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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 =
Nsp
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 atp
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.


