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Abstract We investigate the search for heavy Majorana
neutrinos stemming from a composite model scenario at the
upcoming LHC Run II at a centre of mass energy of 13 TeV.
While previous studies of the composite Majorana neutrino
were focussed on gauge interactions via magnetic type tran-
sition coupling between ordinary and heavy fermions (with
mass m*) here we complement the composite model with
contact interactions at the energy scale A and we find that
the production cross sections are dominated by such contact
interactions by roughly two/three orders of magnitude. This
mechanism provides therefore very interesting rates at the
prospected luminosities. We study the same-sign di-lepton
and di-jet signature (pp — ££jj) and perform a fast detec-
tor simulation based on DELPHES. We compute 30 and 5o
contour plots of the statistical significance in the parameter
space (A, m*). We find that the potentially excluded regions
at /s = 13 TeV are quite larger than those excluded so far
at Run I considering searches with other signatures.

1 Introduction

The recent discovery [1,2] of the Higgs boson at the CERN
Large Hadron Collider (LHC) has certainly crowned in the
most spectacular way an almost half-century long history of
successes of the standard theory of the electroweak interac-
tions, the so-called standard model (SM).

In spite of tremendous efforts made by the experimental
collaborations working in the LHC experiments the hunt for
new physics (supersymmetry, compositeness, extra dimen-
sions, etc.) has so far been unsuccessful. Impressive and
increasingly stringent new bounds on the scale of several
beyond the standard model (BSM) scenarios are continually
being reported.

In this paper we propose to study the like-sign di-lepton
and di-jet (eejj) signature from a gauge model [3] with an
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hypothetical heavy Majorana neutrino within the well-known
scenario of compositeness of quarks and leptons, comple-
mented here with contact interactions.

In this scenario the heavy excited states (g*,e*, v™)
couple, through gauge interactions, with the ordinary SM
fermions via magnetic type couplings. Current bounds on
excited lepton masses (generically indicated by m*) have
been recently strengthened by the LHC Run I analyses [4,5]
of the ££y signature arising from £* production (pp — ££*),
via four fermion contact interactions with a compositeness
scale A, followed by the decay ¢* — {y. In particular
in [4] the ATLAS Collaboration reporting an analysis at
/s = 8 TeV with an integrated luminosity of 13 fb~! gives
a lower bound on the mass of the excited leptons m* > 2.2
TeV (derived within the hypothesis m* = A). In [5,6] the
CMS Collaboration reported the results of data collected with
19.7 fb~! at /s = 8 TeV and (always assuming m* = A)
excluded excited electron (muon) masses up to 2.45 (2.48)
TeV. Preliminary studies within the compositeness scenario
of the like-sign di-lepton and di-jet signature were performed
long ago [3], assuming the excited neutrino v* = N to be a
Majorana particle. Here our aim is to complement the com-
posite Majorana neutrino model of Ref. [3] with contact inter-
actions which are again a generic expectation of a composite
fermion scenario [7]. Based on previous studies related to the
production at LHC of exotic doubly charged leptons [8] we
expect these contact interactions to be the dominant mecha-
nism for the resonant production of the heavy Majorana neu-
tral particles N in the process pp — £N. This expectation
is indeed verified by our numerical simulations performed
with a custom version of CalcHEP [9,10] where our model
has been implemented. The heavy Majorana neutrino is pro-
duced resonantly in association with a lepton (pp — £N)
and then given the relatively important branching ratio for
the decay N — £jj we perform a detailed kinematic study
of the like-sign di-lepton and di-jet final state:
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pp —> tLjj (1

including the relevant standard model backgrounds.

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 alternatively
excluding larger portions of the model parameter space com-
pared to those already excluded from analyses of Run I [4—
6].

We remark, however, that the CMS Collaboration has
recently reported an excess over the SM background expec-
tations in the eejj and epr jj final states where pr is the
missing transverse momentum. The analysis in [11] for a
search of right-handed gauge boson, W, based on 19.7 fb~!
of integrated luminosity collected at a centre of mass energy
of 8 TeV reports a 2.80 excess in the eej j invariant mass dis-
tribution in the interval 1.8 TeV < M,,;; < 2.2TeV.ACMS
search [12, 13] for first generation lepto-quarks at a centre of
mass energy of 8 TeV and 19.6 fb~! of integrated luminosity
reported an excess of, respectively, 2.40 and 2.60 in the eej j
and eyt jj channels.

Several scenarios have been proposed in the literature
to explain the above CMS excesses in the context of vari-
ous standard model extensions. For instance in [14,15] the
authors propose an explanation of the excesses in the con-
text of Wg decay by embedding the conventional left-right
symmetric model (LRSM) (g1 # gr) in the SO(10) gauge
group. Studies of the eejj excess in the context of Wy and
7' gauge boson and heavy neutrinos (N )—coupling mainly
to electrons—production and decay appear in [16—18]. Sim-
ilarly [19] discusses a model with pseudo-Dirac heavy neu-
trinos providing a fit to all excesses in a generic LRSM with
arbitrary gg, W—Wpg boson mixing, heavy neutrino N and
v—N mixing. In addition, the authors point out the conse-
quences of the excesses for neutrino-less double beta decay
OvBB decay, and they find for example that OvgBg actually
provides a pretty severe limit on the v—N mixing assuming
the excesses are real.

Other interpretations have been proposed within the con-
text of models with vector-like leptons as in [20] showing that
resonant pair production of such vector-like leptons decaying
to an electron and two jets leads to kinematic distributions
consistent with the observed CMS data. The eejj excess has
been shown to arise as well in R-parity violating models
through slepton resonant production [21-23]. An alternative
scenario based on lepto-quarks is proposed in [24,25], dis-
cussing also possible connections to dark matter, which fits
the data of the excess seen by CMS. In [26] the observed
CMS excesses are explained within superstring inspired Eg
models which can also accommodate for the baryon asym-
metry of the universe via lepto-genesis. Other studies have
emphasised that the observed differences between the eejj,
uujj,same-sign (SS) and opposite-sign (OS) channels could
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be addressed including mixing and CP phases of the heavy
neutrinos [27]. On the other hand it is well known that the
like-sign di-lepton and di-jet (eejj), AL = 2 violating final
state (Keung—Senjanovic process), is the golden signature to
look for heavy Majorana neutrinos at high energy hadron col-
lisions [3,28-36]. Studies of heavy (pseudo-Dirac) neutrino
production at the LHC within the inverse see-saw mechanism
have been performed [37], also considering the quark—gluon
fusion mechanism [38,39].

We show that our heavy composite Majorana neutrino
model, in its simplest version can reproduce, at least qualita-
tively, some features of the observed excess in the eej j invari-
ant mass distribution. We discuss how, with some refinement,
it has the potential to address also other aspects of the excess,
such as the absence of a peak in the second-leading-electron—
JjJj invariant mass distribution, the charge asymmetry of the
excess, and the fact that the same excess is not observed in
the wpjj channel [11].

The rest of the paper is organised as follows: in Sect. 2
we review the theoretical aspects of the composite model,;
in Sect. 3 we discuss the heavy neutrino production cross
sections and decay rates; in Sect. 4 we discuss the same-
sign di-lepton and di-jet signature and the main associ-
ated SM backgrounds; in Sect. 5 we present the results
of the fast simulation obtained through the DELPHES [40]
software; finally Sect. 6 gives the conclusions with out-
looks.

2 Composite model(s) with gauge and contact
interactions

In this section we review the composite model of excited
fermions investigated in [3] within the hypothesis of a heavy
Majorana neutrino. Compositeness of ordinary fermions is
one possible scenario beyond the standard model. In this
approach quarks and leptons are assumed to have an inter-
nal substructure which should become manifest at some
sufficiently high energy scale, the compositeness scale A.
Ordinary fermions are then thought to be bound states of
some as yet unobserved fundamental constituents generically
referred to as preons. While building a fully consistent com-
posite theory has proven to be quite difficult some, impor-
tant and model independent features of the compositeness
scenario can be phenomenologically addressed. Quite natu-
ral properties of this picture are [41-43]: (1) the existence
of excited states of such low lying bound states of preons
q*, e*, v*... with masses m* < A; and (2) contact interac-
tions between ordinary fermions and also between ordinary
and excited fermions. Let us consider here the various possi-
ble composite models with respect to the idea of introducing
lepton number violation (LNV) via a composite Majorana
neutrino.
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(a) Homo-doublet model
The homo-doublet model [44,45] contains a left-handed
excited doublet along with a right-handed excited doublet:

* *
L= ("L L =("r). 2

Typically the left- and right-handed doublet are assumed
to have the same mass. It is well known that two left and
right Majorana fields with the same mass combine to give
a Dirac field (with a Dirac mass) [46]. The homo-doublet
model, as laid out, cannot therefore accommodate Majorana
excited neutrinos, and hence lepton number violation (LNV).
This becomes possible if one is willing to introduce a mass
difference between the left and right doublet (v} —v} mixing)
or, in other words, a breaking of the L-R symmetry. Such
a possibility has been discussed for instance in Ref. [47]
where the v* is possibly a linear combination (with mixing
coefficients) of Majorana mass eigenstates.

On the other end, if we do not want to introduce a mass
splitting (or mixing) between the left and right compo-
nents in the homo-doublet model, we can account for LNV
advocating different models within the compositeness sce-
nario which naturally can accommodate a Majorana neu-
trino [47,48]. These are the following:

(b) Sequential type model

The sequential model contains excited states whose left-
handed components are accommodated in SU(2) doublets
while the right-handed components are SU(2) singlets:

v*
LL_<E*>’ €R>
L

and the notation [v} ] means that v is necessary if the excited
neutrino is a Dirac particle while it could be absent for a
Majorana excited neutrino. The magnetic type interactions
in this case can be constructed by coupling the left-handed
excited doublet to the SM fermion singlets via the Higgs
doublet [47]. This results in coupling strengths suppressed
by a factor v/A [48] where v & 246 GeV is +/2 times the
vacuum expectation value of the Higgs field.

il 3)

(c) Mirror type model

It is assumed to contain a right-handed doublet and left-
handed singlets:

e, il L}Ez(”,’f), @

where we may assume that there is no left-handed excited
neutrino (v;) so that we can associate to v a Majorana
mass term and v* is a Majorana particle. This model is
described by a magnetic type coupling between the left-
handed SM doublet and the right-handed excited doublet via

the SU(2); x U(1)y gauge fields [47,48]:

1 - T ,
L= Lyo (ng W +g f/YB,w) Ly +he.,

(&)

where LT = (v, L, 1) is the ordinary SU (2), lepton dou-
blet, g and g’ are the SU (2), and U (1)y gauge couplings and
W, By, are the field strength for the SU(2), and U(1)y
gauge fields; f and f’ are dimensionless couplings which
are typically assumed to be of order unity.

The relevant charged current (gauge) interaction of the
excited Majorana neutrino N = v* then is

Lo=5" Nou L 3 W + hee. (6)

V2A

The above mirror type model is therefore the model to
which we will refer our detailed simulation of the like-sign
di-lepton signature at the Run II of the LHC.

Incidentally we note that SM extensions involving mirror
fermions have been recently considered [49] with respect to
the phenomenology of the production of mirror quarks at the
LHC.

Finally, we may add that one could also consider extended
isospin composite models [50] where the excited states are
grouped in triplets (Iy = 1) or quadruplets (Iwy = 3/2)
instead of doublets (Iy = 1/2) as considered above. Such
extensions of the composite scenario contain exotic charge
states like doubly charged leptons and quarks of charge Q =
(5/3)e. Some phenomenology of these extensions involving
the doubly charged leptons has been addressed recently [8,
51]. Such extended weak isospin composite models could
also be considered with the additional hypothesis that the
excited neutrino is a Majorana particle.

The model with Iy = 1 can only couple [50] the triplet
el = (L° L=, L=™) with the right-handed lepton singlet
L. Therefore we may assume a sequential type structure
with a left-handed triplet and right-handed singlets. If the
L% is missing we may assume for the L(Z a Majorana mass
term and so the excited neutral L of the triplet is a Majorana
neutrino (N). The magnetic type interaction reads:

L= %q%@a”w +hc. )

where f] is an unknown dimensionless coupling in principle
different from f appearing in Eqs. (5) and (6). The relevant
charged current interaction of the neutral component of the
triplet LY is in this case:

L= %E%e,qavw# +h.c. 8)

which differs form the one in Eq. (6) in the chirality of the
projection operator.
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The Iy = 3/2 quadruplete” = (L*, L% L=, L=7) cou-
ples instead [50] with the left-handed SM doublet, so that
assuming a mirror type scenario and that there is no L% we
can assign to L% a Majorana mass term so that the L? neu-
tral of the quadruplet can be a Majorana neutrino (N). The
magnetic type interaction is [50]:

3 1 _

c=c(2, ML, m; =~ mw @(eR)Ma,weLm/a“W;ﬁh.c.
2 2 A

9

where f3,> is an unknown dimensionless coupling in prin-
ciple different from f, fi and C(%, M|1, m; % m') are
Clebsch—Gordan coefficients. In particular in the case of
Iw = 3/2 the relevant neutrino charged current interaction
turns out to have the same structure as in Eq. (6):

L= %ﬁ%qavw Y he. (10)

Therefore the interaction in Eq. (6) effectively describes the
charge current interaction of a heavy Majorana neutrino both
in the (/y = 1/2) mirror type model or in a composite
model with extended weak isospin (Iyy = 3/2), always of
the mirror type, provided that we make the correspondence
V2fip/V3=f.

Contact interactions between ordinary fermions may arise
by constituent exchange, if the fermions have common con-
stituents, and/or by exchange of the binding quanta of the
new unknown interaction whenever such binding quanta cou-
ple to the constituents of both particles [7,48]. The dominant
effectis expected to be given by the dimension 6 four fermion
interactions which scale with the inverse square of the com-
positeness scale A:

2

il ..
Lcr = A—*ZEJ“Ju (11a)
Ju = anLVqu + niffmff + an_]ikVqu + h.c.

+ (L — R) (11b)

where gﬁ = 47 and the 7 factors are usually set equal to unity.
In this work the right-handed currents will be neglected for
simplicity.

The single production g¢g’ — N{ proceeds through
flavour conserving but non-diagonal terms, in particular with
currents like the third term in Eq. (11b) which couple excited
states with ordinary fermions:

2
g5 _ _
Lcr = _A*z Gry"qp Noyule. 12)

which were not considered in [3,51] while are now fully
implemented in our simulations.
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The Feynman rules corresponding to the Lagrangians in
Egs. (6) and (12) have been derived with FeynRules [52],
a Mathematica [53] package which allows one to derive
the Feynman rules of a given quantum field theory model
once the Lagrangian is given. While the gauge interactions
in Eq. (6) where introduced in the CalcHEP [9,10] gener-
ator already in [51] and the contact interactions in Eq. (12)
were implemented in our CalcHEP model in [8], in this study
we have explicitly implemented the Majorana nature of the
excited heavy neutrino N assumed in our model.

We conclude this section with one final remark regard-
ing the assumption that in this work the dimensionless cou-
plings f, f', fi, f3/2 are O(1). The production cross sections
and all simulations presented in the following are obtained
assuming f = f' = fi = fz;» = 1. This should be
recalled when quoting the resulting bounds on the other
parameters of the model, namely (m*, A). In this regard
we point out that the cross section yield in the eejj final
state cannot easily be rescaled if f = f’, fi, f32 # 1
because, although the production mechanism is dominated
by contact interactions (which do not depend on these con-
stants) the decay of the heavy Majorana neutrino is affected
by both gauge interactions—and hence by the factors f =
f' fi, f3j2—and contact interactions (independent of the
f = f', f1, f3/2); see the next section for details. A direct
comparison with other studies [54,55] which derived bounds
on the mixing parameters for the electron flavour of the heavy
neutrinos is therefore not possible at the moment. We would
need to implement in the generator a model with the addi-
tional parameters f, f’, f1, f3/2.

3 Cross section and decay width of the composite
Majorana neutrino

Heavy Majorana neutrinos N can be singly produced in
association with a lepton £ in pp collisions. The process
pp — N{ can occur via both gauge (Fig. 1, first diagram in
the right-hand side) and contact interactions (Fig. 1, second
diagram in the right-hand side).

We now present here the production cross section for the
heavy Majorana neutrino N in pp collisions expected at the
CERN LHC collider stemming from the partonic collisions.
Owing to the QCD factorisation theorem, the hadronic cross
section are given in terms of convolution of the partonic
cross sections & (ts, m*), evaluated at the partons centre of
mass energy Vs = A/Ts, and the universal parton distribu-
tion functions f;, which depend on the parton longitudinal
momentum fractions, x, and on the factorisation scale Q:

o= [ 005 o

(13)
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di N q;

I qj Vas

N q; N

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)

o(pp — N e™) (fb)

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

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 Q =m*.

In Fig. 2 (left) we present the cross section against the
heavy Neutrino mass for A = 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 (A = 10 TeV). In Fig. 2 (right) we
compare the cross sections of pp — £+£% jj with the one of
pp — €€ jj, 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 ud pair
(needed to produce £ £T) compared to that of a iid (needed
to produce £1¢T).

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 — €qq’ N — £707v@®) N — v(d)gq/

10! S REEE e EEREE e RERE

cross section (fb)

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

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 — £*¢gq/, the
decay that gives the final signature under examination of two
like-sign leptons and di-jet, pp — £7¢T jj, 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 (AL = +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

@ Springer
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10" &
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—e*qd)(GeV)

10" E

0.44
0.42
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0.38
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BIN—>e'qq)

0.34
0.32

0.3

Fig. 3 Left the gauge and contact contributions to the width of the decay of the heavy neutrino N into a positron and two quarks I'(N — eTqg/).

Right the branching ratio B(N — eTqg/) of the same decay

/ qi
4di > < Vs
N
QJ < < f+

qQ

VA
/ Vas
\* 4k

N

q

N
S

Fig. 4 On the left the process with the virtual heavy composite Majorana neutrino (N), on the right the process with resonant production of N
and its subsequent decay. The dark blob includes both gauge and contact interactions (see Fig. 1)

realised by two distinct classes of Feynman diagrams which
are shown in Fig. 4. In Fig. 4a there is a #-channel exchange
of a virtual heavy Majorana neutrino while in Fig. 4b the
heavy Neutrino is resonantly produced (s-channel) and its
subsequent decay. In Fig. 4, each dark (grey) blob includes
both a gauge or a contact interaction term whose Feynman
diagrams are those shown in Fig. 1.

The process in Fig. 4ais the collider analog of the neutrino-
less double-$ decay (0vBp), the well-known lepton number
violating (AL = =£2) nuclear rare decay [57,58] which, if
detected, would unambiguously verify the Majorana nature
of neutrinos. The half life of the OvSp is currently bounded as
Tlo/vzﬂ b > 1.1 x 10 years [59] at 90 % confidence level, from
the data of the 13°Xe EXO (Enriched Xenon Observatory)-
200 experiment. Previous searches with 7°Ge (the GERDA
experiment) [60] and with 130Xe (the KamLAND-Zen exper-
iment) [61] had established a half-life longer than 10? years.
In a high energy collider a heavy Majorana neutrino can be
produced in resonance, Fig. 4b, if the mass of the neutrinos is
kinematically accessible my < V5, where /3 is the energy
in the parton centre of mass frame. In this case the cross
section for the signature pp — £{jj is approximated by

@ Springer

10" e e e e

10° 3 3

o(p p — e’e'jj) (fb)
>
T
|

Fig. 5 Comparison between the parton-level cross sections of the pro-
cess pp — ete™ jj with resonant production of heavy Majorana neu-
trino (solid line) and that with a virtual heavy Majorana neutrino (dashed
line). Both gauge and contact interactions are considered in each case

o(pp — jj) =~ o(pp — LN)B(N — £jj). The resonant
production rate is dominant relative to the virtual neutrino
exchange contribution. This was demonstrated in [32] for
the gauge-only case and it is still true in the current model
including also the contact interactions. This has been explic-
itly verified and is shown explicitly in Fig. 5.
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Fig. 6 Top-left the leading-positron transverse momentum distri-
bution. Top-right the leading-positron pseudo-rapidity distribution.

Centre-left the second-leading-positron transverse momentum distribu-
tion. Centre-right the second-leading-positron pseudo-rapidity distribu-

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 AL =+ 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]:

o
© o ©
o N O
N GO ®
T T T

o

o ©

S o

m —
T T

1/N(dN/dn) (bin width 0.1)
©
2
[6)}
T

o o o
o © o © o
S o = o ™
a = o P o
T T T T T

1/N(dN/dn) (bin width 0.1)

8 6 4 2 0 2 4 6 8

T](esecond Ieading)

0.1
0.09 -
0.08 -
0.07
0.06
0.05
0.04
0.03
0.02
0.01

O |
0 500 1000
M(e2jj) (GeV)

T T T
signal A=10TeV, m*=1000GeV

background tt
background WHW*rw™ ———

1/N(dN/dM) (bin width 10 GeV)

1500 2000

tion. Bottom-left the distribution in the A R of the two jets. Bottom-right
the distribution in the invariant mass of the second-leading positron (e2)
and the two jets. All shown distributions are at generator level

pp — tt — £ 0T vvjets,
pp— WHWTW™ = eTvetyjj.

(14a)
(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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GeV and A = 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:

(15a)
(15b)

PT (€1faging) = 200GeV,

+
pr (esecond—leading) > 100 GeV.

On the contrary we can see from Fig. 6 (top-right and centre-
right) that the angular distributions of the leading and second-
leading leptons are quite similar between signal and back-
ground.

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 separation in the
(n, ¢) plane, AR = /(An)? + (A¢)2, (n is the pseudo-
rapidity and ¢ the azimuthal angle in the transverse plane).
The corresponding AR distributions all have a peak at low
values of (AR). Therefore, in the reconstruction process, it
is possible to have merging, i.e. the two jets can be often
reconstructed as a single jet. The same is not true for the
electrons. There is a twofold reason for this. On one hand in
the production process pp — ¢N, £ and N are produced in
two opposite regions of the transverse plane of the detector,
and consequently the same will be true for £ and the second
lepton (£) from the decay of the heavy neutrino N. On the
other hand, it should be kept in mind that the detectors for the
LHC experiments can reconstruct the tracks of charged lep-
tons with a very good resolution which certainly warrants the
reconstruction of both leptons. The previous considerations
can be better understood by the fact that, as shown clearly
in Fig. 3, at a given compositeness scale A one can iden-
tify two regions of the heavy composite neutrino mass m™*
where the decay (of the heavy composite neutrino) is domi-
nated by gauge interactions (GI) and another where instead it
is dominated by contact interactions (CI). Since we assume
m* 3> My, when we are in the region where GI dominate we
expect the 2 jets from the W decay to be highly boosted and
merged. This effect is expected to be more pronounced as the
mass of the heavy neutrino increases, as checked explicitly
in Fig. 6 (bottom-left) where the peak at low values of AR
moves closer to AR = 0 for higher values of m™*. On the
other hand the lepton from the decay of the heavy neutrino
is unrelated to the W gauge boson and we thus expect it to
be isolated from the jets. When we are in the region where
the CI interactions dominate all decay products of the heavy
neutrino are produced without being constrained to a par-
ticular direction (precisely because the CI are not mediated
by a gauge particle), and again the lepton is expected to be
isolated from the jet(s). In this case the fraction of events
with well-separated jets will also increase at higher heavy
neutrino masses where the contact interaction dominates, as
shown in Fig. 6 (bottom-left) by the peak near AR = 3.

@ Springer

Incidentally, the above considerations are corroborated by
a simple numerical check in the AR distribution of Fig. 6
(lower-left). For m* = 5000 GeV the peak near zero has a
fraction of events (20 %) which is compatible with the ratio
of the gauge and contact widths from Fig. 3 (%15 %) given
the fact that there is a small tail due to contact interactions.

Let us also mention that information as regards the mass
of the heavy Majorana neutrino can be obtained from the
invariant mass distribution of the second-leading lepton and
the two jets. Indeed in Fig. 6 (bottom-right) we show that
this distribution has a very sharp peak corresponding to the
heavy Majorana neutrino mass. This is indeed expected since
in the resonant production the heavy Majorana neutrino N is
decaying to £T¢gq’ and the lepton from N is expected to be
the one second leading, while the leading lepton is the one
produced in association with N, in pp — £+ N.

Finally we show explicitly that the di-lepton plus di-jet sig-
nature from a heavy composite Majorana neutrino can easily
explain the excess observed by the CMS Collaboration [11]
in the eej j invariant mass distribution in the interval 1.8 TeV
< M,.jj < 2.2 TeV. Figure 7 shows, at generator level and
for a particular point of the parameter space (A = 10 TeV,

* = 1000 GeV), that the eejj invariant mass distribution
can easily accommodate an excess in the interval where it
has been claimed by the CMS Collaboration.

Let us comment here on general expectations about the
shape of the eejj invariant mass distribution. Owing to the
QCD factorisation theorem, as in Eq. 13, and the well-known
recursive reduction properties of the multi-particle phase-
space [62,63] the invariant mass distribution of our ee;j j final
state is easily established to be given by the following relation
(note that the £¢j invariant mass coincides with the energy
of the parton centre of mass frame, Mgg i = S):

dM2

Z Mg
Ml@/ fa a ) fb Sx El Q
jj

8 / tui d_Q2 VO 64, gy en+(Mygjj, Q) Tnesgji (Q)
0 m (Q2 — M2)% + (MyTi(Q))?
(16)

where Q is the QCD factorisation scale and Q is the vir-
tual momentum of the resonantly produced heavy neutrino
N. We see that such invariant mass distribution is the prod-
uct of two factors. One such factor, the first in the right-
hand side of Eq. 16, is a (dimensionless) parton distribution
luminosity factor that vanishes at very large invariant masses
Mygj; ~ /s, while the second factor in the right-hand side of
Eq. 16, is an integral over the virtuality of the produced neu-
trino, Q and vanishes for small values of the invariant mass
or Mygjj < My . Therefore in general we expect an invariant
mass distribution characterised by a peak for Mye;; 2 My.
Such picture is of course not altered by the relative impor-
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Fig. 7 Invariant mass distribution, at the generator level, of the eej;j
system at /s = 13 TeV. In the left panel we show the distribution for
three different mass values at a fixed value of A. The signal distribution
gives clearly an excess relative to the standard model expectation in

tance that contact and gauge interactions may have in the
decay process I' v+, ¢;; (Q) and, furthermore, the production
cross section, (}qaq‘b_)g]v (Mggjj, Q), is always dominated by
contact interactions. Figure 7 (left panel) shows explicitly the
behaviour described above for three different values of the
excited neutrino mass, m* = 1,2,3 TeV and A = 10 TeV.
The same behaviour is also observed for different values of
the compositeness scale A = 5, 15, 25 TeV for a given value
of the excited mass m* = 1500 GeV, both at 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 (1*) instead of assuming full
degeneracy between the families, i.e. that me+ & m i« ~ m*.

5 Fast detector simulation and reconstructed objects

In order to take into account the detector effects, such as effi-
ciency 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 [40]. We use a CMS-
like parametrisation. For the signal we consider a scan of the
parameter space (A, m*) within the ranges A € [8, 40] TeV
with step of 1 TeV and m™* € [500, 5000] GeV with step of
250 GeV. For each signal point and each background we gen-
erate 10° events in order to have enough statistics to evaluate
the reconstruction efficiencies (e;, €p) of the detector and of
the cuts previously fixed (see Egs. 15a, 15b).

The leptonic flavour of our signature is determined by
the flavour of the excited heavy Majorana neutrino: be it
either v} or v;, (in this work we do not consider a final
state with 7 leptons due to the production of v}). In our
simplified model characterised by the parameters (A, m,) we

< 0.007 T . . T

15} m*=1500 GeV A=5TeV

o 0.006 [ ”\I’l“ A=15TeV .
- Tl A=25TeV

Ko { r.Jr

S 0.004 J|’ hﬁ" .
£ o e |
5 0003 | ,.h,#l

—~ I |

% 0 ’ 002 B ’F IKW."IIE\I‘ ]
> 0.001 - [ ‘rll‘"}a "™ -
% 0 ’—-‘j 1 1 1 B o
= 0 1000 2000 3000 4000 5000 6000

Mggjj (GeV)

the region of large invariant masses. The right panel shows the shape
independence of the distribution from the values of A; see fext for more
details

are assuming mass degeneracy between the various flavours
of excited states. So in principle if we can produce v} we can
also produce (UZ) 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 signature.

To keep our discussion general enough to include both
possibilities we use in the text the notation ¢£ instead of
simply ee or uu. 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 efficiency,
regardless of whether there are indeed 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 the 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 evalu-
ate the reconstruction efficiencies, then for a given luminosity
L it is possible to estimate the expected number of events for
the signal (Ny) and for the background (Np) and finally the
statistical significance (S):

N,
Ny = Logeg, Np = Lopep, S =

VN,
In Fig. 8 top-left, top-right and bottom-left we show the con-
tour plots of § = 3 and § = 5 in the parameter space

a7
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Fig. 8 Contour maps of the statistical significance for § = Sand S = 3
in the parameter space (A, m*) for \/s = 13 TeV and for three values
of the integrated luminosity L = 30, 300, 3000 tb~1. The solid lines
are the central values, the lighter bands represent the spread due to the

(A, m*) for three different values of integrated luminosity
L = 30,300, 3000 fb—!. 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 5o
curves at the three integrated luminosity values.

Finally in Fig. 9 we compare our 3o contour plots (S = 3)
for the three different values of integrated luminosity L =
30, 300, 3000 fb~! of Fig. 8 with the 95 % confidence level
exclusion bounds from two Run I analyses at /s = 8 TeV:
ATLAS with 13 fb~! [4] and CMS with 19.7fb~! [5]. The
shaded regions below the solid, dashed and dot-dashed lines
are the current CMS exclusion at \/s = 8 TeV with 19.7 fb~!
of integrated luminosity (blue) [S] and the ATLAS exclusion
at /s = 8 TeV with 13 fb~! (yellow) and the region of
the parameters where the model is not applicable (grey) i.e.
m* > A. Such experimental exclusion regions from Run
I are compared with the contour plots expected from Run
I, considering the process studied in this work.! The solid
(magenta), dashed (red) and dot-dashed (green)—without

1 We note that while the notion of a discovery reach at 3¢ is different
from that of an exclusion region at 95 % C.L., it is sufficiently close to
it that the comparison of the two gives a rough idea of the sensitivity
achievable at Runll with the eej;j signature.
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statistical error. In the lower right panel we compare the 5o exclusion
plots at three values of integrated luminosity. Regions below the curves
are excluded

shading—are the projected contour maps for S = 3 (30)
in the parameter space (A, m*) of the statistical significance
for \/s = 13 TeV and for the following three values of the
integrated luminosity: L = 30, 300, 3000 fb—!.

Therefore an experimental study of the eejj signature at
LHC is sensitive to a heavy composite Majorana neutrino up
to masses of &~ few TeV. In the absence of a discovery, it will
be possible to increase the excluded regions of the parameter
space; more so at increasing integrated luminosities. In the
authors’ opinion a dedicated experimental analysis of this
channel with the data of RunlI of the LHC should be under-
taken.

6 Discussion and conclusions

In this work we take up the well-known composite model sce-
nario [48] in which ordinary quarks and leptons may have
an internal substructure. The essential features of this sce-
nario are: (1) the existence of massive excitations of the SM
fermions, the so-called excited quarks (¢*) and leptons (£*),
which interact via (effective) gauge interactions of the mag-
netic type with the light SM quarks and leptons; (2) the pres-
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Fig. 9 Current exlusion regions at 95 % C.L.—on the plane of param-
eters (A, m*) from CMS [5] and ATLAS [4] searches (Run I) of
pp — ¥ — Ly (£ = e) versus the discovery reach expected at
Run II, 30 significance curves—continuous, dashed and dot-dashed
lines—, from the eejj signature due to a heavy composite Majorana
neutrino (pp — LN — LLjj, € = e). See text for further details

ence of four fermion contact interactions between ordinary
fermions and also between ordinary and excited fermions.

These excited states have been searched for in a num-
ber of dedicated direct searches. In this study we reconsider
the hypothesis that the excited neutrino is of Majorana type.
This ansatz had been considered in [3] where a model based
on gauge interactions only was used to describe the produc-
tion and decay rates of the composite Majorana neutrino. We
have included the contribution of contact interactions in the
phenomenology of the excited Majorana neutrino, hitherto
not considered in the literature. The model is implemented
in CalcHEP which allows quite extensive simulations at the
generator level. The contact interaction mechanism turns out
to be dominant in the resonant production of the heavy Majo-
rana neutrino. We have performed a fast simulation study of
the same-signed di-lepton plus di-jet signature (eejj) arising
from the resonant production of a heavy composite Majorana
neutrino and its subsequent decay, analysing in detail both
signal and background in order to optimise the statistical sig-
nificance.

We have performed such phenomenological study of the
production of heavy composite Majorana neutrinos at LHC
also in view of possible connections with the recent obser-
vations by the CMS Collaboration of: (1) a 2.8¢0 excess in
the eejj channel in a search for Wy gauge bosons [11]; and
(2) a2.40 and a 2.60 excesses, respectively, in the eejj and
eprjj in a search for leptoquarks [12,13].

We find that the invariant mass distribution of the sys-
tem made up of the second-leading lepton and the two jets
is highly correlated to the heavy Majorana neutrino mass;
see Fig. 6 (bottom-right). A fast simulation of the detector
effects and efficiencies in the reconstruction process is per-
formed using the DELPHES [40] package based on a CMS-like
configuration.

We scanned the two dimensional parameter space (m™, A)
for some benchmark values and computed the statistical sig-
nificance. We provide the contour plots of the statistical sig-
nificance S at 30 and 5o (see Fig. 8). We find for instance
that with A = 15 TeV the LHC can reach a 30 sensitivity
for masses up to m* = 1500, 2500, 3000 GeV, respectively
for an integrated luminosity of L = 30, 300, 3000 b1,

Finally, in the parameter space (m*, A), we compared (see
Fig. 9) such 3o significance curves with the 95 % C. L.
exclusion regions from experimental data of Run I cf. [4,5],
(see also footnote in Sect. 5). Such analyses have investigated
signatures of excited electrons and muons (¢ = ¢*, u*) being
produced by contact interactions (pp — ££*) and decaying
via £* — ¢ + y. Strictly speaking such analyses access the
parameters spaces (m.+, A)and (m .+, A)thatarein principle
different from the one presented here (my, A). However, all
excited states masses can be assumed to be approximately
degenerate, at least at a first order approximation. Under the
hypothesis My =~ me+ = my+ ~ m* the eejj signature
discussed in this work provides contour maps that can be
considered on the same parameter space of the other analyses
based on pp — €y [4,5]. This comparison shows that the
eejj signature from a heavy composite Majorana neutrino
has the potential to improve sensibly the current constraints
on the composite scenario.

Before concluding we would like to comment briefly on
another anomaly reported by the ATLAS Collaboration and
on recent results from the ATLAS and the CMS Collabora-
tions from Runll, and on how our model could interpret them.

In a search [64] for high-mass di-boson resonances with
boson-tagged jets at +/8 TeV the ATLAS Collaboration has
reported an excess at around 2 TeV with a global signif-
icance of 2.5 standard deviations (note, however, that the
same search performed by the CMS Collaboration did not
observe a similar excess [65]). Our model contains fermion
resonances (excited quarks and leptons) which do not couple
directly to a pair of gauge bosons. Indeed a fermion cannot
decay to a pair of gauge bosons by angular momentum con-
servation. On general grounds our fermion resonances could
produce final states with a pair of gauge bosons but these
would always be accompanied by other objects such as lep-
tons and jets (SM fermions). As an example one might think
to pair produce the excited neutrinos pp — Z* — v*v* with
the excited neutrinos decaying leptonically v* — W¥eT.
One obtains a final signature of W+ W ~ete™ which is differ-
ent from the one considered in the ATLAS search for high-
mass di-boson resonances consisting of only gauge boson
pairs (WW, WZ or ZZ).

However, one might imagine to pair produce the charged
excited fermions, for instance ¢* and/or ¢*, almost at thresh-
old (if they are very massive). Such pair of heavy fermions
could in principle form a 1S bound state (via the known
Coulomb and/or color interaction) which in turn could decay
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to a pair of intermediate vector boson given the high mass of
the hypothetical heavy fermions [66,67].

Therefore our model has in principle the potential to repro-
duce an excess in the di-boson signal. The estimate of such
effects is certainly very interesting and it would surely be
worth further investigation (one needs for instance to under-
stand whether such bound states could form at all in the
first place). However, a quantitative analysis goes beyond the
purview of the present work and we postpone it to a future
study.

Very recently the CMS and the ATLAS Collaborations
have released the first results of Run II of the LHC at \/1_3
TeV, with, respectively 42 and 80 pb~! of integrated luminos-
ity [68,69], reporting about a search for hadronic resonances
in the di-jet channel and showing ~ 1o excess(es) at an invari-
ant mass of about 5 TeV in the measured di-jet invariant mass
distribution.

Such excess(es), if confirmed by further data and statistics,
could in principle signal the first hadronic (excited quark) res-
onance level in a composite model scenario beyond the 2 TeV
eejj anomaly. Indeed the analysis in [68] excludes excited
quarks masses from around 3 TeV at 95 % C.L. (if m* = A)
while in [5] excited lepton masses are excluded at 95 % C.L.
fromm™ = 2.5 TeV (again assuming m* = A). These exper-
imental bounds would seem to preclude the possibility of an
excited fermion bound state with regard to the explanation
of the di-boson anomaly at 2 TeV (see above) since a g* (e*)
bound state would need to have a mass of at least 6 TeV (5
TeV). However, the quoted bounds for the excited fermions
are for m* = A, which is the limit of validity of the effective
composite model. For values of A higher than m* the actual
bounds on m* are lower (see for example Fig. 9). In such
regions of the parameter space the 2 TeV di-boson anomaly
could still be explained (in principle) by a g*g* (or e*e*)
bound state with a mass m* ~ 1 TeV.

As a last remark concerning the eejj anomaly we would
like to comment on the fact that (1) the same excess is not
observed in the upjj channel and (2) the observed charge
asymmetry of the like-sign di-leptons [11]. The absence of
the excess in the wujj channel could be explained by our
model simply assuming that the excited muon state (u*) is
somewhat heavier than the ¢* and so it would be observable
only at higher energies. The observed eejj excess consists
indeed of 14 events of which 13 are opposite sign (OS) and
only one is same sign (SS). It must be said that our Mirror
type composite model with one Majorana neutrino will pro-
duce the same yield of OS and SS events. Such feature could
be explained within our composite model assuming the exis-
tence of an additional Majorana v* state with a slightly differ-
ent mass. Indeed it has been shown, albeit within a different
(seesaw) model [17,18], that the interference between the
contributions of two different Majorana states could depress
the SS yield relative to the OS. The interference effect could
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also explain the absence of a peak in the observed invariant
mass distribution of the second-leading electron and the two
jets (see our Fig. 6—bottom-right). In view of this it could
be worthwhile either to upgrade the CalcHEP implementa-
tion of our Mirror model to include other Majorana states
or alternatively to reconsider the homo-doublet model with
v;—vy mixing. In order to address quantitatively this issue
we would need to build a new model (with more than one
Majorana neutrino state) in the CalcHEP generator. This goes
beyond the scope of the present work and will be addressed
in a future study.

In summary the results presented in this work are quite
encouraging and certainly endorse the interest and feasibility
of a full fledged analysis of the experimental data of the
upcoming LHC Run II for a search of the heavy composite
Majorana neutrino, within a Mirror type model, in proton—
proton collisions at /s = 13 TeV.

Note added in proof: While completing this work we
became aware that the CMS collaboration has completed an
experimental analysis [70,71] of a search for heavy compos-
ite Majorana neutrinos based on the model discussed here.

Using 2.6 fb~! data of the 2015 Run II at \/s = 13 TeV,
heavy composite neutrino masses are excluded, at 95 % CL,
uptomy = 4.35TeV and 4.50 TeV for a value of A of 5 TeV,
from the eegq channel and the ©pugqg channel, respectively.
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