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Direct Searches in the Past
� Palo Verde & Chooz: no signal

� T2K: 2.5 V�over bkg

� Minos: 1.7 V�over bkg

� Double Chooz: 1.7 V

Allowed region

Sin22T13 < 0.12 @ 90%C.L. 
if  'M2

23 = 0.0024 eV2

0 < Sin22T13 < 0.12  @ 90%C.L.  NH
0 < Sin22T13 < 0.19  @ 90%C.L.  IH  

sin22ș13 = 0.086 f 0.041(stat) f 0.030(sys)

0.03 < Sin22T13 < 0.28 @ 90%C.L. for NH
0.04 < Sin22T13 < 0.34 @ 90%C.L. for IH
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Up to 2011, oscillation experiments 
had measured with good precision 2 
mixing angles. First hints of theta13 

by  T2K, MINOS.

The discovery of large theta13

MINOS Coll, 1108.0015
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FIG. 6. The 68% and 90% C.L. regions for sin2 2✓13 for each value of �CP, consistent with

the observed number of events in the three-flavor oscillation case for normal (top) and inverted

(bottom) mass hierarchy. The other oscillation parameters are fixed (see text). The best fit values

are shown with solid lines.

⇤ also at J-PARC Center

17

PRL 107 (2011)

T2K

sin2 2�13|BF = 0.11

●  T2K 
first data 
in May 
2011: 6 
events 
with a 
bckg of 

1.5
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Double-CHOOZ, A. 
Cabrera

The Big Bang 
Theory: The 
Speckerman 

  First 
Results 
from 
DChooz 
(9/11/11)

Daya Bay: reactor neutrino 
experiment in China, Courtesy of Roy 
Kaltschmidt

RENO

Daya Bay

Two near detector data taking

sin2 2�13 = 0.085± 0.051

Wednesday, 13 February 13



sin2 2✓13 = 0.092± 0.016± 0.005

Electron Anti-neutrino Disappearence

Using near to predict far

53

Determination of Į, ȕ:
1) Set R=1 if no oscillation
2) Minimize the residual reactor 

uncertainty

Observed˖9901 neutrinos at far site,  

Prediction˖10530 neutrinos if no oscillation

R = 0.940 f0.011 (stat) f0.004 (syst) 

Spectral distortion 

Consistent with oscillation

2012-03-08
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FIG. 3. The χ2 distribution as a function of sin2 2θ13. Bot-
tom: Ratio of the measured reactor neutrino events relative
to the expected with no oscillation. The curve represents the
oscillation survival probability at the best fit, as a function of
the flux-weighted baselines.

Gd-loaded liquid scintillator, and a 229 day exposure to
six reactors with total thermal energy 16.5 GWth. In the
far detector, a clear deficit of 8.0% is found by compar-
ing a total of 17102 observed events with an expectation
based on the near detector measurement assuming no os-
cillation. From this deficit, a rate-only analysis obtains
sin2 2θ13 = 0.113 ± 0.013(stat.) ± 0.019(syst.). The neu-
trino mixing angle θ13 is measured with a significance of
4.9 standard deviation.

The RENO experiment is supported by the Ministry
of Education, Science and Technology of Korea and the
Korea Neutrino Research Center selected as a Science
Research Center by the National Research Foundation
of Korea (NRF). Some of us have been supported by
a fund from the BK21 of NRF. We gratefully acknowl-
edge the cooperation of the Yonggwang Nuclear Power
Site and the Korea Hydro & Nuclear Power Co., Ltd.
(KHNP). We thank KISTI’s providing computing and
network resources through GSDC, and all the technical
and administrative people who greatly helped in making
this experiment possible.
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Figure 1: Global 3⌫ oscillation analysis. Each panels shows two-dimensional projection of the
allowed six-dimensional region after marginalization with respect to the undisplayed parameters.
The di↵erent contours correspond to the two-dimensional allowed regions at 1�, 90%, 2�, 99%
and 3� CL (2 dof). Results for di↵erent assumptions concerning the analysis of data from reactor
experiments are shown: full regions correspond to analysis with the normalization of reactor fluxes
left free and data from short-baseline (less than 100 m) reactor experiments are included. For
void regions short-baseline reactor data are not included but reactor fluxes as predicted in [42] are
assumed. Note that as atmospheric mass-squared splitting we use �m2
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All oscillation parameters are 
measured with good precision, 
except for the mass hierarchy and 
the delta phase. One needs to 
check the 3-neutrino paradigm 
(not discussed).

M. C. Gonzalez-Garcia et al., 1209.3023

6
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Present status of (standard) neutrino 
physics

�m2
s � �m2

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
min + �m2

sol m1 =
�

m2
min+�m2

A��m2
sol

m3 =
�

m2
min + �m2

A m2 =
�

m2
min + �m2

A

Measuring the masses requires:         and the ordering . mmin
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Neutrino mixing
Mixing is described by the Pontecorvo-Maki-Nakagawa-
Sakata matrix, which enters in the CC interactions

|⇥�⇤ =
�

i

U�i|⇥i⇤

LCC = � g⇧
2

�

k�

(U�
�k⇥̄kL�⇥l�LW⇥ + h.c.)

U =

�

⇤
c12 s12 0
�s12 c12 0

0 0 1

⇥

⌅

�

⇤
1 0 0
0 c23 s23

0 �s23 c23

⇥

⌅

Solar, reactor �⇥ ⇥ 30o Atm, Acc. �A ⇥ 45o
�

⇤
1 0 0
0 1 0
0 0 e�i⇥

⇥

⌅

�

⇤
c13 0 s13

0 1 0
�s13 0 c13

⇥

⌅

�

⇤
1 0 0
0 e�i�21/2 0
0 0 e�i�31/2+i⇥

⇥

⌅

CPV phase Reactor, Acc. � < 12o CPV Majorana phases✓13 ⇠ 9o

CPV is a fundamental question to answer, possibly 
related to the origin of the baryon asymmetry.

Large angles

CPV?

Wednesday, 13 February 13



Phenomenology questions for the future
What is the nature of neutrinos? Dirac vs 
Majorana?

What are the values of the masses? Absolute 
scale (KATRIN, ...?) and the ordering.

 Is there CP-violation? Its discovery in the next 
generation of LBL depends on the value of delta.

 What are the precise values of mixing 
angles? Do they suggest a underlying pattern?

 Is the standard picture correct? Are there NSI? 
Sterile neutrinos? Other effects?

•

•

•

•

•

A wide experimental programme is under way.
See D. Wark’s talk.

Wednesday, 13 February 13



Neutrino physics gives a new perspective on physics BSM.

This information is complementary with the one 
which comes from flavour physics experiments and 
from colliders.

1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

Wednesday, 13 February 13



⌫ = C⌫̄T

Neutrinos can be Majorana or Dirac particles. In the SM only 
neutrinos can be Majorana because they are neutral.

Nature of Neutrinos: Majorana vs Dirac 

11

Majorana condition

The nature of neutrinos is linked to the conservation of 
the Lepton number (L).
 This is crucial information to understand the Physics 
BSM: with or without L-conservation?  
  

 Lepton number violation is a necessary condition for 
Leptogenesis. 

 Tests of LNV: 
 - At low energy, neutrinoless double beta decay,
 - LNV tau and meson decays, 
 - collider searches.

Wednesday, 13 February 13



Neutrino Masses in the SM and beyond

In the SM, neutrinos do not acquire mass and mixing:

 like the other fermions as there are no right-handed 
neutrinos.

Solution:   Introduce         for Dirac masses

 they do not have a Majorana mass term

as this term breaks the SU(2) gauge symmetry.
Solution: Introduce an SU(2) scalar triplet or gauge 
invariant non-renormalisable terms (D>4). This term 
breaks Lepton Number.

meēLeR m� �̄L�R

�R

M�T
L C�L
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L = y⌫L̄ ·H⌫R + h.c.

Neutrino masses in the sub-eV range cannot be 
explained naturally within the SM.

Thanks to 
H. Murayama

Many theorists consider this explanation of neutrino masses 
unnatural, unless an explanation can be given for the extreme 
smallness of the coupling (e.g. large or warped extra-D models).

Dirac Masses

Wednesday, 13 February 13



If neutrino are Majorana particles, a Majorana mass 
can be generated and can arise as the low energy 
realisation of a higher energy theory.

Thanks to 
H. Murayama

Majorana Masses

D=5 term

Wednesday, 13 February 13



H

H

H

H

H

H

H H

Fermion
singlet Scalar

triplet

Fermion
triplet

See-saw Type I See-saw Type II See-saw Type III

Minkowski, Yanagida, Glashow,
Gell-Mann, Ramond, Slansky,
Mohapatra, Senjanovic

Magg, Wetterich, Lazarides,
Shafi. Mohapatra, Senjanovic,
Schecter, Valle 

Ma, Roy, Senjanovic, 
Hambye

9

Lepton number
violation!
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MN � 1014 GeV

 Introduce a right 
handed neutrino N
 Couple it to the Higgs 
and left handed neutrinos

See-saw mechanism: type I at the GUT scale

�
0 mD

mT
D MN

⇥ m� =
y2

�v2
H

MN
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The see-saw can emerge naturally in GUTheories: e.g. 
SO(10). They provide the necessary elements: N, large M 
and L violation. 

They typically lead to relations between quark and 
lepton masses. Understanding the origin of neutrino 
masses might shed light on the physics at energy scales 
which could not be tested directly in any experiments.

SO(10)

SU(4)PSxSU(2)LxSU(2)R

SU(3)CxSU(2)LxU(1)Y

SU(3)CxSU(2)LxSU(2)RxU(1)B-L

SU(5)
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In the Early
Universe

As the temperature drops, 
only quarks are left:

The excess of quarks can be explained by Leptogenesis 
(Fukugita, Yanagida): the heavy N responsible for neutrino 
masses generate a lepton asymmetry.

Observing L violation 
and CPV would constitute 
a strong hint in favour 
of leptogenesis as the 
origin of the baryon 

asymmetry.

Wednesday, 13 February 13



Neutrino masses at the TeV scale

For smaller Yukawa couplings, small masses can arise from 
new physics at the TeV scale: in principle testable at the 
LHC by looking at same-sign dileptons.

See-saw type I, 
production is 
very suppressed:

Gauge B-L:  pp → Z' → N N

See-saw type II: Scalar Triplets

Triplet see-saw. Triplet N 
produced in gauge interactions

Left-Right models via WR

Inverse or extended see-saw 
models

•

•

•

•

Atre et al., 0901.3589 •
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Other models of Neutrino Masses

There are also other possibilities for generating neutrino 
masses. For example

  via loops in models in which 
Dirac masses are forbidden

  Low energy see-saw: sterile neutrinos m<< GeV

  R-parity violating SUSY: neutrinos can mix with 
neutralinos

Establishing the origin of neutrino masses requires to 
have as much information as possible about the masses 
and to combine it with other signatures of the models 
(proton decay, LHC searches, LFV, sterile neutrinos, ...). 

•

•

•

Wednesday, 13 February 13



The problem of flavour
Mixing in the leptonic sector is very different from the 
quark one: angles are large (even       !) and there can be 
new sources of CP-violation. Neutrinos provide a 
different perspective on the flavour problem.

Why three generations?

Why massive and flavour states 
are not the same?

Why the angles have the values 
measured?

What is the origin of CPV?

�13

Wednesday, 13 February 13



Tri-(bi)maximal mixing:
implies the existence of flavour 

symmetries, e.g.  A4.

Quark-Lepton complementarity:
quark + lepton mixing ~maximal

Quark-Lepton universality:
the difference between mixing 
might be due to smallness of 
masses and mild hierarchy

Trying to 
understand 

the 
leptonic 
flavour 

structure 
and its 

relation to 
the one 

present in 
the quark 

sector.
Anarchy:

all entries in mass matrix of O(1)
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The precise values of the mixing angles have a strong 
theoretical impact for understanding the flavour problem. 
Symmetry motivated patterns:

Deviation from these patterns is expected theoretically, e.g. 
GUTs, and is required by experimental data. Theoretical 
models typically lead to correlations between parameters 
(sum rules) or specific predictions for their values.

UBM =

�

⇧⇤

1�
2

1�
2

0
� 1

2
1
2

1�
2

1
2 � 1

2
1�
2

⇥

⌃⌅⇤ �23 = 45o, �12 = 45o, �13 = 0

UTBM =

�

⇧⇤

�
2�
3

1�
3

0
� 1�

6
1�
3

1�
2

1�
6

� 1�
3

1�
2

⇥

⌃⌅⇤ �23 = 45o, �12 ⇥ 35o, �13 = 0

UGR =

�

⇤
c12 s12 0
� s12�

2
� c12�

2
1�
2

s12�
2

� c12�
2

1�
2

⇥

⌅⇤ �23 = 45o, �12 = 32o, �13 = 0
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Conclusions

Neutrino masses cannot be accommodated in the SM 
(at least in its minimal form): this is the first 
particle physics evidence of physics BSM. 

Masses are much smaller than those of other 
fermions. Mixing is large, differently from the quark 
sector.

Understanding the origin of neutrino masses will shed 
light on the physics beyond the standard model 
possibly at scales which might not be tested in direct 
experiments or in models reachable at the LHC.

•

•

•
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Connecting masses and mixing

In some models, the masses (and the type of neutrino 
mass hierarchy) can be connected to the mixing. For 
example

Normal mass hierarchy
maximal       , large

 
m� = m0

�

⇤
� � �
� 1 + � 1
� 1 1

⇥

⌅

m� = m0

�

⇤
� c23 s23

c23 � �
s23 � �

⇥

⌅

�23 �12

� � ⇥

Le � Lµ � L⇥

Determining the mass hierarchy and the values of angles 
is of critical importance to understand the physics BSM.

Inverted mass hierarchy
maximal       , large

 
�23 �12
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The predictions for |<m>| depend on the neutrino mass 
spectrum

● NH (m1<<m2<<m3): |<m>| ~ 2.5-3.9 meV

● IH (m3<<m1~m2): 10 meV < |<m>| < 50 meV

● QD (m1~m2~m3): 44 meV < |<m>| < m1

Predictions for betabeta decay

Wednesday, 13 February 13
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SP from Nakamura, Petcov review in PDG

|⇥m⇤| �
��m1 cos2 �12 + m2 sin2 �12e

i�21 + m3 sin2 �13e
i�31

��

Klapdor-Kleingrothaus
claim 2002 and 2006

Present bounds:
Heidelberg-Moscow,

IGEX, Cuoricino and NEMO3

Next generation: 
GERDA, KamLAND-
ZEN, EXO, CUORE, 
SuperNEMO, SNO+, 
Majorana,  COBRA...

Future experiments: ~1 ton

Wide experimental program for the 
future: a positive signal would indicate 
that L is violated!

Wednesday, 13 February 13



1e-05 0.0001 0.001 0.01 0.1 1

m
MIN

   [eV]

0.001

0.01

0.1

1

|<
m

>
|  

 [
eV

]

NH

IH

QD

Dependence on the oscillation parameters

controls this term: 
cos 2�12

|�m⇥|min =
�

�m2
31 cos 2�12

�13                determines the 
cancellation in the NH 

spectrum and consequently 
the minimal value of |<m>|.

●

●sin2 2�13 = 0

sin2 2✓13 = 0.09
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Determining neutrino masses with neutrinoless dbeta decay

●

●

If |<m>| > 0.2 eV, then 
the neutrino spectrum is 
QD. The measurement of 
m1 is entangled with the 
value of the Majorana 
phase.

 If no signal for |<m>|
~10 meV, then only NO 
is allowed. 
 If LBL experiments find 
IO, neutrino are Dirac 
particles (without fine-
tuned cancellations).  

NO

QD
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Neutrinoless double beta decay can also be mediated 
by other LNV mechanisms. 

● Light sterile neutrinos

● Heavy sterile neutrinos

● R-parity violating SUSY

● Extra dimensional models

● Left-Right models

 Other mechanisms

Figure 3: 0νββ in the LRSM: Light (left) and heavy (right) neutrino exchange.

(νL, νc
L)

T ,

M =

(

ML MD

MT
D MR

)

, (20)

with Majorana and Dirac mass entries of the order ML ≈ yMvL, MR ≈ yMvR and MD =

yDv. Here yM,D are Yukawa couplings and vL is the VEV of the left Higgs triplet, which

together with the other vacuum expectation values satisfies vLvR = v2. The mass matrix

(20) is diagonalized by a mixing matrix of the form

U =

(

U W

W T V

)

, (21)

with the 3 × 3 block matrices U and V describing the mixing among the light and heavy

neutrinos, respectively, whereas W yields left-right mixing between the light and heavy

states.

4.1.1 Neutrinoless Double Beta Decay

In the LRSM, several mechanisms can contribute to 0νββ as shown in Figs. 3, 4 and 5. The

contributions in Figs. 3 and 4 are of the same diagramatical form with the exchange of either

light or heavy neutrinos as well as light and heavy W bosons. Diagram 3 (left) describes the

standard mechanism of light neutrino exchange, with the effective mass mee = |
∑

i U
2
eimνi|,

saturating current experimental bounds if the light neutrinos are degenerate at a mass scale

mν1 ≈ mee ≈ 0.3 − 0.6 eV. Correspondingly, diagram 3 (right) describes the exchange of

heavy right-handed neutrinos. In the classification of Section 3, this is a realization of

the short-range operator with the effective coupling εRRz
3 . Assuming manifest left-right

symmetry, i.e. gR ≡ gR, in terms of the LRSM model parameters it is given by

εRRz
3 =

3
∑

i=1

V 2
ei

mp

mNi

m4
WL

m4
WR

, (22)
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Neutrinoless double beta decay

●  Contribution of a single neutrino to the amplitude of            decay:

     

mass of propagating
neutrino

NMELepton mixing
matrix

N

Deppisch, Hirsch, Pas, 1208.0727
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Figure 2: Different contributions to the general double beta rate: The contributions (a) - (c)

correspond to the long range part, the contribution (d) is the short range part (from [21]).

(a) corresponds to the mass mechanism.

3.1 Long–Range Part

This subsection is essentially based on reference [21]. We consider first the long–range part

of neutrinoless double beta decay with two vertices, which are pointlike at the Fermi scale,

and exchange of a light neutrino in between. The general Lagrangian can be written in

terms of effective couplings εαβ , which correspond to the pointlike vertices at the Fermi scale

so that Fierz rearrangement is applicable,

L =
GF√
2
{jµV−AJ

†
V−A,µ +

′

∑

α,β

εβαjβJ
†
α}, (2)

with the combinations of hadronic and leptonic Lorentz currents J†
α = ūOαd and jβ = ēOβν

of defined helicity, respectively. The operators Oα,β are defined as

OV−A = γµ(1− γ5), OV+A = γµ(1 + γ5),

OS−P = (1− γ5), OS+P = (1 + γ5), (3)

OTL
=

i

2
[γµ, γν ](1− γ5), OTR

=
i

2
[γµ, γν ](1 + γ5).

The prime indicates the sum runs over all contractions allowed by Lorentz–invariance,

except for α = β = (V − A). Note that all currents have been scaled relative to the

strength of the ordinary (V − A) interaction.

〈mν〉 <∼ 0.35 eV, while the 136Xe gives 〈mν〉 <∼ 0.34 eV.
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As of early 2012: limits & claim
Klapdor-Kleingrothaus et al.

NIM A 522 (2004) 
PLB 586 (2004)

•71.7 kg year - Bgd 0.11 / (kg y keV)
• 28.75 㼼 6.87 events (bgd:~60)
• Claim:4.2V evidence for 0Qȕȕ
• (0.69–4.18) x1025 y (3V)
• Best fit: 1.19 x1025 y (NIMA 522/PLB 
586)
• PSA analysis (Mod. Phys. Lett. A21):

(2.23 + 0.44 – 0.31)x1025 y (6V) 
(but analysis & results flawed …)

• Tuebingen/Bari group (PRD79):
mee /eV = 0.28  [0.17-0.45] 90%CL 

Significance and T1/2 depend on bgd discription:
• Strumia & Vissani Nucl.Phys. B726 (2005) 
• Chkvorets, PhD dissertation Univ. HD, (2008):
using realistic background model
� peak significance reduced to 1.3V,  
�T1/2 = 2.2x1025 y

� Claim must be scrutinized with 
76Ge AND other isotopes

A.M. Rotunno, TAUP09

Experimental searches of betabeta decay

Basics of neutrinoless double beta decay

Basics of neutrinoless double beta decay
Modes of —— decay:

(Z , A) æ (Z + 2, A) + 2e≠ + 2‹̄e (2‹——)

(Z , A) æ (Z + 2, A) + 2e≠ (0‹——)

Total decay rate of 0‹——:
�0‹/ ln 2 = (T 0‹

1/2)
≠1 = |Mee |2

---M0‹
---
2
G0‹(Q, Z )

Mee =
q

i
U2

ei mi

M0‹ : nuclear matrix element
G0‹ (Q, Z): phase space factor

W

‹L

‹L

W

dL

dL

uL

e≠
L

e≠
L

uL

Q

N(E )

E

0‹——2‹——
6

-

0‹—— in colored seesaw model

Michael Duerr (MPIK) LNV New Physics and 0‹—— NOW2012, 10 Sep 2012 4

Neutrinoless double beta 
decay proceeds in nuclei in 
which single beta decay is 
kinematically forbidden but 
double beta decay (A, Z) → (A, 
Z+2) + 2 e + 2 v is allowed.

B. Schwingenheuer, Annalen
der Physik, August 22, 2012

Recent up date: NME’sB. Schwingenheuer, Annalen 
der Physik, 2012

Depending on treatment of 
background, from 4.2 to 1.3 sigma

NMEs
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Thanks to Schoenert, EPS-HEP11

B. Schwingenheuer, Annalen der Physik, 
August 22, 2012

B. Schwingenheuer, Annalen 
der Physik, 2012

The new generation of experiments is 
already taking data or nearly ready (e.g., 
EXO, KamLAND-ZEN, CUORE, 
GERDA,...) and more powerful ones are 
planned for the future (e.g., NExT, SNO
+, SuperNEMO, COBRA,...)!!
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GERDA. 
On Jul 6, 
5 Ge 
diodes 
deployed 
at LNGS.

33
Neutrino-less double beta decay GDR Neutrino Caen 2012, 30-31 October 2012, S. Schönert, TU München

Oct 2012

11. Nov. 2011

GERDA sensitivity

CUORE-0

CUORE-0: the detector 
will consist of a complete 
CUORE tower: 52 TeO2 
cubic crystal absorbers, 
e n c a p s u l a t e d i n a 
dedicated copper shield 
at LNGS.

The GERmanium Detector Array

muon & cryogenic 
infrastructure 

control rooms 

water plant & 
radon monitor 

Ge-detector array 
(enriched in 76Ge) 

clean room with lock 

 cryostat, Ø4m,  
with internal 

Cu shield 

water tank, Ø10m, 
part of muon-veto detector 

plastic µ-veto 

@ LNGS: suppression of µ-flux ⇡ 106

Fabiana Cossavella Status of the GERDA experiment 3/19

Neutrino-less double beta decay GDR Neutrino Caen 2012, 30-31 October 2012, S. Schönert, TU München

From M. Pedretti, Neutrino 2012

Preliminary results
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Fabiana Cossavella Status of the GERDA experiment 11/19

GERDA physics goals

Phase I II

Exposure [kg ·yr] 15 100

Bg [counts/(keV kg· ·yr)] 10

�2

10

�3

Upper limit m�� [eV] 0.23-0.39     0.09-0.15

A. Smolnikov, P. Grabmayr

PRC81 028502(2010)
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GERDA

F. Cossavella, 16/10/12
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FIG. 4: MS (top) and SS (bottom) energy spectra. The
best fit line (solid blue) is shown. The background com-
ponents are 2νββ (grey region), 40K (dotted orange), 60Co
(dotted dark blue), 222Rn in the cryostat-lead air-gap (long-
dashed green), 238U in the TPC vessel (dotted black), 232Th
in the TPC vessel (dotted magenta), 214Bi on the cathode
(long-dashed cyan), 222Rn outside of the field cage (dotted
dark cyan), 222Rn in active xenon (long-dashed brown), 135Xe
(long-dashed blue) and 54Mn (dotted brown). The last bin on
the right includes overflows (none in the SS spectrum).
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FIG. 5: Energy spectra in the 136Xe Qββ region for MS (top)
and SS (bottom) events. The 1 (2)σ regions around Qββ are
shown by solid (dashed) vertical lines. The 0νββ PDF from
the fit is not visible. The fit results have the same meaning
as in Figure 4.

loss of efficiency for γ- and β-like events. Cosmic-ray in-
duced backgrounds are removed using three time-based
cuts. Events preceded by a veto hit within 25ms are re-
moved (0.58% dead time). Events occurring within 60 s
after a muon track in the TPC are also eliminated (5.0%
dead time). Finally, any two events that occur within 1 s
of each other are removed (3.3% dead time). The combi-
nation of all three cuts incurs a total dead time of 8.6%.
The last cut, combined with the requirement that only
one scintillation event per frame is observed, removes β-
α decay coincidences due to the time correlated decay
of the 222Rn daughters 214Bi and 214Po. Alpha spectro-
scopic analysis finds 360±65 µBq of 222Rn in the enrLXe,
that is constant in time.
The SS and MS low background spectra are shown in

Figure 4. Primarily due to bremsstrahlung, a fraction
of ββ events are MS. The MC simulation predicts that
82.5% of 0νββ events are SS. Using a maximum like-
lihood estimator, the SS and MS spectra are simultane-
ously fit with PDFs of the 2νββ and 0νββ of 136Xe along
with PDFs of various backgrounds. Background models
were developed for various components of the detector.
Results of the material screen campaign, conducted dur-
ing construction, provide the normalization for the mod-
els. The contributions of the various background com-
ponents to the 0νββ and 2νββ signal regions were esti-
mated using a previous generation of the detector simula-
tion [8]. For the reported exposure, components found to
contribute < 0.2 counts (0νββ) and < 50 counts (2νββ),
respectively, were not included in the fit. For the current
exposure, the background model treats the activity of the
222Rn in the air-gap between the cryostat and the lead
shielding as a surrogate for all 238U-like activities exter-
nal to the cryostat, because of their degenerate spectral
shapes and/or small contributions. A possible energy off-
set and the resolution of the γ-like spectra are parameters
in the fit and are constrained by the results of the source
calibrations. The fraction of events that are classified
as SS for each of the γ-like PDFs is constrained within
±8.5% of the value predicted by MC. This uncertainty
is set by the largest such deviation measured with the
source calibration spectra. The SS fractions for β- and
ββ-like events are also constrained in the fit to within
±8.5% of the MC predicted value. As a cross-check, the
constraint on the 2νββ SS fraction is released in a sep-
arate fit of the low background data. The SS fraction is
found to agree within 5.8% of the value predicted by the
MC simulation.
The ββ energy scale is a free parameter in the fit, so

that it is constrained by the 2νββ spectrum. The fit re-
ports a scale factor of 0.995 ± 0.004. The uncertainty is
inflated to ± 0.006 as a result of an independent study of
the possible energy scale differences between γ- and ββ-
like energy deposits. The 2νββ PDF is produced using
the Fermi function calculation given in [16]. Tests using
a slightly different spectral form [17] were performed and

EXO-200 
location, at the 
WIPP Site, USA, 
1585 m.w.e.

EXO-200 reported the first 
results last summer, T(0nu) >1.6 
10^25 yrs for Xe136 and 
KamLAND-Zen last week:
T(0nu) >1.9 10^25 yrs.34
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FIG. 3: Experimental results on 0νββ decay half-life (T 0ν
1/2) in 76Ge

and 136Xe. The 68% C.L. limit from the claim in Ref. [1] is indi-
cated by the gray band. The limits for KamLAND-Zen (this work),
EXO-200 [3], and their combination are shown at 90% C.L. The cor-
relation between the 76Ge and 136Xe half-lives predicted by various
NME calculations [7–10] is drawn as diagonal lines together with the
〈mββ〉 (eV) scale. The band for QRPA and RQRPA represents the
range of these NME under the variation of model parameters.

ate for the 2νββ analysis.
The best-fit 110mAg rates in the Xe-LS are 0.19 ±

0.02 (ton·day)−1and 0.14 ± 0.03 (ton·day)−1for DS-1 and
DS-2, respectively, indicating a dominant contribution of
110mAg in the 0νββ region. The 90% C.L. upper lim-
its on the number of 136Xe 0νββ decays are <16 events
and <8.7 events for DS-1 and DS-2, respectively. Com-
bining the results, we obtain a 90% C.L. upper limit of
<0.16 (kg·yr)−1in units of 136Xe exposure, or T 0ν

1/2 > 1.9 ×

1025 yr (90% C.L.). This corresponds to a factor of 3.3 im-
provement over the first KamLAND-Zen result [2]. The hy-
pothesis that backgrounds from 88Y, 208Bi, and 60Co are ab-
sent marginally increases the limit to T 0ν

1/2 > 2.0 × 1025 yr
(90% C.L.). A Monte Carlo of an ensemble of experiments
based on the best-fit background spectrum indicates a sensi-
tivity [6] of 1.0 × 1025 yr. The chance of obtaining a limit
equal to or stronger than that reported here is 12%.

A combination of the limits from KamLAND-Zen and
EXO-200, constructed by a χ2 test tuned to reproduce the re-
sult in Ref. [3], gives T 0ν

1/2 > 3.4 × 1025 yr (90% C.L.). The
combined measurement has a sensitivity of 1.6× 1025 yr, and
the probability of obtaining a stronger limit is 7%. From the

combined half-life limit, we obtain a 90% C.L. upper limit of
〈mββ〉 < (120− 250)meV considering various NME calcu-
lations [7–10]. The constraint from this combined result on
the detection claim in Ref. [1] is shown in Fig. 3 for different
NME estimates. We find that the combined result for 136Xe
refutes the 0νββ detection claim in 76Ge at >97.5% C.L. for
all NME considered assuming that 0νββ decay proceeds via
light Majorana neutrino exchange. While the statistical treat-
ment of the NME uncertainties is not straightforward, even
if we apply the uncertainties and correlations in Ref. [11],
which assumes a statistical distribution of the NME for var-
ious (R)QRPA models and does not include a tuning of the
parameter gpp for 136Xe based on its measured 2νββ half-life,
we find the rejection significance is still 95.6% C.L.

The KamLAND-Zen result is still limited by the back-
ground from 110mAg. The two leading hypotheses to explain
its presence in the Xe-LS are (i) IB contamination during
fabrication by Fukushima-I fallout and (ii) cosmogenic pro-
duction by Xe spallation [2]. While the distribution of Cs
isotopes is consistent with IB contamination during fabrica-
tion, hypothesis of the adsorption of cosmogenically produced
110mAg onto the IB still cannot be rejected. Improved statis-
tics on the distribution of 110mAg on the IB may help reveal
the source of the contamination. In the meantime, we have re-
moved the Xe from the Xe-LS by vacuum extraction and veri-
fied that the 110mAg rate in the LS remains at its present level.
We are proceeding to distill the LS to remove the 110mAg,
while we also pursue options for IB replacement and further
detector upgrades.

In summary, we have performed the most stringent test
to date on the claimed observation of 0νββ decay in
76Ge [1]. Combining the limits on 136Xe 0νββ decay by
KamLAND-Zen and EXO-200, we find that the Majorana
mass range expected from the claimed 76Ge 0νββ decay half-
life is excluded at >97.5% C.L. for a representative range
of nuclear matrix element estimations. KamLAND-Zen and
EXO-200 demonstrated that we have arrived at an exciting
new era in the field, and that the technology needed to judge
the claimed 76Ge 0νββ decay with other nuclei has been
achieved.

The KamLAND-Zen experiment is supported by the
Grant-in-Aid for Specially Promoted Research under grant
21000001 of the Japanese Ministry of Education, Culture,
Sports, Science and Technology; the World Premier Inter-
national Research Center Initiative (WPI Initiative), MEXT,
Japan; Stichting FOM in the Netherlands; and under the
US Department of Energy (DOE) Grant No. DE-AC02-
05CH11231, as well as other DOE grants to individual in-
stitutions. The Kamioka Mining and Smelting Company has
provided service for activities in the mine.

This work is dedicated to the memory of Stuart Freedman,
a great scientist, and a dear colleague and friend.

[1] H. V. Klapdor-Kleingrothaus and I. V. Krivosheina, Mod. Phys.
Lett. A 21, 1547 (2006).
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FIG. 1: (a) Energy spectrum of selected candidate events together
with the best-fit backgrounds and 2νββ decays, and the 90% C.L.
upper limit for 0νββ decays, for the combined data from DS-1 and
DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for
2.2 < E < 3.0MeV after subtracting known background contribu-
tions.

their activity appears to increase proportionally with the area
of the film welding lines. This indicates that the dominant IB
backgrounds may have been introduced during the welding
process from dust containing both natural U and Fukushima
fallout contaminants. The activity of the 214Bi on the IB drives
the spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can
also be observed in the IB backgrounds located in the 0νββ
window on top of the 214Bi contribution, similar in en-
ergy to the peak found within the fiducial volume. To ex-
plore this activity we performed two-dimensional fits in R
and energy, assuming that the only contributions on the IB
are from 214Bi and 110mAg. Floating the rates from back-
ground sources uniformly distributed in the Xe-LS, the fit
results for the 214Bi and 110mAg event rates on the IB are
19.0± 1.8 day−1and 3.3± 0.4 day−1, respectively, for DS-1,
and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-
tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, where the uncertainties include the uncertainty in
the IB position.

The energy spectra of selected candidate events for DS-1
and DS-2 are shown in Fig. 1. The ββ decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The back-
ground rates described above are floated but constrained by
their estimated values, as are the detector energy response
model parameters. As discussed in Ref. [2], contributions
from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y
(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-
cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-
cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential
background sources in the 0νββ region of interest. The in-
creased exposure time of this data set allows for improved
constraints on the identity of the background due to the differ-
ent lifetimes of the considered isotopes. Fig. 2 shows the event
rate time variation in the energy range 2.2 < E < 3.0MeV,
which exhibits a strong preference for the lifetime of 110mAg,
if the filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the estimated
removal efficiency of 110mAg is (1±19)%, indicating that the
Xe-LS filtration was not effective in reducing the background.
In the fit to extract the 0νββ limit we include all candidate
sources in the Xe-LS, considering the possibility of composite
contributions and allowing for independent background rates
before and after the filtration.

The best-fit event rate of 136Xe 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. These results are
consistent within the uncertainties, and both data sets indicate
a uniform distribution of the Xe throughout the Xe-LS. They
are also consistent with EXO-200 [3] and that obtained with a
smaller exposure [4], which requires the FV cut R < 1.2m to
avoid the large 134Cs backgrounds on the IB, more appropri-

Days
0 50 100 150 200

Ev
en

t/D
ay

/T
on

0

0.1

0.2

0.3 DS-1 DS-2

 =  2.222χAg, 110m

 =  8.062χBi,    208

 = 10.162χY,       88

FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-
ground contributions. The three fitted curves correspond to the
hypotheses that all events in the 0νββ window are from 110mAg
(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the
Xe-LS filtration period; no reduction in the fitted isotope is assumed
for the χ2 calculation.
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with NaI, for example, will become possible. This 

future upgrade is called as KamLAND2-Zen, and 

initially KamLAND2-Zen is planned to contain 1,000 

kg of enriched 136Xe which will be dissolved in the LS 

at 80% higher concentration by pressurizing Xenon 

up to 1.8 bar (balances with 10 m LS depth). The 

expected sensitivity is about 20 meV, covering the 

inverted hierarchy.
 Some challenging developments are also going 

on. Scintillating !lm, for example, will be effective 

to improve the BiPo tagging ef!ciency in the mini-

balloon, and an imaging device will be useful to 

distinguish multi-vertexes events such as 10C and 

multi-compton gamma rays. Employing these 

technologies, it may be possible to access the normal 

hierarchy. Among these future plans, pressurizing 

Xenon is cost effective and an intermediate phase 

with 800 kg of Xenon before KamLAND2-Zen 

is considered. Currently, 450 kg of Xenon is in 

hand and additional procurement is going on. The 

estimated sensitivity with this phase is about 30 – 

40 meV, in the middle of the inverted hierarchy.

Rapid growth in neutrino research has created a 

very special observational environment. The ultra-

low radioactivity environment established at a huge 

underground cavity, with ultra clean materials, are 

developing a new research !eld of rare phenomena 

search. The target mass of the double beta decay 

study has already exceeded 300 kg; it was only up 

to 10 kg just a few years ago. By using an existing 

apparatus, the project can keep costs down and 

have very high scalability. The start-up time can be 

also reduced. For a detailed study, measurements 

with various nuclei and of angular distribution are 

necessary. But such high technology apparatuses 

often become expensive and single purpose. For the 

continuous growth of research, a strategy of starting 

and !nding with a general-purpose detector at !rst 

and then deepening the research with a dedicated 

detector seems to be bene!cial.

Figure 5.  Schematic of the KamLAND2-Zen detector (left) 
and photomultipliers with light concentrators 
(right).

Closing
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In colliders, the dominant mechanism due to mixing is

where N goes on resonance and the cross section 
for the process can be approximated as  

Searches will be controlled by production which 
depends on the mixing. 

Collider searches

Wednesday, 13 February 13



Luminosity: 100 fb   .-1               

Sensitivity reachable at LHC

Atre et al., 0901.3589
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Luminosity: ATLAS 34 pb
                 CMS    35 pb
Searches have resulted in no 
positive signal so far. LHCb 
has searched for di-muon 
decays of B, improving 
bounds by 30-40, PRL 108 and PRD.85.
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Current limits from LHC
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Figure 6. Distributions of dilepton invariant mass (left) and missing transverse momentum
(right) with at least one jet in ee (top), µµ (center) and eµ (bottom) channels. Shown are data
(points) and backgrounds (solid stacked histograms). The combined statistical and systematic
uncertainty is shown as a dashed blue line. Overflow events are included in the final bin. In the ee

channel, the Z reflection has been suppressed by excluding 80 < m`` < 95 GeV. For the dilepton
invariant mass distribution, expected contribution from Majorana neutrinos with mN = 200 GeV
is shown; for missing transverse momentum, expected contribution is shown from lepton cascades
with mq̃ = 300 GeV,m�̃+

1
= 150 GeV,m�̃0

1
= 50 GeV.
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ATLAS, 1108.0366
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Figure 7. Limits at 95% CL on two di↵erent production models of Majorana neutrinos. Left:
for a model of Majorana neutrinos which uses an e↵ective vector operator, observed and expected
cross-section limits [pb] as a function of Majorana neutrino mass produced, assuming a natural
coupling and an energy scale of new phenomena ⇤ = 1 TeV. Right: for the LRS model, contours of
observed cross-section upper limits [pb] as a function of Majorana neutrino and WR masses in LRS
theories are shown. The space is sampled in a rough grid (sample points indicated by a ?) and the
limits are interpolated. The exclusion region is shaded.

Figure 8. Feynman diagram of cascade topology denoted in supersymmetric nomenclature. The
analysis is done with WW,ZZ and WZ combinations of weak vector bosons; WZ is shown in the
diagram. This topology may also be found in other models such as UED.
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Table 2: Observed and estimated background yields for all analyses. The rows labeled “pre-
dicted BG” refer to the sum of the data-driven estimates of the fake lepton contributions, and
the residual contributions predicted by the simulation. The rows labeled “MC” refer to the
background as predicted from the simulation alone. Rows labeled “observed” show the actual
number of events seen in data. The last column (95% CL UL Yield) represents observed upper
limits on event yields from new physics.

Search Region ee µµ eµ total 95% CL UL Yield
Lepton Trigger
Emiss

T > 80 GeV
MC 0.05 0.07 0.23 0.35

predicted BG 0.23+0.35
�0.23 0.23+0.26

�0.23 0.74 ± 0.55 1.2 ± 0.8
observed 0 0 0 0 3.1

HT > 200 GeV
MC 0.04 0.10 0.17 0.32

predicted BG 0.71 ± 0.58 0.01+0.24
�0.01 0.25+0.27

�0.25 0.97 ± 0.74
observed 0 0 1 1 4.3

HT Trigger
Low-pT

MC 0.05 0.16 0.21 0.41
predicted BG 0.10 ± 0.07 0.30 ± 0.13 0.40 ± 0.18 0.80 ± 0.31

observed 1 0 0 1 4.4
eth µth thth total 95% CL UL Yield

th enriched
MC 0.36 0.47 0.08 0.91

predicted BG 0.10 ± 0.10 0.17 ± 0.14 0.02 ± 0.01 0.29 ± 0.17
observed 0 0 0 0 3.4

simulation samples described in Section 4 are represented. Figure 8 summarizes the signal re-
gion yields and background composition in all four search regions presented in Table 2. The
lepton plus jets background where the second lepton candidate is a fake lepton from a jet clearly
dominates all search regions. The low-pT-lepton analysis has a small, but non-negligible, back-
ground contribution from events with two fake leptons. Estimates for backgrounds due to
events with one or two fake leptons were obtained directly from data in appropriately chosen
control regions, as described in detail in Sections 5.1, 5.2, and 5.3. In the ee and eµ final states,
small additional background constributions are present due to the electron charge mismeasure-
ment, as discussed in Section 5.5. The remaining irreducible background from two prompt iso-
lated same-sign leptons (WZ, ZZ, ttW, etc.) amounts to at most 10% of the total and is estimated
based on theoretical cross section predictions and simulation. Uncertainties on the background
prediction include statistical and systematic uncertainties added in quadrature. Contributions
estimated with simulation are assigned a 50% systematic uncertainty. Data-driven estimates
are assigned a systematic uncertainty between 30% and 50% across the various signal regions
and channels. The ee, eµ, and µµ channels have partially or fully correlated systematic uncer-
tainties, as described in detail in Section 5.

We see no evidence of an event yield in excess of the background prediction and set 95% CL
upper limits (UL) on the number of observed events using a Bayesian method [34] with a flat
prior on the signal strength and log-normal priors for efficiency and background uncertainties.
These include uncertainties on the signal efficiency of 12% , 15%, and 30% for the lepton trig-

CMS, 1104.3168
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LHC at
E=7 TeV
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LNV and neutrino masses

Majorana masses violate lepton number and conversely 
lepton number violation leads to Majorana masses.

H
H

H

H

H

H

H H

Fermion
singlet

Scalar
triplet

Fermion
triplet

See-saw Type I

Minkowski, Yanagida, Glashow,
Gell-Mann, Ramond, Slansky,
Mohapatra, Senjanovic

Magg, Wetterich, Lazarides,
Shafi. Mohapatra, Senjanovic,
Schecter, Valle 

Ma, Roy, Senjanovic, 
Hambye

Lepton number
violation!

See-saw Type II See-saw Type III
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In general we expect mixing 
to be very small:
 Without cancellations, there 
is a contribution to neutrino 
masses: 

 Production is 
extremely suppressed

In see-saw type I, all LNV effects are 
suppressed at colliders. Other production 
mechanisms need to be considered.

Kersten, Smirnov; Ibarra, Molinaro, Petcov; Mitra et al.

For see-saw type I:

Wednesday, 13 February 13



N production can be large if Ns have other interactions.
With 3 N, B-L can be gauged and N can be produced via Z'. 
Other models: triplet see-saw, loop models, see-saw type II...

Even if neutrino masses are not generated at tree level, they 
will be at higher loops and the bounds typically remain 
significant. Example: see-saw with two heavy neutrinos.

L = Y L̄ ·HN1 + Y2L̄ ·HN c
2 + ⇤N̄1N2 + µ0NT

1 CN1 + µNT
2 CN20

@
0 Y v Y2v
Y v µ0 ⇤
Y2v ⇤ µ

1

A

      can be very large inducing neutrinoless double beta 
decay without contradicting the bounds from neutrino 
masses:                                  Mitra, Senjanovic, Vissani; Ibarra, Molinaro, Petcov

µ = 0 and Y2 = 0

Of course, it may also be satisfied for other choices of parameters, but ✏ = µ = 0 is the

most stable one under radiative corrections and higher order terms in the expansion, as we

will show later. From now on we will assume that this cancellation condition is fulfilled.

Obviously, setting ✏ and µ to zero leads to vanishing tree level active neutrino masses as

well. However, the light neutrino masses can be generated at one-loop as we will see.

One could naively think that taking into account Eq. (3) would lead us to the same

cancellation for the heavy neutrinos (see Eq. (2)), however, the dependence of the NME on

mI avoids a complete cancellation, if the heavy neutrinos are not very degenerate.

When the heavy neutrinos are above the 0⌫�� scale, m
4

,m
5

� 100 MeV, the heavy

contribution to the 0⌫�� decay amplitude can be approximated as

Aextra /
extraX

I

mIU
2

eIM0⌫��(mI) / �
�
mT

DM
�3mD

�
ee

(16)

= v2
�
µ3 + ⇤2(2µ+ µ0)

�
Y 2

1e � 2✏⇤
�
⇤2 + µ02 + µ2 + µµ0�Y

1eY2e +
�
µ02 + ⇤2(µ+ 2µ0)

�
✏2Y 2

2e

2 (⇤2 � µµ0)3
,

which reduces to

Aextra /
v2µ0Y 2

1e

2⇤4

. (17)

if the light neutrino contribution is cancelled (✏ = µ = 0). Apparently, the above expression

indicates that for large values of µ0 and/or small enough ⇤ the heavy neutrinos may give a

relevant contribution to the 0⌫�� decay at tree level. At this point two interesting limits of

Eq. (8) arise:

• Extended seesaw limit (ESS limit): µ0 � ⇤, mD. In view of Eq. (17), this possibility

appears quite appealing. This limit matches the so-called extended seesaw models [28]

and corresponds to a hierarchical spectrum for the heavy neutrinos:

m
4

⇡ M̃
1

⇡ �⇤2/µ0, Ue4 ⇡ Y
1ev/

p
2⇤,

m
5

⇡ M̃
2

⇡ µ0, Ue5 ⇡ Y
1ev/

p
2µ0,

(18)

where we also show the corresponding mixing with the active neutrinos. In this regime,

the lightest of the two heavy neutrinos dominates the heavy contribution. Moreover,

for large enough values of µ0, m
4

becomes lighter than 100 MeV, the NME takes its

maximum value and the heavy contribution to the 0⌫�� decay becomes independent

of ⇤:

Aextra / U2

e4m4

M0⌫��(0) ⇡ �Y 2

1ev
2

2µ0 M0⌫��(0) . (19)

10

µ0

For

tree-level masses are zero.
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FIG. 4: Region of the parameter space, M̃
2

⇡ m
5

vs M̃
1

⇡ m
4

, in which a dominant and measurable

contribution of the heavy neutrinos, respecting bounds from neutrino oscillations, absolute neutrino

mass scale experiments and weak decays, is feasible. Blue, cyan, green, yellow and red stands for

Y
1↵ = 10�2, 10�3, 10�4, 10�5 and 3 · 10�6 respectively. The black lines correspond to M̃

1

= 100

MeV and M̃
2

= 100 MeV.

of the Yukawa couplings: 10�4 (left), 10�5 (center) and 3 · 10�6 (right). For these values,

the heavy neutrino mixing is small enough to satisfy the bounds coming from weak decays.

We observe that the ratio between the light and heavy contributions is independent of

the Yukawa couplings as expected. However, the light and heavy contributions separately

depend strongly on that input. The region of the parameter space in which we have a

measurable heavy contribution decreases with the Yukawa coupling, as it is also the case

for the red region, in which the light neutrino masses keep being under control. We have

checked that, between 10�6 and 10�8 a dominant and measurable contribution of the heavy

neutrinos may still be possible, but the light neutrino masses generated at one-loop are

smaller than
p
�m2

sol. For values of the Yukawa couplings smaller than 10�8 the heavy

contribution is too suppressed to be experimentally accessible.

20

Allowed regions for 
heavy neutrino masses:
Inverse see-saw: small 
region around 5GeV.
Extended see-saw: one of 
the sterile neutrinos is 
very light, M1<100 MeV.

Lopez-Pavon, Pascoli, Wong

Neutrino masses are 
generated at one loop.

● Inverse see-saw: 

● Extended see-saw:

Q
dµ

dQ
=

2✏

(4⇡)2
⇥
⇤Y ⇤

1�Y2� + µ✏Y ⇤
2�Y2�

⇤
,

Q
dµ0

dQ
=

2

(4⇡)2
⇥
µ0 Y ⇤

1�Y1� + ✏⇤Y ⇤
2�Y1�

⇤
,

Q
d⇤

dQ
=

1

(4⇡)2
⇥
⇤Y ⇤

1�Y1� + ✏
�
µ0 Y ⇤

1�Y2� + µY ⇤
2�Y1� + ⇤ ✏Y ⇤

2�Y2�

�⇤
, (22)

with T = Tr
⇣
3Y †

uYu + 3Y †
d Yd + Y †

l Yl + Y †Y
⌘

and being g and g0 the SU(2)L and U(1)Y

gauge coupling constants of the SM. We do not need to solve the equations to realize that

the e↵ect of the one-loop renormalizable corrections to µ and ✏ is suppressed by the tree

level values of ✏ or µ. This means that the cancellation of the light active neutrino masses is

stable under one-loop renormalizable corrections, as expected as a Majorana mass coupling

for the active neutrinos is not allowed at tree level. For vanishing ✏ and µ at tree level, the

light neutrino masses keep being zero independently of the running of the parameters (even

for huge tree level inputs of µ0). This is no longer true once the finite corrections are taken

into account as we show in the next subsection.

B. Finite one-loop corrections

Indeed, after EWSB, a Majorana mass for the active neutrinos is generated through

finite one-loop corrections. Of course, the other Yukawa and Majorana couplings among

the active and sterile neutrinos also get finite corrections, but their contribution to the light

neutrino masses vanish for µ = ✏ = 0. Therefore, the dominant contribution to the light

neutrino masses comes from the Majorana mass generated for the active neutrinos and is

given by [37, 38]

�mLL =
1

(4⇡v)2
mT

DM

⇢
3 ln (M2/M2

Z)

M2/M2

Z � 1
+

ln (M2/M2

H)

M2/M2

H � 1

�
mD , (23)

where mD and M are the Dirac and Majorana sub-matrices respectively, MZ is the mass of

the Z boson and MH the Higgs boson mass. Notice that no expansion has been performed

in order to obtain this result. The structure of the correction is similar to the tree level

masses but in this case no cancellation takes place for µ = ✏ = 0.

Notice that the above expression is valid in any basis. In particular, Eq. (23) can be
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FIG. 1: Region of the parameter space given by |�mLL (µ = ✏ = 0) | > 0.1 eV. Yellow (solid),

Orange (dashed) and Red (dotted) stands for Y
1↵ = 10�1, Y

1↵ = 10�3, Y
1↵ = 10�5 respectively.

conveniently written in the µ = ✏ = 0 limit as

�mLL =
1

(4⇡)2
Y T
1

Y
1

2

8
<

:

0

@
3M̃

1

ln
⇣
M̃

1

2

/M2

Z

⌘

M̃
1

2

/M2

Z � 1
+

M̃
1

ln
⇣
M̃

1

2

/M2

H

⌘

M̃
1

2

/M2

H � 1

1

A cos2 ✓

+

0

@
3M̃

2

ln
⇣
M̃2

2

/M2

Z

⌘

M̃2

2

/M2

Z � 1
+

M̃
2

ln
⇣
M̃2

2

/M2

H

⌘

M̃2

2

/M2

H � 1

1

A sin2 ✓

9
=

; . (24)

where the M̃
2,1 are the eigenvalues of the Majorana mass term given by Eq. (11), and ✓ is

the rotation angle given by Eq. (10), both evaluated for ✏ = µ = 0. In Fig. 1 we show the

region of the parameter space given by |�mLL (µ = ✏ = 0) | > 0.1 eV for di↵erent values of

the Yukawa couplings. In order to understand better the implications of Eq. (24), we have

obtained approximate expressions for two relevant limits:

• ⇤ � µ0,MH ,MZ . We have

�mLL ⇡ 1

(4⇡)2
Y T
1

Y
1

2

M2

H + 3M2

Z

⇤2

µ0 . (25)
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As we have already discussed in Sec. IV, this case is included in the ISS limit and

corresponds to a MFV model in which µ, ✏ and µ0 are lepton number violation pa-

rameters. What we observe here is that, although the tree level light neutrino masses

cancel for ✏ = µ = 0, they are generated at one loop and are proportional to the

only lepton number violation parameter di↵erent from zero, µ0, as expected since the

neutrino masses also violate this symmetry.

• µ0 � ⇤ � MH ,MZ . In this case one finds

�mLL ⇡ 1

(4⇡)2
Y T
1

Y
1

2


3M2

Z

µ0 ln

✓
⇤4

M4

Z

◆
+

M2

H

µ0 ln

✓
⇤4

M4

H

◆�
. (26)

This case is included in the ESS limit discussed in Sec. IV. Here, the one-loop light

neutrino masses depend mildly on ⇤ and are suppressed by µ0. Again this can be

understood in terms of a lepton symmetry: µ0 is suppressing the violation of Lepton

number at low energies in such a way that in the limit µ0 ! 1 the symmetry is

completely restored in the e↵ective theory.

In the next section we will study the phenomenological consequences of Eq. (24) in the

context of the 0⌫�� decay without considering any expansion on the parameters. It is

important to remark here that, once the tree level cancellation takes place, only one mass is

generated at one-loop and at least two light masses are necessary to explain the light neutrino

spectrum obtained in neutrino oscillation experiments. This is easy to solve: simply adding

another fermion singlet to the model would allow to generate the necessary extra light mass.

Although, for simplicity, we will keep studying the simpler case with only two extra sterile

neutrinos, the conclusions extracted from the analysis can be extended to models with more

than two singlets, barring fine tuned cancellations.

VII. PHENOMENOLOGICAL ANALYSIS AT ONE-LOOP

Once the relevant one-loop corrections are taken into account, the Lagrangian is modified

to

L = L
SM

+ L
kin

� 1

2
NiMijN

c
j � (�mLL)↵�⌫↵L⌫

c
�L � (Y )i↵Ni

e�†L↵ + h.c. . (27)
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1-loop corrections

● Finite corrections. 1-loop generated Majorana mass term for the 
active neutrinos is the dominant contribution:

Grimus & Lavoura 2002; Aristizabal Sierra & Yaguna 2011

Grimus, Lavoura 2002; 
Aristizabal Sierra, Yaguna 2011.
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