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Neutrino Physics Data

Y Neutrinos are massive

@ Allowed parameter region from all neutrino
experimental data: |[=|

Am® [107° eV

[M. Maltoni, T. Schwetz, M. A. Tortola and J. W. F. Valle, New J. Phys. 6, 122 (2004)]
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Type of Neutrino Masses

@ Dirac neutrinos: v # v
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Type of Neutrino Masses

@ Dirac neutrinos: v # v

LP ==Y Vpr My v +hee
e’

@ Total L is conserved
@ Majorana neutrinos: v =¥

1
LM — —E Z 'VK/L Melf Vo1, + h.c.
4

@ Total L is violated
@ 0vfBp is allowed



Double Beta Decay
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Double Beta Decay

(Z,A) = (Z+2,A)+2¢ + X

@ IfX=2v, = 2v3f
@ Allowed within the SM
@ Experimentally observed for 9 isotopes

@ IfX=0v, = 0v33
@ L is violated in 2 units
@ Experimentally not observed

@ Current experimental limits:

Mee < 0.3—1eV

[ L. Baudis et al., Phys. Rev. Lett. 83, 41 (1999). C. E. Aalseth et al. [IGEX
Collaboration], Phys. Rev. D65, 092007 (2002). ]
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Neutrinoless Double Beta Decay

© How can it happen?

Mass mechanism:
exchange of massive Majorana neutrinos

\4 However, it is not the only mechanism! [=]



Black-box Theorem

“In any gauge theory, whatever the mechanism for
Inducing Ov33 Is, itis bound to also yield a
Majorana neutrino mass at some level.”

[J. Schechter and J. W. . Valle, Phys. Rev. D 25, 2951 (1982)]



Black-box Theorem
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Black-box Theorem

“In any gauge theory, whatever the mechanism for
iInducing 0v3/3 Is, it is bound to also yield a
Majorana neutrino mass at some level.”

[J. Schechter and J. W. . Valle, Phys. Rev. D 25, 2951 (1982)]

\ %
.,
L




Standard Model
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Standard Model

©@ SM neutrinos are massless since:
@ Right-handed neutrinos do not exist
@ Lepton number is “accidentally” conserved
@ Higgs triplets do not exist

= SM must be extended in some sector:

@ Particles
@ Symmetries

@ or both

% A4 flavour symmetry extension
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@ It is the finite group of even permutations of 4
objects

@ It has 12 elements in 4 equivalence classes

@ It has 4 irreducible representations (irreps):
@ Three 1-dimensional irreps:

1 1/ 1//
@ One 3-dimensional irrep:

3




@ It is the finite group of even permutations of 4
objects

@ It has 12 elements in 4 equivalence classes

@ It has 4 irreducible representations (irreps):
Three 1-dimensional irreps:

1 1/ 1//
One 3-dimensional irrep:
3

% Suitable for describing 3 families!




A4 Group Character Table

where
w=v1=¢?"/3

w+w+1=0



Irrep Products

Invariant terms:

1=1x1 1=1 x1"

Product decomposition:

3x3=1+1+1"4+3+3

(x1,%0,X3) X (Y1,Y2,Y3) = X1y1 + XoY2 + X3V3 ~ 1

+ x1Y1 + W xXoYs + wxzyz ~ 1’

+ 2191 + wxoys + wxzys ~ 1"
+ (x2Y3,X3Y1,X1Y>2) ~ 3
+ (X3Y2,X1Y3,X2Y1) ~ 3




Irrep Products

Invariant terms from three-3 product:

(x1,%2,%3) X (Y1,Y2,Y3) X (21,22,23) = X1Y223 + X1Y322
— X2lY1423 T X2l341
— X3Y142 T X3l221




Quantum Numbers

Fields | L | £°| 1| b2 | &3 || m | 72 | M3
SUR2). | 2 |1 2 3

Y -1\ 2 -1 2

Ay 313|117 177|171 |1




Charged Lepton Masses

L D h ¢ (ee€+ pus+ t7°)
+ hy Y (ee® + wpps + w?tT)
+ h3 ¢ (e + w?puuc + wrt)




Charged Lepton Masses

L5l ¢ (e + puc +17°)
+ hy Y (ee® + wpps + w?tT)
+ h3 ¢ (e + w?puuc + wrt)
Once ¢ get VEVs:

L D h v (ee~+ puc+ t71°)
+ hy vy (eef + wups + wTT°)
+ h3 vs (eef + w?nus + wtte)




Charged Lepton Mass Matrix

Already diagonal in the flavour basis

/me 0O O

Mi=1 0 m, 0
\O 0 m,
m, = h1oy + hyvy 4 h303

hlvl T whzvz -+ wzhgvg

S
T
|

m, = h17)1 - wzhzvz + Whgvg



Neutrino Masses: 1

L D A 1) (VeVe+Vvyvy+veve)
+ A 1Y (Veve + wv, v, + wrvovy)

+ As 15 (Veve + wrv, v, + wvievy)




Neutrino Masses: 1

L D A 1) (VeVe+Vvyvy+veve)
+ A 1Y (Veve + wv, v, + wrvovy)
+ As 15 (Veve + wrv, v, + wvievy)

Once 19 get VEVS:

L D A 0y (veve+vuv,+vive)
+ A (15) (Veve + wv, v, + wtvivy)

+ A3 (n9) (Veve + wrvy v, + wvevy)




Neutrino Masses: 1

Once 1} get VEVS:
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+ Az (M9) (Veve + wrvy v, + wvievy)




Neutrino Masses: 1

Once 1} get VEVS:

L

A <77(1)> (VeVe + Vv + Vo ve)

+ + U

o

D a (VeVe+ vV, + vive)
+ b (Veve + wvy v, + wvevy)

+ ¢ (Veve + w*vyv, + wvvy)

A (15) (Veve + wvy v, + wPvivy)

As (M9 (Veve + w?v, v, + wvievy)



Neutrino Mass Matrix: n

L D a (VeVe+vyvy+vive)
+ b (VeVe + wv, vy, + wPvivy)

+ ¢ (Veve + WV v, + wvevy)




Neutrino Mass Matrix: n

L D a (Veve _I_ V‘uvp _I_ VTVT)
+ b (VeVe + wv, vy, + wPvivy)

+ ¢ (VeVe + WPV, vy, + wvivy)

a+b+c 0 0 \
M, > 0 1+ wb + w?c 0
0 0 a—l—wzb—I—wc)




Neutrino Masses: ¢

L D A (E]vive +Eveve + Edvevy)




Neutrino Masses: ¢

L D A (EVuve+EVeve + EVevy)

Once &; get VEVs:

L D A (<£(1)>VMVT T <ES>V6V7 T <£??>V6Vu)




Neutrino Masses: ¢

L D A (EVuVe+E3Veve + &3V V)

Once &; get VEVs:

L D A (<£(1)>VMVT T <ES>V6V7 T <£??>V6Vu)

L D (dvyve+eveve+ fvev,)




Neutrino Mass Matrix: &

L D (dvyve+eveve+ fvevy,)




Neutrino Mass Matrix: &

L D (dvyve+eveve+ fvevy,)

(o)
My>1 70 d

\ ¢ 4 0




Neutrino Mass Matrix

/a—l—b—l—c f e
= f 1+ wb + w?c d

\ e d 1+ w?b + we




Neutrino Mass Matrix

/a—l—b—l—c f e
M, = f 1+ wb + w?c d
\ d 1+ w?b + we

Simplifying assumptions:

b=c d=e=f




Neutrino Mass Matrix

/a—l—zb d d
M, = d a—b d
\ d a—1b

Simplifying assumptions:

b=c d=e=f




Neutrino Mass Matrix

/a—I—Zb d d
M, = d a—b d
\ d a—1b

Simplifying assumptions:

b=c d=e=f

Predictions:

Or3—= 7T/4 613= 0




a = |a|e®s b = |b| e d = |d| e

Parameters

Phase differences:

b1 = s — Py b2 = g — ¢y




Atmospheric Neutrino Mass Splitting

If we consider
2 Y

then
b,d e R

and
Am3, = 6bd = Amx,,,

If, on the contrary,

Anigo, # 0

then
Am ATM — Slgn[COS(<P2)]6|bHd\




Solar Neutrino Mass Splitting

Ams, = \/Tl2 + T2 + T? = Am?,,
where
T, = 6V2|b||d|sin(¢»)
T, =2v/2|d (2\51\ cos(¢p1) + |b| cos(¢z) + \d\)

T; = —3|b|*> + |d|*> — 6]a||b| cos(Pp1 + ¢»)
+ 2|al|d| cos(¢p1) — 2|b||d| cos(¢2)

Therefore
Ti| < Amgo, Vi



Inequalities

Normalizing by |Am2_,|,

V2| sin(¢)| < «

3‘b||2]a cos(@) + [b| cos(sz) + |d]| < a

3|b|* + |d|* — 6|al|b| cos(p1 + )

6\bHd\‘
+2]al|d| cos(¢1) — 2b]|d| cos(¢2)| <

where
\% X = Am%m/‘Amiﬂw‘ [3]



Solar mixing angle

2/2d

tZSOL — tan(2912): 30— 4




Solar mixing angle

trsoL = tan(261;)= ;fé
Best value:
tan” 01, = 1/2
for
b= 0, b= 2d/3




Solar mixing angle

24/2d
tZSOL — tan(2612): 30— 4
Best value:
tanz 912 — 1/2
for

b= 0, b= 2d/3

Performing a series expansion of tan”6;, around
the two solutions. ..



Solar mixing angle

— Normal Hierarchy
Inverse Hierarchy

02 0 02 04 06 08
b/d



Neutrinoless Double Beta Decay

©@ Amplitude proportional to:
(M) = Mee = a+ 2b




Neutrinoless Double Beta Decay

©@ Amplitude proportional to:
(M) = Mee = a+ 2b

% We need to express 2 and b in terms of
observables




Case-1: Real parameters




Case-1: Real parameters

@ Solve this system of equations

Amo, = Amdy = 20+ b +d|y/(d — 3b)?
Am3., = Am3, = 6bd

24/2d
3b —d

tZSOL — tan(2912) —




o)

Case-1: Real parameters

@ Solve this system of equations

Ao, = Amdy = 20+ b+ d|y/(d — 3b)? + 8d2
Am3., = Am3, = 6bd

24/2d
3b —d

© Express the parameters: a2, b and d in terms of
observables: AmZ, , Ams.,, and trso,

tZSOL — tan(2912) —




Case-1: Real parameters

@ Solve this system of equations

Ao, = Amdy = 20+ b+ d|y/(d — 3b)? + 8d2
Am3., = Am3, = 6bd

24/2d
3b —d

© Express the parameters: a2, b and d in terms of
observables: AmZ, , Ams.,, and trso,

@ Substitute 2 and b in

tZSOL — tan(2912) —

(M) = Mee = a + 2b



Effective mass parameter

m
= — Sien[Am?
\/Am%TM g [ ATM]
__Sign[z\/itzsoL —I_ t%SOL

1

\/2 2trs0L + t%SOL

\/2 \/7tZSOL —I_ tszL

4 \/1 T tZSOL



Effective mass parameter

T o : L e :
] F — Norma Hierarchy| 1 [ ! — Normal Hierarchy| ]
5_' Inverse Hierarchy | ] 5_' Inverse Hierarchy | ]
] ] =
> IR
111 1
1 = 05
8
&
I 0.2
0.1
Left: « = 0.022 Right: « = 0.065

Vertical line: tan® 0y, = 1/2



Case-1. Complex parameters




Case-1. Complex parameters

We use the approximations:
sin 4)2 ~ ()

and
2|alcospy + |b|cosy + |d| >~ O




Effective mass parameter

a = 0.065
Different values of: cos(¢1) € [—1, 1]

&



Effective mass parameter

10p———rrrr :
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Effective mass parameter

— Normal Hierarchy| 1
5_' Inverse Hierarchy | 7]

@ The lower bounds are in fact exactly the same
as obtained In the real case



Effective mass parameter

] [ — Normal Hierarchy| 1
Sr Inverse Hierarchy | 7]

@ The lower bounds are in fact exactly the same
as obtained In the real case

©@ The maximum degree of destructive
Interference between the three
neutrino—exchange contributions occurs in the
\%4 real case with appropriate CP parities
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Lower bounds values

Given the currently allowed experimental 30 range

tan® 01, € [0.30, 0.61]

we can set lower bounds for |m,./+/ AmZ,|

0.17< mee/\/AmiTM for NH

0.70< |/ \/ Am2.,, for IH

v Lower bound even for NH!
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In the future...

If tan” 0;, < 1/2 could ever be established , then we

would have

0.23< [me/\/ Amir,| < 0.41  for NH

0.70< ]mee/\/AmiTM] for IH

* We might be able to distinguish between both
neutrino mass hierarchies!
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In the future...

If tan” 0;, < 1/2 could ever be established , then we

would have

0.23< [me/\/ Amir,| < 0.41  for NH

0.70< \mee/\/AmiTM\ for IH

* We might be able to distinguish between both
neutrino mass hierarchies!

@ It can also be seen that, up to order «

corrections, 1., can only be zero if tan® 0y, — 1,
now strongly rejected experimentally




Lower bound phase dependence

The lower bounds on |m,./\/ Am>2,,,| depends on
the Majorana phase ¢,

10r—m————————7——— :
o _:
] ! — Normal Hierarchy| |
= ' Inverse Hierarchy | 1
N 2
&
< 1

Dm/\/
ee

() o

N

o
Sr
o
N
O
D
o
o
o
oo



Lower bound phase dependence

The lower bounds on |m,./\/ Am>2,,,| depends on
the Majorana phase ¢,

10r—m————————7——— :
o _:
] ! — Normal Hierarchy| |
= ' Inverse Hierarchy | 1
N 2
&
< 1

Dm/\/
ee
() o
AS L

o
Sr
o
N
O
D
o
o
o
oo

% Lower bounds become weaker for ¢; = 0

&



Conclusions

@ There is a lower bound for the 0v33 amplitude

even In the case of normal hierarchical neutrino
masses




Conclusions

@ There is a lower bound for the 0v33 amplitude

even In the case of normal hierarchical neutrino
masses

@ The lower bound is robust as it holds
Irrespective of whether CP is conserved or not




Conclusions

@ There is a lower bound for the 0v33 amplitude

even In the case of normal hierarchical neutrino
masses

@ The lower bound is robust as it holds
Irrespective of whether CP is conserved or not

@ In the latter case we show explicitly how the

lower bound Is sensitive to the value of the
Majorana phase




Conclusions

@ There is a lower bound for the 0v33 amplitude

even In the case of normal hierarchical neutrino
masses

@ The lower bound is robust as it holds
Irrespective of whether CP is conserved or not

@ In the latter case we show explicitly how the

lower bound Is sensitive to the value of the
Majorana phase

@ Neutrinoless double beta decay may be within
reach of the next generation of high sensitivity
experiments
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Allowed 3-v parameter values

parameter best fit 20 30 4o
Am3, [10~%eV?] | 8.1 7.5-8.7 7.2-9.1 7.0-9.4
AmZ, [1073eV?] 2.2 1.7-2.9 1.4-3.3 1.1-3.7
sin” 61, 0.30 0.25-0.34 | 0.23-0.38 | 0.21-0.41
sin? O3 0.50 0.38-0.64 | 0.34-0.68 | 0.30-0.72
sin” 013 0.000 < 0.028 < 0.047 < 0.068
=
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Charged Lepton Masses

Under SU(2):
L O h ¢ L ¢ ~ 2x2x1




Charged Lepton Masses

Under SU(2):
L DO h ¢ L ¢ ~ 2x2x1

= h ¢’ 0 I ~ 1




Charged Lepton Masses

Under Ay:
L DO h ¢° 0 r°




Charged Lepton Masses

Under Ay:

L D h ¢ 0 ¢
hi ¢ € (©
hy ¢ 0 (°
hs ¢35 £ (°

+ 4

1 xXx3x%x3
1" x3x3
1" x3 x 3



Charged Lepton Masses

Under Ay:
L D h ¢ 0 ¢
= ¢ L ¢ ~ 1x3x3
+ hy ¢5 £ ¢ ~ 1'x3x3
+ hy ¢3 € ¢ ~ 1"x3x3
L D h ¢ (ee€+ pu+ 1) ~ 1x1

+ hy ¢ (ee®+ wupt+ w?ttt) ~ 1 x1”

hs 3 (ee® 4 w?pp

wttt) ~ 1"x71



Neutrino Masses: 1

Under SU(2):
L ODOAnLL ~ 3x2x2




Neutrino Masses: 1

Under SU(2):
L DA n L L ~ 3x2x2

= A vv ~ 1




Neutrino Masses: 1

Under Ay:
L DA’ vy




Neutrino Masses: 1

Under Ay:
L D> A 1Y

|

>
—
=
—_

+ 4

1xXx3x%x3
1" x3x3
1" x3 x 3



Neutrino Masses: 1

Under Ay:
LD A ' vy

= A 1] vv ~ 1x3x3
+ Ay vv ~ 1 x3x3
+ A3 vy ~ 1"x3x3
L D A 1) (VeVet+vuvy +veve) ~ 1x1

+ A 1) (veve + wvv+ wtveve) o~ 101

As 9 (Veve + wPvv, + wvevy) o~ 17 x T




Neutrino Masses: &

Under SU(2):
L DAELL ~ 3x2x2




Neutrino Masses: &

Under SU(2):
L DA & LL ~ 3x2x2

— A& vv ~ 1




Neutrino Masses: &

Under Ay:
L DA & vv ~ 3x3x3




Neutrino Masses: &

Under Ay:
L DA & vv ~ 3x3x3

The Invariant term iIs then

L D A (E)vuve +Eveve +EJvevy)




Current allowed values of «

Ax? from global oscillation data as a function of
o = Amz., /| Am=.,,| and asin 26;;:

25 \ 1 1 1 1
- / /]
\\ [— a
20 B \ — — qasin 2612 b
15 —
(9\]
><
< -
VN S U W & 307
S R | Y 7 207]
O _2 1
10 10

[M. Maltoni, T. Schwetz, M. A. Tortola and J. W. F. Valle, New J. Phys. 6, 122 (2004)]

Best fit value: a« = 0.035 [&]

&
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