
Neutrino Paradigm 
and LHC

Goran Senjanović
ICTP, Trieste

La Sapienza, March 30, 2012



Neutrino Mass
  only new established physics beyond SM

if Majorana 

new physics

how serious a chance at LHC ?

window 



Effective operators and New Physics
SM degrees of freedom

Majorana mass

two operators stand out
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Grand Unification?

Λν � Λp �MGUT
suggestive:

SO(10) tailor made

minimal supersymmetric version:

Bajc, GS, Vissani ’02

Goh, Mohapatra, Ng ’03
.......

θatm � 45o ⇔ θub � 0

θ13 � 10o

T2K,  Daya Bay
GS:  RNC ‘11No LHC

⇒



Fermi theory
GF =

1
Λ2

Λ � 300 GeV MW � 80 GeV

GN =
1
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MP � 1019 GeV g = (ΛF R)−n/2ΛF � TeV
ADD ’98

True scale can be (much) smaller  

large extra dimensions
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a case for LHC as a neutrino machine

case study of a (the?) theory

seesaw at LHC

Talk:

crucial role: 

neutrinoless double beta decay



anti particles

Dirac equation  
Dirac  ’31

particle ⇒ different  antiparticle

for every fermion

not necessarily,  says Majorana



1938 

took a boat from Palermo to Napoli - 
never seen afterwards only 32

“A slightly uncertain  destination”

beautiful novel, 
physics remarkably  correct 

March 26Ettore Majorana



Majorana ’37neutrino = anti neutrino ?

 neutrino less double beta decay Racah’37

`creation of electrons’ 

colliders -  LHC      

Keung, GS  ’83

neutron

Lepton Number Violation:

Furry ’38



not well known: 
 they argue it is a 

 hidden symmetry *

Parity violation in weak 
interaction

* mirror  fermions

 Martinez, Melfo, Nesti, GS ’11

Lee, Yang ’56

Melfo, Nemevsek, Nesti, GS, Zhang ’11

GS, Wilczek, Zee ’84

Gell-Mann, Ramond, Slansky ’79SO(2N) unified 
thoeries

Bagger, Dimopoulos ’84



 Majorana Program:

νM = νL + ν∗L mM
ν (νLνL + h.c.)⇔

∆L = 2 lepton number violation

neutrino mass



Double-beta decay
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Goepert-Mayer ’35

t1/2 ≥ 1024 yr ⇒ mM
ν � 1 eV

proportional to neutrino mass

76
32Ge→76

34 Se + e + e

76
32Ge �→76

33 As + e + ν̄ ⇒

Neutrinoless
76
32Ge→76

34 Se + e + e + ν̄ + ν̄



Neutrino mass contribution

Vissani ’99

Klapdor ’01-10

lightest neutrino mass in eV
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4 Chapter 1. Introduction
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Oscillation parameter central value 99% CL range
solar mass splitting ∆m2

12 = (7.58± 0.21) 10−5 eV2 (7.1÷ 8.1) 10−5 eV2

atmospheric mass splitting |∆m2
23| = (2.40± 0.15) 10−3 eV2 (2.1÷ 2.8) 10−3 eV2

solar mixing angle tan2 θ12 = 0.484± 0.048 31◦ < θ12 < 39◦

atmospheric mixing angle sin2 2θ23 = 1.02± 0.04 37◦ < θ23 < 53◦

‘CHOOZ’ mixing angle sin2 2θ13 = 0.07± 0.04 0◦ < θ13 < 13◦

Table 1.1: Summary of present information on neutrino masses and mixings from oscillation
data.

1.2 Present

Table 1.1 summarizes the oscillation interpretation of the two established neutrino anomalies:

• The atmospheric evidence. SuperKamiokande [6] observed disappearance of νµ and ν̄µ
atmospheric neutrinos, with ‘infinite’ statistical significance (∼ 17σ). The anomaly is also
seen by Macro and other atmospheric experiments. If interpreted as oscillations, one needs
νµ → ντ with quasi-maximal mixing angle. The other possibilities, νµ → νe and νµ → νs,
cannot explain the anomaly and can only be present as small sub-dominant effects. The SK
discovery is confirmed by νµ beam experiments: K2K [7] and NuMi [8]. Table 1.1 reports
global fits for oscillation parameters.

• The solar evidence. Various experiments [4, 9, 10, 11] see a 8σ evidence for a ∼ 50% deficit
of solar νe. The SNO experiment sees a 5σ evidence for νe → νµ,τ appearance (solar neutrinos
have energy much smaller than mµ and mτ , so that experiments cannot distinguish νµ from
ντ ). The KamLAND experiment [12] sees a 6σ evidence for disappearance of ν̄e produced
by nuclear reactors. If interpreted as oscillations, one needs a large but not maximal mixing
angle, see table 1.1. Other oscillation interpretations in terms of a small mixing angle
enhanced by matter effects, or in terms of sterile neutrinos, are excluded.

There are few unconfirmed anomalies related to neutrino physics.

1. LSND [13] claimd a 3.8σ ν̄µ → ν̄e anomaly: Karmen [14] and MiniBoone [15] do not
confirm the signal, excluding the näıve interpretations in terms of oscillations with ∆m2 ∼
1 eV2 and small mixing.

Hannestad et al ’10

Seljak et al ’06

0.09± 0.02



Neutrino at

Collider - I

F. Nesti

Outline

Neutrino

Dirac vs

Majorana

Seesaws

Diagonalization

Lepton Violation

0νββ

Experiments

New Physics

Experiments ongoing!

Experiment Isotope Mass of Sensitivity Sensitivity Status Start

Isotope [kg] T0ν
1/2

[yrs] �mν�, meV

GERDA
76

Ge 18 3 × 10
25 ∼ 200 running! 2011

40 2 × 10
26 ∼ 70 in progress ∼ 2012

1000 6 × 10
27

10-40 R&D ∼ 2015

CUORE
130

Te 200 (6.5 ÷ 2.1) × 10
26

20-90 in progress ∼ 2013

MAJORANA
76

Ge 30-60 (1 ÷ 2) × 10
26

70-200 in progress ∼ 2013

1000 6 × 10
27

10-40 R&D ∼ 2015

EXO
136

Xe 200 6.4 × 10
25

100-200 in progress ∼ 2011

1000 8 × 10
26

30-60 R&D ∼ 2015

SuperNEMO
82

Se 100-200 (1 − 2) × 10
26

40-100 R&D ∼ 2013-2015

KamLAND-Zen
136

Xe 400 4 × 10
26

40-80 in progress ∼ 2011

1000 10
27

25-50 R&D ∼ 2013-2015

SNO+
150

Nd 56 4.5 × 10
24

100-300 in progress ∼ 2012

500 3 × 10
25

40-120 R&D ∼ 2015

For a recent review [Rodejohann, arXiv:1106.1334]

Stay tuned

Experiments 

Rodejohann’11



GERDA   started  

new physics necessary?

if  confirmed

Aν ∝
G2

F mee
ν

p2

ANP ∝
G2

F M4
W

Λ5 LHCΛ ∼ TeV

Feinberg, Goldhaber  ’59

Pontecorvo  ’64
(p � 100 MeV )

� G2
F 10−8 GeV −1



Neutrino mass: 
theory



 
Standard Model 

SU(2)L × U(1)

eR νRno
(

νL

eL

)

L-R  asymmetry neutrino massless



L-R symmetry
(

νL

eL

)

WL

Lee, Yang dream
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L-R symmetry
(

νL

eL

)

WL

Lee, Yang dream

�
uL

dL

� (

νR
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WR

�
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parity restored? Pati, Salam ’74
Mohapatra, GS ’75

mWR � mWL

E � mWR



G = SU(2)L × SU(2)R × U(1)B−L

Q = T 3
L + T 3

R +
B − L

2
• hypercharge Y:   
 

• RH neutrinos:
         LR symmetry  & no B-L anomaly

traded for 

   gauge  B-L 



Maiezza, Nemevsek,  Nesti, GS ‘10

Minimal model: 

theoretical limit

Beall, Bander, Soni ’81

mass difference...KL −KS

rare processes:

experiment is catching up !

Mohapatra, GS, Tran ’83
           Ecker, Grimus ’85

                          ...                      

MWR � 2.5 TeV

Zhang,  An, Ji, Mohapatra ’07

(LR=C)
(LR=P)MWR � 4TeV



Neutral gauge boson
ZLR

3
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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 different PDF sets. We relax though the
gR = gL assumption since this captures the essence of the
impact when right and left are different. 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 � → eν
decay [12]: MWR � 1.36TeV and W � → µν 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 θW
. (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].

= 1.7 for  gL = gR

very hard to see at LHC

indirectly at ILC



Curse:  neutrino mass

• naive expectation: 

mν � me

• neutrino massive -
                  just like the electron

(if Dirac particles)

more subtle
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radiative stability

R
W~

3.

ξLR
ξLR

for WR in a few TeV region

Branco, GS ’77

ξLR � αW

4π

mtmb

M2
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seesaw

Minkowski ‘77

Mohapatra, GS ‘79

Blessing: neutrino mass

MνR ∝MWR

νL

νR

�
0 mD

mD MνR

�

mν = mT
D

1
MνR

mD

 Glashow   ‘79

Gell-Mann et al   ‘79

Mohapatra, GS ‘79Mohapatra, GS ‘79

 Yanagida   ‘79

neutrino mass  related to 
P violation



mν � m2
D

mN

seesaw

mν � 10−1 eV

the bigger N mass, 
the better

mD � 10 eV

mN � keV

mN � 100GeV ⇒ mD � 100 keV



New source for 0ν2β
p
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MWR � mN � 10MWL

Mohapatra, GS ’81

N = right-handed 
neutrino

~TeV



LHC connection?
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If  neutrino mass small 

Tello, Nemevsek, Nesti, GS, Vissani,  
PRL’11

, N) @ TeV  WR                       (

Nemevsek, Nesti, GS, Tello       
1112.3061 [hep-ph]                             

connection with LHC?
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Keung, G.S. ’83
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production @ colliders

• Parity restoration 

• Lepton Number Violation:  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 mν �= 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 ββ0 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 mν . 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)

• direct probe of Majorana nature:

• 50% electrons - 
• 50 % positrons



14 TeV  LHC Nesti

red = background

peaks = mass of 
WR

500       1000       1500       2000        2500       3000      3500

 no background 
above 1.5 TeV

L=10/fb

(GeV)

•  up to 4 TeV @ L= 30/fb Gninenko et al ’06

• up to ~ 6 TeV @ L= 300/fb Ferrari et al, ’00

CMS
ATLAS



LHC @ E = 7 TeV   
Nemevsek, Nesti, GS, Zhang, ‘11 

L=33-34/pbearly data:

 January  
l l j j 

estimate:      L = 1/fb

MWR � 1.4 TeV
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FIG. 1. Exclusion (90%, 95%, 99% CL) in the MWR–mN plane from the eejj (left) and µµjj (right) channel. We assume no

accidental cancelation in the RH lepton mixings. The 2σ lower bound ∼1.4TeV is valid over a range of RH neutrino masses of

order several hundred GeV.

where we suppress the family indices, to-
gether with the flavor mixing indices, and

gR√
1−tan2 θW g2

L/g2
R

Zµ
LRf̄γµ

�
T3R + tan2 θW

g2
L

g2
R
(T3L −Q)

�
f ,

where θW is the usual weak mixing angle. It is easy to
show that there is a lower limit on gR > gL tan θW . All
of this is independent of the choice of the Higgs sector,
responsible for the symmetry breaking. What does
depend on the choice of the Higgs sector, is the ratio of
ZLR and WR masses, just as in the SM.

Before delving into the Higgs swamp, let us discuss the
generic limits on the new gauge boson masses, most of
which depend crucially on the nature of the right-handed
neutrinos. There is one limit on the mass of WR which
depends only on the value of gR and the right-handed
quark mixing, from the WR → tb channel. Tevatron
gives this bound for the same left and right parameters:
MWR � 885GeV [14].

The limit on ZLR mass depends only on gR and for
equal left and right couplings, and the present limit set
by ZLR → µ+µ− and ee channel: MZLR � 1050GeV [15].

The Majorana connection. We start first with the
seesaw scenario in which the right-handed neutrinos are
heavy Majorana particles that we denote N in what fol-
lows. In a reasonable regime 10GeV � mN � MWR , this
opens an exciting lepton number violating channel [6]
WR → �±�±jj, which allows one to probe higher values
of MWR [7, 8]. After being produced through the usual
Drell-Yan process, WR decays into a charged lepton and
a right-handed neutrino N . Since N is a Majorana par-
ticle, it decays equally often into another charged lepton
or anti-lepton, together with two jets. Ideally, one would
like to study both same sign lepton pairs, for the sake of
lepton number violation, and any sign lepton pair for the
sake of increasing the sensitivity of the WR search.

Such a final state with any-sign lepton pair was used
recently by the CMS collaboration to search for pair pro-
duction of scalar leptoquarks, for both electron and muon
lepton flavors [16]. We thus use these data to impose an
improved limit on the masses of WR and N [17].

We perform a Monte Carlo simulation, using Mad-
Graph [18], Pythia [19] to generate the events for the
process pp → n�n�j (n, n� ≥ 2) and do the showering,
including the K-factor of 1.3 to account for the NNLO
QCD corrections [20]. We simulate the CMS detector
using both PGS and Delphes which give essentially the
same result. We also use the CTEQ6L1 parton distribu-
tion functions (PDF). We summarize in Table I the cuts
used in this Letter, taken from the CMS papers [16]. For
jet clustering, we employ the FastJet package [21], using
the anti-kT algorithm with R = 0.5 for jet reconstruction.
The lepton isolation cut makes our exclusion less efficient
in the region of light N , roughly below 50GeV. The rea-
son is that the lepton and jets coming from the boosted
N decay become too collimated and finally merge into
a single jet with a lepton inside. However, when N is
heavier, this cut becomes less relevant.
The data and the SM background are taken from

Ref. [16]. The main contributions to the background
include the tt̄ + jets and Z/γ∗ + jets and they can be
suppressed efficiently by the appropriate cut on the in-
variant mass of the two leptons (mee > 125GeV and
mµµ > 115GeV). We employ the Poisson statistics to
get the exclusion plots. In order to get the most strin-
gent bound, for each point in the MWR −mN parameter
space we choose the optimal cut on the ST parameter
(the scalar sum of the pT of the two hardest leptons and
the two hardest jets) from Table 1 of [16].
The resulting 95%CL limit MWR � 1.4TeV, the best

up to date, holds for a large portion of parameter space,

channel pmin
T (�) |η(�)|max ∆R(�, �)min minv

�� ST

eejj 30GeV 2.5 0.3 125GeV optimal

µµjj 30GeV 2.4 0.3 115GeV optimal

TABLE I. In both cases we also demand at least two jets

with pT > 30GeV and |η| < 3. Moreover, in the µµjj case,

at least one muon has to be within |η| < 2.1 and in the eejj
case both electrons have to be separated from either jet by

∆R(e, j) > 0.7.

e e µ µ



latest:

CMS PAS EXO-11-002CMS public note:

L = 240 /pb
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(a) Electron channel
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(b) Muon channel

Figure 4: The 95% confidence level excluded (MWR , MN�
) region for the electron (left) and muon

(right) channels.

Leonidopoulos, talk @ IECHEP, Grenoble, July 

 July LHC @ E = 7 TeV   



Neutrino at

Collider - II
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New Physics?

LR

Hint: Quantum

Numbers

Model

Scale
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Low scale WR
Limits
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Summary

On a global plot [Nemevšek+ ’11]

90�

95�99�

1000 1500 2000 2500 3000
1

5

10

50

100

500

1000

MWR �GeV�

M N
�
�GeV

�

CMS � � Missing Energy

� � Displaced Vertex

� � jet�EM activity
ΤN�1 mm

ΤN�5 m

0Ν2Β�HM�

D0
:
di

je
ts

L�33.2pb�1
90�

95�
99�

1000 1500 2000 2500 3000
1

5

10

50

100

500

1000

MWR �GeV�

M N
Μ
�GeV

�

CMS Μ � Missing Energy

Μ � Displaced Vertex

Μ � jet�EM activity
ΤN�1 mm

ΤN�5 m

D0
:
di

je
ts

L�34pb�1

The interesting 0νββ region waiting for us. . .
Looking forward for jets with EM activity. . .

. . . and displaced vertices.

Nemevsek, Nesti, GS, Zhang, ‘11 January ’11

 July ’11

theoretical limit



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

Mohapatra, GS ’75, ’81 Model content
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Fermion masses and mixings. We focus here on leptons only (for the discussion of the quark
sector, see [20])

LY =
1

2
�TLεC Y∆L∆L�L +

1

2
�TR εC Y∆R∆R�R

+ �L(YΦΦ + ỸΦ Φ̃)�R + h.c.
(13)

where Φ̃ ≡ σ2Φ∗σ2, ε is the antisymmetric 2× 2 matrix, C is the usual Dirac charge conjugation and
we ignore the generation indices for simplicity. The Dirac neutrino mass and charged lepton matrices
are then

MD = v (YΦ c+ ỸΦ s e−iα),

M� = v (YΦ s eiα + ỸΦ c) , (14)

where s = v2/v, c = v1/v. There are analogous expressions in the quark sector, and these lead one
to prefer the case of small ratio of VEVS v2/v1, to avoid fine tuning there [20]. This implies a tiny
mixing between left and right gauge bosons, ξLR � (v2/v1)M2

WL
/M2

WR
.

The Majorana right and left neutrino mass matrices are given by

MνR = vR Y∆R ,

MνL = vL Y∆L −MT
D

1

MνR
MD ,

(15)

where we work in the usual seesaw picture with MνR � MD, vL � vR. The two terms in the
light neutrino mass matrix are usually called type II and type I seesaw contributions. As usual, one
diagonalizes the mass matrices

M� = U�Lm� U
†
�R, MνL = U∗

νLmν U
†
νL, MνR = U∗

νR mN U †
νR, (16)

where ml, mν and mN are diagonal matrices with positive eigenvalues. Furthermore, using (9) and
the first equation in (15), we can rewrite the right-handed triplet Yukawa couplings as

Y∆R =
g

MWR

U∗
νRmNU †

νR, (17)

while the couplings Y∆L depend on the preferred choice for the discrete left-right symmetry.

The choice of the discrete left-right symmetry. The discrete LR symmetry has only two
options: it can be chosen either as generalized parity P or generalized charge conjugation C. Under
these, the fields transform as following

P :






fL ↔ fR

Φ ↔ Φ†

∆L ↔ ∆R

C :






fL ↔ (fR)c

Φ ↔ ΦT

∆L ↔ ∆∗
R

(18)

where (fR)c = Cγ0f∗
R is the usual charge-conjugate spinor. Under the two choices of LR symmetry,

the Yukawa mass matrices satisfy the following constraints

P :

�
YΦ = Y †

Φ

Y∆L,R = Y∆R,L ,
C :

�
YΦ = Y T

Φ

Y∆L,R = Y ∗
∆R,L

.
(19)
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Particle Final states Lower limit Collaboration Comments
WR e/µ + N 2.5 TeV CMS [35] light N (missing energy)
WR ��jj � 1.7 TeV CMS [36] heavy Majorana N [37]
ZLR e+e−/µ+µ− ∼ 2 TeV ATLAS [38] see [39]
ZLR e+e− ∼ 3 TeV LEP [40] indirect, see [41, 42]
∆++

L �+
i �+

j 100-355 GeV ATLAS [43] spectrum dependent [44]
∆++

R �+
i �+

j 113-251 GeV ATLAS [43], CDF [45] flavor dependent

Table 1. A summary of limits on the mass scales of the particles in the LR model from direct collider
searches. The limit on the charged component is somewhat weaker m∆+

L
� 70− 90 GeV and can be

obtained [46] from the LEP searches for charginos [47]. The neutral component of the left-handed
triplet couples to Z, so it should be heavier than 45 GeV from the precise measurement of the Z
width.

On the other hand, there are particles in the LR model, such as 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 could be long-lived and are therefore
potential DM candidates for a large range of masses. They are therefore of central value to
our investigation and we will devote most of the analysis to their role in our search for the
DM.

3 A Tale of Two Right-handed Neutrinos

The title of this section not just because of our love for Charles Dickens. As going directly
to the realistic case of three RH neutrinos is a bit messy and in order to make our case
transparent, we will first discuss the simplified situation with only two RH neutrinos. This
catches the essence of what is going on: the lightest N is presumably the DM due to its
longevity, while the heavier ones should make sure that its abundance is correctly accounted
for.

This section is the core of our work; it is here that the reader will find the central ideas,
albeit simplified, behind this tale. Thus, we urge her to postpone her coffee break until
having gone through it and before rushing into the concluding section. The technicalities
required for a precise quantitative picture are left for the following section. She can happily
take her break when that becomes burdensome.

3.1 Warm Dark Matter Candidate

We first go through the list of potential candidates for the dark matter in the LR model.

• Obviously, the neutral components belonging to the Higgs bidoublet Φ and the triplet
∆L decay on collider time scales.

• A possibility is the neutral component of the SU(2)R triplet, Re∆0
R.

Γ∆0
R→γγ �

49
8π

� α

4π

�2
�

MW

MWR

�2 GF√
2
m3

∆ = 10−50 GeV
� m∆

keV

�3
�

MWR

2.6× 1011 GeV

�−2

(3.1)

where 49 is the loop function squared. This approximate formula takes into account
only the dominant contribution due to the heavy charged WR. This vector boson
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Lepton Flavor Violation
µ→ e ece

Cirigliano et al ’04
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Neutrino mass: 
back to basics



Effective operators and New Physics
SM degrees of freedom

Majorana mass
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Weinberg’s d= 5 operator: UV completion  =  seesaw
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Seesaw mechanism: type I

SM +  right-handed neutrino 
 

crying for WR

  decoupled 
(except for tiny 
neutrino mass)

assumed  heavy



Figure 1: Bounds on the mixing between the electron neutrino and a (single) heavy neutrino as obtained from

Eq. 15. The upper thin black line corresponds to the result of ref. [45], the thick black one to ref. [44], while the

lower thin black line is an attempt to convey a conservative assessment on the residual uncertainty. See text for

details.

• The limits from 0ν2β which has been derived using the result of [44] and presented in Fig. 1, are significantly

tighter than the previous limits on mass and mixing given in [45] (the result of [45] has also been adopted

in recent global analysis [46]). Conversely, the impact of other constraints, in particular those from meson

decays, becomes relatively less important: See again [46] (and in particular their Fig. 2) where full reference

to the original literature is provided.

3 Type I seesaw and the nature of the 0ν2β transition

Type I seesaw is in many regards the simplest extension of the standard model: only heavy sterile neutrino states

are added to the spectrum of the SU(3)C×SU(2)L×U(1)Y theory [40, 42, 43, 41], with a primary purpose to account

for light neutrino masses in a renormalizable gauge model. However, these heavy states might lead to measurable

effects, in particular, for the neutrinoless double beta decay.

In this section we discuss the nature of 0ν2β transition within the Type I seesaw [39, 38], emphasizing the

possibility discussed occasionally in the literature that the heavy neutrino exchange contribution plays the main

role for 0ν2β. In the present study, we analyze in greater detail the parameter space of Type I seesaw.

Let us describe in detail the outline and scope of this section. First, we recall the basic notations for the model

(Sect. 3.1). In Sect. 3.2 we provide a precise formulation of a naive and widespread expectation: within Type I

seesaw, the contribution of the heavy neutrino states to the 0ν2β decay is smaller than the one due to light neutrino

states. Actually, for one generation this naive estimation works perfectly well (see Sect. 3.2.1) but for more than one

generation, it is possible to obtain a large and dominant contribution to 0ν2β from the heavy neutrino states, which

is not necessarily inherently linked with the light neutrino contribution. This will be discussed in detail, after the

mathematical premise of Sect. 3.3, aimed at outlining the cases when the light neutrino masses are much smaller

than suggested by the naive expectations from seesaw. Finally, we discuss in Sect. 3.4 the possible cases when

7

Bounds on the e- N mixing

µ = mN

N can be as light 
as you wish

Asaka, Blanchet, 
Shaposhnikov ’05,    

....
 

light N:   
neutrino mass, 
baryogenesis, 
DM

Mitra, Gs, Vissani ’11

Atre, Han, Pascoli , Zhang ’09

NuSM

N can still do neutrinoless double beta



Probing seesaw
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Type II seesaw Magg, Wetterich ’80

Mohapatra, GS ’81
Lazarides, Shafi, Wetterich ’81
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Type III seesaw:

MINIMAL SU(5) 

• no unification

• neutrino massless

Foot, Lew, He, Joshi ’89
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triplet fermions
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                       extra fermionic 24F

Bajc, G.S. ’06
Bajc, Nemevsek, G.S. ‘o7

singlet S  

triplet T hybrid: type I  + III

24F = +(8C , 1) + (3C , 2)5/6 + (3̄C , 2)−5/6(1C , 1)0 + (1C , 3)0



mT vs MGUT @ two loops
•unification

• one massless neutrino

Bajc, Nemevsek, G.S. ‘o7
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LHC:
 can probe the origin of neutrino mass 

 can resolve the mystery of  parity violation

 can directly observe lepton number violation

 can directly see  Majorana nature 



Thank you
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Fig. 2. Contours of mN
ee in the (MWR

,mN ) plane, illustrated for large (left) and small (right) coupling to the electron V R
eN .

whose decay width is

ΓNi→Nj��� =2Γµ

�
MW

MWR

�4�mN

mµ

�5��V R
�i V

R∗
��j + V R

�j V
R∗
��i

��2.

(8)
This gives a bound on the heavier neutrino mass

mheavy
N � 100MeV

�
MWR

2.26TeV

�4/5

to (mµ +mτ ), (9)

which also depends on the mixings; e.g. the higher end
refers to the µτ channel.

Interplay with LHC. Let us start with the canonical,
SM-like scenario at low energies: only three light neutri-
nos below eV. In such a case, the limit on the mass of the
lightest N given in (4) applies. The cosmological limit is
actually dependent on the mass of WR, and its interplay
with 0ν2β is shown in Fig. 2, illustrated in the case of
large and small electron mixing.

The first result to be noticed is that of the two solu-
tions with smaller and larger mN , the cosmological con-
siderations allow only the heavy N solution. This is also
welcome in view of the possibility to detect RH neutrinos
at LHC, since a light N would decay out of the detector
and only manifest itself as missing energy. The second
observation is that the values of mN and MWR required
for 0ν2β lie in the region where LHC will be able to probe
them through same-sign dileptons or lepton plus missing
energy [35].

In the scenario where one or more N ’s in the light
regime play the role of extra light species at BBN, the
heavier N still have to satisfy the cosmological constraint
given in (9). As a result, a similar situation regardingWR

emerges. If nBBN = 4, basically the same analysis goes
through as above. On the other hand, if nBBN = 5 turned
out to be the preferred option, one would have a clear
prediction. Namely, since the two lightN ’s would have to
decouple from the electron due to the SN constraint, the
heavy N would couple maximally and the left diagram
in the Fig. 2 would apply.

Discussion and outlook. Cosmology keeps lowering
the limit on the sum of neutrino masses, which may soon
come to clash with possible evidence of 0ν2β. If so, new
physics would be mandatory. This new physics could just
be RH neutrinos, assuming cancelations among Dirac
Yukawa couplings. In this work we try to avoid this sce-
nario, which leads us to consider the contribution of new
RH gauge interactions. In the context of the LR symmet-
ric model, we show how the mass of the RH charged gauge
boson has to be less than about 10 TeV, thus very close to
the 14 TeV LHC reach with a high luminosity. Another
important conclusion which emerges from cosmological
considerations is that only the heavy (mN � 100MeV)
contribution to 0ν2β is allowed, therefore a measurement
of the double beta process would relate unambiguously
the masses of N and WR.
The situation is particularly exciting in view of the

simultaneous time scale for low energy experiments such
as 0ν2β and LFV, the expected results from the Planck
satellite and of course at high energies from the LHC.

Acknowledgments. We are grateful to Alejandra
Melfo, Francesco Vissani and Yue Zhang for important
discussions and comments. F.N. and G.S. are grateful to
Alexander von Humboldt Foundation for the hospitality
at the LMU during the last stages of this work. The work
of G.S. is supported in part by the EU grant UNILHC-
Grant Agreement PITN-GA-2009-237920.
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which also depends on the mixings; e.g. the higher end
refers to the µτ channel.

Interplay with LHC. Let us start with the canonical,
SM-like scenario at low energies: only three light neutri-
nos below eV. In such a case, the limit on the mass of the
lightest N given in (4) applies. The cosmological limit is
actually dependent on the mass of WR, and its interplay
with 0ν2β is shown in Fig. 2, illustrated in the case of
large and small electron mixing.

The first result to be noticed is that of the two solu-
tions with smaller and larger mN , the cosmological con-
siderations allow only the heavy N solution. This is also
welcome in view of the possibility to detect RH neutrinos
at LHC, since a light N would decay out of the detector
and only manifest itself as missing energy. The second
observation is that the values of mN and MWR required
for 0ν2β lie in the region where LHC will be able to probe
them through same-sign dileptons or lepton plus missing
energy [35].

In the scenario where one or more N ’s in the light
regime play the role of extra light species at BBN, the
heavier N still have to satisfy the cosmological constraint
given in (9). As a result, a similar situation regardingWR

emerges. If nBBN = 4, basically the same analysis goes
through as above. On the other hand, if nBBN = 5 turned
out to be the preferred option, one would have a clear
prediction. Namely, since the two lightN ’s would have to
decouple from the electron due to the SN constraint, the
heavy N would couple maximally and the left diagram
in the Fig. 2 would apply.

Discussion and outlook. Cosmology keeps lowering
the limit on the sum of neutrino masses, which may soon
come to clash with possible evidence of 0ν2β. If so, new
physics would be mandatory. This new physics could just
be RH neutrinos, assuming cancelations among Dirac
Yukawa couplings. In this work we try to avoid this sce-
nario, which leads us to consider the contribution of new
RH gauge interactions. In the context of the LR symmet-
ric model, we show how the mass of the RH charged gauge
boson has to be less than about 10 TeV, thus very close to
the 14 TeV LHC reach with a high luminosity. Another
important conclusion which emerges from cosmological
considerations is that only the heavy (mN � 100MeV)
contribution to 0ν2β is allowed, therefore a measurement
of the double beta process would relate unambiguously
the masses of N and WR.
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simultaneous time scale for low energy experiments such
as 0ν2β and LFV, the expected results from the Planck
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Supersymmetry? 
• can mimic many of the phenomena

• Type III - wino with RP violation

• too many parameters

subject in itself

assumptions about sparticle masses

• supersymmetric seesaw?
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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 different PDF sets. We relax though the
gR = gL assumption since this captures the essence of the
impact when right and left are different. 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 � → eν
decay [12]: MWR � 1.36TeV and W � → µν 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 θW
. (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

CMS-PAS EXO-11-019

Available on the CERN CDS information server CMS PAS EXO-11-019

CMS Physics Analysis Summary

Contact: cms-pag-conveners-exotica@cern.ch 2011/07/21

Search for Resonances in the Dilepton Mass Distribution in

pp Collisions at
√

s = 7 TeV

The CMS Collaboration

Abstract

A search for narrow resonances at high mass in the dimuon and dielectron channels

has been performed by the CMS experiment at the CERN LHC, using pp collision

data recorded at
√

s = 7 TeV. The event samples correspond to an integrated lumi-

nosity of 1.1 fb
−1

. Heavy dilepton resonances are predicted in theoretical models with

extra gauge bosons (Z
�
) or as Kaluza–Klein graviton excitations (GKK) in the Randall-

Sundrum model. Upper limits on the inclusive cross section of Z
�(GKK) → �+�−

relative to Z → �+�− are presented. These limits exclude at 95% confidence level

a Z
�

with standard-model-like couplings below 1940 GeV, the superstring-inspired

Z
�
ψ below 1620 GeV, and, for values of the coupling parameter k/MPl of 0.05 (0.1),

Kaluza–Klein gravitons below 1450 (1780) GeV.

Available on the CERN CDS information server CMS PAS EXO-11-019

CMS Physics Analysis Summary

Contact: cms-pag-conveners-exotica@cern.ch 2011/07/21

Search for Resonances in the Dilepton Mass Distribution in

pp Collisions at
√

s = 7 TeV

The CMS Collaboration

Abstract

A search for narrow resonances at high mass in the dimuon and dielectron channels

has been performed by the CMS experiment at the CERN LHC, using pp collision

data recorded at
√

s = 7 TeV. The event samples correspond to an integrated lumi-

nosity of 1.1 fb
−1

. Heavy dilepton resonances are predicted in theoretical models with

extra gauge bosons (Z
�
) or as Kaluza–Klein graviton excitations (GKK) in the Randall-

Sundrum model. Upper limits on the inclusive cross section of Z
�(GKK) → �+�−

relative to Z → �+�− are presented. These limits exclude at 95% confidence level

a Z
�

with standard-model-like couplings below 1940 GeV, the superstring-inspired

Z
�
ψ below 1620 GeV, and, for values of the coupling parameter k/MPl of 0.05 (0.1),

Kaluza–Klein gravitons below 1450 (1780) GeV.

= 1.7 for  gL = gR
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Neutrino at

Collider - II
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New Physics?

LR

Hint: Quantum

Numbers

Model

Scale

Collider

Low scale WR
Limits

KK̄
Pvs C
0νββ

Collider

WR -νR
∆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 efficiently distinguish the two leptons.
(More difficult 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 MνR , MWR .

WR How right is it?
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BBN: Neff = 4 three ν + N1



Why only the triplet?

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

vevs:  color  and charge singlets

� =
�

ν
e

�

L

eR

H :      Y=1  doublet

∆  Y=2   triplet:



Type III seesaw:

MINIMAL SU(5) 

• no unification

• neutrino massless

Foot, Lew, He, Joshi ’89

Georgi-Glashow

triplet fermions

H H

ν νTT

YTYT



                       extra fermionic 24F

Bajc, G.S. ’06
Bajc, Nemevsek, G.S. ‘o7

singlet S  

triplet T hybrid: type I  + III

24F = +(8C , 1) + (3C , 2)5/6 + (3̄C , 2)−5/6(1C , 1)0 + (1C , 3)0



mT vs MGUT @ two loops
•unification

• one massless neutrino

Bajc, Nemevsek, G.S. ‘o7

15.6 15.7 15.8 15.9 16.0

2.5

3.0

3.5

log10(Mgut/GeV)

log10(m3/GeV)



G. Senjanović
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LHC: same sign leptons

∆L = 2
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