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Understanding the origin of the pattern of neutrino
mixing and of neutrino mass squared di�erences
that emerged from the neutrino oscillation data in
the recent years is one of the most challenging prob-
lems in neutrino physics. It is part of the more
general fundamental problem in particle physics of
understanding the origins of 
avour in the quark and
lepton sectors, i.e., of the patterns of quark masses
and mixing, and of the charged lepton and neutrino
masses and of neutrino mixing.

\Asked what single mystery, if he could choose, he
would like to see solved in his lifetime, Weinberg
doesnt have to think for long: he wants to be able
to explain the observed pattern of quark and lepton
masses."

From Model Physicist, CERN Courier, 13 October
2017.
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Of fundamental importance are also

� the determination of the status of lepton charge
conservation and the nature - Dirac or Majorana
- of massive neutrinos (which is one of the most
challenging and pressing problems in present day
elementary particle physics) (GERDA, CUORE,
KamLAND-Zen, EXO, LEGEND, nEXO,...);

� determining the status of CP symmetry in the lep-
ton sector (T2K, NO � A; T2HK, DUNE);

� determination of the type of spectrum neutrino
masses possess, or the \neutrino mass ordering"
(T2K + NO � A; JUNO; PINGU, ORCA; T2HKK,
DUNE);

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

The program of research extends beyond 2030.
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Experimental Proofs 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, NO � A ( � � from accelerators): � � ! � e

T2K, NO � A ( �� � from accelerators): �� � ! �� e
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Compelling Evidences for � � Oscillations: � mixing

j� l > =
nX

j =1
U �

lj j � j > ; � j : m j 6= 0 ; l = e; �; � ; n � 3 ;

� lL ( x) =
nX

j =1
Ulj � j L ( x) ; � j L ( x) : m j 6= 0 ; l = 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 , m j 6= 0: Dirac or Majorana particles.

Data: at least 3 � s are light: � 1;2;3, m1;2;3 �< 1 eV.
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These data imply that

m � j <<< m e;�;� ; mq, q = u; c; t; d; s; b

For m � j �< 1 eV: m � j =ml;q �< 10 � 6

For a given family: 10 � 2 �< m l;q=mq0 �< 10 2
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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, or n = 5, or 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 ( L 6=
const.).
� In the existence of new particles, e.g., at the TeV scale:
heavy Majorana Neutrinos N j , doubly charged scalars,...

� In the existence of new (FChNC, FCFNSNC) neutrino
interactions ( U(1) X , M X �< 50 MeV).
� In the existence of LFV processes: � ! e + 
 , � ! 3e,
� � e conversion, etc., which proceed with rates close to
the existing upper limits.
� In the existence of \unknown unknowns"...
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We can have n > 3 ( n = 4, or n = 5, or n = 6,...) if,
e.g., sterile � R , ~� L exist and they mix with the active

avour neutrinos � l (~� l ), l = e; �; � .

Two (extreme) possibilities:

i) m4;5;::: � 1 eV;
in this case � e( � ) ! � S oscillations are possible (hints
from LSND and MiniBooNE experiments, re-analises of
short baseline (SBL) reactor neutrino oscillation data
(\reactor neutrino anomaly"), data of radioactive source
callibration of the solar neutrino SAGE and GALLEX ex-
periments (\Gallium anomaly"); tests (DANSS, NEOS,
PROSPECT, STEREO, ICARUS (at Fermilab), ...).

ii) M 4;5;::: � (10 � 10 3) GeV, low scale seesaw models;
M 4;5;::: � (10 9 � 10 13 ) GeV, \classical" seesaw models.

We can also have, in principle:

m4 � 5 keV (DM), M 5;6 � (10 � 10 3) GeV (seesaw).
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Active - Sterile Neutrino Oscillations
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Summar y 25

� Anomalies in � e ! � e disappearance and � � ! � e appearance experiments point to-

wards conversion mechanisms beyond the well-established 3� oscillation paradigm;

� each of these anomalies can be individuall y explained by sterile neutrinos;

� sterile neutrinos still succeed in simultaneously explaining groups of anomalies sharing

the same oscillation channel . However some problem arises:

� � e ! � e disappearance data face issues with �ux normalization and the 5 MeV bump,

as well as small tensions in reactor vs gallium and “rates” vs DANSS/NEOS;

� � � ! � e appearance data show an excess in low-E neutrino data, which is not so

manifest in antineutrino data.

� in contrast, no anomaly is found in any � � ! � � disappearance data set;

) sterile neutrino models fail to sim ultaneousl y account for all the � e ! � e data, the

� � ! � e data and the � � ! � � data. This conclusion is robust;

� if the � e ! � e and � � ! � e anomalies are con�r med, and the � � ! � � bounds are not

refuted, new physics will be needed. Such new physics may well involve extra sterile

neutrinos, but together with something else (or some “unusual” neutrino property).

Michele Maltoni <michele.maltoni@csic.es> Neutrino 2018, 8/06/2018
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Non-Standard Neutrino INTERACTIONS

L NSI ( x) = 2
p

2 GF � fC
��

�
�� � 
 � PL � �

� �
�f 
 � PC f

�
+ h :c: ;

�; � = e; �; � , C = L ; R, f = u; d; e
L. Wolfenstein, 1978: � 6= � (FCh NSI)

M. Guzzo, STP, A. Masiero, 1991: � = � , but � fC
�� 6= � fC

��
for � 6= � (FCFNS NSI)

1991: possible solution of the solar neutrino problem
with massless neutrino and no mixing in the vacuum
(Phys. Lett B271 (1991) 172).
2014, I. Girardi, D. Meloni, STP, \The Daya Bay
and T2K Results on sin 2 2� 13 and Non-Standard Neu-
trino Interactions", Nucl.Phys. B886 (2014) 31
(arXiv:1405.0416):
the existence of NSI can reconcile the Daya Bay and T2K
data on � 13 with � = 0 (no Dirac CPV from UPMNS ).
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In matter:

V = A

0

B
B
B
@

1 + � ee � e� ei� e� � e� ei� e�

� e� e� i� e� � �� � �� ei� ��

� e� e� i� e� � �� e� i� �� � � �

1

C
C
C
A

A = 2
p

2 GF Ne E , � e� ei� �� =
P

f;C � fC
��

N f
Ne

Vector interactions relevant for propagation:
� f
�� = � fL

�� + � fR
�� ; � �� ei� �� =

P
f � f

��
N f
Ne

.

� � Data: no NSI, � m2
21 cos 2 � 12 > 0, LMA;

NSI: � ee=-2, solution for � m2
21 cos 2 � 12 < 0, LMA-D.

L NSI : SB local U(1) x symm., X = aL e+ bL � + cL � + B ;
ZX : 5 MeV < M X < 50 (10) MeV; g2

X =M 2
X � GF .
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Typical limits for Axial couplings: � 0:1

V-couplings ( � u
�� = � d

�� ; 90% CL):
ee: [-0.073,0.023],[0.16,0.25];
�� : [-0.0070,0.033],[0.15,0.19];
e� : [-0.055,0.055];
e� : [-0.014,0.014]; �� : [-0.051,0.051].

P.D. Denton et al., 1804.03660
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I. Esteban et al., 1805.04530
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1704.04711

Hyper-K and JUNO can detect NSI

D. Marfatia, talk at Neutrino 2018
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If NSI exist, they will interfere with the determina-
tion of the 3- � mixing parameters (Dirac phase � ,
sin2 � 23 ) at, e.g., DUNE, T2HK, T2HKK. The data
from these experiments will be important for per-
forming crtitical tests of NSIs.
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D. Marfatia, talk at Neutrino 2018

S.T. Petcov, APC, Paris, 12/12/2018



D. Marfatia, talk at Neutrino 2018
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S.T. Petcov, APC, Paris, 12/12/2018



Reference Model: 3- � mixing

� lL =
3X

j =1
Ulj � j L l = e; �; �:

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

� j , m j 6= 0: Dirac or Majorana particles.

3- � mixing: 3-
avour neutrino oscillations possible.

� � , E ; at distance L : P ( � � ! � � ( e) ) 6= 0, P ( � � ! � � ) < 1

P ( � l ! � l0) = P ( � l ! � l0; E; L ; U; m2
2 � m2

1; m2
3 � m2

1)
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Three Neutrino Mixing

� lL =
3X

j =1

Ulj � j L :

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

U =

0

@
Ue1 Ue2 Ue3
U� 1 U� 2 U� 3
U� 1 U� 2 U� 3

1

A

� U - n � n unitary:
n 2 3 4

mixing angles: 1
2 n( n � 1) 1 3 6

CP-violating phases:

� � j � Dirac : 1
2 ( n � 1)( n � 2) 0 1 3

� � j � Majorana : 1
2 n( 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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PMNS Matrix: Standard Parametrization

U = V P ; P =

0

@
1 0 0
0 ei � 21

2 0
0 0 ei � 31

2

1

A ;

V =

0

@
c12 c13 s12 c13 s13 e� i�

� s12 c23 � c12 s23 s13 ei� c12 c23 � s12 s23 s13 ei� s23 c13

s12 s23 � c12 c23 s13 ei� � c12 s23 � s12 c23 s13 ei� c23 c13

1

A

� sij � sin � ij , cij � cos � ij , � ij = [0 ; �
2 ],

� � - Dirac CPV phase, � = [0 ; 2� ]; CP inv.: � = 0 ; �; 2� ;

� � 21 , � 31 - Majorana CPV phases; CP inv.: � 21(31) = k( k0) � , k( k0) = 0 ; 1; 2:::
S.M. Bilenky et al., 1980

� � m2
� � � m2

21
�= 7:37 � 10 � 5 eV 2 > 0, sin 2 � 12

�= 0:297, cos 2 � 12 �> 0:29 (3 � ),

� j � m2
31(32) j �= 2:53 (2 :43) [2 :56 (2 :54)] � 10 � 3 eV 2, sin 2 � 23

�=
0:437 (0 :569) [0 :425 (0 :589)], NO (IO) ,

� � 13 - the CHOOZ angle: sin 2 � 13 = 0 :0214 (0 :0218) [0 :0215 (0 :0216)], NO
(IO) .

F. Capozzi et al. (Bari Group), arXiv:1601.07777 [arXiv:17 03.04471].
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� sgn(� m2
atm ) = sgn(� m2

31(32) ) not determined

� m2
atm � � m2

31 > 0; normal mass ordering (NO)

� m2
atm � � m2

32 < 0; inverted mass ordering (IO)

Convention: m1 < m 2 < m 3 - NO , m3 < m 1 < m 2 - IO

� m2
31 ( NO ) = � � m2

32 ( IO )

m1 � m2 < m 3 ; NH ;

m3 � m1 < m 2 ; IH ;

m1
�= m2

�= m3 ; m 2
1;2;3 >> j� m2

31(32) j ; QD; m j �> 0:10 eV :

� m2 =
p

m2
1 + � m2

21 , m3 =
p

m2
1 + � m2

31 - NO ;

� m1 =
p

m2
3 + � m2

23 � � m2
21 , m2 =

p
m2

3 + � m2
23 - IO ;
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Table 3: Best �t values and allowed ranges atN� = 1 ; 2; 3 for the 3� oscillation parameters, in
either NO or IO. The latter column shows the formal \1 � accuracy" for each parameter, de�ned
as 1=6 of the 3� range divided by the best-�t value (in percent).

Parameter Ordering Best �t 1� range 2� range 3� range \1� " (%)
� m2

� =10� 5 eV2 NO 7.34 7.20 { 7.51 7.05 { 7.69 6.92 { 7.91 2.2
IO 7.34 7.20 { 7.51 7.05 { 7.69 6.92 { 7.91 2.2

j� m2
A j=10� 3 eV2 NO 2.49 2.46 { 2.53 2.43 { 2.56 2.39 { 2.59 1.4

IO 2.48 2.44 { 2.51 2.41 { 2.54 2.38 { 2.58 1.4
sin2 � 12 NO 3.04 2.91 { 3.18 2.78 { 3.32 2.65 { 3.46 4.4

IO 3.03 2.90 { 3.17 2.77 { 3.31 2.64 { 3.45 4.4
sin2 � 13=10� 2 NO 2.14 2.07 { 2.23 1.98 { 2.31 1.90 { 2.39 3.8

IO 2.18 2.11 { 2.26 2.02 { 2.35 1.95 { 2.43 3.7
sin2 � 23=10� 1 NO 5.51 4.81 { 5.70 4.48 { 5.88 4.30 { 6.02 5.2

IO 5.57 5.33 { 5.74 4.86 { 5.89 4.44 { 6.03 4.8
�=� NO 1.32 1.14 { 1.55 0.98 { 1.79 0.83 { 1.99 14.6

IO 1.52 1.37 { 1.66 1.22 { 1.79 1.07 { 1.92 9.3

� m2
� � � m2

21 ; � m2
A � � m2

31(32) , NO (IO).

F. Capozzi et al. (Bari Group), arXiv:1804.09678.
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� Dirac phase � : � l $ � l0, �� l $ �� l0, l 6= l0; A ( l;l 0)
CP / JCP / sin � 13 sin � :

P.I. Krastev, S.T.P., 1988

JCP = Im
�

Ue1 U� 2 U �
e2 U �

� 1

	
=

1
8

sin 2 � 12 sin 2 � 23 sin 2 � 13 cos � 13 sin �

Current data: jJCP j �< 0:035 (can be relatively large!); b.f.v. with � = 3 �= 2:
JCP

�= � 0:035.

� Majorana phases � 21 , � 31 :

{ � l $ � l0, �� l $ �� l0 not sensitive ;
S.M. Bilenky et al., 1980;
P. Langacker et al., 1987

{ j<m> j in ( �� ) 0� � decay depends on � 21 , � 31 ;

{ �( � ! e + 
 ) etc. in SUSY theories depend on � 21 ;31 ;

{ BAU, leptogenesis scenario: �; � 21 ;31 !

S.T. Petcov, APC, Paris, 12/12/2018



� Best �t value: � = 1 :32 (1 :52) � [ 1:30 (1 :54) � ];
� � = 0 or 2� are disfavored at 3:0 (3 :6) � [ 2:6 (3 :0) � ];
� � = � is disfavored at 1:8 (3 :6) � [ 1:7 (3 :3) � ];
� � = �= 2 is strongly disfavored at 4:4 (5 :2) �
[ 4:3 (5 :0) � ].
� At 3� : �=� is found to lie in 0.83-1.99 (1.07-1.92)
[1.07-1.97 (0.80-2.08)].

F. Capozzi, E. Lisi et al. , arXiv:1804.09678 [E. Esteban et al. , NuFit 3.2 (Jan., 2018)]
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Latest global analysis: data favors NO

IO disfavored at 3:1� .
F. Capozzi et al., 1804.09678.
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Absolute Neutrino Mass Scale

Due to B. Kayser
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Absolute Neutrino Mass Measurements

Troitzk, Mainz experiments on 3H ! 3 He + e � + � � e:
m � e < 2:2 eV (95% C :L :)

We have m � e
�= m1;2;3 in the case of QD spectrum. The

KATRIN experiment (11/06/2018) is planned to reach
sensitivity

KATRIN: m � e � 0.2 eV

i.e., it will probe the region of the QD spectrum.

S.T. Petcov, APC, Paris, 12/12/2018
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Mass and Hierarchy from Cosmology

Cosmological and astrophysical data on
P

j m j : using their latest (2016) data on
CMB T power spectrum anisotropies, polarisation, grav. len sing e�ects, the low
l CMB polarisation spectrum data (\low P" data) and adding dat a on the baryon
acoustic oscillations (BAO) and using �CDM (6 parameter) mo del + assuming 3
light massive neutrinos, the Planck collaboration publish ed in 2016 the following
limit:

X

j

m j � � < 0:170 eV (95% C :L :)

Data on weak lensing of galaxies by large scale structure, co mbined with data
from the WMAP, Planck and future EUCLID experiments might al low to deter-
mine

X

j

m j : � �= (0 :01 � 0:04) eV :

NH:
P

j m j � 0:061 eV (3 � );

IH:
P

j m j � 0:098 eV (3 � ).

S.T. Petcov, APC, Paris, 12/12/2018



Mass and Hierarchy from Cosmology
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Warning: The quoted cosmological bound on
P

j m j
might not be valid if, e.g., the neutrino masses
are generated dynamically at certain relatively late
epoch in the evolution of the Universe (see, e.g.,
S.M. Koksbang, S. Hannestad, arXiv:1707.02579).

S.T. Petcov, APC, Paris, 12/12/2018



Determining the Nature of Massive Neutrinos

Determining the status of lepton charge conserva-
tion and the nature - Dirac or Majorana - of mas-
sive neutrinos is one of the most challenging and
pressing problems in present day elementary parti-
cle physics.

S.T. Petcov, APC, Paris, 12/12/2018



� j � Dirac or Majorana particles , fundamental problem

� j � Dirac: conserved lepton charge exists,
L = L e + L � + L � , � j 6= � � j

� j � Majorana : no lepton charge is exactly conserved ,

� j � �� j

See-saw mechanism: � j � Majorana

The observed patterns of � � mixing and of � m2
atm

and � m2
� can be related to Majorana � j and a new

fundamental (approximate) symmetry.

L 0= L e � L � � L �
S.T.P., 1982

S.T. Petcov, APC, Paris, 12/12/2018



Establishing that the total lepton charge L = L e +
L � + L � is not conserved in particle interactions by
observing the ( �� ) 0� � decay would be a fundamen-
tal discovery (similar to establishing baryon number
nonconservation (e.g., by observing proton decay)).

Establishing that � j are Majorana particles would be
of fundamental importance, as important as the dis-
covery of � � oscillations, and would have far reach-
ing implications.
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If � j � Majorana particles, UPMNS contains (3- � mixing)

� -Dirac, � 21 ; � 31 - Majorana physical CPV phases

� -oscillations � l $ � l0, �� l $ �� l0, l; l 0 = e; �; � ,

� are not sensitive to the nature of � j ,
S.M. Bilenky et al.,1980;
P. Langacker et al., 1987

� provide information on � m2
jk = m2

j � m2
k , 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 ; Z) ! � + + (A ; Z � 2)

The only experiments which reached sensitivity allowing to probe the pos-
sible Majorana nature of � j - ( �� ) 0� -decay experiments:

(A ; Z) ! (A ; Z + 2) + e� + e�

of even-even nuclei, 48 Ca, 76 Ge, 82 Se, 100 Mo, 116 Cd, 130 Te, 136 Xe, 150 Nd .

2n from (A,Z) exchange a virtual Majorana � j (via the CC weak interac-

tion) and transform into 2 p of (A,Z+2) and two free e� .

S.T. Petcov, APC, Paris, 12/12/2018



Nuclear0��� -decay
e-

e-

p

p

nn

n

A,Z A,Z+2
n-

strong in-medium modi�cation of the basic process
dd ! uue� e� (�̄ e�̄ e)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

continuum 

0+ (A,Z) 
(A,Z+1) 

(A,Z+2) 

0+ 

0+ 
1+ 

1- 

2- 
virtual excitation
of states of all multipolarities
in (A,Z+1) nucleus

Figure from V. Rodin
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( �� ) 0� � Decay Experiments :

- L � nonconservation, Majorana nature of � j .
- Type of � � mass spectrum (NH, IH, QD).
- Absolute neutrino mass scale.

3H � -decay, cosmology: m � (QD, IH),
- Majorana CPV phases.

S.T. Petcov, APC, Paris, 12/12/2018



A( �� ) 0� � <m> M(A,Z) , M(A,Z) - NME ,

j<m> j =
�
�m1 jUe1 j2 + m2 jUe2 j2 ei� 21 + m3 jUe3 j2 ei� 31

�
�

=
�
�m1 c2

12 c2
13 + m2 s2

12 c2
13 ei� 21 + m3 s2

13 ei� 31

�
� , � 12 � � � , � 13 - CHOOZ

� 21 , � 31 (( � 31 � 2� ) ! � 31 ) - the two Majorana CPVP of the PMNS
matrix.

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

� 21 � ei� 21 = � 1; � 31 � ei� 31 = � 1

relative CP-parities of � 1 and � 2 , and of � 1 and � 3 .

L. Wolfenstein, 1981;

S.M. Bilenky, N. Nedelcheva, S.T.P., 1984;

B. Kayser, 1984.

S.T. Petcov, APC, Paris, 12/12/2018



A( �� ) 0� � G2
F <m> M(A,Z) , M(A,Z) - NME ,

j<m> j �=
�
�
�
p

� m2
21 sin2 � 12 ei� 21 +

p
� m2

31 sin2 � 13 ei� 31

�
�
� ; m1 � m2 � m3 (NH) ,

j<m> j �=
p

m2
3 + � m2

23

�
�cos2 � 12 + ei� 21 sin2 � 12

�
� ; m3 < ( � ) m1 < m 2 (IH) ,

j<m> j �= m
�
�cos2 � 12 + ei� 21 sin2 � 12

�
� ; m1;2;3

�= m �> 0:10 eV (QD) ,

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

j<m> j �< 4:3 � 10 � 3 eV, NH ;

p
� m2

23 cos 2 � 12
�= 0:014 eV �< j<m> j �<

p
� m2

23
�= 0:051 eV, IH ;

m cos 2 � 12 �< j<m> j �< m, m �> 0:029 eV, QD .

S.T. Petcov, APC, Paris, 12/12/2018
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S. Pascoli, RPP (PDG), 2018
The �gure is obtained using the b.f.v. and the 1 � ranges of allowed
values of � m2

21 , sin2 � 12 , sin2 � 13 and j� m2
31(32) j from F. Capozzi et al.,

arXiv:1703.04471, propagated to <m> and then taking a 2 � uncertainty.
� 21 and ( � 31 � 2� ) are varied in the interval [0,2 � ]. The predictions for
the NH, IH and QD spectra as well as the GERDA-II and KamLAND-Z en
limits are indicated. The black lines determine the ranges o f values of
j<m> j for the CP conserving values ( � 21 ; � 31 � 2� ) = (0 ; 0) , (0 ; � ) , ( �; 0) and
( �; � ) . The red regions correspond to � 21 and/or ( � 31 � 2� ) having a CP
violating value. (Update by S. Pascoli of a �gure from S.Pasc oli, STP,
Phys. Rev. D77 (2008) 113003.)

S.T. Petcov, APC, Paris, 12/12/2018



If it is experimentally established that
P

j m j �> 0:10 eV ,

this would imply for NO � mass spectrum that

j<m> j � 5 � 10 � 3 eV
J.T. Penedo, STP, arxiv:1806.03203

S.T. Petcov, APC, Paris, 12/12/2018



Results from IGEX ( 76 Ge), NEMO3 ( 100 Mo), CUORICINO+CUORE-0
( 130 Te):

IGEX 76 Ge: j<m> j < (0 :33 � 1:35) eV ( 90% C.L.).

Data from NEMO3 ( 100 Mo), CUORICINO+CUORE-0 ( 130 Te):

T ( 100 Mo ) > 1:1 � 10 24 yr, j<m> j < (0.3{0.6) eV;
T ( 130 T e) > 4:0 � 10 24 yr.

S.T. Petcov, APC, Paris, 12/12/2018



Best Sensitivity Results from 2012-2016:

T( 136 Xe) > 1:6 � 10 25 yr at 90% C :L :; EXO

T( 136 Xe) > 1:07 � 10 26 yr at 90% C :L :; KamLAND � Zen

j<m> j < (0 :061 � 0:165) eV :

T( 76 Ge) > 5:2 � 10 25 yr at 90% C :L :; GERDA II

j<m> j < (0 :16 � 0:26) eV :

H. Klapdor-Kleingrothaus et al., PL B586 (2004),

T( 76 Ge) = 2 :23 +0 :44
� 0:31 � 10 25 yr at 90% C :L :

S.T. Petcov, APC, Paris, 12/12/2018



Latest Results from October 2017:

T( 76 Ge) > 8:0 � 10 25 yr at 90% C :L :; GERDA II :

M. Agostini et al., arXiv:1710.07776

T( 130 Te) > 1:5 � 10 25 yr at 90% C :L : ;

j<m> j < (0 :14 � 0:40) eV ; CUORE + CUORICINO :

S. Alduino et al., arXiv:1710.07988

S.T. Petcov, APC, Paris, 12/12/2018



Constraints on min( m j )

T( 136 Xe) > 1:07 � 10 26 yr at 90% C :L :; KamLAND � Zen

j<m> j < (0 :061 � 0:165) eV :

min( m j ) <
0:165 eV

cos 2 � 12

�= 0:60 eV (cos 2 � 12 �> 0:29 ; 3� ) :

S.T. Petcov, APC, Paris, 12/12/2018



Large number of experiments: j<m> j � (0.01-0.05) eV

CUORE - 130 Te;
GERDA-II - 76 Ge; MAJORANA - 76 Ge;
LEGEND - 76 Ge;
KamLAND-ZEN - 136 Xe;
(n)EXO - 136 Xe;
SNO+ - 130 Te;
AMoRE - 100 Mo (S. Korea);
CANDLES - 48 Ca;
SuperNEMO - 82 Se, 150 Nd;
NEXT - 136 Xe;
DCBA - 82 Se, 150 Nd;
XMASS - 136 Xe;
PANDAX-III - 136 Xe;
ZICOS - 96 Zr;
MOON - 100 Mo;
...

S.T. Petcov, APC, Paris, 12/12/2018



NMEs for Light � Exchange

F. Simkovic, 2017

S.T. Petcov, APC, Paris, 12/12/2018



The gA Quenching Problem

gA : related to the weak charged axial current which
is not conserved and therefore can be and is renor-
malised, i.e., quenched, by the nuclear medium. Ef-
fectively, this implies that gA is reduced from its
current standard value gA = 1 :27 .

The reduction of gA can have important implications
for the ( �� ) 0� � decay searches since T 0�

1=2 / ( gef f
A ) � 4.

The reduction of gA necessary in various model
NME calculations of T 2�

1=2 to reproduce the data;
does not imply the same reduction of gA takes place
in the ( �� ) 0� � decay NME, there are indications that
the reduction is much smaller.

The mechanism of quenching is not understood
at present. Thus, in ( �� ) 0� � decay the degree of
quenching cannot be �rmly determined quantita-
tively and is subject to debates.

S.T. Petcov, APC, Paris, 12/12/2018
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New Physics and ( �� ) 0� -Decay

S.T. Petcov, APC, Paris, 12/12/2018



Light Sterile Neutrinos and ( �� ) 0� -Decay

S.T. Petcov, APC, Paris, 12/12/2018



One Sterile Neutrino: the 3 + 1 Model

j<m> j =
�
�m1 jUe1 j2 + m2 jUe2 j2ei� + m3 jUe3 j2ei� + m4 jUe4 j2ei


�
� :

Ue1 = c12 c13 c14 ; Ue2 = ei�= 2c13 c14 s12 ;

Ue3 = ei�= 2c14 s13 ; Ue4 = ei
= 2s14 ;

sin2 � 14 = 0 :0225 ; � m2
41(43) = 0 :93 eV 2 (A) ;

J. Kopp et al., 2013

sin2 � 14 = 0 :023 (0 :028) ; � m2
41(43) = 1 :78 (1 :60) eV 2 (B) :

J. Kopp et al., 2013 ( � e, �� e disappearnce data);

C. Giunti et al., 2013 (global, except for MiniBooNE results at E � � 0:475 GeV)

S.T. Petcov, APC, Paris, 12/12/2018



I. Girardi A. Meroni, S.T.P., 2013

NO spectrum; green, red and orange lines: ( �; �; 
 ) = (0 ; 0; 0) ; (0 ; 0; � ) ; ( �; �; � );
�ve gray lines: the other �ve sets of CP conserving values.
Left panel: � m2

41 = 0 :93 eV 2, sin � 14 = 0 :15.
Right panel: � m2

41 = 1 :78 eV 2, sin � 14 = 0 :15.

S.T. Petcov, APC, Paris, 12/12/2018



I. Girardi A. Meroni, S.T.P., 2013

IO spectrum; green and orange lines: ( �; �; 
 ) = (0 ; 0; 0) ; ( �; �; � ); six gray lines:
the other six sets of CP conserving values.
Left panel: � m2

43 = 0 :93 eV 2, sin � 14 = 0 :15.
Right panel: � m2

43 = 1 :78 eV 2, sin � 14 = 0 :15.

S.T. Petcov, APC, Paris, 12/12/2018



Heavy Majorana Neutrino Exchange Mechanisms

V + A

WR

WR

NkR

e�

e�

V + A

� jL ; NkL

V � A

V � A

WL

WL

e�

e�

Light Majorana Neutrino Exchange

� � = <m>
me

:

Heavy Majorana Neutrino Exchange Mechanisms

(V-A) Weak Interaction, LH Nk , M k �> 10 GeV:

� L
N

=
P heavy

k U2
ek

mp
M k

, mp - proton mass , Uek - CPV .

S.T. Petcov, APC, Paris, 12/12/2018



(V+A) Weak Interaction, RH Nk , M k �> 10 GeV:

� R
N

=
�

M W
M W R

� 4 P heavy
k V 2

ek
mp
M k

; Vek: Nk � e� in the CC .

M W
�= 80 GeV; M W R �> 2:5 TeV; Vek - CPV , in general.

A comment.

(V-A) CC Weak Interaction:

�e(1 + 
 5) ec � 2 �eL ( ec) R , ec = C(�e) T ,

C - the charge conjugation matrix.

(V+A) CC Weak Interaction:

�e(1 � 
 5) ec � 2 �eR ( ec) L .

The interference term: / me, suppressed .
A. Halprin, S.T.P., S.P. Rosen, 1983

S.T. Petcov, APC, Paris, 12/12/2018



Heavy Majorana Neutrinos Nk - from Low (Weak) Scale
Type I Seesaw Mechanism.

M � from the See-Saw Mechanism
P. Minkowski, 1977.

T. Yanagida, 1979;

M. Gell-Mann, P. Ramond, R. Slansky, 1979;

R. Mohapatra, G. Senjanovic, 1980.

� 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.

S.T. Petcov, APC, Paris, 12/12/2018



NMEs for Heavy Majorana Neutrino Exchange

F. Simkovic, 2017

S.T. Petcov, APC, Paris, 12/12/2018



F. Simkovic, October 2017

S.T. Petcov, APC, Paris, 12/12/2018



SUSY Models with R-Parity Non-conservation
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The problem of distinguishing between di�erent sets
of multiple (e.g., two) mechanisms being operative in
( �� ) 0� -decay was studied in

1. A. Faessler, A. Meroni, S.T.P., F. Simkovic and
J. Vergados, \Uncovering Multiple CP-Nonconserving
Mechanisms of ( �� ) 0� -Decay", arXiv:1103.2434, Phys.
Rev. D83 (2011) 113003.

2. A. Faessler, G.L. Fogli, E. Lisi, A.M. Rottuno and F.
Simkovic, Phys. Rev. D83 (2011) 113015.

3. A. Meroni, S.T.P. and F. Simkovic, \Multiple CP
Non-conserving Mechanisms of bb0nu-Decay and Nu-
clei with Largely Di�erent Nuclear Matrix Elements",
(arXiv:1212.1331, JHEP 1302 (2013) 025.

Earlier studies include:
A. Halprin, S.T.P., S.P. Rosen, \E�ects of Mixing of
Light and Heavy Majorana Neutrinos in Neutrinoless
Double Beta Decay", Phys. Lett. 125B (1983) 335).

S.T. Petcov, APC, Paris, 12/12/2018



Conclusions

Determining the nature - Dirac or Majorana, of massive neutr inos is of
fundamental importance for understanding the origin of neu trino masses.

The ( �� ) 0� -decay experiments:

{ Are testing the status of L conservation, can establish the Majorana
nature of � j ;

{ Can provide unique information on the � mass spectrum;

{ Can provide unique information on the absolute scale of � masses;

{ Can provide information on the Majorana CPV phases;

{ Provide crtitical tests of neutrino-related BSM theoretica l ideas.
T 0�

1=2 = 10 25 yr probes j<m> j � 0:1 eV;

T 0�
1=2 = 10 25 yr probes � LNV � 1 TeV.

{ Synergy with searches of BSM physics at LHC.

S.T. Petcov, APC, Paris, 12/12/2018



Understanding the Patterns of � � Masses

S.T. Petcov, APC, Paris, 12/12/2018



The Simplest Model of m � 6= 0 , U 6= 1

ST + 3 � R( x) - RH singlet � �elds + L=const.

L Y ( x) = Y �
l0l � l0R( x) � T ( x) ( i� 2)  lL ( x) + h.c. ;

M D =
v

p
2

Y � ; v = 246 GeV :

� j , m j - Dirac particles; no explanation why m( � j ) <<< m l ; m q.

No DM candidate.

No mechanism for generation of the observed BAU.

The LFV processes � + ! e+ + 
 decay, � � ! e� + e+ + e� decay, � � ! e� + 

decay, etc. are allowed.
However, they are predicted to proceed with unobservable ra tes:

BR ( � ! e + 
 ) = 3�
32 �

�
�
�
�
�
�
Uej U �

�j
m2

j
M 2

W

�
�
�
�
�
�

2
�= (2 :5 � 3:9) � 10 � 55 ;

M W
�= 80 GeV ; the W � � mass

S.T.P., 1976
\New Physics": m j 6= 0 , � l ! � l 0, �� l ! �� l 0, l; l 0 = e; �; � oscillations.

S.T. Petcov, APC, Paris, 12/12/2018



Problem: the assumption L=const.

\In modern understanding of particle physics global
symmetries are approximate." Global U(1) symme-
try leading to L=const. is expected to be broken
by quantum gravity e�ects.

See E. Witten, 1710.01791; S. Weinberg, CERN Courier, 13 Oct ober 2017

S.T. Petcov, APC, Paris, 12/12/2018



Qualitative understanding of m � j <<< m e;�;� ; mq

� Seesaw mechanisms of neutrino mass generation

P. Minkowski, 1977; T. Yanagida, 1979; M. Gell-Mann, P. Ramo nd, R. Slansky, 1979; R.
Mohapatra, G. Senjanovic, 1980 (type I).

W. Konetschny, W. Kummer 1977; M. Magg, C. Watterich, 1980; T .P. Cheng, L.-F. Li, 1980
(type II).

R. Foot et al. , 1989 (type III).

Explains the smallness of � � masses (naturalness);
connection to grand uni�cation.

Through leptogenesis theory link the � � mass gen-
eration to the generation of baryon asymmetry of
the Universe.

S. Fukugita, T. Yanagida, 1986.

� Radiative generation of � masses and mixing
A. Zee, 1980; K. Babu, 1985;...; recent review: Y.Cai et al. , 1706.08524

S.T. Petcov, APC, Paris, 12/12/2018



Three Types of Seesaw Mechanisms

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

Type I seesaw mechanism: � lR - RH � s' (heavy).

Type II seesaw mechanism: H ( x) - a triplet of
H 0; H � ; H �� Higgs �elds (HTM) .

W. Konetschny, W. Kummer 1977; M. Magg, C. Watterich, 1980; T .P. Cheng, L.-F. Li, 1980;
J. Schecter, J.F.W. Valle, 1980 G. Lazarides, Q. Sha�, C. Wat terich, 1981.

Type III seesaw mechanism: T ( x) - a triplet of fermion
�elds .

R. Foot et al. , 1989

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

Massive neutrinos � j - Majorana particles.

All three types of seesaw mechanisms have TeV scale
versions, predicting rich low-energy phenomenology
(( �� ) 0� -decay, LFV processes, etc.) and New Physics
at LHC.

S.T. Petcov, APC, Paris, 12/12/2018



� �

� c
lR � l0LN j

� � l 0R( x) : Majorana mass term at \high scale" ( � TeV; or (10 9 � 10 13 ) GeV
in SO(10) GUT)

L �
M ( x) = +

1
2

� T
l 0R( x) C � 1 ( M RR ) y

l 0l � lR ( x) + h:c: = �
1
2

X

j

�N j M j N j ;

� Yukawa type coupling of � lL ( x) and � l 0R( x) involving �( x) :

L Y ( x) = �Y �
l 0l � l 0R( x) � T ( x) ( i� 2)  lL ( x) + h.c. ;

= Y �
jl N jR ( x) � T ( x) ( i� 2)  lL ( x) + h.c. ;

M D =
v

p
2

Y � ; v = 246 GeV :

For su�ciently large M j , Majorana mass term for � lL ( x) :

M �
�= v2

u ( Y � ) T M � 1
j Y � = U �

PMNS mdiag
� Uy

PMNS :

vu Y � = M D , M D � 1 GeV, M j = 10 10 GeV: M � � 0:1 eV.

S.T. Petcov, APC, Paris, 12/12/2018



Type II Seesaw Mechanism

�!
H

� c
lR � l0L

� �

Due to I. Girardi

M �
�= h v2 � H M � 2

H = U �
PMNS mdiag

� Uy
PMNS :

h = 10 � 2, � H � M H , v = 246 GeV, M H � 6 � 10 12 GeV:
M � � 0:1 eV.

S.T. Petcov, APC, Paris, 12/12/2018



Type III Seesaw Mechanism

� �

� c
lR � l0L

�!
T

M �
�= v2 ( YT ) T M � 1

T YT = U �
PMNS mdiag

� Uy
PMNS :

v YT � 1 GeV, M T � 10 10 GeV: M � � 0:1 eV.

S.T. Petcov, APC, Paris, 12/12/2018



In EO formalism M � in all 3 mechanisms - due to
the Weinberg dim 5 operator:

� ll 0
� L l H L l0H

S.T. Petcov, APC, Paris, 12/12/2018



Radiative generation of � masses and mixing
A. Zee, 1980; K.S. Babu, 1985;...; Y. Farzan et al. , 1208.2732; recent review: Y.Cai et al.,

1706.08524

Generic features

� Loop suppression helps explaining the smallness of
� � masses.

� New particles need not be super heavy - can be at
the TeV scale.

� Models at the TeV scale - testable.

� No need to introduced � R .

� Typically includes extended scalar sector.

� No explanation of the pattern of neutrino mixing.

S.T. Petcov, APC, Paris, 12/12/2018



Understanding the Pattern of Neutrino Mixing

S.T. Petcov, APC, Paris, 12/12/2018



With the observed pattern of neutrino mixing Na-
ture is sending us a message. The message is en-
coded in the values of the neutrino mixing angles,
leptonic CP violation phases and neutrino masses.
We do not know at present what is the content of
Nature's message. However, I believe and I am not
alone in holding this view that if expressed with one
word the message would read

SYMMETRY

S.T. Petcov, APC, Paris, 12/12/2018



The Quest for Nature's Message

Towards Quantitative Understanding of UPMNS , m j

The observed pattern of 3- � mixing, two large and
one small mixing angles,
� 12

�= 33 � , � 23
�= 45 � � 6 � and � 13

�= 8:4 � ,
can most naturally be explained by extending the
Standard Model (SM) with a 
avour symmetry cor-
responding to a non-Abelian discrete (�nite) group
Gf .

Gf = A 4, T 0, S4, A 5, D 10 , D 12 ,...

Vast literature; reviews: G. Altarelli, F. Feruglio, 1002. 0211; H. Ishimori et al., 1003.3552; M.
Tanimoto, AIP Conf.Proc. 1666 (2015) 120002; D. Meloni, 170 9.02662; STP, 1711.10806

S.T. Petcov, APC, Paris, 12/12/2018



Neutrino Mixing: New Symmetry?

� � 12 = � �
�= �

5:4 ; � 23 = � atm
�= �

4 (?) ; � 13
�= �

20

UPMNS
�=

0

B
B
B
B
B
B
@

r
2
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r
1
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�
r

1
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r
1
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r
1
2 (?)

�
r

1
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r
1
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1

C
C
C
C
C
C
A

;

� � 12
�= sin � 1 1p

3
� 0:020; � 12

�= �= 4 � 0:20,

� 13
�= 0 + �= 20, � 23

�= �= 4 � 0:10.

� UPMNS due to new approximate symmetry?

S.T. Petcov, APC, Paris, 12/12/2018



A Natural Possibility (vast literature):

U = Uy
lep ( � `

ij ; � ` ) Q(  ; ! ) UTBM ;BM ;LC ;::: �P ( � 1 ; � 2) ;

with

UTBM =

0
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0
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1p
2

� 1p
2

0

� 1
2 � 1

2
1p
2

1
2 � 1

2
1p
2

1

C
C
C
C
C
A

:

� Uy
lep ( � `

ij ; � ` ) - from diagonalization of the l � mass ma-
trix;

� UTBM ;BM ;LC ;::: �P ( � 1; � 2) - from diagonalization of the �
mass matrix;

� Q(  ; ! ) , - from diagonalization of the l � and/or � mass
matrices.

P. Frampton, STP, W. Rodejohann, 2003
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ULC , UGRAM , UGRBM , UHGM :

ULC =

0
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; � � � symmetry : � �
23 = � �= 4 ;
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� 1p

2
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2

p
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2
p

2
1p
2

1

C
C
C
C
C
C
C
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; � �
12 = �= 6 :

UGRAM : sin2 � �
12 = (2 + r ) � 1 �= 0:276 , r = (1 +

p
5) =2

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

UGRBM : sin2 � �
12 = (3 � r ) =4 �= 0:345 :

GRB and HG mixing: W. Rodejohann et al., 2009.
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UTBM(BM) : Groups A 4, T 0, S4 ( S4),... (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 A 5,...; s2
13 = 0 and possibly s2

12 = 0 :276
and s2

23 = 1 =2 must be corrected .
L. Everett, A. Stuart, arXiv:0812.1057;...

� ULC : alternatively U(1), L 0= L e � L � � L �
S.T.P., 1982

� ULC : s2
12 = 1 =2, s2

13 = 0, s�
23 - free parameter;

s2
13 = 0 and s2

12 = 1 =2 must be corrected .

S.T. Petcov, APC, Paris, 12/12/2018



� UGRB : Group D 10 ,...; s2
13 = 0 and possibly s2

12 = 0 :345
and s2

23 = 1 =2 must be corrected .

� UHG : Group D 12 ,...; s2
13 = 0, s2

12 = 0 :25 and possibly
s2

23 = 1 =2 must be corrected .

For all symmetry forms considered we have: � �
13 = 0,

� �
23 = � �= 4.

They di�er by the value of � �
12 :

TBM, BM, GRA, GRB and HG forms correspond to
sin2 � �

12 = 1 =3; 0 :5; 0 :276; 0 :345; 0 :25 .

S.T. Petcov, APC, Paris, 12/12/2018



Examples of symmetries: A 4, S4, D 4, A 5
From M. Tanimoto et al., arXiv:1003.3552
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Examples of Predictions and Correlations.

� sin2 � 23 = 1
2 .

� sin2 � 23
�= 1

2 (1 � sin2 � 13 ) + O(sin 4 � 13 ) �= 1
2 (1 � 0:022) .

� sin2 � 23 = 0 :455; 0 :463; 0 :537; 0 :545; 0 :604 (small un-
cert.).

� sin2 � 12
�= 1

3 (1 + sin 2 � 13 ) + O(sin 4 � 13 ) �= 0:340 .

� sin2 � 12
�= 1

3 (1 � 2 sin 2 � 13 ) + O(sin 4 � 13 ) �= 0:319 .

� and/or cos � = cos � ( � 12 ; � 23 ; � 13 ; � �
12 ; :::) ,

JCP = JCP ( � 12 ; � 23 ; � 13 ; � ) = JCP ( � 12 ; � 23 ; � 13 ; � �
12 ; :::) ,

� �
12 ,... - known (�xed) parameters, depend on the

underlying symmetry .

S.T. Petcov, APC, Paris, 12/12/2018



For arbitrary �xed � �
12 and any � 23

(\minimal" and \next-to-minimal" cases):

cos � = tan � 23
sin 2 � 12 sin � 13

h
cos 2 � �

12

+
�
sin2 � 12 � cos2 � �

12
� �

1 � cot 2 � 23 sin2 � 13
�i

:
S.T.P., arXiv:1405.6006

This results is exact.

\Minimal" case: sin2 � 23 = 1
2

1� 2 sin 2 � 13
1� sin2 � 13

.

S.T. Petcov, APC, Paris, 12/12/2018



In all cases TBM, BM (LC), GRA, GRB, HG:

� New sum rules relating � 12 , � 13 , � 23 and � ;

� JCP = JCP ( � 12 ; � 23 ; � 13 ; � ) = JCP ( � 12 ; � 23 ; � 13 ; � �
12 ) .

S.T. Petcov, APC, Paris, 12/12/2018



� JCP = JCP ( � 12 ; � 23 ; � 13 ; � ) = JCP ( � 12 ; � 23 ; � 13 ; � �
12 ).

� TBM case: � �= 3�= 2 or �= 2; b.f.v. of � ij :
� �= 263 :5 � or 96 :5 � , cos � = � 0:114, JCP

�= � 0:034.

� GRAM case, b.f.v. of � ij : � �= 286 :8 � or 73 :2 � ;
cos � = 0 :289, JCP

�= � 0:0327.

� GRBM case, b.f.v. of � ij : � �= 258 :5 � or 101 :5 � ;
cos � = � 0:200, JCP � 0:0333.

� HGM case, b.f.v. of � ij : � �= 298 :4 � or 61 :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 IO 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 � and using high precision data
on � 12 , � 23 and � 13 , one can distiguish between
di�erent symmetry forms of ~U� !

Relatively high precision measurement of � will be
performed at the future planned neutrino oscillation
experiments, (DUNE, T2HK, T2HKK) see, e.g., R.
Acciarri et al. [DUNE Collab.], arXiv:1512.06148,
1601.05471 and 1601.02984; K. Abe et al. [T2HK
Proto-Collab.], arXiv:1502.05199 (PTEP 2015
(2015) 053C02), and arXiv:1611.06118 (PTEP
2018 (2018) 1).

S.T. Petcov, APC, Paris, 12/12/2018



The measurement of the Dirac phase in the PMNS
mixing matrix, together with an improvement of the
precision on the mixing angles � 12 , � 13 and � 23 , can
provide unique information about the possible exis-
tence of new fundamental symmetry in the lepton
sector.

Prospective (useful/requested) precision:

� (sin 2 � 12 ) = 0 :7% (JUNO),

� (sin 2 � 13 ) = 3% (Daya Bay),

� (sin 2 � 23 ) = 3% (T2HK, DUNE; T2K+NO � A(?)).

� ( � ) = 10 � at � = 3 �= 2 (THKK?)

S.T. Petcov, APC, Paris, 12/12/2018
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cos � =
tan � 23

sin 2 � 12 sin � 13

�
cos 2 � �

12 +
�
sin2 � 12 � cos2 � �

12

� �
1 � cot 2 � 23 sin2 � 13

��
:

� (sin 2 � 23 ) = 3% (T2HK, DUNE).
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Agarwalla, Chatterjee, STP, Titov, arXiv:1711.02107
GRB - HG > 3� ; GRA - GRB � 2� ; TBM - HG �= 3� ; TBM - GRA �= 2� .
With T2HKK data - better sensitivity.

S.T. Petcov, APC, Paris, 12/12/2018



The Power of Data

S.T. Petcov, APC, Paris, 12/12/2018



Systematic analysis (I. Girardi et al. , 2016):
all possible combinations of residual symmetries
Ge and G� of the lepton 
avour symmetry groups
Gf = S4, A 4, T 0 and A 5, leading to correlations be-
tween some of the three neutrino mixing angles
and/or between the neutrino mixing angles and the
Dirac CPV phase � , were considered.

(A) Ge = Z2 and G� = Zk , k > 2 or Zm � Zn , m; n � 2;

(B) Ge = Zk , k > 2 or Zm � Zn , m; n � 2 and G� = Z2;

(C) Ge = Z2 and G� = Z2.

In these cases Uy
e and/or U� of U = Uy

e U� =
( ~Ue) y 	 ~U� Q0, are partially (or fully) determined by
residual discrete symmetries of Gf = S4, A 4, T 0 and
A 5.

S.T. Petcov, APC, Paris, 12/12/2018



More speci�cally:

A. Ge = Z2, G� = Zn , n > 2 or Zn � Zm , n; m � 2;
U� �xed; A1, A2 (A3): � 23 , cos � ( � 12 , � 13 ) predicted.

B. Ge = Zn , n > 2 or Ge = Zn � Zm , n; m � 2, G� = Z2;
Ue �xed; B1,B2 (B3): � 12 , cos � ( � 23 , � 13 ) predicted.

C. Ge = Z2 and G� = Z2: � 12 or � 23 or cos � predicted.

S.T. Petcov, APC, Paris, 12/12/2018



Gf = A 4, S4, T 0, A 5.

A 4: 3 Z2, 4 Z3, 1 Z2 � Z2 subgroups (total 8).

T 0: similar to A 4.

S4: 9 Z2, 4 Z3, 3 Z4, 4 Z2 � Z2 subgroups (total 20).

A 5: has 15 Z2, 10 Z3, 6 Z5, 5 Z2 � Z2 subgroups
(36).

S.T. Petcov, APC, Paris, 12/12/2018



In the case of A 4 ( T 0) symmetry only there are 64
models (up to permutation of rows and columns).

A 4:
( Ge; G � ) = ( Z2; Z3) , A1 - A3;
( Ge; G � ) = ( Z2; Z2) , A1 - A3;
( Ge; G � ) = ( Z3; Z2) , B1 - B3;
( Ge; G � ) = ( Z2 � Z2; Z2) , B1 - B3;
( Ge; G � ) = ( Z2; Z2) , C1 - C9.

For A 4, S4 and A 5 the total number of models to be
analysed is extremely large. However, a total of only
14 models survive the 3� constraints on sin2 � ij from
the current data and the requirement j cos � j � 1.

S.T. Petcov, APC, Paris, 12/12/2018



Phenomenologically Viable Predictions

A1 (A2), A 5 ( Ge = Z2, G� = Z3 (Dirac � j )):
sin2 � 23

�= 0:553 (0 :447) ; cos � �= 0:716 ( � 0:716) .

A1, S4: sin2 � 23
�= 0:5(1 � sin2 � 13 ) �= 0:489 ;

cos � �= � 1 requires sin2 � 12
�= 0:348 (!)

B1, A 4 ( T 0, S4, A 5) ( Ge = Z T
3 , G� = Z S

2 ):
UPMNS = UTBM U13 ( � �

13 ; � 13 ) Q0;
sin2 � 12 = 1 =(3 cos 2 � 13 ) �= 0:340 ; cos � �= 0:570 .

B2, S4 ( Ge = Z T
3 , G� = Z SU

2 ):
sin2 � 12

�= (1 � 2 sin 2 � 13 ) =3 = 0 :319 ; cos � �= � 0:269 .

S.T. Petcov, APC, Paris, 12/12/2018
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Future: � (sin 2 � 23 ) = 3% (T2HK, DUNE).
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S.T.P., A. Titov, arXiv:1804.00182

Future: � ( � ) = 10 � .

S.T. Petcov, APC, Paris, 12/12/2018
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S.T.P., A. Titov, arXiv:1804.00182
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A total of 6 models would survive out of the cur-
rently viable 14 (of the extremely large number)
considered if � (sin 2 � 23 ) = 3% , � (sin 2 � 12 ) = 0 :7% and
the current b.f.v. would not change:

A1A 5, C2S 4, C3, C3A 5, C4A 5, C8.

Will be constrained further by the data on � .

S.T. Petcov, APC, Paris, 12/12/2018



The predictions obtained for cos � are valid in a large
class of theoretical models of (lepton) 
avour based
on discrete symmetries.

(See, e.g., the reviews D. Meloni, 1709.02662 and STP, 1711. 10806 for
extensive lists of references.)
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Conclusions.

� The observed pattern of neutrino mixing can be due to a new fun damental (approx-

imate) symmetry of particle interactions leading to an appr oximate symmetry form of

the PMNS matrix. We have considered the following symmetry f orms: TBM, BM (LC),

GRA, GRB and HG. Each of these forms can be obtained from a spec i�c discrete 
avour

symmetry.

� For all the forms considered � �
13 = 0 and � �

23 = � �= 4. The forms di�er by the value of � �
12 .

Values of the neutrino mixing angles � ij compatible with the observations are obtained

with the help of subleading (perturbative) corrections gen erated by Ulep coming from the

diagonalisation of the charged lepton mass matrix.

� The most important testable consequence of this approach to understanding the pattern

of of neutrino mixing is the correlation between the value of cos � and the values of the

neutrino mixing angles: � = � ( � 12 ; � 13 ; � 23 ; � �
12 ) . The correlation depends on the underlying

approximate symmetry form of the UPMNS .

� The precise knowledge of the value of sin2 � 23 , in particular, is crucial for testing the

predictions obtained following the approach discussed by u s and for discriminating between

various cases possible within this approach.

S.T. Petcov, APC, Paris, 12/12/2018



The measurement of the Dirac phase in the PMNS
mixing matrix, together with an improvement of the
precision on the mixing angles � 12 , � 13 and � 23 , can
provide unique information about the possible exis-
tence of new fundamental symmetry in the lepton
sector.

S.T. Petcov, APC, Paris, 12/12/2018



Conclusions (contd.)

Understanding the status of the CP-symmetry in the lepton sec tor is of
fundamental importance.

Dirac and Majorana CPV may have the same source.

Obtaining information on Dirac and Majorana CPV is a remarkab ly chal-
lenging problem.

The see-saw mechanism provides a link between the � -mass generation
and the baryon asymmetry of the Universe (BAU).

Any of the CPV phases in UPMNS can be the leptogenesis CPV parameters.

Low energy leptonic CPV can be directly related to the existen ce of BAU.

These results underline further the importance of the exper imental
searches for Dirac and/or Majorana leptonic CP-violation at low ener-
gies.

S.T. Petcov, APC, Paris, 12/12/2018
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Radiative generation of � masses and mixing
A. Zee, 1980; K.S. Babu, 1985;...; Y. Farzan et al. , 1208.2732; recent review: Y.Cai et al.,

1706.08524

Generic features

� Loop suppression helps explaining the smallness of
� � masses.

� New particles need not be super heavy - can be at
the TeV scale.

� Models at the TeV scale - testable.

� No need to introduced � R .

� Typically includes extended scalar sector.

S.T. Petcov, APC, Paris, 12/12/2018



K.S. Babu, 1988

YW ( k++ ) = 4, L ( k++ ) = � 2; YW ( h+ ) = 2, L ( h+ ) = � 2; no � R ;
� j � Majorana fermions.
M ( k++ ) � TeV, M ( h+ ) � TeV - possible.

k++ ! l+ + l0+ , l; l 0= e; �; � ;
� ! e + 
 , � ! 3e, � � + ( A; Z ) ! e� + ( A; Z );
( �� ) 0� � decay.

S.T. Petcov, APC, Paris, 12/12/2018



hH ihH i

� L � R � R � L

� �
M R

�

Y� Y�

E. Ma, hep-ph/0601225 (�gure from T. Ohlsson, Sh. Zhou, 1311 .3846)

SU(2) L � U(1) YW � Z2 ;
� R - present, M R- Majorana mass of � R ;
� - additional SU(2) L doublet; < � 0 > = 0 (scalar potential);
Z2( � ) = Z2( � R) = � 1; Z2( H ) = Z2( L l ) = Z2( l c

L ) = + 1.
� j � Majorana fermions;
DM candidate available: either N 1 ( N 1;2;3 , M 1;2;3 , min( M j ) = M 1), or

p
2Re � 0 .

M ( � � ) � TeV, M 1;2;3 � TeV - possible;
M ( � � ) > M 1;2;3 : � � ! l � N 1;2;3 , N 2 ! l � l � N 1 , N 3 ! l � l � N 1;2

M ( � � ) < M 1;2;3 : N 1;2;3 ! l � � �

� ! e + 
 , � ! 3e, � � + ( A; Z ) ! e� + ( A; Z );
( �� ) 0� � decay.

S.T. Petcov, APC, Paris, 12/12/2018



More cases of M � generated at 1-loop, 2-loop,
3-loop,..., level are discussed in
Y. Farzan et al. , 1208.2732.

E�ective operators which generate M � at 1-loop
or 2-loop level are discussed in the recent review:
Y.Cai et al., 1706.08524.

In particular, M � can be generated at loop level by
dim 7 operators:

O3 = L L Q d H , O8 = L d ey uy H
UV completion: LQ with (3,1,-2/3) and (3,3,-
2/3) - well known candidates to explain the 
avour
anomalies (the indications for breaking of lepton
universality) B-meson decays.

R. Volkas, talk at � '2018
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Understanding the Pattern of Neutrino Mixing

S.T. Petcov, APC, Paris, 12/12/2018



ANARCHY:
A. De Gouvea, H. Murayama, hep-ph/0301050; PLB, 2015.

L. Hall, H. Murayama, N. Weiner, hep-ph/9911341.

UPMNS from random draw of unbiased distribition of
3 � 3 unitary matrices.

� ij random qunatities, no correlations whatsoever
between the values of � 12 and/or � 13 and/or � 23 .
Predicts distributions (not values) of � ij ;
values of � ij � �= 4 most probable.
Three large mixing angles - most natural for the
approach.
However, � 13

�= 0:15 ...
Values of m j , � m2

ij - not predicted.

S.T. Petcov, APC, Paris, 12/12/2018



Family Symmetries (Continuous)

Spontaneouesly broken U(1) FN family symmetry at
scale M :

Frogatt, Nielsen, 1979

Y `
ll 0 lL ( x)�( x) l0R( x) !

 
'

M

! n ll 0
 lL ( x)�( x) l0R( x),

' - 
avon �eld:
< ' >

M
� � = sin � C = 0 :22 .

Similar generalisation for the two terms in the see-
saw Lagrangian:

Y �
l0l � l0R( x)� T ( x) ( i� 2)  lL ( x), 1

2 � T
l0R( x) C � 1 ( M RR ) y

l0l � lR ( x).

Provides an understanding of the hierarchical struc-
ture of charged lepton and quark masses. Mix-
ing angles typically related to fermion mass ratios.
Large neutrino mixing agles possible for QD neu-
trino mass spectrum.

S.T. Petcov, APC, Paris, 12/12/2018



Statistical analysis, likelihood method;
input \data": sin2 � 13 , sin2 � 12 , sin2 � 12 , �
from F. Capozzi et al., arXiv:1312.2878v2 (May 5,
2014).

L (cos � ) / exp
 

� � 2(cos � )
2

!

n � con�dence level interval of values of cos � :

L (cos � ) � L ( � 2
min ) � L ( � 2 = n2)

I. Girardi, S.T.P., A. Titov, arXiv:1410.8056
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TBM, GRA, GRB, HG: JCP = 0 excluded at 5� , 4� ,
4� , 3� con�dence level.

At 3� : 0:020 � j JCP j � 0:039 .

BM (LC), b.f.v.: JCP = 0 ;
at 3� : � 0:026 ( � 0:025) � JCP � 0:021 (0 :023) for NO
(IO) neutrino mass spectrum.

S.T. Petcov, APC, Paris, 12/12/2018


