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We review the SM extensions with scalar multiplets including doubly-
charged components eventually observable as di-leptonic resonances at the
LHC. Special emphasis is paid to the limits on LNV implied by doubly-
charged scalar searches at the LHC, and to the characterization of the
multiplet doubly-charged scalars belong to if they are observed to decay
into same-sign charged lepton pairs.
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1. Introduction

The Standard Model (SM) provides a quite precise description of particle
physics up to the electro-weak (EW) scale. In particular, ATLAS [1] and
CMS [2] have recently established the Brout—Englert—Higgs mechanism |[3, 4]
providing to the SM fields a mass through the discovery of the Higgs boson,
the last particle predicted by the SM. Moreover, not only no vestige of new
physics (NP) has showed up at the LHC up to now, but EW precision data
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(EWPD) are in good agreement with the SM predictions to the radiative
correction level [5, 6]. The SM also has two accidental global symmetries,
baryon (B) and lepton (L) number: both anomalous but not their difference
B — L. One may then wonder if they are also exactly realized in Nature, as
predicted by the SM (up to non-perturbative effects). If broken, they are
only very tinily violated. In fact, if the proton decays, B number would be
broken, but we know that the proton mean life is extremely long 7, > 2.1 x
10% yr at 90% C.L. [7]. The observed B asymmetry of the universe is also
quite small p ~ 10710 [7], as it is the B number violation required to explain
it if this is actually its origin. Similarly, L number (LN) is only very tinily
broken if it is not exact. The only low energy process which might provide
conclusive evidence of LN violation (LNV), neutrinoless double beta decay
(OvB13), has not been undoubtedly observed T1 (6Ge — ™Se+2e7) > 1.9 x

10% yr at 90% C.L. [7]. Besides, if the B asymmetry is due to leptogenesis
[8] and hence to LNV, its amount at low energy should be rather small, too.

As a matter of fact, the only conclusive departure from the SM is neutrino
oscillations |7], what is explained by introducing neutrino masses in the
model, but neutrinos may be Dirac, and LN conserved, or Majorana and, in
this case, neutrino masses would provide the only conclusive evidence of LNV
up to now. But this should be eventually tested through the consistency
with other related experimental results as, for instance, the observation of
Ov3B with half-life > 10?6 yr for |mee| ~ few per cent eV [9]. Although
even if OvfBQ is observed, the main contribution to this process could have
a different source [10, 11]. However, at the LHC era the question is which
is the LHC potential for observing LNV signals, as no B number violating
(model independent) signature can emerge at the LHC.

In the following, we want to argue first that although the observation of
LNV at the LHC [12] may be problematic, it is quite plausible in definite
models and parameter space regions. As a matter of fact, LHC is espe-
cially sensitive to doubly-charged scalars with two-body decays into leptons
[13, 14], which is the case we will concentrate on. Then, we review the
expected limits on LNV in the first and in the next LHC run, and how to
determine the type of multiplet the doubly-charged scalar belongs to.

In general, due to the smallness of LNV in low energy processes involving
only SM particles LNV effects must be banished to high energy or to a
secluded sector, which may or not gauge LN'. In the usual scenario with a
new heavy sector with large LNV couplings, the effective operators obtained

! An interesting type of models gauging B and L is described in [15]. They include two
new Z's coupling to quarks and leptons, respectively, but their interactions do not
violate LN in the SM sector. Right-handed (RH) neutrinos get Majorana masses, not
necessarily heavy, through the vacuum expectation value (VEV) of a scalar singlet
breaking LN; whereas LNV remains small in the SM processes.
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by integrating the heavy modes out and hence describing the NP but only
involving SM particles are suppressed by the corresponding power of the
large effective scale A™. The lowest dimensional and formally dominant
operator being the Weinberg operator O©®) = (L¢¢*)(41Ly) [16]° which
only gives Majorana masses to the SM neutrinos and couples the Higgs to
neutrino pairs with total |LN| = 2, although with very small LNV effective
couplings.

The simplest SM extensions generating this operator are the see-saw of
type I [17], IT [18] and III [19]. Type I and IIT are mediated by fermions
transforming as an EW singlet and triplet, respectively, and type II by a
scalar triplet. If these messengers have masses near the TeV, appropriate
combinations of LNV couplings must be effectively small, conspiring not to
provide the SM neutrinos too large a mass. As the production mechanism
cannot be suppressed if the extra heavy particles have to be produced co-
piously enough at the LHC, LN must be violated in their decays. This, in
turn, implies that there must be at least two different channels, and none of
them can dominate if LNV has to be observable. This restricts the model;
what, in general, may appear to require fine tuning. But there are models
where this seems not to be severe and, in any case, we must assume this to
be the case if we want to search for genuine LNV signals.

For instance, in the type II case the scalar triplet A is (pair and associ-
ated) produced with EW strength for it transforms non-trivially under the
SU(2)1, x U(1)y transformations; and can decay into lepton and boson pairs
for it couples to two identical (neglecting family replication) lepton doublets
(which defines its [LN| = 2) and to gauge boson pairs (with LN = 0) if its
neutral component gets a VEV, (A% # 0, breaking LN. Thus, if the Yukawa
coupling is too large, the triplet components always decay into two leptons
(diagram (a) in Fig. 1) [20]; and if it is very small and (A°) large enough,
then their decay is always into two gauge bosons (diagram (b) in Fig. 1).

The LNV process with each of the two pair (associated) produced scalars
decaying in a different mode (diagram (c) in Fig. 1) is highly suppressed in
both extreme cases. As in Ref. [21], we plot in Fig. 2 (left) the two-body
branching ratios for the doubly-charged scalar component as a function of
the effective di-boson coupling (equal to g?(A®) if the scalar multiplet is a
triplet) properly normalized (divided by ¢?). As it is apparent, only near
(A% ~ 5.5 x 1075 both decay rates are comparable and hence genuine LNV
signals eventually observable at the LHC. This value is fixed in the see-
saw of type II because the neutrino masses are proportional to both the
Yukawa couplings and to (AY), and hence can be related to the messenger
(doubly-charged scalar) decays into leptons, and into bosons if we require

+
2L = ( Il?: ) and ¢ = ( f;o ) are the SM lepton and Higgs doublets, respectively.
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both branching ratios to be comparable |21, 22]:

2
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Fig.1. (a), (b), (c): Doubly-charged scalar pair (HTTH~~) and associated
(H** H7) production diagrams. (d): Associated production with a triply-charged
scalar (HT** H¥F) when the multiplet also has a component with charge |Q| = 3.

Thus, having fixed the scalar mass ma++ = 500 GeV and the sum of the
three SM neutrino masses 21:17273 mi = 0.12 ¢V?, and assuming both decay

rates equal, we can determine for which (A°) both curves cross in Fig. 2
(left).

These relations need not apply in more elaborated SM extensions but
realistic models must accommodate the correct SM neutrino masses which,
in general, constrains the size of LNV in the SM sector. In the see-saw of
type II, it is enough to satisfy the limits on neutrino masses to fulfil the
bounds on Ovf3f, but this is not the case in general |10, 11]. The corre-
sponding constraint implied by the limit on Ov3j3, as well as the EW limit
on (A% not to upset the bounds on the p parameter, or the requirement of
producing enough leptogenesis if this is the origin of the observed B number
asymmetry of the universe, must be also satisfied by realistic SM extensions.
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Fig.2. Left: Scalar branching ratios for the triplet A as a function of (A°) for
Siciagme, =017 eV? and ma++ = 500 GeV, and Am = 1 GeV for the decay into
AFWE A*e*y,, ... Right: Scalar branching ratios for different H multiplets
as a function of Am = mpy++ —mpy= for my++ = 500 GeV and I'(H*+ — [F[*) =
I'(H** — W*W%*) and the HW,,W* coupling equal to 5.5 x 107°g% GeV.

In order to observe LNV at the LHC, not only the two types of couplings
involved in the process must be of the same order but no other messenger
decay can be much larger. This further constrains the model, restricting the
mixing of the new heavy multiplets with other scalars to small values. Taking
again the see-saw of type II as an example, we plot in Fig. 2 (right) the
A** branching ratios into I¥1* and W*W? assuming that they are equal
and into ATW** as a function of the mass splitting between contiguous
components Am = mpa++ —mp+, which completely dominates for differences
larger than the GeV [21, 23]°. On the left, we assume Am = 1 GeV (and
ma++ = 500 GeV). Then, in general, the mixing between different scalar
multiplets must be rather small.

These considerations have different consequences when the mediator is
a heavy Majorana neutrino transforming as a singlet or as a member of a
triplet. In both cases, the two different decay modes are conjugated from
each other and hence of equal size. The required suppression for a TeV
messenger comes in this case from small mixing angles or large interferences
as in the quasi-Dirac case [24]. As singlets must be produced through mixing,
the LHC reach is very much reduced [25]*. In any case, the picture can be
modified as soon as a new layer of NP is reached. For example, if parity is
restored at higher energy |28] and RH charged gauge bosons with several TeV

4 5 .
3 F(Hii - HT*fw* - Hieiye,.“) = n L L Am? for small Am, where n is the
24073 my;, ’

number of open lepton and quark channels (5 for Am < m., ...) and T the total
isospin (0 for k, % for x, 1 for A, ...).

4 Even if vector-boson fusion contributions are large [26], present limits on lepton
mixing make difficult to observe this process [6, 27].
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masses are produced, their LNV decays can be unsuppressed and observable
[29]. The phenomenological constraints on neutrino oscillations, Ov35 and
leptogenesis are still present but the suppression factors combine several
effects which can enter differently in the LHC production process.

Having discussed the difficulties for observing LNV directly at the LHC,
let us follow the optimistic approach and consider how large the LHC reach
can be. If the new sector does not have strong interactions and mixes lit-
tle, the LNV mediator has to be pair produced and hopefully with EW
strength. Moreover, in order to ease its reconstruction, it must resonate in
two-body channels because then final products will have larger momenta,
much less probable within the SM. These conditions uniquely characterize
doubly-charged scalars, but not the full multiplet H they belong to. They
can be part of a triplet, as in the see-saw of type II, or of an EW multi-
plet with arbitrary isospin [30, 31]. In the following, we compare the LHC
potential for the different EW multiplet quantum number assignments. For
a general multiplet, the larger the total isospin 1" and hypercharge Y, the
larger is the charge @@ = T5 + Y that the components can have. We will re-
strict ourselves to multiplets for which the highest charge is 2 (|Qmax| = 2):
Ty = 0y (singlet k), %% (doublet x), 1; (triplet A), %% (quadruplet X), 29

(quintuplet (2). Multiplets with higher charges [32] can have striking sig-
natures, H¥+* — W=+ 5 (X (see, for example, Fig. 1 (d)) but
the momenta of the final products are smaller and one must identify doubly-
charged resonances in any case, although the total cross-section is, in general,
also larger for larger T' (it also depends on 73 and Y [31]). Not only the
production cross-sections but the decays within the multiplet depend on the
component quantum numbers. In Fig. 2 we also plot the HT+ — HEW**
branching ratio, which grows with T, for the different multiplets the doubly-
charged scalar can belong to above.

2. LHC bounds on doubly-charged scalar masses
and their LNV signals

CMS [13] and ATLAS [14] have searched for doubly-charged scalars de-
caying into electrons and muons, setting stringent bounds on their mass.
These, however, are very much dependent on the doubly-charged scalar
branching ratios, as it is apparent from the CMS analyses allowing for
A** decays into tau leptons. Obviously, this is even more dramatic if
the gauge boson channel W*W* is also sizeable, which is compulsory in
order to observe LNV, as emphasized above. To perform searches for LNV
signals mediated by doubly-charged scalars at the LHC, pp — H**HTT,
HT*HF — (22 WFWT, (¥ WT Z, we have implemented the correspond-
ing models in MadGraph5 [33], which can be obtained under request [34].
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(A full description of the Monte Carlo implementation and the analysis de-
scribed in this section can be found in Ref. [31].) Using it, we can mimic
the CMS analyses and estimate the corresponding bounds. In Table I, we
collect in the first row, for \/s = 7 TeV and Liy = 4.9 b1, the correspond-
ing limit on mp++ ~ 400 GeV, assuming that doubly-charged scalars decay
100 % of the time into ¢*¢*, ¢ = e, u. Obviously, this bound depends on
the (pair) production cross-section which in turn depends on the EW mul-
tiplet the doubly-charged scalar belongs to. In the same row, we quote the
corresponding bounds for the scalar multiplets H with no components of
higher charge. As the cross-section grows with 7', so does the limit. In the
other two rows below, we estimate the bounds for /s = 8 and 14 TeV and
Line = 20 and 100 fb™1, respectively [31]. For the three energies, we apply
the same cuts as CMS for 7 TeV. Certainly, these cuts will be optimized
by the LHC collaborations for higher energies and hence the corresponding
bounds improved, but they should not differ much from our estimates if no
event excess is observed.

TABLE I

Estimated limits on the cross-section and on the corresponding scalar mass my++
[GeV] as a function of the multiplet, it belongs to, from LHC searches for doubly-
charged scalars. The (*¢*¢F(F analysis assumes that H¥* — (¢ 100% of the
time; whereas the other two analyses assume a 50% branching ratio for each decay
mode of H¥* — (/= WEW= and of H* — (*y,, W*Z.

ISOSpinhypercharge
V5 |TeV], Ling[fb™!] 0, %% 1, %% 20
mp++ [GeV] bounds from (*¢*¢F(F
7, 4.9 340 350 395 450 490
8, 20 480 490 550 610 665
14, 100 900 915 1030 1140 1230
mpy++ [GeV] bounds from (/W FWF
7,49 < 200 < 200 < 200 230 335
8, 20 240 260 340 415 475
14, 100 540 570 720 850 940
mpg++ [GeV] bounds from (F(EWFZ
7,49 — < 200 < 200 < 200 < 200
8, 20 — 210 280 330 360
14, 100 — 470 620 720 780
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This analysis can be extended to scalar decays into gauge bosons and
hence to LNV signals. We collect the corresponding bounds on (T ¢FWFW T
and (¢ WTZ production in the second and third sets of rows of the table,
respectively, for the different LHC runs and doubly-charged scalar multiplet
assignments [31]. We assume for these analyses the same set of cuts applied
by CMS for A decaying into ¢7 at 7 TeV, and that the number of observed
events coincides with the background estimate. In both channels, we also
assume that the heavy scalars decay 50% of the time in each of the two modes
(electron or muon and gauge boson pairs), being all other possible decay
modes negligible, especially the cascade decays within the scalar multiplet.
These analyses are based on four and three-lepton samples [13]. Although
the estimates for LNV only use the three-lepton sample, which is much more
sensitive than the four-lepton one to final modes involving also gauge bosons
for pair and associated scalar production, with efficiencies almost an order
of magnitude larger. In the last three rows, there is no bound for the singlet
because it does not have a singly-charged component and hence the doubly-
charged scalar can be only pair produced. As no experimental analysis is
available for scalar masses below 200 GeV, we write < 200 GeV in the table
when there is no enough sensitivity to set a bound for larger masses.

3. Doubly-charged scalar multiplet determination at the LHC

Doubly-charged scalars are predicted by many SM extensions and may
show up at the LHC even if no LNV signal can be ever established at collid-
ers. Therefore, a resonance in the same-sign charged di-lepton channel can
be detected and hence the question is if the EW multiplet it belongs to can
be determined. As explained above, the production cross-section depends on
the total isospin and hypercharge but the number of observed events in each
final state is also proportional to the corresponding branching ratio. Then, a
multi-sample analysis is mandatory. In [30], we have proposed how to mea-
sure the doubly-charged scalar pair production cross-section and hence how
to determine the multiplet it belongs to, assuming that only two-body decays
are sizeable and the two-lepton channel H** — ¢¢* is observable. How-
ever, only with a relatively large statistics and a large enough H*+ — ¢+¢+
branching ratio it is possible to obtain a crucial test (see Ref. [30] for a de-
tailed quantitative discussion). For example, the production cross-sections
for the different multiplets stay apart by at least 3¢ if H¥* only decays into
0E0% for /s = 14 TeV and Ly, = 300 fb~!. However, if H** decays 50%
of the time into ¢*¢* and ¢*7%, respectively, this integrated luminosity is
not enough to separate the doublet from the triplet, and a longer run to
accumulate 3000 fb~! becomes necessary to distinguish the different cases.
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