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Ettore Majorana

 March 25, 1938: 
boat ride from Palermo to Napoli

a boy of via Panisperna (Fermi school)

disappears
only 32

 “And then, there are geniuses, like Galileo and Newton. Ettore 
Majorana was one of them; unfortunately he  lacked common 
sense.”

Enrico Fermi 2



took all his savings  
and his passport

left a legacy

Suicide?  

Desperately searched for 

Monastery in Toscana? 

Lived happily in Venezuela: 
city of Valencia?  
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last paper before his disappearance

Teoria simmetrica  
dell’elettrone e del positrone

 Il Nuovo Cimento Vol. 14 (1937) p. 171

1937: given a job in Napoli by special merit,  
on a condition to write a paper
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positron

Dirac equation  ’28

particle ) different  antiparticle

Dirac  ’31

for every fermion

Chao ’29

Skobeltsyn ’29

Anderson ’32

not necessarily,  says Majorana 5

Segre, Chamberlain ‘55(anti-p )



neutrino = anti neutrino?

Racah’37,

•hadronic colliders - LHC      Keung, GS  ’83

Furry ’38
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•neutrinoless double beta       

⌫M = ⌫L + ⌫⇤L , mM
⌫ (⌫L⌫L + h.c.)

lepton number violation�L = 2



double-beta decay
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probe of neutrino Majorana mass!
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new physics involved?

Feinberg, Goldhaber  ’59

Pontecorvo  ’64(p ' 100 MeV )

ANP �
G2

F M4
W

⇤5

A� �
G2

F mee
�

p2 ' G2
F 10�8 GeV �1

caveat:

tailor made for LHC

d=9 operator
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⇤ ⇠ few TeV



Experiments
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Table 4. Comparison of relative figure-of-merit (FOM), lower half life limit T 0⌫
1/2 after 4 yr

live time, and resulting upper limit on m�� . For m�� , the entire range of matrix element values
including the indicated error bars in Fig. 1 are used. fA is the average scale factor for a given
isotope taken from Fig. 2. �E is the energy window which is taken to be 1(2) FWHM for
experiments with > 0.5% (< 0.5%) resolution. Note that the e�ciency is reduced by 0.7 if
�E = 1·FHWM. FOM is defined in the text. Masses are total masses or fiducial masses. The
background and enrichment fraction has to be scaled accordingly.
exp. mass fA bkg. �E e↵. enrich. FOM T 0⌫

1/2 m��

[kg] [ 10

�3
cnt

keV·kg·yr ] [keV] 1025 yr meV

past experiments
Hd-Moscow 11 0.35 120 7 1 0.86 1 1.9 170-530
Cuoricino 41 1 170 16 0.9 0.28 1 0.4 210-500
NEMO-3 6.9 2.1 1.2 400 0.06 0.9 0.3 0.1 310-900

running experiments
EXO-200 100 0.55 1.5 100 0.55 0.81 6 4.2 75-170
Kaml.-Zen 12800 0.55 0.05 250 0.31 0.023 4 2.6 90-220
Kaml.-Zen2 12800 0.55 0.01 250 0.31 0.06 22 15 40-90
GERDA-I 15 0.35 20 8 0.8 0.86 2 3.9 120-370
GERDA-II 35 0.35 1 6 0.85 0.88 20 18 60-170

experiments under construction
Major.-Dem. 30 0.35 1 6 0.9 0.9 20 17 60-170
CUORE 750 1 10 12 0.9 0.27 19 7.5 50-110
SNO+ 780000 1.5 0.0002 230 0.33 5.6E-5 3 0.8 100-240
NEXT 100 0.55 0.8 25 0.25 0.9 9 5.2 70-160

proposed experiments
S.NEMO 100 1.1 0.1 200 0.2 0.9 14 6.9 55-140
Lucifer 100 1.1 1 10 0.9 0.5 50 19 33-85

and the upgrade to one ton xenon mass. For comparison, the FOM numbers, the expected 90%
C.L. T 0⌫

1/2 limits for 4 yr of live time, and the corresponding m�� limits are given. For the latter,
the entire spread of the matrix elements of Fig. 1 including the error bars are used.

For running (and past) experiments the achieved performance values are used which might
improve with time. For the others the anticipated performance numbers are taken.

As a graphical representation, the relative sensitivity of the experiments as a function of live
time is shown in Fig. 3 This value is calculated from Eq. (8) by

T̂ 0⌫
1/2 >

fA · ✏ · ⌘ ·M · t
 (B ·�E ·M · t) (15)

Here  (�
bkg

) is the “average” 90% C.L. upper limit of the number of signal events for �
bkg

background events calculated according to the method discussed in [64].
A few comments should be made concerning the interpretation of Tab. 4 and Fig. 3.

• The factor fA and hence FOM has a full spread (not �) of ⇡ ± 30%-70%. Thus the curves
in Fig. 3 could be replaced by bands which would make the figure however unreadable.

• The sensitivities discussed here are calculated for 0⌫�� exclusion limits. For a positive signal
claim, the situation is di↵erent. A good energy resolution like the ones for germanium or
bolometer experiments will allow to identify a narrow line at the correct energy. This is
extremely valuable if the existence of the rarest ever observed decay will be claimed.

EXO-200 |mee
⌫ | . 0.3 eV

Kaml-Zen |mee
⌫ | . 0.6 eV

Schwingenheuer’12

What NEXT?



Origin of neutrino mass 
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Origin of mass? 

  Elementary particle masses:  
Higgs (ABEGHK) mechanism

how to probe? 

directly: see the phase transition at 
high T (symmetry restoration)

             Kirzhnits, Linde ‘72  
Weinberg; Dolan, Jackiw ‘74

m = g h�i

T & 100GeV

h�i = 0
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 Goldstone - Higgs - Weinberg boson h

mass from Yukawa couplings

yf

fL

fR

yf =
g

2

mf

mW
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Goldstone ’60
Higgs ’64, ’66 

Weinberg ’67

Charged fermion masses

) �(h ! ff̄) =
GF

4
p
2⇡

mhm
2
f

probe origin of charged fermion masses

measure Higgs (Goldstone-Weinberg) branching 
ratios

same philosophy for neutrinos



  
Neutrino mass

eR

forbidden by SU(2) symmetry

(

νL

eL

)

⌫L⌫L

SM: L-R  asymmetry

neutrino massless
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 God may be left-handed, but not an invalid
14

  Why (how) parity: broken ?L           R



not well known:  
 conjecture: LR is a  

 hidden symmetry *

Parity violation in weak 
interaction

* mirror  fermions

Lee, Yang ’56
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L-R symmetry

(

νL

eL

)

WL

eR

✓
uL

dL

◆ uR

dR
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L-R symmetry

(

νL

eL

)

WL

Lee, Yang conjecture

✓
uL

dL

◆
(

νR

eR

)

WR

✓
uR

dR

◆
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Pati, Salam ’74

Mohapatra, GS ’75

naive expectation: 

neutrino massive

m⌫ ' me (if Dirac)

curse?



G = SU(2)L ⇥ SU(2)R ⇥ U(1)B�L

Q = T 3
L + T 3

R +
B � L

2

Theoretical motivation

18



seesaw

Minkowski ‘77

Mohapatra, GS ‘79

 Neutrino mass

19

N - gauge interactions:   
WR  and ZR

new physics:

neutrino mass  related to 
amount of P violation

MD= Dirac mass



New source for 0⌫2�
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RR / 1

M4
WR

1

mN

MWR ' mN ' TeV



lightest neutrino mass in eV

normal

inverted

MWR = 3.5 TeV

largest mN = 0.5 TeV
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Das, Deppisch, Kittel, Valle ’12

Tello, Nemevsek, Nesti, GS, Vissani ’11

example: type II seesaw
mN/m� = const

VR = V ⇤
L

Helo, Kovalenko, Hirsch ‘13



LHC connection?

22
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Figure 5: Production of lepton number violating same sign dileptons at col-
liders through WR and N

heavy particles needed to complete the SM in order to have m� �= 0 (such as
NR).

It is thus crucial to have a direct measure of lepton number violation
which can probe the source of neutrino Majorana mass. This is provided by
the same sign dilepton production at colliders as we discuss below.

7.2 Lepton number violation at colliders

We have just seen that ��0 is obscured by various contributions which are
not easy to disentangle. We need some direct tests of the origin of �L = 2,
i.e. these-saw mechanism. This comes about from possible direct production
of the right-handed neutrinos through a WR production. The crucial point
here is the Majorana nature of N : once produced at decays equally often
into leptons and antileptons. This led us [27] to suggest a direct production
of the same sign dileptons at colliders as a manifestation of �L = 2. The
most promising channel is ⇧⇧+2 jets as seen form Fig.5.

One can also imagine a production of N through its couplings to WL

(proportional to yD), but this is a long shot. It would require large yD and
large cancellations among the in order to have small m� . This could be
achieved in principle by fine-tuning, but is not the see-saw mechanism.

The crucial characteristics

1. no missing energy which helps to fight the background

48

same sign charged 
di-leptons



Production @ colliders

!
• LNV:  same sign leptons 

  
Keung, G.S. ’83

direct probe of Majorana 
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W
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Figure 5: Production of lepton number violating same sign dileptons at col-
liders through WR and N

heavy particles needed to complete the SM in order to have m� �= 0 (such as
NR).

It is thus crucial to have a direct measure of lepton number violation
which can probe the source of neutrino Majorana mass. This is provided by
the same sign dilepton production at colliders as we discuss below.

7.2 Lepton number violation at colliders

We have just seen that ��0 is obscured by various contributions which are
not easy to disentangle. We need some direct tests of the origin of �L = 2,
i.e. these-saw mechanism. This comes about from possible direct production
of the right-handed neutrinos through a WR production. The crucial point
here is the Majorana nature of N : once produced at decays equally often
into leptons and antileptons. This led us [27] to suggest a direct production
of the same sign dileptons at colliders as a manifestation of �L = 2. The
most promising channel is ⇧⇧+2 jets as seen form Fig.5.

One can also imagine a production of N through its couplings to WL

(proportional to yD), but this is a long shot. It would require large yD and
large cancellations among the in order to have small m� . This could be
achieved in principle by fine-tuning, but is not the see-saw mechanism.

The crucial characteristics

1. no missing energy which helps to fight the background

48

proton

proton

(anti)

50% lepton -  
50 % antileptons

on-shell

!
• reconstruct WR, N masses; VR

24

Vasquez ‘14



14 TeV  LHC Nesti ‘10

!
no background   
above 1.5 TeV

L=10/fb

 up to ~ 6 TeV @ L= 300/fb

Ferrari et al, ’00
25

500       1000       1500       2000        2500       3000      

red = background peaks = mass of WR



Nemevsek, GS, Tello ’12

MD = MN

r
1

MN
M⌫

MD = MT
D

26

P: MD = M†
D Nemevsek, GS, Tello, to appear

 analogue of Goldstone-Higgs-Weinberg for charged fermions

C:

Connection with neutrino mass?
LR symmetry

fL ! fR
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FIG. 1. Branching ratio for the decay of heavyN to the Higgs-
Weinberg and SM gauge bosons, proceeding via Dirac cou-
plings, exemplified vL = 0 and VR = V ⇤

L . The solid (dashed)
line corresponds to MWR = 6(3) TeV.

Although in general (7) may require some computational
tedium, for this example one gets

MD = V ⇤
LmN

r
vL
vR

� m⌫

mN
V †
L . (13)

It is easy to see from the generalisation of (9) that O = 1
in this case.

IV. Phenomenological implications. Low scale
LRSM contains a host of experimentally accessible phe-
nomena related to lepton number and flavour viola-
tion [29], both at high and low energies, which we discuss
in this section.

N decay at the LHC. We start with the high energy
probe of MD at the LHC. The crucial thing is that N ,
besides decaying through virtual WR as discussed above,
decays also into the left-handed charged lepton through
MD/MN . In a physically interesting case when N is
heavier than WL, which facilitates its search through the
KS process, the decay into left-handed leptons proceeds
through the on-shell production of WL. For the sake of
illustration we choose again the example of (12), in which
case one can estimate the ratio of N decays in the WL

and WR channels

�N!`Ljj

�N!`Rjj
' 103

M4
WR

M2
WL

m2
N

����
vL
vR

� m⌫

mN

���� , (14)

which is about a permil for naturally small vL. The
branching ratios for the Higgs-Weinberg and SM gauge
bosons are shown in Fig. 1 (the SM bosons W,Z, h can
decay into a lighter N , but the small couplings make the
corresponding branching ratios too tiny to matter at this
point).

The issue here is how to observe these rare channels.
Ideally, one should measure the chirality of the outgoing
charged lepton [25, 27] and/or establish the kinematics
of the two jets associated with the on-shell production of
WL. This may be a long shot, but could still be feasible
for the LHC with a luminosity in the hundreds of fb�1.
The bottom line is that this probes in principle all the

10�4 0.001 0.01 0.1 1
10�4

0.001

0.01

0.1

1

ligh test neu trino mass in eV

�d e�in
10
�2
7
⌅

e
cm n ormal

⇤LR⇥10�4, vL⇥0

10�4 0.001 0.01 0.1 1
10�4

0.001

0.01

0.1

1

ligh test neu trino mass in eV

�d e�in
10
�2
7
⌅

e
cm in verted

⇤LR⇥10�4, vL⇥0

FIG. 2. Electron EDM size in the LRSM with Eqs. (12),
vL = 0 and mN1,2,3 = 0.5, 2, 2.5 TeV. The neutrino mixing
angles are fixed at central values provided in [35] and the CP
phases are scanned over.

matrix elements of MD, once the heavy neutrinos are
identified through their dominant WR mediated decays.
This o↵ers a clear program of bringing the issue of the
origin of neutrino mass to the same level of other fermion
masses in the SM.

Electron EDM. One of the most sensitive probes of
new physics beyond the SM is the T and CP-violating
electric dipole moment (EDM) of charged leptons. The
SM contribution arises at four loops [30] and is around
eleven orders of magnitude below the current experimen-
tal limit de < 10�27 e cm [31]. In the LRSM this process
is significantly enhanced due to the mixing ⇠LR of left and
right gauge bosons. The leading amplitude is present at
one loop [32, 33]

de =
eGF

4
p
2⇡2

Im
h
⇠LRVRF (t)V †

RMD

i

ee
, (15)

where

F (t) =
t2 � 11t+ 4

2(t� 1)2
+

3t2 log t

(t� 1)3
, t =

m2
N

M2
WL

. (16)

There are strong limits on the ⇠LR but, in any case, it is
automatically small due to the suppression of the heavy
gauge boson mass. It is bounded by

↵

4⇡

mtmb

M2
WR

. |⇠LR| .
M2

WL

M2
WR

, (17)

with a lower bound resulting from radiative electroweak
corrections [34].
Taking the example in (12), the size of the EDM is

shown in Fig. 2 as a function of the lightest neutrino
mass for two di↵erent neutrino hierarchies. These values
can be probed by future experiments [36]. In the case
when the LR mixing is close to its lower bound, one has
to go beyond the one loop approximation [37], but in that
case the experimental outlook seems bleak and we do not
pursue it here.
In the context of LRSM, EDM is a manifestly CP-odd

process sensitive to Majorana and Dirac phases, comple-
mentary to [38]. This can easily be checked using the

MD = V ⇤
L

p
m⌫mNV †

L

Nemevsek, GS, Tello ’12

leading:

27

illustrate: type II seesaw

✓⌫�N =
MD

MN

Ferrari et al ’00 Han, Low, Ruiz, Si ’12

chirality feasible

sub-leading:



Maiezza, Nemevsek, Nesti, GS ‘10

   Beall, Bander, Soni ’81 
Mohapatra, GS, Tran ‘83 

                                  .....

mass differenceKL �KS
MWR & 2.5 TeV

L-R scale?

28

Discrete L$ R Symmetry

› VqR ’ V CKM

L ! Lower Bound MWR > 2:5 TeV

s u; c; t d

WL

d u; c; t s

WL

s u; c; t d

WL

d u; c; t s

WR

1

› �mK = 10`15 GeV

› LR has double number of diagrams: 2
› LR has logarithm enhancement: 1 + 4 ln

m2c
M2WL

‰ 30

› LR has larger matrix elements m
2
K

m2s
‰ 20

› LR contribution has an overall factor of ‰ 1000

Zhang et al. ’08
Maiezza, Nesti,
Nemev»sek, Senjanovi«c ’10

Zhang,  An, Ji, Mohapatra ’07 

experiment catching up 
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For the results presented in Fig. 3, we indicate a range of N` masses that are excluded as a
function of MWR assuming that only one heavy neutrino flavor (electron or muon) is accessible
from 8 TeV pp collisions, with the other N`0 (`0 = e, µ, t, with `0 6= `) too heavy to be produced.
These (MWR, MN`

) limits are obtained by comparing the observed and expected cross section
upper limits with the expected cross section for each mass point. The limits extend to roughly
MWR = 3.0 TeV in each channel and exclude a wide range of heavy neutrino masses for WR
boson mass assumptions below this maximal value. The inclusion of the results from the pre-
vious iteration of this analysis [13], which searched for WR boson production in the µµjj final
state using 7 TeV data, does not significantly affect the limit results. The excess in the electron
channel at approximately 2 TeV has a local significance of 2.8s for a WR boson candidate with a
mass of 2.1 TeV. Assuming contributions from SM backgrounds only, the p-value for the local
excess in the Meejj distribution is 0.0050. We also present limits as a function of WR boson mass
for a right-handed neutrino with MN`

= 1
2 MWR in Fig. 4. For the electron (muon) channel, we

exclude WR bosons with MWR < 2.87 (3.00)TeV, with an expected exclusion of 2.99 (3.04) TeV.
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Figure 3: The 95% CL exclusion region (hatched) in the (MWR, MN`
) plane, assuming the model

described in the text (see Section 1), for the electron (left) and muon (right) channels. Neutrino
masses greater than MWR (yellow shaded region) are not considered in this search.

We additionally consider the case where all N` masses are degenerate and can be produced
via WR boson production and decay in 8 TeV pp collisions. In this case, the electron and muon
results can be combined as shown in Fig. 5. The (MWR, MN`

) exclusion for the combination
extends slightly further than the single-channel exclusion limits, with an observed (expected)
exclusion for the combined channel of MWR < 3.01 (3.10)TeV for MN`

= 1
2 MWR.

8 Summary

A search for right-handed bosons (WR) and heavy right-handed neutrinos (N`) in the left-right
symmetric extension of the standard model has been presented. The data sample is in agree-
ment with expectations from standard model processes in the µµjj final state. An excess is
observed in the electron channel with a local significance of 2.8s at Meejj ⇡ 2.1 TeV. The excess
does not appear to be consistent with expectations from left-right symmetric theory. Consider-
ing WR ! eNe and WR ! µNµ searches separately, regions in the (MWR, MN`

) mass space are
excluded at 95% confidence level that extend up to MWR < 3.0 TeV for both channels. Assum-
ing WR ! `N` with degenerate N` mass for ` = e, µ, WR boson production is excluded at 95%

CMS 1407.3683
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Figure 2: Distribution of the invariant mass Meejj (left) and Mµµjj (right) for events in data
(points with error bars) with M`` > 200 GeV and for background contributions (hatched
stacked histograms) from data control samples (tt) and simulation. The signal mass point
MWR = 2.5 TeV, MN`

= 1.25 TeV, is included for comparison (open red histogram, and also
as a dotted line for the unbinned signal shape). The numbers of events from each background
process (and the expected number of signal events) are included in parentheses in the legend,
where the contributions from diboson and single top quark processes have been collected in
the “Other” background category. The data are compared with SM expectations in the lower
portion of the figure. The total background uncertainty (light red band) and the background
uncertainty after neglecting the uncertainty due to background modeling (dark blue band) are
included as a function of M``jj for M``jj > 600 GeV (dashed line).

2.8 sigma excess in ee

                        Deppisch et al’ 14 
                Heikinheimo et al ’14 
Aguilar-Saavedra, Joaquim ’14 
                      Gluza, Jelinski ’15 
                        Deppisch et al ’15 
                                                   … 

r= SS/Os=1/14

pseudo-Dirac: degenerate N1 and N3,  
N2 decoupled (no muon excess)

below the theoretical limit,  
but assumed mN=1/2 MWR 

(*no Breit-Wigner) MSSM?!

                      Gluza, Jelinski ’15 



Custom-fit models: 
scenarios 

30
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Minkowski ‘77

Mohapatra, GS ‘79

L-R

Gell-Mann et al ’79

Glashow ’79

SO(10)

Yanagida ’79

family symmetry

N N⌫ ⌫

YD YD

� �

M⌫ = MT
D

1

mN
MD

Seesaw I

not the way it happened

add heavy RH neutrino N to SM  



Leptogenesis?

MD =
p
mN O

p
M⌫

O - arbitrary complex orthogonal matrix

32

hard to be wrong 
Pauli :(

Casas, Ibarra ’01

Cannot determine M_D

Setback



Seesaw II
✓

�+/
p

2 �++

�0 ��+/
p

2

◆H H

�

⌫ ⌫

Y�

33

no connection between 
LHC and  0nu2beta

actually part of LR

Seesaw III
triplet fermion

and more: 
quintet fermion 

…

Pauli :(

Mohapatra, GS ‘81



L-R theory

• understanding  P violation 

• gauge structure: new currents 

• LNV@colliders: connected to 0nu2beta 

• see-saw: ⌫R
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Standard Model

• Electroweak unification    

• gauge structure 

• W-Z mass ratio 

• neutral currents: 

35
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L-R theory

a complete, predictive theory of 
neutrino mass 

needs LHC



LHC:

 could probe the origin of neutrino mass  

 could resolve the mystery of  parity violation 

 could directly observe lepton number violation 

 could directly see  Majorana nature of N 

 connected with low energy: 0nu2beta, LFV
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Gracies

Gracias
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WR heavy?

if N light, SM Higgs h could help

Higgs Hunters Guida

if h mixes enough with the LR scale  Higgs

h -> NN decays Graesser ‘07

Maiezza, Nemevsek, Nesti ‘15



• mass of  N(Majorana) 
• mass of WR and ZR

Mohapatra, GS ’75, ’81 

Model content & symmetry breaking

h�Ri =
✓

vR

◆

R - triplet

mass of             
(Majorana)

⌫

h�Li =
✓

vL

◆
L - triplet

bi-doublet

� ⇠ (hSM, Hheavy)

h�i =
✓

v
⇠ v

◆

vR � v � vL

EW symmetry      
breaking
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theory  bound

Particle Final state Lower limit Collaboration Comments

W
R

jj 1.5 TeV CMS [41] independent on N mass
W

R

e/µ+N 2.5 TeV CMS [42] light N (missing energy)
W

R

``jj . 2.5 TeV ATLAS, CMS [43, 44] heavy Majorana N [45]
Z
LR

e+e�/µ+µ� ⇠ 2 TeV ATLAS [46] see [47]
Z
LR

e+e� ⇠ 3 TeV LEP [48] indirect, see [49, 50]
�++

L

`+
i

`+
j

100-355 GeV ATLAS [51] spectrum dependent [52]
�+

L

��E
T

+ j 70-90 GeV LEP [55] chargino search [54]
�0

L

45 GeV LEP [48] Z-boson width
�++

R

`+
i

`+
j

113-251 GeV ATLAS [51], CDF [53] flavor dependent

Table 1. A summary of limits on the mass scales of the particles in LRSM from collider searches.

scale of interest; there could be easily a variation if the LR symmetry is broken at a high
scale. The small e↵ects due to renormalization group equation running would change none
of our conclusions.

Notice that Z
LR

, besides being heavier than W
R

, has also smaller couplings to N ’s.
Thus, a RH neutrino that couples only to Z

LR

will decouple earlier in the thermal history
of the universe for a given LR scale. Since a warm DM candidate in this kind of a setup is
typically overproduced, it will turn out desirable to profit from this fact and decouple it from
the W

R

at relevant temperatures.
The most stringent theoretical limit on the LR scale is derived from neutral kaon mix-

ing [37, 38], and the latest studies set a lower bound M
WR > 2.5 � 4 TeV [33, 39, 40],

depending on the choice of the LR symmetry, charge conjugation or parity, respectively. For
a recent complete study of a variety of flavor processes in the LR models, see [34]. The ex-
periment, however, is now catching up and the theoretical constraints are becoming obsolete.
Direct searches are continuously pushing up the limits on mass scales in the LRSM and we
summarize them in Table 1. The window around ⇠ 5 TeV that will emerge from our DM
study is comfortably above all the current theoretical and experimental bounds.

Moreover, Table 1 tells us that most of the scalars have masses around or above the
weak scale. The only exception are the RH neutrinos N and the neutral Higgs �0

R

, which
behave like singlets under the SM gauge group and are not very much constrained by collider
searches. They may be long-lived and are therefore potential DM candidates. In the next
section we study which, if any, can actually do the job.

3 A Tale of Three Right-handed Neutrinos

We discuss here the history and role of RH neutrino as DM in the early universe, in the
context of TeV scale LRSM. It contains the essence of what is going on: the lightest N is
presumably the DM due to its longevity, while the heavier one(s) should make sure that its
abundance is correctly accounted for.

This section is the core of our work; it is here that our reader will find the central ideas,
albeit simplified. Thus, we urge her to postpone the co↵ee break until having gone through
it. The technicalities required for a precise quantitative picture are left for the Sec. 4.

– 4 –
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suggests

Schechter-Valle “theorem”:

νe

W

e−

d u u

e−

d

νe

W

Figure 1: Contribution of the Black Box operator to the Majorana neutrino mass [9].

Then, it is possible to draw the diagram in Fig. 1, so that neutrinoless double beta decay
induces a non-zero effective Majorana mass for the electron neutrino, no matter which is the
underlying mechanism of the decay. The Black Box is nothing but an effective operator for
neutrinoless double beta decay which arises from some underlying New Physics. The first
assumption is necessary to ensure that two identical neutrinos are created. This can be seen
in the following way [10]: We do not know anything about the chirality of the electrons and
quarks produced by neutrinoless double beta decay. However, this assumption guarantees
that we can make the particles running in the loops in Fig. 1 left-handed, by mass insertion
if necessary. Thus the standard left-handed interaction from the second assumption produces
the same type of neutrino at both vertices. Otherwise it would be possible that a neutrino
and an antineutrino are created, which would give a Dirac mass term.

Note, however, that the diagram in Fig. 1 is certainly not the only one that generates a
non-zero effective Majorana mass for the electron neutrino. Other tree and loop diagrams
exist and in addition the physical neutrino masses depend also on Dirac mass terms. Further-
more, there may even be cancellations between different Majorana contributions which are
induced by the Black Box diagram(s). This may appear as a fine-tuning, but the observed
fermion mass patterns suggest that symmetries which explain these patterns may exist, and
such symmetries could also lead to non-trivial cancellations. Taking into account this possi-
bility of cancellations, Takasugi [10] and Nieves [11] improved the argument of Schechter and
Valle [9], and showed that there cannot be a continuous or discrete symmetry protecting a
vanishing Majorana mass to all orders in perturbation theory. We will follow the arguments
of Takasugi [10] here. He assumed an unbroken discrete symmetry protecting the Majorana
neutrino mass (the η’s are global phase factors):

νeL → ηννeL, eL → ηeeL, qL → ηqqL (q = u, d), W+µ
L → ηWW+µ

L . (1)

To forbid the Majorana mass term, we need to have

η2ν ̸= 1 , (2)

and the invariance of the left-handed interaction requires

η∗νηeηW = η∗uηdηW = 1 . (3)

However, the existence of 0νββ (that is, the process dL + dL → uL + uL + eL + eL) implies

η2uη
∗2
d η

2
e = 1 . (4)

It is easy to see that Eqs. (2), (3), and (4) cannot be solved simultaneously. Thus, if
the Majorana mass term is forbidden by an unbroken discrete symmetry, there will be no

2

implies neutrino Majorana mass

 effectively = o

  - probe of neutrino (Majorana) mass0⌫2�

0⌫2�

Schecter, Valle ’82

Duerr, Lindner, Merle ‘ 11

�m⌫ ' 10�24 eV�m⌫ = 0
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to better appreciate

mM
e /mD

e . 10�28 Mohapatra ’79

mM
⌫ /mD

⌫ ' 10�25 the black box

Planck scale seesaw
m⌫ ' 10�5 eV

Akhmedov, Berezhiani, GS ’91



Grand Unification?

⇤⌫ . ⇤p 'MGUT
suggestive:

SO(10) tailor made

minimal supersymmetric version:

Bajc, GS, Vissani ’02

Goh, Mohapatra, Ng ’03 
.......

✓atm ' 45o , ✓
ub

' 0

✓13 ' 10o

No LHC
T2K,  Daya Bay

)
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