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 Neutrino masses have no observable effects at large colliders because they are 
suppressed by large factors, a power of  

However, neutrinos are produced and detected as missing energy for they have 
electroweak interactions. Then the question, for instance, at LHC is if neutrinos 
have further interactions which can be observed. The answer is obviously 
positive (for example, almost any new gauge boson couples to them). 

• N → l−2 l+2 νl2 . It’s mediated by both charged and neutral current but
as the previous one it involves either a |UlN |2 or a s2

WW ′ so we neglect
them.

• N → ν1νν. It’s mediated by neutral currents so we neglect them.

• N → l± +2 jets In the limit of negligible final fermion masses (even for
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Non-standard neutrino interactions

 In general the 
(gauge invariant) 
dimension six 
operators must 
have coefficients 
not much larger 
than 1 %  

LH neutrinos 
One extra operator at a time

Antusch, Biggio, Fernández-Martínez, Gavela, 
Lopez-Pavon 06, Abada, Biggio, Bonnet, Gavela, 
Hambye 07, Gavela, Hernandez, Ota, Winter 08, 
Biggio, Blennow,Fernandez-Martinez 09
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LEP1 and low energy data plus LEP2 data

F.A., de Blas, Szafron, Wudka, Zralek 09

➚Gauge invariance

Light RH neutrinos 
More than one extra operator

de Blas
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Porod, Hirsch, Romao, Valle, 00

 Ratio of neutralino branching ratios as a function of the mixing angles. The model mixes 
neutrinos and the lightest neutralino. Only the atmospheric scale comes out at tree level 
through bilinear breaking of R-parity. 

Paris, July 2010 6

  A more pertinent question is if we can be learned something about neutrino masses and 
mixings. In general they must be inferred from definite model dependent relations. Thus, 
within a given neutrino mass model these parameters can be related to other ones entering 
in observable processes (as in some supersymmetric models).

 We can even observe at the LHC neutrino mass mediators if they have a mass below the 
TeV. They can be tree-level (see-saw) messengers (as we shall review) or higher order 
ones,                                                      or new particles with particular properties but with 
no information on the neutrino spectrum (relics).  

Ma 00; Nandi’s  and Babu’s talks today
Feruglio’s talk today, Santiago’s talk on Monday
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YNT YN
µΔ

YΔ

YΔT YΔ

The three mechanisms must violate Lepton Number 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.  

        1/2YN
Τ ΜN

−1YΝ           −2 YΔµΔΜΔ
−2            1/2YΣ

Τ ΜΣ
−1YΣ

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

ΣΣ

Magg, Wetterich 80, ... Foot, Lew, He, Joshi 89, ...Minkowski 77, ...
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Type I

Type II

Weinberg 79, Buchmuller, Wyler 86, ...



Paris, July 2010 F. del Águila                              
Universidad de Granada

9

 

Type III

 There is a question about the relative size of the coefficients of the operators of 
dimension 5 and 6: 
 Can the dimension 5 operator coefficient be negligible but dimension 6 operator 
coefficients sizeable ? 
 The answer is positive, for instance, if Lepton Number is (quasi-)conserved. 

Type I and III: 
Light neutrinos 
are massless.
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TeV signatures of see-saw messengers: 
Multilepton signals

Lepton Number Violating
mν ∼ 2 YΔ µΔ v2 ΜΔ

−2 
➞ l+ l+ W- W-

Lepton Number Conserving
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 LNV signals have smaller backgrounds than LNC ones (                           ) BUT 
for a fixed number of final particles. As a matter of fact the significance of trilepton 
LNC signals is similar to the significance of LNV dilepton signals.

 At any rate, multilepton signals are complementary in order to discriminate 
between models. Scalar and fermion triplets mediating the see-saw mechanism 
have final states with many leptons (up to 6), as many other new particles at the 
TeV scale (as, for example, heavy leptons or quarks, or new neutral gauge bosons 
decaying into them).

 

Keung, Senjanovic 83

F.A., Aguilar-Saavedra 08, Aguilar-Saavedra 09, F.A., Aguilar-Saavedra, de Blas 09 

F.A., Aguilar-Saavedra 08 
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Fermion singlet N

 The production mechanism is proportional to the mixing between the light leptons 
and the new heavy neutrino N, as there are the light neutrino masses (if they have 
a see-saw origin as in the usual MAJORANA case). BUT in the first case enters 
the specific mixing matrix element and in the second one the combination of all of 
them and cancellations are possible. Although this can be considered arbitrary in 
the absence of a symmetry, and unstable because corrections may be large. 

with v = 246 GeV. Since N ′
iR are SM singlets, gauge symmetry allows a Majorana mass

term

LM = −
1

2
MijN ′

iLN ′
jR + H.c. , (5)

with M a 3 × 3 symmetric matrix and N ′
iL ≡ N

′c
iR.1 Defining ν ′

iR ≡ ν
′c
iL, where ν ′

iL are

the SM neutrino eigenstates, the full neutrino mass term reads
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1
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v√
2
Y T M
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+ H.c. . (6)

The neutrino gauge interactions are the same as in the SM,

LW = −
g√
2

(

l̄′iLγµν ′
iL W−

µ + ν̄ ′
iLγµl′iL W+

µ

)

,

LZ = −
g

2cW
ν̄ ′

iLγµν ′
iL Zµ , (7)

with l′iL the charged lepton weak eigenstates and cW the cosine of the weak mixing

angle. The interaction with the Higgs boson H , with the usual normalisation φ0 =

(v + H + iχ)/
√

2, is

LH = −
1√
2

(

ν̄ ′
iLYijN

′
jR + N̄ ′

jRY †
jiν

′
iL

)

H . (8)

Then, the relevant interaction terms for the heavy neutrino mass eigenstates Ni %
N ′

iR can be obtained by diagonalising the mass matrix in Eq. (??) and rewriting the

interactions in the mass eigenstate basis (for details see for example Refs. [?,?]). For

a heavy Majorana neutrino N (dropping the subindex) and l = e, µ, τ we have

LW = −
g√
2

(

VlN l̄γµPLN W−
µ + V ∗

lN N̄γµPLl W+
µ

)

,

LZ = −
g

2cW

(

VlN ν̄lγ
µPLN + V ∗

lN N̄γµPLνl

)

Zµ ,

LH = −
g mN

2MW

(

VlN ν̄lPRN + V ∗
lN N̄PLνl

)

H , (9)

where mN is the heavy neutrino mass and

VlN %
YlNv√
2mN

(10)

is the mixing between the charged lepton l and the heavy neutrino N . Due to the

Majorana character of N and νl, the last terms in the Z, H Lagrangians can be

1We avoid writing parentheses in charge conjugate fields to simplify the notation, and write ψc
L ≡

(ψL)c, ψc
R ≡ (ψR)c.
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{ ( )
Overwhelming 
background

Too small 
cross section Majorana particles give LNV as well as LNC 

signals, whereas Dirac particles only give LNC 
ones. In any case there are SM backgrounds.

    90 % C.L.
|V

eN
|2 < 0.003

|V
µN

|2 < 0.0032

|V
τN

|2 < 0.0062     unobservable

 Total cross sections are the same, 
although the total width for a Majorana 
neutrino is twice than for a Dirac one

F.A., Aguilar-Saavedra 08 

Han, Zhang 06 
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Difference due 
to kinematics

mN = 100 GeV
|V|2 = 0.003

Coupling to
 e and µ, 

respectively 

LNC signals may be more significant than LNV ones 

☐
☐

(    )

(    )

A case for MULTILEPTON searches

Broad dilepton invariant mass distributions
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Large backgrounds
Likelihood analysis  

with many distributions

(    )
(    )

Limit on their mass  
~ 120 (150) GeV for D (M)

principle. Likewise, other single production processes like

qq̄ → Z∗ → νN ,

gg → H∗ → νN (49)

give "± and "+"− final states which are unobservable due to the huge backgrounds.

Pair production

qq̄ → Z∗ → NN (50)

has its cross section suppressed by |VlN |4, phase space and the Z propagator, and is

thus negligible.

In a previous work [?] we have studied in great detail the observability of heavy

neutrino singlets in the like-sign dilepton final state for mN > MW as well as for

mN < MW , performing sophisticated likelihood analyses to effectively suppress the

backgrounds. We found that a heavy neutrino coupling only to the electron with

|VeN |2 = 0.0054 could be discovered up to mN = 145 GeV, and if it couples to the muon

with |VµN |2 = 0.0096 it could be discovered up to 200 GeV. (If it couples only to the tau

the signals are swamped by the SM background.) For heavy neutrinos lighter than the

W boson, we found that, for example, a 60 GeV neutrino coupling to the muon might

be discovered up to |VµN |2 = 4.9×10−5. These limits, however, are obtained from very

optimised analyses which use as input the heavy neutrino mass to build the probability

distributions for the heavy neutrino signal. In this section we will take the opposite

approach, following the philosophy of this paper: we will investigate whether with

“generic” model-independent cuts the heavy neutrino (as well as seesaw II and seesaw

III signals) might be observable. Of course, dedicated experimental searches can be

carried out assuming some value for mN and optimising the kinematical distributions

for this mass to achieve the best sensitivity. But, at least in a first step, LHC searches

are likely to be performed with general and model-independent event selections.

A major difference between heavy neutrino signals studied in this section and scalar

triplet and fermion triplet signals concerns lepton flavour. For the latter, the SM

backgrounds involving electrons and muons are alike at large transverse momenta,

and it makes sense to perform “flavour blind” searches summing electrons and muons.

This is also sensible from the point of view of the signals, which have the same cross

sections if the new states couple to the electron, the muon or both, as it will be argued

in sections ?? and ??. On the other hand, for heavy neutrino production the situation

is clearly different. At low transverse momenta SM backgrounds involving electrons

are much larger than those involving muons, as shown in Ref. [?], and searches must be

performed independently in order to avoid that a possible signal in muon final states is

19
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CLIC does better
F.A., Aguilar-Saavedra 07
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Figure 2: Left: Kinematical distribution at pre-selection of the like-sign dilepton in-

variant mass for the signals in the two heavy neutrino scenarios. Right: the same, for

the SM and the SM plus the signal in scenario S2 at the selection level. The luminosity

is 30 fb−1.

new physics signal. This implies that, in order to be detected, heavy neutrino signals

require dedicated analyses, often optimised for a given mN value, as the one presented

in Ref. [?]. For this specific heavy neutrino signal there are additional cuts which can

be imposed to further reduce backgrounds. For an improved event selection we ask

that

(i) no b jets can be present in the final state;

(ii) the like-sign leptons must be back-to-back, with their angle in transverse plane

larger than π/2.

These selection criteria are convenient for this heavy neutrino singlet signal but rather

inadequate for fermion triplet signals in the same final state. The number of events

after these additional requirements is given in the last two columns of Table ??. The

statistical significance does not reach 5σ in any of the cases: S20 = 1.1 in scenario S1

and S20 = 2.6 in S2. The variable selection can still be improved and cuts optimised

for this particular value of mN , obtaining S20 = 1.7 in scenario S1 and S20 = 3.7 in

S2 (allowing discovery with 180 fb−1), and we expect that much better results will be

obtained with a probabilistic analysis. This is in agreement with our statement that

heavy neutrino singlets require dedicated searches, optimised for their detection.

22

1 Introduction

SSSSS
Preselection:

• Three charged leptons (e or µ)

• Same sign leptons with pT > 30 GeV
(to reduce b’s)

Selection:

• Invariant mass of oppossite sign pairs
differing from the Z boson mass by at
least 10 GeV

Improved selection:

• No b jets

• Like sign leptons back-to-back (> π/2)

ēνν̄µ

LY = −Y l
ααL̄LαHlRα + h.c.

H (≡ φ) ∼ (1, 2, 1
2)

LK.T. =
∑

α=e,µ,τ (L̄LαγλiDλLLα + l̄RαγλiDλlRα + h.c.) ,

LY = −Y l
αβL̄LαHlRβ + h.c.

LLβ → U l
LβαLLα , lRβ → U l

RβαlRα

Y l
αβ = U l†

Lαρ yl
ρρ δρη U l

Rηβ

lLβ → U l
LβαlLα , νLβ → Uν

LβανLα

U ≡ U l†
L Uν

L

2

events for the signal and the largest backgrounds is given in Table ?? for these two

stages of event selection.

Pre-selection Selection Impr. selection

2e 2µ 2e 2µ 2e 2µ

N (S1) 37.1 0 32.4 0 28.6 0

N (S2) 0 37.8 0 33.1 0 29.6

tt̄nj 244.8 78.0 159.8 52.4 58.4 16.3

tW 14.8 3.0 10.5 1.7 6.5 0.6

Wtt̄nj 25.6 19.9 20.6 14.5 3.8 2.6

Zbb̄nj 17.1 16.2 1.1 0.9 0.5 0.1

Ztt̄nj 82.5 69.9 10.3 6.5 2.6 1.1

WZnj 2166.4 1947.3 49.2 24.3 36.8 17.8

ZZnj 141.0 135.0 2.8 1.4 1.6 1.2

WWWnj 10.8 12.0 7.9 8.9 4.7 5.3

WWZnj 23.9 18.8 1.1 0.7 0.8 0.4

Table 2: Number of events for !±!±!∓ signals and main backgrounds with a luminosity

of 30 fb−1.

The invariant mass of the like-sign leptons m!1!2 is a good discriminant among

different sources of new physics giving !±!±!∓ signals. In the case of heavy neutrino

production this distribution, presented in Fig. ??, is broad and without a long tail. For

larger N masses the m!1!2 tail will be longer, but in this case the cross sections are much

smaller. In dimuon final states the backgrounds are very small and a signal in scenario

S2 might be detected (although with a significance smaller than 5σ) without the need

of further improvements in the analysis, provided that the background uncertainties are

small. Neglecting them, the excess of events would amount to a statistical significance

S0 = 3.1σ, whereas if we consider a 20% systematic uncertainty in the background the

significance is smaller, S20 = 1.3σ. This excess is distributed across the m!1!2 range, as

it is shown on the right side of Fig. ??, and does not display a peak as it does in scalar

triplet production (see next section) nor a long tail as in fermion triplet production

(see section ??). This fact makes it difficult to normalise the background directly from

data in a given “control” region to extract the significance of an excess in another phase

space region, as it will be done in some of the cases analysed in this paper.

Other kinematical distributions, for example the transverse momenta of the like-

sign leptons, exhibit analogous behaviour with the event excess distributed in a wide

range but without long tails which would be a clear indication of the presence of a

21

☐ ☐

Preselection
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 Process Decay L Events

tt̄nj, n = 0, . . . , 6 semileptonic 300 fb−1 60.8 M

tt̄nj, n = 0, . . . , 6 dileptonic 300 fb−1 15.2 M

bb̄nj, n = 0, . . . , 3 all 0.075 fb−1 116 M

cc̄nj, n = 0, . . . , 3 all 0.075 fb−1 145 M

tj W → lν 300 fb−1 9.5 M

tb̄ W → lν 300 fb−1 540 K

tW all 300 fb−1 16 M

tt̄tt̄ all 300 fb−1 1.6 K

tt̄bb̄ all 300 fb−1 340 K

Wnj, n = 0, 1, 2 W → lν 10 fb−1 557.4 M

Wnj, n = 3, . . . , 6 W → lν 30 fb−1 10 M

Wbb̄nj, n = 0, . . . , 4 W → lν 300 fb−1 5.2 M

Wcc̄nj, n = 0, . . . , 4 W → lν 300 fb−1 5.5 M

Wtt̄nj, n = 0, . . . , 4 W → lν 300 fb−1 50.6 K

Z/γ nj, n = 0, 1, 2, mll < 120 GeV Z → l+l− 10 fb−1 54.9 M

Z/γ nj, n = 3, . . . , 6, mll < 120 GeV Z → l+l− 30 fb−1 1.1 M

Z/γ nj, n = 0, . . . , 6, mll > 120 GeV Z → l+l− 300 fb−1 17.3 M

Zbb̄nj, n = 0, . . . , 4 Z → l+l− 300 fb−1 2 M

Zcc̄nj, n = 0, . . . , 4 Z → l+l− 300 fb−1 1.8 M

Ztt̄nj, n = 0, . . . , 4 Z → l+l− 300 fb−1 18.7 K

WWnj, n = 0, . . . , 3 W → lν 300 fb−1 2.9 M

WZnj, n = 0, . . . , 3 W → lν, Z → l+l− 300 fb−1 377 K

ZZnj, n = 0, . . . , 3 Z → l+l− 300 fb−1 37.4 K

WWWnj, n = 0, . . . , 3 2W → lν 300 fb−1 14.7 K

WWZnj, n = 0, . . . , 3 all 300 fb−1 48.7 K

WZZnj, n = 0, . . . , 3 all 300 fb−1 15.3 K

ZZZnj, n = 0, . . . , 3 2Z → l+l− 300 fb−1 114

Table 1: Background processes considered in the simulations. The second column

indicates the decay modes included (where l = e, µ, τ), and the third column the

luminosity equivalent generated. The last column corresponds to the number of events

after matching, with K and M standing for 103 and 106 events, respectively.

Pythia and the “hard” jets generated by Alpgen avoiding double counting. Background

samples are generated with large statistics, often 300 fb−1, in order to avoid fluctuations

in the final selected samples. This is a demanding computational task, which would

take around ten years in a modern single processor system. The backgrounds generated

and the corresponding luminosities are collected in Table 1. For bb̄nj and cc̄nj the

15

 ALPGEN for the backgrounds (interfaced to 
PYTHIA using the MLM prescription)

 Signals calculated with a Monte Carlo generator 
(TRIADA -for triplets-, ALPGEN -for singlets-)
using HELAS (width and spin), VEGAS (phase 
space integration), interface to PYTHIA (ISR and 
FSR, pile-up, and hadronisation), and AcerDET 
(fast LHC detector simulation) 
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Scalar triplet Δ

Lepton Number Violating
mν ∼ 2 YΔ µΔ v2 ΜΔ

−2 
➞ l+ l+ W- W-

Lepton Number Conserving

EWPD
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1 Introduction

SSSSS
Preselection:

• Three charged leptons (e or µ)

• Same sign leptons with pT > 30 GeV
(to reduce b’s)

Selection:

• Invariant mass of oppossite sign pairs
differing from the Z boson mass by at
least 10 GeV

Improved selection:

• No b jets

• Like sign leptons back-to-back (> π/2)

ēνν̄µ

LY = −Y l
ααL̄LαHlRα + h.c.

H (≡ φ) ∼ (1, 2, 1
2)

LK.T. =
∑

α=e,µ,τ (L̄LαγλiDλLLα + l̄RαγλiDλlRα + h.c.) ,

LK.T. = (Dµ%∆)† · (Dµ
%∆) →

LY = −Y l
αβL̄LαHlRβ + h.c.

LLβ → U l
LβαLLα , lRβ → U l

RβαlRα

Y l
αβ = U l†

Lαρ yl
ρρ δρη U l

Rηβ

lLβ → U l
LβαlLα , νLβ → Uν

LβανLα

2
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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

30

0 0.5 1 1.5 2

(!
2
 " !

3
) / #

0

0.2

0.4

0.6

0.8

1.0

r
e
µ

NH

0 0.5 1 1.5 2

!
2
 / #

0

0.2

0.4

0.6

0.8

1.0

r
e
µ

IH

0 0.5 1 1.5 2

(!
2
 " !

3
) / #

0

0.2

0.4

0.6

0.8

1.0

r
e
µ

QD

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
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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

 Δ BR’s into leptons are a high energy window to neutrino masses and mixings, and may even allow for 
reconstructing the MNS matrix.

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

Hektor, Kadastik, Muntel, Raidal, Rebane 07

Fileviez Perez, Han, Huang, Li, Wang 08

Garayoa, Schwetz 08

Vector Field Operators

1 PL = 1
2(1 − γ5) ×2

γ5 PR = 1
2(1 + γ5) ×2

γλ γλPL ×2

γλγ5 γλPR ×2

tαβ = i
2
√

2
[γα, γβ] tαβ δα

α′δ
β
β′ , ε

αβ
α′β′

Hµ O(8,3)
qq

B1
µ O(1)

ud ,O(8)
ud , ——O(1)

φ ,O(3)
φ ,Oφud

W1
µ ——O(1)

φ ,O(3)
φ

G1
µ O(1)

ud ,O(8)
ud

Table 1: Dimension six operators arising from the integration of each vector
boson. Operators with no observable effects are crossed out. Among the
other, operators that can be constrained by EWPD appear underlined.

e±e± µ±µ± µ±τ± τ±τ±

NH 0.00 0.20 0.49 0.29

IH 0.50 0.15 0.25 0.10

Table 2: Dimension six operators arising from the integration of each vector
boson. Operators with no observable effects are crossed out. Among the
other, operators that can be constrained by EWPD appear underlined.

3

F.A., Aguilar-Saavedra 08 
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Figure 8: !1!2 invariant mass distribution for the SM and the SM plus the scalar triplet

signal in the cases of NH (left) and IH (right). The luminosity is 30 fb−1.

of events at the peak is small even for 30 fb−1. In Table ?? we collect the number of

signal and background events at the peak, taken as the window

280 < m!1!2 < 320 GeV , (59)

and making the two hypotheses for the background normalisation mentioned in sec-

tion ??:

(a) The SM background normalisation does not have any uncertainty, so that all the

event excess at the peak can be interpreted as signal.

(b) The SM background must be normalised directly from data, in which case the off-

peak signal contributes as combinatorial background, reducing the significance of

the peak.

The situation in a real experiment will be between these two cases. We also include in

Table ?? the luminosity needed to have 5σ significance, for which we require to have

an event excess not compatible with a background fluctuation at 5σ, and to have at

least 10 signal (!+!+!−!−) events.

We finally investigate if the scalar nature of ∆±± can be established. We examine

the opening angle distribution, defined in terms of the angle θ between the momenta

of ∆++ and the estimated direction of the incoming quark (positive z if the ∆++∆−−

system moves in this direction or negative z otherwise) in the ∆++∆−− centre of mass

(CM) frame. In order to ensure a correct reconstruction of this frame we require that

both dilepton pairs have a mass close to the peak, between 280 and 320 GeV. The de-

pendence of the peak cross section on the opening angle is presented in Fig. ?? for both
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in trilepton final states at pre-selection level.

whose distribution is plotted in Fig. ?? for the SM backgrounds only and for the SM

backgrounds plus the NH signal (left) and the IH signal (right) after event selection

criteria. The peaks are much more pronounced than in the four lepton final state,
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Figure 13: "1"2 invariant mass distribution for the SM and the SM plus the scalar

triplet signal in the cases of NH (left) and IH (right). The luminosity is 30 fb−1.

making the discovery of the ∆±± signal in this final state much easier. The number of

signal and background events at the peak

280 < m!1!2 < 320 GeV (60)

is collected in Table ??, together with the luminosity necessary for a 5σ discovery. We

distinguish the two cases: (a) if the SM background can be predicted with negligible

uncertainty and (b) if it is normalised from data. For NH the luminosity needed to

discover ∆±± is 4−5 times smaller than in the four lepton final state, and for IH three
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with trilepton and four lepton final states, they concentrate at low dilepton invariant

masses. Hence, even with the loose pre-selection cuts used here, the presence of a

∆±± resonance can be spotted with the examination of the m!1!2 distribution, shown

in Fig. ?? for the SM background alone and also including the NH and IH signals. The

∆±± peaks are less pronounced than in the three and four lepton final states. Despite

the larger backgrounds at the peak region

280 < m!1!2 < 320 GeV (66)

(see Table ??), the larger number of signal events provides a signal significance very

similar to the one in the four lepton final state, and the luminosities required for 5σ

discovery in both NH and IH scenarios, listed in Table ??, are comparable to the

four lepton channel. Nevertheless, a disadvantage of the "±"± final state is that the

full event reconstruction, with two competing signal processes and several missing

particles, is much more involved. The opening angle distribution obtained in this case

is very distorted from the theoretical value and a background subtraction must also be

performed. This study is beyond the scope of the present work.
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Figure 18: "1"2 invariant mass distribution for the SM and the SM plus the triplet

signal in the cases of NH (left) and IH (right). The luminosity is 30 fb−1.

Case (a) Case (b)

S B L S B L

NH 56.5 51.7 15 fb−1 53.4 54.7 17.4 fb−1

IH 114.3 51.7 4.4 fb−1 114.3 51.7 4.4 fb−1

Table 10: Number of signal (S) and background (B) events at the m!1!2 peak for 30

fb−1 and luminosity L required to have a 5σ discovery in the "±"± final state.
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LHC reach at 14 TeV for 30 fb−1
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F.A., Aguilar-Saavedra 08 

Paris, July 2010
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mΣ = 300 GeV

σD = 2 σM 

LHC reach (30 fb−1 and 14 TeV)

Paris, July 2010



 

ΣM/D  

√s = 7 TeV,   mΔ,Σ = 200 GeV√s = 7 TeV,   mΔ,Σ = 200 GeV√s = 7 TeV,   mΔ,Σ = 200 GeV
l+l+l−l− 11.5 / 2.0 fb−1   3.6 / 1.0 fb−1

l±l±l− 2.7 / 0.74 fb−1 2.0 / 0.97 fb−1

l±l±   5.9 / 2.1 fb−1     1.4 / -  fb−1

+

up to a factor 2
and other multiplets

missing momentum < 30 GeV
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Aguilar-Saavedra 

F.A., Aguilar-Saavedra 08 

Aguilar-Saavedra 09 

ΔNH/IH

ΔNH/IH ΣMNM/D

with or without Z 
(factor 10 reduction)

 no Z

missing momentum < 30 GeV



 

☐☐ ☐
➷

 

Tau custodians 
(WED models)

Santiago’s talk on Monday

Csaki, Delaunay, Grojean, Grossman 08, Chen, Mahanthappa, Yu 09, 
F.A., Carmona, Santiago 10, Kadosh, Pallante 10
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An explicit example, including numerical values for these couplings in the context of com-

posite Higgs models, can be found in [5]. Note that EW single production of these states in

association with a tau lepton, is proportional to sL ≈ 0 or sR, and therefore very sensitive

to the particular value of the latter. Pair production, on the other hand, is proportional

to the electric charge, to cL ≈ 1 or to cR, and then less sensitive to the precise value of sR

unless sR ! 0.5. The three leptons with mass M always decay into a tau lepton and a SM

gauge boson

N → τW+, E1 → τZ, Y → τW−, (16)

whereas the heavier one always decays to a tau and a Higgs

E2 → τH, (17)

provided cR ≥ (1 + mW /M)−1. For smaller cR values the corresponding decay channels into

the heavy leptons and a gauge or Higgs boson open up. This is an exciting possibility, since

it allows for richer phenomenology but requires a large mixing (for instance sR ≥ 0.5 for

M ≈ 720 GeV). Mixing angles this large require a detailed analysis of indirect constraints to

assess the phenomenological viability of the model and we defer it to a future publication.

Hence, we restrict ourselves to the case in which all new leptons only decay to tau leptons

and a SM scalar or vector boson.

New leptons can be singly produced in association with a tau or pair produced at the

LHC. Single production, which may be relevant for the early LHC run L ∼ 1 fb−1 at
√

s = 7

TeV, is very sensitive to the values of the couplings in the model, as just stressed. The

relatively light masses and large couplings that can be tested in this early run not only

require an analysis of current EW constraints but a dedicated study of the LHC reach which

will be presented elsewhere. Pair production, on the other hand, is model independent to a

large extent. The two heavy leptons then decay into two taus and two SM bosons, which

in turn will result in ten fermions in the final state. Since the production mechanism is

EW, we are in the best position to beat the background if we consider fully leptonic tau

decays. Besides, we will require a Z in the final state decaying into leptons for the same

reason. Due to the relatively large mass of the heavy leptons, the two taus are largely

boosted and therefore their decay products highly collimated. Assuming full collimation,

we can completely reconstruct the two taus despite having four neutrinos in the final state
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if there is no further source of missing energy. Thus, we consider the following channels

pp → Ē1E1 → ZZ τ̄ τ, pp → Ē1Y → ZW−τ̄ τ, (18)

pp → Ē1E2 → ZH τ̄ τ, pp → Ē1N → ZW+τ̄ τ, (19)

together with the conjugated ones. The signature we are interested in is therefore

pp → l+l−l′+l′′−jj!!ET , with l, l′, l′′ = e, µ. (20)

Even though we have to pay an important price due to the leptonic branching ratios (BR)

∼ 0.6% [BR(Z → l+l−) ≈ 6.6%, BR(τ → l!!ET ) ≈ 34%], the dramatic reduction of back-

grounds overcomes this reduction in the signal. Besides the multilepton final state, the full

reconstruction of the leptonically decaying taus and the fact that we are pair producing

objects with the same mass allows us to further reduce the background down to an almost

unobservable level.

III. ANALYSIS

As we have explained in the previous section, we consider pair production of the tau

custodians, due to its model independence. The corresponding BR, together with the energy

required to produce two heavy states makes the cross section too small to have a significant

number of events in the early LHC run. We thus concentrate on the nominal energy
√

s = 14

TeV. The backgrounds we have consider being

Ztt̄ + n jets, σ = 39.6 fb, Zbb̄ + n jets, σ = 5.85 pb, (21)

ZZ + n jets, σ = 2.35 pb, ZW + n jets, σ = 1.76 pb. (22)

tt̄ + n jets, σ = 55 pb, ZWW + n jets, σ = 1.9 fb, (23)

where σ are the corresponding cross sections. One Z in all channels and both tops in the

tt̄ channel have been required to decay leptonically and the cross section reported includes

the corresponding BR and some minimal cuts. In all cases we have generated up to n =

2 jets at the partonic level, using ALPGEN V2.13 [10], passed through Pythia [11] for

hadronization and showering (with the MLM matching algorithm) and the PGS4 [12] fast

detector simulation. Our signal events are generated with MADGRAPH/MADEVENT

v4 [13] and taus are decayed with TAUOLA [14]. In all cases we have included initial and

6

if there is no further source of missing energy. Thus, we consider the following channels
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The LHC reach for these new lepton doublets decaying 
into τ’s is up to 240, 480, 720 GeV at √s = 14 TeV and an 
integrated luminosity of 30, 300 and 3000 fb−1, respectively.

F.A., Carmona, Santiago, to appear

Aguilar-Saavedra
 To be compared with 1.1 (0.75) fb−1 (5σ discovery luminosity @ 14 (7) TeV for a lepton 
doublet of mass 300 (200) GeV decaying into e,µ).
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Summary

 
• Many experiments give a consistent picture of non-zero neutrino masses and 
charged Lepton Flavour transitions. In contrast with the quark sector the mixing 
angles are large, and the neutrino masses tiny. A bottom-up approach leave 
many questions open, giving further motivation to new experiments 

• Indirect limits constrain new physics relevant for neutrino oscillation 
experiments typically below 1 % (at the amplitude level), making their effects 
hardly visible without large cancellations (which would point to new physics).

• There are many models which do accommodate the observed pattern, with no 
apparently favoured scenario given the preferred hipotheses. LHC may observed 
see-saw messengers below ∼ 700 GeV (@ 14 TeV with L = 30 fb−1) studying 
multilepton channels, which are the main signatures for many other new particles. 
[∼ 400 (200) GeV @ 7 TeV with L = 30 (1) fb−1.]
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Thanks for your attention


