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Outline

- Neutrino oscillations

- Mass sum rules (MSR) in the context of flavour models

- Neutrinoless double beta decay (0vB[)

- A novel S4 model

- Summary




Lepton mixing matrix

parameter best fit +1o 20 30
Am2, [10~%eV?] 7.5910% 7.24-7.99 7.09-8.19

QUARKS (CKM) LEPTONS (PMNS)
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0.01310-007 0.004-0.028 0.001-0.035
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T schwetz, M. A. Tortola and J. W. F. Valle,
(2011) arxiv:1108.1376v1
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Symmetrical parametrization
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Schechter, J. W. F. Valle ,, PRD22 (1982) 2227
For a recent discussion:
Rodejohann and J. W. F. Valle, (2011)
arXiv:1108.3484
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Ansatz for the lepton mixing matrix values and
non-Abelian discrete symmetries
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Harrison, Perkins, Scott, 2002

0,,=35° 0O,=m/4, 0,;=0

Bi-maximal, Golden ratio

Altarelli, Feruglio, Meloni, Barger, S. Pakvasa, T. J.

Weiler, K. Whisnant, W. Grimus , L. Lavoura, ...
For a full discussion on alternatives of TBM see

Albrigth, Dueck, Rodejohann, (2010) 1004.2798v1
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E. Ma, G. Altarelli, F. Feruglio, Babu, S Kaneko, S
Morisi, H. Zhang, T Toma, ...



http://arxiv.org/abs/1004.2798v1
http://arxiv.org/abs/1004.2798v1

Mass sum rules (MSR)

L/ | 17
X My +§ms = my




Mass sum rules (MSR)

174 | 174
X My +§ms = my




Example

Case B)

An A4 simplest model, Altarelli, Meloni (2009)

w, = Y,(VEl) hy + (M + a &) vV + bV pg

Vy Yy

1
mp =Yy Uy | O
0

Seesaw formula

T, —1
Miight = —Mp My TP

All matrices are of the general form

Z Y Y
m = Yy rT+v yYy—v
Yy Yy—v T+

Are diagonalized by

2/3 1/4/3 0
UTB=(—1/\/6 1/V3 —1/\/5)
~1/V6 1/V/3 +1/v2

—b'US
Zb'US
M +au—bug

M+ au+2bvg
mpy = —b’US

—b’US
M+ au— bug
—b’US 2b’vs

miight €eigenvalues
Vu Yy
M+ au+ 3bvg
’U2 y2
B (M + au)

V2 32
(M+au—3bv3) '

f Sum rule between
i mass eigenstates i




Case B)

From seesaw type 1

v o__ -1, T

r Y Y
MRNMTBME Yy T+z y—=2
Yy y—2 r+2

J. Barry, W. Rodejohann, G. J. Ding. F. Bazzocchi, L. Merlo, S. Morisi, ...
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Inverse Seesaw

Effective neutrino mass matrix

(1/ VR S)

Om%()

m 0 MT
0O M pu

R. Mohapatra, J. W. F. Valle (PRD 34 (1986))

Light neutrinos eigenvalues

m, = MpMT™ uM M-




MSR from Inverse Seesaw

Light neutrinos eigenvalues TBM type, an example

= MpM™™ uM' M} My ~ TBM

cases| 1) 2) 3)
Mp (Mo I I
M I Mo I
1L I I Mo

M. Hirsch, S. Morisi and
J. W. F. Valle, 2008

Case 3) corresponds to the dimension
5 operator SMR, case A)

X V/mE + E/mYf = /mY Xﬂlg—l-f’lng :772,’{

Case 2) corresponds to CASE D)
g X 2

772,2 \ / 772, \ / 771

Case 1) is analogous to Case C)




Neutrinoless double beta decay

Ov B S

- Violates lepton number by 2 units
- Experimentally not observed
- TOVBBy/» (76Ge) = 107 years
-Observation implies physics beyond the standard model

(A,Z) — (A, Z+2) + 2e Black Box theorem

d d
u w
d » u

A %

u A Ad u A Ad

BLACK BOX > >
e v

Schechter and J. W. F. Valle, PRD22 (1982) 2227
For recent discussion see Duerr, Lindner, Merle
(2011)1105.0901




Neutrinoless double beta decay

Ov B S

min max

Isotope Tlo/”2 [yrs] Experiment (mee) ™ [eV]  (mee)™ [eV]

48Ca 5.8 x 1022 CANDLES!8 3.55 9.91
6Ge 1.9 x 102%° HDM® 0.21 0.53

1.6 x 102%° IGEX?20 0.25 0.63
82Ge 3.2 x 1023 NEMO-321 0.85 2.08
%7y 9.2 x 1021 NEMO-322 3.97 14.39
1000Mo 1.0 x 1024 NEMO-321 0.31 0.79
1164 1.7 x 1023 SOLOTVINO?3 1.22 2.30
130Te 2.8 x 10%¢ CUORICINO?¢ 0.27 0.57
136Xe 5.0 x 1023 DAMA?Z25 0.83 2.04
150Nd 1.8 x 1022 NEMO-326 2.35 5.08

Rodejohann, Acta Phys.Polon. B43 (2012)
/1-78




Neutrinoless double beta decay

Ov B S

Effective Majorana mass term

2

|012C13 ma e2w‘ + 3120%3 Mo € 22'3 + 3 ms 3225| (PDG) )
|c2ycts my + s3ycts Mg €912 + 52, mg e?i913|  (symmetrical)

__ S J— __

Mass Hierarchy

éHEIDELBERG-MOSCOW

'GERDA-II/EX0-200

I — (1)’ (m,)’ .
(Am’),,
(m,y’

.EKAMLAND:ZEMQH.QRE

KATRIN




An example
Case A) and NH

L/ | 174
X My +§ms = my

0 1«

0 .
mll/ — ml mg — m26 ml‘; — mgezﬁ




An example
Case A) and NH

Real equation

0, 0_ .0
§ cos avmsg + X €os 3 ms = my

L/ | 174
X My +§ms = my

Imaginary equation

. . : 0 . 0
mY = m‘l) my =m9e'™ mY = mle’” Esinameg + xsinBmg =0




An example
Case A) and NH

Real equation

¢ cosaamy + x cos Bmy = mY
X My + Emg =my g S
' Imaginary equation

. : 0 o 0 _
my = m9e' mY =mJe'’ Esinamg + xsin3mg =0

Ma]orana cP phases

mé — (Amatm + ml) + §2 (Am o+ mi)
2772.15\/Am301 + m#

m% + 2 (m% + Amgtm) £’ (77?1 + Amsol)
2myx+/Am2,,  + m?




Lower limit on m1

Present 0v28 bounds




Lower limit on m1

: 0 i
mo = mge’a mg3 = Mg3e€ b

Triangle Inequality

Present 0v28 bounds

- [gmy| < [xms

J. Barry, W. Rodejohann, 2010




Lower limit on m1

- 0,
my = moe'® mg = m3e*’

Triangle Inequality

Present 028 bounds

J. Barry, W. Rodejohann, 2010




Minimal values for the effective
Ov 5 /5 decay parameter

We analyse the four MSR taking the present
values of the neutrino oscillations parameters at
30

174 | 174
X My +§ms = my

x , & 1
Jmy o /my/mY




Minimal values for the effective
Ov 5 /5 decay parameter

A-TH

Ref.

B-NH

B -1IH

Ref.

C- NH

C -IH

Ref.

0.044

[1]

0.008

0.036

(1]

0.006

0.029

0.046

0.008

0.027

*

0.014

0.011

0.030

0.005

*

0.014

*

0.006

0.007

*

0.026]

0.023

0.008

0.046

0.007

0.008

*

0.004

0.008

*

0.004

0.021

0.029

0.031

il
(1]

J. Barry, W. Rodejohann, G. J. Ding, F. Bazocchi, L. Merlo, S. Morisi

E. Ma, G. Altarelli, F. Feruglio, Y. Lin, F Bazzochi, S Kaneko, S Morisi, M. Honda, ...

[i] G. Altarelli, F. Feruglio, Y. Lin. F Bazzochi, S Kaneko, S Morisi, M. Honda, M. Tanimoto

]
41

A

M. Hirsch, S. Morisi and J. W. F. Valle, 2008

S. Morisi, E. Peinado. A. Rojas. J. W. F. Valle, LD 2012

G. Altarelli, F. Feruglio, Y. Lin, F Bazzochi, S Kaneko. S Morisi, M. Honda, ...




Minimal values for the effective
Ov 5 /5 decay parameter

Present 0v28 bounds

T TATThT




Renormalizable Lagrangian
(Neutrinos)

(¢v) ~ (1,0,0) ()

T Yl/lijVRz' S, + 1ijSiSjo




A model for the case Case D)

From inverse seesaw

_ 11T
My = MDD

Light neutrinos eigenvalues

L 0 0

0 a’®+b? __ 2ab
my, — (b2—a2)2 (b2—a2)2
0

2ab a’+b?
(bz_a2)2 (bz_a2)2




Neutrinoless double beta decay

Ov B S

' HEIDELBERCG-MOSCOW

'GERDA-II/EX0-200 _

K AMLAND-ZEN/CUQORE..

KATRIN




We have analysed the implications for the lower bound on the effective Ov3 mass
parameter, arising from possible mass sum-rules obtained in the context of flavour
models.

MSR were classified in four different categories, some have already been
considered in the literature.

We construct a novel model using inverse seesaw to give mass to the neutrinos,
such that the MSR will give a lower bound on the me. at reach of the future 0v{3p.




Thanks.



Backup slides




Case A)

Dimension five operators

M i M

L= (L,L) HH + 2 (L;L;),HH

Effective neutrino mass matrix
Clebsch-Gordan

]\j’z'f7 = aefi"j + begj )
a4 = Ya (H>2 /M
b=y, (H)* /M

E. Ma, G. Altarelli, F. Feruglio, Y. Lin, F Bazzocchi, S Kaneko. S Morisi, M. Honda, ...
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Case C)

From seesaw type 1

v o__ -1, T
MY = —mpMp - mry,

001

() Mp ~ TBM

M. Hirsch, S. Morisi and J. W. F. Valle, 2008




Case B)

(Assuming TBM)

From seesaw type 1

v o__ -1, T

Mp ~T1TBM

J. Barry, W. Rodejohann, G. J. Ding. F. Bazzocchi, L. Merlo, S. Morisi, ...
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MSR of the model

Light neutrinos eigenvalues

L0 0
0 a’+b> __ 2ab
(b2—a2)2 (bz—a2)2
0 — 2ab a’+b*
(b2—a2)2 (b2—a2)2




Particle content of the model

Irreducible representations of S4
11,12,2,31, 32




Renormalizable Lagrangian
(Charged leptons)

¢h ¢;a ¢,l’

|
|
4
I

Charged leptons Charged leptons
mass matrix

Y, + [ yl, T (! y” T 17
L1 = T(Lip)héy + T (Llp)hd) + —-(Lir)hd

| Diagonalized by the
() ~(1,1,1)  (pw) ~ (1, 1,1) () magic matrix




Case B)

(Assuming TBM)

From seesaw type 1

T
mp

J. Barry, W. Rodejohann, G. J. Ding. F. Bazzocchi, L. Merlo, S. Morisi
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