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Abstract We investigate the discovery prospects of a
vector-like top partner (VLT) in the Type-II Two-Higgs-
Doublet Model (2HDM-II) extended by a vector-like quark
(VLQ) doublet (T B) at the 14 TeV Large Hadron Col-
lider (LHC). In this work, the VLT is pair-produced via
pp — TT and predominantly decays through the cascade
T — HTbh — tbb, with the top quark decaying leptoni-
cally. The resulting final state, comprising an opposite-sign
lepton pair and multiple b-jets, offers a clean experimen-
tal signature. We evaluate the discovery significance as a
function of the VLT and charged Higgs masses, integrated
luminosity, and background systematic uncertainties. For
mpy+ = 600 GeV and 5% systematic uncertainty, a So dis-
covery is achievable for mr < 1300 GeV with 300 fb~!
luminosity. At higher luminosities of 1000 and 3000 fb—",
the reach extends to 1500-1600 GeV, depending on the level
of systematic uncertainty. While heavier H* masses reduce
sensitivity, discovery remains attainable at high luminosity.

1 Introduction

The discovery of the Higgs boson by the ATLAS and CMS
collaborations at the Large Hadron Collider (LHC) [1,2]
confirmed the Higgs mechanism as the cornerstone of elec-
troweak symmetry breaking in the Standard Model (SM).
Despite its success, the SM leaves several fundamental ques-
tions unanswered, including the nature of the scalar sector,
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the hierarchy problem, and the absence of a viable dark matter
candidate. These open issues strongly motivate the explo-
ration of extended Higgs sectors, among which the Two-
Higgs-Doublet Model (2HDM) [3,4] stands out as a minimal
and well-defined framework. The 2HDM predicts additional
scalar states: a heavy CP-even Higgs (H), a CP-odd scalar
(A), and a charged pair (H +), whose observation would con-
stitute a clear signal of physics beyond the SM.

A particularly compelling extension of the 2HDM involves
the addition of vector-like quarks (VLQs) [5-19] heavy col-
ored fermions whose left- and right-handed components
transform identically under the SM gauge group. VLQs arise
naturally in many ultraviolet-complete frameworks, includ-
ing extra-dimensional theories [20,21], composite Higgs
models [22,23], and Grand Unified Theories (GUTs) [24].
Their gauge-invariant masses and non-standard Yukawa cou-
plings allow interactions with both SM and BSM Higgs
fields, opening new decay channels unrelated to electroweak
symmetry breaking.

Among the most distinctive collider signatures in this
framework are VLQ decays into non-standard Higgs bosons
predicted by the 2HDM, such as T/B — H*b/t, Ht /b, or
At /b [25-37]. These channels remain largely unexplored in
existing LHC searches, which primarily focus on SM-like
final states involving W, Z, or h bosons. Although current
ATLAS and CMS searches have set stringent limits on VLQ
masses [38], these bounds assume dominant decays into SM
particles. The absence of signals in these conventional chan-
nels may, therefore, indicate substantial branching ratios into
BSM scalars. Moreover, the interplay between the extended
scalar and fermion sectors can induce loop-level cancella-
tions that relax electroweak precision constraints, thereby
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enlarging the viable parameter space and enhancing theoret-
ical consistency.

In this work, we investigate the discovery potential of a
vector-like top quark (VLT) in the Type-II 2HDM extended
by a VLQ doublet (T'B). We focus on the pair production
process pp — TT at /s = 14TeV, followed by the cascade
decay T — HVb — tbb, with the top quark undergoing lep-
tonic decay. This yields a distinctive final state with multiple
b-jets and an opposite-sign lepton pair, offering a clean and
promising signature to simultaneously probe both the VLT
and the charged Higgs boson.

The remainder of this paper is organized as follows: Sect. 2
outlines the theoretical setup, simulation strategy, and applied
constraints. Numerical results and discovery projections are
presented in Sect. 3, followed by conclusions in Sect. 4.

2 Framework

This section provides a concise overview of the 2HDM-II
+ VLQ framework. We begin by revisiting the well-known
€ &-conserving scalar potential of the 2HDM, involving
two Higgs doublets (®, ®,) subject to a softly broken dis-
crete Zp symmetry, ®; — — &, which is softly violated by
dimension-2 terms [3,39]:

V= m%ICDT(bl + m%zd%(bz - (m%ZCDICDz + h.c.)

1 e N2 1 a2
551 (O]1) + 322 (@]@2)

F03D] D DI Dy + Ay D] Dy D) Dy
1 f\2
+ [5/\5 <<I>ld>2> + h.c.:| . (1

All parameters in this potential are real. The two complex
scalar doublets ®; > can be rotated into a basis, Hj 2, where
only one of them acquires a Vacuum Expectation Value
(VEV). By employing the minimization conditions of the
potential for EWSB, the 2HDM can be parametrized by seven
independent quantities: my, mpy, ma, mg=+, tan § = vy /vy,
sin(8 — «), and the soft-breaking parameter m%z

To suppress tree-level Flavor Changing Neutral Currents
(FCNCs), the 2HDM admits four distinct Yukawa configu-
rations, depending on how the Z, symmetry is extended to
the fermion sector.! These configurations are: Type-I, where
®; couples to all fermions, Type-II, where ®, couples to up-
type quarks and @ to down-type quarks and charged leptons,
Type-Y (Flipped), where &, couples to up-type quarks and
charged leptons, and & to down-type quarks, and Type-X

! This work specifically focuses on the Type-I1 2HDM within the align-
ment limit [4], where the lightest neutral Higgs boson is identified with
the discovered 125 GeV state.
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(Lepton Specific), where @, couples to quarks, and ®; to
charged leptons.

Next, we introduce the VLQ component of the model. The
gauge-invariant interactions between the new VLQs and SM
particles arise from renormalizable couplings, with the VLQ
representations specified as follows:

TLO R (singlets) ,
XT%r, (T°B%. g (doublets) ,
XT°B% k. (T°B°Y)r (triplets) . )

In this context, the superscript zero distinguishes weak
eigenstates from mass eigenstates. The electric charges of
the VLQs are Q7 = 2/3, Op = —1/3, Ox = 5/3, and
Qy = —4/3, with T and B sharing the same electric charges
as the SM top and bottom quarks, respectively.

The physical up-type quark mass eigenstates may, in gen-
eral, contain non-zero Q% » components (where Q repre-
sents the VLQ field) when new fields TLO’ g and Bg’ g With
non-standard isospin assignments are added to the SM. This
scenario leads to deviations in their couplings to the Z boson.
These deviations are constrained by atomic parity violation
experiments and measurements of R. at LEP [40], which
impose stringent limits for the up and charm quarks but are
comparatively less restrictive for the top quark.

In the Z; basis, the Yukawa Lagrangian for the three SM
quark generations q7; = (u%i dgi)T (i=1,2,3)anda VLQ
doublet Q1 r = (T0 BO)ZR is given by:

Ly = —yliqLi®aur; — yiqLiP1dg;
—yffj QL&DZMRJ‘ — yffj QLq)lde + h.c., 3)

where & = (HC}|r H:j)T and ®, = (HL;|r H,?)T are the Higgs
doublets, and &> = ioy &7 is the conjugate Higgs doublet.
The Yukawa couplings y;‘j’d describe the interactions between
the SM quarks and the Higgs doublets, where i, j = 1, 2, 3.
The couplings yZJ’.d represent the interactions between the
VLQs and the SM quarks.

We assume that the VLQ doublet eigenstates dominantly
mix with the third generation, as motivated by the natural
mass hierarchy [41] and consistent with stringent exper-
imental constraints from low-energy flavor-changing pro-
cesses [42—45]. Therefore, the mixing with the first two gen-
erations can be neglected, and we set yZid = yZid =0,
retaining only y4”§d # 0.

The mixing between the third-generation SM quarks and
the VLQs is governed by 2 x 2 unitary matrices U Z » and
U Z »» Which relate the weak eigenstates to the mass eigen-
states. For the up-type quarks ¢ and 7T':

. i 0
LR _ COS@Z)R' —smGZ‘Re”’bu I & @
Ty r sin Gz’Re_"l’” cos 0} p TS’R ’
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and for the down-type quarks? b and B:

br.r _ cos@LR —sin@Z’Re"‘f’d bg’R )
BrL R sm@d e"id COS@ZR BS’R '

The mass terms for these quarks in the weak eigenstate

basis are:
oy (Y535 O 1
_ _ (70 70 V2 R
gmass = (ZL TL) (}743[ MO> (T£>
o -~ 0 0
~ () BY) (y33f M°> (b ) the. (6
Y43 5

where v = 246 GeV is the Higgs vacuum expectation value
(VEV), and MY is the bare VLQ mass term.>

In the T B doublet scenario, gauge invariance ensures that
the off-diagonal elements yZ;ld vanish, leaving yé’éd and yfgd
as the only non-zero Yukawa couplings. The mass matrix
is diagonalized by the mixing matrices UZ and Uz,, which
satisfy:
UZ M1 (U ) dlag ’ @)
where .# 4 represents the mass matrices in Eq. (6), and ///dqiag
are their diagonalized forms.

The left- and right-handed mixing angles for the quarks
are related by:

u . Mt u d .. Mb d

tan 6, ~ m—TtanOR, tan 6; ~ m—BtanGR, (8)
where m, and my are the masses of the SM top and bottom
quarks, and m7 and m p are the VLQ masses.

The T B doublet scenario within the 2HDM-II framework
provides a compelling avenue for exploring charged Higgs
bosons through VLQ decays. In this setup, the VLT decays
into a charged Higgs boson (H +) and a bottom quark (b)
with a substantial branching ratio [28]. The decay width* for
the process T — H™b is given by:

2
8 T 172
— —A(m7,mp, My+

x {1Zf, 2 oo B +12f, 2 tan® )

(T - H"b) =

2 Measurements of R;, at LEP set constraints on the b mixing with the
new fields that are stronger than for mixing with the lighter quarks d, s
[45].

3 This gauge-invariant mass term is independent of the Higgs mech-
anism. It can either appear directly in the Lagrangian or arise from a
Yukawa coupling to a scalar singlet that acquires a large VEV v/ >> v.

4 Detailed analytical expressions for the couplings are provided in the
Appendix of Ref. [28].

x [141f = r}a | +4nReZf) 2f5)
©

Here, r, = my/mr, where x refers to one of the decay
products, and the function A(x, y, z) is defined as:

Ay, 2) = (4t 2 =2y —2x%22 = 2y%2%), (10)
and

L N
Zh, = cdstemitn 4 (542 — s ),—ﬁ,

R mb a2y 1 an
Zry, = CLSL + (SR —SL ) =

2.1 EWPOs in VLQ

EWPOs impose stringent constraints on the parameter space
of new physics scenarios. In our 2HDM+VLQ framework,
both the extended scalar and fermionic sectors contribute
to the oblique parameters S and 7', which encapsulate radia-
tive corrections to electroweak gauge boson propagators. The
scalar contributions from the 2HDM are well established in
the literature and are adopted from Ref. [46]. The fermionic
contributions from VLQs can be computed analytically fol-
lowing the method of Ref. [47], which is applicable to VLQ
singlet and doublet representations, and has been employed
in, e.g., Ref. [48].

In this work, we compute the complete one-loop contri-
butions of VLQs to the S and T parameters using
FeynArts-3.11[49,50]and FormCalc-9.10[51,52],
employing dimensional regularization and the Passarino—
Veltman decomposition for loop integrals. We have verified
both analytically and numerically that the resulting expres-
sions are ultraviolet finite and renormalization-scale inde-
pendent. (Analytical expressions for the VLQ representation
studied are provided in Ref. [29], see also Ref. [25].)

2.2 Theoretical and experimental bounds

In this section, we outline the constraints used to validate our
results.

— Unitarity constraints require the S-wave component of
the various (pseudo)scalar-(pseudo)scalar, (pseudo)scalar-
gauge boson, and gauge-gauge bosons scatterings to be
unitary at high energy [53].

— Perturbativity constraints impose the following con-
dition on the quartic couplings of the scalar potential:
Ail <8 (i =1, ...5) [3]

— Vacuum stability constraints require the potential to be
bounded from below and positive in any arbitrary direc-
tion in the field space, as a consequence, the A; parameters

@ Springer
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should satisfy the conditions as [54,55]:

M >0, >0, A3>—V/A1A,
A3+ A — |As| > —/A1A2. (12)

— Constraints from EWPOs, implemented through the
oblique parameters, S and T [56], require that, for a
parameter point of our model to be allowed, the cor-
responding x2(S2HPM-I 4 gVLQ = p2HDM-I 4 7VLQ)
is within 95% Confidence Level (CL) in matching the
global fit results [57]:

S =0.05+008, 7 =0.09+0.07,
ps.r =0.9240.11. (For U = 0) (13)

Note that unitarity, perturbativity, vacuum stability, as
well as § and T constraints, are enforced through the
public code 2HDMC-1. 8. 05 [58].

— Constraints from the SM-like Higgs-boson properties
are taken into account by using HiggsSignal-3 [59,
60] via HiggsTools-1.2 [61]. We require that the
relevant quantities (signal strengths, etc.) satisfy Ay? =
X2 — Xr%in for these measurements at 95% CL (Ax2 <
6.18).

— Constraints from direct searches at colliders, i.c.,
LEP, Tevatron, and LHC, are taken at the 95% CL
and are tested using HiggsBouns-6 [62-65] via
HiggsTools. Including the most recent searches for
neutral and charged scalars. In addition, the loop contri-
butions of VLQstoh — gg andh — yy have been ana-
lyzed in our previous study [25]. These effects are min-
imal due to the decoupling behavior of VLQs at higher
masses and the constraints on the mixing angles (s} , ~
0.2). Consequently, Z#(h — gg) and BZ(h — yy)
decrease by up to 10% and 3%, respectively, primarily
due to modifications in the At coupling, while the direct
hTT contributions remain negligible. For a detailed dis-
cussion of these effects, we refer the reader to Ref. [25].

— Constraints from b — sy: As established in [28],
the Type-II 2HDM typically requires the charged Higgs
boson mass to exceed 580 GeV to satisfy b — sy con-
straint. The introduction of VLQs into the 2HDM can
relax this stringent requirement, particularly when larger
mixing angles are considered. However, restrictions from
EWPOs limit the extent of these mixing angles, permit-
ting charged Higgs masses below 580 GeV. In typical
scenarios, the charged Higgs mass remains around 580
GeV for the 2HDM+T singlet and approximately 360
GeV or higher for the 2HDM-II + T B doublet, though

5 The code has been adjusted to include new VLQ couplings, along with
the integration of analytical expressions for Sy oy and Ty gy outlined
in Ref. [25].
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Table 1 Parameter ranges explored for the 2HDM + T B framework

Parameter Range

mp 125.09 GeV
ma [400, 800] GeV
my [400, 800] GeV
mpy+ [400, 800] GeV
tg [1, 20]

Sp—a 1

mi myspcp

mr [1000, 2000] GeV
sy [—0.8, 0.8]

5% [—0.8,0.8]

the potential for lower masses exists under these relaxed
conditions.

— LHC direct search constraints for VL.Qs: The current
LHC limits primarily target the SM decay modes of VLT,
suchas T — Wb, ht, and Zt. In our scenario, however,
additional decay channels like T — H ), Ht, and At
become relevant, which may influence these limits. To
ensure accuracy, we incorporated the latest LHC limits
[66,67] into our analysis. We implemented a stringent
condition where only parameter points meeting the crite-
rion r = Otheo /O’LHC < 1 were retained, signifying that

obs

points with 7 > 1 are excluded at the 95% CL.

3 Analysis and simulation

Our study focuses on the 2HDM+T B framework, which is
particularly notable for its enhanced production of charged
Higgs bosons through the dominant decay channel T —
H7b. In the high-mass regime (m7 > 1 TeV), this decay
mode reaches a branching ratio close to 100%, distinguishing
it from other VLQ representations that typically exhibit mul-
tiple competing decay channels (see Ref. [25,28] for details).

We performed a systematic scan of the parameter space
within the ranges specified in Table 1, ensuring compatibility
with all relevant theoretical and experimental constraints. As
shown in Fig. 1, the results clearly indicate that T — Hth
dominates the VLT decay pattern for m7 > 1 TeV.

To optimize the signal and achieve sizable values for both
BR(T — HVb)and BRZ(HT — tb) across the VLT mass
spectrum, we selected four representative benchmark points
with m7 = 1209.30, 1452.71, 1646.60, and 1877.38 GeV,
as summarized in Table 2.

The primary signal process under consideration is pp —
TT — 2 H* +2b, where each charged Higgs boson decays
via H* — tb. The subsequent top-quark decays, t — Wb
followed by W — £v (£ = e, u), result in a final state char-
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BR(T — XY)

L 1 1
1000 1200 1400 1600 1800 2000
mr [GeV]

Fig. 1 B%(T — XY) as a function of my, with XY = HTb (light
blue), it (salmon), Ht (blue), At (green), Wb (yellow), and Zt (gold)

acterized by multiple b-jets, an opposite-sign lepton pair,
and missing transverse energy. Representative Feynman dia-
grams for the pair production and decay of VLTs are shown
in Fig. 2. Given that the branching ratio Z%(T — H™b)
reaches values up to 98%, far exceeding the 34% maximum
for B#(B — H™t) [26], the analysis focuses exclusively
on T'T production.

Event generation was performed usingMadGraph5_aMC@NLO

[68], while parton showering and hadronization were han-
dled by PYTHIA-8.2 [69]. Detector effects were simu-
lated using Delphes-3.4.2 [70], with jet reconstruction
based on the anti-k; algorithm [71] using a radius param-

Fig. 2 Feynman diagrams for the pair production of VLT and their
subsequent decays into an opposite-sign lepton pair final state, accom-
panied by multiple b-jets and missing transverse energy from neutrinos

eter R = 0.4 and a transverse momentum requirement of
pr(b/j) > 20 GeV. b-tagging efficiencies were applied fol-
lowing the

Delphes CMS card [72].

For the parton distribution functions (PDFs), we employed
the NN23L0O1 PDF set [73]. Background processes with
high jet multiplicities were simulated using the MLM match-
ing scheme [74] to ensure consistent merging of matrix ele-
ment and parton shower calculations. To incorporate higher-
order corrections, cross-sections were scaled by appropri-
ate K-factors from the literature (Table 3). For the signal
process, the next-to-next-to-leading-order (NNLO) K -factor
was determined to be 1.42 using the Top++ package [75].

After event generation, selection cuts were applied to
enhance signal significance. Events were required to contain
at least four b-jets satisfying:

- phl7 =20 GeV, pt. > 10 GeV,

Table 2 Benchmark points

(BPs) for the 2HDM + T B Parameters BP; BP, BP3 BP4
framework. Masses are in GeV my 125.09 125.09 125.09 125.09
my 640.62 640.99 655.93 651.30
ma 639.27 640.51 655.27 648.64
mpy+ 642.49 648.62 647.40 671.88
tg 5.51 5.04 4.22 5.22
Sf—a 1 1 1 1
mr 1209.30 1452.71 1646.60 1877.38
mp 1217.69 1468.14 1662.59 1888.71
sy 0.00008 0.00659 —0.00706 —0.00221
sg 0.00046 —0.00051 —0.00045 —0.00028
S 0.00056 0.05536 —0.06717 —0.02405
sﬁ 0.11718 —0.15450 —0.15338 —0.11194
BX in %
BR(T — H'b) 93.98 93.49 91.43 95.19
BR(HT — th) 95.63 96.86 98.33 96.42

@ Springer
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Table 3 The K-factors of the = -, . . _ —_
QCD corrections for the Processes ttbb(j) ttjets ttW(j) t1tZ(j) tth(j) tttt
background processes K -factor 1.77 [76] 136 [77] 1.24 78] 1.27 [79] 1.21 [80] 127 [81]

Table4 Selection criteria for signal and background events at /s = 14
TeV

Cuts Definition
Cut 1 Nb)=4,N(j)=5N(I7) =1, N(IH) =1
Cut 2 pr™) > 20, prd=) > 20
Cut 3 pr(b1) > 300, pr(by) > 40
Cut 4 spr > 900 GeV
Cut 5 H7p > 1500 GeV
— nPJ| < 2.5,

— AR(x,y) > 0.4 forx,y = j,b.

The SM input parameters used are [82]:

m; =172.6 GeV, mz = 91.153 GeV,
sin?(0w) = 0.2226, a(mz) = 1/127.934 (14)

The analyzed observables include the number of b-tagged
jets (N[b]) and light jets (N[ j]), the total hadronic transverse
energy Hr = )} dronic |P7 |, and the total transverse energy
of reconstructed b-tagged jets (spr). The selection criteria
applied to signal and background events are summarized in
Table 4. Distributions for N[b], N[j], spr, and Hr for the
signal benchmarks and backgrounds at /s = 14 TeV are
presented in Fig. 3.

Table 5 presents the cut flows for signal and background
events at /s = 14 TeV. The selection cuts effectively
reduce the background while preserving high signal effi-
ciency. After applying all cuts, the signal efficiencies are
9.58%, 13.01%, 14.71%, and 15.47% for BP;, BP», BP3,
and BP4, respectively, whereas background efficiencies are
reduced to @(10~%) or lower.

The significance of the signal was evaluated using the
median significance approach [83]. The discovery signifi-
cance (Zjisc) was calculated using the following formulas:

Q{aisc
B (s+b) (1+8%b) | 1 , s
- J 2 [(Hb) In ( b2 oib) | 2" (H(S l+82b) ’
(15)
where

X = \/(s +b)? — 482sb2/ (1 + 62b).

@ Springer

To provide a comprehensive overview of the discovery
prospects for VLTs, we extend our analysis to cover a mass
range from 1000 GeV to 2000 GeV, building upon the char-
acteristics of the previously discussed benchmark points. For
each mass point, the discovery significance (Zisc) is evalu-
ated at a center-of-mass energy of 4/s = 14 TeV, considering
integrated luminosities of .% = 300 fb~!, .Z = 1000 fb—!,
and .Z = 3000 fb~!, alongside systematic uncertainties (&)
of 5%, 10%, and 20%. All evaluated points are consistent
with theoretical and experimental constraints, ensuring the
validity of the parameter space explored. Table 6 summa-
rizes the discovery significances across the full mass range
and luminosity scenarios.

For . = 300 fb~!, under § = 5% and 10%, the signif-
icance exceeds the discovery threshold (Zgsc > 5) for mr
up to approximately 1300 GeV, with Zjisc values of 8.32 at
1000 GeV, 8.11 at 1100 GeV, 6.87 at 1200 GeV, and 5.49
at 1300 GeV. Under § = 20%, discovery remains achiev-
able up to my = 1300 GeV (with Z5isc = 5.28), while for
mr > 1400 GeV the significance falls below the 5o thresh-
old.

At £ = 1000 fb~! (HL-LHC), the discovery potential
improves significantly. For § = 5% and 10%, Zisc reaches
values of 15.05 and 14.54, respectively, at m7 = 1000 GeV,
and remains above 5 for masses up to about 1500 GeV. In the
case of 6 = 20%, the significance is slightly reduced, with
discovery (i.e., Zgisc > 5) being attainable up to approxi-
mately mr = 1400 GeV.

At the maximal design goal of . = 3000 tb~!, the dis-
covery reach is further extended. For § = 5% and 10%, Zisc
values remain well above 5 for masses up to about 1600 GeV
(e.g.,25.47 at 1000 GeV, 21.12 at 1200 GeV, 16.96 at
1300 GeV, and 6.33 at 1600 GeV). Under § = 20%, discov-
ery is still viable up to mr &~ 1600 GeV, with Zgc = 5.33
at 1600 GeV, while for m7 > 1700 GeV the significance
drops below the discovery threshold.

Complementary to Table 6, Fig. 4 illustrates the signifi-
cance as a function of mr for three representative charged
Higgs masses: my+ = 600, 800, and 1000 GeV. Horizontal
grey lines denote the 5o discovery and 95% confidence level
(CL) exclusion thresholds. For m y+ = 600 GeV, discovery-
level significance (Zgisc > 5) is attainable at an integrated
luminosity of 300 fb~! for 7 masses up to approximately
1300 GeV. As mpg= increases, the reach decreases due to
the suppressed branching ratio BR(T — Hb), though dis-
covery remains viable for m g+ = 800 GeV over a slightly
reduced mr interval. For mgy+ = 1000 GeV, discovery is
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Fig. 3 Distributions of N[b], 0.5
NIj1, spr (b1b2b3bs), and Hr -
for the signal benchmarks (BPj,
BP;, BP3, BP4) and
backgrounds at /s = 14 TeV

Events (scaled to one)

0.30

: 0.08F -
, LHC /5 =14 TeV —
@0'085 1 a — 2t2b(j)_
S I B 22()) BP, 0.06 1
o - -
= 0.06p B 2w() [ BPs
% I [ 2th(j) [ BP2 0.04 i
Z0.04f B 2jets BP, ]
2 0.02f T ]
| B o M ]
0.005 1000 3000 5000 01000 2000 3000 4000
spr [bibabsby] (GeV/c) Hr (GeV/e)

not feasible at 300 fb~! but becomes accessible at higher
luminosities, albeit over a narrower VLT mass range. These
results underscore that charged Higgs masses below 1 TeV
offer more favorable discovery prospects within the param-
eter space explored.

4 Discussion and summary

We have investigated the discovery prospects for a vector-
like top partner (7') in the Type-1l 2HDM extended by a VLQ

doublet (7' B) at the LHC. Our analysis focuses on the pair
production process pp — TT at \/s = 14 TeV, followed
by the cascade decay T — H+b — tbb, with the top quark
decaying leptonically. This results in a distinctive final state
characterized by an opposite-sign lepton pair, multiple b-jets,
and missing transverse energy.

Assuming a systematic uncertainty of 5%, we find that a
So discovery is achievable for 7 masses up to approximately
1300 GeV with an integrated luminosity of 300 fb~!. For
larger systematic uncertainties, up to 20%, the reach remains
comparable. At 1000 fb~!, the discovery potential extends to

Table 5 Cut flow for the signals and backgrounds at /s = 14 TeV, with cross sections in 1072 fb

Cuts Signals Backgrounds

BP1 BP2 BP3 BP4 212b(j) 2tjets 21W(j) 2t Z(j) 2th(j) 4t
Basic 33.81 7.30 5.98 0.84 5828.73 467702.09  43620.72  3462.61  2419.19  305.42
Cutl 7.34 1.59 1.26 0.18 31.33 105.60 0.10 3.13 11.06 3.16
Cut2 6.29 1.36 1.11 0.16 26.46 81.92 0.08 2.48 9.90 2.53
Cut 3 5.34 1.25 1.02 0.15 237 5.45 0.01 0.21 0.65 0.42
Cut4 4.57 1.12 0.96 0.14 0.531 1.81 0.0018 0.09 0.14 0.15
Cut5 3.24 0.95 0.88 0.13 0.1416 0 0.0018 0 0 0.067
Efficiency  9.58% 13.01% 14.71% 15.47% 242E73 0 4.12E-8 0 0 1.73E~*
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Table 6 Discovery significance, Zisc, presented at varying systematic
uncertainties (8) and integrated luminosities (¢ = 300 fb~l.¥ = 1000
b1, and £ = 3000 fb_l). The parameters are fixed as follows:

my = 600.26 GeV, my = 59524 GeV, my+ = 658.07 GeV,
tan B = 6, sp = 0.05, and s‘,{, = 0.11. All points depicted are con-
sistent with the discussed constraints

L =300 fb~! £ = 1000 fb~1 £ = 3000 fb~!

mr [GeV]

8.22 7.90 15.05 14.54
8.02 7.71 14.67 14.18
6.80 6.57 12.44 12.08

5.45 5.28 9.96 9.71
[ 395 IRFURENET
2.95 2.93 5.27
1600.0 2.03 2.02 1.99 3.69 3.64 3.45
1700.0 1.38 1.38 1.36 2.52 2.49 2.38 4.33 4.18 3.72
1800.0 0.93 0.93 0.92 1.69 1.68 1.61 2.91 2.82 2.54
1900.0 0.61 0.61 0.60 1.11 1.10 1.06 1.90 1.85 1.68
2000.0 0.40 0.40 0.40 0.73 0.73 0.70 1.26 1.23 1.12
20 Im H+ I: 600| Ge\/l % Im H+ I: 800| Ge\/l 0 Im H+ flz lOO(IJ Ge\/l
— £=300fb""!
95 — £ =1000fb7" j o5k E o5k E
—— £ =13000fb?
— §=5%
g 20F.... S 1 2 E ] E
C% A 5 — 20%
=15 N\ 95% CL i » 1 5F ]
= Fo “N__. -1 TF
R E AN A 2
9210 10 4 10 E
5 ........... 5 ............ —— 5— .........
ST e R N S z

1 1 1 Il 1
1%00 1200 1400 1600 1800 2000 1%00 1200

Fig. 4 Significance as a function of m7 for three benchmark charged
Higgs masses: my= = 600 GeV (left), 800 GeV (middle), and
1000 GeV (right), shown for different systematic uncertainties (§) and

1500 GeV for 5-10% systematics and to 1400 GeV for 20%.
With the full HL-LHC luminosity of 3000 fb~!, T masses
up to 1600 GeV become accessible in all scenarios.

We have also examined the sensitivity as a function of
the charged Higgs mass. For m g+ = 600 GeV, discovery is
already possible at 300 fb~!. As m y+ increases, the branch-
ing ratio for T — H b decreases, reducing the signal rate.
Form y+ = 1000 GeV, discovery is not viable at 300 fb~! but
becomes feasible at higher luminosities, though over a nar-
rower T mass window. Specifically, masses between 1200—

@ Springer

14IOO
mr [GeV] mr

1 1 1 1
1600 1800 2000 1%00 1200 1400 1600 1800 2000

[GeV] mr [GeV]

integrated luminosities . = 300, 1000, and 3000 fb=!. The parameters
are fixed to mpy ~ ma ~ my+, tan g = 5, 5% = 0.05, and s% = 0.11.
All points depicted are consistent with the discussed constraints

1400 GeV can be probed at 1000 b=, and 1100-1600 GeV
at 3000 fb~ 1.

These results underscore the interplay between the scalar
mass spectrum, integrated luminosity, and systematic uncer-
tainties in shaping the discovery potential of extended Higgs
sectors. The T'T production mode, characterized by multiple
b-jets and an opposite-sign lepton pair, offers a promising
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avenue for probing both VLQs and charged Higgs bosons in
upcoming and future LHC runs.
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