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Contrary to the see-saw models, extended Higgs sectors leading to radiatively-induced neutrino masses
do require the extra particles to be at the TeV scale. However, these new states have often exotic decays,
to which experimental LHC searches performed so far, focused on scalars decaying into pairs of same-sign
leptons, are not sensitive. In this paper we show that their experimental signatures can start to be tested
with current LHC data if dedicated multi-region analyses correlating different observables are used. We

also provide high-accuracy estimations of the complicated Standard Model backgrounds involved. For the
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case of the Zee-Babu model, we show that regions not yet constrained by neutrino data and low-energy
experiments can be already probed, while most of the parameter space could be excluded at the 95% C.L.
in a high-luminosity phase of the LHC.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

The standard model (SM) gives a natural and simple explana-
tion for exactly massless neutrinos. However, neutrino oscillation
data provide an irrefutable evidence of neutrino masses, which are
much smaller than the rest of the fermions. Neutrino masses can
be accommodated in extensions of the SM involving new particles
or parametrized by non-renormalizable operators violating lepton
number conservation (LN).

The most straightforward extension is obtained by adding three
families of singlet right-handed neutrinos. If they have a large Ma-
jorana mass term M, LN is broken, left-handed neutrino masses
are generated at tree level and their smallness can naturally be
explained by the see-saw formula m, ~ v2/M, with v the vac-
uum expectation value (VEV) of the SM Higgs doublet. This is
the so-called see-saw model type I [1-4] which arises in Grand
Unification models like the ones based on SO (10). The simplic-
ity of the model and the fact that it appears naturally in well
motivated extensions of the SM makes the see-saw type I as the
most appealing explanation of neutrino masses. A more compli-
cated extension, but richer phenomenologically, is obtained by re-
placing the singlet neutrinos by triplets of fermions without hy-
percharge (see-saw type III [5,6]). Both, type I and type III see-
saws, contain only one new physics scale, the Majorana mass of
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the new fermions, M, and lead to the same see-saw formula.
Therefore, to explain the observed tiny neutrino masses one needs
an extremely large M making very difficult to test these mecha-
nisms.'

Alternatively, to generate neutrino masses at tree level one can
enlarge the SM with a scalar triplet with hypercharge Y = 1, which
develops a VEV (see-saw type II [9-14]). The model contains two
mass scales, the mass of the new particles, M, and a trilinear cou-
pling which breaks explicitly LN, w. Then, the neutrino masses are
my ~ uv2/M?. If w ~ M we are in a situation similar to see-saws
type I and III, the scale must be very large and the model diffi-
cult to test. However, since w is protected by symmetry (it is the
only coupling in the Lagrangian that breaks LN), it can be natu-
rally small, 4 < M. Then, M can be at the electroweak (EW) scale
and the new particles could be produced at the LHC and/or give
large effects in low energy experiments by virtual exchange (for
instance, lepton flavor violating processes).

In the see-saws one explains the smallness of neutrino masses
by introducing large mass scales as compared to the EW scale. The
new heavy particles give huge loop contributions to the SM Higgs
mass, which show in all its crudity the hierarchy problem of the
SM. This problem can be alleviated in models in which neutrino

! This conclusion can be avoided if a larger number of fermions is introduced
with a particular structure of the mass matrix containing different scales, as in the
so-called inverse see-saw mechanism [7,8], or taking very small Yukawa couplings
as in the case of Dirac neutrinos.
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masses are suppressed by loop factors. For instance, if we enlarge
the SM with only scalars, other than triplets with Y = 1, neu-
trino masses cannot arise at tree level. However, if LN is broken
in the scalar potential, sooner or later Majorana neutrino masses
will appear as radiative corrections. Typically this mechanism gives
a neutrino mass formula like the see-saw type II, but suppressed
by loop factors, m, ~ muvz/Mz, where n=1,2,3,--- is the
number of loops at which the mass is generated and u is the cou-
pling of the potential that breaks LN. Moreover, the breaking of LN
involves the simultaneous presence of several Yukawa couplings
which produces further suppressions in the neutrino mass formula.
With all these suppressions, the mass of the new particles, M, can
be rather low even if p is not small as compared with M. This
makes these models testable in present and near future experi-
ments.

The simplest of these models is the Zee-Babu model [15,16],
which contains only two complex scalar singlets, singly and dou-
bly charged, which we will denote as h and k respectively, and
gives neutrino masses at two-loops. The model has a very rich
phenomenology that has been widely studied; see for instance
Refs. [17-21]. The Zee-Babu model is just a representative of a
large class of interesting models which give small radiative neu-
trino masses by extending only the Higgs sector. Archetypes of this
class of models are the Zee model [22] for masses generated at one
loop (see Ref. [23] for one-loop models with leptoquarks), Refs. [15,
16,24,25] for two-loop masses (see Ref. [26] for a model with lep-
toquarks) and Refs. [27,28] for three-loop masses (see also [29] for
a recent review and a complete list of references). These models
are further motivated by the fact that, contrary to the rest of the
SM interactions, departures from the SM can be plausibly hidden
in the scalar sector, which is not precisely measured yet. Most of
the models we shall be interested contain doubly-charged scalars,?
which have a very rich and peculiar phenomenology.

Several experimental searches for doubly-charged scalars have
been carried out at the LHC [30-35]. They all concluded with nega-
tive results. However, unlike some widespread sociological feelings,
these results should not be discouraging. On the contrary, a critical
assessment of these analyses reveals that they are all not sensi-
tive to doubly-charged scalars with decays other than into same-
sign leptons. Departures from this assumption have been already
considered in the literature. Thus, pair-produced doubly-charged
scalars decaying into W bosons [36,37] or with both W boson and
leptonic decays [38] have been studied. However, no LHC study
of doubly-charged scalars with exotic decays, as those arising in
models of radiatively-induced neutrino masses (e.g. the Zee-Babu
model), which are the ones that must really have TeV masses, has
been worked out so far. In fact, the Zee-Babu model contains the
coupling k™ Th~h~, which is essential in the generation of neu-
trino masses and can lead to the decay k** — h*h*. The aim of
this paper is to make progress in this direction.

With this spirit, in section 2 we motivate several doubly-
charged scalar exotic decay modes that will be subsequently stud-
ied in section 3. In this section we highlight the most promising
LHC observables and signal regions defined out of them to test
doubly-charged scalars in a variety of realistic models of neu-
trino masses. Given the technical difficulties of determining the
SM background with good accuracy,> and the fact that our pro-

2 One prominent exception is the Zee model [22], which contains only singly-
charged scalars.

3 As we emphasize further in section 3, three main challenges affect the genera-
tion of the dominant SM backgrounds leading to multi-lepton final states. (i) Most
of the SM processes contain several particles in the final state. (ii) A large fraction
of the background is due to charge miss-identification of electrons and positrons
coming from huge SM processes such as Z + jets. (iii) Reaching the TeV region
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Fig. 1. Feynman diagrams inducing Majorana neutrino masses in the EW phase in
the see-saw type II (left), the Zee-Babu model (center) and the model of Ref. [28]
(right). H stands for the Higgs doublet. The black dot shows that, provided it is
kinematically allowed, k decays into final states other than same-sign leptons (the
neutrino masses would vanish otherwise).

posed analysis can be eventually used to study prospects for many
other scenarios, we also provide background estimations for each
of the signal categories considered in this work in appendix A. In
section 3, we investigate the reach of this search for the famous
Zee-Babu model [15,16], in (very broad) parameter space regions
not yet constrained by neutrino data. Finally, we conclude in sec-
tion 5.

2. Exotic decays of doubly-charged scalars

We will restrict ourselves to SM extensions with only uncolored
scalars* with electric charged, at most, Q = 2. We will denote by
k the doubly-charged scalar whose decays we are interested in. In
addition, we will call x, h and S any additional doubly-charged,
singly-charged or neutral scalar, respectively. Besides the leptonic
decay of k, k** — ¢*¢* new decay modes are typically present.
In fact, k must also couple linearly to non-leptonic fields, because
otherwise it would not break LN and therefore would not generate
(LN violating Majorana) masses for the neutrinos. (Note that Dirac
masses can not be induced by purely scalar extensions of the SM.)
In particular, the following k decay modes take place in a variety
of models:

k** — WHW=, It appears even in the simplest model, the see-
saw type II, which extends the Higgs sector with an SU(2); triplet
with Y = 1; see the left panel of Fig. 1 (the W bosons are hid-
den in the longitudinal components of the Higgs doublet). Pro-
vided the VEV of the neutral component of this triplet is large
enough, k decays predominately into gauge bosons. As an exam-
ple, for a k mass m; ~ 500 GeV, and assuming the neutrino masses
to fulfill }_mZ =0.1% eV?, the triplet VEV has to be only above
~0.0001 GeV [40]. (Note that this value does not spoil the p pa-
rameter bound on this VEV, < few GeV.)

Finally, this decay mode appears also naturally in extended
composite Higgs models [37], which are further motivated by the
gauge-hierarchy problem.

k** — h*h*, h* — ¢*v. Most importantly, it is the only other
possible k decay that occurs in the Zee-Babu; see the center panel
of Fig. 1.

k** — h*h*, h* — W*S. It has been shown to occur in mod-
els where both h and S are odd under a Z, symmetry, while k is
even; see e.g. Ref. [27]. A more recent example is given by the
model of Ref. [28]; see Fig. 1 right panel. Contrary to the first
one, in this model h is part of an SU(2); triplet with Y =1 (in-
stead of a doublet with Y =1/2) containing an additional doubly-
charged scalar y. Consequently, we can also find the following
decay mode:

X+ — kFES k** — ¢F¢*, An interesting aspect of this chan-
nel is that, for given x and S masses, it can sensibly strengthen the

of mass distributions (and other observables with energy dimensions) suggest that
NLO-accurate computations must be performed.

4 We remark that all colored scalars with renormalizable couplings to SM fields
are flavor-violating, and hence severely constrained; see e.g. reference [39].
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Fig. 2. Orange: Invariant mass distribution of each pair of two same-sign lep-
tons in events pp — kT+k~—— with k** — ¢*¢*, Green: Same as before but with
k** — h*h* h* — ¢*v. Red: cut imposed by the experimental collaboration [35].
my and my have been set to 500 and 100 GeV, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
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Fig. 3. Same as Fig. 2 but for my =700 GeV and my =300 GeV. (For interpretation
of the references to color in this figure, the reader is referred to the web version of
this article.)

bounds on my coming from current searches for doubly-charged
scalars.

Finally, despite being potentially present, we do not consider
cascade decays of k via emission of W bosons. As we will com-
ment below, these are very hard to constrain experimentally.

3. Search strategy

Both the ATLAS and the CMS collaborations have developed a
large amount of searches for doubly-charged scalars. These include
analyses of the total collected luminosity at 7 [31,32], 8 [41,42]
and 13 [34,35,43] TeV of center of mass energy. However, they
are all inspired by the see-saw type II and therefore look for final
states containing pairs of same-sign leptons reconstructing a nar-
row invariant mass. This requirement is only (and slightly) relaxed
in final states with taus. Consequently, doubly-charged scalars with
exotic decays can easily be missed. As an example, we compare in
Figs. 2 and 3 the invariant mass distribution of the two same-sign
lepton pairs resulting from the decay of doubly-charged scalars
into ¢*¢* (orange) and h™h* with h* — ¢*v (green). Clearly, the
narrow cut removes most of the signal in this latter case.

Moreover, the interplay between different variables such as
the invariant mass of pairs of leptons or the missing energy is
never fully exploited. In addition, other analyses, and in particular
searches for Supersymmetry in multi-lepton final states, are also
non constraining (even for small doubly-charged scalar masses).

We have tested this by means of CheckMATE v2 [44], which
implements, among others, searches for gluinos in final states
with two same-sign leptons or three leptons, jets and missing en-
ergy [45]. A last analysis that might be sensitive to the signals
we are interested in is given by the CMS search for the seesaw
type-Ill in multi-lepton final states [46]. Again, this search is of
narrow scope. Among the characteristics that make it not suitable
to explore generic doubly-charged scalars we find that it focuses
on final states with same-flavor opposite-sign leptons. For mod-
els such as the Zee-Babu, where the doubly-charged scalar can
produce equally muons or electrons, this requirement kills half of
the signal. Furthermore, final states with only two light leptons,
which are abundant in the models of interest, are disregarded. In
any case, that CMS paper does not provide detailed information
(e.g. number of background events in each signal category), and
so a proper estimation of its (presumably limited) reach to these
models can not be precisely stated. To the best of our knowledge,
no other multi-lepton analysis with the latest data has been made
public yet.

As things stand, new analyses are necessary to fully explore
models of radiatively-induced neutrino masses. With the aim of
being able to test different scenarios (though still focusing on neu-
trino models®), we propose a broad scope search containing several
signal regions and categories.

They all contain several same-sign leptons. One of the main
challenges of this kind of analysis is the correct estimation of
the background, which originates mainly from the charge miss-
identification of electrons. This requires time-consuming simula-
tions of SM processes with many particles in the final state. Con-
sequently, given the numerous signal regions that we work out in
the next section, our background estimation will be valuable for
many LHC studies of particles producing same-sign lepton events.

3.1. New signal regions

Prior to the selection of events, the relevant physical objects are
constructed in the following way. Electrons (muons) are defined to
have p‘} > 20 (10) GeV and |n¢| < 2.5 (2.6). Jets are clustered us-
ing the anti-k, algorithm with R = 0.4. They are defined by p} >
20 GeV and |n;| < 2.4. Despite their small phenomenological rel-
evance, we have also fixed the b-tagging efficiency to 0.7 and the
T-tagging efficiency to 0.5. Of major importance is the probability
of an electron (positron) to be identified as a positron (electron).
Following Ref. [34] we estimate it by P(|T]g|,p$-) = f(|m7|)a(p€.)
with
0.03 if 0<x<0.4,

0.04 if 04<x<0.8,
0.08 if 0.8<x<1.1,
0.15 if 0.8<x<1.1,

fx)=1403 if 1.1<x<1.4, (1)
06 if 14<x<1.7,
07 if 1.7<x<1.9,

1 if 21<x<2.3,
2 if x>2.3,

and

0.02 if x<70,
0.035 if 70 <x < 100, 2)
0.05 if x> 100.

o((x) =

5 Despite being interesting, inclusive searches looking “everywhere” without any
theoretical biased, such as the model-independent analysis of Ref. [47], are not very
efficient in the search for new physics.
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Table 1

Backgrounds, cross sections and numbers of generated Monte Carlo events.

o [pb] # MC events

Drell-Yan 220420 108
tt 660+ 70 108
ww 102+4 107
wz 45+2 108
7z 13.6+0.5 108
www 0.21+0.01 108
wwz 0.17 4+0.01 106
wzz 0.057 % 0.004 108
777 0.01440.001 108
ttw 0.59 +0.06 106
ttZ 0.76 +0.09 106

Throughout the text, we will refer to electrons and muons simply
as leptons, while taus will be excluded from this definition. Only
events with at least two same-sign leptons are selected. Out of this
sample, we define three orthogonal signal regions (SRs), containing
two, three and four leptons, respectively.

SR 1: inspired by the recent ATLAS analysis of Ref. [34], it con-
tains events with two leptons. If more than two same-sign leptons
are present, only that pair with the highest invariant mass is con-
sidered for computing the observables defined below.

SR 2: inspired by the recent CMS analysis of Ref. [35], it con-
tains events with exactly three leptons, with exactly two of oppo-
site sign.

SR 3: inspired by the same CMS analysis, it contains events with
exactly two positive and two negative leptons.

We further consider the following observables. 1) St, defined
as the scalar sum of the pr of all leptons in the signal region.
2) The invariant mass of each same-sign lepton pair, my+,+. 3) The
transverse mass of each same-sign lepton pair, as well as the one
of the third lepton in SR 3. We will denote both collectively by mr.
Following Ref. [37], we define the former by

2
mf = [\/ (P2 +mle e + E}“‘SS] (3)
+p+ s 2 + 4 . 2
— I:p)l; L _'_E)r‘mss] _ I:pf/ 14 + E;}mss] ; (4)

where E™MiSS stands for the missing energy. 4) The transverse mass,
mr>, defined as

mr, = ming, {max[pé1 Emiss _plt. gy, (5)
Pl ETIS _ pla . (B — qr)“ | (6)

In SR1, L1 and L, are given by the harder and the softer lepton,
respectively. In SR2, L1 stands for the vectorial sum of the two
same-sign leptons, while L, is given by the third one. In SR3, Ly
represents the vectorial sum of the two positive charged leptons,
and L, the vectorial sum of the two negative ones.

For each SR, and for each observable O = my=,+, mr, mra, we
consider 81 different categories defined by St > X and O > Y with
X,Y =100, 200, ..., 900 GeV. In accord with Ref. [35], we consider
the following dominant backgrounds: Drell-Yan with mg+,- >
100 GeV, tt, WZ, WW, ZZ, WWW, WWZ, WZZ, ZZZ, ttW,
ttZ. Background events are generated at NLO in o5 with Mad-
Graph v5 [48]. Initial and final state radiation and showering
is performed by Pythia v6 [49]. The cross sections of all rele-
vant backgrounds are shown in Table 1. The uncertainty due to the
choice of scale is also shown. Finally, we also provide the number
of generated Monte Carlo events.

103

Number of events

400 500 600 700 800 900 1000
Mezex [GeV]

10!

Fig. 4. Number of events with me+.+ > 345, 410, 485, 575, 680, 810, 1020 GeV after
the preselection cuts of Ref. [34]. The orange solid line stands for our result, while
the green dashed one corresponds to the results provided by the ATLAS collabo-
ration. The small discrepancy at large invariant masses is not relevant in practice,
because the SM background is almost negligible in that region. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

103
10% = i
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Fig. 5. Event distribution for m=,+ after the preselection cuts of Ref. [35]. The or-
ange solid line stands for our result, while the green dashed one corresponds to the
results provided by the CMS collaboration. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

In order to validate the goodness of our Monte Carlo genera-
tion as well as the appropriateness of Eqs. (1) and (2), we recast
the analysis of Ref. [34] and compare the distribution of my+e+ >
345,410, 485, 575,680,810 and 1020 GeV provided by the exper-
imental collaboration with that obtained by us. For this goal, we
use homemade routines based on MadAnalysis v5 [50] and
ROOT [51]. The result is depicted in Fig. 4.

We also compare the distribution of my+,+ given in Ref. [35]
with ours; it can be seen in Fig. 5. Clearly, our results are in perfect
agreement with those provided by the experimental collaborations.
Moreover, we have checked that the contribution of each back-
ground in Table 1 to the total SM expectation agrees with that
reported by both ATLAS and CMS. Consequently, we have com-
puted the number of expected background events in each of the
categories mentioned above. These are listed in Tables 2, 3, 4, 5, 6,
7, 8,9 and 10 in the appendix A.

3.2. Applications

Based on this information, we can estimate the reach of cur-
rent data to several signals mediated by doubly-charged scalars.
Let us start considering the standard case k** — ¢*¢*. This is
the only one that has been considered in experimental analyses so
far; it will allow us to further validate our approach. We focus on
pair-production of doubly-charged scalars. As a matter of fact, this
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Fig. 6. Bounds on the cross section of pair-produced k decaying into same-sign lep-
tons (dashed black line). The green and orange regions show the 1 o and 2 o
uncertainties. We have fixed £ =35 fb~!. The theoretical cross section in the triplet
case is also shown for reference (solid red line). Other model details are such that
k decays only into light leptons with narrow width. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

channel is always present, while associated production is absent in
many models; see section 2.

We implement the relevant interactions in Feynrules v2
[52]. We generate signal events using MadGraph v5 at LO in «s,
using again Pythia wv6 as parton shower. We then estimate the
number of signal events in each of the categories defined above
for £ =35 fb~1. (We restrict to this value because no experimental
analysis with more data is still publicly available.) We subsequently
look for those three categories that give the largest sensitivity de-
fined as S/+/B in SR1, SR2 and SR3, respectively. (Obviously, in the
present four-lepton case, the sensitivity is by far driven by the cat-
egories with my+,+ 2> my++ — 100 GeV in SR3.)

These three categories are orthogonal, meaning that no sin-
gle event can belong to more than one of them. We can there-
fore simultaneously consider these three independent categories
to analyze to what extent the signal is compatible with the ob-
served data given the SM predictions of appendix A. To this aim,
we adopt the CLs method [53]. The corresponding statistic is
computed using MCLimits [54], which takes also into account
the systematic uncertainty due to the finite number of generated
Monte Carlo events. On top of it, we include a systematic uncer-
tainty in the background normalization of 10%. For each value of
my = 300, 500, 700,900 GeV, we estimate the lowest cross sec-
tion that can be excluded at the 95% C.L. using this procedure.
Exclusions for intermediate masses are obtained by linear interpo-
lation.

The results are depicted by the black dashed line in Fig. 6.
The shaded green and orange regions represent the 10 and the
20 error bands. For concreteness, we superimpose the theoreti-
cal cross section predicted when k belongs to an EW triplet. Note
that this quantum number fixes completely the pair-production
strength, independently of other model details (e.g. concrete cou-
plings or possible further particles). These are relevant for neu-
trino masses, but we will discuss this interplay only in section 3.2,
where we consider concrete models. The results shown in Fig. 6
are in very good agreement with those presented in the experi-
mental works of Refs. [34] and [35]. As things stand, masses as
large as my ~ 700 GeV are excluded in this channel by using cur-
rent data. Note however that these are significantly weakened in
models in which k is an SU(2); singlet, whose production cross
section is roughly a factor of 2 smaller.

One can easily derive approximate prospects for a larger lumi-

nosity, by scaling the cross section bound by /35 fb’l/ll. Thus,
the cross section limit at large masses goes down one order of

103 . T T T T

10 E

10!

o [fh]

K WA
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Fig. 7. Same as Fig. 6 but for k** — W*W=, (For interpretation of the colors in
this figure, the reader is referred to the web version of this article.)
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Fig. 8. Same as Fig. 6 but for k** — h*h* h* — ¢*v. We fixed my =my/2.5. (For
interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

magnitude for £ =3 ab~!. The lower limit on the triplet masses
turns out to be in this case ~ 1.1 TeV. We note, however, that
some corrections to this result might be needed, given the lim-
ited statistic of some Monte Carlo samples (see Table 1) for large
luminosities.

We repeat this exercise for the different signals commented
in section 2, to which current analyses, relying on a narrow cut
on the invariant mass of any pair of same-sign leptons, are not
sensitive at all. The first such a signal appears when k** —
W=*W=, what can happen also in the see-saw type II. We still
restrict to the pair-production mode. (Note that the associated
production channel is not necessarily present even in these mod-
els with this decay; see for example Ref. [55].) The most sen-
sitive categories are those with mr, St 2 100-300 GeV in SR1,
mr 2 100-300 GeV and St > 400-600 GeV in SR2 and the ones
with my+,+ 2 100-300 GeV and St 2 600 GeV in SR3. In this case,
we have checked that the combination of the three categories with
two, three and four leptons improve the sensitivity of LHC data by
almost an order of magnitude with respect to that obtained us-
ing only the most sensitive category. Even so, the presence of W
bosons in the final state makes this channel almost unaccessible
with current data; see Fig. 7. In the long term, instead, masses up
to my ~ 400 GeV might be probed. Analyses specifically dedicated
to this channel in composite Higgs models could improve over this
result; see Ref. [37].

Using this same broad-scope strategy, we analyze the LHC
reach for pair-produced doubly-charged scalars decaying into ex-
otic channels (with 100% branching ratio). The results are shown in
Figs. 8, 9 and 10. Note that the theoretical red line should be only
seen as a reference cross section, which is the LO k pair-production
cross section when k belongs to an EW triplet. In particular, we
note that although BR(k*™ — h*h*) =1 (Figs. 8, 10) might be
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Fig. 9. Same as Fig. 6 but for y=* — k**5 k™= — ¢*¢* The red curve represents
in this case the theoretical pair-production cross section for y, assuming the lat-
ter belongs to an EW triplet. We fix my =mgs =m, /2.5. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this
article.)
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Fig. 10. Same as Fig. 6 but for k** — h*h* h* — SW*, We fix my =my /2.5, ms =
my /4. Three body decays via off-shell W are considered when necessary. (For inter-
pretation of the references to color in this figure, the reader is referred to the web
version of this article.)

possible in the aforementioned triplet case, it would require large
trilinear couplings and hence conflict with neutrino masses. How-
ever, it arises naturally if neutrino masses are generated radiatively.
On another hand, the decay depicted in Fig. 9 arises only in more
involved models, as commented in section 2. We see that cascade
decays with W bosons in the final state are still hard to tag. It
can be then easily understood that decay chains with emissions of
soft W bosons are also very unconstrained. Therefore, a large pa-
rameter space of models giving these decays is perfectly allowed
by collider data. On the contrary, the pair-production of k*+kF¥
with the subsequent decay of k** — h*h* is very constrained.
The most sensitive signal categories in this respect are those with
mry ~ St 2 my/2 in SR1 and those with mr ~ St 2 my /2 in SR2
and SR3.

Likewise, x** — k**S with S stable (i.e. missing energy) and
k — ¢%¢* is almost as constrained as the standard pair-production
of doubly-charged scalars with leptonic decays. Thus, in models in
which this production mode is present, constraints on k can be
significantly altered with respect to those obtained using standard
searches for k alone (see Fig. 11) because the latter is more copi-
ously produced.

4. Implications for concrete models

In concrete models, the doubly-charged particles can decay into
several different channels, and so the bounds on different param-
eter space points can not be read from the plots above. Instead,
the full process of comparing signal, background and data outlined
in section 3.2 must be done. Note, however, that the background,

2000

1600 |

1200 |

my, [GeV]

my, [GeV]

Fig. 11. Excluded region for a model containing an SU(2); singlet k** decaying
into £*¢* as well as a doubly-charged component of a Y =1 SU(2); triplet, x**,
decaying mostly into x** and a neutral scalar S when kinematically accessible
(dashed orange line). The bounds on my are ~ 100 GeV above those obtained as-
suming the presence of this particle alone. We also show the bounds when k**
decays mostly into ¢=t* (green solid line), as suggested by the recent proposed
model of reference [28]. For consistency with this model, we have in both cases as-
sumed the mass of S to be 200 GeV. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

which is the most complicated and time-consuming task in this
respect, does not need to be computed again. It can be just taken
from the tables in appendix A. We illustrate this procedure in the
Zee-Babu model. It has been previously considered in several ref-
erences [15-21]. All of them assumed that the exotic decays of the
doubly-charged scalars were impossible to tag at the LHC.

4.1. The Zee-Babu model

The Zee-Babu model extends the SM scalar sector with two
SU(2); singlets, h and k, with hypercharges Y =1 and Y =2, re-
spectively. The relevant Lagrangian for our discussion reads

L=Lom+ fPLoLipht + geSepkt™
— uk™h™h™ +he +--- (7)

where Lgy stands for the SM Lagrangian and Lq;, ¢, with a =
1,2, 3 are the first, second and third generation SM lepton dou-
blets and singlets, respectively, and L; = ioL§ with o3 the second
Pauli matrix. Overall, the model depends only on the antisymmet-
ric (resp. symmetric) dimensionless couplings fq, (resp. gqp), the
physical masses of the new scalars, namely mj and my and the
dimensionless parameter k defined by u = k¥ min{my, my}. The rel-
evant decay widths read

. | Zap |2
Fk:t:t_)g?]:(bi = mmk ) (8)
and
1 n 2 4m?
Dyt ptpt = = (m—h> m | 1— m—zh . (9)
k

Naturalness arguments, together with the requirement that no
charge-breaking global minimum is developed by the potential,
imply that x < 4. Neutrino oscillation data and low-energy con-
straints restrict the allowed parameter space. We consider two
large regions permitted by current experiments, depending on
whether the neutrino mass hierarchy is normal (NH) or inverted
(IH) [20,21].
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Fig. 12. Excluded regions in the plane my —my, in the NH in the Zee-Babu model.
See the text for details. (For interpretation of the references to color in this figure,
the reader is referred to the web version of this article.)

4.1.1. Normal hierarchy

According to neutrino data, g11 ~ g22 ~ 0.1 > g12, g13, £23,
g33. The region my < 2my, is allowed for my > 400 (resp. 600) GeV
if kK ~4m (resp. 5). The measured values of the neutrino mixing
angles fix f12 ~ f13 ~ f23/2. An overall scale of f ~ 0.01 is in
agreement with . — ey bounds. Accordingly, we consider the fol-
lowing values:

g11 =822 =0.1, g12 = g13 = g33 = 0.001,
f12 = f13=0.01, fo3 =0.02,k =5. (10)

As a result, k decays mainly into leptons (for my < 2my), while
h decays into a lepton and a neutrino around 60% of times and,
to a lesser extent (~ 40%), into a tau and a neutrino. Thus, for
my > 2my, the pair-production of doubly charged scalars give rise
to two, three, and four-lepton events in 35%, 30% and 15% of the
cases, respectively. Being 0 and 1-lepton events weird, our search
strategy can then capture most of the signal. The scalar widths are
small enough so that the narrow-width approximation holds. Con-
sequently, we proceed as follows. We vary my and my, in the range
100, 200, ..., 1000 GeV. For each pair, and having fixed all cou-
plings to the values mentioned before, we compute Monte Carlo
events and estimate the efficiency (¢) for selecting events in each
of the categories described in previous sections. The number of
expected signal events in each category for a given luminosity (£)
can then be computed as

N=o(pp—kTTk ) x L x €. (11)

Then, we compare again the three most sensitive categories (one
for each SR) with the corresponding SM background. The results
are shown in Fig. 12. The grey triangle at the bottom of the plot
is already excluded by neutrino and low-energy data. The green
region enclosed by the solid green line is the area that can be ex-
cluded using the already collected luminosity £ =70 fb~! (count-
ing 35 for each experiment, ATLAS and CMS). It is worth noting
that, if we take k > 5, the triangle excluded by neutrino data goes
down to 400 GeV. Consequently, current LHC data can already con-
strain regions not bounded before by other experiments. Likewise,
the orange region enclosed by the dashed orange line is the re-
gion that can be excluded in a high-luminosity phase of the LHC
with £ = 3000 fb~!. Doubly-charged scalar masses as large as
1 TeV could be probed for k** — ¢*¢*, but also in exotic de-
cays.

4.1.2. Inverted hierarchy
The IH parameter space of the Zee-Babu model is very con-
strained by neutrino data, being my, and my out of the LHC reach

900
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100
100
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Fig. 13. Excluded regions in the plane my — my in the IH in the Zee-Babu model.
See the text for details. (For interpretation of the colors in this figure, the reader is
referred to the web version of this article.)

for most values of ¢ and 8. These parameters stand for the physical
Majorana and Dirac phases in the PMNS matrix, respectively. (Note
that, in the Zee-Babu model, one of the neutrinos is massless.)
However, these bounds are significantly weakened if ¢ ~ 8§ ~ m,
and even smaller for large values of . For definiteness, we take

g11 =823 =0.1, g12 = g22 = g13 = g33 = 0.0001, (12)
fi2=0.1, fi13=-0.1, fo3=0.01, Kk =5. (13)

These values are allowed by current data, even for small values
of my, my ~ 100 GeV [21]. We emphasize that there is very small
room for variations in this hierarchy of couplings. Moreover, al-
though O(1) modifications in their absolute values might be in
principle allowed, the expected scalar branching ratios, and there-
fore the LHC phenomenology, would remain the same. We proceed
as in the NH case and test which region of the m, —my, plane can
be probe with current and future LHC data. The result is shown
in Fig. 13. The smaller region for my; < 2my in comparison with
the NH case is due to the smaller k branching ratio into leptons.
Again, there are non-previously bounded regions that can be ex-
cluded with the current LHC data, even for my > 2my. Likewise,
masses in the TeV region could be tested with future analyses.

5. Conclusions

We have argued that current LHC analyses can not probe
doubly-charged scalars with exotic decays, as those arising in mod-
els of radiatively induced neutrino masses. Novel searches, as the
ones proposed in this article, combining different signal regions
and observables, are however sensitive to these particles. Thus,
masses as large as = 500 GeV can be accessed with current LHC
data for doubly-charged scalars k decaying as k** — h*h*, with
h* — ¢*v. These numbers are only slightly smaller than those for
doubly-charged scalars decaying into pairs of same-sign leptons.
This result has important implications for concrete scenarios, most
importantly the Zee-Babu model. In particular, we have shown
that parameter space regions of this model not yet constrained by
neutrino and low-energy experiments can be tested with current
LHC data, while much larger regions could be excluded at the 95%
C.L. in a high-luminosity phase.

Conversely, models in which k decays predominately via the
emission of W bosons are by far less constrained.

In any case, our results (most importantly the selection of signal
regions and observables, as well as the precise determination of
the SM background) can be applied to very different models of
neutrino masses. Therefore, we expect that this work will be of
interest for many forthcoming studies.
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St versus my, in SR2.
This work is partially supported by the Spanish MINECO under me\St > 100 200 300 400 500 600 700 800 900
grant FPA2014-54459-P, by the Severo Ochoa Excellence Program [GeV]
under grant SEV-2014-0398 and by the “Generalitat Valenciana” 100 2200 740 240 92 42 21 1 63 39
under grant GVPROMETEOII2014-087. MC thanks the MITP for hos- 200 570 350 160 71 35 19 97 6 38
pitality during the completion of this work. 300 180 130 85 47 26 15 8.4 53 3.7
400 67 57 43 30 19 12 74 47 33
Appendix A. Tables 500 30 28 2 17 12 85 52 37 29
600 14 14 11 96 73 56 37 28 22
The number of background for an integrated luminosity of £ = 700 68 68 61 54 43 36 26 22 18
13.9 fb~1 in the different categories of SR1, SR2 and SR3 are shown 800 36 36 35 33 27 24 19 18 14
in Tables 2, 3 and 4, Tables 5, 6 and 7 and Tables 8, 9 and 10, 900 22 22 22 2 15 14 098 091 09
respectively.
Table 2 ‘ Table 6
St versus my in SR1. St versus my in SR2. The cut on my applies to the two reconstructed transverse
my\.St > 100 200 300 400 500 600 700 800 900 masses.
[GeV] mpr\Sr > 100 200 300 400 500 600 700 800 900
100 13000 2000 570 180 76 34 16 7 42 [GeV]
200 2700 1600 530 180 7233157 42 100 840 370 140 61 30 16 82 51 35
300 900 700 470 170 70 32 14 67 41 200 100 92 54 30 17 10 58 39 27
400 370 320 250 150 65 31 14 67 41 300 2 22 19 13 85 57 36 26 16
500 180 160 130 9% 61 29 13 67 4 400 67 67 66 58 41 28 19 14 096
600 89 g4 72 58 4 27 13 65 4 500 23 23 23 23 19 16 12 1 064
700 46 4 40 34 24 17 12 63 4 600 099 099 099 097 09 074 057 054 045
800 26 % 25 20 16 12 9 56 39 700 042 042 042 042 042 041 039 039 032
900 16 ® 15 14 1 78 65 52 37 800 012 012 012 012 012 012 011 011 01
900 0.049 0049 0.049 0049 0049 0049 0.049 005 0.045
Table 3
St versus my in SR1. The cut on mr applies to the two reconstructed transverse Table 7
masses.

St versus mry in SR2.

mr\ St > 100 200 300 400 500 600 700 800 900 mra\.St > 100 200 300 400 500 600 700 800 900

[GeV] [GeV]

100 14000 2000 580 190 76 34 16 7 42 100 2400 800 250 95 43 22 11 64 a4

200 5100 1800 550 180 74 33 15 7 42 200 60 370 170 76 37 19 10 62 39
300 1600 1100 520 170 72 32 15 67 41 300 180 140 91 51 28 16 89 55 37
400 630 510 340 170 69 32 14 67 41 400 69 59 44 31 20 13 77 48 35
500 290 250 200 120 66 30 14 67 A4l 500 31 58 23 17 13 88 54 39 3

600 140 130 110 76 51 29 13 67 41 600 15 4 11 98 75 58 39 3 23
700 73 70 61 48 32 21 13 67 4 700 69 69 62 55 44 37 27 23 19
800 42 41 % 32 24 16 11 64 4 800 36 36 36 34 27 25 19 18 15
900 25 25 24 2 17 12 87 6 39 900 22 22 22 2 15 14 1 094 093
Table 4 Table 8

St versus mry in SR1. St versus my, in SR3.

mr\Sr > 100 200 300 400 500 600 700 800 900 me\Sr > 100 200 300 400 500 600 700 800 900
[GeV] [GeV]

100 19 55 17 065 02 011 0063 0056 0.047 100 58 44 21 10 52 29 15 1 054
200 11 097 055 021 008 0051 0036 0031 0.2 200 68 6 52 42 32 21 12 079 05

300 019 019 017 0058 0047 003 002 002 0017 300 15 15 14 12 11 085 064 049 031
400 0035 0035 0034 0034 0024 0021 0022 002 0017 400 048 048 044 041 035 03 027 024 015
500 0021 0021 0021 0021 0021 0018 0017 0017 0017 500 015 015 015 015 015 013 013 013 0073
600 0.018 0018 0018 0018 0018 0018 0017 0.017 0017 600 0.053 0.053 0053 0053 0.052 0.069 0.069 0069 0.035
700 0.017 0017 0017 0017 0017 0017 0017 0017 0017 700 0052 0.052 0052 0052 0051 0051 0051 0051 0.017
800 0.017 0017 0017 0017 0017 0017 0017 0017 0017 800 0017 0017 0017 0017 0017 0017 0017 0017 0

900 0 0 0 0 0 0 0 0 0 900 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0
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Table 9
St versus mr in SR3. The cut on mr applies to the two reconstructed transverse
masses.

mr\ St > 100 200 300 400 500 600 700 800 900
[GeV]

100 65 48 23 11 54 3 1.6 1 0.57
200 9.4 8.5 6.8 52 3.6 2.3 13 0.87 0.52
300 24 23 21 18 1.5 11 0.76 058 034
400 078 078 075 069 055 042 037 032 018
500 022 022 022 023 022 02 017 016 0.083
600 0.1 0.1 0.1 0.1 0.094 012 011 011 0.047
700 0.069 0.069 0.069 0.069 0.068 0.066 0.063 0.059 0.013
800 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.034 0.0047
900 002 002 002 002 002 002 0.02 0.02 0.0024
Table 10

St versus mry in SR3.

mra\ St > 100 200 300 400 500 600 700 800 900
[GeV]

100 220 120 34 13 63 32 17 11 061
200 56 45 26 12 61 32 17 11 061
300 18 16 12 83 52 3 16 11 061
400 67 62 5 42 33 23 15 11 062
500 32 31 27 24 21 16 12 095 059
600 16 16 15 14 12 096 087 073 048
700 088 088 088 082 072 059 056 052 036
800 06 06 06 058 05 043 041 039 028
900 046 046 046 043 037 033 031 029 02
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