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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, 
Weinberg, Dolan, Jackiw

’72-’74

m = g h�i

T & 100GeV

h�i = 0
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Charged fermion masses
 Goldstone - Higgs - Weinberg boson

mass from Yukawa couplings

yf �f̄LfR + h.c.yf

fL

fR yf =
g

2

mf

mW

)
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Goldstone ’60
Higgs ’64, ’66 

Weinberg ’67
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GF

4
p
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probing the origin of charged fermion masses

measuring Higgs (Goldstone-Weinberg) 
branching ratios
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LHC

same philosophy for neutrinos
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Standard Model

often blamed for not being:

theory of dark matter

theory of genesis

theory of small numbers: 
                 Higgs mass, cosmological constant

...
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gauge theory of weak interactions 

theory of neutrinotheory of neutrinotheory of neutrino

Standard Model
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gauge theory of weak interactions 

theory of neutrino mass:    nu massless

theory of neutrinotheory of neutrinotheory of neutrino

the only true failure of SM

window to new physics

Standard Model
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What is so special of neutrinos?
text-book: can have both Dirac and Majorana 

masses

•Dirac: 
add RH neutrino

yD � ⌫̄L⌫R

hopelessly small

)
yD =

g

2

mD
⌫

mW
' 10�12
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SM degrees of freedom

` =
✓

⌫
e

◆

L

)

• Majorana:

mM
⌫ = yeff

v2�
M

yM =
g

2

mM
⌫

mW

the same

Weinberg ’79

d=5
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yM = yeff
v�
M

yeff
�� ``

M
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 large M more natural than 
small coupling

often claimed: 

•  small coupling protected - technically 
natural

• large M: hierarchy problem

9

makes no sense:

yeff
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Source of neutrino mass

What is behind it:

UV completion of SM?

10
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Neutrino mass: 
seesaw
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⌫R

✓
0 MD

MT
D M⌫R

◆

12

Seesaw (type I)
add RH neutrino to SM: 

a mess
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Seesaw (type I)
add RH neutrino to SM: 
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light
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Seesaw (type I)
add RH neutrino to SM: 

a mess
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Minkowski ‘77
Mohapatra, GS ‘79
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Gell-Mann et al ’79

Glashow ’79

SO(10)

Yanagida ’79

family symmetry
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Setbacks

OTO = 1 arbitrary complex orthogonal matrix

Not what we are after: 
we wanted to predict Yukawa Dirac

Casas, Ibarra ’01

13

•Cannot determine M_D

MD =
p
mN O

p
M⌫

M⌫ = MT
D

1

mN
MD
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•hard to produce N

Atre, Han, Han, Pascoli  ’09

needs large Dirac Yukawa (matrix O)

neutrino lightness accidental - 
no way of probing its origin

Not what we are after

Han, Zhang ’07

Kersten, Smirnov ’07

del Aguila, Aguilar-Saveedra, Pittau  ’09
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Occam’s razor approach

•neutrino mass

•warm dark matter

•genesis

Shaposhnikov et al ‘2005 - 2013

fixes everything  

light N:  keV, GeV (2)

seesaw

15

Asaka, Blanchet, Shaposhnikov ’05,    
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Type II seesaw Magg, Wetterich ’80

Mohapatra, GS ’80
Lazarides, Shafi, Wetterich ’80

     in components

v� ' µ
M2

W

m2
�

+ ...

(     parameter)⇢

H H

�

⌫ ⌫

Y�
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L = y�`�`+ µ��†�+m2
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. GeV

Cheng, Li ’80
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probe neutrino masses and mixings

M⌫ = UT
` m⌫U` = Y�v�

 

y⌫ = g
m⌫

mW

Majorana case

hopeless
y�

y�

�++ ! W+W+

probes v�

Schwetz, Garayoa ’07

Kadastik, Raidal, Rebane ’07

Fileviez-Perez, Han, et al ’08

Akeroyd, Aoki, Sugiyama ’07

17

Chun,  Lee, Park ’03
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Why only the triplet?

Principle:  all “Yukawa” Higgs allowed by the 
SM symmetries

vevs:  color  and charge singlets

` =
✓

⌫
e

◆

L

eR

      (Y=1  doublet)

 (Y=2   triplet)

18

�

�

Tuesday 7 May 13



Type III Seesaw

RH neutrino  ! SU(2) triplet fermion T(Type I):

Foot, Lew, He, Joshi ’89

19

minimal realistic SU(5): Bajc, Gs ’06
Bajc, Nemevsek, Gs ’07mT . TeV

T can be produced through gauge 
interactions

Arhrib, Bajc, Ghosh, Han, Huang,  Puljak, GS ’09

Franceschini, Hambye, Strumia ’08

del Aguila, Aguilar-Saveedra ’08

He, Li ’09

LHC

Tuesday 7 May 13



Message

Seesaw

Neutrino Majorana

d=5

20
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Majorana ’37Neutrino = anti neutrino 

  neutrinoless double beta decay
Racah’37

same sign leptons at hadron colliders       
Keung, GS  ’83

Furry ’38

Lepton Number Violation

21
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Double-beta decay
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76
32Ge 6!76

33 As + e + ⌫̄ ) 76
32Ge!76

34 Se + e + e + ⌫̄ + ⌫̄
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Goepert-Mayer ’35
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Neutrino mass contribution

Vissani ’02

lightest neutrino mass in eV

normal

inverted
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Neutrino mass contribution

Vissani ’02

Klapdor ’01-10
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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.

Schwingenheuer’12
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Neutrino mass: 
theory
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Q = T 3
L + T 3

R +
B � L

2

G = SU(2)L ⇥ SU(2)R ⇥ U(1)B�L

crucial role: RH neutrinos  
- cancel B-L anomaly

28

neutrino massive -
                   just like the electron

Curse:

Branco, GS ’77
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seesaw Minkowski ‘77

Mohapatra, GS ‘79

 Neutrino mass: blessing
M⌫R /MWR

29

m⌫ / M2
WL

/MWR connects neutrino mass to
the scale of P restoration

N - gauge interactions:  
WR  and ZR

new physics:

LHC?
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Akhmedov, Frigerio ’05
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Nemevsek, GS, Tello ’12
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Physics of Dirac mass

•Electric Dipole Moments

•Neutrinoless double beta

•Neutrino transition moments 

32
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production @ collidersWR

• LNV:  same sign leptons 
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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)

42

• reconstruct WR, N masses; VR

• the chirality of  WR:  RH?
Ferrari et al ’00 Han, Low, Ruiz, Si ’12
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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
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(anti)
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on-shell

• reconstruct WR, N masses; VR

• the chirality of  WR:  RH?
Ferrari et al ’00 Han, Low, Ruiz, Si ’12
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heavy particles needed to complete the SM in order to have m� �= 0 (such as
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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)

42

on-shell

• reconstruct WR, N masses; VR

• the chirality of  WR:  RH?
Ferrari et al ’00 Han, Low, Ruiz, Si ’12

Tuesday 7 May 13



production @ collidersWR

• LNV:  same sign leptons 

 
Keung, G.S. ’83

WR

W

R

R

l

lu−

d

j

j

N

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
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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.
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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
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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

example: VR = V ⇤
L

MD = V ⇤
L

p
m⌫mNV †

L

Nemevsek, GS, Tello ’12

leading N decays: N ! `W+
R (N ! ¯̀W�

R )

N ! `W+
L (N ! ¯̀W�

L ) through Diracsub-leading :

through gauge
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mass 

• linked to low energy experiments: double beta, edm, LFV, 
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latest limits:   2012 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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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 e!ective Majorana mass for the electron neutrino, no matter which is the
underlying mechanism of the decay. The Black Box is nothing but an e!ective 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 e!ective 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 di!erent 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 "’s are global phase factors):

!eL ! "!!eL, eL ! "eeL, qL ! "qqL (q = u, d), W+µ
L ! "WW+µ

L . (1)

To forbid the Majorana mass term, we need to have

"2! "= 1 , (2)

and the invariance of the left-handed interaction requires

""!"e"W = ""u"d"W = 1 . (3)

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

"2u"
"2
d "

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

  - probe of neutrino (Majorana) mass0⌫2�

0⌫2�

Schecter , Valle ’82

Tuesday 7 May 13



52

suggests

Schechter-Valle “theorem”:

!e

W

e!

d u u

e!

d

!e

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 e!ective Majorana mass for the electron neutrino, no matter which is the
underlying mechanism of the decay. The Black Box is nothing but an e!ective 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 e!ective 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 di!erent 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 "’s are global phase factors):

!eL ! "!!eL, eL ! "eeL, qL ! "qqL (q = u, d), W+µ
L ! "WW+µ

L . (1)

To forbid the Majorana mass term, we need to have

"2! "= 1 , (2)

and the invariance of the left-handed interaction requires

""!"e"W = ""u"d"W = 1 . (3)

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

"2u"
"2
d "

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

  - probe of neutrino (Majorana) mass0⌫2�

0⌫2�

Schecter , Valle ’82

Tuesday 7 May 13



52

suggests

Schechter-Valle “theorem”:

!e

W

e!

d u u

e!

d

!e

W

Figure 1: Contribution of the Black Box operator to the Majorana neutrino mass [9].
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underlying mechanism of the decay. The Black Box is nothing but an e!ective 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
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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 e!ective 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-
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induced by the Black Box diagram(s). This may appear as a fine-tuning, but the observed
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neutrino mass (the "’s are global phase factors):
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Then, it is possible to draw the diagram in Fig. 1, so that neutrinoless double beta decay
induces a non-zero e!ective Majorana mass for the electron neutrino, no matter which is the
underlying mechanism of the decay. The Black Box is nothing but an e!ective 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
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exist and in addition the physical neutrino masses depend also on Dirac mass terms. Further-
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bility of cancellations, Takasugi [10] and Nieves [11] improved the argument of Schechter and
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MD = MN

r
vL
vR

� 1

MN
M⌫

complete theory

2

where). The mass matrices then satisfy2

ML =
vL
vR

MN , (5)

MD = MT
D , (6)

where vR ⌘ h�0
Ri sets the large scale (e.g.: MWR = g vR)

and vL ⌘ h�0
Li is naturally suppressed by the large scale

and can be shown that vL  O(10 GeV) [15]. For the
complex issues related to determining vL, we refer the
reader to [16].

In the case of C, there is a theoretical lower bound on
the LR scale MWR & 2.5 TeV [17, 18], coming essentially
from K�K mixing. It is noteworthy that direct searches
for WR at LHC are now probing this scale [19, 20].

III. From Majorana to Dirac. The above seesaw for-
mula seemingly obfuscates the connection between heavy
and light neutrinos and common lore was that this con-
nection cannot be unravelled [6]. However, since the
Dirac mass matrix must be symmetric, it can be obtained
directly from (4)

MD = MN

r
vL
vR

� 1

MN
M⌫ , (7)

and thereby one can determine the mixing between
light and heavy neutrinos. The square root of an
n-dimensional matrix always has 2n discrete solutions
which can be found in [21] (ambiguities might arise in
singular points of the parameter space).

The above expression o↵ers a unified picture of the
low energy phenomena such as lepton flavour violation,
lepton number violation through the neutrinoless double
beta decay, electric dipole moments of charged leptons,
neutrino transition moments, neutrino oscillations and
neutrino cosmology. Some examples are discussed be-
low, while the rest will be dealt with in a forthcoming
publication.

It should be mentioned that the determination of the
RH neutrino mass matrix as a function of the Dirac
Yukawa coupling was studied before in [22, 23]. This ap-
proach requires additional theoretical structure such as
quark lepton symmetry and SO(10) unified theories [23].
Here we wish to show, on the contrary, that without

any new assumption the LRSM is a complete theory of
neutrino masses and mixings, in the sense that the mea-
surements of the heavy sector at colliders can determine
and inter-connect the low energy phenomena, including
those which proceed via Dirac Yukawa couplings. Thus
our program is in the same spirit as the SM: to pre-
dict the couplings with the Higgs-Weinberg boson as a
function of the basic fermion properties such as masses

2 In principle, � could change sign under the LR symmetry. In case
of C, this implies anti-symmetric matrices with one vanishing and
two other masses equal, clearly incompatible with data.

and gauge mixings. It may take a long time before these
Dirac Yukawa couplings are measured; the essential point
is the capacity of the theory to relate them to the basic
measurable quantities.

On the absence of ambiguity of MD. As expressed
in (2), in the conventional seesaw mechanism MD is un-
determined. On the other hand, in this case (equivalent
to setting vL = 0 in (7)), one gets

MD = iMN

q
M�1

N M⌫ . (8)

The crucial point here is that MD is symmetric and from
this requirement the matrix O can be shown to be fixed
in terms of physical parameters m⌫ ,mN , VL and VR (un-
like in the case of seesaw in the SM, VR is a physical
parameter as defined in (3))

O =
p
mN

q
m�1

N V †
RV

⇤
Lm⌫V

†
LV

⇤
R V T

R VL

p
m�1

⌫ (9)

As can be seen from above, the elements of O take at
most values of order one. Moreover, this parametrization
o↵ers an alternative method of computing MD which will
be discussed elsewhere.
The case with nonzero vL is completely analogous (see

[24]) and similarly the matrix O get fixed as well.

MN from LHC. The mass matrix of light neutrinos

M⌫ = V ⇤
Lm⌫V

†
L (10)

is being probed by low energy experiments, while the one
of heavy neutrinos3

MN = VRmNV T
R (11)

on the other hand, can be determined at high energy
colliders through the KS reaction [11]. This amounts to
producing WR at the usual Drell-Yan resonance, with
a reach of 5.8 TeV for WR mass and 3.4 TeV for the
N mass at the LHC [25, 26]. One can also verify the
chirality of the new charged gauge boson [25, 27]. Unlike
in the case of WL, where neutrinos act as missing energy,
here the decays of heavy RH neutrinos lead to a lepton
number violating final state of two same-sign leptons and
two jets. Moreover, one can directly probe the Majorana
nature of RH neutrinos through their equal branching
ratios into charged leptons and anti-leptons [11]. Due to
the absence of missing energy in the final state, one can
fully reconstruct the heavy neutrino masses mN from the
invariant mass of one of the leptons and two jets in the
final state [17, 19], together with mixings VR by tagging
the flavour of the final state leptons [28].

3 The mass matrix of charged leptons, being symmetric, can be
taken diagonal without loss of generality.

VR = VL O = 1)
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FIG. 2. Here we vary the ratio gR/gL. The shaded region is
the 95 % CL exclusion on WR mass for fixed value of the RH
neutrino mass, chosen illustratively to be mN = 500GeV.

as shown in Fig. 1. One can see that this result restricts
the RH neutrino masses to lie roughly in a fairly natural
energy scale 100GeV–1TeV. It turns out that both the
electron and muon flavour channels give a similar exclu-
sion in the parameter space.

In all honesty, this limit could be weakened by a ju-
dicial choice of RH leptonic mixing angles and phases;
we opted here against such conspiracy. For example, in
the case of an appealing type-II seesaw, left and right
leptonic mixing angles are related to each other, and no
suppression arises [11]. A careful study of the mixings,
through e.g. flavor-changing eµ final state [15] will be
published elsewhere.

Up to now, we have made an assumption that gR = gL
and the right-handed counterpart of the Cabibbo angle
is the same as the left-handed one. This is actually true
in the minimal version of the LR symmetric theory, but
need not be so in general. One could easily vary the
right-handed quark mixing parameters, but the presen-
tation would become basically impossible with so many
parameters and di⇥erent PDF sets. We relax though the
gR = gL assumption since this captures the essence of the
impact when right and left are di⇥erent. In the Fig. 2,
in the shaded area, we plot the 95 % CL exclusion re-
gion in the gR/gL versus MWR plane, for a fixed value
mN = 500GeV. Clearly, with the increased gR the pro-
duction rate goes up and so does the limit on the mass
of the right-handed gauge boson.

The Dirac connection. In case the right-handed neu-
trinos are very light, they are treated as missing energy
at the LHC and this case is equivalent to the case of Dirac
neutrinos to which we now address our attention. This
is actually the original version [1] of the LR symmetric
theory, not popular anymore precisely since the neutri-
nos end up being Dirac particles. In this case the best
limit comes from the recent CMS studies of W � ⌅ e⇥
decay [12]: MWR & 1.36TeV and W � ⌅ µ⇥ decay [13]:
MWR & 1.4TeV. Even with a low luminosity, LHC is
already producing a better limit than the Tevatron one:
1.12TeV [22].

The Higgs connection. We discuss briefly the minimal
models of Majorana and Dirac cases.

Majorana neutrino. The Higgs sector1 consists of [2]:
the SU(2)L,R triplets �L and �R. Besides giving a Ma-
jorana mass to N , a non-vanishing ⇧�R⌃ leads to the rela-
tion between the new neutral and charged gauge bosons

MZLR

MWR

=

⌥
2gR/gL�

(gR/gL)2 � tan2 �W
. (2)

For gR ⇤ gL, one gets MZLR ⇤ 1.7MWR . In this
case, one can infer the lower bound on MZLR from the
lower bound on MWR in Fig. 1 and it exceeds the di-
rect search result from [15]. For example, in the case of
mN ⇥ 500GeV, the ZLR with a mass below 2.38TeV is
excluded.
Dirac neutrino. In this case, the triplets are traded

for the usual SM type left and right doublets, as in the
original version of the LR theory [1]. For us the only
relevant change is the ratio of heavy neutral and charged
gauge boson masses, which goes down by a

⌥
2.

Improved limits from CMS data. The constraints
from the recent CMS data are shown in Fig. 3, where
the missing portion of the parameter space, not yet ex-
cluded by present data, is clearly seen. We use the
BRIDGE [23] with MadGraph to calculate the aver-
age decay length of (boosted) N in the low mass region.
We find that for mN . 3 � 5GeV, the average decay

length exceeds the size of the detector and is therefore
regarded as missing energy.
The region above it, until about mN . 10 � 15GeV,

corresponds to the displaced vertex regime and it has
clear signatures for future discovery.
The white region further above unfortunately still re-

quires published data or a dedicated analysis in order to
set a bound on the WR mass. This missing region can
be easily filled with the data on the single lepton plus jet
with electromagnetic activities (or a muon inside) [7].

Summary and outlook. The direct limits on the scale
of LR symmetry up to now have been much below the
theoretical limit MWR & 2.5TeV [5], but with the ad-
vent of the LHC it is a question of (short) time that the
experiment finally does better.
Moreover, as discussed recently in [11], there is an ex-

citing connection between the high energy collider and
low energy experiments, with the LR scale possibly at
the LHC reach. Motivated by this, we have used the ex-
isting CMS data to set a correlated limit on the mass of
the right-handed charged gauge bosons and right-handed
neutrinos. For reasonable values of right-handed neutrino
masses, one gets MWR & 1.4TeV at 95% CL and 1.7TeV
at 90% CL.
This is comparable to the recent CMS bound MWR &

1.36 (1.4)TeV, applicable to Dirac neutrinos (and/or
small Majorana RH neutrino masses). It is reassuring
that the limit seems quite independent of the nature

1 There is also a bidoublet, which takes the role of the SM Higgs
doublet, and we do not discuss it here. For a recent discussion
of the limits on its spectrum and phenomenology, see [5].

Neutral gauge boson
ZLR
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LR

Hint: Quantum
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Model
Scale
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KK̄
Pvs C
0⇥��

Collider
WR -⇥R
�L,R

Direct

⌅⌅jj

Summary

How right is WR?

LHC is a pp symmetric machine, so it is not possible to use the
simple AFB asymmetry of WR , to look for chirality of its interactions.

One has to use the first decay WR ⇥ eN.

- Determine the WR direction (from the full event!)
- Identify the first lepton. (the more energetic)
- Its asymmetry wrt the WR direction gives the ’Right’ chirality.

It is necessary to e⇥ciently distinguish the two leptons.
(More di⇥cult for MN ⇤= 0.6÷ 0.8 MWR [Ferrari ’00])

Also the subsequent decay N ⇥ ⇥jj may be used.

Polarization seems to be visible in a wide range of masses M�R , MWR .

WR How right is it?
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FIG. 2. Summary of all the experimental and theoretical constraints in the m�++–m�+ parameter space, for degenerate light
neutrino masses. The LHC 2� exclusion is shown by the region to the left of the red solid curve, relative to v� = 10�6 GeV.
The analogous curve for v� = 10�9 GeV is red dashed. The purple (dotted) contour excluded by EWPT at 95% C.L. is shown
for SM Higgs mass 130GeV (left panel) and 300GeV (right panel). The (green) region excluded by the Z-width bound and
the mass sum rule in Eq. (4) is shown for the triplet-SM Higgs coupling � = 3.

upper limit on the mass separation due to the sum rule
and the � coupling perturbativity, as noted above. This
implies the triplet mass is bounded from above if SM
Higgs boson is heavy. The above remarks are visible in
Fig. 2 where the constraints from EWPT and sum rules
are brought together with the collider phenomenology,
subject of the next section.

v�: how large? Before moving on, let us comment on
the impact of v� on the EWPT. It simply gives a neg-
ative tree-level contribution to the T parameter: �T =
�4v2�/↵emv2, where ↵em is the fine structure constant,
and plays a similar role as a heavy Higgs boson (but with
�S = 0). The e↵ect of a large v� can be canceled by a
large mass split, and we find its upper limit from pertur-
bativity (� . 3) to be v� . 7GeV, for mh = 120GeV.

v�: how small? A complete study on LFV constraints
has been carried out in [16]. The bottom line is the com-
bined limit on the vev times the mass of the doubly-
charged component of the triplet

v�m�++ & 100 eVGeV . (10)

These constraints further ensure that the triplet Yukawa
couplings are small enough so that the above EWPT
analysis based on oblique parameters is self-consistent.

Current LHC limits. The CMS collaboration has pub-
lished the latest data on four lepton final states, with a
luminosity of 980 pb�1 at

p
s = 7 TeV, in [10]. No ex-

cess over the SM prediction is observed and an updated
lower limit on the mass of the doubly-charged Higgs is
set. The analysis is performed assuming degeneracy of
the triplet components. In the following, we perform an
estimate of the limit in the full parameter space. We gen-
erate the events for the pair and associated production of

all the �’s using MadGraph 4.4.57 [17], decay them with
BRIDGE 2.23 [18] and then do the showering and detector
simulation with Pythia-PGS 2.1.8 [19, 20]. We adopt
the K-factor from [21] to account for next-to-leading or-
der correction to the production. We focus on the four
lepton final states and implement the same cuts as in [10].
These cuts may be further optimized for di↵erent event
topologies of cascade decays, however we would expect
only a minor increase of the bound, due to the rather
small triplet splitting. For illustration purposes we take
the triplet vev v� = 10�6 GeV and nearly degenerate
light neutrino masses (corresponding to the sample point
BP3 in [10]).

We summarize in Fig. 2 the limits on the masses of
the charged components, along with the theoretical con-
straints, i.e. the regions favored by electroweak precision
tests at 95% CL, for SM Higgs mass of 130GeV and
300GeV. The updated lower limit on m�++ for relatively
large v�, is independent of the SM Higgs boson mass.

In case A, we find a lower limit of 240GeV on the
doubly-charged Higgs mass for the degenerate case. This
is to be contrasted with the CMS limit of 258GeV us-
ing four-lepton final states only, probably due to the use
of di↵erent statistics. For moderately large mass splits
this limit can be increased by as much as 50GeV, com-
pared to the degenerate case. We note the analysis can
be further improved by combining both the three- and
four-lepton final states, as done by the CMS collabora-
tion, see also [22].

For case B on the contrary, the limit goes down all
the way to m�++ & 100GeV (for v� > 10 eV). In this
case, all the � states cascade to �0 and further to neu-
trinos. Current missing energy data do not yet possess
large enough luminosity to set here a relevant limit.
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FIG. 2. Summary of all the experimental and theoretical constraints in the m�++–m�+ parameter space, for degenerate light
neutrino masses. The LHC 2� exclusion is shown by the region to the left of the red solid curve, relative to v� = 10�6 GeV.
The analogous curve for v� = 10�9 GeV is red dashed. The purple (dotted) contour excluded by EWPT at 95% C.L. is shown
for SM Higgs mass 130GeV (left panel) and 300GeV (right panel). The (green) region excluded by the Z-width bound and
the mass sum rule in Eq. (4) is shown for the triplet-SM Higgs coupling � = 3.

upper limit on the mass separation due to the sum rule
and the � coupling perturbativity, as noted above. This
implies the triplet mass is bounded from above if SM
Higgs boson is heavy. The above remarks are visible in
Fig. 2 where the constraints from EWPT and sum rules
are brought together with the collider phenomenology,
subject of the next section.

v�: how large? Before moving on, let us comment on
the impact of v� on the EWPT. It simply gives a neg-
ative tree-level contribution to the T parameter: �T =
�4v2�/↵emv2, where ↵em is the fine structure constant,
and plays a similar role as a heavy Higgs boson (but with
�S = 0). The e↵ect of a large v� can be canceled by a
large mass split, and we find its upper limit from pertur-
bativity (� . 3) to be v� . 7GeV, for mh = 120GeV.

v�: how small? A complete study on LFV constraints
has been carried out in [16]. The bottom line is the com-
bined limit on the vev times the mass of the doubly-
charged component of the triplet

v�m�++ & 100 eVGeV . (10)

These constraints further ensure that the triplet Yukawa
couplings are small enough so that the above EWPT
analysis based on oblique parameters is self-consistent.

Current LHC limits. The CMS collaboration has pub-
lished the latest data on four lepton final states, with a
luminosity of 980 pb�1 at

p
s = 7 TeV, in [10]. No ex-

cess over the SM prediction is observed and an updated
lower limit on the mass of the doubly-charged Higgs is
set. The analysis is performed assuming degeneracy of
the triplet components. In the following, we perform an
estimate of the limit in the full parameter space. We gen-
erate the events for the pair and associated production of

all the �’s using MadGraph 4.4.57 [17], decay them with
BRIDGE 2.23 [18] and then do the showering and detector
simulation with Pythia-PGS 2.1.8 [19, 20]. We adopt
the K-factor from [21] to account for next-to-leading or-
der correction to the production. We focus on the four
lepton final states and implement the same cuts as in [10].
These cuts may be further optimized for di↵erent event
topologies of cascade decays, however we would expect
only a minor increase of the bound, due to the rather
small triplet splitting. For illustration purposes we take
the triplet vev v� = 10�6 GeV and nearly degenerate
light neutrino masses (corresponding to the sample point
BP3 in [10]).

We summarize in Fig. 2 the limits on the masses of
the charged components, along with the theoretical con-
straints, i.e. the regions favored by electroweak precision
tests at 95% CL, for SM Higgs mass of 130GeV and
300GeV. The updated lower limit on m�++ for relatively
large v�, is independent of the SM Higgs boson mass.

In case A, we find a lower limit of 240GeV on the
doubly-charged Higgs mass for the degenerate case. This
is to be contrasted with the CMS limit of 258GeV us-
ing four-lepton final states only, probably due to the use
of di↵erent statistics. For moderately large mass splits
this limit can be increased by as much as 50GeV, com-
pared to the degenerate case. We note the analysis can
be further improved by combining both the three- and
four-lepton final states, as done by the CMS collabora-
tion, see also [22].

For case B on the contrary, the limit goes down all
the way to m�++ & 100GeV (for v� > 10 eV). In this
case, all the � states cascade to �0 and further to neu-
trinos. Current missing energy data do not yet possess
large enough luminosity to set here a relevant limit.
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