

sin?2  sufficiently large; L > LYa¢

Two basic parameters: sin 22 , m?
SK, K2K, MINOS; CNGS (OPERA): domjnant |
KamLAND: ¢! ¢ e! ( + )= 2
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baseline = 180 Km

P, =1 - sin2qsirr (DM°L/4E )

ee

OO | I I I I | I I I I | I I I I |

En In MeV
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Source Type of E [MeV] L [km] min(  m?)[eV ?]

Reactor ~a 1 1 10 3
Reactor ~a 1 100 10 °

Accelerator -~ 103 1 1
Accelerator C~ 103 1000 10 3
Atmospheric 's e~ e 103 104 10 4
Sun e 1 1:5 108 10 1

Correspond to: CHOOZ, Double Chooz, RENO, Daya
Bay (L 1 km), KamLAND ( L 100 km);

~e disappearnce; E =(1 :8 8:0) MeV;
to accelerator experiments - past (L 1 km);

past, current : K2K ( L 250 km), MINOS ( L 730
km), disappearnce; OPERA ( L 730 km), ! ;

T2K ( L 295 km), NO A (L 800 km), disap-
pearnce, o E 1 GeV,

SK experiment studying atmospheric , ~, e ~e(E=
0:1 100 GeV), and solar e (E = 5 14 MeV) oscil-
lations, and to the solar experiments ( E = 0:29 14

MeV).
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Two-Neutrino Oscillations in Vacuum

SK ((100-12742) km), K2K (250 km); CNGS (OPERA),
MINOS (730 km); T2K (295 km); dominant !

. 2 . D m2 L

P( ! L)= P( ! L) = sin©2 »3 sin 4|~§_’1 ,
P( ! L)y= P( ! L) =1 P( ! L).
KamLAND ( 180km): el e

2
P(e! el)=1 3sin22 15 (1 cos—g25)
CHIOOZ, Double Chooz, Daya Bay, RENO ( 1 km):
e - e

2
P(e! el)=1 3sin22 13 (1 cos—gah)
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The equation used above corresponds to a plane wave descript lon of the propa-

gation of neutrinos j. It accounts only for the movement of the center of the
wave packet describing j. In the wave packet treatment of the problem, the
interference between the states of j and  Is subject to a number of condi-
tions, the localisation condition (in space and time) and th e condition of over-
lapping of the wave packets of j and ¢ at the detection point being the most
important. For relativistic neutrinos, the localisation c ondition in space reads:
xP; xp <L }’k =(2 ), xp(p) being the spatial width of the production (detection)
wave packet. Thus, the interference will not be suppressed | f the spatial width of
the neutrino wave packets detetermined by the neutrino prod uction and detection
processes is smaller than the corresponding oscillation le ngth in vacuum. In order
for the interference to be nonzero, the wave packets describ ing j and ¢ should
also overlap in the point of neutrino detection. This requir es that the spatial
separation between the two wave packets at the point of neutr inos detection,
caused by the two wave packets having di erent group velocit ies vj 6 vy, satis es
jovi o v T max( xp; xp)- If the interval of time T is not measured, T in the
preceding condition must be replaced by the distance L between the neutrino

source and the detector.
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Examples
Spatial localisation condition
L - dimensions of the - source (and/or detector):

2 L=L JVk < 1.
Time localisation condition
E - detector's energy resolution:

2 (L=LY)( E=E) < 1.
If 2 L=L JVk 1, and/or 2 (L=L JVk)( E=E) 1,
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Observing the Oscillations of Neutrinos
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Atmospheric neutrinos Zenith angle dist. of
Atmospheric v flux

10 % .
Zenith angle ,:;
p, He Downward 0. 8 102 S
(=10~100 km) Y il : 0.9-1.5 GeV
% e %
i, Kt g 3 i
4 s
5]
& S 10 b 3.0-5.0 GeV
- Rl N -
VM y N '5 E — Honda flux
1) o e E
e AR . S S Bartol fl
ﬂ, By Ve R ey
Upward 1 NENE RN NN FEEN!

-1 -05 0 0.5 1
cos6

Ev > a few GeV
Up/Down Symmetry

L=up to 13000 km)
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Y. TotTsuka, SIK

Zenith angle distribution(1D)

L%=13000km

¢

Calculated zenith angle distribution

1500 Ev=0.5GeV e Ev=3GeV | e 8 Ev=20GeV |
=
(3]
(\D Vp+bp

ptip Vet Un
& 1000} g zo/\ 0.0} weUn |
~N
(&)
[<b]
w
- T ve+Ue
> 500+ -~ d 1ok s vere | o5l .
= : = ) “ve+ve
3 i
5
(o] L o) 1 o - i
= 0 1 = 00 1 —i 0] 1
cos® cos® cos®

ForE, >afew GeV
Upward / downward = 1 (within a few %

b Up/Down asymmetry for neutrino oscillations
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. e e : Event classification

Fully Contained

(Ey ~1GeV)
| [ e S— T~
A Partially Containec
o | (Ev ~10GeV)
Water Cherenkov detector _
Stopping un (Ey~10GeV)
000 m underground Through-going p (Ey ~100GeV)

>0,000 ton (22,500 ton fid.)
nner-detector(ID): 11,146 20 inch PMTs(SK-I)
ruter-detector(OD): 1,885 8 inch PMTs
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Zenith angle distributions

Best fit
Vu<> Ve - sin220=1.0, AM2=2.0x10-3 eV?2
150 @ 7 50 ¢ 4
100 E £500 S 45 - s E
50 (40 g o o4 = = 40 - ' -
00 - *+ 7 ++"s"°° o4 T gg 3 ‘s T F
) E T S - F
50 - 5300 Lo 4tee 25 0 - 08 i
00 E £ r - £ 20 £ i ;
50 - 5200 - 23 + + ?,_17
00 100 - 10§+ 0s —* ———o— ¢
0 F g 5F I
O ;5 0 05 1 Yo s o es O 5 0 05 1 Y108 06 04 02 0
cosO cosO coso cos
40 8350 . 2 - ~ 4
' = c = " C
00 + + 520 ¢ 4 el B2s A
5200 -+ 5 S % = T
80 -+ 259 ¢ e ++ 2 60 - = 2 - -
60 o, ot n E150 - -+ S <+ S1s 0 P2 o
40 - Z100 C o ¢ 4 [ 4t 5 " e
B e 20 - - -+ = 15
20 | 50 - - 0.5 -
O %5 0 05 1 Ya s o s 1 O 5 0 05 1 %.a 08 06 04 02 0
ﬁ €0sO cosO €0sO €0sO
& { & { ] = bt A
~13000km  ~500km ~15km ~13000km ~500km
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SK: L/E Dependence, Like Events

1.8
1.6
1.4
1.2

N
0.8}
0.6
0.4f
0.2f

0 C raaaaaal raaaaaal 2. raaaanl 3. e aaaal
1 10 10 10 10
L/E (km/GeV) (SK 1+2+3)

Data/Prediction (null oscillation
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L/E analysis

Neutrino oscillation :
Neutrino decay :

Neutrino decoherence :

Prob.(v,— v“)
ot
o0 —

=
o

=
»

=
[}

o

10° 10"
LE (km/GeV)

2
Pus = 1-sin?26sinz(1.27 AL
P = (C0S20 + sin20 x exp(— Zﬂr%))z
Puy = 1——5in220 x (1 - exp(—'yoLE))

Use events w ith high resoltbn n L/E
|:>

The first dip can be observed

—> Direct evidence for oscillations
—> Strong constraint to oscillation
parameters, especially Am? value
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SK: Atmospheric Data

2
10 | I I
C\IA
> =
<L
C\IE I — ]
—
= ===
- —— 99% C.L. <"--..<
— 90% C.L.
— 68% C.L.
-3
10 ' '
0.7 0.8 0.9 1
sin®26
m2,, m3, =2:4 10 3 eV?; sin®2 gm SN2 3=1:0;

m3, =(1 :9 2:9) 10 3eV? sin®2 3 0:92; 99% C :L:

sign of m?2

Zim Not determined. If 23 6 71 23, (7  23) ambiguity.

4

3-  mixing: m3; > 0, my <m<m g3 (NH); m3, < 0, mg<mi<m; (IH).
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K2K: Spectrum ( \disappearance")
18 ————F————7———r 17—

16 | 1 .

14 | 3

events/0.2GeV

12 F T .

10 | i 7

O N »~ O ©®
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MINQOS: Spectrum ( \disappearance")
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300—

Events / GeV
N
o
7

100

MINOS Far Detector

Fully reconstructed events

—4— Data

---------- No oscillations

Best oscillation fit

[ ] Neutral current background

=

O
o1

Ratio to no oscillations

—4— Data/Monte Carlo ratio

Best oscillation fit

Best decay fit

Best decoherence fit

10

15 20

Reconstructed neutrino energy (GeV)
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IDmZ,] (10° eV?/c?)

o
a

2.9

_IIIIlIIIlIIIlIIIlIIIIIIIIIIIIIII

H
¥ T2K 3 90% C.L. |

SN

C -0~ T2K 2011 2190% C.L.
- - MINOS 2013 2 90% C.L.

- - SK zenith 20121890% C.L.
- = SK L/E 2012 21 90% C.L.

(08

2

ﬂlII|III|III|III|III|III|III|III|III|_
082 084 086 088 09 092 094 09 0.98

Sin(2d,,)
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= "atmospheric" parameters
B I I I I | I I I I | I I I I | I I I I |
B - global |
4 : ~
oL -MINOS .
ooq) 3 T
'© i i
= [ i
Ngo“r; 2~ ]
1 atmospheric _
O B | | | | I | | | | I | | | | I | | | | |
o) 0.25 0.5 0.75 1

. 2
sin“q,,

T. Schwetz, arXiv:0710.5027[hep-ph]

sign of m2__ not determined:

atm

3-  mixing: m3, > 0, m; <m, <m 3 (normal ordering (NO));
m3, < 0, mzg <m 1 <m (inverted ordering (10)).

If 236 20 23, (7  23) ambiguity.
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1™

> N

= 0.8 +

O ~ 1

S s ;-

S ERT S

Soo b My Apfffes |

s

S 04=

= + +

0P B *

0.2 | — 3-n best-fit oscillation —e— Data - BG - Ged,

I 2-n best-fit oscillation
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

200 30 40 50 60 /0 80 90 100 110
L/E. (km/MeV)
KamLAND: L=E Dependence (reactor e, L =180 km, E = (1.8 - 10) MeV)
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baseline = 180 Km

P, =1 - sin2qsirr (DM°L/4E )

ee

OO | I I I I | I I I I | I I I I |

En In MeV

S.T. Petcov, INVISIBLES School, SISSA, 09/09/2016



Solar Neutrinos: e, E (0:26 14:4) MeV
Super-Kamiokande, E = (5:0 14:4) MeV

R(SK) I (e j=e: P(e! D (& ! &)

= (ee ! e ) R(eP(e! o

F (@ Plel o) P8 0f)

= (e ! ee) gl e+ 016 g )+ g( )]

P(e! e+ P(e! Y+ P( e! ) =1,
( e ! e )= ( e ! e ).
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SNO, CC: E = (5:0 14:4) MeV

et D! e + p+p
R(SNO)/ (e+ D! e +p+p) B(eP(e! o

= (et D! e +p+p E(e
SK:  SK( )= Eg(e+ 0:16( g( )+ ()
SNO cC: SNO( y= (o

No oscillations: (. )+ g( ) =0, SKC )=

SNO ( )
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"solar" parameters

0.4 0.6
sin2q12

T. Schwetz, arXiv:0710.5027[hep-ph]
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Leptonic CP Violation
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Dirac CP-Nonconservation: N Uppmns

Observable manifestations in

'S 0 1% j0; L1%= e
not sensitive to Majorana CPVP 21, 31

CP-invariance:
N. Cabibbo, 1978

S.M. Bilenky, J. Hosek, S.T.P.,1980;
ov. Barger, S. Pakvasa et al.,1980.

P(1! 1= P(! 19; 16 1°="¢;;
CPT-invariance:

P(1! 9= P(p! )

1= 1% P(y! D= P(y! )

T-invariance:
P((! 19= P(p! D;161°
3 mixing:
AU POyt ) P(Gr ) 18 19= e
A(TI:I‘D P(i! 19 P(p! ;16 1°
(e;) _— (; ) — (e;)
AT(CP) - AT(CP) - AT(CP)
P.l. Krastev, S.T.P., 1988; V. Barger, S. Pakvasa et al. , 1980
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3-Neutrino Oscillations in Vacuum

: P : : P :
— n : . — n : : .
J1>= j:1U|jJJ>1J|>_ j:1UIjJJ>,
j: m60; Il=e€,; ;n=3
A( ! o)=XU D; UJ: A( ! 0)=P'U D; Ul :
IR CYg Pi Y IR 19 =
]
;1%= e;; ;
Dj = Dj(pj;L;T) describes the propagation of j between the source and
the detector, Uﬁ’ (Ule) and Uy (U|q) are the amplitudes to nd i () in
the initial and in the nal avour neutrino state, respectiv ely. In the plane

wave (relativistics) formalism,

_ — g (X Xo) — I(E; T L) .
Dj Dj(p:LT)= e M X = UET BL b jopj;
Xo and X - the space-time coordinates of the points of neutrino produ ction and
detection, T =( ty tg)and L = k(Xf Xgp), k being the unit vector in the direction
of neutrino momentum, p; = kp;.
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P . .0 . :
P( ! 9= "jjUqi?juyj3
2

mig 10— A .
m’L 9:k) > L17= e ;5

P : _
+2 7o 1Ujg Uy Ui Ujq cos(

P . .0 . :
P( ! 9= "jUqi?juyj3
2

P : , m:
+2 "ok JUig Uy Ui Ujgd cos(— =L+ jq) 5 K1P= e

9:;jk =arg Uq Uy Uy Ujq
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Spatial localisation condition
L - dimensions of the - source (and/or detector):

2 L=L JVk < 1.
Time localisation condition
E - detector's energy resolution:

2 (L=LY)( E=E) < 1.
If 2 L=L JVk 1, and/or 2 (L=L JVk)( E=E) 1,

P . .9 . :
P(1! 9= P( ! 9= "jjUgqj?jujj?
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In vacuum: Ag;;(;) = JepFac

1 . . . .
Jcp =Im Uegr U 2U62U 1 = gsmz 12 SIN2 23 SIN2 13 COS 13 SIN

2 2 2

m m m
Fy2 = sin 2LL) +sin L) +sin 13
osc ( g Ly+sin( —=L)+sin(C —-=L)

) P.l. Krastev, S.T.P., 1988
In matter: Matter e ects violate

CP: P(|! |o)6 P(|! |o)
CPT : P( |! |o)6 P( |o! |)
P. Langacker et al., 1987
Can conserve the T-invariance (Earth)
P(! 9= P(p! ;1861°
In matter with constant density: Al ) = g mat pmat

IR = J& Rep
Rcp does not depend on o3 and ; jRcpj < 25
P.l. Krastev, S.T.P., 1988
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Neutrino Oscillations In Matter

When neutrinos propagate in matter, they interact with
the backgrpound of electrons, protons and neutrnos,
which generates an e ective potential in the neutrino
Hamiltonian: H = Hyac+ Vefs .

This modi es the neutrino mixing since the eigenstates
and the eigenvalues of Hyac and of H = Hvyac + Vefs

are di erent, leading to a di erent oscillation probabilit y
w.r.t to that in vacuum.

Typically the matter background is not CP and CPT
symmetric, e.g., the Earth and the Sun contain onl
electrons, protons and neutrons, and the resulting oscil-
lations violate CP and CPT symmetries.

2

2 in2o M qj
23 SIN“2 73 SIN® —;¢

P3 ( ! ) = sIn
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sin? 2 Tp, M £, depend on the matter potential
Veff = 2Gg Ne,

For antineu&rinos Veis has the opposite sign:
Vefs = 2 Gg;Ne.

m%, > 0 (NO): (e ! e ) Matter enhanced |,
(e) | () - suppressed
m%, < 0 (10): (e) ! e ) Matter enhanced |,

(e) | g ) Suppressed
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2o m tan 22 13 — g _ N Tes
sin< 2 = =1: 1f Ne= N ,
1 Ne=NZes

(1 —res'NI\ele )2+tan 22 13

m = ¢
CoOs2 713 = !

N Tes = Mm% £0S2 13

c 2E 2Gg '

res — g@- 6 __m?[eV?] 3
Neg™> = 6:56 10 E [MeV] COS2 cCm Na ,

M?gl miz’)l (1 Ne)2C0822 +sin 22 %
TOE N Les 13 T SIn 13
For ' e: Nel ( Ne)

m%; > 0 (NO): (g ! ¢ ) matter enhanced

(e) | ¢ ) - Suppressed

m%; < 0 (10): (g ! ¢ ) matter enhanced |

(e) | g ) Suppressed
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The Earth

Eal‘th Rcore = 3446 km, Rmant = 2885 km

Earth: N[t  2:3 Npcm 3, NS 5:7 Npcm 3
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The Earth

0.0 . . . .
0.0 0.2 0.4 0.6 0.8 1.0

Rc=3446 km, Ry =2885km; N[ 2:3 Npcm 3, NS 57 Npcm 3
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Earth matter e ect In Y e (MSW)

0.50 e ‘ ‘ T
neutrinos
———- vacuum
0.40 - antineutrinos -
L=7330km
. 2
sin (29,,)=1.
? 0.30 sin*(2g,.)=.1 |
@ .
=
a 0.20 |
0.10 |
0.00 —_—
10° 10"
E[GeV]/ sz[eVZ]

m2=2:5 10 3 eV2 E'™ =6 :25 GeV; P3 = sin® P2 =0 :5P2 ;
NP = 2:3cm 3 Np; L®= LV=sin2 13 = 6250=0:32 km; 2 L=L n = 0:75 (8 ):
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Earth mantle: up to 2nd order in
s and sin? 13 = 0:0214:

J

J

+P3,

A) (sinf[l A)]

A) (sinf[1 A)]

Pr% man (1 ¢ = Pop+ Psin + Pcos
Py =sin 2 oq S(‘/ff 23 sin?[(A 1]
P3= 2cos? »3 Si”ZAZZ 12 sin?(A),
Psin = & hy(sin )(sin
Prgs = Sg\%lp Cgt) (cos )(sin
m2, L P —
gl A = 2GFNg‘a”%: Eres
boer s AL () CA)
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Rephasing Invariants Associated with CPVP

Dirac phase

JCPZIm Ue]_U 2U62U1
C. Jarlskog, 1985 (for quarks)

CP-, T- violation e ects in neutrino oscillations
P. Krastev, S.T.P., 1988

Majorana phases 21, 31.

S1=Im fUeaUgQg: Sz =Im fUegUgQg  (not unique); or
S¥=Im fU 1U,g; S2=Im fU »U 59

J.F. Nieves and P. Pal, 1987, 2001
G.C. Branco et al., 1986
J.A. Aguilar-Saavedra and G.C. Branco, 2000

CP-violation : both Im fUeU,39860 and Re fUe U980 .
S1, So appear in j<m> j in( )o -decay.

In general, Jcp, S1 and S, are independent
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3 =27
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n 0
Im  Ugr U 2Ug U 4

-
@
3

|

1 . . . .
- §S|n2 12 SIN2 »23sSIN2 13C0S 13 SIN
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LBL Acc + Solar + KL + SBL Reactors + SK Atm

A

| | | \ | I " I ||

O Ll 1 1 I 1 1 Ll L1 1 1 I 1 1 L1l 1 1 1 I 1 1 I“ 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 p II 1 Ll
65 70 75 80 85 20 22 24 26 28 00 05 10 15 2.0
2 -5 2 2 -3 2 d/
dm“/10 " eV DMm~“/10 ~ eV P
4_-|----|----|---_ i
3f . -
wn i ] i
= 2_— ] —
1+ . -
0_.|....| P B A A ' S B B [ A
0.25 0.30 0.35 0.3 04 05 06 0.7 0.01 0.02 0.03 0.04
-2 - 2 -2
SN q12 Sin C|23 SN q13

F. Capozzi, E. Lisi et al., arXiv:1312.2878
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F. Capozzi, E. Lisi et al., arXiv:1601.01777v1
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M. Mezzetto, T. Schwetz, arXiv:1003.5800[hep-ph]
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Super Kamiokande  295km JAERI

@

Tokyo KEK
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LBL Oscillation Experiments NO A, T2K (Detec-
tor=SuperKamiokande (SK)

T2K : Tokal - Kamioka; o -axis , beams, E = 0:6
GeV, L = 295 km, SK (50 kt water Cherenkov).

NO A: Fermilab - site iIn Minnesota; 0 -axis beam,
E =2 GeV, L = 810 km, 14 kt liquid scintillator; 2014.
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Nogeomber 11, 2011, Double Chooz: 2 evidence for
13 :

March 8, 2012, Daya Bay: 5 :2 evidence for 13 6 0,
sin©2 13 =0:092 0:016 0:005.

April 4, 2012, RENO: 4 9 evidence for 13 6 O,
sin©2 13 =0 :113 0:013 0:019.

Daya Bay, May 2015:
sin©2 13 =0 :084 0:005.

RENO, April 2015 (WIN 2015):
sin©2 13 =0 :087 0:008 ( stat:) 0:008.

Double Chooz, 2014: |
sin22 13 =0 :090 *:35¢ (0:092%%:355).
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P3 (e! &= P3( 13 m§1(32) 12, M%) =

2
: : M31(32 :
1 sin?2 13sin?(—;2%2-L), no dependence on  3;
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T2K: Search for ! e oscillations

T2K: rst results March 2011 (2 events);
June 14, 2011 (6 events): evidence for 1360 at2 5 ;
July, 2013 (28 events)

For j m%;j=2:4 10 3 eV? sin®2 ,3=1, =0, NO
(I0) spectrum:

sin©2 13 =0 :14 (1 :7), best t.

This value Is by a factor of 1:6 (1:9) bigger than the
value obtained in the Daya Bay and RENO experiments.

Pa (! o= P3 (13 m%1(32); 12; M5.; 235 ).
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T2K, NO A:upto2ndorderin j j j m3j5 m%j=

s and sin? 13 = 0:0214:

P MM ( ! &= Po+ Psn + Peos + P3,

Po =sin 2 o3 Sh-23 sin2[(A 1)),

P3= 2cos? »3 Si”ZAZZ 12 sin?(A),

Psy, = A?fcg)(sin )sin A) (sin[A  A)] ),

Peos = Cagtay-(cos )(sin  A) (sin[(1 A)] ),
Ml A= PageNgen 26 o NEwl

boer s AL () (CA)

S.T. Petcov, INVISIBLES School, SISSA, 09/09/2016



The results on ! e oscillations from NO A are com-
patible with, and strengthened, the hint that = 3=2

(A. Marone, talk at Nu2016 (July 8); F. Capozzi et al. ,
arXiv:1601.01777v1).
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Large sin 13 = 0:15 + =3 =2 - far-reaching implica-
tions:

For the searches for CP violation In -oscillations; for
the b.f.v. one has Jcp =  0:035;

Important implications also for the \ avoured” lepto-
genesis scenario of generation of the baryon asymmetry

of the Universe (BAU).

If all CPV, necessary for the generation of BAU is due
to , a necessary condition for reproducing the observed
BAU is o o
jsin 13 sin j = 0:09
S. Pascoli, S.T.P., A. Riotto, 2006.
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Future LBL Neutrino Oscillation Experiments on
sgn( m3%;) and CP Violation
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LBL Oscillation Experiments T2K, NO A, DUNE,

T2HK (HK=Hyper-Kamiokande: water-Cherenkov, 1
Mton, ducial 0.5 Mton).

NO A: Fermilab - site in Minnesota; o -axis beam,
E =2 GeV, L = 810 km, 14 kt liquid scintillator; 2014.
T2HK L =295 km, 2 :5 o -axis (narrow band) beam
(from 750 kW proton) beam, maximum at E = 0.6 GeV

(the rst osc. maximum).

DUNE : Fermilab-DUSEL, L = 1290 km, 1.2 MW (2.3

MW) proton beam, wide band beam (rst and second
osc. maxima at E =2 :4 GeV and 0.8 GeV); 34 kt du-

cial volume LAr detecors; plans to run 5 years with

and 5 years with , 2025 (?)
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Super Kamiokande  295km JAERI

Tokyo KEK

T2K, T2HK
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Up to 2nd order in the two small parameters ]

j m5j5j m%,j landsin? i3 1

P MM ( ! &= Po+ Psn + Peos + P3,

Po =sin 2 55 SM°233 sin?[(A 1)),

P3= 2cos? »3 Si”ZAZZ 12 sin?(A),

Psny, = A?fcg)(sin )sin A) (sin[A  A)] ),
Peos = CAdb Ay (cos )sin A) (sin[1  A)] ),
= Mul. A piGFNg‘af‘%.

e s AL () ( A)
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The I ¢ (left) and I ¢ (right) oscillation proba-
bilities as a function of the neutrino energy for L=295 km

(T2K, T2HK) and sin 22 13 = 0 :1. Black, red, green,

and blue lines correspond to =0;5; ,and 5 , re-
spectively. Solid (dashed) line represents the case for a

NO (I0) mass spectrum.
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Expected T2HK sensitivity to CP  violation

K. Abe et al., arXiv:1502.05199.
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K. Abe et al., arXiv:1502.05199.
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Expected 1  uncertainty of m%, and sin? 3 for true sin % ,3 =0 :45;0:50;0:55.
Reactor constraint on sin 22 13 =0 :1 0:005 is imposed.

True sin “ 23 0:45 0:50 0:55
Parameter m3, (eV?) sin? 33 m3, (eV?) sin? 3 m3, (eV?) sin? 3
NO 1:4 10 ° 0.006 1:4 10 ° 0.015 1:5 10 ° 0.009
1O 1:5 10 ° 0.006 1:4 10 ° 0.015 1:5 10 ° 0.009

K. Abe et al., arXiv:1502.05199.
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90% CL allowed regions in the sin 2 ,3{ m3, plane. The true values are
sin® 23 = 0:45 and m3, =2:4 10 3 eV2 Eect of systematic uncertain-

ties is included. Left: T2HK only; right: with a reactor cons traint.
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Combination of the T2HK and HK atm data. Expected 2 values for a) accel-

erator and atmospheric neutrino measurements (left), and b ) for combining the
two measurements (right), assuming that the mass ordering | S unknown. The
true mass ordering and value of are assumed to be NO and = 0. In this
example study, the 2 is simply added.
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DUNE could also have very good sensitivity to CP-
violation with a 60% coverage at 3 In the allowed range

of values of sin 22 13, for a 200 kton Water Cherenkov
or 34 kton LAr detectors (assuming it will run for 5 years
IN neutrinos and 5 years in antineutrinos).

DUNE, for example, could achieve the determination of
the mass ordering at 3 In less then a year.
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The measurement of the Dirac phase in the PMNS mix-

Ing matrix, together with an improvement of the preci-
sion on the mixing angles 12, 13 and -3, can provide
unique information about the possible existence of new
fundamental symmetry in the lepton sector.
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The Quest for Nature's Message
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With the observed pattern of neutrino mixing Nature Is
sending us a message. The message is encoded in the
values of the neutrino mixing angles, leptonic CP viola-
tion phases and neutrino masses. The message can have
two completely di erent contents: it can read

ANARCHY or SYMMETRY.

ANARCHY

é(')l%e Gouvea, H. Murayama, hep-ph/0301050; PLB,

L. Hall, H. Murayama, N. Weiner, hep-ph/9911341.
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Understanding the Pattern of Neutrino Mixing.

Predictions for the CPV Phase

S.T. Petcov, INVISIBLES School, SISSA, 09/09/2016



Neutrino Mixing: New Symmetry?

12 = = 54 23 = am = 7(7); 13 = 7p
O r _ r _ 1
2 1
I’3T r% rI
et g 8,3 20
1 1 1
6 3 209

Very di erent from the CKM-matrix!
12 = =4 0:20, 13= 0+ =20, -,3= =4 0:10.

Upuns due to new approximate symmetry?
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A Natural Possibility (vast literature):

U= UL (4 ) Q(;! )Umem svic P( 15 2);

with
0 r§ rI 1 0 pL . 1
L T 2]
_ 1 1 L& _ 1 1
B o 63 28 TR 2 2 "
1 1 1 = = p—
6 3 2 E 2 "2
|ep( j» ) - from diagonalization of the |  mass ma-
trix;

Utem :BM:Lc::: P( 1; 2) - from diagonalization of the
mass matrix;

Q( ;! ), - from diagonalization of the | and/or mass

matrices.
P. Frampton, STP, W. Rodejohann, 2003
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ULc, Ugram » Ucrem » Uncm :

o) pL 1 1
— 0
> 3
Uc = 5% % Sog & ; symmetry :
3
2

0 1 0 P 3
Cip S12 O >
12 2 1
Ucr = % 2 BLE . 2 g; Unem = 5%
12 2 1 &
2 2 2 >

Ucram @ Sin® , =2+ r) 1= 02276, r=(1+ IOE):z

(GR: r=1; a=b= a+ b=a a>Dh)

Ucrem : Sin® , =(3 r)=4= 0:345:
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Urem @ Sfo =1 =3, s53 =1 =2, sf5 =0; s%5 =0 must be
corrected; if 036 =4, s5; =0 :5 must be corrected

Upm: STp» = 1 =2, s33 = 1 =2, sf3 = 0; s£5 = 0,
s£, =1 =2 and possibly s53 =1 =2 must be corrected

Urgmemy - Groups Ay, TO(Sy), ... (vast literature)

(Reviews: G. Altarelli, F. Feruglio, arXiv:1002.0211; M. T animoto et al., arXiv:1003.3552;
S. King and Ch. Luhn, arXiv:1301.1340)

Ugra: Group As,...; sf3 =0 and possibly sf, =0 :276

and s5; =1 =2 must be corrected
L. Everett, A. Stuart, arXiv:0812.1057;...

U c: alternatively U(1), L% Le L L
S.T.P., 1982
Uc: sf, =1 =2, sf3 =0, s,3 - free parameter;
sf5 =0 and sf, =1 =2 must be corrected
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Ugre: Group Dig,...; s%3 =0 and possibly s%, =0 :345
and s5; =1 =2 must be corrected

Ubg: Group Dip,..; sf3 =0, s%, =0 :25 and possibly
s5; =1 =2 must be corrected

For aII symmetry forms considered we have: 13 = 0,

3= =4
They dier by the value of

12
TBM, BM, GRA, GRB and HG forms correspond to
sin® ;, =1 =3; 0:5; 0:276; 0:345; 0 :25.
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/

/

—
N

Y

AN
A
>XPA

4
{

Examples of symmetries:

> A

Ag, Sa, Dy, As

From M. Tanimoto et al., arXiv:1003.3552
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For arbitrary xed 1o and any 23
(\minimal” and \next-to-minimal" cases):

h

fan 23 cos2 4,

Sin2 128N 13

COS =

|
+ sin® 1 cos® ;, 1 cot? ,3sin? 13
S.T.P., arXiv:1405.6006

This results I1s exact.

\Minimal" case: sin 237 27 snZ 15
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In all cases TBM, BM (LC), GRA, GRB, HG:
New sum rules relating 12, 13, 23 and ;

Jep = Jep( 127 235 137 )= Jcp( 127 235 137 12)-

S.T.P., arXiv:1405.6006
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Jecp = Jep( 125 235 135 )= Jcp( 12 237 135 12)-

TBM case: = 3=2o0 =2;bfv. of j:
= 2635 or96:5 ,cos = 0:114, Jcp = 0:034.
GRAM case, b.fv. of jj: = 286:8 or 73:2 ;
cos =0 :289, Jcp = 0:0327.
GRBM case, Db.f.v. of j: = 258:5 or 101:5 ;
cos = 0:200, Jcp 0:0333.
HGM case, b.fv. of j: = 298:4 or61:6 ;
cos =0 :476, Jcp = 0:0299.
BM, LC cases: = ,cos = 0:978, Jcp = 0:008
The results shown - for NO neutrino mass spectrum; the result S are prac-
tically the same for 10 spectrum. (Best t values of ij - F. Capozzi et al.,

arXiv:1312.2878v1.) S.T.P. arXiv:1405.6006
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By measuring cos or one can distiguish between
di erent symmetry forms of g !

Relatively high precision measurement of _ will be
performed at the future planned neutrino oscilla-

tion experiments, (DUNE, T2HK) see, e.g., A. de
Gouvea et al., arXiv:1310.4340; P. Coloma et al.,
arXiv:1203.5651; R. Acciarri et al. [DUNE Collab.],
arXiv:1512.06148, 1601.05471 and 1601.02984.
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Statistical analysis, likelihood method;

input \data": sin? 13, sin? 12, sin? 1o,
from F. Capozzi et al., arXiv:1312.2878v2 (May 5,
2014).

2(cos )
L(cos )/ exp 5
n condence level interval of values of cOoS

L(cos ) L( 2:,) L( 2= n?)

[. Girardi, S.T.P., A. Titov, arXiv:1410.8056
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[, = sim *r-v3 ] [ = sin aevzerL)

Ns
=

|. Girardi, S.T.P., A. Titov, arXiv:1410.8056
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Ns

————————

e
S

e

0.04

Jep

0.02  0.04 9P

|. Girardi, S.T.P., A. Titov, arXiv:1410.8056

S.T.
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TBM, GRA, GRB, HG: J =0 excluded at 5

b} 4 )
4 . 3 condence level.

At 3 : 0:020 j Jepj 0:039.

BM (LC), b.f.v.: Jcp =0 ;
at 3 : 0:026 ( 0:025) Jcp 0:021 (0 :023) for NO
(I0) neutrino mass spectrum.
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Prospective precision:
(sin? 15)=0 :7% (JUNO),
(sin? 13)=3% (Daya Bay),

(sin? 53)=5% (T2K, NO A combined).
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1.0
e BM ”
: ————— GRB
0.8} e TBM
: — GRA
HG
O L
Z 0.6}
= .
S
S
= .
E 0.4}
& .
0.2}
OO*JJL
—-1.0 -0.5 0.0 0.5 1.0
COS O

l. Girardi, S.T.P., A. Titov, arXiv:1410.8056
b.fv. of sin? ij (Capozzi et al., 2014) + the prospective precision used.
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1.0 :
R e BV |
i — GRB
0.8F e TBM
- — GRA
- s [ G
O 3
Z, 0.6}
=
Q .
o
< .
g 0.4
— ' 1
0.2
0.0 \ . J “ \J

10 ~05 0.0 05 1.0

COS O

|. Girardi, S.T.P., A. Titov, arXiv:1410.8056

2

The same, but for sin 12 = 0 :33 (the BM prediction dependence on

sin2 12).
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1.0

0.8}

O
)

Likelihood [10O]
<
. . AR

0.2}

0.0

BM
GRB
TBM
GRA
HG

\

J .\

sin?

1.0

05

0.0 0.5 1.0
CcoS 0
|. Girardi, S.T.P., A. Titov, arXiv:1410.8056

23 — 0 :557 (b.f.v.: C. Gonzales-Garcia et al., 2014, 10 case).
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For, e.g., jcos | < 0:93 (76% of values of ), and
(cos )=0 Cf|10 (0 :08) :

(cos )= 1 0:932=16 (12 ).
Planned to be reached, e.g., in T2HK.

Thus, a measurement of cos In the quoted range

will allow to distinguish between the TBM/GRB,

BM (LC) and GRA/HG forms at 3 C.L, |f
2 2

sin? 15, sin? 13 and sin? 3 are measured with the

prospective precisions.

Distinguishing between GRA and HG forms at 3
C.L. requires 1 (cos ) = 0:03 (if b.f.v. of cos at

one of the two maxima).

TBM and GRB cannot be distinguished at 3 C.L
with the prospective uncertainties on sinij ;
for zero uncertainties on sin;:  (In nite precision),

J
can be distinguished if 1 (cos ) = 0:03.

I. Girardi, S.T.P., A. Titov, arXiv:1504
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The predictions obtained for cos are valid in a large
class of theoretical models of (lepton) avour based
on discrete symmetries.

J. Gehrlein et al., \AAn  SU(5) A5 Golden Ratio
Flavour Model", arXiv:1410.2095;

. Girardi at al., \Generalised Geometrical CP
Violation In a TO Lepton Flavour Model",
arXiv:1312.1966, JHEP 1402 (2014) 050.
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The measurement of the Dirac phase in the PMNS mix-

Ing matrix, together with an improvement of the preci-
sion on the mixing angles 12, 13 and -3, can provide
unique information about the possible existence of new
fundamental symmetry in the lepton sector.
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Determining the Nature of Massive Neutrinos

This I1s one of the most challenging and pressing prob-
lems In neutrino physics.

Massive Dirac Neutrinos: U(1), Conserved (Additive)
Charge, e.qg., L.

Massive Majorana Neutrinos: No Conserved (Additive)
Charge(s).

The type of massive neutrinos in a given theory is de-
termined by the type of (e ective) mass term L (%)

neutrinos have, more precisely, by the symmetries L 1 (X)
and the total Lagrangian L (x) of the theory have

Mass Term:. any by-linear in fermion (neutrino) elds in-
variant under the proper Lorentz transformations.
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Seesaw Mechanisms of Neutrino Mass Generation
Predict light massive Majorana neutrinos
Explain the smallness of masses.

~Through leptogenesis theory link the mass genera-
tion to the generation of baryon asymmetry of the Uni-
verse.

S. Fukugita, T. Yanagida, 1986.
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Dirac CP-Nonconservation: N Uppmns

Observable manifestations in

19 j0; 19 j0; |;|O: SHE

not sensitive to Majorana CPVP 21, 31
S.M. Bilenky, J. Hosek, S.T.P.,1980;

P. Langacker et al., 1987

Al( |$ IO): X U|qe I(Ejt ij)Uj)I/
J

U= vP: pje '(Bit BXip, = ¢ HET BX)

P - diagonal matrix of Majorana phases.

The result is valid also in the case of oscillations in mat-
ter: | oscillations are not sensitive to the nature of j-
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j Dirac or Majorana particles , fundamental problem

j Dirac: conserved lepton charge exists, L= Le+ L + L, j 6 j
j Majorana : no lepton charge is exactly conserved, j j
The observed patterns of mixing and of m2,, and m? can be related to

Majorana j and an approximate symmetry:

L9= Lo L L

S.T.P., 1982
See-saw mechanism: j Majorana
Establishing that j are Majorana particles would be as important as the
discovery of oscillations.
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If j Majorana particles, Upppns contains (3- mixing)
-Dirac, 21, 31 - Majorana  physical CPV phases

- oscillations | $ 16| $ 16 1°=e;;

are not sensitive to the nature of jo
S.M. Bilenky et al.,1980;
P. Langacker et al., 1987
provide information on mi = m{ mg, but not on the absolute values
of j masses .
The Majorana nature of j can manifest itself in the existence of L= 2
processes:
K + | + + + +

+ (A ;2! T+ A ;Z 2

The process most sensitive to the possible Majorana nature o f j - ( o -
decay

A;2)!" (A;Z+2)+ e + e

of even-even nuclei, 8Ca, °Ge, %Se, 0Mo, 6Cd, 130Te, 136Xe, ONd.
2N from (A,2) exchange a virtual Majorana j (via the CC weak interac-
tion) and transform into 2 P of (A,Z+2) and two free e
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Nuclear0 -decay

strong in-medium modi cation of the basic process
dd! uuee (¢ e

continuum

virtual excitation
of states of all multipolarities
in (A,Z+1) nucleus

(A, Z+2)

V. Rodin, talk at Gran Sasso, 2006
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( )o Decay Experiments
- Majorana nature of J-
- Type of mass spectrum (NH, IH, QD)

- Absolute neutrino mass scale

3H -decay, cosmology: m (QD, IH)
- CPV due to Majorana CPV phases
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A( o <m> M@AZ) |, M(A,Z) - NME

j<m> J = mler1j2+ mszerZ ei 21 4 m3er3j2 ei a1

= My C%, Ci5+ My si, €, € 2+ mgsi; € =, 1 , 13- CHOOZ

21, 31 - the two Majorana CPVP of the PMNS matrix.

CP-invariance: 20=0,; , 3=0,; ;
21 ei 21 — 1, 31 ei 31 — l
relative CP-parities of 1 and 92,andof 1 and 3.

L. Wolfenstein, 1981;
S.M. Bilenky, N. Nedelcheva, S.T.P., 1984;
B. Kayser, 1984.

S.T. Petcov, INVISIBLES School, SISSA, 09/09/2016



A( o <m> M@AZ) , M(A,Z) - NME
jI<Km> | g

mZ+ m%;, cos? 12+ € = sin? 15 ; mz3< ( )mp<my (IH),

j<m> j = m cos? 12+ € sin® 12 ; Mi23= m > 0:10 eV (QD)

CP-invariance; 21 =0 ; ., 31 =0 :

J<KM> | <5 10 3eV, NH;

P P

m2;cos2 12 = 0:013 eV < j<m> j < m2, = 0:055 eV, IH;

mcos2 12 < J<M> ] < m,m>0:10eV, QD

S.T. Petcov, INVISIBLES School, SISSA, 09/09/2016



[<m>| [eV]

S. Pascoli, PDG, 2014
sin? 13 =0 :0234 (0 :0240) 0:0021; =0.
1 ( m%)=2:6% 1 (sin® 12)=5:4%, 1 (j M3,y i) =3%.

From F. Capozzi et al., arXiv:1312.5254v2 (May 5, 2014)

2 (j<m> | ) used.
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Best sensitivity: GERDA ( "9Ge), EXO ( 13 Xe), KamLAND-ZEN ( 3¢ Xe).

Claim for a positive signal at > 3
H. Klapdor-Kleingrothaus et al., PL B586 (2004),

j<m>j] =(0 1 0:9) eV (99 :73% C.L.); b.f.v.: j<m>j =0 :33 eV.
IGEX "%Ge: j<m> j < (0:33 1:35) eV (90% C.L.).

Recent data - NEMO3 ( 1%°Mo), CUORICINO ( 139Te):

j<m> | <(0.45{0.96) eV, j<m> | <(0.18{0.64) eV (90% C.L.).
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H. Klapdor-Kleingrothaus et al., PL B586 (2004),

T( 76Ge) =2 :235%:**  102° yr at90% C :L:
Results from 2012-2016:

T(136Xe) > 1:6 10%°yr at90% C :L:; EXO

T(136Xe) > 1:07 102%%yr at90% C :L:; KamLAND  Zen

j<m>j < (0:016 0:165) eV
T(7%Ge) > 2:1 10%°yr at90% C :L:; GERDA :

T( 76Ge) > 3:0 10%yrat90%C :L:; GERDA +IGEX + HdM
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Large number of experiments:

CUORE - 130T7g,
GERDA - /°Ge,
KamLAND-ZEN - 136 xe:
EXO - 1306 xe:

SNO+ - 130 Te:

AMoRE - 190 Mo (S. Korea);
CANDLES - “8Ca:
SuperNEMO - 823e,...;
MAJORANA - ’6Ge:
COBRA - 116¢q:

MOON - 100 o,

j<m> |

S.T. Petcov, INVISIBLES School, SISSA, 09/09/2016

(0.01-0.05) eV
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Majorana CPV Phases and J<m> |
CPV can be established provided

{ j<m> j measured with < 15% ;

{ m2., (IH) or mo (QD) measured with < 10% ;
{ < 1:5;

{ 21 (QD): in the interval [; Slo  [3 27;

{ tan 2 > 0:40 :
S. Pascoli, S.T.P., W. Rodejohann, 2002
S. Pascoli, S.T.P., L. Wolfenstein, 2002
S. Pascoli, S.T.P., T. Schwetz, hep-ph/0505226

No \No-go for detecting CP-Violation via ( )o -decay"
V. Barger et al., 2002
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Di erent Mechanisms of ( )o -Decay

Light Majorana Neutrino Exchange

<m?>
Me

Heavy Majorana Neutrino Exchange Mechanisms

(V-A) Weak Interaction, LH N, M = 10 GeV:

P
L= TR UR R, mp - proton mass,  Ugk - CPV .

S.T. Petcov, INVISIBLES School, SISSA, 09/09/2016



SUSY Models with R-Parity Non-conservation

dr 11 e
) = u. dr 111 €L
! dr - —y =
T { —_— - 111 I
1 up d-R Y
> e t:I'LI up
9 g >
uL
! T dr - ’ dr
o A _)___>__< 11 —_— - > - 0
dr I q dr 111
T 'O = o) R
111 S e
2 C
Lrp = Inn*(ULdi) T dr+(e el)dr
eR L
3
€L
+ (U d)dgr >+ h:c:
el
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The problem of distinguishing between dierent sets
of multiple (e.g., two) mechanisms being operative In
(  )o -decay was studied In

1. A. Faessler, A. Meroni, S.T.P.,, F. Simkovic and
J. Vergados, \Uncovering Multiple CP-Nonconserving

Mechanisms of ( )o -Decay", arXiv:1103.2434, Phys.
Rev. D83 (2011) 113003.

2. A. Meroni, S.T.P. and F. Simkovic, \Multiple CP
Non-conserving Mechanisms of bbOnu-Decay and Nu-
clei with Largely Dierent Nuclear Matrix Elements",

(arXiv:1212.1331, JHEP 1302 (2013) 025.

Earlier studies include: o
A. Halprin, S.T.P., S.P. Rosen, \E ects of Mixing of
Light and Heavy Majorana Neutrinos Iin Neutrinoless

Double Beta Decay", Phys. Lett. 125B (1983) 335).
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Instead of Conclusions

We are at the beginning of the Road...

The next 5, 10, 15,... years will be very exciting In
Neutrino (Lepton) Physics!
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Three Types of Seesaw Mechanisms

Require the existence of new degrees of freedom (parti-
cles) beyond those present in the ST

Type | seesaw mechanism: R - RH s' (heavy).

Type Il seesaw mechanism: H(x) - a triplet of
HO%H ;H  Higgs elds (HTM)

Type Illl seesaw mechanism:  T(X) - a triplet of fermion
elds .

The scale of New Physics determined by the masses of
the New Particles.

Massive neutrinos  ; - Majorana particles.

All three types of seesaw mechanisms have TeV scale
versions, predicting rich low-energy phenomenology

(( )o -decay, LFV processes, etc.) and New Physics
at LHC.
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Type | Seesaw Mechanism
Requires both | (x) and |gr(X).

Dirac+Majorana_Mass  Term: MLL =0, jMp =
vY = 2j<< jMRRj

Diagonalising M RR: N;j - heavy Majorana neutrinos,
Mj TeV;or (10 2 10%%) GeV in GUTSs.

For su ciently large Mj, Majorana mass term for I (X):

M= vg (Y )TMj 1Y = Upyns M99 Udyys

vuY = Mp, Mp 1 GeV, M; =10 10 Gev: M 0:1
eV.
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Y
o — — — — — —
o — — — — — —

C > . >
IR N 19
r(X): Majorana mass term at \high scale" ( TeV; or (10 ° 10%) GeV in
SO(10) GUT)
Ly()=+ = Ta(x) C* (MFRYY, p(x)+ hic: = LY N MN,
M 5 IR 19 IR et 2 VNG
j
Yukawa type coupling of L(x) and g(X) involving (  x):
Ly(x) = Yy w(x) "(X)(i2) w(x)+hec. ;
= Yy Nr(x) "(X)(i2) w(x)+hc. ;
Mp = p%v . v =246 GeV
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