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1. Introduction

Searches for the TeV-scale sterile neutrinos at a collider usually involve its interactions with
the W or Z bosons [1, 2, 3]. Such channels are highly suppressed due to the extremely small
see-saw Yukawa coupling constants and, equivalently, the mixing parameters 9,2 < 107* at the
TeV-scale. Therefore, in the v-Two-Higgs-Doublet-Model (v-THDM) [4, 5, 6, 7, 8, 9], the collider
searches have been discussed in literature only for a neutrino mass (my) = 100 GeV [9], when the
sterile neutrinos decays dominantly into two separately identifiable objects. In Ref. [8], the use of
secondary vertices has been analysed in this context.

In this work, we discuss the supplementary parameter space with my < 100 GeV. We note that
in the scenario when mpg=+ > my, the highly boosted sterile neutrino can decay dominantly via the
U +jet+jet channel, which can be probed at the LHC. The complete process is illustrated in Fig. 1.

Figure 1: Production of the N at the LHC, and its subsequent decay into collimated objects that look like a
jet.

2. Model Setup

The v-THDM is based on the type-I Two-Higgs doublet model [10]. It contains two Higgs
doublets, ®; », with the hypercharge ¥ = % All the Standard Model (SM) particles Qy, ug, dg, Ly,
eg couple (conventionally) only with the ®, field, so that the Yukawa Lagrangian can be written as

2N ~Y,ij 01 ®aur; — Yui ;01 ®2dr; — YiijL1iPolg; +h.c.. 2.1)

Yukawa —
The left-handed lepton doublets also couple with @, together with the sterile neutrino, as
Dikawa = —MNNN — (YL ®IN +h.c.), (2.2)

where the subscript i = 1,2,3 corresponds to the e, i, T lepton doublets, respectively. For large
tanff = 5—? where vy > are the vacuum expectation values of the @ », ¥; can become sizable, while
the coupling of N with the SM-like Higgs boson remains sufficiently small.

3. Background Analysis and the Cut Flow

For the my < my+ and the my < 100 GeV region, the high-energy-fraction muons emerging
from the N that behaves like a jet can help identify it. Muons occasionally appear in a SM jet. For
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example, a b-jet can contain a muon through the semi-leptonic decay of the B-meson. Therefore,
the main irreducible background for our process is pp — bbI*1~, b — B+X — pu+ v +X. Addi-
tionally, processes like pp — jb+ 111~ and pp — jj+1T1~ are also important, since a muon can
also appear inside a non-b-jet.

As for the reducible backgrounds, the most crucial one results from the pp — j/b+ j/b+
1™+ missing transverse energy (MET). We will limit ourselves to the pp — tf — bbl*1~+ MET
background here. In view of the MET reconstruction efficiency as well as the possibly large pile-up
effect in the future, we will show our result both with and without this background, thus covering
the two extreme cases.

The signal events are selected by imposing some kinematic cuts. These include the anti-mass
window around the Z-boson mass, and the mass window around the H* mass. Furthermore, we
identify a -jet as the one carrying more than 30% of the total jet energy. The events containing at
least one tagged N-jet are suffixed by “-1N-jet” and the ones with two tagged N-jet by “-2N-jet”.

4. Numerical Results

Minimum e for /2((S+B)In(1 +S/B)—5) =5. (no-tt) Minimum e for /2((S+B)In(1 +S/B)—S) =5. (no-tt)
4I5ntegrated luminosity=3000fb~!, two N-jet tagged. I&tegrated luminosity=3000fb~!, > one N-jet tagged.
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Figure 2: Minimum ¢ for \/2((S+ B)In(1+S/B) —S) = 5. The integrated luminosity is set to 3 ab~! fora
13 TeV LHC. pp — tf — u™u~bbvV contributions to the background are not taken into account.

We show the minimum efficiency, €, required to obtain a 50 signal significance with an as-
sumed luminosity of 3 ab~! at the LHC in Fig. 2 for the “no-7” case, and in Fig. 3 for the “7”
background taken into account. The € is defined by multiplying all the branching ratios corre-
sponding to each decay vertex in the process shown in Fig. 1. The left panels in the figures shows
the “-2N-jet” and the right panels shows the “-1N-jet” results.

5. Summary

Within the framework of the v-THDM, we have simulated the signal and backgrounds at a 13
TeV LHC for a particular parameter space my < my+ and my < 100 GeV. The muons appearing
in the collimated decay products of the sterile neutrinos can help us discriminate the N-jets from
the QCD jet backgrounds. In some regions of the parameter space, an integrated luminosity of
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Minimum ¢ for /2((S+B)In(1+5/B)—S) =5. (with-tt) Minimum e for /2((S+B)In(1+5/B)—S) =5. (with-tf)

4I5ntegrated luminosity=3000fb !, two N-jet tagged. IPStegrated luminosity=3000fb~!, > one N-jet tagged.
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Figure 3: Minimum ¢ for \/2((S+ B)In(1+S/B) —S) = 5. The integrated luminosity is set to 3 ab~! fora
13 TeV LHC. pp — tf — uu~bbvV contributions are included.

3000 ab~! expected at the HL-LHC can be sensitive to the € < 0.01 cases. The reducible pp — tf
background may prove crucial in this regard, if the pile-up effect is not improved significantly in
the future [11].
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