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Outline

• Introduction: Up to now the tiny neutrino masses are the only direct 
observation of Lepton Number Violation (LNV), if they are actually Majorana 
[and the observed baryon asymmetry of the universe is not generated by 
leptogenesis]. At the LHC era the question is if LNV is observable at the LHC. 

• Present limits on di-lepton decays can be easily extrapolated to LNV processes. 

• But H++ can be a component of a generic scalar multiplet, generalizing the see-
saw of type II model [with a heavy scalar triplet (Δ++ Δ+ Δ0) giving Majorana 
masses to neutrinos]. What can be determined sampling appropriately 4 and 3 
isolated lepton signals because their production rate does depend on T and Y.

• Conclusions
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        1/2YNΤ ΜN−1YΝ           −2 YΔµΔΜΔ
−2            1/2YΣ

Τ ΜΣ
−1YΣ

     Phase cancellation        small coupling(s)         Phase cancellation
     or small couplings                                             or small couplings

See-saw mechanisms (messengers of type I, II, III)

The three mechanisms must violate Lepton Number (LN) for they are assumed to 
generate Majorana masses. I and III involve fermions: singlets N (I) or triplets Σ (III), 
and II scalar triplets: Δ.  
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Lepton Number Violating
mν ∼ 2 YΔ µΔ v2 ΜΔ

−2 

➞ l+ l+ W- W-

Lepton Number Conserving

TeV signatures of see-saw messengers: 
Multilepton signals

W.Y. Keung and G. Senjanovic, 
Phys. Rev. Lett. 50 (1983) 1427

R. Franceschini, T. Hambye and A. Strumia,
Phys. Rev. D 78 (2008) 033002 [arXiv:0805.1613 [hep-ph]]

Displaced vertex
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P.S.B. Dev, A. Pilaftsis and U. Yang, 
arXiv:1308.2209 [hep-ph]

J. de Blas, arXiv:1307.6173 [hep-ph]: 0.0009 ←new indirect limit

T. Han and B. Zhang, Phys. Rev. Lett. 97 (2006) 
171804 [hep-ph/0604064]
F. del Aguila, J.A. Aguilar-Saavedra and R. 
Pittau, JHEP 0710 (2007) 047 [hep-ph/0703261]
A. Atre, T. Han, S. Pascoli and B. Zhang, JHEP 
0905 (2009) 030 [arXiv:0901.3589 [hep-ph]]T

F. del Aguila, J. de Blas and M. Perez-Victoria, 
Phys. Rev. D 78(2008) 013010 [arXiv:0803.4008 [hep-ph]]
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RR

S.N. Gninenko, M.M. Kirsanov, N.V. Krasnikov and 
V.A. Matveev, Phys. Atom. Nucl. 70 (2007) 441

F. del Aguila, J.A. Aguilar-Saavedra and J. de Blas,
Acta Phys. Polon. B 40 (2009) 2901 [arXiv:0910.2720 [hep-ph]]
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CMS and ATLAS have set stringent limits on doubly-charged scalars H±± 
decaying into two same-sign leptons ~ 400 GeV with only 5 fb-1 at 7 TeV.   

But they very much depend on the assumed di-leptonic branching ratios, in 
particular, into τs, and especially into gauge bosons. For instance, if the new 
scalar muliplet has a neutral component getting a v.e.v., through the gauge 
coupling g2<H0>H++W−W−. On the other hand, if both H±± decays are 
observed, pp → H++ H-- → l+ l+ W- W-, LN will have been proved to be violated 
at the LHC. 

•The most popular Standard Model extension of this class is the see-saw of 
type II with a heavy scalar triplet (Δ++ Δ+ Δ0) giving Majorana masses to 
neutrinos. 
•Present limits on di-lepton decays can be easily extrapolated to LNV 
processes. 
•But H++ can be a component of a generic scalar multiplet with 

TH ≥ T3H++ = 2 − YH

•What can be determined sampling appropriately 4 and 3 isolated lepton 
signals because their production rate does depend on T and Y.
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−2YΔµΔv2ΜΔ
−2 ~ meV with  √2 <Δ0> = µΔv2ΜΔ

−2

if ΜΔ~TeV: YΔµΔ ~ 10-11 GeV
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S. Chatrchyan et al. [CMS Collaboration] 
Eur. Phys. J. C 72 (2012) 2189 [arXiv:1207.2666 [hep-ex]]

No τ decays
G. Aad et al. [ATLAS Collaboration], 
Eur. Phys. J. C 72 (2012) 2244 [arXiv:1210.5070 [hep-ex]]
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F. del Aguila and J.A. Aguilar-Saavedra, Phys. Lett. B 672 (2009) 158 [arXiv:0809.2096 [hep-ph]]

LHC reach (30 fb−1 and 14 TeV):

H+++     K.S. Babu, S. Nandi and Z. Tavartkiladze, 
            Phys. Rev. D 80, 071702 (2009) [arXiv:0905.2710 [hep-ph]]

F++       K.L. McDonald, arXiv:1310.0609 [hep-ph]
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Lepton Number Violating
mν ∼ 2 YΔ µΔ v2 ΜΔ

−2 

➞ l+ l+ W- W-

EWPD

F.A and J.A. Aguilar-Saavedra, 
Nucl. Phys. B813 (2009) 22 [arXiv:0808.2468 [hep-ph]]
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Figure 6: Branching ratio reµ to electron and muon final states for normal and inverted

hierarchy, and quasi-degenerate neutrinos.

two extreme cases: (i) NH with s13 = 0, β2 −β3 = π, for which reµ = 0.21; (ii) IH with

s13 = 0, β2 = β3 = 0, for which reµ = 0.65. For squared mass differences and mixing

angles we take the central values in Ref. [?].

In the rest of this section we study the observability of the scalar triplets in several

final states, which we classify according to the number of charged leptons in the sample:

(a) #+#+#−#−X; (b) #±#±#∓X; (c) #±#±X; (d) #+#−jτX; (e) #±jτjτ jτX, where # only

corresponds to electrons and muons (but not necessarily all with the same flavour), jτ

denotes a jet tagged as a tau jet and X refers to additional jets, tagged or not. We

assume a common mass M∆++ = M∆+ = 300 GeV.

5.1 Final state #+#+#−#−

This is a very good channel for the observation of ∆++∆−− production, because of its

practically absent SM background. However, the scalar triplet signals in this decay

mode are smaller than in other final states, because
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two extreme cases: (i) NH with s13 = 0, β2 −β3 = π, for which reµ = 0.21; (ii) IH with

s13 = 0, β2 = β3 = 0, for which reµ = 0.65. For squared mass differences and mixing

angles we take the central values in Ref. [?].

In the rest of this section we study the observability of the scalar triplets in several

final states, which we classify according to the number of charged leptons in the sample:

(a) #+#+#−#−X; (b) #±#±#∓X; (c) #±#±X; (d) #+#−jτX; (e) #±jτjτ jτX, where # only

corresponds to electrons and muons (but not necessarily all with the same flavour), jτ

denotes a jet tagged as a tau jet and X refers to additional jets, tagged or not. We

assume a common mass M∆++ = M∆+ = 300 GeV.

5.1 Final state #+#+#−#−

This is a very good channel for the observation of ∆++∆−− production, because of its

practically absent SM background. However, the scalar triplet signals in this decay

mode are smaller than in other final states, because

30

the parent τ . Hadronic tau decays can only be tagged with a certain efficiency, and

always suffer the contamination from SM backgrounds with fake tau tags from jets.

(For example, corresponding to a τ tag efficiency of 50%, the fake rate is around 1%.)

The relevant quantity which determines the observability of ∆±± is the branching ratio

to electrons and muons,

reµ ≡ Br(∆±± → e±e±/µ±µ±/e±µ±) . (57)

From the point of view of the signal, electrons and muons are quite alike, with similar

detection efficiencies. From the point of view of SM backgrounds, at high transverse

momenta (such as those involved in the decay of ∆±± with few hundreds of GeV) like-

sign dielectron and dimuon final states are comparable, in contrast with the behaviour

at lower transverse momenta, where dielectrons are much more abundant [?]. In our

analysis we will sum over final states with electrons and muons. A detailed examination

of the relative number of each is crucial to reconstruct the MNS matrix [?, ?, ?] but

hardly affects the observability of doubly charged scalars.

In Fig. ?? we present the 67.3% CL allowed regions for reµ for normal hierarchy

(NH), inverted hierarchy (IH) and quasi-degenerate (QD) neutrino masses. In the first

and second cases we assume that the lightest neutrino is massless. The MNS mixing

matrix is parameterised as usual,

VMNS =







c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13







× diag (1, e−iβ2/2, e−iβ3/2) . (58)

We use the best fit values of mass differences and mixing angles in Ref. [?] with the

errors quoted there, and for the unknown Majorana phases we assume a flat probability.

The 67.3% CL regions are obtained with the acceptance-rejection method, as described

in detail in Ref. [?] for the program TopFit. The bands show the dependence of reµ

on one phase or combination of phases, with the dependence on the rest of parameters

(additional phases, the unknown value of s13, etc.) reflected in the band width. For NH

reµ mainly depends on the phase difference β2 − β3 but the variation is moderate. We

observe that the total branching ratio to electrons and muons is modest, around 30%,

and for β2 −β3 = π it can be as low as 5%, making the doubly charged scalars hard to

discover in this case. For IH reµ is much larger, about 60%, depending on β2. For QD

neutrinos reµ depends on both phases and only the dependence on β2−β3 (which is the

strongest) is shown. For this mass hierarchy reµ ∼ 0.45, between the values obtained

for NH and IH. For our simulations we select two benchmark scenarios illustrating the

29

They depend on the neutrino masses and mixings, being the main dependance on α2 (in the plots β2−β3 
and β2 , respectively).

Δ BR’s into leptons are a high energy window to neutrino masses and mixings, and may even allow for 
reconstructing the PMNS matrix.
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S. Chatrchyan et al. [CMS Collaboration] 
Eur. Phys. J. C 72 (2012) 2189 [arXiv:1207.2666 [hep-ex]]

No τ decays
G. Aad et al. [ATLAS Collaboration], 
Eur. Phys. J. C 72 (2012) 2244 [arXiv:1210.5070 [hep-ex]]
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−−− K.S. Babu, Phys. Lett. B 203 (1988) 132
 
−−− F.A., A. Aparici, S. Bhattacharya, A. Santamaria and J. Wudka, 
       JHEP 1205 (2012) 133 [arXiv:1111.6960 [hep-ph]]
−⋅− K.S. Babu, S. Nandi and Z. Tavartkiladze, 
       Phys. Rev. D 80, 071702 (2009) [arXiv:0905.2710 [hep-ph]] 
       Y: 1/2 → 3/2 ⇒ NC: coupling → doublet, CC: √3/2 → √2 
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S. Chatrchyan et al. [CMS Collaboration] 
Eur. Phys. J. C 72 (2012) 2189 [arXiv:1207.2666[hep-ex]]

 0.0001

 0.001

 0.01

 0.1

 200  300  400  500  600  700

 [p
b]

m ++ [GeV]

Observed CLs limit
Singlet

Doublet
Triplet

Quadruplet
Quintuplet

 0.0001

 0.001

 0.01

 0.1

 200  300  400  500  600  700

 [p
b]

m ++ [GeV]

Observed CLs limit
Singlet

Doublet
Triplet

Quadruplet
Quintuplet

only τ

5 fb−1, 7 TeV

20 fb−1, 8 TeV

12



 0.0001

 0.001

 0.01

 0.1

 200  300  400  500  600  700

 [p
b]

m ++ [GeV]

Observed CLs limit
Singlet

Doublet
Triplet

Quadruplet
Quintuplet

 0.0001

 0.001

 0.01

 0.1

 200  300  400  500  600  700

 [p
b]

m ++ [GeV]

Observed CLs limit

 0.0001

 0.001

 0.01

 0.1

 200  300  400  500  600  700

 [p
b]

m ++ [GeV]

Observed CLs limit
Doublet

Triplet
Quadruplet
Quintuplet

 0.0001

 0.001

 0.01

 0.1

 200  300  400  500  600  700

 [p
b]

m ++ [GeV]

Observed CLs limit

pair production
5 fb−1, 7 TeV

50 % ll + 50 % WW

associated production
5 fb−1, 7 TeV

H±±→ l±l± and H± → W±Z

) [GeV]4
±l3

±lm(
0 100 200 300 400 5000

0.05

0.1

0.15

0.2

0.25

0.3

0.35

±l± l±±H

±± l±±H
±± ±±H±W± W±±H

3x
-0.5 0 0.5 1 1.5 20

0.05

0.1

0.15

0.2

0.25

0.3

0.35
±l± l±±H

±± l±±H
±± ±±H

±W± W±±H

) [GeV]±±m(
0 100 200 300 400 500 600 700 800 900 10000

0.05

0.1

0.15

0.2

0.25

0.3

0.35

±± ±±H

±W± W±±H

13



14



W±

H±±

H∓Z/γ

H±±

H∓∓

 1e-06

 1e-05

 0.0001

 0.001

 0.01

 0.1

 200  300  400  500  600  700  800  900  1000
 [p

b]
m ++ [GeV]

Doublet
Triplet

Quadruplet
Quintuplet

 1e-06

 1e-05

 0.0001

 0.001

 0.01

 0.1

 200  300  400  500  600  700  800  900  1000

 [p
b]

m ++ [GeV]

Singlet
Doublet

Triplet
Quadruplet
Quintuplet

8 TeV8 TeV

15



γγ contribution
T. Han, B. Mukhopadyaya, Z. Si and K. Wang, 
Phys. Rev. D76 (2007) 075013 [arXiv:0706.0441]
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How well can we measure 
the total cross-section ?
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It is enough to group the 
sample with four charged 
leptons in three sub-sets:
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Summary

• LNV processes are rare (mν∼0) and require a physical 
enhancement (cancelling contributions to mν or rather slow 
decays) and an efficient reconstruction to be observable at the 
LHC.

• Present limits on doubly-charged scalar masses mediating the see-
saw of type II (triplet) and decaying into leptons only can be 
extended to more general multiplets and decays.

• If observed in the same-sign charged di-lepton channel, the type of 
multiplet can be determined using events with four and three 
isolated leptons, independently of the size of LNV.

arXiv:1305.3904 [hep-ph]
arXiv:1307.0510 [hep-ph]
arXiv:1310.xxxx [hep-ph]
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From Majorana to LHC: 
Workshop on the Origin of Neutrino Mass

Thanks for your 
attention 
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