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This paper explores a simplified extension of the standard model featuring a neutral fermion quintuplet
and a scalar quadruplet, which together generate neutrino masses through tree and loop level mechanisms.
The quintuplet fermions decay into standard model gauge bosons via the scalars, producing unique collider
signatures at the LHC characterized by multilepton and multijet final states. The study focuses on the pair
production of quintuplet fermions in the 700-1200 GeV mass range, where their decays produce highly
boosted W and Z bosons identifiable as faz-jets. Emphasis is placed on the production and decay of doubly
charged fermions due to their higher cross section. Advanced jet substructure and kinematic techniques are
applied to enhance sensitivity by reducing standard model backgrounds. A detailed analysis of signal
significance is performed in the two lepton, two fat-jet (2L2F;) and three lepton, one fat-jet (3L1F;)
channels for different masses of the fermion and the scalars, optimizing selection cuts to maximize signal
efficiency over standard model backgrounds. The study found that both channels exhibit excellent
performance, with significance exceeding 5¢ under realistic conditions including a 50% background

uncertainty at integrated luminosities up to 3000 fb~!.
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I. INTRODUCTION

The standard model (SM) of particle physics, though
highly successful, cannot explain several observed phenom-
ena such as the small neutrino masses [1], the particle nature
of dark matter, the muon anomalous magnetic moment [2],
and certain flavor anomalies [3] among many others.
Extensions of the SM introduce physics at or beyond the
TeV scale to address the shortcomings of the SM. Some
popular examples are extensions of the SM with vectorlike
quarks and leptons [4-6], fermion multiplets [7-9] or scalar
multiplets [10-12]. Beyond SM scenarios featuring both
fermion and scalar multiplets, including cases with more than
one set of new multiplets, have been widely studied in the
literature. The appearance of both fermion and scalar multi-
plets is natural in models of grand unified theories [13], left-
right symmetric scenarios [14,15], little Higgs [16], and
composite Higgs models [17]. Additionally, models such as
the minimal Radiative Neutrino mass Minimal Dark Matter
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(RvMDM) [18] incorporate a scalar or fermionic quintuplet
and a vectorlike quadruplet fermion for unified explanations
of neutrino mass and dark matter candidates.

In general, models with more than one multiplet or one
type of Beyond Standard Model (BSM) particle often allow
interaction among themselves which results in distinct
decay modes and thus the collider signatures are unique.
The mass difference between different BSM multiplets or
particles plays a crucial role in the kinematics. These
models have gained a lot of interest recently. If we denote
by X and Y the different BSM particles, then for example,
in Ref. [19] X and Y are leptoquark and vectorlike leptons.
In Ref. [20] X and Y are two leptonic multiplets belonging
to different SU(2), . In composite Higgs models [21,22], X
and Y can be two different pseudo Nambu Goldstone
Boson (pNGB) scalars or one pNGB scalar and one heavy
resonance. In this paper, we examine a model with a neutral
fermion quintuplet (with zero hypercharge) and a scalar
quadruplet; which allows for neutrino mass generation via
tree-level and loop-level mechanisms [8,9,23].

We choose a scenario where only one scalar quartet (¢h,)
and one quintuplet fermion (Xp) is present. This model
provides a unique signature at the LHC and future collider
experiments [24] in multilepton and multijet final states.
Once produced at the LHC, these quintuplet fermions
decay to SM gauge bosons via the scalars where the
fermions are heavier than the scalars. It was shown in
Ref. [9] that the final states with lepton and jets suffer from
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very small cross sections, especially when the mass of the
fermion quintuplet is around 1 TeV.

Current searches for the exotic fermions and scalars have
put strong bounds on their masses. For example, the
ATLAS experiment sets a lower limit on fermion mass
of 910 GeV [25]. The CMS experiment sets constraints on
the fermion masses for varied coupling scenarios, with the
lower limit being as high as 1065 GeV [26] in specific
cases. The direct search limit on charged Higgs bosons of
80 GeV comes from the LEP experiments [27]. Both
ATLAS and CMS have conducted extensive searches
targeting multiple production and decay modes of the
scalars. A lower limit of ~200 GeV is placed on the
masses of charged scalars from various channels, when
the scalars decay to the SM gauge bosons [28-30]. Limits
exist on the production cross section of the charged scalars
when they decay to SM fermions [31,32]. These searches
have placed a stricter lower limit on the charged Higgs mass
of ~400 GeV. The LHC limits are not directly applicable
on the model under study since the quintuplet fermions
decay through scalars. However, to analyze the fat-jet
signatures we consider the mass of the fermion quintuplet
> 700 GeV, and the mass of the scalar multiplet at
> 600 GeV, which is above the current lower bounds.

Standard searches for fermion multiplets are proposed
widely in the literature [33-38]. In this paper we investigate
the pair production of the quintuplet fermions where the

|

fermions decay via the charged scalars to the SM gauge
bosons. If the mass of the fermion multiplet is > 700 GeV,
then the W/Z bosons from the decay of the scalars are
expected to be highly boosted and they can be identified as
fat-jets. Fat-jets are the resultant objects of jet clustering
algorithms using a large radius parameter, thus making
them fat. Fat-jet searches at the LHC have become a critical
tool for probing BSM particles. Fat-jet signatures are
studied in various BSM models with fermion multiplets
to achieve sensitivity to masses up to and beyond TeV scale
[39—41]. Here we primarily focus on the production of the
doubly charged fermions because of its higher production
cross section as compared to the other pair production
modes. We show that advanced jet reconstruction and jet
substructure [42] techniques help to suppress SM back-
grounds and enhance the sensitivity of LHC experiments.

II. THE MODEL

We consider a simplified model where the SM is
extended with a quintuplet fermion (X;) and a quartet
scalar (¢4). This model has been studied previously in
detail [8,9,24]. The quintuplet fermion X3 of hypercharge 0
can be expressed as, £ = [£ 7, X[, 20, 27, £77]% and the
scalar multiplet with hypercharge Y2 is given by,
@, = (¢, 97, 9% @7)T. The gauge coupling of Zj is
obtained as,

Louges D (A, + 96, Z)R2(E IR + 20 V"2 ) + Zpr' e + ZLr'E[] - (1)
HIV2(E g = el ) + V3(Ehr ek — (R) P E)) W, + Hee} (2)
The interaction of the quartet scalar with the gauge bosons is obtained from the kinetic term as
V3 g
'Cgauge,Z ) 75 1]4(2 - S%V)W/jzﬂqﬁl_ + 5 ”4S%VW;ZM¢E (3)
32 WiWt¢— +H 4
+ 29 V4 u ¢ + H.c. ( )
The scalar also couples with the quintuplet fermion via the Yukawa term.
Ly D ()L, PaZg,| +Hec. (5)
Upon expansion,
_ V3 1 1
Ly = O0d o1, (B0 + 5 Tl 07 + R0 + 3 Za 0 ) (©)
_ /1 1 V3
+7r, <§ Re+ 752%/%_ + TZ_RJ_(pO* + 5, (p;ﬂ + H.c. (7)

Here, we have neglected the mixing among the individual components of the multiplets and we choose the components of
the quintuplet fermion as well as the scalar multiplets to be degenerate, which we denote as my and m,;, respectively [8]. We
also consider my > m, which is naturally implied from the muon anomalous magnetic moment measurement, as shown in
[9]. For the complete Lagrangian we refer to Ref. [8].
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(a) Quark Initial State

FIG. 1.

The charged fermions X* and I** decay via the
following modes:

I = () w(D). pTIT LGOI, (8)
Zii N ¢iiy(p),¢2ili (9)

where [ = e, u, 7.

We choose the benchmark scenario when the mass differ-
ence between the multiplets, (my — m,) = 100 GeV and the
Yukawa coupling, y, = 0.1. The branching ratios of the
doubly charged quintuplet are found to be X** —
(D) = T - ¢ 1*F = 50%. The scalars, which are
lighter than the quintuplets, further decay to SM gauge
bosons with 100% branching ratio. These decay modes are,

b3 (#7) > WHZ,
¢j::|: N Wj:wj:
#° > WHW-, (10)

In this paper we study the decay of X** via the doubly
charged scalar (¢**), which further decays to two same sign
W bosons. When the quintuplet fermions are heavy,
(~1 TeV), the decay products of the W bosons are highly
collimated and they can be identified as fat-jets. In this paper
we study this particular signal in detail."

III. SIGNAL AND BACKGROUND AT THE LHC

The charged and neutral scalars can be pair produced at
the LHC via photon and Z boson mediated Drell-Yan
processes and also via a t-channel process. The cross
section of pp — Z*X* is significantly smaller than pp —
Y+E¥FF because the production cross section varies with

'We do not consider the other decay mode of the quintuplet
fermion(Z*E — ¢F£%), since ¢h5 subsequently decays into both
W and Z bosons. As our analysis focuses on fat jets, the presence
of two different gauge bosons would complicate the final-state
topology.

¢~ "~

(b) Photon Initial State

Feynman diagrams of the doubly charged fermion pair production at the LHC, where ¢ stands for u, d, c, s, b quarks.

the fourth power of the charge. A detailed discussion of the
pair production cross section is given in Ref. [24]. Here we
investigate the pair production of S*£XFF at pp collisions
at the center-of-mass energy of 13 TeV at integrated
luminosities of 138, 300, and 3000 fb~!. The photon
parton distribution function (PDF) for the proton is
included to the initial state of the process given its
significant contribution to the production cross section.
The diagrams leading to the pair production of T+ XFF are
shown in Fig. 1 following the decays (one among many) of
the particles.

The inclusion of the photon PDF [43] raises the
question of the choice of PDF to use when generating
simulation samples. To investigate this, we used different
versions of NNPDF23 [44,45]. We compare a quark-only
initial state, a photon-only initial state, and an inclusive
initial state using three different LO and NLO PDFs for
two different masses of **, 700 GeV and 1200 GeV.
For this, MadGraph [46,47] incorporated with LHAPDF [48]
is used. We observe a significant increase in the pro-
duction cross section by using a photon PDF for
my = 1200 GeV, and modest increase at 700 GeV irre-
spective of the choice of PDFs. We use the cross section
calculated by using NNPDF2.3QED at NLO, specifically
NNPDF23_nlo_as_0119_ged, and show this in Table I.
The increase in the production cross section after
including the photon PDF is also shown and the
uncertainties in the cross sections are found to be <1%.

The different decays of the quintuplet fermions and the
quadruplet scalars give rise to the following final states
involving bosons and leptons.

pp = TEEFT - gt g0 > WHWHIW-WT +up,
(11)
pp = SEEEFF o @Ity lm > WEZW-Z + 1117, (12)

pp = ZEEEFF o pTTuhs T > WIWWTZ 4+ 17 + b
(13)
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TABLE L

Pair production cross section of £**X~~ is compared for initial states that are quark only, photon only, and inclusive in

13 TeV pp collisions. The percentage increase in the inclusive case is calculated with respect to the quark-only initial state.

Production cross section (pb)

msz= (GeV) PDF used Quark only  Photon only Inclusive  Relative increase in cross section (%)
700 NNPDF23_nlo_as_0119_ged 0.01210 0.00121 0.01332 9.2
1200 NNPDF23_nlo_as_0119_ged 0.000416 0.000116 0.000534 22.1

Three benchmark points for the signal are considered for
the analysis,

(i) Low-mass: my++ =700 GeV, my++ = 600 GeV.
(i) Med-mass: my++ = 1200 GeV, myi+ = 600 GeV.
(iii) High-mass: my++ = 1200 GeV, my++ = 1100 GeV.

The presence of several W and Z bosons in the final state
naturally suggests final states with leptons. Collider experi-
ments have conducted searches in multilepton final states,
with the most sensitive final states being those with four
leptons, followed by those with three leptons. Each of the
decay chains above can populate final states with four or
three leptons. The SM backgrounds are dominated by ZZ
and WZ production where the production cross sections are
~1100 and ~3500 times larger, respectively. The collider
experiments tackle this problem in typically two ways (as
discussed in [26]): (a) by dividing the phase space into
many small pieces, and combining the results statistically at
the end, and (b) by employing advanced multivariate
algorithms to reduce the SM backgrounds. In [26], the
number of signal regions varies from 156 to 805 depending
on the division scheme. The paper observed that the
multivariate algorithms tend to outperform the cut-based
approach at higher masses [49]. An alternate approach
using unsupervised machine learning algorithms is con-
sidered in [50] which has less sensitivity compared to the
dedicated search [51] when compared for the same BSM
model.

As expected, a targeted search is expected to outperform
generalized approaches. For the benchmark points con-
sidered here, when the quintuplet masses are larger the W
and Z bosons in the final state are often boosted when
they decay hadronically, and thus can be identified as fat-
jets. The first channel can provide up to four W-fat-jets
whereas the second and third channel generate up to four
fat-jets which can be either W—or Z—fat-jets. Although the
expected production yield is identical for each channel,
we opt for channel 1—characterized by four W bosons.
Having a single type of fat-jet will streamline the
analysis. Figure 1 shows the pair production process of
the doubly charged fermion leading to four W’s in the
final state.

The efficiency of reconstructing and identifying the
W—fat-jets increases when the mass of the parent particle
is ~1 TeV since the W is boosted and the decay products
of the W become increasingly collimated. At a hadron
collider, the presence of a lepton in the final state allows a

large reduction in the SM background. We combine the
requirement of a W—fat-jet and a lepton to maximize our
advantage and choose to study the following two final
states:

(1) 2L2F;: Twoleptons (L = e, u, 7) with two W-fat-jets.

(2) 3LIF;: Threeleptons (L = e, u, 7) with one W—fat-jet.
These final states ensure that we reduce the SM back-
ground significantly, while at the same time main-
taining good efficiency for lower ¢ masses. Table Il
shows the cross section (o) x branching ratio (B) for
the three chosen benchmark points. We have assumed
Bt - ¢™tv) = 100%.

Several SM processes can give rise to backgrounds in the
2L2F; final state. The dominant contribution comes from
11Z [52] where the Z produces two leptons, and two W
bosons along with b quarks originate from the top decay.
Similarly, the ZVV [53] process, where V denotes a W or a
Z, also contributes to the background. Due to the large
cross section, tf [54] production with additional jets is also
a source of background. This process contributes when the
W bosons decay leptonically, and the jet arising from the b
quark is misidentified as a fat-jet.

The possible backgrounds for the 3L1F; final state are:
WZ + jets [55,56], t1Z [52], W [57], and ff + jets. The
WZ + jets contributes the most when both of the bosons
decay leptonically producing three leptons and the one of
the jets is misidentified as a fat-jet. In /W process, the three
leptons can arise from any of the W bosons, or from the
semileptonic decays of b hadrons, and any of the W’s can
give rise to the fat-jet. The requirement of three leptons
makes the contribution from #7 + jets negligible.

TABLE II. Cross section x branching ratio in the channels of
interest for the three benchmark points.

2L2Fj My++, m¢++ (GGV) ocx B (pb)
1200,1100 (high-mass) 1.455 x 104
1200,600 (med-mass) 1.455 x 1074
700,600 (low-mass) 3.627 x 1073

3L1FJ Mg+, M+t (GGV) ocxB (pb)
1200,1100 (high-mass) 4.405 x 1075

1200,600 (med-mass) 4.405 x 1073
700,600 (low-mass) 1.098 x 103
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IV. ANALYSIS OF FATJET SIGNALS AT THE LHC

The signal and background processes are simulated at
13 TeV LHC using MadGraph5_aMC@NLO 3.6 [46]. Pythia 8.3
[58] is used for the hadronization of the events. The jets and
fat-jets are clustered using generator level particles using
the anti-k, jet clustering algorithm [59], implemented in the
Fastlet [60] package within the Delphes 3.5 [61] framework.
We have used the current CMS detector configuration in
Delphes. Moreover, no pileup effects were included in the
analysis. For the signal, 5 x 10* collision events are
simulated for each benchmark point. For each of the
t1Z, fiW, and WZ + jets processes we generate 5 x 10°
events. For 17 + jets and ZVV processes, 1 x 10% and 2 x
10° events are produced, respectively.

The initial object selections are as follows:

(i) Hadronically decaying 7 leptons (r,) are recon-
structed from the visible daughter particles (i.e.,
excluding the neutrino). The visible daughter par-
ticles thus exclude electrons and muons. Only 7,
originating from a signal particle or a gauge boson
are considered.

(ii) Electrons and muons are also required to originate
either from a signal particle or a gauge boson, or
from a 7 lepton which has originated from a signal
particle or a gauge boson.

(i) We require  pr(e,u) > 10 GeV, |n(e,u)| <
2.4 pr(z),) > 20 GeV, [n(r,)| < 2.3. The leading
lepton in the event is required to satisfy pr >
30 GeV to mimic a trigger requirement.

Regular jets are clustered with the jet radius param-
eter R = 0.5 and must satisfy pp > 30 GeV and
In| <2.4.

(v) Fat-jets are clustered with R = 0.8 and must satisfy
pr > 200 GeV and || < 2.4.

Regular and fat-jets are required to be away from the
selected leptons by imposing AR(lj) > 0.4, where

AR = \/(Aﬂlj)2 + (Agy;)*

@iv)

(vi)

1200

Events

1000

—— Soft dropped mass
800

Pruned mass

600

[TTT [T

400

200

P P O I B v s e
0 20 40 60 80 100 120 140 160 180 200
Fatjet mass

!

FIG. 2.

A. Kinematic variables

The signal and background events can be discriminated
by wusing additional kinematic variables. These are
defined below:

(i) pmiss: defined as the magnitude of the vector sum of
transverse momenta of all the observed particles in
the event_p%nss = |Zi=0bserved pTl|

(i1) Lt: defined as the scalar sum of pr of all the charged
leptons that constitute the final state—Ly =
Zi =leptons p £1"

Hy: defined as the scalar sum of py all the regular
jets—Hr =3 i jes Pi-

St: defined as the sum of Ly, Hy and pPiss—S; =
Ly + Hy + pp's.

(V) myy;,: defined as the minimum of all of the invariant
masses of lepton pairs, itrrespective of their charge or
flavor.

dR;,: defined as the minimum of all of the angular
distances between lepton pairs in the event.

Jet momentum fraction (JMF): defined as the ratio of
the scalar sum of pr of the fat-jets to the Ht—

(iii)

(iv)

(vi)

(vii)

i
Zi =fat—jets Pt
Hr

JMF =

Aside from these quantities, the analysis uses several jet
substructure variables to select the desired fat-jets.

Jet grooming. Since fat-jets are considerably wider than
regular jets, radiation from the underlying event or pileup
can cause an overestimation of the fat-jet invariant mass
and degrade the mass resolution. Jet grooming algorithms
are applied to the fat-jets to account for these effects by
removing unwanted soft radiation. There are two algo-
rithms of jet grooming that we consider: the soft drop
algorithm [62] and the jet pruning algorithm [63]. To
compare these two, the resulting fat-jet mass and pr after
grooming is examined for the low-mass benchmark point
and shown in Fig. 2 (left). We find that the performance of

2200
2000
1800

Events

—— Soft dropped p.
1600 T

1400 —— Pruned [N
1200
1000
800
600
400

200

T[T T[T T[T [T T[T T[T

Ijlnnl\u““uhuu

100 200 300 400 500 600 700

i
800 900 1000
Fatjet P,

(=)

Jet mass (left) and p (right) of the leading fat-jet for two different jet grooming algorithms: soft drop and jet pruning. The low-

mass benchmark point is used here. The last bin is used as an overflow bin.
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7,; and 73, variables (left) for the leading fat-jets in the low-mass benchmark point and the relative mass p (right) for the

leading fat-jets in the low-mass and high-mass benchmark points. The last bin is used as an overflow bin.

the two algorithms is very similar. We choose the soft drop
algorithm, as the peak of the jet mass distribution is closer
to my, and the jet pr is slightly higher.

n subjettiness. The n-subjettiness variables (z,,) [64] can
be used by taking ratios of subsequent n subjettiness
(Tp(p—1) = Tp/Tp-1) to Obtain a relative probability of the
jet being p pronged or (p — 1) pronged. Figure 3 (left)
shows the behavior of 7,; and 73, for the low-mass and
high-mass benchmark points. The low value of 7,; and high
value 73, show that the W fat-jet has a two-prong nature.

Relative mass. The relative mass (p) of a fat-jet is
calculated using the soft drop mass (mgp) and jet pr as
p = 21n(mgp/pr). This helps avoid regions where non-
perturbative effects lead to discrepancies in generator
predictions [65]. Figure 3 (right) shows the behavior of
the p variable of the leading fat-jet for the low-mass and
high-mass benchmark points. We see that the nonpertur-
bative effects are less significant for the high-mass point.

B. 2L2F; channel
The 2L2F; final state arises from the process pp —
SHHETT S ¢pTtvgT 0 > WHWHuW- W™D when two of
the four W bosons decay leptonically and the other two

decay hadronically. In Fig. 4 we show the distribution of py
of the leading and subleading lepton and fat-jet, and the
pRiss in signal events. As expected, the high-mass signal
benchmark point shows larger values of each of these
variables.

The event selection is applied in three sequential stages:
S1 is applied to all signal benchmark points, S2 is applied
differently for the three benchmark scenarios, and S3 is
applied to the fat-jets,

(i) S1: We require events to satisfy pTiss > 50 GeV,
Muyin > 50 GeV, Hp > 200 GeV, St > 500 GeV,
and Ly + p™s > 100 GeV. The distributions of
some kinematic variables after passing S1 are shown
in Fig. 5.

S2: We require m,;, > 100 GeV, dR;, > 1.0, and
0.7 < JMF < 1.1 for all events. Additional selec-
tions are imposed on Hr, Ly, St, and Ly + piiss,
which are summarized in Table III. The Ly + piss
requirement is effective at suppressing the 77 back-
ground for the low- and mid-mass points.

S3: We require the selected fat-jets to satisfy
60 < mgp < 100 GCV, Ty < 08, T3p > 03, and
p > —5.5. The distributions of these variables after
S2 are shown in Fig. 6.

(i)

(iif)
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o
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Fraction of events
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o
i
]
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FIG.4. pr of the leading and subleading lepton (left), pt of the leading and subleading fat-jet (middle), and p%‘i“ (right) are shown for
the low-mass and high-mass benchmark points. The distributions in each figure are normalized to have unit area. The last bin is used as

an overflow bin.
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S1 selections are imposed in the 2L2F, final state. The distributions are normalized to an integrated luminosity of 138 fb~'. The last bin

is used as an overflow bin.

The cut-flow is shown in Table V.

C. 3L1F; Channel

The 3L1F; final state arises from the process pp —
YT 5 T rugpT 0 > WHWHuW- W™D when one of
the W bosons decays hadronically, and all others decay
leptonically. As in the case of 2L2F;, here as well we apply
the event selection in three sequential stages, S1, S2,
and S3.

(i) S1: We require events to satisfy piss > 50 GeV,
Myin > 50 GeV, Ht > 200 GeV, St>400 GeV,
and Ly + p™s > 200 GeV. The distributions of
some kinematic variables after passing S1 are shown

TABLE III.  Selections implemented in S2 for the signal and
background processes in the 2L2F; final state. The selections are
shown in units of GeV.

SZ HT LT LT =+ p%ﬁss ST

Low mass >500 >100 >300 >1100
Mid mass >500 >100 >500 >1400
High mass >700 >200 >500 >1400

in Fig. 7. These follow a similar pattern as that in
the 2L2F; final state. In this channel however,
the smaller number of fat-jets, and larger number
of leptons requires changes to the Ht and Lt
selections.

S2: We require m,;, > 100 GeV, dR;, > 1.0, and
0.7 < JMF < 1.1 for all events. Additional selec-
tions are imposed on Hr, Ly, Sy, and Ly + piiss,
which are summarized in Table IV.

S3: We require the selected fat-jet to satisfy
60 < mgp < 100 GeV, 17, < 0.8, 73, >0.3, and
p > —5.5. The distributions of these variables after
S2 are shown in Fig. 8.

The cut-flow is shown in Table V.

(i)

(iii)

D. Results

We now summarize the results for the 2L2F; and 3L1F;
channels. Table V shows the cut-flow for the signal
benchmark points after S1, S2, and S3. After S2, we see
that the background is comparable to (or larger than) the
signal in both the channels. However, implementing S3
reduces the background significantly. The signal yield in
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background processes after the S2 selections are imposed in the 2L2F; final state. The distributions are normalized to an integrated

luminosity of 138 fb~!. The last bin is used as an overflow bin.

the 3L1F; channel is smaller than in the 2L2F; channel for
the low-mass benchmark point.

The sensitivity of the signal is typically calculated with
the formula: Zg,1c = \/i; where s is the number of signal

events and b is the number of background events. This can
J

Zgeneral = [2 ((s + b) ln[

where, A, is the uncertainty in the background estimation.
In Table VI we have tabulated the significance using the
general form with two choices of background uncertainty,
A, = 10% and 50%. For comparison we also tabulate the
significance Zgnye- The significance is calculated at
current and projected future luminosities of the LHC.
We can see from Table VI that the low-mass benchmark
point has the largest significance in both the channels. The
significance in the low-mass point is more than 5¢ at the

(s+b)(b+A
b? + (s + b)A2

overestimate the significance in cases where the back-
ground is very small. We instead adopt the general formula
[66,67] to calculate the significance, which also permits
incorporating the uncertainty in the background measure-
ments. The general formula is

sl al)] w4

|

current luminosity of the LHC experiments, when no
uncertainty in the background is assumed. However, with
a background uncertainty A, = 50%, significance of more
than 56 is achievable at 300 fb~! only in the 3L1F; channel.
The significance in the 2L2F; channel is comparatively less
because the signal and background yields are comparable. If
we consider the high mass point, then the significance
in both the channels is almost similar. However with
Aj, = 50%, the 3L1F; channel offers a significance of more
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FIG.7. Distributions of Lt + p, St (top row) and m,y;,, JMF (bottom row) are shown for signal and background processes after the
S1 selections are imposed in the 3L1F, final state. The distributions are normalized to an integrated luminosity of 138 fb~!. The last bin

is used as an overflow bin.

than 56 with an integrated luminosity of 3000 fb~!. Overall
we found that the performance of both the channels is
excellent in the low-mass and high-mass benchmark points
and both of these channels show potential for discovery (or
stringent constraints) from current and future luminosities at
the LHC experiments.

V. OUTLOOK

To address the shortcomings of the standard model,
extensions beyond the SM introduce new physics at or
beyond the TeV scale, often including new particles.
Scenarios involving both fermion and scalar multiplets
naturally arise in several BSM theories like composite

TABLE IV. Selections implemented in S2 for the signal and
background processes in the 3L1F; final state. The selections are
shown in units of GeV.

S2 Hy Ly Ly + pps St

Low mass >200 >200 >400 >700
Mid mass >200 >200 >500 >800
High mass >400 >400 >700 >1100

Higgs models or grand unified theories. Such scenarios can
lead to unique collider signatures depending on the mass
hierarchies between the new hypothetical particles. In this
paper we focused on a simplified model with a neutral
fermion quintuplet and a scalar quadruplet, which can
generate neutrino masses through tree and loop-level proc-
esses. The quintuplet fermions decay into standard model
gauge bosons via the scalars and produce distinctive signals
at the LHC involving multilepton and multijet final states.
These final states can often have comparatively large SM
backgrounds at the LHC given the low production cross
sections of the new fermions, especially at around 1 TeV or
higher fermion masses. This work examined the pair pro-
duction of quintuplet fermions in the range (700-1200) GeV,
whose decay eventually yields highly boosted W and Z
bosons. Here we focused on production of doubly charged
fermions due to their higher cross sections over other pair
production channels. We used fat-jets to target the boosted
gauge boson decays, and applied advanced jet substructure
techniques and dedicated variables to improve the LHC
sensitivity in two specific final states: 2L2F; and 3L1F;.
We did detailed analysis of optimizing the signal
selection against backgrounds for three benchmark
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scenarios with low, medium, and high masses of the
quintuplet fermions and scalars. A well chosen selection
strategy ensured a high sensitivity to the signal over the
background for the different mass scenarios. We found
that the low-mass scenario achieved the highest signifi-
cance in both the 2L2F; and 3L1F; channels, exceeding

5¢ at current LHC Iluminosity with no background
uncertainty. With a conservative choice of 50% back-
ground uncertainty, only the 3L1F; channel reaches > 5¢
at 3000 fb~!. For the high-mass scenario, the significance
is similar for the two channels with no background
uncertainty. In the conservative case of 50% background

TABLE V. Cut-flow for the 2L.2F; and 3L1F; final states for the different sets of selections applied.

Cut flow (x1073 fb)

S1 S2 S3
Final state my++, My (GeV) Sig Bkg Sig Bkg Sig Bkg
2L2F; 1200,1100 (high mass) 47.1 51530 322 669.1 18.33 7.28
1200,600 (med mass) 28.1 51530 18.5 1506 9.36 9.74
700,600 (low mass) 613.8 51530 390.5 6592 208.50 182.60
3LIF, 1200,1100 (high mass) 11.5 5096 4.98 3.05 3.65 0.12
1200,600 (med mass) 8.2 5096 3.97 24.66 2.82 4.48
700,600 (low mass) 184.4 5096 86.90 39.01 65.20 7.33
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TABLE VI.  Significance of 2L2F; and 3L1F; channels calculated at integrated luminosities of 138, 300 and 3000 fb~! including two

estimates of uncertainties in background yield.

deneral
Zsimp]e Ab - 10% Ab = 50%
Final state ~ my++, my++ (GeV) 138 tb=! 300 fb=' 3000 tb~! 138 tb~' 300 fb~! 3000 fb~! 138 fb=' 300 fb~! 3000 fb~!
2L2F, 1200,1100 (high mass)  2.53 3.72 11.78 1.94 2.84 7.85 1.65 2.11 2.99
1200,600 (med mass) 1.12 1.64 5.20 0.98 1.42 3912 0.82 1.05 1.44
700,600 (low mass) 5.73 8.45 26.72 4.30 5.59 8.15 1.64 1.70 1.74
3L1F; 1200,1100 (high mass)  3.90 5.76 18.20 1.60 2.36 7.41 1.59 2.31 6.28
1200,600 (med mass) 0.50 0.73 2.31 0.45 0.66 1.96 0.42 0.57 0.95
700,600 (low mass) 8.95 13.19 41.72 5.21 7.56 19.74 4.13 5.14 6.91

uncertainty, here as well the 3LIF; channel has > 5o
significance with 3000 fb~!.

Both channels maintain good sensitivity with a realistic
background uncertainty, and will enable the LHC experi-
ments to probe masses of more than 1 TeV even with the
existing LHC dataset of 300 fb~! (Run2 + Run3), and
higher masses with the projected future luminosities of
HL-LHC.
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