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In this work, we probe a class of neutrino mass models through the lepton flavor violating interactions 
of a singlet charged scalar, S± at the LHC proton–proton collisions with 8 TeV and 14 TeV energies. This 
scalar couples to the leptons and induces many processes such as pp → �±�±�∓ + /E T . In our analysis we 
discuss the opposite sign same flavor leptons signal, as well as the background free channel with the tau 
contribution which can enhance the signal/background ratio for center of mass energies 

√
s = 8 TeV and √

s = 14 TeV.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

There are number of motivations why the standard model (SM) 
of particle physics needs to be extended with new degrees of 
freedom. This includes the observation of neutrino oscillations for 
which the data can not be explained by massless neutrinos, the na-
ture of dark matter (DM), and the origin of the matter–antimatter 
asymmetry of the universe.

One of the most popular mechanisms that generates small neu-
trino mass is the seesaw mechanism which comes in different 
types: type-I [1], the type-II [2,3] and type-III [4]. This mechanism 
introduces new particles many orders of magnitude heavier than 
the electroweak scale that give rise to tiny neutrino mass after be-
ing integrated out from the low energy theory. To avoid fine tuning 
of the SM couplings, the mass scale of the new particles needs to 
be of order 1012 GeV which makes the high scale see-saw mecha-
nism impossible to be test at laboratory experiments. In addition, 
for such superheavy mass scale the electroweak vacuum can be 
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destabilized [5]. Other alternative realizations invoking ‘low-scale 
mechanisms’ were proposed in [6].

Another attractive way to induce naturally small neutrino mass 
is the radiative neutrino mass generation, where neutrino mass are 
generated at loop level [7–11]. Moreover, the scale of new physics 
is much smaller than in the conventional see-saw and can be of 
the same order as the electroweak scale for the three-loop radia-
tive neutrino mass models. For instance, the KNT model proposed 
in [9] extends the SM with two singlet charged scalars, S1,2, and 
one singlet fermion, N , all having masses around the TeV scale, 
making it testable at collider experiments. Different phenomeno-
logical aspects of this model, such as the DM relic density, were 
investigated in [12]. However, in order to match the neutrino mass 
and mixing with the experimental data without being in conflict 
with the bound on the process μ → e + γ , three generations of 
singlet fermions are required [13]. Generalization of the KNT model 
was proposed in [14] by promoting S2 and N to multiplets of the 
SU (2)L gauge symmetry. In these models, the use of a discrete 
symmetry that precludes the tree-level mass term for neutrinos 
allows the existence of a DM candidate which plays a role in the 
radiative neutrino mass generation and could also trigger the elec-
troweak symmetry breaking [15].

Most of the neutrino mass motivated models, based either on 
radiative or seesaw mechanisms, contain charged scalar(s) whose 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. The magnitude of f ’s versus mS (left) and combination of the couplings versus mS (right) with the experimental bounds μ → e + γ and τ → μ + γ are represented 
by dashed lines. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
interactions induce lepton flavor violating (LFV) processes, and 
thus their couplings are subject to severe experimental con-
straints [16,17]. Probing these interactions is of great importance 
to identify through which mechanism neutrino mass is generated, 
and whether it is a Dirac or Majorana particle.

There has been many attempts to investigate different conse-
quences of the new interactions in models motivated by neutrino 
mass at future colliders [18]. Ref. [19] investigated the possibil-
ity of testing the KNT model through the process e+ + e− →
e−μ+ + /E T at the ILC, where it was shown that it could be probed 
at ILC at center of mass energies 500 GeV and 1 TeV with and 
without the use of polarized beams. Similar study has been car-
ried out for the processes pp → e−e+ (

μ−μ+, e−μ+)+/E T through 
the production of the charged scalar S± via the Drell–Yan process 
and their decay modes which can give a detectable signal with two 
charged leptons and missing energy in the final state. The obser-
vation of an electron (positron) and anti-muon (muon) (the latter 
presents the most favorite channel), give us an indication for the 
signature of this class of model, where it has been shown that the 
LHC@14 TeV with 100 fb−1 luminosity can test this model [20].

In this work, without referring to a specific model of radia-
tively induced neutrino mass, we investigate the effect of the 
charged scalar S± on the trilepton final state (�±�±�∓) at the LHC, 
where the background consists of processes mediated by the gauge 
bosons W Z(W γ ∗) [21]. Then we will propose sets of benchmark 
points for different charged scalar masses and couplings which are 
consistent with LFV constraints and investigate the signal feasibil-
ity within the CMS analysis [22].

This paper is organized as follows. In section 2, we describe the 
model and different experimental constraints. Then in section 3, 
we use the 8 TeV LHC RUN-I data to put constraints on this class 
of models and probe the model at 14 TeV. In section 4, we consider 
two benchmark points and perform detailed analysis. Possible test 
of this class of models through a LFV background free process is 
investigated. Finally, we give our summary.

2. Model & space parameter

In this work, we consider a class of models that contain the 
following term in the Lagrangian [7,9,14,15,23]

L ⊃ fαβ LT
αCεLβ S+ − m2

S S+S− + h.c., (1)

where Lα is the left-handed lepton doublet, C is the charge conju-
gation operator, ε is the anti-symmetric tensor, fαβ are Yukawa 
couplings which are antisymmetric in the generation indices α
and β , and S± is an SU (2)L -singlet charged scalar field. The in-
teractions above induce LFV processes such as μ → e + γ and 
τ → μ + γ , with branching fractions
B(μ → e + γ ) � αemυ4

384π

| f ∗
τe fμτ |2

m4
S

, (2)

B(τ → μ + γ ) � αemυ4

384π

| f ∗
τe fμe|2

m4
S

, (3)

where αem is the fine structure constant, and υ = 246 GeV is 
the vacuum expectation value of the neutral component in the 
SM scalar doublet field. These two branching ratios must satisfy 
the experimental bounds B (μ → e + γ ) < 5.7 × 10−13 [16] and 
B (τ → μ + γ ) < 4.8 × 10−8 [17]. Moreover, a new contribution to 
the muon’s anomalous magnetic moment is induced at one-loop, 
given by

δaμ ∼ m2
μ

96π2

| feμ|2 + | fμτ |2
m2

S

. (4)

The constraints on the LFV processes (2), (3) and (4), implies that 
| fαβ | � ςmS , with ς is a dimensionful constant that depends on 
the experimental bounds. This means that the couplings f are sup-
pressed for small values of the charged scalar mass.

Here, we consider the charged scalar mass in the range 
100 GeV < mS < 2 TeV, while the couplings fαβ take random val-
ues that respect the above mentioned constraints (2), (3) and (4). 
These values are illustrated in Fig. 1, where we show the allowed 
space parameter for the charged scalar mass and couplings. It is 
worth mentioning that the couplings fαβ shown in Fig. 1 could 
match the observed neutrino oscillation values, and their val-
ues depend on the details of the models [13–15,23].1 Since our 
analysis is not restricted to a particular radiatively induced neu-
trino mass model, we present a scatter plot in Fig. 1-right for the 
combination 

∣∣ fαρ fβρ

∣∣2
which enter the expressions of the LFV ob-

servables. The large overlap between the region populated by the 
blue points in Fig. 1-left plot with the green is due to the fact 
that they get a common tau contribution in the expressions of the 
branching ratios in (2) and (3), whereas the red points correspond 
to larger values of feμ as compared to the two other combina-
tions. Fig. 1-right shows the parameter space region for which 
upper experimental bounds of B (μ → e + γ ) and B (τ → μ + γ )

are satisfied along the identified range of mass noting that this LFV 

1 For example, the benchmark points values shown in Table 1 correspond to the 
model studied in [13], where the other model parameters (the couplings giα and 
the mass of the other charged scalar mass) are chosen in a way to match neutrino 
oscillation data, DM relic density and LFV constraints. For the models proposed 
in [14,15], one can adjust the parameters so that most of the benchmark points 
shown in Fig. 1 fulfill the aforementioned constraints.
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Fig. 2. Diagrams corresponding to the trilepton signal (a) and SM background (b, c).
bounds processes prompt mS to large values once the correspond-
ing coupling product fαρ fβρ becomes important.

3. Current constraints on trilepton signal at the LHC

At the LHC, it is possible to produce a singly charged scalar 
associated with different sign different flavor charged leptons 
through W-boson exchange which at the parton level read as

qq̄′ → W ± → �±�±S∗∓ → �±�±�∓ + /E T , (5)

where the charged scalar S± decays into charged lepton and neu-
trino giving rise to three leptons plus missing energy in the final 
state as shown in Fig. 2-a.

According to the diagram presented in Fig. 2-a, we have 7 con-
tributions to this trilepton signal:

��� ≡ eeμ, eμμ, eeτ , eττ ,μμτ,μττ , eμτ. (6)

Here, the process that maximally violates the lepton flavor (eμτ ) 
has a small background, while the other six are accompanied by a 
large SM background. Such process with maximal LFV (eμτ ) can 
be a direct probe to the interactions in (1). However, this pro-
cess involves purely S±-mediated diagrams, and therefore has a 
very small cross section due to the smallness of the couplings fαβ

and the heaviness of the charged scalars as dictated by the LFV 
constraints (2), (3) and (4). For the processes with the large SM 
background, such as pp → e±e∓μ± + /E T , the transverse missing 
energy receives two contributions /E T ≡ ντ , νμ . The process with 
/E T ≡ ντ occurs only through purely S-mediated diagrams, and 
therefore has a suppressed cross section. However, the second pro-
cess occurs through S-mediated and W/Z/γ -diagrams, and hence 
the cross section can be written as σM = σS M + σS + σinter f erence . 
Therefore, the expected excess of events number could be ei-
ther σS and/or σinter f erence , where the former could be significant 
only when the charged scalar is on-shell. However we found that 
σS/σinter f erence < O(10−5) for the benchmark points considered in 
our analysis. This leads us to confirm that the event number excess 
comes mainly from the interference contribution term.

Due to the difficulty in identifying the tau lepton at the LHC, 
we consider in our detailed analysis only the final state leptons 
� = e, μ, where the missing energy /E T can be any neutrino or 
antineutrino. The main process that contributes to the SM back-
ground for trilepton production is the irreducible background

qq̄′ → W ± → �±�∓W ± → �±�±�∓ + /E T ,

qq̄′ → Z W ±(γ ∗W ±) → �±�±�∓ + /E T , (7)

as shown in Fig. 2-b and -c. We use CalcHEP [24] to generate both 
the SM background events as well as the events from processes 
due to the extra interactions in (1) for CM energies 

√
s = 8 TeV

and 14 TeV. Here, the considered values of the fαβ Yukawa cou-
plings and the charged scalar mass (mS ) make the branching ratios 
B(μ → e + γ ) and B(τ → μ + γ ) just below the experimental 
bounds.

In our analysis, we look for the event number difference Nex =
NM − NBG , where NM is the expected number of events num-
ber coming from both the new interactions and the SM processes, 
while NBG is the background event number. Thus, with integrated 
luminosity Lint , the excess of events is Nex =Lint (σM − σBG), and 
NBG = LintσBG , with σBG and σM are the total cross sections due 
to interactions of the SM interactions and the one in Eq. (1), re-
spectively, after imposing the selection cuts. Therefore the signal 
significance is given by

S = Nex√
Nex + NBG

= Nex√
NM

. (8)

One has to mention that the largest source of the SM back-
ground is the multi-jets events which can be misidentified as lep-
tons in the detector. Among the dominant sources that give rise to 
these fake leptons we have the semileptonic decays of the charm 
and the bottom quark; and the photons conversion [25]. In order 
to reduce the contamination in the signal region, we require the 
electron events to have pT > 15 GeV and |η| < 2.5, whereas all the 
muon candidates are required to have pT > 5 GeV and |η| < 2.4. 
The hadronic decay of the tau charged lepton τhad can be discrimi-
nated with pT > 15 GeV and |η| < 2.1 [26]. Additional criteria can 
be applied in order to suppress the SM background coming from 
the QCD-multijet production [27].

In [22], the CMS Collaboration presented a model-independent 
search for anomalous production of events with at least three iso-
lated charged leptons using their data with an integrated luminos-
ity of 19.5 fb−1 at 

√
s = 8 TeV LHC. The analysis is based on the 

following criteria:
• The presence of at least three isolated leptons (muon, elec-

tron).
• The transverse momentum of muon and electron must satisfy 

p�
T > 10 GeV.

• The pseudo-rapidity of leptons |η�| < 2.4.
• The missing transverse energy /E T < 50 GeV.
• In order to remove the low-mass Drell–Yan processes as well 

as the ‘Below-Z’ and ‘Above-Z’ regions coming from background, 
the invariant mass of each opposite sign same flavor lepton pair 
must be in the range 75 GeV < M�+�− < 105 GeV.

Using these cuts, it has been found that a bound on the heavy-
light neutrino mixing parameter (|BlN |2) for heavy neutrino masses 
up to 500 GeV can be established. For instance, |BlN |2 < 2 × 10−3

has been derived for mN ∼ 100 GeV [28].
In Fig. 3, we show the production cross section σM at the par-

ton level for the first two processes in (6) as a function of the 
charged scalar mass for the benchmark points that are consistent 
with experimental bound on the LFV processes discussed in the 
previous section.
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Fig. 3. The production cross section for the processes pp → e±μ±μ∓ + /E T (top), pp → e±μ±e∓ + /E T (bottom) at √s = 8 TeV (left) and √s = 14 TeV (right) as function of 
charged scalar mass. The red lines correspond to the background cross section values. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

Fig. 4. The significance for the process pp → �±�±�∓ + /E T at 8 TeV (left) and 14 TeV (right) versus the charged scalar mass for the integrated luminosity values 20.3 fb−1

and 100 fb−1, respectively. The horizontal blue line indicates the significance value S = 5. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
We see that σM is larger than the one of the SM background 
σBG within the cuts used by the CMS Collaboration, and in-
creases with CM energy whereas it is essentially independent of 
the charged scalar mass. To see how important is the signal, we 
compute the significance taking into account the previous CMS 
cuts, for the two first processes in (6) for the set of benchmark 
points that fulfill the constraints on the LFV processes (2), (3) and 
(4) that are used previously in Fig. 1. After applying of the selec-
tion criteria quoted above, we show in Fig. 4 the significance for 
the two considered channels at both 8 TeV and 14 TeV CM energy.

These results are consistent with searches for new phenomena 
in events with multilepton final states, they have not shown any 
significant deviation from SM expectations at 8 TeV CM energy. 
However, after imposing the same cuts at 14 TeV with 300 fb−1

of integrated luminosity, one shows that it is possible to get at 
least a 4 sigma excess for any benchmark point defined in Sec. 2. 
Hence, we carry this study by searching a significant trilepton 
signal within this class of models at 

√
s = 8 TeV and 14 TeV by 

choosing two benchmark points and look for different cuts where 
the significance could be larger.

4. Benchmark analysis

In this section, we consider two benchmark points, denoted 
by B1 and B2, with the charged scalar masses 472 GeV and 
1428 GeV (see Table 1). Here, we first analyze the trilepton pro-
duction with missing energy involving e and μ decay modes of 
the heavy charged scalar S± with 

√
s = 8 TeV and 14 TeV. Then, 

we discuss possibility of observing the maximally LFV process sig-
nal �±�±�∓ ≡ e±μ±τ∓ .
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Table 1
Two benchmark points selected from the allowed parameter space of the model.

Point mS (GeV) feμ feτ fμτ

B1 472 −(9.863 + i8.774) × 10−2 −(6.354 + i2.162) × 10−2 (0.78 + i1.375) × 10−2

B2 1428 (5.646 + i549.32) × 10−3 −(2.265 + i1.237) × 10−1 −(0.41 − i3.58) × 10−2

Table 2
Applied cuts on different kinematical variables: M�� (invariant mass), p�

T (charged lepton transverse momentum), /E T (transverse 
missing energy), and η� (pseudo-rapidity). The energy dimension variables are in GeV unit.

e±μ±e∓ +/E T @ 8 TeV e±μ±e∓ +/E T @ 14 TeV e±μ±μ∓ +/E T @ 8 TeV e±μ±μ∓ +/E T @ 14 TeV

70 < Me−e+ < 110 70 < Me−e+ < 110 80 < Mμ−μ+ < 100 80 < Mμ−μ+ < 110
Me+μ+ < 200 Me+μ+ < 230 Me+μ+ < 200 Me+μ+ < 230
Me−ν < 206 Me−ν < 220 Mμ−ν < 185 Mμ−ν < 245
10 < p�

T < 100 10 < p�
T < 90 10 < p�

T < 100 10 < p�
T < 130∣∣η�

∣∣ < 3
∣∣η�

∣∣ < 3
∣∣η�

∣∣ < 3
∣∣η�

∣∣ < 3
/E T < 100 /E T < 90 /E T < 120 /E T < 90

Fig. 5. Number of events of the energy distribution E� , the invariant mass distribution of the three leptons M��� , and the angular distribution between pairs of leptons θ�� at √
s = 14 TeV and ∫ Ldt = 300 fb−1.
A critical part in the analysis of signal events associated with 
new physics is the accurate estimation of the SM background. For 
this purpose, we study the event distributions for the SM back-
ground as well as the background plus the trilepton signal, and 
impose the cuts on the relevant observables as shown in Table 2.

We note that the imposed cut values on the kinematic variables 
are different than those provided by CMS, except for the range of 
the invariant mass of two charged leptons M�+�− , and the pseudo-
rapidity η� which still relevant for discriminating the signal from 
background. Moreover, we attempt to introduce supplementary cri-
teria by applying cuts on the invariant masses Me+μ+ and M�,ν

of the fermion pairs (e+μ+) and (�, ν), respectively. These extra 
cuts allowed us to optimize the total cross section for the signal 
at 

√
s = 8 TeV and 14 TeV. This is illustrated in Fig. 5 where we 

present the angular distribution between pairs of leptons, the en-
ergy distribution of lepton, and the invariant mass distribution of 
the three leptons at 

√
s = 14 TeV.

The kinematical distributions in Fig. 5 show a significant excess 
of events which is an indication of a trilepton signal. Clearly, there 
is a larger excess in the channel eμμ than in the eeμ channel 
for this benchmark. According to the cross section values in Fig. 3, 
we expect the same difference for other benchmarks. The overall 
shape of the distributions for the signal and the background looks 
very similar due to two reasons: (1) the source of the event ex-
cess is the interference contribution σinter f erence , and (2) the cuts 
are chosen such that the difference d (σM − σBG) /dX is strictly 
positive, where X represents the kinematic variables in Table 2. 
In Table 3, we present the cross section values of the signal and 
background after imposing the cuts for the CM energies 8 TeV and 
14 TeV. The corresponding significance for each benchmark point 
is shown in Table 4.

In order to see how does the significance change with large 
charged scalar mass values, we consider the benchmark point B1

given in Table 1, and increase mS at both CM energies 8 TeV and 
14 TeV for the integrated luminosity 20.3 fb−1 and 300 fb−1, re-
spectively. We first keep the couplings fαβ to be constant and 
therefore the LFV constraints get relaxed with larger mS values. 
In the second case, we vary mS values while keeping LFV observ-
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Fig. 6. Significance for the relevant process pp → �±�±�∓ +/E T at √s = 8 TeV (left) and √s = 14 TeV (right) within the new cuts. The black dashed horizontal lines represent 
the significance value S = 3, 5, respectively. Solid and the dashed lines are explained in the text.
Table 3
The expected and background cross section values (in fb) at 8 TeV and 14 TeV for 
the two benchmark points B1 and B2.

Process B1@8 TeV B2@8 TeV B1@14 TeV B2@14 TeV

σBG

(
e±μ±e∓ +/E T

)
22.79 40.84

σBG

(
e±μ±μ∓ +/E T

)
20.74 46.44

σE X

(
e±μ±e∓ +/E T

)
28.12 28.06 49.70 48.55

σE X

(
e±μ±μ∓ +/E T

)
26.13 26.06 57.28 56.80

Table 4
The significance corresponding to the integrated luminosity values Lint = 20.3
(300) fb−1 at 8 TeV (14 TeV) for the benchmark points B1 and B2.

Process Benchmark N20.3 S20.3 N300 S300

pp → e±μ±e∓ + /E T B1 108.20 4.53 2058 21.77
B2 106.98 4.48 2313 19.16

pp → e±μ±μ∓ + /E T B1 109.42 4.75 3252 24.81
B2 108.02 4.69 3108 23.81

ables, such as B(�α → �β +γ ), constant. The two cases are shown 
in Fig. 6 with dashed and solid lines, respectively. Thus, whatever 
the values of charged scalar mass or the LFV branching ratios, the 
significance should lie in between these two curves. We can see 
from the figure that the significance can reach 3σ for any charged 
scalar S± mass under 2 TeV, and 5σ is ensured until mS = 3 TeV
in the case where 

√
s = 14 TeV.

We remark here that the Feynman diagrams that mediate the 
processes pp → �±�±�∓ + /E T can be classified as SM and non-SM 
diagrams with amplitudes MS M and MS , respectively. Therefore, 
the event number difference Nex = NM − NBG is proportional to 
the combination σinter f erence ∝ Re 

(
M†

S MMS

)
, since σS is neg-

ligible as mentioned previously. In other words, the significance 
shown in Fig. 6 is directly proportional to the couplings combina-
tion 

∣∣ fαρ fβρ

∣∣2 that appears in the expressions of the branching 
ratios of the processes μ → e + γ and τ → μ + γ . This means 
that there is a direct correlation between the discovery of the LFV 
processes and the signals.

In our analysis at 
√

s = 14 TeV, we have presented the points 
which can be discovered with an integrated luminosity of 300 fb−1. 
However, another way to probe the interaction (1) is to extend 
our analysis by considering a maximally LFV process like the pro-
cess pp → e±μ±τ∓ + /E T , where the tau lepton can be identified 
through its hadronic decay [29] rather than its leptonic one in or-
der to avoid an additional source of missing energy. In addition 
to the case of 

√
s = 14 TeV, we consider also the very high energy 
such as at the HL-LHC 
√

s = 100 TeV. Then, the event number here 
is given by

Neμτ = L × σ(pp → e±μ±τ∓ + /E T )B(τ → hadrons), (9)

where the corresponding background event number is given by

NBG = L × σ(pp → W W W )B(W

→ eν)B(W → μν)B(W → τν)B(τ → hadrons). (10)

We find that the significance is so small at both 
√

s = 14 TeV
and 100 TeV for luminosity values of the order O(ab−1). Detailed 
investigation is required to reach final conclusion about the possi-
bility of detecting the maximally LFV in this model (1).

5. Summary

In this paper, we investigate the effect of a singlet charged 
scalar at the LHC by performing a detailed analysis of three iso-
lated leptons in the final state. First we applied the same cuts 
used by the CMS Collaboration at 8 TeV on a large number of 
benchmarks that are consistent with LFV bounds and we found 
no significant deviation from the SM. Whereas, within the same 
cuts we expect significant deviation at 14 TeV. So to enhance the 
signal over the background, we applied new cuts for both 8 TeV 
and 14 TeV. We have chosen two benchmark points B1 and B2
with different values of mS in order to probe the effect of this 
charged scalar in the tripleton channel and we found that a devi-
ation from the SM can be seen using 8 TeV data and expect that 
a discovery is potentially possible at 14 TeV. Using our analysis of 
8 TeV (14 TeV), we can exclude charged scalar masses mS < 3 TeV
(mS < 4 TeV). We found that the significance is directly propor-
tional to B(�α → �β + γ ), and hence there is a direct correlation 
between the LFV discovery and our signal.

Another way to search for the trilepton signal is via the maxi-
mally LFV processes such e±μ±τ∓ , where the tau lepton is identi-
fied through its hadronic decay. However, even at 

√
s = 100 TeV

the significance is too small for luminosity values of the order 
O(ab−1).
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