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Abstract. Scalars with lepton number violating interactions decaying into lepton pairs, as those mediating the
see-saw of type II, always include doubly-charged components. If these are observed at the LHC, their electro-
weak quantum numbers can be determined through their leptonic decays in pair and single production.

1 Introduction

LHC data, and especially the discovery of the Higgs boson,
[1,2] have confirmed the validity of the minimal Standard
Model (SM) below few hundreds of GeV, except for the
very tiny neutrino masses. No other signal of new physics
(NP) has been observed up to now, in general pushing the
gap to the next NP scale beyond the TeV. Then, one may
also wonder if the remaining SM predictions are fulfilled.
In particular, at what extent the accidental symmetries of
the SM, like lepton number (LN), are also exact, and if
eventually the observation of their violation is within the
LHC reach.

Although neutrino masses are so small, the mere ob-
servation of that they are non-vanishing requires the exten-
sion of the SM. Thus, if neutrinos are Dirac particles, we
have to add their right-handed (RH) counterparts, leaving
LN conserved; while if they are Majorana, new particles
mediating LN violating (LNV) processes must be added.
Which, if light enough, may be observable at the LHC [3]
1. The simplest realization of this scenario results from the
addition of heavy Majorana neutrinos, giving to the SM
neutrinos a mass through thesee-saw mechanism, named
of type I [11–15]. The observation of these extra neutral
leptons may be problematic at the LHC because in the ab-
sence of other interactions they are produced through their
mixing with the SM leptons [16–18], which is bounded
to be small [19]. Moreover, the corresponding SM back-
grounds are also rather large at hadron colliders.

As a matter of fact, the less known sector within the
SM is the scalar one; and if there is NP at the LHC reach,
it is likely to be related with the Higgs sector. The most
popular SM extension by the addition of new scalars vio-
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noless doubleβ decay, besides the standard one proportional to
the electron neutrino Majorana mass; which are conveniently
parametrized by the corresponding low energy effective opera-
tors [4–10].

lating LN is provided by the see-saw of type II, which gives
neutrinos a Majorana mass through the exchange of an
electro-weak scalar triplet of hypercharge 1, (∆++, ∆+, ∆0),
coupling to lepton doublet as well as to gauge boson pairs,
and hence with no well-defined LN [20–22]. Stringent lim-
its on the mass of∆±± in the 200-400 GeV range have been
already set by CMS [23] and ATLAS [24], assuming that
this doubly-charged scalar mainly decays into two same-
sign leptons, and allowing for a variety of particular cases
with fixed branching ratios into different lepton flavours2.
The mass bounds onm∆±± , however, depend strongly on the
choice for these branching ratios. Moreover, in both analy-
ses the decay rate intoW±W± is assumed to be negligible,
as are also the possible LNV signals.

Here we review the generalization of the type II see-
saw scenario, where we consider the addition of scalar mul-
tiplets with a priori arbitrary isospinT = 0, 1/2, 1, · · ·, and
hyperchargeY, and no well-defined LN [27]3. In general,
branching ratios into same-sign lepton and gauge boson
pairs are also assumed to be sizable; and therefore, LNV
eventually observable. It must be emphasized, however,
that in the see-saw of type II, and in more elaborated mod-
els, both branching ratios are only similar in a small region
of parameter space. Generally the doubly-charged scalars
decay almost exclusively into same-sign lepton pairs; or al-
ternatively into gauge bosons, though in this case the signal
cannot be extracted from the background for the range of
masses under consideration [36].

Our analysis has also a different purpose than the one
guiding the discovery of a doubly-charged scalarH±± de-
caying into two like-charge leptons, and which has been
carried out to derive present experimental limits on the cor-
responding cross-sections. Present bounds are obtained as-
suming a mass forH±± and some fixed branching ratios to

2 In definite models as in the see-saw of type II, the Yukawa
couplings giving neutrinos a mass are the same mediating the
like-charge di-leptonic scalar decay, and they are then constrained
[25,26], but this is not so in general.

3 Models with isosinglets of hypercharge 2 have been pro-
posed, for instance, in [28–31]; whereas the phenomenological
implications of isodoublets with hypercharge 3/2 are studied in
[32–35].
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same-sign lepton pairs of a given flavor composition. Then,
the comparison of the predicted number of events includ-
ing SM backgrounds with the observed one provides the
corresponding limit, as no departure from the SM predic-
tion is observed. In contrast, we assume that the doubly-
charged scalar has been already observed to resonate in the
same-sign di-lepton channell±1 l±2 , with l1,2 = e, µ, in which
case we describe a process for measuring its branching ra-
tios toll, lτ, ττ andWW, as well as its total pair production
cross-section.

2 Scalar production and decay

Any doubly-charged scalarH±± showing a resonant be-
haviour in the invariant mass distribution of same-sign di-
leptons must couple to one of the two SM bilinears,Lc

LLL

and lcRlR, 4 with LN = 2. 5 There being no restriction on
the hyperchargeY and on the isospinT of the electro-
weak multiplet it belongs to, except that one of its com-
ponents must be doubly-charged:|2 − Y | ≤ T . Since we
can write gauge invariant operators with this multiplet and
any of the two LN= 2 lepton bilinears by including enough
SM (charge-conjugated) Higgs doubletsφ = (φ+, φ0) (φ̃ =
iσ2φ

∗, with σ2 the second Pauli matrix). These in turn
give rise to the effective coupling (decay) of the doubly-
charged scalar (in)to the two same-sign charged leptons,
after electro-weak symmetry breaking when the Higgs ac-
quires a vacuum expectation value (VEV)< φ0 >= v/

√
2 ≈

174 GeV.
In contrast with its leptonic decay, which only depends

on the size of the effective coupling of the corresponding
operator and is then a priori a free parameter, theH±± pro-
duction is fixed by gauge invariance and hence does de-
pend on the electro-weak multiplet it belongs to, that is, on
T andT H++

3 = 2− Y.

2.1 Doubly-charged scalar pair and single
production

At a hadron colliderH±± are mainly pair produced through
the s-channel exchange of photons andZ bosons, being
their electro-weak gauge couplings obtained from the cor-
responding kinetic term (DµH)†(DµH). They can be also
be produced singly through the s-channel exchange ofW
bosons ifT , 0 . Both cross-sections are of electro-weak
size but vary with the multipletH±± belongs to [27]. For
instance, they grow withT for multiplets with components
of charge at mostQ = T3 + Y = 2 (that is, withT H++

3 = T ).
They can be also produced by vector boson fusion, which
can be considered to be a next-order correction and will be
neglected here6. Although the vector boson fusion contri-
bution grows with theH±± mass, it is smaller than the one

4 Lc
L = (νc

L, l
c
L) is the SM lepton doublet with charge-conjugated

fields,ψc
L = (ψL)c = CψL

T
, ψc

R = (ψR)c = CψR
T
.

5 The other combinationLc
LlR requires aγµ insertion because

of the fermions’ chirality, and hence the presence of a covariant
derivativeDµ to make the operator Lorentz invariant. The cor-
responding operators are equivalent to the ones constructed with
the other two bilinears through the use of the equations of motion.

6 Single doubly-charged production through vector boson fu-
sion can be eventually at the LHC reach for rather bizarre models

mediated by the s-channel electro-weak gauge boson ex-
change by almost an order of magnitude for multiplets sat-
isfying T H++

3 = T and doubly-charged scalar masses below
the TeV; details will be provided in a forthcoming publica-
tion. In any case, the corresponding events have two extra
jets with relatively large pseudo-rapidity which provide an
extra handle to separate them.

Our purpose here is to review how to determine the
doubly-charged scalar pair production cross-section, and
thus measureT H++

3 , using only four lepton final states. We
concentrate for simplicity on the caseT H++

3 = T , 7 thus
restrictingT = 0, 1/2, 1, 3/2, 2.

3 Sampling

Large hadron colliders have become precision machines
due to the excellent performance of the detectors and the
high energy and luminosity reached. Thus, the understand-
ing of the SM backgrounds seems to be well beyond initial
expectations, and the LHC potential, for instance, for ob-
serving new resonances in leptonic channels is foreseen to
be well beyond the TeV region in next LHC runs, although
their properties can be only established for lower masses.

Here we review the example discussed in Ref. [27],
where we assume a heavy scalar with a massmH±± = 500
GeV, belonging to a weak singlet (T = 0), doublet (T =
1/2), triplet (T = 1), quadruplet (T = 3/2) or quintuplet
(T = 2) of hyperchargeY = 2 − T , and a LHC center of
mass energy

√
s = 14 TeV. Doubly-charged scalar pairs

are then generated using MADGRAPH5 [44], after imple-
menting the corresponding vertices for the different mul-
tiplet assignments (see Eqs. (3-4) in Ref. [27]) in Feyn-
rules [45], and the CTEQ6L1 parton distribution functions.
Backgrounds are evaluated with ALPGENV2.13 [46],
while parton radiation and fragmentation are simulated with
PYTHIAV6 [47] and the detector with DELPHESV1.9
[48]. In the analyses, leptons have a minimum transverse
momentumpl

T > 15 GeV and a maximum pseudo-rapidity
|ηl| < 2.5.

3.1 Pair production cross-section determination

We are interested in measuring the total cross-sectionσ in
order to determine the isospin of the multiplet the doubly-
charged scalar belongs to. However, this cannot be done
using a single decay mode because the corresponding num-
ber of signal events also depends on theH±± branching ra-
tio into this mode, which is in principle unknown. Thus, we
must determine the number of events for each channel and
sum them appropriately taking into account the different
efficiencies to estimate the total cross section. What can be
done using only events with four charged leptons, properly

evading the stringent electro-weak constraints on the VEV of the
neutral scalar partner of the doubly-charged scalar boson [37,38].
In this case the doubly-charged scalar only decays into W pairs,
and then it does not resonate in the di-leptonic channel.

7 Models also including scalars with larger electric charges can
produce even more striking signals [39–41]. In any case, we as-
sume that mass splittings within multiplets due to mixing with
other scalars are small, and can be neglected [42,43].
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Table 1. Main applied cuts.

Variable l±l±l∓l∓ l±l±l∓τ∓ l±l±τ±τ±(W±W±)
# of leptons 4 4 4
|ml±1 l±2

− mH±± | ≤ 40 GeV ≤ 40 GeV ≤ 40 GeV
|ml±3 l±4

− mH±± | ≤ 40 GeV ≥ 40 GeV ≥ 40 GeV

�pT not applied ≥ 50 GeV ≥ 50 GeV
x3 not applied ≥ 0.8 ≤ 0.7

sampled, and Eq. (7) in Ref. [27] is to measure

σ =

















σllll +
1
2

∑

a,ll

σlla

















2

/σllll , (1)

whereσab = (2 − δab)σzazb is the H±± pair production
cross-section intoab, with za ≡ Br(H → a) theH branch-
ing ratio intoa and

∑

a=ll,lτ,ττ,WW za = 1.
In practice we proceed as follows. We select events

with four charged leptons of the first two families with zero
total electric charge, plus possibly missing transverse mo-
mentum, and require that at least one same-sign pairl1l2
reconstructs the scalar mass within±40 GeV. (See Table
1 for a summary of the main cuts.) These events are then
separated into three disjoint sets depending on the category
associated to the other like-sign pair:ll, lτ andττ + WW.
We denote byll those events resulting from the decay of the
second doubly-charged scalar into two leptons of the first
two families, and hence, those with the second like-sign
lepton pairl3l4 also reconstructing the scalar mass within
±40 GeV. For the remaining events we assume thatl3 and
l4 are products of semileptonic tau decays, and distribute
the transverse missing momentum of the event between
both tau leptons with the requirement that their momenta
align along the momentum of the corresponding product
charged-lepton momentum it decays to:xpµτ = pµl , with
0 < x < 1. Then, we identify the event with the second
scalar decaying into a lepton of the first two families and a
tau lepton,lτ, as those fulfilling that the fraction momen-
tum of the most energetic of the two leptons not recon-
structing the scalar mass, which we namel3, (x3) is larger
than 0.8. The other events are classified as resulting from
the decay of the second scalar into two tau leptons or two
gauge bosons,ττ +WW.

Figures 1, 2 and 3 prove the usefulness of the proce-
dure. Indeed, Figure 1 shows the like-sign di-lepton in-
variant mass for the lepton pair which provides the poorest
reconstruction of the doubly-charged scalar mass and for
its four decay modes:H±± → l±3 l±4 , H±± → l±3τ

± → l±3 l±4 �pT ,
H±± → τ±τ± → l±3 l±4 �pT , andH±± → W±W± → l±3 l±4 �pT .
The separation of the first sample is obtained simply re-
quiring ml±3 l±4

to be in betweenmH±± ± 40 GeV. In Figure
2 we plot the momentum fraction assigned to the most en-
ergetic lepton of the second like-sign pair for the former
four types of scalar decays. As can be observed,x3 ≥ 0.8
provides a rather clean separation of the first two decay
modes from the last two. The different distributions reflect
the fact that the leading lepton tends to be the one which is
not a decay product of aτ or aW, and thus withx3 ∼ 1. In
order to further reduce the contamination we also require
x3 ≤ 0.7 for ττ + WW events. Finally, Figure 3 makes it
clear that separatingττ and WW decays is rather ineffi-
cient. However, what further justifies not doing this at this

) [GeV]4
±l3

±lm(
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±l± l→±±H

±τ± l→±±H
±τ±τ →±±H±W± W→±±H

Fig. 1. Invariant mass of the two same-sign leptons that provides
the poorest reconstruction of theH±± mass in doubly-charged
scalar pair production for different decay modes.
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Fig. 2. Momentum fraction,x3, of the most energetic lepton of
the two which worst reconstruct theH±± mass in doubly-charged
scalar pair production for different decay modes.

) [GeV]±τ±τm(
0 100 200 300 400 500 600 700 800 900 1000

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

±τ±τ →±±H

±W± W→±±H

Fig. 3. Invariant mass distribution of the two reconstructed taus
for both l±l±W∓W∓ and l±l±τ∓τ∓ decay channels in doubly-
charged scalar pair production.

stage, for evaluating the total pair production cross-section,
is that the efficiencyǫ for evaluating the cross-sections of
both types of processes is rather similar, allowing to treat
both together consistently.

Actually, in order to measure the total pair production
cross-section using Eq. (1), we have to estimate the effi-
ciency for each process. From our Monte Carlo simula-
tions we have calculated the efficiency for each subsample
including the corresponding branching ratios, obtaining:
ǫllll = 0.6, ǫlllτ = 0.09 andǫllττ = ǫllWW = 0.02, respec-
tively. Then, counting the number of events of each of the
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Fig. 4. Uncertainty on the determination ofσ(pp → H++H−−)
for differentH±± branching ratio assumptions at three different
luminosities: 100, 300 and 3000 fb−1. The labels on the left stand
for the doubly-charged scalarTY quantum numbers.

three subsets and dividing by the corresponding efficiency,
we can measure the doubly-charged scalar pair production
cross-section, once the integrated luminosityL is known.
In Figure 4 we plot the statistical error for such a determi-
nation for severalH±± branching ratio assumptions and the
five multiplet assignmentsTY discussed above. The cross-
sections are correctly reproduced because they are an in-
put, but what matters is with which precision can we mea-
sure them in order to distinguish between different multi-
plet assignments. We draw statistical errors including the
effect of SM backgrounds for three different integrated lu-
minosities: 100, 300 and 3000 fb−1. (For example, we find
∼ 50 background events forL = 300 fb−1 with four charged
leptons adding to zero total electric charge and a same-sign
pair reconstructing theH±± mass within 40 GeV.) We fix
four definite sets of doubly-charged scalar branching ra-
tios: (zll, zlτ, zττ+zWW ) = (1, 0, 0), (1/2, 1/2, 0), (1/2, 0, 1/2),
(1/3, 1/3, 1/3), being higher the precision withzll > zlτ >

zττ+zWW . This means worsening when worse is our ability
to reconstruct theH±± mass.

As can be observed in Figure 4, there is no apparent
difference between the singlet and doublet cases because
their neutral cross-sections are rather similar, but this is not
so for the charged ones as there is no charged-boson ex-
change graph in the singlet case [27]. Thus, production of
a single doubly-charged scalar can be used to discriminate
between these two multiplets. If there is a significant ex-
cess of events compatible withH±±H∓, the singlet hypoth-
esis will be automatically ruled out. However, to establish
whether this is the case must be carefully assessed because
the observation of only three leptons in the final state does
not uniquely characterize this (charged-current) process.
For instance, pair produced doubly-charged scalars decay-
ing into l±l±l∓τ∓, l±l±τ∓τ∓ or l±l±W∓W∓ can also produce
only three leptons if oneτ orW decays hadronically. There-
fore, we need to rely on extra variables in order to forbid
these (neutral-current) contributions. Two discriminators
appear to be most convenient: the missing transverse mo-
mentum,�pT , which is larger in singleH±± production than
in l±l±l∓τ∓ events withτ∓ decaying hadronically, which
allows to separate both contributions; and the transverse
invariant mass of the opposite-sign lepton and the missing
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T

p±
3

(lTm
0 100 200 300 400 500 600 700

0
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±W± W→±±H

±τ±τ →±±H

Fig. 5. Transverse mass distribution of the opposite-sign lepton
and the missing tranverse momentum for several signals.

transverse momentun,mT (l±3 �pT ), which peaks near theH±

mass in the charged-current process, as shown in Figure 5.
It is apparent from this figure that a cut onmT > 250 GeV
suppresses the neutralττ andWW contributions quite effi-
ciently.

Although it is neither efficient nor necessary to sepa-
rateττ fromWW events in order to determine the totalH±±

pair production cross-section in Eq. (1), one must attempt
to do it in order to establish or not the violation of LN at
the LHC. This separation makes use of the invariant mass
distribution in Figure 3:WW events are defined as those
outside a wide enough interval around theH±± mass. Re-
constructedττ events near the doubly-charged scalar mass
are interpreted as genuineττ decays. For the events left,
and interpreted asWW decays, one must also check that
the assignment is consistent with such aH±± decay. One
can also check the consistency with the excess of events
resulting from the semi-leptonic decay of theWW pair, but
this has other backgrounds, too, and will be discussed else-
where.
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