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Outline of Talk 
Brief intro to effective fermion composite models (extended iso-spin models, 
gauge and contact interactions, exotic states) 

Quick Recap of our group pheno-exp activities over the last 8-10 years 
(historical perspective)  

A few example(s): 

Doubly Charged Leptons (where it all started!!) 

Heavy composite Majorana neutrino (pheno + CMS analysis); 

Phenomenology of production at LHC of heavy Q(5/3) 

UNITARITY, (implementation method not uniquely defined) 

Conclusions/outlook
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Composite  
Models 

The idea is that at some high energy scale 𝛬 a further level of 
compositeness of the so called “elementary” particles will show up. It goes 
back quite some time. 

P.A.M Dirac, Sci. Am. 208,45 (1963); Terazawa et al., PRD 15, 480 (1977); 
Eichten, Lane, Peskin, PRL 50, 811 (1983); Cabibbo, Maiani, Srivastava, PLB 
139, 459 (1984); 

Quite natural expectations in such framework are:  

excited states (e*,q* etc..) of mass m*; 

contact interactions which are the residual forces stemming from the 
new and unknown dynamic of the  ‘preonic' constituents 
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Over the years phenomenology  and experimental 
searches concentrated to the isospin                 multiplets.  

Higher weak isospin  multiplets (               ) contain exotic 
states (doubly charged leptons, and quarks of charge 
Q = 5/3 e) [Pancheri-Srivastava, Phys.Lett. 146B (1984) 
87-94] ; 

Somehow the phenomenology of these exotic states 
remained mostly unexplored; All phenomenology 
concentrated with the doublet/scalar case. 

We have been filling the gap!

IW = 0, 1
2

IW = 1, 3
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channel, as reported in [34], will be difficult to explain
solely in terms of heavy exotic quark U+ or D− resonant
production, via the processes in Eqs (2a,2b) , because the
lepton comes from the W gauge boson and thus electrons
and muons will have the same yield. However within our
composite fermions scenario the signature !/pT jj could
get a contribution also from an excited neutrino ν∗! being
produced in association with a lepton pp → !ν∗! and then
decaying as ν∗! → ν!Z → ν!jj. One could therefore qual-
itatively explain the fact that the excess is observed only
in the e/pT jj via the combined production and decay of

a heavy composite exotic quark U+ and an excited neu-
trino by simply assuming that the ν∗µ has a higher mass
than ν∗e .
We perform a detailed fast simulation of signal and

SM background via the Delphes package [35] and ob-
tain luminosity curves, with the statistical error, as func-
tion of the parameter (m∗) at the 3- and 5-σ level. We
find that for different values of the integrated luminosity:
(30,300,3000) fb−1, commonly used in the study of the
LHC Run II (

√
s = 13 TeV) searches, the correspond-

ing mass discovery reach at the 3-σ level is respectively
m∗ ≈ (2800, 3500, 4200) GeV for the more favourable
case IW = 3/2.
Our study shows clearly that a full fledged analysis of

the upcoming data from the Run II of LHC at
√
s = 13

TeV has the potential of observing the signature or alter-
natively excluding larger values of the exotic heavy quark
masses (m∗) compared to those values already excluded
from analyses of Run I [36, 37] but applicable only to the
standard excited quarks (with non-exotic charges).
The rest of the paper is organized as follows: In Sec. II

we review the theoretical composite model; in Sec. III we
discuss the heavy exotic quark production cross sections
and decay rates; in Sec. IV we discuss the !/pT jj signature
and the main associated standard model background and
discuss the kinematic cuts needed to optimize the statis-
tical significance; in Sec. V we present the results of the
fast simulation obtained through the Delphes [35] soft-
ware and present the 3- and 5-sigma luminosity curves in
the parameter space; finally Sec. VI gives the conclusions
with outlooks.

II. THE EXTENDED WEAK-ISOSPIN MODEL

It is well known that in hadronic physics the strong
isospin symmetry allowed to discover baryon and meson
resonances well before the observation of quarks and glu-
ons. The properties of the hadronic states could be delin-
eated using the SU(2) and SU(3) symmetries. In analogy
with this it may be expected that, for the electroweak
sector, the weak isospin spectroscopy could reveal some
properties of excited fermions without reference to a par-
ticular internal structure.
The standard model fermions have IW = 0 and IW =

1/2 and the electroweak bosons have IW = 0 and IW = 1,
so, combining them, we can consider fermionic excited

FIG. 2. (Color online) The width of the exotic quark U+ as
a function of its mass. The solid (blue) line is the analytical
result in Eq. 6 which is compared with the CalcHEP output,
dots (orange) as obtained form the implementation of our
model. The agreement is excellent.

states with IW ≤ 3/2. The multiplets with IW = 1
(triplets) and IW = 3/2 (quadruplet) of the hadronic sec-
tor include the quarks of exotic charges that are studied
in this work:

U =
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U
D



 , D =




U
D
D−
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U+

U
D
D−



 ,

with similar multiplets for the antiparticles. While refer-
ring to the original work in [12] for a detailed discussion
of all couplings and interactions, we discuss here only
the main features of these higher multiplets. We refer
to [28] for further details and here we mention only that
the higher isospin multiplets (IW = 1, 3/2) contribute
solely to the iso-vector current and do not contribute
to the hyper-charge current. In order to calculate in
detail production and decays of these excited fermions,
we need to discuss the nature of their couplings to light
fermions and the gauge fields. Because all the gauge fields
carry no hyper-charge Y , a given excited multiplet cou-
ples (through the gauge field) only to a light multiplet
with the same Y . Also the coupling has to be of the
anomalous magnetic moment type, for current conserva-
tion. The decay modes and reaction cross sections can
be calculated using the following effective lagrangian in
terms of the transition currents:

L(IW=3/2)
int =

gf3/2
Λ

∑

M,m,m′

C(
3

2
,M |1,m;

1

2
,m′)×

(
Ψ̄MσµνqLm′

)
∂ν(Wm)µ + h.c. (3)

L(IW=1)
int =

gf1
Λ

∑

m=0,±1

[(
ŪmσµνuR

)
+

(
D̄mσµνdR

)]
∂ν(Wm)µ + h.c. (4)

In the above equation g is the SU(2) coupling, f1 and
f3/2 are unknown dimensionless couplings expected to

Magnetic type gauge Interactions

Exotic states couple only to SU(2) gauge field (Wµ) 

Implementation in CalcHEP generator 

⇒

⇒
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IW ¼ 3=2; ψe and ψν are the electron and electron neutrino
field respectively. The constants f and ~f are usually set to 1
in the literature, and we keep this choice as well. The
effective Lagrangian in (2) is made of dimension-5 oper-
ators, and hence one inverse power of the new physics scale
Λ is there. Let us now discuss contact interactions (CIs).
Contact interactions describe an effective vertex by a

four-fermion interaction which is obtained after the high
energy modes of order of the compositeness scale Λ have
been integrated out. The underlying theory is indeed not
specified, and an effective Lagrangian is set up in order to
study the interaction between excited fermions and SM
particles. We consider the general contact interaction
Lagrangian to be

LCI ¼
!

g2"
2Λ2

"
jμjμ; ð3Þ

where the current reads [11]

jμ ¼ ðηf̄LγμfL þ η0f̄Lγμf"L þ η00f̄"Lγμf"L þ H:c:Þ
þ ðL → RÞ; ð4Þ

where fL stands for a SM fermion and f"L for an excited
fermion. The constants in front of each vector current are
usually put equal to 1 in the literature. In the following we
do not consider the right-handed Lagrangian term in (4) for
simplicity. The resulting effective Lagrangian in (4) is made
of dimension-6 operators, and hence two inverse powers of
the new physics scale Λ appear. According to the processes
a and b displayed in Fig. 1, we need the following current:

jμ ¼ ½ψ̄ νðxÞγμPLψeðxÞ þ ψ̄EðxÞγμPLψeðxÞ þ H:c:'; ð5Þ

where the fields ψν, ψe and ψE are the electron neutrino,
electron and excited lepton respectively, whereas PL ¼
ð1 − γ5Þ=2 is the chiral projector. The corresponding
Lagrangian reads

LCI ¼
g2"
Λ2

½ψ̄νðxÞγμPLψeðxÞψ̄EðxÞγμPLψeðxÞ þ H:c:':

ð6Þ

The gauge interactions in Eqs. (2) were implemented in
CalcHEP [36,37] in Ref. [21] with the help of FeynRules
[38], a Mathematica [39] packagewhich allows one to write
down the Feynman rules of any quantum field theory model
described by a given Lagrangian. In Ref. [22] the contact
interactions in Eq. (6) have been implemented in the same
CalcHEP model of Ref. [21]. Contact interactions have to
be entered “by hand” in CalcHEP with the help of an
auxiliary gauge field [37] which is exchanged by the
fermion currents. Once this was accomplished, the

CalcHEP generator was used in Ref. [22] to address at
the LHC the interplay of gauge interactions, Eq. (2),
with contact interactions, Eq. (6), in the phenomenology
of the exotic states with respect to single production cross
sections and the excited particles decays. Here we plan to
address the same phenomenology aspects but with a focus
on a linear collider facility.

III. PRODUCTION CROSS SECTIONS

Excited leptons were first introduced in the context of
compositeness and weak isospin invariance [10]. Higher
isospin multiplets, namely IW ¼ 1 and IW ¼ 3=2, were
added to the standard ones (IW ¼ 0 and IW ¼ 1=2) in
Ref. [35]. Exotic electromagnetic charges for the fermions
are then allowed (Q ¼ 4=3e; 5=3e for quarks and Q ¼ 2e
for leptons). Such exotic charges, not present in the SM,
may lead to interesting signatures that can be investigated at
colliders. In particular we will focus on the single pro-
duction of the doubly charged excited electron E−− at the
e−e− option of the linear collider, e−e− → E−−νe.

A. Gauge interactions

In this subsection we focus on the production cross
section for doubly charged leptons via gauge interactions.
At variance with contact interactions, the gauge interactions
enrich the phenomenology with the sensitivity to angular
distributions and to different weak isospin multiplets.
As a drawback, the production cross sections derived from
gauge interactions are rather smaller than the ones

(a) (b)

(d)(c)

FIG. 1. Diagrams for the process e−e− → E−−νe induced by the
contact interaction Lagrangian (a and b) and gauge interaction
Lagrangian (c and d). Solid lines stand for electrons and electron
neutrinos, wiggled lines for the W boson, and solid double lines
for the doubly charged lepton. We label with different momenta,
p1 and p2, the incoming electrons.
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The gauge interactions in Eqs. (2) were implemented in
CalcHEP [36,37] in Ref. [21] with the help of FeynRules
[38], a Mathematica [39] packagewhich allows one to write
down the Feynman rules of any quantum field theory model
described by a given Lagrangian. In Ref. [22] the contact
interactions in Eq. (6) have been implemented in the same
CalcHEP model of Ref. [21]. Contact interactions have to
be entered “by hand” in CalcHEP with the help of an
auxiliary gauge field [37] which is exchanged by the
fermion currents. Once this was accomplished, the

CalcHEP generator was used in Ref. [22] to address at
the LHC the interplay of gauge interactions, Eq. (2),
with contact interactions, Eq. (6), in the phenomenology
of the exotic states with respect to single production cross
sections and the excited particles decays. Here we plan to
address the same phenomenology aspects but with a focus
on a linear collider facility.
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Ref. [35]. Exotic electromagnetic charges for the fermions
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may lead to interesting signatures that can be investigated at
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duction of the doubly charged excited electron E−− at the
e−e− option of the linear collider, e−e− → E−−νe.
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In this subsection we focus on the production cross
section for doubly charged leptons via gauge interactions.
At variance with contact interactions, the gauge interactions
enrich the phenomenology with the sensitivity to angular
distributions and to different weak isospin multiplets.
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≈ Λ

Standard normalisation is: 
Fermion interactions are obtained as an effective field theory after the 
high energy modes (        ) have been integrated out  
 Implementation in the CalcHEP generator

g*
2 = 4π

(dim=6 operators)

Parameter Space: [!, m*]⇒



Recap of Recent Activities (I) 
(from a New Physics Lagrangian to the constraints  on 

the model parameters from actual LHC data)  

Phenomenology of doubly charged leptons at LHC ; [Maser thesis of S. Biondini (2011), 
PRD 85, 095018 (2012), S. Biondini, O.Panella, G. Pancheri, Y. N. Srivastava and L. Fanò ;  

Doubly charged heavy leptons at LHC via Contact interactions; [Master thesis of R. 
Leonardi, (2013), R. Leonardi, O. Panella, Livio Fanò, PRD 90, 035001 (2014)] 

Heavy composite Majorana neutrinos —from a theoretical model [EPJC, 76, 593 (2016)] 
to a REAL experimental analysis (CMS-PAS-16-026)[Ph. D. thesis of R. Leonardi and  L. 
Alunni-Solstizi (XXIX ciclo, December 2016)]; 

Search for a heavy composite Majorana Neutrino in the final state with two leptons and 
two quarks at sqrt(s) = 13 TeV,  Phys. Lett. B. 775 (2017), 315-337 , CMS Collaboration, A. 
M. Sirunyan et al. — guest author of this CMS paper!!—] 

 Production of exotic composite quarks of charge Q=5/3e at the LHC [Ph. D. thesis of R. 
Leonardi (Dicembre 2016), Phys. Rev. D96 (2017) 0750034];  
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https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.85.095018&v=7f3c6e7d
https://doi.org/10.1103/PhysRevD.90.035001
http://dx.doi.org/10.1140/epjc/s10052-016-4396-y
https://doi.org/10.1016/j.physletb.2017.11.001
https://doi.org/10.1103/PhysRevD.96.075034


Recap of Recent Activities (II) 
(from a New Physics Lagrangian to the constraints  on 

the model parameters from actual LHC data)   
Leptogenesis and Composite Heavy neutrinos with gauge mediated interactions ; [S. Biondini 
and O. Panella(2011),  Eur. Phys. Journal  C77 (2017), 644] See Talk by S. Biondini. 

 Search for heavy composite Majorana neutrinos at the HL- and the HE-LHC, P. Azzi, 
C.Cecchi, L. Fanò,  A Gurrola; W, Johns, R Leonardi, E. Manoni, M. Narain, O. Panella, M. 
Presilla, F. Romeo, S. Sagir, P. Sheldon, F. Simonetto, E usai, W. Zhang (CMS). Report from 
Working Group 3: BSM physics at the HL-LHC and HE-LHC, Xavier Cid Vidal et al. CERN 
Yellow Report  Monogr. 7 (2019) 585-865]   

New Mirror model of LNV with composite Majorana neutrinos — model with two mass 
eigenstates implemented in CalcHEP and MadGraph [M. Presilla, R. Leonardi, and O. Panella, 
February 2017, Report from Working Group 3: BSM physics at the HL-LHC and HE-LHC, 
Xavier Cid Vidal et al. CERN Yellow Report  Monogr. 7 (2019) 585-865]  

Perturbative Unitarity Bounds for effective composite models — [S. Biondini, R. Leonardi, O. 
Panella and M. Presilla, Phys. Lett. B795 (2019) 644-649, Erratum, arXiv: 1903.12285]. See Talk 
by Matteo Presilla. 
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https://link.springer.com/article/10.1140/epjc/s10052-017-5206-x
https://e-publishing.cern.ch/index.php/CYRM/article/view/953
https://e-publishing.cern.ch/index.php/CYRM/article/view/953
https://e-publishing.cern.ch/index.php/CYRM/article/view/953
https://doi.org/10.1016/j.physletb.2019.06.042
https://www.sciencedirect.com/science/article/pii/S0370269319307129
http://arxiv.org/abs/arXiv:1903.12285


Phenomenology of excited doubly 
charged heavy leptons @ LHC

First complete study of searches @ 
LHC of exotic heavy composite states 
(L++):  

Magnetic typeGauge interactions; 

implementation of model (interactions) 
in the generator (CalcHEP); 

L++ interacts only via gauge 
interactions: (i)  

or (ii)                                       

final signature : 

11

Phys. Rev. D (2012) 85, 095018, S. Biondini,  
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 Signal and SM background
Signal:  

main SM background and is t t-bar and WWW production: 

Kinematic study to optimize Statistical Significance  

Angular, pT , reconstructed invariant mass (M𝓁 𝓁) distributions 

Fast simulation of detector reconstruction with DELPHES  

Most efficient cuts:   
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{ pT (e�) > 80GeV��⌘(e+1 )
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Like sign dileptons invariant mass 
distribution and Luminosity curves
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Strong correlation of Like sign 
dilepton invariant mass with the mass 
of the excited doubly charged Lepton:

@ Generator level

Reconstructed 
(Delphes)

VII. DISCUSSION AND CONCLUSIONS

In this work we have discussed the phenomenology of
exotic composite leptons of charge Q ¼ þ2e at the LHC.
Such states are allowed in composite models extended to
include higher isospin multiplets, IW ¼ 1 and IW ¼ 3=2.
Doubly charged leptons Lþþ=L## in these models couple
with the standard model fermions electroweakly only
through the W gauge boson. Thus, their decay channels are
precisely identified. These new resonant states are expected
on general grounds if a further level of substructure exists.

The model, originally discussed in Ref. [13] in its es-
sential features, has been implemented in the CALCHEP

software in order to be able to study the production cross
section and kinematic distributions of the final state parti-
cles. The magnetic moment type interaction (!"# cou-
pling) is not present in CALCHEP, and we implemented it
making use of the MATHEMATICA package FEYNRULES.
Thus, we were able to compare our analytical results
with those of CALCHEP numerical sessions, such as parton
cross sections and decay widths, in order to crosscheck and
validate the newly defined CALCHEP model.

As regards the phenomenology of the doubly charged
leptons, we concentrated on the leptonic signature deriving
from the cascade decays Lþþ ! Wþ‘þ ! ‘þ‘þ#‘ i.e.
pp ! ‘#ð‘þ‘þÞ#‘. Thus, we focussed on a signature
characterized by a low standard model background and a
particular topology, that of same-sign dileptons, which
allows for a clear separation of the signal and the back-
ground overcoming the difficulties of the rather low cross
sections.

We studied the main kinematic distributions for both the
signal and the background, finding clear differences be-
tween them.We showed that the invariant mass distribution
of the same-sign dilepton system has a sharp end point
corresponding to the excited lepton mass m&. The same
feature is absent in the invariant mass distribution of the

SM background. Thus, the invariant mass mð‘þ;‘þÞ is the
most discriminating variable between the signal and
the background as shown in Fig. 5. We find that the

ffiffiffi
s

p ¼
7 TeV run is sensitive at a 3-sigma (5-sigma) level to a
mass of the order of 600 GeV if L ¼ 10 fb#1 (L ¼
20 fb#1). The

ffiffiffi
s

p ¼ 14 TeV run can reach a sensitivity
at a 3-sigma (5-sigma) level up to m& ¼ 1000 GeV for
L ¼ 20 fb#1 (L ¼ 60 fb#1).
The parton level CALCHEP distributions are referred to as

ideal physical objects, as an ideal detector would reveal
them, i.e. detection efficiency and misidentification of par-
ticles are not considered at all. In order to provide a more
realistic description of our processes (signal and back-
ground), we developed an interface between the CALCHEP

LHE output and the general purpose detector simulator
PGS [48]. Thus, the simulation of reconstruction is pro-
vided identifying some selection cuts that reject back-
ground events as much as possible (low efficiency) and
save signal events as much as possible (high efficiency).
The efficiency of the detector is considered: tracker reso-
lution, calorimeter resolution and geometrical acceptance.
The invariant mass distribution mð‘þ;‘þÞ is presented after
the loss of events due to the detector efficiency and the
smearing effect is included, as shown in Fig. 8.
We also discussed, see Sec. 4, some other mechanisms

of production of the exotic doubly charged leptons. In
particular, pair production, via Drell-Yan gluon-gluon fu-
sion and contact interactions. We find that even with the
current strong lower bound on the contact interaction scale
(!C > 10 TeV) pair production via contact interactions is
competitive at

ffiffiffi
s

p ¼ 7 TeV and even dominant at
ffiffiffi
s

p ¼
14 TeV, though leading to different signatures. Single
production of the exotic doubly charged leptons via contact
interactions while certainly interesting and well motiva-
ted would require flavor conserving but nondiagonal
interactions whose analysis is left to a future work. In
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FIG. 8 (color online). The invariant mass distribution of the SSDL after the fast detector simulation for the run at
ffiffiffi
s

p ¼ 7 TeV. A
value of m& ¼ 500 GeV is assumed for the mass of the doubly charged lepton. The signal is the light filled line (orange online) while
the background is the dark filled line (green online). Left panel is for an integrated luminosity L ¼ 10 fb#1; Right panel is for L ¼
30 fb#1.
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statistical significance s, and integrated luminosity. Indeed,
from

s ¼ Nsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ns þ Nb

p ; (24)

where Ns is the number of signal events in the chosen
invariant mass window:

Ns ¼ L
Z m#

m#$!m#
dmð‘þ;‘þÞ

d!s

dmð‘þ;‘þÞ
¼ L!s (25)

and Nb is the number of background events in the same
invariant mass window:

Nb ¼ L
Z m#

m#$!m#
dmð‘þ;‘þÞ

d!b

dmð‘þ;‘þÞ
¼ L!b: (26)

Using the relations of Eqs. (25) and (26) into Eq. (24) one
can easily solve for L:

L ¼ s2
"
!s þ !b

!2
s

#
: (27)

In this way we can calculate the requested luminosity
at LHC to see an excited doubly charged lepton, with a

given mass, within a statistical significance s ¼ 3 (3
sigma effect) or s ¼ 5 (5 sigma effect). For a given
mass window in going from

ffiffiffi
s

p ¼ 7 TeV to
ffiffiffi
s

p ¼
14 TeV one can approximately gain as much as an
order of magnitude in the Luminosity L. According
to the different features of the invariant mass distribu-
tion of the background and the signal, we can distin-
guish the signal shape notwithstanding the small cross
sections.
Figure 6 shows the curves of the luminosity which is

required to observe at
ffiffiffi
s

p ¼ 7 TeV (top left and bottom
left panels) an excited lepton to a 3-sigma (5-sigma) level
as function of m#, the excited lepton mass. The signal and
the background have been integrated over two different
mass windows: !m# ¼ 100 GeV (top) and !m# ¼
200 GeV (bottom). We see that the run at

ffiffiffi
s

p ¼ 7 TeV is
sensitive at the 3-sigma (5-sigma) level up to a mass
of order 600 GeV if L ¼ 10$1 fb (L ¼ 20$1 fb). We
also see (top right and bottom right panels) that the run
at

ffiffiffi
s

p ¼ 14 TeV can reach a sensitivity at a 3-sigma
(5-sigma) level up to m# ¼ 1000 GeV for L ¼ 20$1 fb
(L ¼ 60$1 fb).
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FIG. 5 (color online). The invariant mass distribution for the same-sign-dilepton system at
ffiffiffi
s

p ¼ 7 TeV (top panels) and at
ffiffiffi
s

p ¼
14 Tev (bottom panels). The standard model background is with a dark filling (green online) and the excited lepton signal is with a
light filling (orange online). The distributions in each plot are well separated, and the overlap between the signal and the background
decreases with increasing values of m#.
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s = 7TeV, L = 10fb
−1

s = 7TeV, L = 30fb
−1



Luminosity Curves 
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With  and  the 
Statistical Significance  is computed:

Ns = σsL Nb = σbL
s

Solve for L @ given statistical  
significance:

These conclusions are quite encouraging and prompted
us to perform a preliminary study of the detector effects on
our signature.

VI. FAST SIMULATION AND
RECONSTRUCTED OBJECTS

The final step is to provide a more realistic description of
our signature at the LHC. The distributions of the main
kinematic variables given in the previous section are re-
lated to numerical CALCHEP outputs, and they do not refer
to some reconstructed objects. They are ideally detected
with an efficiency of 100%. The main difference is due
to the effects of detector, which is characterized by an
efficiency and a resolution in reconstructing kinematic
variables (E, PT). The consequence is the spreading of
related distributions.

Moreover, in the previous sections we studied the
signal and the background events as if those final state
particles were the only ones to be produced in a
proton-proton collision. For a fully realistic result, we
must consider adding the hadronic activity, which

accompanies the production of the given final state of
stable and color singlets particles. In order to achieve
such a goal, we interface the CALCHEP output, given in a
file following the Les Houches Accord Event (LHE) [47]
format, with the Pretty Good Simulator (PGS) [48].
CALCHEP provides LHE output files by its own event
generator. This file contains the particles in the final state
with their four-momentum before hadronization. This
format is readable from PYTHIA[49]. The Monte Carlo
generator used in this case is just to provide a realistic
description of the proton-proton initial interaction, a
correct treatment of the beam remnants and evolve the
final state particles in physics observables adding the
showering and hadronization. PGS simulates the effect
of a realistic detector reconstruction using a parametri-
zation of the (resolution and efficiency) response. We use
a parameterization compatible with one of the general
purpose detectors actually taking data at the LHC (CMS
or ATLAS) [50]. We started with a sample of 1000
generated events for both the signal and the background.
We consider the signal for an excited lepton of mass
m! ¼ 500 GeV and the SM diboson background, WZ
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FIG. 6. The luminosity requested for observing an excited lepton with mass m! from 300 GeVup to 1 TeV. The two curves refer to a
statistical significance equal to 3! (solid line) and 5! (dashed line), and for

ffiffiffi
s

p ¼ 7 TeV (left panels) and
ffiffiffi
s

p ¼ 14 TeV (right panels).
In the top panels the signal and the background invariant mass distributions have been integrated in an invariant mass window of
!m! ¼ 100 GeV, while for the bottom panels !m! ¼ 200 GeV.
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High Mass reach!!



L++  production @LHC conclusions 
and outlook

First Pheno-Exp synergy paper [Phys. Rev. D (2012) 85, 095018]. Found quite  
interesting results (high mass reach); 

First implementation of the composite magnetic type ( ) gauge interactions (dim=5 
operators) in the CalcHEP generator.  

Left open the inclusion of contact interactions in theoretical model and full 
exploration of the two-dimensional parameter space (𝛬,m*); 

In subsequent paper (second pheno-exp synergy paper) Contact interactions for the 
composite model are implemented for the first time in the CalcHEP generator [Phys. 
Rev. D90, 035001 (2014), R. Leonardi, O. Panella, and L. Fanò, master thesis of 
Roberto Leonardi] 

Production of doubly charged leptons is studied in view of larger cross sections induced 
by dominant contact interactions;

σμν
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.095018
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(CMS Collab.) EPJC 74:3149 (2014) “Search for heavy 
neutrinos and WR bosons …” (           - final state) 

 2.8σ excess found in the interval 1.8 TeV < Meejj < 2.2 TeV 

Same excess not observed in the (μμjj) channel!! 
16

Experimental motivations from LHC searches @ Run I
3149 Page 6 of 23 Eur. Phys. J. C (2014) 74:3149

to account for the small number of background events in the
simulated and data control samples at high mass. The M!!j j
distributions for DY+jets, diboson, and single top quark pro-
cesses are taken from simulation, with the normalization of
each distribution as discussed previously. The Meµj j distribu-
tion from data is used to model the tt background contribution
in the electron and muon channels.

In our previous search for WR → µNµ production using
7 TeV collision data [13], we modeled the shape of each back-
ground Mµµj j distribution using an exponential lineshape.
For this search, we again find that an exponential function
can be used to describe each background M!!j j distribution
below 2 TeV, but these M!!j j distributions begin to devi-
ate from the assumed exponential shape at high mass. As a
result, in this updated search we use the M!!j j distributions
from each background process directly instead of relying on
exponential fits to model the shape of the SM backgrounds.

As the tt background shape is taken from a control sam-
ple of eµj j events in data, we examine the shape of the tt
background Meµj j distributions in both simulation and data.
Based on the method to extract the background shape in our
earlier search, we fit each Meµj j distribution to an exponen-
tial lineshape for events surviving all selection criteria for
eµj j events. The tt background distribution is again expected
to decrease exponentially as M!!j j increases, although we
allow for deviations at high mass (beyond 2 TeV) where
the DY+jets background is more significant. The simulated
Meµj j distribution agrees with the exponential lineshape for
Meµj j < 2 TeV, as expected, while we find that the Meµj j
distribution in the data control sample noticeably deviates
from fit expectations for 1.0 < Meµj j < 1.2 TeV. While the
fit expects 94 events, only 78 events are found in data in this
region. As a result, we correct the Meµj j distribution from the
data control sample to the expected number of events from
the exponential fit for 1.0 < Meµj j < 1.2 TeV, and this cor-
rection is reflected in Table 1. The size of the correction is
taken as a systematic uncertainty in the shape of the tt M!!j j
distribution.

The M!!j j distributions for events satisfying all selection
criteria appear in Fig. 2. A comparison of the observed data
to SM expectations yields a normalized χ2 of 1.4 (0.9) for
electron (muon) channel events. We observe an excess in
the electron channel in the region 1.8 < Mee j j < 2.2 TeV,
where 14 events are observed compared to 4 events expected
from SM backgrounds. This excess has a local significance of
2.8σ estimated using the method discussed in Sect. 7. This
excess does not appear to be consistent with WR → eNe
decay. We examined additional distributions for events with
1.8 < Mee j j < 2.2 TeV, including the mass distributions
Me j j (for both the leading and subleading electrons), Mee,
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Fig. 2 Distribution of the invariant mass Mee j j (top) and Mµµj j (bot-
tom) for events in data (points with error bars) with M!! > 200 GeV
and for background contributions (hatched stacked histograms) from
data control samples (tt) and simulation. The signal mass point MWR =
2.5 TeV, MN! = 1.25 TeV, is included for comparison (open red his-
togram, and also as a dotted line for the unbinned signal shape). The
numbers of events from each background process (and the expected
number of signal events) are included in parentheses in the legend,
where the contributions from diboson and single top quark processes
have been collected in the “Other” background category. The data
are compared with SM expectations in the lower portion of the fig-
ure. The total background uncertainty (light red band) and the back-
ground uncertainty after neglecting the uncertainty due to background
modeling (dark blue band) are included as a function of M!!j j for
M!!j j > 600 GeV (dashed line)
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8 Summary

A search for right-handed bosons (WR) and heavy right-
handed neutrinos (N!) in the left-right symmetric extension
of the standard model has been presented. The data sam-
ple is in agreement with expectations from standard model
processes in the µµj j final state. An excess is observed in
the electron channel with a local significance of 2.8σ at
Mee j j ≈ 2.1 TeV. The excess does not appear to be con-
sistent with expectations from left-right symmetric theory.
Considering WR → eNe and WR → µNµ searches sepa-
rately, regions in the (MWR , MN!) mass space are excluded
at 95 % confidence level that extend up to MWR < 3.0 TeV
for both channels. Assuming WR → !N! with degenerate
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obtained combining the electron and muon channels. The signal cross
section PDF uncertainties (red band surrounding the theoretical WR-
boson production cross section curve) are included for illustration pur-
poses only. Neutrino masses greater than MWR (yellow shaded region
in the top figure) are not considered in this search

N! mass for ! = e, µ, WR boson production is excluded
at 95 % confidence level up to MWR < 3.0 TeV. This
search has significantly extended the exclusion region in
the two-dimensional (MWR , MN!) mass plane compared to
previous searches, and for the first time this search has
excluded MWR values beyond the theoretical lower mass limit
of MWR ! 2.5 TeV.
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Experimental motivations from LHC searches @ Run I

C. Additional interpretations

Vector LQ signal samples were simulated with
CALCHEP at the values of LQ mass detailed in Sec. III
for the four scenarios of anomalous couplings described in
Sec. I. The cross sections for pair production of vector LQs
are larger than the ones for the pair production of scalar
LQs, therefore we expect a higher reach in the MLQ
exclusion limits. The cross sections for vector LQs have
been calculated only at the LO level. We assume that the
ratios of NLO to LO cross sections for the case of vector
LQs are the same as the corresponding ratios for scalar
LQs, which vary from 1.62–4.03 over the 300–1800 GeV
mass range [19]. In fact, the ratios of the NLO K-factors for
scalar LQ pair production vs vector LQ pair production are
expected to be very similar to the analogous ratios for
single LQ production, which have recently been published
[79]. Therefore, the limits we obtain by applying the scalar
LQ K-factors to the vector LQ LO theoretical curves to
obtain predictions for the NLO cross sections are expected

to be conservative. The distributions of the kinematic
variables for scalar and vector LQs are sufficiently similar
that the same event selections and final optimization
thresholds can be used for both analyses. It is found that
the cross section limits determined using the MC scenario
agree within uncertainties with the YM, MM, and AM
coupling scenarios. Thus, it is sufficient to overlay the
theoretical cross section curves for all vector LQ scenarios
with the limit curve calculated using the MC scenario.
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FIG. 9. TheMmin
ej distribution for the eejj channel (left) and the

Mej distribution for the eνjj channel (right) after the selection
criteria optimized for a LQ mass of 650 GeV have been applied.
The dark shaded region indicates the statistical and systematic
uncertainty in the total background prediction. The signal
corresponds to a LQ mass of 650 GeV and β ¼ 0.075. The
signal is multiplied by a factor of ten in the left plot. In the case of
the eejj analysis, less than one signal event is expected to pass
the selection. The horizontal lines on the data points show the
variable bin width.
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obtained with the eejj (eνjj) analysis. The expected limits and
uncertainty bands represent the median expected limits and the
68% and 95% confidence intervals. The left shaded regions are
excluded by Ref. [77] and the middle shaded regions are excluded
by Ref. [24]. The right shaded region is excluded by the analysis
presented in this paper. The σtheory curves and their bands
represent, respectively, the theoretical scalar LQ pair production
cross section and the uncertainties due to the choice of PDF and
renormalization/factorization scales.
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Fig. 1 The dark grey blob describes the production of on shell heavy Majorana neutrinos N in proton–proton collisions at LHC. The production is
possible both with gauge interactions (first diagram in the right-hand side) and four fermion contact interactions (second diagram in the right-hand
side)
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Fig. 2 Left the production cross section of the process pp → Ne+

for gauge and contact interactions at
√
s = 13 TeV. Right comparison

between cross sections of the final state with negative leptons and of the

final state with positive leptons. For the calculation we used CTEQ6m
parton distribution functions and we put the factorisation (renormalisa-
tion) scale to Q̂ = mN = m∗

For the calculation of the production cross section in proton–
proton collisions at LHC, we have used CTEQ6m parton
distribution functions [56]. The factorisation and renormali-
sation scale has been set to Q̂ = m∗.

In Fig. 2 (left) we present the cross section against the
heavy Neutrino mass for ! = 10 TeV for the LHC centre
of mass energy

√
s = 13 TeV. It is evident that the contact

interaction dominates the production of the heavy compos-
ite Majorana neutrino by a factor that ranges between two
and three orders of magnitude, varying the heavy neutrino
mass between 1 and 5 TeV, and for the given choice of the
compositeness scale (! = 10 TeV). In Fig. 2 (right) we
compare the cross sections of pp → "+"+ j j with the one of
pp → "−"− j j , for the special case " = e. The cross section
for the production of positive di-lepton is larger than that for
the production of negative di-leptons as expected in proton–
proton collisions due to the larger luminosity of a ud̄ pair
(needed to produce "+"+) compared to that of a ūd (needed
to produce "+"+).

The heavy Majorana neutrino N can decay again through
both gauge and contact interactions. The decay amplitudes
are related, via appropriate crossing symmetry exchanges, to
those describing the single production and depicted in Fig. 1.
The possible decays are
N → "qq̄′ N → "+"−ν(ν̄) N → ν(ν̄)qq̄′.

In the first we can have a positive lepton, a down-type quark
and an up-type antiquark or a negative lepton an up-type
quark and a down-type antiquark; in the second owing to the
Majorana character of N we can have either a neutrino or an
antineutrino of the same flavour of the heavy neutrino N and
accordingly two opposite sign leptons belonging to a fam-
ily that can be the same or different from the other one, or
alternatively a positive (negative) lepton of the same family
of the heavy neutrino and a negative (positive) lepton and an
antineutrino (neutrino) belonging to a family that can be the
same or different from the other one; in the third we can have
a neutrino or an anti neutrino and a quark and an antiquark
both of up-type or both of down-type. In Fig. 3 we present
the width $ and the branching ratio B for N → "+qq̄′, the
decay that gives the final signature under examination of two
like-sign leptons and di-jet, pp → "+"+ j j , which is a sig-
nature well known to be rather clean (due to the low expected
SM background). Relevant yields are ensured by the rather
large B.

This peculiar final state being a lepton number violating
process (%L = +2) is only possible if the heavy neutrino
is of Majorana type. In this work we chose to focus on the
specific signature with two positive leptons due to its larger
cross section as shown in Fig. 2 (right). It is important to
remark that the like-sign di-lepton plus di-jet signature can be
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This has been explicitly verified and is shown explicitly
in Fig. 5.

IV. SIGNAL AND BACKGROUND

As is well known in the standard model the lepton
number L is strictly conserved and thus processes like
those in Eq. (1) with �L ± 2 are not allowed. How-
ever, within the SM there are several processes that can
produce two same sign leptons in association with jets.
The following processes are considered as main back-
grounds [32]

pp ! tt̄ ! `
+
`
+
⌫⌫jets , (14a)

pp ! W
+
W

+
W

�
! `

+
⌫`

+
⌫jj . (14b)

We discuss here the main kinematic di↵erences between
the signal and the background to choose suitable cuts
for optimizing the signal/background ratio. From the

point of view of the leptons’ transverse momentum dis-
tributions in Fig. 6 (top-left and center-left), signal and
background are very well separated, for the given values
of the parameters (m⇤ = 1000 GeV and ⇤ = 10 TeV)
and we can reduce drastically the background applying a
cut on the transverse momentum of the leading positron
at 200 GeV and a cut on the transverse momentum of
the second-leading positron at 100 GeV:

pT (e
+
leading) � 200GeV, (15a)

pT (e
+
second-leading) � 100GeV. (15b)

On the contrary we can see from Fig. 6 (top-right and
center-right) that the angular distributions of the lead-
ing and second-leading leptons are quite similar between
signal and background.
From Fig. 6 (bottom-left) regarding the signal we can

see that a fraction ( which depends on the value of m⇤)
of the events have the two jets with a very small sep-
aration in the (⌘,�) plane, �R =

p
(�⌘)2 + (��)2, (⌘

is the pseudo-rapidity and � the azimuthal angle in the
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4 Signal and background

As is well known in the standard model the lepton number L
is strictly conserved and thus processes like those in Eq. (1)
with !L ± 2 are not allowed. However, within the SM there
are several processes that can produce two same sign leptons
in association with jets. The following processes are consid-
ered as main backgrounds [33]:

pp → t t̄ → "+"+νν jets, (14a)

pp → W+W+W− → "+ν"+ν j j. (14b)

We discuss here the main kinematic differences between the
signal and the background to choose suitable cuts for opti-
mizing the signal/background ratio. From the point of view
of the leptons’ transverse momentum distributions in Fig. 6
(top-left and centre-left), signal and background are very well
separated, for the given values of the parameters (m∗ = 1000
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FIG. 8. (Color Online) Contour maps of the statistical significance for S = 5 and S = 3 in the parameter space (⇤, m⇤) forp
s = 13 TeV and for three values of the integrated luminosity L = 30, 300, 3000 fb�1. The solid lines are the central values,

the lighter bands represent the spread due to the statistical error. In the lower right panel we compare the 5-� exclusion plots
at three values of integrated luminosity. Regions below the curves are excluded.

generator level (shown in Fig. 7) and at the reconstructed
level.

We conclude this section by commenting briefly on the
fact that the excess is observed in the electron channel

but not in the muon channel. This could be explained
in our model simply by invoking a rather natural mass
splitting between the excited electron (e⇤) and muon (µ⇤)
instead of assuming full degeneracy between the families,

Contour maps of S @ 5- and 3-σ within statistical error 
Signal events: 

background events: 

Statistical Significance S: 

L =(30, 300, 3000) fb-1 

√s = 13 TeV

20

Ns = Lσ sεs
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S = Ns

Ns + Nb
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FIG. 9. (Color Online) Current exlusion regions at 95%
C.L. – on the plane of parameters (⇤, m⇤) from CMS [5]
and ATLAS [4] searches (Run I) of pp ! ``⇤ ! ``� (` = e)
versus the discovery reach expected at Run II, 3-� significance
curves – continuous, dashed and dot-dashed lines–, from the
eejj signature due to a heavy composite Majorana neutrino
(pp ! `N ! ``jj, ` = e). See text for further details.

i.e. that me⇤ ⇡ mµ⇤ ⇡ m
⇤.

V. FAST DETECTOR SIMULATION AND
RECONSTRUCTED OBJECTS

In order to take into account the detector e↵ects,
such as e�ciency and resolution in reconstructing kine-
matic variables, we interface the LHE output of CalcHEP
with the software DELPHES that simulates the response
of a generic detector according to predefined configura-
tions [39]. We use a CMS-like parametrisation. For the
signal we consider a scan of the parameter space (⇤, m⇤)
within the ranges ⇤ 2 [8, 40] TeV with step of 1 TeV and
m

⇤
2 [500, 5000] GeV with step of 250 GeV. For each

signal point and each background we generate 105 events
in order to have enough statistics to evaluate the recon-
struction e�ciencies (✏s, ✏b) of the detector and of the
cuts previously fixed (see Eq. 15a, 15b).

The leptonic flavour of our signature is determined by
the flavour of the excited heavy Majorana neutrino: be
it either ⌫

⇤
e or ⌫

⇤
µ, (in this work we do not consider a

final state with ⌧ leptons due to the production of ⌫⇤⌧ ).
In our simplified model characterised by the parameters
(⇤,m⇤) we are assuming mass degeneracy between the
various flavours of excited states. So in principle if we can
produce ⌫

⇤
e we can also produce (⌫⇤µ) and we could have

a di-muon and di-jet signature as well. In other words
we expect the same number of same-sign di-electrons or
di-muons. However our fast simulation of the detector
reconstruction is performed only for the electron signa-
ture.

To keep our discussion general enough to include both
possibilities we use in the text the notation `` instead of
simply ee or µµ. However all results shown (distributions

etc...) refer to the electron case which is the one that we
have explicitly simulated.
In addition, to be more precise with respect to the

hadronic nature of our signature, we may specify that
our signal region is defined requiring to have two leptons
(electrons) and at least one jet, which means that there
may be one or two jets. This selection warrants a very
high signal e�ciency, regardless of whether there are in-
deed one or two jets in the reconstructed events.
We then select events with two positive electrons and

at least one jet. The number of jets may be just one,
in case of merging of the generated two jets, or two, if
there is no merging of the generated two jets. Despite
the possibility of having a single jet in the event, in the
text we will stick with the notations of the main text and
will show the results referring to the two jets, coherently
with what is produced at the generator level (eejj).
Once we have the number of the selected events we

evaluate the reconstruction e�ciencies, then for a given
luminosity L it is possible to estimate the expected num-
ber of events for the signal (Ns) and for the background
(Nb) and finally the statistical significance (S):

Ns = L�s✏s , Nb = L�b✏b , S =
Ns
p
Nb

. (17)

In Fig. 8 Top-left, Top-right and Bottom-left we show the
contour plots of S = 3 and S = 5 in the parameter space
(⇤, m⇤) for three di↵erent values of integrated luminosity
L = 30, 300, 3000 fb�1. The regions below the curves are
excluded. The colored filled bands are an estimate of the
statistical error. In Fig. 8(bottom-right) we compare the
5-� curves at the three integrated luminosity values.
Finally in Fig. 9 we compare our 3-� contour plots

(S = 3) for the three di↵erent values of integrated lumi-
nosity L = 30, 300, 3000 fb�1 of Fig. 8 with the 95% con-
fidence level exclusion bounds from two Run I analyses
at

p
s = 8 TeV: ATLAS with 13 fb�1 [4] and CMS with

19.7fb�1 [5]. The shaded regions below the solid, dashed
and dot-dashed lines are the current CMS exclusion at
p
s = 8 TeV with 19.7 fb�1 of integrated luminosity

(blue) [5] and the ATLAS exclusion at
p
s = 8 TeV with

13 fb�1 (yellow) and the region of the parameters where
the model is not applicable (grey) i.e. m

⇤
> ⇤. Such

experimental exclusion regions from Run I are compared
with the contour plots expected from Run II, considering
the process studied in this work 1. The solid (magenta),
dashed (red) and dot-dashed (green) –without shading–
are the projected contour maps for S = 3 (3-�) in the
parameter space (⇤, m

⇤) of the statistical significance
for

p
s = 13 TeV and for the follwing three values of the

integrated luminosity L = 30, 300, 3000 fb�1.

1 We note that while the notion of a discovery reach at 3-� is
di↵erent from that of an exclusion region at 95% C.L., it is suf-
ficiently close to it that the comparison of the two gives a rough
idea of the sensitivity achievable at RunII with the eejj signa-
ture.

Current exclusion regions at 95% C.L. from CMS and 
ATLAS (Run I) vs the  discovery reach expected at 
Run II @ 3-σ from the eejj signature due to a heavy  
composite Majorana neutrino   



Experimental search of HCMN 
signature  [CMS-PAS-16-026]

Implementation of the Majorana neutrino with gauge and contact 
interactions in the CalcHEP generator 

Preparation  of private signal samples with the theoretical model 
implemented in CalcHEP 

CMS analysis of data collected in Run II (2015) corresponding to 2.3 fb-1 

integrated luminosity. 
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Available on the CERN CDS information server CMS PAS EXO-16-026

CMS Physics Analysis Summary

Contact: cms-pag-conveners-exotica@cern.ch 2016/08/04

Search for heavy composite Majorana neutrinos produced
in association with a lepton and decaying into a

same-flavour lepton plus two quarks at
p

s = 13 TeV with
the CMS detector

The CMS Collaboration

Abstract

We present a search for physics beyond the standard model in the final state with two
same-flavour leptons (electrons or muons) and two quarks. The results of the mea-
surement are interpreted in the framework of a recently proposed model, in which a
heavy Majorana neutrino stems from a composite scenario. The analysis is performed
using proton-proton collisions at

p
s = 13 TeV recorded by the CMS experiment at the

CERN LHC. The data correspond to an integrated luminosity of 2.3 fb�1 collected in
2015. The observed data are in good agreement with the standard model prediction.
An upper limit at 95% CL on the product of the cross section of the heavy composite
Majorana neutrino, N, produced in association with a lepton times branching frac-
tion of N into a same-flavour lepton and a quark pair is calculated as a function of
its mass. In this model, the presence of the heavy composite Majorana neutrinos is
excluded for masses up to 4.35 TeV and 4.50 TeV for a value of L of 5 TeV, having
analysed the eeqq channel and the µµqq channel, respectively.
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Observed 95% C.L. upper limits  on                             

(black solid line) from (eeqq and μμqq analyses); 

 For  Λ =MN= m* (blue line) limits are:  MN > 4.60,  (4.70 ) 
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Exclusion regions of 2-dim parameter space  (Λ ,MN)
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HCMN (theory+exp) conclusions 
and outlook

Pheno paper [Eur. Phys. J. C (2016) 76:593] Quite interesting results (high mass 
reach); 

Inclusion of contact interactions in theoretical model and full exploration of the 
two-dimensional parameter space (𝛬,m*); 

CMS analysis (CMS-PAS EXO-16-026)(published in PLB): 

if 𝛬=m*(=M N ) current limits are: MN > 4.60 TeV (eeqq channel) and MN > 4.70 TeV 
(μμqq channel) 

Update of the results of the current analysis with higher RUN II statistics; (“Reload” 
of CMS-PAS EXO-16-026, currently undergoing), See talk by Valentina Mariani.  

Extension  to a Mirror type model with two Majorana mass eigenstates, (three-dim 
parameter space, [!, m1, m2]. Possible role of interference effects
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Production of U+(5/3) @ LHC
First feasibility study of searches @ LHC 
of exotic composite quarks; 

Consider at first only magnetic type 
gauge interactions; 

implementation of model (interactions) 
in the generator (CalcHEP); 

           interacts only via the W gauge 
boson. Decay: 

Consider leptonic decay of W gauge 
boson:   

final signature is : pp→ ℓ pT jj

U(5/3)
+

U(5/3)
+ →Wu→Wjet
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U+
5/3 ! Wj ! `⌫j ! `/pT j

W ! `⌫
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FIG. 4. (Color online) The total production rates of pp → jU+ at the LHC for two different values of the energy of the center of
mass

√
s = 8, 13 TeV and for the two choices of the weak isospin of the exotic states, IW = 1 on the left panel and IW = 3/2 on

the right panel. The solid lines refer to the output of our code based on Eq. (14). The agreement with of the output obtained
with the model implemented in calcHEP is within a few percent. Here the factorization and renormalization scale is fixed at
Q = m∗. The parametrization of the parton distribution function is NNPDF3.0 [44].

larger. This is almost entirely due to the fact that pro-
ducing U+ involves the subprocess uu → U+d i.e. with
two valence u-quarks in the initial state. Similar con-
siderations apply to the results at higher energies (bot-
tom panels). For the production of U+ we have, within
the first two generations, the following contributing sub-
processes: (a) uu → U+d; (b) ud̄ → U+ū; (c) uc → U+s;
(d) us̄ → U+c̄;

IV. SIGNAL AND SM BACKGROUND

The relevant standard model background to our signa-
ture is given by electroweak Wjj production followed by
the leptonic decay of the W gauge boson, W → !ν!:

pp → Wjj → !/pT jj (15)

This SM background is known to be important and has
been discussed throughly in the literature. We have sim-
ulated it by using the CalcHEP generator.
We would like to address here the main kinematic dif-

ferences between the signal and the relevant SM back-
ground in order to choose suitable cuts for optimizing
the statistical significance.
One first thing to consider is that one of the two jets

is from the heavy quark decay that makes it very ener-
getic with a Jacobian peak in the transverse momentum
spectrum near

pT ≈ (m∗/2)(1−M2
W /m2

∗) (16)

Using the pT of the jets as a discriminant gives very
good accuracy in identifying the jet coming from the
decay of the heavy quark correctly, especially for high
masses. Hence we identify the hardest jet (j1) in the
event as the one from heavy quark decay.

We first define the transverse momentum of the highest
pT -jet as pTj1. The main kinematic feature of our signal
process is the production of a very heavy excited quark
U+ with mass m∗ ≈ O (TeV). At very high masses it will
then be a reasonable approximation to assume the exotic
heavy particle to be produced nearly at rest. It will decay
in a pair of almost back to back high pT jet and a high
pT W gauge boson. We expect both the pTj1 and pTW

distributions to be peaked at pT ≈ (m∗/2)(1−M2
W /m2

∗)
and to be relatively similar in shape. These qualitative
features are indeed confirmed by our numerical simula-
tion of the signal distributions. Fig. 6 (bottom left and
bottom right panels) show the pTj1 and pTW distribu-
tions for m∗ = 1000 GeV which are clearly both peaked
around pT ≈ 400 GeV in this case.

Fig. 6, Fig. 7, Fig. 8 and Fig. 9 show several normalized
distributions with respect to both transverse momentum
and angular variables. Fig 6 shows different transverse
momentum distributions: the transverse momentum of
the lepton pT !, the second-leading pT (j2) and that of the
leading pTj1 are shown in Fig. 6(a,b,c) while theW gauge
boson transverse pT distribution is given in Fig. 6(d).

From the point of view of the transverse momentum
distributions of the jets (leading and second-leading) in
Fig. 6, signal and background are very well separated, for
the given values of the parameters (m∗ = 1000 GeV and
Λ = 10 TeV). This suggests that a very efficient way we
to reduce drastically the background while keeping most
of the signal is a cut on the transverse momentum of
the leading jet at ≈ 200 GeV and, possibly, a cut in the
transverse momentum of the second-leading jet at ≈ 100
GeV.

From Fig. 7 we can see that both for the signal and
the background a large fraction of the events have the
two jets (or the lepton and the jets) with a large sep-

➤ Model implemented in CalcHEP ( ● , ● ) 
➤ Checked against analytic/numerical calculations (solid lines) 

• Cross sections quite interesting !! 
• σ ≈  O(102) fb for masses m* ≈ 2500 GeV @ 13 TeV
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5

The case of the weak isospin IW = 3/2 is characterized instead by nonzero interferences between t̂− and û−channel
(or ŝ− and t̂−channel) which had been neglected in ref. [12]. The partonic cross-sections for the processes uu → U+d
and ud̄ → U+ū are given by:

(
dσ̂

dt̂

)

uu→U+d

=
1

4ŝ2m2
∗

g4f2
3/2

16π

{
t̂
[
m2

∗(t̂−m2
∗) + 2ŝû−m2

∗(ŝ− û)
]

(t̂−M2
W )2

+
û
[
m2

∗(û−m2
∗) + 2ŝt̂−m2

∗(ŝ− t̂)
]

(û−M2
W )2

+
1

(û−M2
W )

1

(t̂−M2
W )

(
ŝt̂û+

3

8
ût̂m2

∗

)}
(11)

(
dσ̂

dt̂

)

ud̄→U+ū

=
1

4ŝ2m2
∗

g4f2
3/2

16π

{
ŝ
[
m2

∗(ŝ−m2
∗) + 2t̂û−m2

∗(t̂− û)
]

(ŝ−M2
W )2

+
t̂
[
m2

∗(t̂−m2
∗) + 2ŝû−m2

∗(ŝ− û)
]

(t̂−M2
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+
1
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3

8
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FIG. 3. (Color online) For illustrative purposes we give
an example of the parton-parton cross-section as indicated in
Eq. 13 (no parton ditribution functions). We show σ̂(ud̄ →
U+ū) for m∗ = 300 GeV for the case of the weak isospin
IW = 1 (in this case there is no interference between the
t− and s−channel) and with a choice of the coupling f1q = 1.
The solid line (blue) is the dominant t-channel and the dashed
line (orange) is the s-channel. The dots are the correspond-
ing values obtained by running the same process in calcHEP
within the model implemented with the help of the FeynRules
package. The agreement is excellent, within a few percent.

The above formulas have also been checked against the
results reported in [30] by means of using the crossing
symmetry. The total integrated cross-section correspond-
ing to the above differential cross section is given for the
process ud̄ → U+ū (which receives contributions both
from the s and t-channels in FIG. 3. One can see that at
high energies the integrated cross section rises logarith-
mically due to the effect of the t-channel W propagator.
Also the standard (1/ŝ) behavior of the cross section is
not found because of the magnetic type coupling. The
asymptotic form of the integrated partonic cross sections

(t-channel) is :

σ̂ =

∫ 0

−ŝ+m2
∗

dt̂
dσ̂

dt̂
(13)

=⇒
ŝ $ M2

W ,m2
∗

∼
πα2

QEDf2
1

sin2 θW

1

m2
∗
log(

s

M2
W

)

as can also be seen from FIG. 3.

B. Production rates at the LHC

We now present here the production cross sections
for the exotic quark U+ in pp collisions expected at
the CERN LHC collider according to Feynman’s parton
model. The QCD factorization theorem, allows to ob-
tain the hadronic cross section in terms of convolution
of the partonic cross sections σ̂(τs,m∗), evaluated at the
partons center of mass energy

√
ŝ =

√
τs, and the uni-

versal parton distribution functions fa which depend on
the parton longitudinal momentum fractions, x, and on
the factorization scale Q̂:

σ =
∑

a,b

∫ 1

m2∗
s

∫ 1

τ
dτ

dx

x
fa(x, Q̂) fb(

τ

x
, Q̂) σ̂(τs,m∗) .

(14)
In Fig. 4 we show a comparison of the production cross
sections of pp → U+j at

√
s = 8, 13 TeV between

those obtained with an analytical/numerical computa-
tion based on Eq. 14 (solid line) and those obtained from
a CalcHEP numerical simulation based on the imple-
mented model (full dots). The left panel of Fig. 4 is
for the IW = 1 case while the right panel is for IW = 1.

The integrated hadronic cross sections are further
shown in Fig. 5 where we present the results for two
different values of the LHC energy, namely

√
s = 8, 13

TeV. In the top panel we show for
√
s = 8 TeV the total

integrated cross section for the production of U+(5/3)
and D−(4/3) for IW = 1 (left) and IW = 3/2 (right).
As expected one finds that the production of U+(5/3) is



 Signal and SM background
Signal:  

main SM background is Wjj production with W→𝓁 𝛎: 

Kinematic study to optimize Statistical Significance:  

Angular, pT ,Transverse -mass (MT) and reconstructed invariant 

mass (M𝓁 𝛎 j) distributions 

Fast simulation of detector reconstruction with DELPHES  

Most efficient cut:   
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pp→U +u→ ℓ pT jj

pp→Wjj→ ℓ pT jj

11

cut pT (j1) pT (j2) MT

t1 > 180 GeV – –
t2 > 200 GeV – –
t3 > 180 GeV > 100 GeV –
t4 > 180 GeV – > 400 GeV

TABLE I. Various cuts which have been studied in order to
maximise the statistical significance. It turns out that cut t3
is the most efficient cut.

We have studied four different choices of kinematical cuts
t1 . . . t4 as described in Table I. Although the various
choices perform quite similarly, it turns out that the most
efficient choice is found to be cut t3:

pT (jleading) ≥ 180GeV, (22a)

pT (jsecond-leading) ≥ 100GeV. (22b)

For each signal point and for the standard model back-
ground we generate 105 events in order to have enough
statistics to evaluate the reconstruction efficiencies (εs,
εb) of the detector and of the cuts previously fixed (see
Eq. 22a, 22b). We select the events with two jets, one
lepton and /pT in the final state. This is justified because
the two jets are well separated, as opposed for instance to
what happens the signal pp → ""jj studied in ref. [31],
due to a heavy composite Majorana neutrino, where it
was found that depending on the heavy neutrino mass
(m∗) it is possible to have merging of the two jets in a
sizeable fraction of the events. Once we have the number
of the selected events we evaluate the reconstruction effi-
ciencies. The efficiencies are shown for the choice of cuts
t3 (see Table I) in Table II. Then for a given luminosity L
it is possible to estimate the expected number of events
for the signal (Ns) and for the background (Nb):

Ns = Lσsεs , Nb = Lσbεb , (23)

and finally the statistical significance (S) is evaluated as:

S =
Ns√

Ns +Nb
. (24)

It is then possible to obtain the luminosities needed to
obtain an effect of a given statistical significance as :

L =
S2

σsεs

[
1 +

σbεb
σsεs

]
(25)

Therefore luminosity curves at 5- and 3-σ level (i.e. fix-
ing S = 3 or S = 5) can be straightforwardly given as
a function of the mass m∗ of the exotic quark. Fig. 10
shows such 3- and 5 sigma luminosity curves which can
also be used to get indications on the potential for dis-
covery (or exclusion) at a given luminosity reached by
the experiments at Run II of the LHC.

Background
σb before cut (fb) σb after cut (fb) (εb)

8200000 14678 0.00179
Signal (IW = 1)

m∗ (GeV) σs before cut (fb) σs after cut (fb) (εs)
500 7782 5416.74 0.69606
1000 1277 1064.33 0.83346
1500 344.6 298.489 0.86619
2000 107.7 95.1185 0.88318
2500 39.05 34.7037 0.8887
3000 13.5 12.0555 0.893
3500 4.281 3.84352 0.89781
4000 1.424 1.28213 0.90037
4500 0.4957 0.446665 0.90108
5000 0.1799 0.162518 0.90338

Signal (IW = 3/2)
m∗ (GeV) σs before cut (fb) σs after cut (fb) (εs)

500 11080 5819.11 0.52519
1000 2240 1649.89 0.73656
1500 806.3 646.065 0.80126
2000 343.2 283.964 0.8274
2500 159.9 134.147 0.83894
3000 60.25 51.8626 0.86079
3500 23.55 20.0983 0.85343
4000 9.347 7.57986 0.81094
4500 3.191 2.60797 0.81729
5000 1.043 0.845737 0.81087

TABLE II. Efficiencies of the standard model Wjj back-
ground and of our signature for the IW = 3/2 and IW = 1
cases. The estimated efficiencies refer to the choice of kine-
matic cut t3 described in Tab. I or Eqs. 22a, 22b.

VI. CONCLUSIONS

We have presented the first study of the production
at the CERN LHC of new exotic quark states of charge
q = (5/3)e and q = −(4/3)e which appear in composite
models of quarks and leptons when considering higher
isospin multiplets IW = 1 and IW = 3/2. Such states
have been discussed quite sometime back [12] but their
phenomenology has been, somewhat surprisingly, not ad-
dressed in detail. Only very recently [28–30] some atten-
tion has been devoted to the phenomenology of exotic
doubly charged states appearing in the lepton sector of
the extended weak isospin model of ref. [12]. Here we ex-
plore, to the best of our knowledge for the first time, the
phenomenology of the hadron sector of the same model
with respect to the CERN LHC experiments, with a focus
on the Run II at a center of mass energy of

√
s = 13 TeV.

This is the main motivation which started the present
work which however acquires a relevant importance in
view of the fact that the model considered here has the
potential of explaining, at least qualitatively, the excess
above the SM background reported very recently by the
CMS collaboration in the analysis of the data of Run I
at

√
s = 8 TeV in the e /pT j j channel [34].

This is particularly interesting in view of the fact that
the recent studies [31] of the lepton sector of extended
weak-isospin composite multiplets suggest a possible ex-
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FIG. 6. (Color online) Transverse momentum distributions of the signal, dark line (blue), and of the SM background, light
line (red): upper left panel, lepton distribution; upper right panel the second-leading jet distribution; lower left panel, leading
jet and finally the W gauge boson transverse momentum distribution. These distributions clearly show that the most effective
kinematic cut in order to optimize the statistical significance S is one on the pT of the leading jet (pTj1 ≈ O(200) GeV that will
highly suppress the background while almost will not affect the signal. (d) Transverse pT of the W gauge boson distribution
of our signal pp → U+ j → W+j j superimposed with the standard model Wjj background.
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suppress this excess in the muon channel. As already
mentioned in the introduction we observe that this sig-
nature could also be affected by the production of an
excited neutrino (N = ν∗) in association with the cor-
responding lepton followed by the decay of the heavy

neutrino to a lepton and a gauge boson decaying to two
jets, thus obtaining "/pT jj. The differences in the elec-
tron and muon channels could then be ascribed to a mass
hierarchy between the excited electron and muon heavy
neutrinos.
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FIG. 9. (Color online) Various invariant and transverse mass distributions for a choice of m∗ = Λ = 1000 GeV at
√
s = 13

TeV for the signal, dark line (blue), and the SM background, light line (red). In the top left and top right panels we show
the invariant mass distribution of the lepton with j1 the highest pT jet (leading) and with j2 the second leading jet. In the
bottom panels we show the transverse mass MT distribution (left) and the reconstructed invariant mass, M(!ν!j1), of the decay
products of the exotic quark U+ (right).

where pνT = |p ν
T | while pνL and p"L are the true components

(with sign) of the neutrino and lepton momentum along
the (longitudinal) z-axis and:

A =
M2

W + 2p "
T · p ν

T

2E"pνT
, B =

p"L
E"

. (20)

It has the solutions:

pνL =
1

1−B2

[
AB ±

√
A2 +B2 − 1

]
pTν (21)

Note that the discriminant (D) of the second order equa-
tion is the quantity in the square root, D = A2+B2− 1.
We have three distinct possibilities: (i) D > 0, two real
solutions; (ii) D = 0, one real solution; (iii) D < 0, two
complex solutions.
If the discriminant is zero there is only one solution for

pνL which can be used to fully reconstruct the neutrino.
If the discriminant is negative, the event is rejected. If
the discriminant is positive, there are two possible pνL
solutions. Using both of them, the two possible neu-

trino momentum vectors are constructed and, combin-
ing them with the lepton momentum, the two W candi-
date are re-constructed. We select the pνL solution that
gives the more central W , i.e. with the smaller pseudo-
rapidity. Then we can reconstruct the corresponding in-
variant mass M"ν!j1. Fig. 9 shows the distribution in the
invariant mass of the lepton, jet and neutrino. There is
a clear peak in correspondence of the exotic quark mass.

V. FAST DETECTOR SIMULATION AND
RECONSTRUCTED OBJECTS

In order to take into account the detector effects, such
as efficiency and resolution in reconstructing kinematic
variables, we interface the LHE output of CalcHEP with
the software Delphes that simulates the response of a
generic detector according to predefined configurations.
We use a CMS-like parametrization. For the signal we
consider a scan of the parameter space (Λ = m∗) within
the range m∗ ∈ [500, 5000] GeV with step of 500 GeV.

29

Transverse -mass (MT) and reconstructed invariant mass (          ) 
distributions highly correlated with m*(                                                      ) 
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FIG. 8. (Color Online) Various (normalized) distributions of the signal pp → e/pT jj, dark line (blue), in the case of an

exotic quark state U+(5/3) mass m∗ = 1000 GeV and for a compositeness scale Λ = 10 TeV as well as of the SM background
pp → Wjj → !/pT jj, light line (red), at

√
s = 13 TeV. We have used the NNPDF3.0 [44] parton distribution functions evaluated

at the scale Q = m∗. N.B. we have considered here all 14 subprocesses for a total of 29 Feynman diagrams within the first
generation of quarks. In the top (left and right) panels and in the lower left panel we show respectively the pseudo-rapidity
distributions of: (a) the highest pT jet (j1); (b) the second-leading jet (j2); (c) the lepton. In the bottom right panel we show
the missing transverse energy (MET) distribution.

We point out that within our final state signature
(!ν!jj) it is always possible to define a cluster trans-
verse mass variable (MT ) in terms of the reconstructed
transverse momentum of the W gauge boson (pTW =
pT ! + pTν) and the transverse momentum of the leading
jet (or highest pT jet) pTj1 :

M2
T =

(√
p2TW +M2

W + pTj1

)2

− (pTW + pTj1)
2 (17)

The transverse mass distribution is strongly correlated
with the heavy exotic quark mass m∗. Relevant informa-
tion about the mass of the heavy exotic quark U+ can
be obtained from the transverse mass distribution MT .
This is indeed the case as can be seen from Fig. 9(lower-
left) where the transverse mass distribution obtained for
the parameter value (m∗ = Λ = 1000 GeV) shows a
clear peak characterized by a relatively sharp end-point
at MT ≈ m∗. This is expected since in the resonant pro-
duction the heavy exotic quark, U+ is decaying to !ν!j
and the jet from U+ is expected to be the leading, while

the second-leading jet is the one produced in association
with U+, in pp → U+j.

Finally we have also reconstructed the invariant mass
distribution of the decay products of the heavy excited
quark U+: !ν!j1. Indeed it is possible to reconstruct
the longitudinal neutrino momentum pz(ν) up to a two-
fold ambiguity [45]. The resulting reconstructed invari-
ant mass M!νj1 is shown in Fig. 9(lower-right).

In order to still reconstruct the invariant mass of the
exotic quark to some degree of accuracy, we can follow
the method described in [45] modified to adatpt it to
our case. We use the conservation of four-momentum
to solve for the longitudinal momentum of the neutrino
(pνL). Conservation of four-momentum, pW = p! + pν ,
gives the following equation:

M2
W = (p! + pν)

2 . (18)

The only unknown quantity in Eq. 18 is the longitudinal
momentum of the neutrino. Expanding the right-hand
side of Eq. 18 we obtain a second-order equation for pνL:

(1−B2)(pνL)
2 − 2AB pνT pνL + (pνT )

2(1−A2) = 0 (19)
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√
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at the scale Q = m∗. N.B. we have considered here all 14 subprocesses for a total of 29 Feynman diagrams within the first
generation of quarks. In the top (left and right) panels and in the lower left panel we show respectively the pseudo-rapidity
distributions of: (a) the highest pT jet (j1); (b) the second-leading jet (j2); (c) the lepton. In the bottom right panel we show
the missing transverse energy (MET) distribution.

We point out that within our final state signature
(!ν!jj) it is always possible to define a cluster trans-
verse mass variable (MT ) in terms of the reconstructed
transverse momentum of the W gauge boson (pTW =
pT ! + pTν) and the transverse momentum of the leading
jet (or highest pT jet) pTj1 :

M2
T =

(√
p2TW +M2

W + pTj1

)2

− (pTW + pTj1)
2 (17)

The transverse mass distribution is strongly correlated
with the heavy exotic quark mass m∗. Relevant informa-
tion about the mass of the heavy exotic quark U+ can
be obtained from the transverse mass distribution MT .
This is indeed the case as can be seen from Fig. 9(lower-
left) where the transverse mass distribution obtained for
the parameter value (m∗ = Λ = 1000 GeV) shows a
clear peak characterized by a relatively sharp end-point
at MT ≈ m∗. This is expected since in the resonant pro-
duction the heavy exotic quark, U+ is decaying to !ν!j
and the jet from U+ is expected to be the leading, while

the second-leading jet is the one produced in association
with U+, in pp → U+j.

Finally we have also reconstructed the invariant mass
distribution of the decay products of the heavy excited
quark U+: !ν!j1. Indeed it is possible to reconstruct
the longitudinal neutrino momentum pz(ν) up to a two-
fold ambiguity [45]. The resulting reconstructed invari-
ant mass M!νj1 is shown in Fig. 9(lower-right).

In order to still reconstruct the invariant mass of the
exotic quark to some degree of accuracy, we can follow
the method described in [45] modified to adatpt it to
our case. We use the conservation of four-momentum
to solve for the longitudinal momentum of the neutrino
(pνL). Conservation of four-momentum, pW = p! + pν ,
gives the following equation:

M2
W = (p! + pν)

2 . (18)

The only unknown quantity in Eq. 18 is the longitudinal
momentum of the neutrino. Expanding the right-hand
side of Eq. 18 we obtain a second-order equation for pνL:

(1−B2)(pνL)
2 − 2AB pνT pνL + (pνT )

2(1−A2) = 0 (19)
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√
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at the scale Q = m∗. N.B. we have considered here all 14 subprocesses for a total of 29 Feynman diagrams within the first
generation of quarks. In the top (left and right) panels and in the lower left panel we show respectively the pseudo-rapidity
distributions of: (a) the highest pT jet (j1); (b) the second-leading jet (j2); (c) the lepton. In the bottom right panel we show
the missing transverse energy (MET) distribution.

We point out that within our final state signature
(!ν!jj) it is always possible to define a cluster trans-
verse mass variable (MT ) in terms of the reconstructed
transverse momentum of the W gauge boson (pTW =
pT ! + pTν) and the transverse momentum of the leading
jet (or highest pT jet) pTj1 :

M2
T =

(√
p2TW +M2

W + pTj1

)2

− (pTW + pTj1)
2 (17)

The transverse mass distribution is strongly correlated
with the heavy exotic quark mass m∗. Relevant informa-
tion about the mass of the heavy exotic quark U+ can
be obtained from the transverse mass distribution MT .
This is indeed the case as can be seen from Fig. 9(lower-
left) where the transverse mass distribution obtained for
the parameter value (m∗ = Λ = 1000 GeV) shows a
clear peak characterized by a relatively sharp end-point
at MT ≈ m∗. This is expected since in the resonant pro-
duction the heavy exotic quark, U+ is decaying to !ν!j
and the jet from U+ is expected to be the leading, while

the second-leading jet is the one produced in association
with U+, in pp → U+j.

Finally we have also reconstructed the invariant mass
distribution of the decay products of the heavy excited
quark U+: !ν!j1. Indeed it is possible to reconstruct
the longitudinal neutrino momentum pz(ν) up to a two-
fold ambiguity [45]. The resulting reconstructed invari-
ant mass M!νj1 is shown in Fig. 9(lower-right).

In order to still reconstruct the invariant mass of the
exotic quark to some degree of accuracy, we can follow
the method described in [45] modified to adatpt it to
our case. We use the conservation of four-momentum
to solve for the longitudinal momentum of the neutrino
(pνL). Conservation of four-momentum, pW = p! + pν ,
gives the following equation:

M2
W = (p! + pν)

2 . (18)

The only unknown quantity in Eq. 18 is the longitudinal
momentum of the neutrino. Expanding the right-hand
side of Eq. 18 we obtain a second-order equation for pνL:

(1−B2)(pνL)
2 − 2AB pνT pνL + (pνT )

2(1−A2) = 0 (19)
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FIG. 9. (Color online) Various invariant and transverse mass distributions for a choice of m∗ = Λ = 1000 GeV at
√
s = 13

TeV for the signal, dark line (blue), and the SM background, light line (red). In the top left and top right panels we show
the invariant mass distribution of the lepton with j1 the highest pT jet (leading) and with j2 the second leading jet. In the
bottom panels we show the transverse mass MT distribution (left) and the reconstructed invariant mass, M(!ν!j1), of the decay
products of the exotic quark U+ (right).

where pνT = |p ν
T | while pνL and p"L are the true components

(with sign) of the neutrino and lepton momentum along
the (longitudinal) z-axis and:

A =
M2

W + 2p "
T · p ν

T

2E"pνT
, B =

p"L
E"

. (20)

It has the solutions:

pνL =
1

1−B2

[
AB ±

√
A2 +B2 − 1

]
pTν (21)

Note that the discriminant (D) of the second order equa-
tion is the quantity in the square root, D = A2+B2− 1.
We have three distinct possibilities: (i) D > 0, two real
solutions; (ii) D = 0, one real solution; (iii) D < 0, two
complex solutions.
If the discriminant is zero there is only one solution for

pνL which can be used to fully reconstruct the neutrino.
If the discriminant is negative, the event is rejected. If
the discriminant is positive, there are two possible pνL
solutions. Using both of them, the two possible neu-

trino momentum vectors are constructed and, combin-
ing them with the lepton momentum, the two W candi-
date are re-constructed. We select the pνL solution that
gives the more central W , i.e. with the smaller pseudo-
rapidity. Then we can reconstruct the corresponding in-
variant mass M"ν!j1. Fig. 9 shows the distribution in the
invariant mass of the lepton, jet and neutrino. There is
a clear peak in correspondence of the exotic quark mass.

V. FAST DETECTOR SIMULATION AND
RECONSTRUCTED OBJECTS

In order to take into account the detector effects, such
as efficiency and resolution in reconstructing kinematic
variables, we interface the LHE output of CalcHEP with
the software Delphes that simulates the response of a
generic detector according to predefined configurations.
We use a CMS-like parametrization. For the signal we
consider a scan of the parameter space (Λ = m∗) within
the range m∗ ∈ [500, 5000] GeV with step of 500 GeV.
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FIG. 9. (Color online) Various invariant and transverse mass distributions for a choice of m∗ = Λ = 1000 GeV at
√
s = 13

TeV for the signal, dark line (blue), and the SM background, light line (red). In the top left and top right panels we show
the invariant mass distribution of the lepton with j1 the highest pT jet (leading) and with j2 the second leading jet. In the
bottom panels we show the transverse mass MT distribution (left) and the reconstructed invariant mass, M(!ν!j1), of the decay
products of the exotic quark U+ (right).

where pνT = |p ν
T | while pνL and p"L are the true components

(with sign) of the neutrino and lepton momentum along
the (longitudinal) z-axis and:

A =
M2

W + 2p "
T · p ν

T

2E"pνT
, B =

p"L
E"

. (20)

It has the solutions:

pνL =
1

1−B2

[
AB ±

√
A2 +B2 − 1

]
pTν (21)

Note that the discriminant (D) of the second order equa-
tion is the quantity in the square root, D = A2+B2− 1.
We have three distinct possibilities: (i) D > 0, two real
solutions; (ii) D = 0, one real solution; (iii) D < 0, two
complex solutions.
If the discriminant is zero there is only one solution for

pνL which can be used to fully reconstruct the neutrino.
If the discriminant is negative, the event is rejected. If
the discriminant is positive, there are two possible pνL
solutions. Using both of them, the two possible neu-

trino momentum vectors are constructed and, combin-
ing them with the lepton momentum, the two W candi-
date are re-constructed. We select the pνL solution that
gives the more central W , i.e. with the smaller pseudo-
rapidity. Then we can reconstruct the corresponding in-
variant mass M"ν!j1. Fig. 9 shows the distribution in the
invariant mass of the lepton, jet and neutrino. There is
a clear peak in correspondence of the exotic quark mass.

V. FAST DETECTOR SIMULATION AND
RECONSTRUCTED OBJECTS

In order to take into account the detector effects, such
as efficiency and resolution in reconstructing kinematic
variables, we interface the LHE output of CalcHEP with
the software Delphes that simulates the response of a
generic detector according to predefined configurations.
We use a CMS-like parametrization. For the signal we
consider a scan of the parameter space (Λ = m∗) within
the range m∗ ∈ [500, 5000] GeV with step of 500 GeV.

⇤ = 10 TeV, m⇤ = 1000GeV

Longitudinal neutrino momentum,   
hence          , can be reconstructed:

MT distribution shows a clear peak  
with a relatively sharp end-point at 
MT = m*

M`⌫j

M`⌫j

)

)
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cut pT (j1) pT (j2) MT

t1 > 180 GeV – –
t2 > 200 GeV – –
t3 > 180 GeV > 100 GeV –
t4 > 180 GeV – > 400 GeV

TABLE I. Various cuts which have been studied in order to
maximise the statistical significance. It turns out that cut t3
is the most efficient cut.

We have studied four different choices of kinematical cuts
t1 . . . t4 as described in Table I. Although the various
choices perform quite similarly, it turns out that the most
efficient choice is found to be cut t3:

pT (jleading) ≥ 180GeV, (22a)

pT (jsecond-leading) ≥ 100GeV. (22b)

For each signal point and for the standard model back-
ground we generate 105 events in order to have enough
statistics to evaluate the reconstruction efficiencies (εs,
εb) of the detector and of the cuts previously fixed (see
Eq. 22a, 22b). We select the events with two jets, one
lepton and /pT in the final state. This is justified because
the two jets are well separated, as opposed for instance to
what happens the signal pp → ""jj studied in ref. [31],
due to a heavy composite Majorana neutrino, where it
was found that depending on the heavy neutrino mass
(m∗) it is possible to have merging of the two jets in a
sizeable fraction of the events. Once we have the number
of the selected events we evaluate the reconstruction effi-
ciencies. The efficiencies are shown for the choice of cuts
t3 (see Table I) in Table II. Then for a given luminosity L
it is possible to estimate the expected number of events
for the signal (Ns) and for the background (Nb):

Ns = Lσsεs , Nb = Lσbεb , (23)

and finally the statistical significance (S) is evaluated as:

S =
Ns√

Ns +Nb
. (24)

It is then possible to obtain the luminosities needed to
obtain an effect of a given statistical significance as :

L =
S2

σsεs

[
1 +

σbεb
σsεs

]
(25)

Therefore luminosity curves at 5- and 3-σ level (i.e. fix-
ing S = 3 or S = 5) can be straightforwardly given as
a function of the mass m∗ of the exotic quark. Fig. 10
shows such 3- and 5 sigma luminosity curves which can
also be used to get indications on the potential for dis-
covery (or exclusion) at a given luminosity reached by
the experiments at Run II of the LHC.

Background
σb before cut (fb) σb after cut (fb) (εb)

8200000 14678 0.00179
Signal (IW = 1)

m∗ (GeV) σs before cut (fb) σs after cut (fb) (εs)
500 7782 5416.74 0.69606
1000 1277 1064.33 0.83346
1500 344.6 298.489 0.86619
2000 107.7 95.1185 0.88318
2500 39.05 34.7037 0.8887
3000 13.5 12.0555 0.893
3500 4.281 3.84352 0.89781
4000 1.424 1.28213 0.90037
4500 0.4957 0.446665 0.90108
5000 0.1799 0.162518 0.90338

Signal (IW = 3/2)
m∗ (GeV) σs before cut (fb) σs after cut (fb) (εs)

500 11080 5819.11 0.52519
1000 2240 1649.89 0.73656
1500 806.3 646.065 0.80126
2000 343.2 283.964 0.8274
2500 159.9 134.147 0.83894
3000 60.25 51.8626 0.86079
3500 23.55 20.0983 0.85343
4000 9.347 7.57986 0.81094
4500 3.191 2.60797 0.81729
5000 1.043 0.845737 0.81087

TABLE II. Efficiencies of the standard model Wjj back-
ground and of our signature for the IW = 3/2 and IW = 1
cases. The estimated efficiencies refer to the choice of kine-
matic cut t3 described in Tab. I or Eqs. 22a, 22b.

VI. CONCLUSIONS

We have presented the first study of the production
at the CERN LHC of new exotic quark states of charge
q = (5/3)e and q = −(4/3)e which appear in composite
models of quarks and leptons when considering higher
isospin multiplets IW = 1 and IW = 3/2. Such states
have been discussed quite sometime back [12] but their
phenomenology has been, somewhat surprisingly, not ad-
dressed in detail. Only very recently [28–30] some atten-
tion has been devoted to the phenomenology of exotic
doubly charged states appearing in the lepton sector of
the extended weak isospin model of ref. [12]. Here we ex-
plore, to the best of our knowledge for the first time, the
phenomenology of the hadron sector of the same model
with respect to the CERN LHC experiments, with a focus
on the Run II at a center of mass energy of

√
s = 13 TeV.

This is the main motivation which started the present
work which however acquires a relevant importance in
view of the fact that the model considered here has the
potential of explaining, at least qualitatively, the excess
above the SM background reported very recently by the
CMS collaboration in the analysis of the data of Run I
at

√
s = 8 TeV in the e /pT j j channel [34].

This is particularly interesting in view of the fact that
the recent studies [31] of the lepton sector of extended
weak-isospin composite multiplets suggest a possible ex-

Efficiencies 

Signal events: 

background events: 

Statistical Significance: 

Luminosity:

30

Ns = Lσ sεs

Nb = Lσ bεb

S = Ns

Ns + Nb

L = S2
σ sεs
[1+ σ bεb

σ sεs
]
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FIG. 10. (Color online) Luminosity curves at 5-σ and 3-σ level for
√
s = 13 TeV as a function of the excited quark mass

m∗ after including the fast simulation efficiencies of the detector reconstruction. For IW = 1, and for values of the integrated
luminosity equal to L = (30, 300, 3000) fb−1 we find a 3-sigma level mass reach respectively up to m∗ ≈ (2230, 2780, 3280)
GeV. For the same values of the integrated luminosity in the IW = 3/2 case we find a 3-sigma level mass reach respectively up
to m∗ ≈ (2930, 3540, 4140) GeV. The solid and dashed lines both in the 3-σ and 5-σ curves define the band of the luminosity
curves within the statistical error.

3-σ 5-σ
L (fb−1) m∗ (GeV) m∗ (GeV)

30 2930 + 70− 50 2660 + 60− 50
300 3540 + 50− 30 3280 + 60− 50
3000 4140 ±60 3880 + 60− 40

TABLE III. Discovery reach, in the case IW = 3/2, for m∗ at
3- and 5-σ level within the statistical error at different values
of the integrated luminosity L = (30, 300, 3000) fb−1.

planation of the concomitant CMS excess observed in the
eejj channel [33] in terms of an hypothetical composite
Majorana neutrino. In [31] it has been also suggested
that the composite scenario could also be connected to
the recent anomaly reported by the ATLAS collaboration
in a search of resonances in the di-boson channel [46].
We have implemented the magnetic type Gauge inter-

actions in the Calchep generator and performed a fast
simulation of the detector reconstruction of both sig-
nal and relevant SM background (Wjj) based on the
Delphes software [35].
Finally we compute the luminosity curves as func-

tions of m∗ for 3- and 5-σ level statistical significance
including the statistical error. For different values of
the integrated luminosity L = (30, 300, 3000) fb−1 we
find for instance that, for IW = 3/2 we can either ob-
serve or exclude (at a 3-σ level) respectively masses up

to m∗ ≈ (2930, 3540, 4140) GeV. See table III & IV for
details.

This is a quite interesting result which in our opin-
ion warrants more detailed studies. For instance the two
dimensional parameter space (Λ,m∗) could be fully ex-
plored. Also the effect of expected contact interactions
should be taken into account. This could improve the
sensitivity of the signature to larger portions of the pa-
rameter space.
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3-σ 5-σ
L (fb−1) m∗ (GeV) m∗ (GeV)

30 2230 + 40− 60 1980 + 40− 50
300 2780± 30 2540 + 40− 30
3000 3280± 30 3060± 30

TABLE IV. Discovery reach, in the case IW = 1, for m∗ at
3- and 5-σ level within the statistical error at different values
of the integrated luminosity L = (30, 300, 3000) fb−1.
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• Mass reach @ 3-σ for L=(30, 300, 3000) fb-1

• IW  = 1  m* ⩾ ( 2230,2780,3280) GeV 

• IW = 3/2  m* ⪎ ( 2930,3540,4140) GeV

Luminosity curves @ 5- and 3-σ within statistical error
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Q(5/3) conclusions and outlook

Quite encouraging results (high mass reach); 

More detailed studies of signature warranted: 

Full exploration of the two-dimensional parameter space 
(𝛬,m*); 

Inclusion of contact interactions;  

Start a new analysis on LHC data ? (it would be the first ever for 
excited quarks of charge 5/3 within composite models); 

Possible collaboration with CMS group @ Brown University (USA);
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Unitarity bounds on single production 
of heavy Composite fermions

“Perturbative Unitarity bounds for effective composite models”S. Biondini, R. Leonardi, O. 
Panella, and M. Presilla, [Phys. Lett. B795 (2019) 644-649, Phys. Lett. B799 (2019) 134990]  

NO SPOILER,  see following talk by MATTEO PRESILLA. 

However main takeaways: 

Theoretical unitarity bound in parton Collisions    

Implementation of the bound @ pronton-proton collisions NOT UNIQUELY DEFINED; 

Impact can be significative on experimental searches of excited composite fermions but 
ULTIMATELY DEPENDENT ON THE IMPLEMENTATION SCHEME 

This workshop is organized to foster discussion between theorists and experimentalists to 
discuss the unitarity issues in composite models, Dark Matter searches, VBS ….

→

qq̄′ → ℓNℓ
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Conclusions 
Fair to say that we have produced quite a good amount of work over a period of about 8 years; 
(  12-15 joint papers (20 including proceedings) 

AMAZING SYNERGY between experimental (CMS-Perugia and recently CMS Padova)and 
theory groups(R. Leonardi, M. Presilla, S. Biondini and O. P.) 

Pheno-studies of exotic composite states L++ ,  Q(5/3) and Heavy Majorana  Neutrinos  

Connection of model with Cosmology via Leptogenesi 

UNITARITY BOUNDS with impact in current experimental searches @LHC (THAT’S WHY WE 
ARE HERE !!) 

CMS PAS EXO-16-026 Analysis on Run II 2015 data set on Heavy Composite Majorana Neutrino 

COMING SOON!! New CMS analysis of the Heavy Composite Neutrino search with full Run II 
data set (reaload of CMS PAS EXO-16-026)  

New analysis on LHC data? (Experimental search for excited Doubly Charged Leptons L++ and 
Quarks of charge 5/3 it would be the first ever within composite models.);

≈
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Outlook 
DISCUSSION FOR A BETTER UNDERSTANDING ON HOW TO IMPLEMENT UNITARITY 
BOUNDS @LHC 

PREPARATION OF THE DOCUMENT:  (Overleaf link)  everyone is welcome to participate!! 

SCHELETON OF THE OUTCOMING DOCUMENT: 

Intro and HISTORICAL OVERVIEW of effective fermion composite models; 

REVIEW OF PHENOMENOLOGICAL STUDIES and EXPERIMENTAL SEARCHES; 

Connection of composite models with Cosmology: Leptogenesi; 

 Impact of higher Multiplets and bounds from electroweak precision observables  

UNITARITY bounds for LHC searches, implementation methods etc …  

UNITARITY in Dark Matter Searches 

UNITARITY in VBS searches 

……
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