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Very Briet Motivation

* The recent LHC results seem to indicate that the Higgs mechanism,
withmpg ~ 125 GeV, is the responsible of the mass generation of
the SM patrticles.

ATLAS, CMS 2012

* However, the origin of light neutrino masses, which existence is
supported by neutrino oscillation experiments, still remains unknown.

* Although the light neutrino masses could also be generated through the
Higgs mechanism, their smallness in comparison with the SM particles
calls for a more natural explanation.




Very Briet Motivalion

* Consider SM as a low energy effective theory. With the SM field content,
the lowest dimension effective operator is the following (d=5):

2
w () () =

L, O © Smallnes of neutrino masses
g can be explained
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* Consider SM as a low energy effective theory. With the SM field content,
the lowest dimension effective operator is the following (d=5):

2
w () () =

L, O © Smallnes of neutrino masses
g can be explained

CQB/A _
© Majorana masses

Lepton number Is violated
B w0
01/6/6 deCay




Seesaw Models

L
’ Heavy fermion singlet: /p. Type | seesaw.
VR Minkowski 77; Gell-Mann, Ramond, Slansky
79; Yanagida 79; Mohapatra, Senjanovic 80.
Ly ¢

In this talk, we will focus on the following extension of SM:

1 .
L = Lsnm + Lyin — §V_siM'ijV§j — (Y)iaVsi¢' Lo + h.c.




( NeuTrinoless double befa decay

n > p
h
:}VJJV

n > P

e Contribution of a single neutrino to the amplitude of Or 35 decay:

A; oc mU2MOPP (m;)

e

mass of propagating  Lepton mixing NME
neutrino matrix
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. Nuclear Matrix Elements (NME)

1+ Mild dependence
on the nuclei

| * Two different
|regions separated
1 by nuclear scale

I1p?| ~ 100 MeV
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Data available @
http://www.th.mppmu.mpg.de/members/blennow/nme_mnu.dat
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Nuclear Matrix Elements (NME)
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Data available @
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Nuclear Matrix Elements (NME)
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( STandard approach

Contribution of extra degrees of freedom is neglected

map
AOVﬁB zO(ZszzMoyﬁﬁ )EMOVﬁﬁ(

Using PMNS matrix parameterisation:

L 2 2 2 2 i« 2 2109

— Valid if "SM" neutrinos
dominate the process




( STandard approach

mgg
Contribution of extra degrees of freedom is neglected

AOVﬁB zO(ZszzMoyﬁﬁ )EMOVﬁﬁ(

Ie

107!
. . > IH
— Valid if "SM" neutrinos = 1072 ——

dominate the process =

- O + LSST +oueld

my (eV)
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( STandard approach

Contribution of extra degrees of freedom is neglected

map

3
AOVﬁB A; X ZmiUgiMoyﬁﬁ(mi) ~ Moyﬁﬁ(

S |
— Valid if "SM" neutrinos = 1072 ————
dominate the process s 0

- O + LSST +oueld

1073 1072 1071
my (eV)

They can be very
relevant !

\_——-——_— — B

OVﬁB decay would be forbldden.
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OvBB in seesaw models

1 ~
_['mass — §VRi(MN)ijV]C{j — (Yy)iaﬁquLa

The neutrino mass matrix is then given by: ‘

(vaps o)




0vBB decay in seesaw models

1 e
_Lmass — §VRi(MN)iij{j — (Yy)ionquTLoz

The neutrino mass matrix is then given by:

0 Yiv/v/2
| T—E N .
(gt (o i)

(3+ng) X (34 ng) unitary mixing matrix




0vBB decay in seesaw models

1 e
_Lmass — §VRi(MN)iij{j — (Yy)ionquTLoz

The neutrino mass matrix is then given by:

ag{ml,mg,...,mn@

extra

SM
Vo, ]2 U2 =0
a X oL m; ei—k miUlr =
7 i

Simple relation between ”light” parameters
and extra degrees of freedom!

—— e
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0vBB decay in seesaw models

> €
174
> €
W
n
MD g D
light mostly-active states extra degrees of freedom

Different phenomenologles depending
on their mass regime

———




Sterile neufrinos in light regime

light
A x z:sz2 MOPP (my;) + Z m U2 M%PP (m;)

light

me,; +Zm1 I_O

Remember

2. MYPP(m;) = MOPP(0) (light regime)




| StTerile neufrinos in light regime

light
A x Zszz MOPP (my;) + Z m U2 M%PP (m;)

light

Zmi +Zm1 I_O

Remember

2. MYPP(m;) = MOPP(0) (light regime)

light
A ox — Z miU% (Moyﬁﬁ(()) — Moyﬁﬁ(mf))

strong suppression for Mextra < 100MeV (|

N c—
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Sterile neufrinos in heavy regime

"canonical” Type-l seesaw scenario

heavy

Ao — Z miUZ (M%PP(0) — M%PP(my))




Sterile neufrinos in heavy regime

"canonical” Type-l seesaw scenario .
negligible!

heavy

A x |- Z m;U MO”M(O) — MO%F (mp))

heavy

~— ) mUZMPP(0) = ZszZ MOB5(0).




Sterile neufrinos in heavy regime

"canonical” Type-l seesaw scenario .
negligible!

heavy

A o |- Z m;UZ (MO”BB(O) — MY (m[))
T

eavy SM
~ _ Z mIUgj 01/55(0) _ ZmiUeQiMoyﬁﬁ(o)'
I 1

Constrain mixing with heavy neutrinos
through light contribution!!

(Much stronger than the bounds usually

considered in the literature) Zhi- Zhong Xing 09

Blennow, Fernandez-Martinez, Menendez, JLP 10
arxXiv:1005.324

— I .




(Bou\nol on mixing active—sterile neufrino

heoneat | (L

106 10—3 1 103 106 / 10°

MeV
Bounds from COURICINO (WithlBOTe y (MeV) Much stronger

Non-hierarchical extra neutrinos assumed Constraint !
\ Blennow, Fernandez-Martinez, Menendez, JLP 10




STerile neufrinos in heavy & light regime

negligible!
heavy

A x |- Z m;U MO”BB(O) — MO%F (mp))

SM light
~ (Z mUZ%+ ) mIUgf) MOBB ()
7 extra

Blennow, Fernandez-Martinez, Menendez, JLP. arXiv:1005.324
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STerile neufrinos in heavy & light regime

negligible!

heavy

A x| Z m;U MO”M(O) — MO%F (mp))

SM
~ (Z m;U?> ) MOPB(0)

Extra states with masses below 100 MeV
can give a relevant contribution!

The sterile neutrinos can dominate the process

Blennow, Fernandez-Martinez, Menendez, JLP. arXiv:1005.324
e ——————
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Is there any other case in wich
the sterile neutrinos
can dominate the decay rate?

JLP, Pascoli and Wong
ArXiv:1209.5342 (PRD 87, 093007 (2013))
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Yes, There is an imporTanT excepTion

heavy

SM
Ao > mUZMPP(0) + Y mgUZM*PP (my)
7 I

(_

heavy

SM
»2 : 2 § : 2
7 I

Ibarra, Molinaro, Petcov 2010
Mitra, Senjanovic, Vissani 2011




( Yes, There is an imporTanT excepTion

heavy

SM
Ao mUZMPP(0) + Y mUZ M*PP (my) \
1 I

(_

S M heavy
»z : 2 § : 2
1 I

Ibarra, Molinaro, Petcov 2010
Mitra, Senjanovic, Vissani 2011

Heavy neutrinos dominate process at tree level...

...Is It really possible to have a dominant and measurable
contribution once the one-loop corrections are considered?

N\ e - ——
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ParameTerizaTion

In the appropriate basis, without loss of generality

0 YIv/vV2 eYlv/v/2
M,=| Yiv/V2 ' A
EYQU/\/? AT 9!

&» €, 11, ' = lepton number violation parameters

~

» OQvB5 decay rate should depend on them

B

Also light majorana masses

_m—
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Tree level Cancellation ot light contribution

At tree level in the seesaw limit, the cancellation condition reads:

Alight o< — (mpM~'mp)  M°PP(0) =0

ﬂ SM+ 2 X vp
(35 i =

e ——————




1 Tree level Cancellation of light contribution

At tree level in the seesaw limit, the cancellation condition reads:

Alight o< — (mpM~'mp)  M°PP(0) =0

ﬂ SM+ 2 X vp
(5 € o200 =

1= € = () is the most stable solution under C@

Tree level light active neutrino masses vanish !!

2 12
_ v Y
@» Aheavy X — (mEM ?’mD) SRS

2A4




Heavy contribution
”Uzﬂlyfe
2A4

Aheavy X — (mgM_?’mD) =

—> Tg have a phenomenologically relevant contribution, a large
[t and/or a rather small A are in principle required.

@’ Does it induce too large radiative corrections?

What about the higher order corrections in the
seesaw expansion? NO, they vanish for

u=e=20




(

 Finite corrections. 1-loop generated Majorana mass term for the

1—loop corrections

active neutrinos is the dominant contribution:
Pilaftsis 92; Grimus & Lavoura 2002; Aristizabal Sierra & Yaguna 2011

5mLL —

L o <’ 3ln (M?/M3)  In (M?/M})
(4m)2 P M2/M2 -1~ M?2/M2—1
/ k GU?hD
+ SN
VoL VsL Voer | VBL

\

/

&> Similar structure as tree level masses, but no cancellation
for 1 = € = (). Light masses generated at 1-loop.

> D




1—loop corrections

U*diag {my, ma, ..

S YUY :(

Yiv/v/2

If tree level cancelation takes place (4 = € = 0):

extra

Aortra loX Z UeQImIMO”ﬁﬁ(m[) # 0
T

Aactive X (5mLL)eeMOyﬁﬁ (0)

£ 0

).



ConsTrainTs -

Absolute mass

Neutrino |
@ oscillations \/5m§olar < 5mLL <0.23eV scale experiments
(PLANCK)

2eV  (3H B- decay)




( ConsTrainTs

- Absolute mass
Neutrino
@ oscillations \/5m30la?" < 5mLL <0.23eV scale experiments
(PLANCK)
2eV  (3H B- decay)

@ Dominant or not, the heavy contribution should respect the present
constraint and be measurable, to be phenomenologically interesting

RN

—2 heavy Present bound
L0 “eV < Mgg = < 0.38eV EXO using

/\_/ ISM NME

Next-to-Next generation sensitivity
MAJORANA, Super-Nemo, etc, etc




( ConsTrainTs

- Absolute mass
Neutrino
@ oscillations \/5m30la?" < 5mLL <0.23eV scale experiments
(PLANCK)
2eV  (3H B- decay)

@ Dominant or not, the heavy contribution should respect the present
constraint and be measurable, to be phenomenologically interesting

RN

—2 heavy Present bound
L0 “eV < Mgg = < 0.38eV EXO using

/\_/ ISM NME

Next-to-Next generation sensitivity
MAJORANA, Super-Nemo, etc, etc

@ Constraints on the mixing with heavy neutrinos from weak decays,
lepton number violation processes and non-unitarity.

Atre,Han, Pascoli, Zhang 2009

Antusch, Biggio, Fernandez-Martinez, Gavela, JLP 2006
etc
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sterile Neutrino signal
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Hierarchical
seesaw

ESS

Log|M, /MeV]

Sterile Neufrino signal

;]&71 :5 100 MeV < ]ﬁ%g
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Yo =107°
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Log|[M,/MeV]

L 1 L 1 L 1 L 1 L 1 1 | 1 1
-6 —4 2 0 2

e ——————




( Sterile Neufrino signal

seesaw
ESS

s
Hierarchical ; < J
=
N
Ty

Log|M,/MeV]

;Ml S) 100 MeV < Mg
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—6 —4 -2 0
Log|[M,/MeV]

Quasi-Degenerate spectrum
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Sterile Neutrino signal

It can take place in two limits:

: — /
« Quasi-Degenerate havy spectrum (ISS limit): A > u
Mohapatra, Valle 86; Branco, Grimus, Lavoura 89 ~ ~
Mo~ —M; =~ A

1 YY1 Mz +3MZg

5mLL ~

(4m)2 2 Az ”
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STen\e NeuTrino squa\

It can take place in two limits:

« Quasi-Degenerate havy spectrum (ISS limit): A > ,u

Mohapatra, Valle 86; Branco, Grimus, Lavoura 89 ~

Mgﬁ—MlﬁA

1 Y'Yy MZ +3MZg
(4m)2 2 Az F

omrr ~

- T . /
« "Hierarchical" heavy spectrum (ESS limit): A < u
Kang, Kim 2007; Majee, Parida, Raychaudhuri 2008 _ _ A2

My~ p' > M, =~ —

omryr ~

1 Yy, 2 (A4> M?, <A4
N |

(4m)? 2




| OvBBdecay+Neutrino Oscillations+Cosmology

1.)0v 3 signal in agreement with the forecasted rates

- Light active neutrinos dominate the Ov[3(3
- New physics above the nuclear scale, but its contribution is suppressed.

2.)mgpg meassured in 033 larger than the forecasted rates

- Light active neutrinos do not dominate the Ov(3[3
- A dominant New physics contribution is required

3.ym g3 meassured in Ov 33 smaller than the forecasted rates

- Parcial cancellation between light active neutrino contribution and extra
degrees of freedom ( example: sterile neutrinos around the nuclear scale)




( OvBBdecay+Neutrino Oscillations+Cosmology

No Qv (3 signal observed but forcasted.

- Neutrinos are Dirac particles
- Neutrinos are Majorana particles but all masses below nuclear scale

@ NO Qv 3 signal observed and NOT forcasted.

- Very pesimistic!
- Impossible to draw any conclusion about origin and nature of neutrino
masses.




¢ Conclusions

« Computed the NME as a function of the mass of the mediating
fermions, estimating its relevant theoretical error.

Data available @
http://www.th.mppmu.mpg.de/members/blennow/nme_mnu.dat

» Contributions of light and heavy neutrinos should not be treated as if they
were independent:

- Light contribution usually dominates the process.

- Much stronger constraints on heavy mixing obtained considering
relation between light and heavy degrees of freedom

| - If all extra states are in the light regime: strong cancellation leads to an
experimentally inaccessible result.

« Same phenomenology for the type-Il and type-lll seesaws as for the
type | seesaw.

L- Blennow, Fernandez-Martinez, Menendez, JLP. arXiv:1005.324
S— e ———




Conclusions

« Sterile neutrinos can give a signal in Ovp3[3 decay. This basically
requires a hierarchical spectrum with (at least) one sterile neutrino lighter

than the Ov[3(3 decay scale (around 100 MeV) and (at least) other sterile
neutrino heavier than 100 MeV.

Blennow, Fernandez-Martinez, Menendez, JLP. arXiv:1005.324

« Even if the light neutrino contribution cancels out at tree-level, a
measurable heavy neutrino contribution requires to introduce violation of
L through the heavy sector, which appears naturally at the one-loop

level making very difficult a dominant heavy contribution.
l JLP, Pascoli and Wong, arXiv:1209.5342
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( 0vBB n Type—11 seesaw models

*

But the scalars can also mediate the process: *




Dominant Heavy Neulrino Contribution
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Type—1: All exTra masses in light regime

MOvBE (U) — MOvBB ('TTL; )

light
Ao — Z mpUZ (MOP8(0) — MO8 (my))
I

1 | A =148 . e
Yy =am3
107 Deviations
Experimentally start to be |
10-6 |- Inaccesible Non-negligible
~ for _
Mextra > 1MeV
1079 |- |
2/, 2
~ mi/p
10—12
10~ 10~ 1072 1 102 10
mr (MeV)




