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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 → ℓνℓ:

pp → Wjj → ℓ/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 ℓ, 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-


