PHYSICAL REVIEW D 113, 095017 (2026)

Search for quadruplet scalars using boosted decision trees at the LHC
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Beyond the Standard Model scenarios introduce additional scalar and fermion multiplets, which
influence neutrino mass generation mechanisms and yield distinctive collider signatures. This work focuses
on a particular scenario involving a fermion quintuplet and a scalar quadruplet. The study examines the
production and decay of the scalar quadruplet components at the Large Hadron Collider (LHC),
emphasizing how their decay patterns, fermiophobic versus fermiophilic, depend on mass differences
and Yukawa couplings with the fermion multiplets. This study provides an overview of possible signals at
the LHC, along with a detailed collider analysis focused on final states containing at least four leptons and
two jets, in which the masses of the scalars and fermions are reconstructed successfully. Standard Model
backgrounds are also incorporated in the study, with multivariate techniques leveraged via boosted decision
trees. Results indicate discovery potential for scalar masses around 600-700 GeV and exclusion sensitivity
extending beyond 1 TeV, highlighting the promising experimental signatures of the model and its role in

probing new physics at colliders.
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I. INTRODUCTION

The Standard Model (SM), while spectacularly successful,
is fundamentally incomplete. Its inability to explain phe-
nomena such as neutrino masses, the nature of dark matter,
and the hierarchy problem, among other issues, strongly
motivates physics beyond the SM (BSM). Many sophisti-
cated models are proposed to overcome the shortcomings of
SM [1-13]. In many of these models, extra scalar degrees of
freedom are either necessary or appear as a consequence
of the fundamental theory. However, simple extensions of
SM such as two Higgs doublet model (2HDM) [14], type-1I
seesaw with scalar triplets [15], appear with additional scalar
multiplets. In these models, tiny neutrino masses arise via the
seesaw mechanism. However, tree-level seesaw models face
tension between the seesaw scale and couplings [16,17]. A
resolution to this is to suppress the tree-level contribution and
make the leading contribution come from loop-level dia-
grams of the dimension-5 operator [18,19], or to raise the
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dimension of the effective operator [20-23]. The appearance
of large scalar multiplets is very natural in these types of
models [24,25]. Another alternative method to lower the
seesaw scale is by the “cascade seesaw mechanism”[17],
where the neutrino masses are generated at tree level via a
combination of type-I and type-IIl seesaw mechanisms.
These models include both scalar and fermion multiplets
as part of their exotic particle content.

The presence of one or more scalar and/or fermion
multiplets in models such as GUT [6], left-right symmetric
model [12,26], little Higgs models [27], composite Higgs
models [28], RuMDM [29] opens up the possibility of
unique collider signatures. For instance, Ref. [30] demon-
strates how leptoquarks enhance vectorlike lepton produc-
tion, yielding distinctive signatures. Reference [31]
introduces two leptonic multiplets under different SU(2)
representations to address SM shortcomings. In composite
Higgs models [32,33], pNGB scalars may decay via heavy
fermionic resonances, which results in unique collider
signatures. In this work, we explore a model featuring a
fermion quintuplet (with zero hypercharge) and a scalar
quadruplet (with hypercharge 1/2), which together can
generate neutrino masses through tree-level as well as loop-
level mechanisms [22,34,35].

We explore the production and decays of the quadruplet
scalar (comprising neutral, singly charged, and doubly
charged components) at the LHC. The decay modes of these
quadruplet scalars depend critically on the mass difference
between the scalar and fermion multiplets. The Yukawa
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coupling between the scalar and fermion multiplets also
plays a major role in their decays. We show that there are two
distinct decay patterns where the scalar can either decay to
the gauge bosons directly (when the Yukawa coupling is
small) or they first decay to quintuplet fermions which
subsequently decay to SM particles (when the Yukawa
coupling is large). These two scenarios are named fermio-
phobic and fermiophilic, respectively. We discuss the pos-
sible collider signatures in these two scenarios, along with the
existing limits from the collider studies.

The introduction of two distinct SU(2) multiplets as the
BSM particle content poses significant challenges for the
phenomenology. We discuss the pair and associated pro-
duction of charged scalars within the mass range 300-
1000 GeV, at 14 TeV LHC. Beyond identifying channels
with superior discovery potential, this paper focuses on those
enabling mass reconstruction of exotic scalars and fermions
—crucial for new particle discovery. Our detailed analysis of
signal processes reveals that the final state with 4 or more
leptons and 2 jets (fermiophilic scenario) offers sufficient
|
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sensitivity to probe both the quartet scalar and quintuplet
fermions at the LHC. We analyze the most relevant SM
background that exhibits overlapping kinematics, with a
focus on the key reconstructed observables that offer some
discrimination power. The sensitivity in these channels is
estimated by performing a multivariate analysis (MVA) using
the boosted decision tree (BDT) framework. We also
demonstrate the reconstruction of the quintuplet scalars
and quintuplet fermion from their decay products.

II. MODEL

This work is motivated by the models studied previously
in [21,22,35]. To keep the analysis minimal and trans-
parent, we consider the simplest scenario where the
BSM particle content comprises a quadruplet scalar
(@, = (¢, 7. ¢°,¢7)7) and a quintuplet fermion
(Zg = [Z{ ", 2. 2%, 35, 57]}) only.

The kinetic term of the quadruplet scalar, obtained by
expanding the tensors, is

o).

2

: (1)

where m is the weak isospin and sy (cy) = sin @y (cos Oy ), Oy being the Weinberg angle. From here, we obtain the
interactions responsible for the production of the scalars viz.,

ig (3 ig (1 _
|D,®,* > —ieA,p] o7 — . (i_ s%v> 2,1 0 p7 — ieA 5 0 p5 — (2 S%V>Zﬂ¢2+6”¢2
W Cw

—2ieA, o' — Ci—g G - 2s%v> Z, o — i\[;g(vv;(/r—aﬂqs; + Wiy ¢tt) +He.  (2)
w

Here, the neutral component of ®, gets a nonzero VEV, - f’ induced by virtue of its quartic coupling with the SM doublet

Higgs. The VEV is constrained from the measurement of the p parameter [21,22,36]. These models are further constrained
from muon (g — 2) and lepton flavor violation experiments which is discussed in [22,35]. The decay of the scalars to the
gauge bosons is governed by the following terms:

D@L 0 Wi z» 7 Wi z» S P Wiw g - H 3

|D, @4 3——”4( - s%) 1+ —U4SW b + 79 vaWy ¢~ +H.ec. (3)
It is important to note that the decay of the @, to gauge bosons depends upon its VEV, v,. The Yukawa interaction between
the quadruplet scalar and the quintuplet fermion can be expressed as

_‘Cyuk ) (yy)ij[ELfé4sz] + H.c.

_ V3] NN N
= ()i |:VL[ <Z++ TS Xk, b1 +7§Z%j¢o +§22Rj¢§r>

S (1 1 V3
+7p, (— Zfngb“ + 752%/451‘ + 725&4,0* + Zg,;jqﬁj)] + H.c. (4)
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The Yukawa interaction induces diagrams that lead to tiny
neutrino  masses [22,35].1 The neutrino mass in terms
of nonzero induced VEV (v4) and the Yukawa coupling
can be expressed as m, o« viy,Mz'yl [22]. When the
quintuplet masses ~1 TeV, then in the small Yukawa limit,
v, ~0.0007, we obtain v, ~1 GeV and in the large
Yukawa limit, y, ~ 1 we get v, ~ 0.0001 GeV. Note that,
the mixing between @, and Higgs (H) is mainly dominated
by the nontrivial term Ao[H®;HH] in the potential [39].

3 .
The parameters v4 and 4, are related as vy ~ 4o 3. Using
¢

this relation, the maximum possible value of 4, is ~0.06,
when we fix v4~1GeV and Mg ~ 1 TeV. The small
value of Ay, therefore, implies the mixing between the
Higgs and the quadruplet is negligible in our study and
hence, the mass of all the quartet scalar components is
given by Mg. It may be noted that v, may receive large
one loop corrections via the parameter 1,. However, in the
vanishing limit of the 4y, the theory has an enhanced

|
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symmetry (a global U(1) symmetry that corresponds to
lepton number conservation). Hence, the small value of 4,
(hence v,) is technically natural, and protected from large
corrections.

If the fermions are heavier than the scalars (My > Mg),
the scalars can only decay to the gauge bosons, which follows
from Egs. (3) and (4).2 In the converse case, the scalars can
decay to the fermions as well, in addition to the gauge bosons.
Thus, in the latter case, we observe two scenarios:

(i) Fermiophobic: When y, is small.

(i) Fermiophilic: When y, is large.

We consider that the quintuplet fermion components
have mass My and Mg > My. Thus the quintuplets do not
decay to scalars. However, by virtue of their mixing with
the SM leptons, which arises due to the Yukawa interaction
in Eq. (4) when ¢° obtains the VEV, they can decay directly
to an SM fermion and a gauge boson. The mixing of neutral
fermions with SM fermions can be written as

%yﬁ> <(UL)C> T Hec. (5)

by

Similarly, the mixing of charged fermions with SM fermions can be written as

‘Cmass,C ) _( l_L

=0°) (”75

V3, 1 l
2V < R >+H.c. (6)
Ms ) (Z)¢

Diagonalization of the mass matrices leads to the following mixing matrices [21,41]

*
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1 * -
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Here, Upyns 1s the 3 x 3 matrix that diagonalizes the light neutrino masses and V = % y,Ms~'. The value of V is

constrained by neutrino masses and is estimated to be ~3.5 x 1077 [21,36]. The physical states obtained after mixing are
denoted by a ~ over the fields. For simplicity, however, we drop the ~ hereafter. The Upyng matrix can be expressed as [42]

io

C12€13 $12€13 S13€”
_ i i : —ip)2 —id' ]2
Upmns = | —S12¢23 — C12813823¢€" C12Co3 — §12813523¢€" c135y; | diag(e /2, =it/ 1), 9)
is is
$12823 = €12513€23€ —C12823 — §12813C3¢€ C13€23

where ¢;; = cos6,;, s;; = sin6;;; 6,,, 0,3 and 0,5 are the light neutrino mixing angles; ¢ and ¢’ are Majorana phases; & is
the Dirac CP violating phase. Data obtained from solar neutrino [43,44] and atmospheric neutrino searches [45] constrain

'In order to generate nonzero masses for all three SM neutrinos, we need three copies of the quintuplets [37,38]. For the purpose of
this study, we assume that M(Z,, ;) > M(Z,) and include only one copy of the fermion multiplet £z and denote its mass as M.
’For a detailed study of the case My > My, please see [40].
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the neutrino masses and the mixing involved. As summarized in [42], the allowed values of mixing angles and phases are
0;;€0,7/2], 5€ 0, z]. Considering the large uncertainty in phase values and negligible impact of & on determination of
Yukawa couplings in seesaw mechanisms [37], all phases are assumed to be zero for simplicity. Further, we consider normal
hierarchy and use the following best-fit values for 0;; [46]

912 - 33.820, 913 - 8.600, 923 - 48.60. (10)
Substituting these values, we obtain
0.82 0.55 0.15
UPMNS - —046 048 074
034 —-0.68 0.65

The gauge couplings of X, can be written as

Louges D (€A, + 90, Z) R PEET + S ) + Zpr Z + 22
— f{V2EEr =i = EEysf ) + V3(Ehr Sy — (X)) Wy + Hee.} (11)

We combine the similarly charged components to form Dirac fermions

T =2+ (SR =2 5

V=T + (Zp)  =Zp X (12)

¥ = 30 remains as the neutral Majorana fermion. Masses of each fermion component are given by M. The corresponding

SM interactions are

g
'Cgauge,SM >—
Cy

1 - 1 -
IjL}/ﬂ <§> 128 + lL}’” <S3‘, - 5) lL:| Zﬂ + i [IL]/”I/LW; + HC} (13)

V2

Substituting the mass eigenstates from Eqgs. (7) and (8) in Egs. (11) and (13) leads to the following interaction Lagrangian,
which describes the interaction among the quintuplet fermions, SM leptons, and gauge bosons.

g (. |- 1 — V3
Lync =2 opf | —=U'VP, ———=UTV*P ]ZOZ + [ZC"(—V*P >tZ +Hc.| b, 14
NC cw{ 14 [2\/5 L 2\/5 R u 4 4 R u ( )
and
V3 V3 , — 3
Lo =Ryt | —=UTV*Pr +—=U"VP }Z*—l” VP, )20 4 € #< ~vep )z++}w-+H.c., 15
cc g{ 4 {2\/2 R \/§ L 7( L) 4 2 R " ( )

where, U stands for the Upyng. As discussed before, the
value of V is constant and therefore, the decay of quintuplets
to gauge bosons is independent of the Yukawa coupling.

III. PRODUCTION AND DECAY

In this section, we study the production and decay modes
of the quartet scalars at 14 TeV LHC and discuss the
possible collider signatures in the fermiophobic and fer-
miophilic scenarios. We also discuss the existing limits on
the quartet scalars from various collider studies.

A. Production at the LHC

The charged scalars are produced in pp collisions via
SM gauge bosons in the s-channel. We take particular

interest in the pair and associated productions of the
charged scalars due to their large cross sections compared
to the production cross sections (pair or associated) of the
neutral scalars viz.,

pp =T,
pp = P77,

pp = ¢ ¢y +He
pp = d3 3. (16)

We plot these cross sections (¢) as a function of the scalar
mass at 14 TeV LHC in Fig. 1. The production cross section
for ¢ ¢y differs from the production cross section for
&5 ¢, and is larger by a factor of ~10. For the doubly
charged scalar, the associated production (¢ *¢; + H.c.)
is larger than the pair production. There is no associated
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Left: cross sections for the doubly charged scalar pair production and associated production, right: pair production cross

section of the singly charged scalar as a function of their mass at 14 TeV LHC.

production of doubly charged scalar with ¢; because the
gauge interaction in Eq. (2) does not couple ¢** (isospin
3/2) with ¢7 (isospin —3/2). Further, the associated
production takes place via a W-boson as a mediator.
Since 6(pp —» W) > o(pp — W7), the production cross
section of ¢h; ¢~ is less than that of ¢ ¢5.

B. Fermiophobic and fermiophilic decays

When Mg < My, the quadruplet scalars decay only to
the gauge bosons and behave as purely fermiophobic
[22,35,40]. The decay modes are

- WEZ,
¢ii N Wiwi’

¢ - Ww-, (17)
On the other hand, when the scalars are heavier than the
quintuplet fermions, i.e., Mg > My, then the scalars have
an additional decay mode whereby they decay to quintuplet
fermions via Eq. (4). These fermiophilic decay modes are

¢i+‘ — Zoli/ZiI/,

d3 — T /SEELT,
¢:I:j: N Z:ﬁ::l:l//zﬂ:l:i:7

/A7 Y0 ) vl (18)
The branching ratios (BR) of ¢s are depicted in Fig. 2(c) as
a function of Mg while My is fixed at 420 GeV. When
Mg < My, ®© decays to gauge bosons only. The fermio-
philic modes open up when Mg, > M. In the fermiophilic
region, we vary the Yukawa coupling and choose y; =
yi = y7 for simplicity. The corresponding values of VEV
are in the range (0.0002 -1) GeV. We observe that at large
values of the y,, the scalars prefer to decay to the quintuplet
fermion and SM leptons. Hence, the decays are purely
Sfermiophilic. If we lower the value of the Yukawa coupling,
the branching ratio to the gauge bosons starts to dominate.
For the singly charged scalar (¢7), the fermiophilic and

fermiophobic branching ratios are comparable when
Y, = 0.003. However, for ¢5, the fermiophilic decay is
still preferred when Y, = 0.003. Hence, we can say that
the two singly charged scalars, ¢»; and ¢, show different
decay patterns at intermediate values of y,. At much
smaller values of Y,, the decays of both the scalars are
fermiophobic.

In the fermiophilic decay modes, the quintuplet fermions
further decay to SM gauge bosons and leptons via the
following modes:

ZO - l_W+,IJ]Z,
>* o [FZ, uWE,

TEE 5 W, (19)
As discussed in Sec. II, the branching ratios of Xs
are constant with respect to variation in Yukawa coupling
and found to be 1 for X% - W*i~, ¥ - Wy, and
>+ — W*I*. Hence, while studying the collider signature
in the next section, we consider these decay modes only.

C. Existing collider searches

In the model under inspection, the scalars decay either
to the gauge bosons directly or to the quintuplet fermions
which subsequently decay to gauge bosons, as we have
discussed in the previous section. Before discussing
possible signatures at the LHC, let us discuss the existing
limits from collider experiments on charged scalars. The
direct search limit on charged Higgs comes from LEP
which is around 80 GeV [47]. Both ATLAS and CMS
have conducted extensive searches targeting multiple
production and decay modes of the charged scalars. A
recent summary of these searches is provided in [48-51].
Most LHC searches target single production of the charged
scalars via vector-boson fusion and have put limits in
cases where the scalar decays to gauge bosons [52-55]. In
this case, a lower limit of ~200 GeV is placed on the masses
of charged scalars. Limits also exist on production cross
sections of charged scalars when they directly decay to SM

095017-5



CHAKRABORTY, CHOWDHURY, KUMAR, and SAHDEV

PHYS. REV. D 113, 095017 (2026)

T T T T T T T T T
1 L . T e .
N, i
o 08 wz— K 1 g 08 Wz — ==
Z;v‘ ‘~\' 'y, i/
T o6l I — = T oo06f T — i E
'~ - o ]
S N S [
NS N, ~ [}
~ 04 — = x 04 1 E
= — | [ == =1 ——
“ 0003 et 7 ooz B 0003 - i
Yy =0. PRGNSR Yy = 0. '
0.2 |y, =0.0001 = ,e . 0.2 |y, =0.0001 e =
,;./ 7,
0 L L e’ 1 I L 0 L L T T deemimem, 1.
200 300 400 500 600 700 200 300 400 500 600 700
Mg (GeV) Mg (GeV)
(a) (b)
T T T T
1 T B
\.
~ 08 ww —— \'\,
> P \\
T 06 21— N e
b4 Yl e mimem e
s N
04 LT 5
‘é y,=1 — /.’
Yy =0.003 === ,
0.2 [~ |y, =0.0001 e 7
S e
0 1 Lle=" I L
200 300 400 500 600 700
Mg (GeV)

(©)

FIG. 2. Branching ratios for the singly (¢*) and the doubly charged (¢**) scalars considering three different values of the Yukawa
coupling, as indicated in graphs. Here, [ = e, u, 7. The quartet and quintuplet masses are fixed at My = 500 GeV and My = 420 GeV.

(a) BR (¢7). (b) BR (¢7). (c) BR (¢"").

fermions [56-61] or specifically, to quarks [62]. These
searches have placed a lower limit of ~400 GeV on the
charged scalar masses.

Reference [63] has studied the doubly charged scalar
pair production as well as associated production of singly
and doubly charged scalars, with each scalar decaying to
gauge bosons and limits are placed from the searches in 4
leptons, 3 leptons + > 2 jets and 2 leptons + >3 jets
final states. As no excess has been observed, limits have
been placed on the cross section x BR (See Fig. 9
of [63]).

One key aspect is that ATLAS and CMS searches
consider that the scalars decay to the SM gauge bosons
or fermions directly. However, in the model under study,
the singly and doubly charged scalars are part of a
quadruplet. They decay to SM gauge bosons (fermiophobic
scenario) or to quintuplet fermions (fermiophilic scenario)
which further decay to SM particles. Hence, there are a few
scenarios where the experimental limits are applicable,
which we discuss next.

D. Fermiophobic and fermiophilic signatures

Let us consider the fermiophobic scenario when Mg >
My and the coupling of the scalars with the quintuplet
fermion is small, y, < 0.005. In this situation, the branch-
ing ratio of the scalars to the SM fermions are negligible.

This situation gives rise to the final states with gauge
bosons

pp = d)de)l_ - WTZW~Z, (20)
pp = ¢ T > WEWIWIWT, (21)
pp — ¢++¢E - WrWTw+Z. (22)

We present the possible final states and the values of cross
section x BR in Table I for different masses of the scalars.
Some of the processes also get limits from ATLAS study
[63]. We have shown these limits in parentheses, in Table I,
comparing processes with the same initial and final states,
in our model and the ATLAS study. We cite the limits from
Ref. [63]in 41, 3/+ > 2j and 2/+ > 3 channels. Note that
the limit in 2/+ > 3 channel is applicable only when the
two leptons have the same sign. We also did not include any
channel with jet multiplicity greater than 4 because these
channels suffer from large SM background.

We find that the pair production cross section of ¢ ¢y
does not receive any limit from the LHC. The doubly
charged scalar with mass 300 GeV is excluded from the
ATLAS search in all three channels when produced in pair.
However, doubly charged scalars with mass 500 GeV are
not excluded in these channels. In the associated production
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TABLE 1.  Fermiophobic scenario: Cross section x BR for various final states at the 14 TeV LHC, for M4, = 300,
500, and 800 GeV, with My = Mg — 80 GeV. We use y, = 0.0001. The values in parentheses indicate the existing

upper limits from ATLAS [63].

Cross sectionx BR (fb)

Process 300 GeV 500 GeV 800 GeV
pp = ¢7dr: 6l + Er 0.01 0.001 0.0001
51+2j+Er 0.054 0.0055 0.0005
414+ 4j+ Er 0.07 0.007 0.0006
414+ 2j+ Er 0.184 0.019 0.0016
pp = TP 41+ Ep 0.114(0.044) 0.0117(0.026) 0.001
31+ 2j+ Er 1.17(0.45) 0.12(0.26) 0.01
250 +4j + Er 1.5(0.58) 0.15(0.34) 0.013
pp = ¢t s: 51 0.0538 0.0059 0.0006
4142+ Ey 0.4231 0.046 0.0044
31+4j+ Er 1.07(0.75) 0.117(0.42) 0.011
31+ 2j+ Er 0.473(0.33) 0.0518(0.18) 0.0049
250 +4j + Er 1.2115(0.85) 0.133(0.47) 0.0125

mode also, the 300 GeV mass is excluded in 3/ + 4, 31 +
2j and 2lg- + 4j channels from 3/4 > 2j and 2/+ > 3j
channel searches of ATLAS. The multilepton channels do
not face any constraints from the LHC, but the cross
sections in these channels (with four or more leptons)
remain significantly small.

There exists no limit from the LHC on the remaining
channels, involving four or more leptons. Note that these
final state leptons originate from W/Z boson decays and
thus, these channels experience suppression due to small
branching ratio. Only the channel with four leptons and
two jets offers a better cross section x BR. However, as
two of the leptons come from the decay of W boson, the
reconstruction of the quartet scalar or the quintuplet
fermion is not straightforward. In the fermiophilic scenario,
which we discuss next, the leptons are produced directly
from the decay of the scalar or fermion, resulting in a large
cross section X BR. This also facilitates the reconstruction
of the BSM particles.

We consider the fermiophilic scenario with Mg > My
and y, = 1. These fermiophilic signals are very different
from the existing searches at the LHC. The existence of an
intermediate state in the fermiophilic scenario results in a
high number of particles in the final state, producing
multilepton final states with or without multiple jets. If
we consider the pair production of ¢ ¢7 and dominating
decay modes of qbf[ and X0, then final states are rich in
leptons and W bosons

pp = iy — OIS0  WHE W, (23)
The other possibilities are pp — ¢ ¢y — ZTvE"0 and

pp — ¢ 7 — =S5, We have observed in the pre-
vious section that the branching ratio for ¢ — Xtv is

larger than ¢] — £°/*. The branching ratio for £* decays
to WEu() is almost 95%. Hence, the final states from these
decay modes will be W W=+ MET or WEW~[F[*+ MET.
There will be a large MET in the final states if the Ws decay
leptonically, and thereby, reconstruction of the scalar mass
will not be straightforward. On the other hand, Ws
decaying to the jets will lead to final states, which suffer
from large SM backgrounds.
The other possible fermiophilic channels are

pp = ¢t > ETTVETTD > WHITWWT D, (24)
pp = TPy > ETTUETTIT > WHITUWT T (25)

The cross section x BR in different channels are presented
in Table II. We do not consider the pair production of ¢3 ¢5
because the cross section is one order of magnitude smaller.
Some of the processes also get a limit from the ATLAS
study [63], which are shown in parentheses. However, these
limits are only meant for a preliminary comparison. Even
though the final states are the same, the exact signal
topology, particularly in the fermiophilic scenario, is differ-
ent from that in the ATLAS study.

We observe from [63] that the 1st process (Eq. (23) does
not get any limits from the LHC but the cross section x BR
is low compared to the other channels. The doubly charged
scalars with 500 GeV are excluded by the ATLAS search in
314+ > 2j and 41 channels.” The 2/ + 4j channel with two
opposite sign leptons suffers from a very high SM back-
ground. Also, in the associated production mode, scalars

SATLAS limit does not apply to 2/ + 4; state here because
ATLAS considers only same charge leptons, whereas in our study
we have two oppositely charged leptons.
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TABLE II.  Fermiophilic scenario: Cross section x BR for various final states at the 14 TeV LHC, for M4, = 300,
500 and 800 GeV, with My = M4 — 80 GeV. We use parameter values y, = 1 and v, = 0.0002. The values in
parentheses indicate the existing upper limits from ATLAS [63].

Cross sectionx BR (fb)

Process 300 GeV 500 GeV 800 GeV
pp = ¢7dr: 6l+ Er 0.083 0.0085 0.00074
51+2j 0.4264 0.044 0.0038
41+ 45 0.5467 0.056 0.00489
pp — T 41+ Ep 27.26(0.044) 2.8(0.026) 0.24
3+2j+Ep 3.577(0.45) 0.3675(0.26) 0.0315
21+4j+Er 4.542 0.467 0.04
pp — ¢ 51 0.838 0.0918 0.0086
4l +2j+ Er 4.3 0.471 0.0443
3l+4j+ Er 5.514(0.75) 0.6035(0.418) 0.0568

with 300 GeV mass are excluded in the 3/ + 4 channel.
The multilepton final states with 4 to 5 leptons and 2 or
more jets are not excluded by the LHC searches, but they
suffer from a very small branching ratio. Note that, in the
fermiophilic signals, all or most of the SM leptons originate
from the decay of the scalars or the quintuplet fermions,
while the jets come from the decays of W/Z bosons.
Hence, the branching ratio is larger compared to the
fermiophobic scenario (Table II). The mass of the charged
scalars and the quintuplet fermions can be reconstructed
easily in the fermiophilic scenario.

Considering all the current bounds on the masses/
couplings of the model under consideration, in the next
section, we study the pair production ¢| ¢7 and associated
production ¢**¢5 with final state signature involving
multiple leptons (at least 4) and at least 2 jets at the LHC.

IV. ANALYSIS AND RESULTS

The pair production of ¢} ¢7 and associated production
¢ T¢5 is shown in Figs. 3 and 4 for the fermiophobic
and fermiophilic scenarios, respectively. In this section, we
discuss the detailed collider analysis corresponding to the

Sfermiophilic scenario as depicted in Fig. 4. We consider
pair production of ¢ as our first signal process (S1) where
¢, undergoes a cascade decay through the intermediate
state X0, resulting in a final state with four charged leptons
and two W bosons [Fig. 4(a)]. In addition to S1, we also
study the associated production of ¢5 with ¢FF, which
constitutes our second signal process (S2), resulting in a
final state with three charged leptons and two W bosons.
Note that, we have considered the charged conjugate
process as well.

A. Signal topology

The processes in Fig. 4 results in a final state containing
four/five leptons and two jets when one of the two W bosons
decays hadronically while the other decays leptonically. For
S1, both the possibilities are considered. There is no other
source of MET in S1 apart from the decay of leptonically
decaying W. W can be reconstructed from the jets, and can be
combined with correct leptons to reconstruct the fermion or
scalar. We will discuss the reconstruction later.

However, in S2, if the W originating from the ¢**
branch decays hadronically, the resulting hadronic system

w- W
p p
5 L o AL
vz - Z wt -7 Z
\\\ A \\\ W+
p p
wt wt

(a)

FIG. 3.
decays in the fermiophobic scenario.

Feynman diagrams for the pair production (a) and associated production (b) of the charged scalars at pp collision and their
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FIG. 4. Feynman diagrams for the pair production (a) and associated production (b) of the charged scalars at pp collision and their
decays in the fermiophilic scenario. The conjugate processes are also considered.

allows the reconstruction of the intermediate £** on that

branch. However, the presence of missing transverse
energy (MET) from the ¢** on the same branch prevents
the reconstruction of the parent ¢p**. Furthermore, on the
@5 side, the presence of MET from the leptonically
decaying W again makes it difficult to reconstruct both
¥** and ¢35 in that branch. Conversely, if the W from the
¢+ branch decays leptonically, all MET is concentrated on
the ¢** side, rendering both ** and ¢** unreconstruc-
tible. In this configuration, however, the ¢5 branch con-
tains a hadronically decaying W, making it possible to
reconstruct both Z** and ¢5. Thus, although the ¢*=*
branch cannot be reconstructed in this scenario, the top-
ology still allows the reconstruction of at least one scalar
and one fermionic resonance. For these reasons, in our
analysis we focus exclusively on the latter configuration—
where the leptonic W originates from the ¢** branch—as it

provides the most favorable conditions for reconstructing at
least one scalar and one heavy fermion state.

B. Backgrounds

Since both signal processes produce final states with at
least four leptons accompanied by jets and missing trans-
verse energy (MET), the most relevant SM backgrounds are
those that can mimic such signatures. Therefore, we
consider SM processes containing at least four leptons
and two jets, along with a nonzero source of MET, as
potential backgrounds to S1 and S2. The list of dominant
SM backgrounds includes t7Z, tWZj, ZWWjj, ZZWjj,
ttWW, and r#tf, which exhibit similar final-state topologies
with cross sections [64,65] comparable to (in some cases
larger) the signal S1 and S2. A summary of the signal and
background processes, along with their relevant decay
modes and cross section X BR, is provided in Table III

TABLE II. The cross sections (¢ x BR) for the two signal (S1 and S2) processes are presented for three
benchmark points. Background processes are listed as (B1-B6) and their cross sections (¢ x BR) are also given.
Signal o x BR (fb)

S1: pp — ¢T¢1_’ 0.4264
My =300 GeV (b = 017,30 > WHIm, WH = jj)
My =500 GeV (¢p7 — 207,50 > W=IT, W= — [0 0.044
M, = 1000 GeV (51+2j+ MET) 0.0014
S2: pp — ¢ Ps 0.235
My = 500 GeV (¢t - Xy, 2t > WHIT, W - [T)
M, = 800 GeV (97 » =1F, 2= > W=, W~ — jj) 0.022
My = 1000 GeV (41 +2j + MET) 0.006

Backgrounds o X BR (fb)
Bl pp = tZ;Z - 1M1 (t = bW, Wt = [ty;); 2.39

(f— bW W™ = [75;);
B2 pp > tWZjZ > 1T W = [0 0.477
(t > bWHWH - Ity;)

B3 pp = ZWWTjji,Z - 171", W™ > [0 0.299
B4 pp = ZZIW jj, Z - 1T W™ - [0 0.032
B5 pp = tW-W, (t > bWH, W = [Ty ), W™ - 7D 0.024
B6 pp = tith; (t > DWW = [Ty;) 0.021
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Normalized distributions of the variables used in the preselection: Lepton multiplicity (top left), jet multiplicity (top middle),

b-jet multiplicity (top right), the invariant mass of the two opposite-sign lepton pairs (bottom left and bottom right).

C. Detector simulation

The event samples for both signals and backgrounds are
generated (in leading-order in @) using MADGRAPH (version
3.4.1) [66] at a center-of-mass energy of 14 TeV. The effects
of parton showering, hadronization, as well as initial state
radiation (ISR) and final state radiation (FSR) are simulated
using PYTHIAS (version 8.310) [67]. The detector-level
effects are incorporated using DELPHES (version 3.5.0)
[68], employing the default CMS detector configuration.
The jets are reconstructed using the anti-k; algorithm as
implemented in FASTJET [69,70] with aradius parameter R =
0.5 and a minimum transverse momentum for the jets set at
pr}“}‘ =20 GeV. All events are required to pass through a
few basic selection cuts for the leptons and jets, as:
pr. > 10 GeV, || < 2.5 and pr; > 30 GeV, |n,| < 4.5,
where pr;, pr ; are the transverse momentum of the leptons
and jets, and #;, n; are their pseudorapidities, respectively.
The jets are tagged as b-jets using the default b-tagging
module of DELPHES CMS card.

D. Preselection

In our analysis, leptons play an important role and
therefore, a proper identification and selection strategy
for the leptons is extremely crucial. Given the mass
difference between the scalar and the fermion, the use of
the MET direction in identifying the leptons turned out to
be an efficient methodology. We, therefore, arrange the
leptons in an increasing order of magnitude of A \gr,
considering that the lepton with the smallest separation in

Ag, ygr is produced by the decay of W-boson. To further
iterate this point, let us consider the process S2, which has
two sources of missing energy; one from the decay of ¢+
and another from W-boson decay. However, the mass
difference between ¢** and Xt is smaller than that of
>+ and the W-boson. Hence, it is expected that the lepton
from the decay of W will be identified in the event as the 0"
lepton (l,), following the above mentioned rule of number-
ing the leptons. Hence, we obtain 4 leptons as (/y,/1,l,,/5,
l4), where [ is the closest to the MET direction, or in other
words, farthest from the dijet branch, where W decays
to jets.

In the upper panel of Fig. 5, we show the normalized
distribution of the multiplicity of leptons (Nigp), jets (Njg),
and b-tagged jets (N;_j). The signal S1 is plotted for two
reference points of scalar mass viz., 300 and 500 GeV,
while S2 is plotted for the mass 500 GeV. For the back-
grounds, only the first three dominant ones are considered
in these plots, which helps to identify the appropriate cuts
to be applied for event selection and in the optimization
process. Several key points to note from these three
distributions:

(i) The lepton multiplicity distribution peaks at four for

S1 and at three for S2, even though these events are
generated with five and four leptons, respectively, at
the truth level. The answer lies in the distribution of
jet multiplicity, where we observe that almost 60%
of the events have a jet multiplicity greater than two
for both signals, indicating a smaller number of
isolated leptons than expected.
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TABLE IV. The list of cuts used as preselection.

Preselection

Nlep > 4, Njet > 2, Nb—jel = O, Merf— :,é [85,95} GeV

ii e b-jet multiplicity is nonzero in processes due . Kinematic features
(i1)) The b-jet multiplicity p d E. Ki tic feat
to the b-tagged jets produced from the decay of After applying the selection cuts mentioned above, we
the top quark as well .as.fyom the decﬁy O_f the W proceed to analyze several kinematic features that play an
BOSO.HS' _Thebb'Jlit multilphcllty 1s2sh03wnl mn Flg_‘ g f}?r important role in understanding the signal and background
pm1111at1ng ackgrounds B1, B2, B3 along with the topologies. The key observables considered in this study
ignz_s' d bef he i . ¢ th are listed in Table V. Some of these variables are plotted for
(i) ) S 1scussei d le ore, t N 1nvar1ant1 hass 01 t € the signals and the leading backgrounds in Figs. 6 and 7. In
e.ptons could play an important role in isolaing . follows, we discuss some of these features briefly.
signal events from the background ones. There- . . . .
. lot the i ) f the leadi (i) Angular separation between two jets (ARj;):
Orz, W(;’ p,(;lt the 1nvar1alrit g?ass of the he&é{}g Signal events (S1 and S2) produce jets from the
Eor ere w1tt r§speclt t? the di recu](‘)/ln with, th) decay of a W boson that originated from a heavy
WO opposite-sign lepton  pairs (M), in the fermion, and therefore, these jets are expected to be
lower panel of Fig. 5. Most of the backgrounds, collimated. As expected, we observe a peak around
El’ B2, B3t’ antd dB4’ I.HVOIVC 4 Z-.lzosgn Wlildi can AR;; = 0.5 for signal events with a sharply falling
¢ reconsfrucied using Opposite-sign Ieptons. distribution after the peak (see the lower middle
Hence, we observe a clear resonance peak at . .
. . figure of Fig. 6). The jets from the background
90 GeV for the backgrounds, unlike the signal . o
. events have a relatively flat distribution in ARj;.
events, where the leptons are not coming from the . C . e
d . This characteristic difference in the distribution of
ecay of the Z boson. After analyzing these . . . N
distributi . . . . AR ;; makes it an important variable to distinguish
istributions in Fig. 5, we incorporate a series N ) " hack d
of cuts, labeled as preselections, to improve the . s1gna. events irom ag grqun events. )
discrimination power of the classifier in discrimi- (i) Invariant mass of a pair of, ]et.s (M{'J)' Following the
nating the signal events from the backgrounds, as arguplent given above,_ the invariant mass of the
mentioned in Table TV. leading pair of jets (having the smallest AR between
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(iif)

(iv)

them) is also expected to peak at the W-boson mass.
The peak is clearly visible for the signal events in the
distribution shown in the top right panel of Fig. 7,
unlike the background events.

pr of the leptons: As discussed before, we identify
the leptons as [, [y, [, I3, and I, where [, is the
closest to the MET direction, or in other words,
farthest from the dijet branch, where W decays to
jets. We further arrange the leptons in the increasing
value of py and we show the distributions in Fig. 6.
However, we do not use a different notation, we keep
the previous notation for the ordered leptons.
Invariant mass of a pair of leptons (M;): The same-
sign leptons do not originate from any particular
decay chain. In the signal processes, same-sign
leptons can arise from the decays of exotic particles
or W, whereas for the backgrounds, same-sign leptons
originate predominantly from Standard Model W and
Z boson decays. Figure 7 (top right panel) shows the
invariant mass distribution of the two leading same-
sign leptons [ordered according to their direction with
respect to the missing transverse energy (MET)], for
both the signal and background processes. The pattern

)

095017-12

of the invariant mass distributions exhibits a signifi-
cant distinction between signal and background
topologies. As the scalar mass increases, the signal
distribution shifts toward higher masses relative to the
background. Furthermore, for the same benchmark
mass of 500 GeV, the distribution for S2 is more
separated from the background distributions com-
pared to S1.

Invariant mass of a pair of jets with lepton(s): The
presence of two exotic particles in the signal events
hints at the different patterns for the energy flow
among the different final state particles, especially
the leptons and jets. Therefore, we calculate two
invariant mass observables, the first involving a pair
of jets and a lepton (M j;,), and the other involving a
pair of jets with a pair of leptons (M ;z,).

To demonstrate the reconstruction process, let us
take the example of S1. To calculate these, we
consider a pair of leptons that are closer to the jet
system and further from the MET direction. Note
that, for signal events, the two closest leptons to the
jet pair are the decay products of ¢, and X°
respectively. Furthermore, among the two leptons,
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TABLE V. The set of input variables used for the multivariate
analysis.

Features used for BDT

f() fl
Pr Pr

Y pr My,

ARJ’J’ ijf M Jitt

the lepton from the decay of X0 possesses larger py
than the one of ¢-decay, as the mass difference
between X° and the W-boson is much larger than
the mass difference between ¢, and X°. The M it
distribution is shown in the bottom left panel of
Fig. 7 displays a sharp peak at the representative
mass of the X0-particle. The mass of X° is recon-
structed at three different benchmark points. For S2,
the reconstruction process of the invariant masses
are similar to S1.

Then we calculate the invariant mass of the jet pair
along with the two leptons closest to the jet pair,
namely M ;... The signal distribution for M.,
shows a sharp peak at the ¢ masses, as shown in
bottom right panel of Fig. 7. The background events
display a wide spread in the said distributions (see
the bottom panel of Fig. 7).

The rest of the two leptons that do not take part in
the reconstruction are tagged. To maximize the

discrimination power, we also include the p?", and
the missing transverse momentum of the events to
the machine learning algorithm, as listed in Table V.
For completeness, we have included the distribution
of the MET in Fig. 6, bottom right panel.

F. Result

Understanding the signals at different benchmark points
leads us to identify the features useful for discriminating
the signal from the backgrounds having similar final states
but higher cross sections. Now, we focus on building a
classification model, which can help the signals achieve an
impressive significance even if the cross section is small.
The combined dataset of a signal for a specific bench-
mark point, together with the backgrounds, are divided
into a 50:50 ratio for training and testing in such a way
that for training, there are equal numbers of signal and
background events present. Each of the background is
weighted according to their cross section with the weight
=< x oy x BR x ([ Ldt), where Ny is the number

N

of MMf)nte Carlo samples generated, ¢, is the production
cross section of each process, BR is the branching ratio for
a particular decay channel and [ Ldt is the integrated
luminosity. The analysis is carried out on the high lumi-
nosity run of LHC with [ £dt = 3000 fb~!. All features or
observables are passed through the MVA, and a receiver
operating characteristics (ROC) curve is obtained that gives

1.00 7

0.98

0.96

=
v
A
0.94 4
: 300 GeV
—— S1: 500 GeV
0.02 ] — S1:1000 GeV
—— $2: 500 GeV
—— $2: 800 GeV
$2: 1000 GeV
0.90 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
€s
FIG. 8. ROC curves displaying the signal efficiency (e,) on the

x-axis and the background rejection (1 — €;,) on the y-axis for the
two signal processes S1 and S2 at different benchmark points.

the probability of correctly rejecting background events as
a function of the probability of correctly identifying signal
events. We use the ROOT Library, “toolkit for multivariate
analysis” [71] to perform the MVA. More specifically, we
use the algorithm “adaptive boosted decision tree”
(AdaBoost) [72] for the classification of signal and back-
ground events. In Fig. 8, we show the ROCs obtained for
the signal process S1 and S2 for two representative values
of the scalar mass. As evident from the figure, the higher
the scalar mass, the better the separation in the input
observables, leading to improved performances in terms of
the area under the curve (AUC).

To estimate the discovery potential of the HL-LHC,
we calculate the signal significances for each bench-
mark point, defined as (also referred to as the Asimov
significance [73]):

S = \/2[(S+B)ln <1 +;> —S],

with S and B being the number of signal and background
events, respectively, after the imposition of the BDT cut.
Essentially, it quantifies the signal’s distinguishability
from expected background noise. The significance of
the signal S1 and S2 are listed in Table VI. We observe
that the discovery prospect (i.e., S > 5) for the scalars
through the process S1 lies up to approximately 600 to
700 GeV, while for exclusion S 2 2 level, the limit can be
extended up to ~900 GeV. We have found that the
significance is larger in S2 compared to S1, even though
the cross section is smaller in S2. Using S2, we can
exclude (S = 2) a new scalar up to a mass of approx-
imately 1 TeV (1000 GeV) or more.

095017-13



CHAKRABORTY, CHOWDHURY, KUMAR, and SAHDEV

PHYS. REV. D 113, 095017 (2026)

TABLE VI. Signal significances with the selection cuts men-
tioned in Table IV for integrated luminosity 3000 fb~! for at
different benchmark points in S1 and S2 along with the respective
BDT cuts for which the significance is maximum.

Process Mg (GeV) BDT Cut S
S1 300 0.1 33.7
500 0.1 9.17
1000 0.2 0.88
S2 500 0.1 19.7
800 0.2 4.8

1000 0.2 2.1

We would also like to mention that the lepton multi-
plicity distribution (Niep), as shown in Fig. 5 indicates that a
requirement Ny, > 5 effectively suppresses the SM back-
ground processes. We have checked that a similar analysis
carried in this channel suppress B1, B2, and B3 to
negligible levels. The major contribution in the background
comes from B4, which has cross section similar to S1 at
500 GeV mass. as the primary remaining contamination.
Therefore, we find that the cut significantly reduce back-
ground contamination, leading to a noticeable improve-
ment in signal significance in both S1 and S2. We find that
with this revised search strategy, the discovery prospect for
S1 reaches up to ~600-700 GeV. while the exclusion limit
reaches ~900 GeV. However, the signal cross section is
also significantly reduced compared to the previous analy-
sis. With so few events, reconstruction of either the fermion
or the scalar states is not feasible. Therefore, we do not
pursue this channel in further detail.

V. SUMMARY

In this work, we consider a simple extension of the SM
with a scalar quadruplet and a fermionic quintuplet,
motivated from the resolution to neutrino mass problem
in the SM. In the collider study, we focus on the production
and decays of the quartet scalar. The decay pattern of the
quartet components depends upon the mass hierarchy
between the quartet scalar and the quintuplet fermion as
well as the Yukawa coupling between the two. We consider
the case when Mg > My. We observe two different decay
patterns wherein the scalar can either decay to gauge
bosons directly or they first decay to quintuplets which
subsequently decay to gauge bosons. For large Yukawa
coupling values (~1), scalars predominantly decay to
quintuplets; this regime is referred to as fermiophilic. As
Yukawa coupling strength decreases, scalar decays to
gauge bosons become increasingly significant. In the limit
of very small y, (<0.0001), scalars decay predominantly to
gauge bosons, defining the fermiophobic scenario.

We explore the prospective collider signatures in these
two scenarios, alongside the prevailing experimental con-
straints from existing collider searches. We find that the
signals with 4 or more leptons along with 2 jets offer
substantial signal x BR and are not excluded by the LHC
experiment. We study the pair production mode ¢ ¢7 and
associated production mode ¢ *¢; and their decays via
the fermion quintuplets at 14 TeV LHC, giving rise to final
states with 4 or more leptons along with 2 jets. We focus on
the fermiophilic scenario and demonstrate that scalar and
fermion masses can be reconstructed through a selection
strategy based on kinematic variables, applied to the final-
state particles.

We also conduct a detailed collider analysis for the final
state with at least four leptons and two jets, incorporating
SM background events within a multivariate analysis
(MVA) framework, to assess the discovery prospects of
these scalars. The pair production process for the scalars
achieves a sensitivity of 5o with mass of the scalar ranging
from =600 to 700 GeV and an exclusion limit (20) up to
~900 GeV. Critically, the associated production process
offers superior sensitivity, extending the exclusion potential
(20) for the scalar mass to 1 TeV and beyond. The signal
processes feature cascade decays that pose significant
challenges to reconstruction. We have also demonstrated
that the successful reconstruction of quadruplet scalars and
quintuplet fermions is feasible in both channels, S1 and S2.

We also examine the discovery and exclusion reach in
the 57 + 2 jets final state. Although this channel yields
even higher significance, the number of surviving signal
events after all selections falls below 10 at £ = 3000 fb~'.
Furthermore, for scalar masses exceeding 1 TeV, the signal
cross section decreases substantially, rendering discovery
unattainable in these final states. Also, at higher energies,
the W bosons become highly energetic and could be
reconstructed as fat jets; however, such an analysis lies
beyond the scope of this work.
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