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In this work we investigate the production and signatures of doubly charged particles at the Large

Hadron Collider. We start with the Standard Model particle content and representations and add generic

doubly charged exotic particles. We classify these doubly charged states according to their spin,

considering scalar, fermionic, and vectorial fields, and according to their SUð2ÞL representation, being

chosen to be either trivial, fundamental, or adjoint. We write the most general interactions between them

and the Standard Model sector and study their production modes and possible decay channels. We then

probe how they can most likely be observed and how particles with different spin and SUð2ÞL
representations could be possibly distinguished.
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I. INTRODUCTION

The search for new particles has been given a boost with
the discovery of a Higgs boson at the Large Hadron
Collider (LHC) at CERN [1,2]. While we are still awaiting
confirmation of whether this is the long-awaited Higgs
boson of the Standard Model (SM) or, as it appears at
present, a Higgs boson with possibly tantalizing signs of
new physics, phenomenologists are trying to predict
benchmarks for beyond the Standard Model (BSM) phys-
ics that could follow. Some adhere to long-hyped scenarios
such as weak-scale supersymmetry (either in its minimal
reincarnation or in a nonminimal form), extended gauge
structures, extradimensional models, or Higgs composite
models and base their analyses on the most likely and
telling signatures of the models. Yet there has been also
some interest in testing more generic collider features,
which would have clear signatures and may be common
to more models. The advantage is the fact that several
models might yield the same collider signals so that a
simple but general model with minimal additions (particles
and interactions) over the SMmight be useful for obtaining
results easy to compare with data. A small set of model
parameters is usually involved, such as the masses of the
new particles and the coupling strength of their interac-
tions. In this setup, one could think of the SM as a limiting
case when the new physics sector decouples.

Adopting this bottom-up approach for new physics phe-
nomenology, the cleanest and clearest results are most
likely obtained for exotic particles, i.e., particles with
quantum numbers unlike those from the SM particle con-
tent. In this work, we propose to investigate the possibility

for supplementing the Standard Model with a very simple
kind of exotic states, which we denote by Xþþ and which
are either scalar, fermion, or vector fields with two units of
electric charge. We keep our analysis as general as possible
by allowing the new particles to belong to different SUð2ÞL
representations but further restrict ourselves to the simplest
ones, namely the singlet, doublet, and triplet cases. This
goes along the same lines as several recent works inves-
tigating doubly charged particles in more or less generic
situations [3–8], our work being, however, the only analy-
sis studying in detail the collider implications of various
spin and weak isospin quantum numbers.
From a top-down point of view, it must be noted that

such doubly charged particles appear in many BSM sce-
narios and thus are of particular interest to model builders.
As examples, doubly charged scalar states, often dubbed
doubly charged Higgs fields, appear in left-right symmetric
models [9–15] or in seesaw models for neutrino masses
with Higgs triplets [16–31]. Doubly charged fermions can
appear in extradimensional models including custodian
taus [32–37], in new physics models inspired by string
theories [38] or as the supersymmetric partners for the
doubly charged scalar fields in supersymmetric extensions
of left-right symmetric models [39–42]. Finally, BSM
theories with an extended gauge group often include dou-
bly charged vector bosons [43–47], although it is also
possible to consider vector states with a double electric
charge independently of any gauge-group structure, as in
models with a noncommutative geometry or in composite
or technicolor theories [48–56].
Subsequently, same-sign dilepton and/or doubly charged

Higgs bosons resonances have been the topic of many
accelerator analyses in the past. Usually assumed to be
produced either singly or in pairs, no events have been
observed by experiments around the Large Electron
Positron collider (LEP) [57–60], the Hadron Electron
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Ring Accelerator [61,62], and the Tevatron [63–66]. The
most up-to-date bounds have, however, been more recently
derived by the LHC experimental collaborations. Both
ATLAS and CMS have searched for long-lived doubly
charged states [67,68], basing their analyses either on
identification of the new particles by using their longer
time of flight to the outer subdetectors or on their anoma-
lous energy loss along their tracks. Assuming a Drell–Yan-
like pair production, the long-lived doubly charged state
masses have been constrained to lie above 685 GeV after
analyzing 5 fb�1 of LHC collisions at a center-of-mass
energy of

ffiffiffiffiffi
Sh

p ¼ 7 TeV and 18:8 fb�1 of collisions atffiffiffiffiffi
Sh

p ¼ 8 TeV [67]. Nevertheless, these limits do not
hold for promptly decaying doubly charged particles. In
this case, dedicated studies only exist for doubly charged
Higgs bosons. Being pair produced, they are then assumed
to decay into a pair of leptons with the same electric charge
through Majorana-type interactions [69,70]. Assuming a
branching fraction of 100% decays into leptons, i.e.,
neglecting the possible decays into a W-boson pair, the
doubly charged Higgs mass has been constrained to be
larger than about 450 GeV. All these existing mass bounds
can, however, be easily evaded by relaxing the rather
constraining new physics assumptions. We hence follow
the approach of most model builders and consequently
assume the new particle mass to be a free parameter.

Our work is organized as follows. In Sec. II we describe
in detail our model for particles and interactions, differ-
entiating in the discussion into spin and weak-isospin fields.
We also compute analytical cross sections for the produc-
tion of the new states at hadron colliders and for their
decays into Standard Model particles. We then dedicate
Sec. III to a detailed numerical analysis of doubly charged
particle signals at the LHC and briefly discuss, in Sec. IV,
different kinematical variables that would allow for distin-
guishing the spin and/or SUð2ÞL quantum numbers of the
new states. Finally, we summarize our results in Sec. V.

II. SIMPLIFIED MODELS FOR EXOTIC
DOUBLY CHARGED STATES

Following the approach of the LHC New Physics
Working Group [71], specific final state topologies are
described by means of dedicated simplified models. They
consist of minimal extensions of the Standard Model in
which the number of new states and operators is maximally
reduced. Moreover, the model parameters are translated in
terms of relevant products of cross sections and branching
ratios so that LHC data can be easily reinterpreted in terms
of constraints on these quantities. In this work, we con-
struct a set of simplified models describing all the mecha-
nisms yielding the production of doubly charged particles,
followed by their subsequent decays into pairs of charged
leptons (possibly together with additional neutral states
when relevant) with the same electric charges. Only final
state signatures with three leptons or more will be

considered, as the associated Standard Model background
is known to be under good control.
We start with the Standard Model field content and the

SUð3ÞC � SUð2ÞL �Uð1ÞY gauge group and then add an
exotic doubly charged, noncolored, state lying in a specific
representation of the Lorentz group and SUð2ÞL. Motivated
by the most common existing new physics theories, we
restrict ourselves to scalar, spin-1=2, and vector states,
which we assume to lie either in the trivial, fundamental,
or adjoint representation of SUð2ÞL. However, higher spin
states or higher-dimensional representations of SUð2ÞL
could be considered, such as in Ref. [56] where the phe-
nomenology of excited leptons in the �4 representation of

SUð2ÞL is investigated. In addition, the hypercharge quan-
tum numbers of the new multiplet are chosen so that the
doubly charged component is always the state with the
highest electric charge. Finally, any interaction allowed by
model symmetries but irrelevant for our study is omitted
from the Lagrangians presented in this section.
In the rest of this section, we construct simplified models

following a classification of the doubly charged states by
their spin. We focus on their signals at the LHC and
analytically compute cross sections and decay widths rele-
vant for the production of final states with three leptons or
more, the corresponding numerical analysis being per-
formed in Sec. III. This will guide us to a choice of bench-
mark scenarios to be considered for a more advanced study
based on Monte Carlo simulations, as in Sec. IV.

A. Spin 0 doubly charged particles

In the following, we focus on simplified models describ-
ing the dynamics of SUð2ÞL multiplets containing, as a
component with the highest electric charge, a doubly
charged state. We denote by �, �, and � three complex
scalar fields lying in the �1, �2, and �3 representations of

SUð2ÞL, respectively, with hypercharge quantum numbers
set to Y� ¼ 2, Y� ¼ 3=2, Y� ¼ 1,

� � �þþ; �i � �þþ

�þ

 !
and

�i
j �

�þffiffi
2

p �þþ

�0 ��þffiffi
2

p

0
@

1
A:

(2.1)

In the last expression, we have employed the matrix
representation for triplet fields defined by

�i
j ¼

1ffiffiffi
2

p ð�aÞij�a; (2.2)

the matrices �a being the Pauli matrices and a ¼ 1, 2, 3 an
SUð2ÞL adjoint gauge index.1 Diagonalizing the third

1In our notations, we always employ Latin letters of the
middle of the alphabet for fundamental indices and Latin letters
of the beginning of the alphabet for adjoint indices.

ALLOUL et al. PHYSICAL REVIEW D 88, 075004 (2013)

075004-2



generator of SUð2ÞL in the adjoint representation, the
gauge eigenstates �a can be linked to the physical mass
eigenstates �0, �þ, and �þþ by means of

�1 ¼ 1ffiffiffi
2

p ½�0 þ�þþ�;

�2 ¼ 1ffiffiffi
2

p
i
½�0 ��þþ�; and �3 ¼ �þ:

(2.3)

Kinetic and gauge interaction terms for the three fields
of Eq. (2.1) are fixed by gauge invariance,

Lkin ¼ D��
yD��þD��

y
i D

��i

þD��
y
aD��a þ � � � ; (2.4)

the covariant derivatives being given by

D�� ¼ @��� 2ig0B��;

D��
i ¼ @��

i � 3

2
ig0B��

i � ig
ð�aÞij
2

�jWa
�;

D��
a ¼ @��

a � ig0B��
a þ g"bc

a�cWb
�

(2.5)

and the dots standing for mass terms. In the expressions
above, g and g0 are the weak and hypercharge coupling
constants, respectively, and we have normalized the struc-
ture constants of SUð2Þ as "123 ¼ 1. We have also intro-
duced the electroweak gauge bosons denoted by B� and

Wa
�. The Lagrangian above also allows the components of

fields lying in a nontrivial representation of SUð2ÞL to decay
into each other, together with an accompanying gauge
boson, if kinematically allowed. However, we choose to
focus in this work on the low mass region of the parameter
space so that splittings, induced, e.g., by electroweak sym-
metry breaking, are assumed smaller than the weak boson
masses. In order to allow for the extra fields�,�, and� to
decay, new Yukawa interactions are hence required,

Lyuk ¼ 1

2
yð1Þ��lcRlR þ yð2Þ

�
�i �Lc

i ��D
�lR

þ 1

2
yð3Þ�i

j
�Lc
i L

j þ H:c:; (2.6)

where the three quantities yð1Þ, yð2Þ, and yð3Þ are 3� 3
matrices in generation space and where flavor indices have
been omitted for clarity. Moreover, we have explicitly in-
dicated the chirality of the lepton fields, or equivalently their
SUð2ÞL representations, so that there is no confusion about
the action of the gauge-covariant derivative D�. The (four-

component) spinorial field lR stands hence for the right-
handed charged lepton singlet of SUð2ÞL, and the objects

Li ¼ �L

lL

 !
and Li ¼ "ijL

j ¼ lL

��L

 !
(2.7)

are two representations of the weak doublet comprised of the
left-handed neutrino�L and charged lepton lL fields andwhere
the fully-antisymmetric rank-two epsilon tensor is defined as

�12¼1. The terms included in the Lagrangian of Eq. (2.6)
are consistent with gauge and Lorentz invariance, which
leads to the appearance of the charge conjugation operator
denoted by the superscript c. Moreover, care is taken so that
each component of the new scalar fields is allowed to decay
into Standard Model particles. In particular, this implies the
use of a higher-dimensional operator suppressed by an
effective scale � for the coupling of the weak doublet �
to the lepton fields since the four-component spinor product
��c
R�L¼0 for any fermionic fields.
The Lagrangian of Eq. (2.4) includes couplings of the

new fields to the electroweak gauge bosons so that the
former can then be produced at hadron colliders either
from quark-antiquark scattering or through vector boson
fusion. The only processes giving rise to a signature with
three charged leptons or more consist of the pair produc-
tion of two doubly charged fields or of the associated
production of one singly charged and one doubly charged
state. Considering first the neutral current channels, q �q !
�þþ���, q �q ! �þþ���, and q �q ! �þþ���, the
relevant partonic cross sections read, as a function of the
partonic center-of-mass energy ŝ,

�̂NC
1 ¼ 4	
2ŝ

9
½1� 4x2

�þþ�32

�
�
e2q

ŝ2
� eqðLq þ RqÞðŝ�M2

ZÞ
2c2WŝjŝZj2

þ L2
q þ R2

q

8c4W jŝZj2
�
;

�̂NC
2 ¼ 4	
2ŝ

9
½1� 4x2

�þþ�32

�
�
e2q

ŝ2
þ eqð1� 4s2WÞðLq þ RqÞðŝ�M2

ZÞ
8c2Ws

2
WŝjŝZj2

þ ð1� 4s2WÞ2ðL2
q þ R2

qÞ
128c4Ws

4
W jŝZj2

�
;

�̂NC
3 ¼ 4	
2ŝ

9
½1� 4x2

�þþ�32

�
�
e2q

ŝ2
þ eqð1� 2s2WÞðLq þ RqÞðŝ�M2

ZÞ
4c2Ws

2
WŝjŝZj2

þ ð1� 2s2WÞ2ðL2
q þ R2

qÞ
32c4Ws

4
W jŝZj2

�
;

(2.8)

where �̂i is associated with the pair production of doubly
charged components of multiplets in the�i representation

of SUð2ÞL. In those expressions, we have introduced the
sine and cosine of the weak mixing angle sW and cW , the
quark electric charges eq, their weak isospin quantum

numbers T3q, and their Z-boson coupling strengths Lq ¼
2ðT3q � eqs

2
WÞ and Rq ¼ �2eqs

2
W . Moreover, we are em-

ploying the reduced kinematical variables x2� ¼ M2
�

ŝ and

ŝZ ¼ ŝ�M2
Z þ i�ZMZ, where MZ and �Z are the

Z-boson mass and width, respectively.
For a new SUð2ÞL doublet (triplet) of scalar fields,

trilepton signatures can also rise from the charged current
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production of a doubly charged state in association with a
singly charged state, ui �dj ! �þþ�� (ui �dj ! �þþ��).
The corresponding cross sections read

�̂CC
2 ¼ 	
2ŝ

72s4W jŝW j2
jVCKM

ij j2�3
2ð1; x2

�þþ ; x2�þÞ;

�̂CC
3 ¼ 	
2ŝ

36s4W jŝW j2
jVCKM

ij j2�3
2ð1; x2

�þþ ; x2�þÞ;
(2.9)

where, as for the neutral currents, we have employed the
reduced propagator ŝW ¼ ŝ�M2

W þ i�WMW ,MW and �W

being the W-boson mass and width, in addition to the
Källen function �ða;b;cÞ¼a2þb2þc2�2ab�2bc�2ca
and the Cabibbo Kobayashi Maskawa (CKM) matrix
VCKM.

After electroweak symmetry breaking, the neutral
component of the � multiplet can develop a vacuum
expectation value (vev) v�,

�0 ! 1ffiffiffi
2

p ½v� þH0 þ iA0�; (2.10)

where we are now distinguishing the scalar H0 and pseu-
doscalar A0 degrees of freedom of the neutral field. In
principle, v� is constrained to be small by the electroweak
� parameter, which only slightly deviates from unity
[72–75], in addition to strong constraints arising from the
neutrino sector [17–20]. We have, however, decided to
consider both scenarios with a very small v� value and
those with a larger value, as in left-right symmetric models
in which the vacuum expectation values of the neutral fields
are less constrained. In this case, the Lagrangian of Eq. (2.4)
allows for the production of a single doubly charged or
singly charged new state through vector boson fusion
[27,76] or in association with a weak gauge boson [77].
Since vector boson fusion processes do not yield final states
with more than two charged leptons, we restrict ourselves to
the study of the q �q0 ! �þZ and q �q0 ! �þþW channels,
the corresponding partonic cross sections being given by

�̂W�þþ ¼ 	2
3v2
�

18s6Wŝ
2
W

jVCKM
ij j2�1

2ð1; x2
�þþ ; x2WÞ

�
�
�ð1; x2

�þþ ; x2WÞ
x2W

þ 12

�
;

�̂Z�þ ¼ 	2
3v2
�ð1þ s2WÞ2

72s6Wc
2
Wŝ

2
W

jVCKM
ij j2�1

2ð1; x2
�þþ ; x2ZÞ

�
�
�ð1; x2

�þþ ; x2ZÞ
x2Z

þ 12

�
: (2.11)

In addition, the neutralA0 andH0 fields can also decay into
multileptonic final states so that their single and pair pro-
duction should be considered. However, a correct treatment
of these fields implies to also add their mixings with the
components of the Standard Model Higgs doublet. This
renders the approach rather nonminimal so that we neglect
them from the present analysis. Let us note that including

mixing with the Standard Model Higgs boson would not
change our conclusions in the following sections or even
increase any possible new physics signals.
As mentioned above, the Lagrangian of Eq. (2.6) allows

for the new states to decay. We assume that these states are
all close enough in mass so that they cannot decay into
each other and compute below the relevant partial widths.
Considering the decays of the doubly charged states into a
same-sign lepton pair, we obtain, assuming lepton flavor
conservation,

�þþ
1;‘ ¼ M�þþjyð1Þj2

32	
½1� 2x2‘�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4x2‘

q
;

�þþ
2;‘ ¼ M�þþM2

‘jyð2Þj2
8	�2

½1� 2x2‘�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4x2‘

q
;

�þþ
3;‘ ¼ M�þþjyð3Þj2

32	
½1� 2x2‘�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4x2‘

q
;

(2.12)

using again different subscripts to distinguish the scalar
field representations. Whereas flavor-violating effects
could have also been considered, we nevertheless neglect
them as they are constrained to be small due to lepton
decay processes such as � ! 3e, � ! e�, etc., which are
bound to be extremely rare [72,78–81]. In addition, the
triplet field can also decay into a pair of Wþ bosons, the
associated width being given by

�þþ
3;WW ¼ M3

�þþ
2	v2
�

4M4
Ws

4
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4x2W

q
½1� 4x2W þ 12x4W�:

(2.13)

Turning to the singly charged components of the new
multiplets, the partial widths for the leptonic decays�þ !
‘þ ��l and �þ ! ‘þ ��l are computed as

�þ
2;‘ ¼

M�þM2
‘jyð2Þj2

16	�2
½1� x2‘�2;

�þ
3;‘ ¼

M�þjyð3Þj2
32	

½1� x2‘�2;
(2.14)

while the one for the decay of a triplet field into a pair of
weak gauge bosons, �þ ! WþZ, is found to be

�þ
3;WZ ¼ M3

�þ
2	v2
�ð1þ s2WÞ2

8c2Ws
4
WM

2
ZM

2
W

½�ð1; x2W; x2ZÞ þ 12x2Zx
2
W�

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2W; x2ZÞ

q
: (2.15)

B. Spin-1=2 doubly charged particles

1. Simplified models with three generations of leptons

We now turn to the building of Standard Model exten-
sions containing one extra fermionic multiplet, and like
in Sec. II A, we restrict ourselves to states with an
electric charge not higher than two. We therefore consider
three fermionic fields c , �, and � lying in the singlet,
doublet, and adjoint representation of SUð2ÞL, respectively,

ALLOUL et al. PHYSICAL REVIEW D 88, 075004 (2013)

075004-4



and we fix their hypercharge quantum numbers to Yc ¼ 2,

Y� ¼ 3=2, and Y� ¼ 1,

c � cþþ; �i � �þþ

�þ

 !
and

�i
j �

�þffiffi
2

p �þþ

�0 ��þffiffi
2

p

0
@

1
A:

(2.16)

The associated kinetic and gauge interaction terms are
standard and induced by gauge covariant derivatives that
can be derived from Eq. (2.5),

Lkin ¼ i �c��D�c þ i ��i�
�D��

i þ i ��a�
�D��

a þ �� � ;
(2.17)

where mass terms are included in the dots. As in Sec. II A,
we assume the new states to be almost mass degenerate so
that they cannot decay into each other. In order to allow for
the decays of the c ,�, and� states, it is thus necessary to
introduce at least one additional fermionic particle N,
which we choose to be gauge singlet as in massive neutrino
models [82–84]. Avoiding the introduction of more new
states to our simplified model, three-body decays of the c ,
�, and� fermions into a lepton pair and an N particle are
permitted by means of nonrenormalizable four-fermion
interactions,

LF ¼ Gð1;1Þ

2�2
½�lcRlR�½ �NPLc � þGð1;2Þ

2�2
½�lcRlR�½ �NPRc �

þGð2;1Þ

�2
½�lcR�i�½ �NLi� þGð2;2Þ

�2
½�lcRN�½ �Lic�i�

þGð3;1Þ

2�2
½ �Lc

i L
j�½ �NPL�

i
j�

þGð3;2Þ

2�2
½ �Lc

i L
j�½ �NPR�

i
j� þ H:c: (2.18)

In this Lagrangian, we have only considered a set of
independent effective operators and omitted all generation
indices for clarity. In addition, PL and PR are chirality
projectors acting on spin space, the left-handed and
right-handed fermionic components of the Standard
Model fields have been defined in Sec. II A, and the inter-
action strengths suppressed by a new physics scale � are

3� 3 matrices in flavor space Gð1;1Þ, Gð1;2Þ, Gð2;1Þ, Gð2;2Þ,
Gð3;1Þ, and Gð3;2Þ.
The gauge interactions included in the Lagrangian of

Eq. (2.17) imply the possible hadroproduction of pairs of
c , �, and � states from quark-antiquark scattering.
Focusing on final state signatures with at least three
leptons, the partonic cross sections associated with the
relevant neutral current processes q �q ! cþþc��, q �q !
�þþ���, and q �q ! �þþ��� are

�̂NC
1 ¼ 16	
2ŝ

9
½1þ 2x2

cþþ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4x2

cþþ

q �
e2q

ŝ2
� eqðLq þ RqÞðŝ�M2

ZÞ
2c2WŝjŝZj2

þ L2
q þ R2

q

8c4W jŝZj2
�
;

�̂NC
2 ¼ 16	
2ŝ

9
½1þ 2x2

�þþ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4x2

�þþ

q �
e2q

ŝ2
þ eqð1� 4s2WÞðLq þ RqÞðŝ�M2

ZÞ
8c2Ws

2
WŝjŝZj2

þ ð1� 4s2WÞ2ðL2
q þ R2

qÞ
128c4Ws

4
W jŝZj2

�
;

�̂NC
3 ¼ 16	
2ŝ

9
½1þ 2x2

�þþ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4x2

�þþ

q �
e2q

ŝ2
þ eqð1� 2s2WÞðLq þ RqÞðŝ�M2

ZÞ
4c2Ws

2
WŝjŝZj2

þ ð1� 2s2WÞ2ðL2
q þ R2

qÞ
32c4Ws

4
W jŝZj2

�
;

(2.19)

whereas those related to the charged current processes ui �dj ! �þþ�� and ui �dj ! �þþ�� are

�̂CC
2 ¼ 	
2ŝ

36s4W jŝW j2
jVCKM

ij j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2

�þþ ; x2�þÞ
q

½1� ðx�þþ � x�þÞ2�½2þ ðx�þþ þ x�þÞ2�;

�̂CC
3 ¼ 	
2ŝ

18s4W jŝW j2
jVCKM

ij j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2

�þþ ; x2�þÞ
q

½1� ðx�þþ � x�þÞ2�½2þ ðx�þþ þ x�þÞ2�:
(2.20)

We recall that our conventions for the notations were introduced in Sec. II A. Since there are no closed formulas for the
widths of the new particles that can be calculated from Eq. (2.18), we refer to Sec. III for the corresponding numerical
analysis. As in the scalar case, flavor violating effects are again neglected since they are constrained from rare leptonic
decays, as illustrated in the left-right supersymmetric case in Ref. [85].

2. Simplified models with four charged lepton species

Since the singly charged component of the� and� multiplets have the same quantum numbers as the charged leptons,
they could mix, as in R-parity violating supersymmetric theories [86] or in custodian tau models [36]. This mixing is,
however, highly constrained by LEP data, by measurements of the muon anomalous magnetic moment as well as by limits
on leptonic flavor violating processes and on conversions in nuclei. We therefore restrict the most general case to a 2� 2
mixing with tau leptons,
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e
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BBBBB@

1
CCCCCA¼
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0
BBBBB@

1
CCCCCA

e

�

�

�þ

0
BBBBB@

1
CCCCCA; (2.21)

where c� (s�) denotes the cosine (sine) of the associated mixing angle. In those notations, the E0 and �0 fields are related to
lepton mixing with the singly charged component of the SUð2ÞL doublet � while the E00 and �00 fields to mixing with the
SUð2ÞL triplet �. In contrast to the model constructed in Sec. II B 1, the decays of the new fields are possible via this
mixing, without requiring the addition of any extra particle to the theory.

Assuming mass-degenerate � states, the doubly charged component of the SUð2ÞL doublet always decays into a W
boson and a � lepton, which further yields a final state with zero, one, or two charged leptons. The associated partial width
can be computed from the Lagrangian of Eq. (2.17) and is

�þþ
2;�W ¼ M3

�þþ
s2�

8M2
Ws

2
w

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2W; x2�Þ

q
½�ð1; x2W; x2�Þ � 3x2Wðx2W � ð1� x�Þ2Þ�: (2.22)

Similarly, the E0 lepton can decay either to a �Z or to a ��W final state, the corresponding widths being

�þ
2;�Z ¼ M3

E0
s2�c
2
�

32M2
Zc

2
Ws

2
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2Z; x2�Þ

q
½5�ð1; x2Z; x2�Þ þ 3x2Zð5ð1þ x2� � x2ZÞ � 8x�Þ�;

�þ
2;��W

¼ M3
E0
s2�

16M2
Ws

2
W

½1� x2W�2½1þ 2x2W�:
(2.23)

After accounting for the decays of the Standard Model particles, other production mechanisms, in addition to the one of a
pair of doubly charged states [for which the cross section is given by Eq. (2.19)], can induce signatures with at least three
leptons. The two processes q �q ! E0þE0� and q �q ! E0��� hence possibly lead to final states containing up to six leptons,
the corresponding partonic cross sections being, respectively, given by

�̂E0E0
2 ¼ 4	
2ŝ

9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4x2E0

q �
½1þ 2x2E0 � e

2
q

ŝ2
� eqðLq þ RqÞ

8c2Ws
2
W

ŝ�M2
Z

ŝjŝZj2
½1þ 2x2E0 �½2þ 4s2W � 3s2��

þ ðL2
q þ R2

qÞ
64c4Ws

4
W

1

jŝZj2
ð½1þ 2x2E0 �½2ð1þ 2s2WÞ2 � 6s2�ð1þ 2s2WÞ� þ s4�ð5þ 7x2E0 ÞÞ

�
;

�̂E0�
2 ¼ 	
2ðL2

q þ R2
qÞs2�c2�

288c4Ws
4
W

ŝ

jŝZj2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2�; x2E0 Þ

q
½5ð3� 3x2E0 � 3x2� � �ð1; x2�; x2E0 ÞÞ þ 24xE0x��;

(2.24)

while the production channels of an associated pair comprised of a singly and a doubly charged particle, ui �dj ! �þþE0�
and ui �dj ! �þþ��, can yield up to five charged leptons. In this case, the production cross sections are

�̂�þþE0
2 ¼ 	
2ŝc2�

36s4W jŝW j2
jVCKM

ij j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2

�þþ ; x2E0 Þ
q

½1� ðx�þþ � xE0 Þ2�½2þ ðx�þþ þ xE0 Þ2�;

�̂�þþ�
2 ¼ 	
2ŝs2�

36s4W jŝW j2
jVCKM

ij j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2

�þþ ; x2�Þ
q

½1� ðx�þþ � x�Þ2�½2þ ðx�þþ þ x�Þ2�:
(2.25)

In the same way, all the components of the � multiplet can decay to final states containing up to three leptons, after
accounting for subsequent decays of the gauge bosons and tau leptons. The corresponding partial widths are
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�þþ
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4M2
Ws

2
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2W; x2�Þ

q
½�ð1; x2W; x2�Þ þ 3x2Wðð1� x�Þ2 � x2WÞ�;

�þ
3;�Z ¼ M3

E00
s2�c
2
�

32M2
Zc

2
Ws

2
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2Z; x2�Þ

q
½�ð1; x2Z; x2�Þ þ 3x2Zð1þ x2� � x2ZÞ�;

�þ
3;��W

¼ M3
E00
s2�

16M2
Ws

2
W

½1� x2W�2½1þ 2x2W�;

�0
3;�W ¼ M3

�0
s
2
�

4M2
Ws

2
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2W; x2�Þ

q
½�ð1; x2W; x2�Þ þ 3x2Wðð1� x�Þ2 � x2WÞ�:

(2.26)

Therefore, the production of any pair of components of the � field can lead to signatures with three or more charged
leptons. While the partonic cross section related to the production of two doubly charged particles is given in Eq. (2.19), all
the other relevant cross sections, associated with the ui �dj ! �þþE00�, ui �dj ! �þþ��, q �q ! E00þE00�, q �q ! E00���,
ui �dj ! �0E00þ, ui �dj ! �0�þ, and q �q ! �0�0 modes, are, respectively, computed as

�̂�þþE00
3 ¼ 	
2ŝc2�

18s4W jŝW j2
jVCKM

ij j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2

�þþ ; x2E00 Þ
q

½1� ðx�þþ � xE00 Þ2�½2þ ðx�þþ þ xE00 Þ2�;

�̂�þþ�
3 ¼ 	
2ŝs2�

18s4W jŝW j2
jVCKM

ij j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2

�þþ ; x2�Þ
q

½1� ðx�þþ � x�Þ2�½2þ ðx�þþ þ x�Þ2�;

�̂E00E00
3 ¼ 4	
2ŝ

9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4x2E00

q �
½1þ 2x2E00 � e

2
q

ŝ2
� eqðLq þ RqÞ

8c2Ws
2
W

ŝ�M2
Z

ŝjŝZj2
½1þ 2x2E00 �½4s2W � s2��

þ ðL2
q þ R2

qÞ
64c4Ws

4
W

1

jŝZj2
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2
W� þ s4�ð1� x2E00 ÞÞ

�
;

�̂E00�
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qÞs2�c2�

288c4Ws
4
W

ŝ

jŝZj2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2�; x2E00 Þ

q
½3ð1� x2E00 � x2�Þ � �ð1; x2�; x2E00 Þ�;

�̂E00�0

3 ¼ 	
2ŝc2�
18s4W jŝW j2

jVCKM
ij j2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2

�0 ; x
2
E00 Þ

q
½1� ðx�0 � xE00 Þ2�½2þ ðx�0 þ xE00 Þ2�;

�̂��0

3 ¼ 	
2ŝs2�
18s4W jŝW j2

jVCKM
ij j2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2

�0 ; x
2
�Þ

q
½1� ðx�0 � x�Þ2�½2þ ðx�0 þ x�Þ2�;

�̂�0�0

3 ¼ 	
2ðL2
q þ R2

qÞ
18c4Ws

4
W

ŝ

jŝZj2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4x2

�0

q
½1þ 2x2

�0�:

(2.27)

C. Spin-1 doubly charged particles

In this section, we adjoin to the Standard Model particle content additional complex vectorial fields V,V , and V lying,
respectively, in the singlet, fundamental, and adjoint representation of SUð2ÞL. The hypercharge quantum numbers are
again set to YV ¼ 2, YV ¼ 3=2 and YV ¼ 1, so that the component fields read

V� � Vþþ
� ; V i

� � Vþþ
�

Vþ
�

 !
and Vi

j �
Vþ

�ffiffi
2

p Vþþ
�

V0
� � Vþ

�ffiffi
2

p

0
B@

1
CA: (2.28)

Gauge interactions and kinetic terms are described by means of a gauge-covariant version of the Proca Lagrangian,

Lkin ¼ � 1

2
½D�V

y
� �D�V

y
��½D�V� �D�V�� � 1

2
½D�V y

� �D�V y
��½D�V � �D�V��

� 1

2
½D�V

y
� �D�V

y
��½D�V� �D�V�� þ � � � ; (2.29)
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the dots being identified with omitted mass terms and the covariant derivatives being derived from Eq. (2.5). As in the
previous sections, we again forbid the new states to decay into each other and model the decays of the new vector fields into
pairs of charged leptons via the Lagrangian,

Ldec ¼ ~gð1Þ

�
V�

�lcR�
��D�lR þ ~gð2ÞV i

�
�Lc
i �

�lR þ ~gð3Þ

�
ðV�Þij �Lc

i �
��D�L

j; (2.30)

where the coupling strengths are denoted by 3� 3matrices in flavor space ~gð1Þ, ~gð2Þ, and ~gð3Þ and where ��� ¼ i
4 ½��; ���.

Gauge invariance makes use of the standard gauge-covariant derivatives D�L and D�lR as well as of the dual object Li

defined in Eq. (2.7). In addition, dimension-four operators such as �lcR�
�lR identically vanish so that the use of higher-

dimensional operators suppressed by a new physics scale � is required.
The Lagrangian of Eq. (2.28) allows to pair produce the new doubly charged fields via quark-antiquark scattering

processes, q �q ! VþþV��, q �q ! VþþV��, and q �q ! VþþV��, which leads to a four-leptons signature after account-
ing for the decays permitted by the interactions described in Eq. (2.30). The associated partonic cross sections are
calculated as

�̂NC
1 ¼ 4	
2ŝ

9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � 4x2

Vþþ

q 1 � x2
Vþþ � 12x4

Vþþ
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Vþþ
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e2q

ŝ2
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2c2WŝjŝZj2
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q
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�
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9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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ŝ2
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qÞ
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�
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ZÞ
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WŝjŝZj2
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q þ R2

qÞ
32s4Wc

4
W jŝZj2

�
;

(2.31)

respectively. In the case of fields lying in the fundamental or adjoint representation of SUð2ÞL, three lepton final states also
result from the production of an associated pair comprised of one doubly charged state and one singly charged state,
ui �dj ! VþþV� and ui �dj ! VþþV�, for which the cross sections, respectively, are

�̂CC
2 ¼ 	
2ŝ

288s4W jŝW j2
jVCKM

ij j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2

Vþþ ; x
2
VþÞ

q ½1� ðxVþþ � xVþÞ2�½1� ðxVþþ þ xVþÞ2�
x2
Vþþx

2
Vþ

½�ð1; x2
Vþþ ; x

2
VþÞ

� 1þ 4ðx2
Vþ þ x2

Vþþ þ 3x2
Vþx

2
VþþÞ�;

�̂CC
3 ¼ 	
2ŝ

144s4W jŝW j2
jVCKM

ij j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð1; x2

Vþþ ; x2VþÞ
q ½1� ðxVþþ � xVþÞ2�½1� ðxVþþ þ xVþÞ2�

x2
Vþþx2Vþ

½�ð1; x2
Vþþ ; x2VþÞ

� 1þ 4ðx2
Vþ þ x2

Vþþ þ 3x2
Vþx2VþþÞ�:

(2.32)

The partial widths associated with the decays of the states above into charged leptons are finally given by

�þþ
1;‘ ¼ MVþþM2

‘ð~gð1ÞÞ2
96	�2

½1� 4x2‘�3=2; �þþ
2;‘ ¼ MVþþð~gð2ÞÞ2

24	
½1� 4x2‘�3=2; �þþ

3;‘ ¼ MVþþM2
‘ð~gð3ÞÞ2

96	�2
½1� 4x2‘�3=2;

�þ
2;‘ ¼

MVþð~gð2ÞÞ2
48	

½2� 3x2‘ þ x6‘�; �þ
3;‘ ¼

MVþM2
‘ð~gð3ÞÞ2

384	�2
½1� x2‘�2½2þ x2‘�: (2.33)

As in the previous sections, flavor violating decays
have not been considered, as the underlying interactions
could lead to visible signals in rare leptonic decay
experiments.

III. MULTILEPTON PRODUCTION AT THE LHC

In this section, we present numerical predictions of total
cross sections for the production of multileptonic final
states originating from the pair production and decay of
the various new particles introduced in Sec. II. For the sake

of simplicity, we assume that all new physics masses are
equal. We focus on pp collisions such as produced at the
CERN LHC collider running at a center-of-mass energyffiffiffiffiffi
Sh

p ¼ 8 TeV. Thanks to the QCD factorization theorem,
hadronic cross sections are calculated by convolving the
partonic cross sections �̂ computed in Sec. II with the
universal parton densities fa and fb of partons a and b in
the proton, which depend on the longitudinal momentum
fractions of the two partons xa;b ¼

ffiffiffi
�

p
e�y and on the

unphysical factorization scale �F,
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�¼
Z 1

4 ~M2=Sh

d�
Z 1=2ln�

�1=2ln�
dyfaðxa;�2

FÞfbðxb;�2
FÞ�̂ðxaxbShÞ:

(3.1)

We employ the leading order set L1 of the CTEQ6 global
parton density fit [87], which includes five light quark flavors
and the gluon, and we identify the factorization scale to be
the average mass of the produced final state particles ~M.

For the masses and widths of the electroweak gauge
bosons, we use the current values given in the Particle
Data Group review [88], i.e., MZ ¼ 91:1876 GeV, MW ¼
80:385 GeV, �Z ¼ 2:4952 GeV, and �W ¼ 2:085 GeV,
and we evaluate the CKM-matrix elements by using the
Wolfenstein parametrization. The corresponding four free
parameters are set to � ¼ 0:22535, A ¼ 0:811, �� ¼ 0:131,
and �
 ¼ 0:345. The squared sine of the electroweak mix-
ing angle sin 2�W ¼ 1�M2

W=M
2
Z and the electromagnetic

fine structure constant 
 ¼ ffiffiffi
2

p
GFM

2
Wsin

2�W=	 are calcu-
lated in the improved Born approximation using a value of
GF ¼ 1:16638� 10�5 GeV�2 for the Fermi coupling con-
stant, which is derived from muon lifetime measurements.

We start by focusing on mechanisms yielding the
production of pairs of components of the SUð2ÞL multiplets
�, �, and � introduced in Sec. II A. In the first step, we
evaluate the different branching ratios of their doubly
charged, singly charged, and neutral states to a given num-
ber of electrons, muons, and taus by using Eq (2.12)–(2.15).
We then derive, in Fig. 1, BSM contributions to the produc-
tion rates of final states containing N‘ ¼ 3, N‘ ¼ 4, and
N‘ ¼ 5 charged leptons2 originating from the production
and decay of the new scalar particles after accounting for
subsequent decays of tau leptons,W bosons, and Z bosons
where relevant. For our numerical analysis, we choose to
couple the�,�, and� fields to charged leptons in a flavor-
conserving way, as already mentioned in the previous sec-
tion of this paper, and we fix the parameters of the
Lagrangian of Eq. (2.6) to

yð1Þ ¼ yð2Þ ¼ yð3Þ ¼ 0:1 � 1: (3.2)

Moreover, we consider the effective interactions of the
doublet fields to be suppressed by an energy scale � ¼
1 TeV and allow the neutral component of the triplet field
�0 to acquire a nonvanishing vacuum expectation value
equal to v� ¼ 100 GeV. Finally, all new particles are
assumed mass degenerate.

On the left panel of the figure, we present results for a
field lying in the singlet representation of SUð2ÞL. The
unique component of such a field, i.e., the doubly charged
particle�þþ, always decays into a charged lepton pair or a
tau pair. Four lepton signatures are therefore expected to be
copiously produced, although the possible hadronic decays
of the tau allow for contributions to final states containing

less than four electrons and muons. Consequently, doubly
charged particles lying in the singlet representation of
SUð2ÞL contribute, for moderate masses M� & 330 GeV,

to the production of final states with a leptonic multiplicity
N‘ 	 3, with a cross section larger than 1 fb.
The situation changes when the Standard Model is ex-

tended by fields lying in a nontrivial representation of
SUð2ÞL due to the possibility of production of associated
pairs of different new states or of a single new state
together with a Standard Model gauge boson. This is
illustrated on the central and right panels of Fig. 1 for the
doublet and triplet cases, respectively. For fields lying in
the fundamental representation of SUð2ÞL, the BSM con-
tributions to the production cross section of final states
with N‘ 	 3 charged leptons are found to be larger than
1 fb only for a rather low mass scale M� & 250 GeV. For
fields in the adjoint representation, the predictions, how-
ever, highly depend on the size of the vev v�. For very
small v� values, the cross sections are sizable, and a large
mass reach can be foreseen, as extrapolated from the
results presented in the region of the right panel of Fig. 1
located below the dibosonic thresholds, where the value of
the vev is irrelevant. However, as soon as the dibosonic
decay modes of the �þ and �þþ fields are open, impor-
tant vev values render them dominant so that the produc-
tion rate of final states with more than three charged
leptons drops, the Standard Model weak bosons preferably
decaying into quarks. In our example, where the vev has a
value close to the weak scale, the new physics masses have
to be below 350 GeV in order to contribute to the produc-
tion cross sections of multileptonic final states (with
N‘	3) with at least �¼1 fb. We show in detail the effects
of a large v� in Fig. 2, where we split the different
production channels contributing to final state signatures
with N‘ ¼ 3 (left panel) and N‘ ¼ 4 (right panel) charged
leptons and present the respective contribution of each
subprocess.
In addition, it should be noted that final states with

five and six leptons can also be produced, since both the
doubly charged and singly charged fields can decay into
three leptons after accounting for leptonic W-boson and
Z-boson decays. However, the related rates are very low
and render the possible observation of five-lepton or six-
lepton events rather unlikely when one takes into account
the available integrated luminosity of 20 fb�1 recorded at
the LHC in 2012.
We now turn to the pair production of the components of

the fermionic fields c , �, and � introduced in Sec. II B
and calculate their effect on the production of final states
containing three leptons or more at the LHC. We inves-
tigate first scenarios with three generations of fermions
as presented in Sec. II B 1. In this case, the new states
decay through a four-fermion interaction into a pair of
leptons with the same electric charge and a fermionic field
N similar to a right-handed neutrino, as described by

2From now on, we denote by the terminology charged leptons
electrons and muons.
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Eq. (2.18). In order to compute the related partial widths,
we implement the Lagrangian of Eq. (2.18) into the
FEYNRULES package [89–94], then export the Feynman

rules to a Universal FeynRules Output module [95] that
is subsequently linked to MADGRAPH 5 [96]. For our nu-
merical analysis, we set the effective scale� ¼ 1 TeV and
impose the coupling strengths to be flavor diagonal,

Gð1;1Þ ¼ Gð1;2Þ ¼ Gð2;1Þ ¼ Gð2;2Þ ¼ Gð3;1Þ ¼ Gð3;2Þ

¼ 0:1 � 1: (3.3)

We also set the mass of theN field to 50 GeV, in order to be
compatible with the current limits on the existence of
heavy stable neutral leptons [88], and assume, for the
sake of simplicity, that all components of the new fermi-
onic multiplet containing the doubly charged state have
the same mass. In Fig. 3, we derive the associated
contributions to the production of final states with at least
three charged leptons in the singlet (left panel), doublet
(central panel), and triplet (right panel) cases. In contrast to

scalar extra fields, we observe that a much larger mass
range is expected to give rise to cross sections larger than
1 fb, which is guaranteed for Mc & 550 GeV, M� &

650 GeV, and M� & 725 GeV for new fermionic fields
lying in the singlet, doublet, and triplet representations of
SUð2ÞL, respectively.
In the series of fermionic scenarios presented in

Sec. II B 2, the Standard Model is only supplemented by
a fermionic field lying either in the fundamental or in the
adjoint representation of SUð2ÞL. In this case, the singly
charged component mixes with the Standard Model tau
lepton, which allows for the decays of the new states to the
Standard Model sector and opens new production mecha-
nisms, giving rise to signatures with N‘ 	 3 charged lep-
tons. In order not to challenge the very precisely measured
properties of the tau lepton inferred by its coupling to the Z
boson, we fix the mixing angle

sin�� ¼ 0:01: (3.4)
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FIG. 2 (color online). Different new physics contributions to the production of three (left) and four (right) leptons at the LHC,
running at a center-of-mass energy of 8 TeV, in the context of a simplified model containing one additional SUð2ÞL triplet of scalar
fields for which the highest component is a doubly charged state.
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FIG. 1 (color online). Doubly charged particle contributions to the production rate of final states containing more than three charged
leptons at the LHC, running at a center-of-mass energy of 8 TeV. We consider nonstandard fields lying in the singlet (left), doublet
(center), and triplet (right) representations of SUð2ÞL and impose that its component with the highest electric charge is doubly charged.
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FIG. 3 (color online). Doubly charged particle production rate of final states containing more than three charged leptons at the LHC,
running at a center-of-mass energy of 8 TeV. We consider extensions of the Standard Model with an extra fermionic field lying in the
singlet (left), doublet (center), or triplet (right) representation of SUð2ÞL and impose that its component with the highest electric charge
be doubly charged. In addition, its singly charged component is prevented from mixing with the SM sector.
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FIG. 4 (color online). Doubly charged particle production rate of final states containing more than three charged leptons at the LHC,
running at a center-of-mass energy of 8 TeV. We consider extensions of the Standard Model with an extra fermionic field lying in the
singlet (left), doublet (center), or triplet (right) representation of SUð2ÞL and impose its component with the highest electric charge to
be doubly charged. In addition, its singly charged component mixes with the SM tau lepton.
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running at a center-of-mass energy of 8 TeV. We consider extensions of the Standard Model with an extra vectorial field lying in the
singlet (left), doublet (center), or triplet (right) representation of SUð2ÞL and impose that its component with the highest electric charge
be doubly charged.

DOUBLY-CHARGED PARTICLES AT THE LARGE HADRON . . . PHYSICAL REVIEW D 88, 075004 (2013)

075004-11



Computing the different branching ratios using the formu-
las of Eq. (2.22), (2.23), and (2.26), we then show in Fig. 4
the new physics contributions to the production of final
states with at least three leptons. It is found that for masses

M� & 470 GeV and M� & 550 GeV in the doublet and
triplet cases, respectively, the corresponding cross sections
are higher than 1 fb.
We finally address the production of the vectorial

multiplets V, V , and V defined in Sec. II C. These
fields lie in the trivial, fundamental, and adjoint repre-
sentations of SUð2ÞL, respectively, and their component
with the highest electric charge is doubly charged. In
order to derive the associated contributions to the pro-
duction of signatures with three leptons and more, we
start by computing the different partial widths of the
new fields according to the results of Eq. (2.33). As for
the other types of models, we choose the coupling
strengths of the new field to the Standard Model leptons
and neutrinos, presented in Eq. (2.30), to be flavor
conserving,

~gð1Þ ¼ ~gð1Þ ¼ ~gð1Þ ¼ 0:1 � 1; (3.5)

TABLE I. The upper bound on doubly charged particle mass
scale so that the sum of all BSM contributions to the production
rate, at the LHC running at a center-of-mass energy of 8 TeV, of
multileptonic final states (with N‘ 	 3) is larger than 1 fb.

SUð2ÞL
singlet

SUð2ÞL
doublet

SUð2ÞL
triplet

Scalar fields 330 GeV 257 GeV 350 GeV

Fermionic fields

(no mixing with the SM)

555 GeV 661 GeV 738 GeV

Fermionic fields

(mixing with the SM)

� � � 471 GeV 560 GeV

Vector fields 392 GeV 619 GeV 495 GeV
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FIG. 6 (color online). Transverse-momentum spectrum of the leading lepton emerging from a possible doubly charged particle signal
with N‘ 	 3 charged leptons in the final states. Event generation has been performed in the context of the LHC and for 20 fb�1 of
collisions at a center-of-mass energy of 8 TeV. In the top, middle, and lower series of graphs, we require that the new states lie in the
trivial, fundamental, and adjoint representations of SUð2ÞL, respectively, while their mass is set to 100, 250, and 350 GeV in the left,
central, and right columns of the figure. In each subfigure, we show distributions for scalar fields (plain orange curve), vector fields
(dashed green curve), and fermionic fields for which the singly charged component is allowed to mix with the Standard Model � lepton
(dashed blue curve, dubbed scenario B) or not (dotted-dashed black curve, dubbed scenario A).
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and suppressed, if relevant, by an effective scale fixed to
� ¼ 1 TeV. Moreover, all new states are once again
assumed mass degenerate. We show in Fig. 5 the had-
ronic cross sections related to trilepton and tetralepton
production induced by the pair production of the com-
ponent of the V, V , and V fields. We find that these
cross sections are larger than 1 fb, which possibly im-
plies the observation of some events during the 2012
LHC run, for new physics masses satisfying MV &
400 GeV, MV & 600 GeV, and MV & 500 GeV in the
singlet, doublet, and triple cases, respectively.

In Table I, we summarize the different mass ranges
expected to give rise to new physics contributions to multi-
lepton production at the LHC collider, running at a center-
of-mass energy of 8 TeV, larger than 1 fb. This motivates us
to select three benchmark scenarios for a more careful
analysis, based on Monte Carlo simulations, of the effects
associated with the presence of fields containing a doubly
charged component, with the aim of defining some ways to
distinguish their spin and SUð2ÞL representation. We hence
choose first a series of scenarios where the common mass is
fixed to a rather optimistic value of 100 GeV, recalling that
no LHC constraints have been derived for promptly

decaying fields and/or when nonleptonic decay channels
are open. We then define two other classes of scenarios in
which the new physics mass scale lies well above the
dibosonic thresholds. We fix it to 250 and 350 GeV,
respectively.

IV. PROBING SPIN AND SUð2ÞL
REPRESENTATIONS WITH

MONTE CARLO SIMULATIONS

In the previous section, we have shown that the mass
range for possibly observing doubly charged particles at
the LHC depends on their spin and SUð2ÞL representations.
In this section, we focus on the study of various kinemati-
cal distributions that should allow us to probe the nature
of a doubly charged particle, if one assumes that it is
responsible for the observation of excesses in multilepton
final states with N‘ 	 3 charged leptons. Toward this goal,
we implement all the models presented in Sec. II in
MADGRAPH 5 [96] via FEYNRULES [89–94]. We then

present, within the MADANALYSIS 5 framework [97], results
that are based on a hadron-level simulation of the signal
describing 20 fb�1 of collisions at a center-of-mass energy
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FIG. 7 (color online). Same as in Fig. 6, but for the transverse-momentum spectrum of the next-to-leading lepton.
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of 8 TeV. For this, the parton-level events as generated by
MADGRAPH 5 have been showered and hadronized by

means of the PYTHIA 6 package [98], tau lepton decays

being handled by using the TAUOLA program [99].
We start our analysis by preselecting events after impos-

ing a set of basic selections ensuring that most (nonsimu-

lated) background contributions are well under control:
(i) We start by removing from the event final states

all charged leptons not having a transverse momen-

tum pT 	 10 GeV and a pseudorapidity satisfying

j
j 
 2:5.
(ii) Jets are reconstructed by means of the anti-kt algo-

rithm [100] as implemented in FASTJET [101,102]

after we set the radius parameter to R ¼ 0:4. We

only consider jet candidates with pT 	 20 GeV and

j
j 
 2:5 that are not too close to an electron, i.e.,

which lie outside a cone of radius R ¼ 0:1 centered

around the electron.
(iii) Lepton isolation is then enforced by rejecting all

leptons lying in a cone of radius R ¼ 0:4 centered
on any of the remaining jets.

(iv) We require the presence in the final state of at least
three isolated charged leptons.

While a complete simulation of the Standard Model back-
ground goes beyond the scope of this work, we refer to an
existing phenomenological study of leptonic final states to
demonstrate that the background remaining after the se-
lection above3 is under control [103]. This analysis shows
that we can indeed expect about 5500 background events,
originating in 99.5% of the cases from diboson production
processes, so that already 230 signal events can induce a
3� deviation from the Standard Model expectation.
Since all experimental analyses focusing on multilep-

tonic signatures further select events by requiring specific
thresholds on the transverse-momentum of (at least)
the two leading leptons ‘1 and ‘2, we present the related
spectra in Figs. 6 and 7 in the context of all the Standard
Model extensions introduced in Sec. II. In the top, middle,
and lower series of graphs shown on the figures,
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FIG. 8 (color online). Same as in Figure 6, but for the angular-distance spectrum of a lepton pair comprised of the two leading
leptons ‘1 and lepton ‘2.

3Although an additional veto on events containing
identified b jets is applied, this does not affect our purely
leptonic signal.
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respectively, we focus on fields lying in the singlet,
doublet, and triplet representations of SUð2ÞL. In contrast,
on the left, central, and right columns of the figure, we set
the masses of the new states to 100, 250, and 350 GeV,
respectively. We recall that these choices have been
adopted from the three mass scenarios constructed in
the previous section. All the represented spectra exhibit
a common global behavior. The distributions start by
steeply rising, then peak, and are finally extended by a
tail up to (in general) moderate pT values smaller than
400 GeV. It is therefore rather complicated to define a
feature to a given spin and/or SUð2ÞL representation when
one accounts for the possible different new particle
masses. Two exceptions are, however, allowed. First,
events containing very hard leptons with a transverse
momentum larger than 500 GeV are expected to be
copiously produced in scenarios in which the Standard
Model is extended by a vectorial field V lying in the
doublet representation of SUð2ÞL, for any mass value.
Next, models with additional doubly charged scalar fields
that are singlet under the SUð2ÞL gauge group lead to the
production of multileptonic events in which the pT spec-
tra of the two leading leptons are depleted in the low and
intermediate transverse-momentum regions. This feature
nevertheless competes with the low cross sections asso-
ciated with heavy scalar masses larger than 250–300 GeV
(as illustrated in Fig. 1).

From those considerations, one concludes that the pT

spectra of the two leading leptons ‘1 and ‘2 offer possible
means to distinguish the spin and/or SUð2ÞL representa-
tions of the doubly charged particles in very specific
cases, but not in general. Similar features are found
when analyzing the transverse-momentum distribution
of the next-to-next-to-leading lepton ‘3, as well as the
transverse-mass and the invariant-mass spectra of any pair
of leptons present in the event. The corresponding figures
have therefore been omitted for brevity.

Spin representations are highly correlated to angular
distributions. In this way, scalar, fermionic, and vectorial
doubly charged particles are expected to give rise to signals
with largely different features, when investigating
kinematical variables such as angular distances between
final state particles. As an example, in Fig. 8 we show
the distribution in the angular distance between the

two leading leptons �Rð‘1‘2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
��2

12 þ�
2
12

q
. In this

expression, ��12 stands for the azimuthal angular

separation of the two leptons with respect to the beam
direction and �
12 for their pseudorapidity difference.
Investigating the shapes of the spectra, we observe that
they not only depend on the Lorentz representation of the
new field, but also on their SUð2ÞL one. Therefore, these
variables offer important discriminating features among
the different scenarios and deserve to be studied in the
context of a more realistic phenomenological analysis,
including detector effects that could alter the spectrum.
As we wish to keep our considerations as general as
possible, this, however, is beyond the scope of this
prospective work.

V. CONCLUSIONS

In this paper we have investigated LHC signals related to
the presence of doubly charged particles. We have consid-
ered different scenarios for such particles, varying their
Lorentz and SUð2ÞL representations and constructing asso-
ciated simplified models allowing for their pair production,
followed by their decays into Standard Model particles. We
have studied the contributions of doubly charged states to
the production cross sections of final states containing
three or more charged leptons, a signature known to suffer
from a reduced Standard Model background. Using
analytical and numerical computations, we have hence
deduced that masses ranging up to 700 GeV are possibly
accessible at the LHC for specific models. We have then
employed Monte Carlo simulations to probe several kine-
matical distributions allowing to possibly distinguish the
spin and SUð2ÞL representations of a doubly charged state.
The results found have been encouraging, in particular in
the case of variables such as the angular distance �R
between two of the final state leptons. This motivates an
extension of this work, including an investigation of the
detector effects which could spoil the shapes of the angular
variable spectra, possibly in the context of ATLAS or CMS
analyses.
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