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We study the HL-LHC sensitivity to an ultraheavy diquark Suu produced in up-quark fusion and decaying
through a vectorlike quark (VLQ) χ as Suu → uχ, with χ → Wb; Zt; h0t. For fully hadronic decays of theW,
Z and top quark, these modes give rise tomultijet final states with different jet multiplicities. Within the same
model framework used previously for the Suu → χχ six-jet channel, we consider Suu masses in themulti-TeV
range and VLQ masses of the order of a few TeV, and simulate proton–proton collisions at

ffiffiffi
s

p ¼ 13.6 TeV
with integrated luminosities up to the HL-LHC target. The analysis employs a machine learning-based
discriminant adapted from the six-jet study to the Suu → uχ topology, and is used to derive the corresponding
discovery reaches and exclusion limits. We find that the uχ channel provides a complementary signature for
ultraheavy diquark searches, especially in regions where the branching ratioBðSuu → uχÞ is sizable, thereby
broadening the sensitivity program for Suu production at the HL-LHC.

DOI: 10.1103/8vcn-frj7

I. INTRODUCTION

The search for TeV-scale resonances remains an impor-
tant objective of the ATLAS and CMS programs at the
High-Luminosity LHC (HL-LHC). Multijet final states
provide sensitivity to a broad class of beyond Standard
Model (BSM) scenarios, including color-sextet diquark
scalars and vectorlike quarks (VLQs) [1–4]. Recent CMS
searches for ultraheavy resonances in four-jet final states
have reported sensitivity to masses up to about 9 TeV [1],
highlighting the potential of the HL-LHC to extend the
reach for new colored resonances. Hints of excesses in dijet
and di-dijet searches at the LHC have also been discussed
in Refs. [5,6].
One such BSM framework [7–9] contains a color sextet

scalar diquark Suu with Yukawa couplings yuu to right-
handed up quarks, yuχ to a Standard Model (SM) up quark
and a vectorlike quark χ, and yχχ to same-sign VLQ pairs.
The Suu field is a complex scalar with electric chargeþ4=3,
while χ is a color-triplet fermion with charge þ2=3.
Depending on the mass hierarchy and coupling strengths,
Suu can decay into two up-type quarks, a single VLQ and
an up quark, or a pair of VLQs. These channels lead to

distinctive hadron-collider signatures, characterized by
high jet multiplicity and same-sign content.
In our previous studies, we analyzed the six-jet final

state Suu → χχ → ðWbÞðWbÞ → ðjjbÞðjjbÞ, developing a
machine learning based signal selection [10] and a stat-
istical interpretation of the discovery and exclusion pros-
pects at the HL-LHC [11].
The present study complements those analyses by

exploring the single-VLQ channel Suu → uχ, where the
VLQ decays as χ → Wb; Zt; h0t, considering fully had-
ronic final states for each decay mode. This extends the
sensitivity study of Suu production to a new set of multijet
topologies and provides the basis for future combined
analyses. We assess the HL-LHC sensitivity using a
machine learning based signal selection and a statistical
framework for discovery and exclusion projections.
The paper is organized as follows. Section II summarizes

the BSM theoretical framework and the Monte Carlo gen-
eration of signal and background samples, while themachine
learning method for signal–background discrimination is
discussed in Sec. III A. Section III B presents the selected
signal and background yields and discusses the impact of
model parameters on the random forest (RF) based analysis.
The statistical framework and the corresponding discovery
and exclusion results are given in Sec. IV. Finally, Sec. V
summarizes the main findings and outlines future prospects.

II. THEORETICAL FRAMEWORK AND EVENT
GENERATION

This section summarizes the theoretical framework and
event generation setup used in the analysis. We first
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introduce the Suu scalar-diquark model and the relevant
interaction terms for the Suu → uχ decay channel. We then
describe the Monte Carlo generation of signal and back-
ground samples and the detector-level reconstruction.
Theoretical framework and decay channels The theo-

retical model underlying this study is the scalar diquark
framework introduced in Refs. [7–9]. In addition to the
Standard Model fields, the model contains a color-sextet
scalar Suu, with ð6; 1; 4=3Þ under SUð3Þc × SUð2ÞL×
Uð1ÞY , and a vectorlike quark χ, with ð3; 1; 2=3Þ. The
relevant interaction terms are

yuu
2

SuuūRucR þ yχχ
2

Suuχ̄RχcR þ yuχSuuūRχcR þ H:c: ð1Þ

Here yuu, yuχ , and yχχ denote the Yukawa couplings of
Suu to two right-handed up quarks, to an up quark and a
vectorlike quark, and to two same-sign vectorlike quarks,
respectively. These interactions give rise to the decay
modes Suu → uu, Suu → uχ and Suu → χχ, depending on
the coupling strengths and the available phase space. In this
work, we assume that these are the only relevant inter-
actions of the Suu diquark.
The production and decay strengths are controlled by the

Yukawa couplings yuu, yχχ , and yuχ , together with the
masses MS and mχ . Thus, the model contains five free
parameters. In this study, we reduce this number by fixing
the ratio yχχ=yuu ¼ 1.5, following the benchmark choice of
Ref. [7]. This ratio affects both the total width of the Suu
resonance and the relative importance of the uu, uχ and χχ
decay modes. Larger values of yχχ=yuu lead to a broader
resonance, while smaller values make the phenomenology
more closely aligned with conventional dijet searches.
The present work is devoted to Suu → uχ, followed by

fully hadronic χ decay modes χ → Wb; χ → Zt and
χ → h0t, as shown in Fig. 1. Semileptonic modes are
expected to benefit from reduced QCDmultijet background
due to the presence of isolated leptons and missing trans-
verse momentum, but this comes at the cost of smaller
branching fractions and different reconstruction and sys-
tematic requirements.
The tree-level partial decay width of the diquark scalar

into an up quark and a vectorlike quark is [7]

ΓðSuu → uχÞ ¼ MS

16π
jyuχ j2

�
1 −

m2
χ

M2
S

�
2

ð2Þ

where MS is the Suu mass and mχ is the VLQ mass. This
expression is obtained at leading-order for a two-body
scalar-fermion-fermion decay, neglecting the up-quark
mass. For mχ ¼ 2 TeV, the branching ratio BðSuu → uχÞ
slightly decreases with diquark mass, from 14.2% at MS ¼
7 TeV to 13.7% at MS ¼ 10 TeV.
Event generation and detector simulation The signal

samples were generated with MadGraph5_aMC@NLO v3.3.2

[12] and subsequently passed to Pythia8.310 [13] for parton
showering, hadronization, initial- and final-state radiation
(ISR/FSR) and multiparton interactions (MPI). The con-
figuration used the NNPDF23LO parton distribution func-
tions (PDF) [14] and the default Monash 2013 tune [15].
The Standard Model background samples, taken to be the
same as in Ref. [10], were generated directly with Pythia8.310

using the same shower, hadronization, and tune settings.
All signal and background events were processed through
DELPHES 3.5.0 [16] using the default ATLAS detector card.
Jets were reconstructed with the anti-kt algorithm imple-
mented in FastJet 3.3.4 [17]. Matching and merging settings
were not applied in the present phenomenological setup.
Additional jet activity is modeled by the parton shower,
which provides an approximate description of soft and
collinear radiation. This approximation may affect the
modeling of hard extra jets in high-mass multijet final
states, and a treatment including matrix-element merging is
left for future work.
For consistency with Ref. [10], the same simulation

chain was used for background samples. The considered
Standard Model backgrounds include fully hadronic 2 → 2
QCD, W þ jets, Higgs, diboson, and tt̄ processes, gener-
ated in high-invariant-mass phase space relevant for the Suu

FIG. 1. The Feynman diagrams of the Suu → uχ decay modes
in fully hadronic final states.
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search. An invariant mass threshold was imposed at
generation level using the mHatMin option, denoted
m̂min, in Pythia8.310 [13], in order to efficiently populate
the diquark-mass region considered in this analysis. The
present work is restricted to fully hadronic final states.
Semileptonic modes provide orthogonal search channels
defined by mutually exclusive lepton-multiplicity require-
ments and are therefore left for future studies. This
separation allows independent background strategies,
dominated by QCD multijets production in the fully
hadronic case and by W þ jets and semileptonic tt̄ pro-
duction in leptonic channels and facilitates a future com-
bined statistical interpretation.
We consider three benchmark coupling scenarios. In the

first two, following our previous studies, the product
yuuBðχ → WbÞ is set to 0.1 and 0.2, with yuχ ¼ 0.1.
The third benchmark assumes an enhanced uχ coupling
yuχ ¼ 0.5 to assess the sensitivity of the Suu → uχ channel
in a high-rate scenario. Figure 2 shows the dependence of
the four-jet cross section on yuu and yuχ . For fixed yuχ ,
increasing yuu changes the cross section by about 11%,
whereas increasing yuχ to 0.5 enhances it by a factor of
about 6.

Searches by the ATLAS [4] and CMS [18]
Collaborations set lower bounds on same-sign vectorlike
quark masses of about 1.36 TeV and 1.4 TeV, respectively,
in pair-production processes. As shown in Table I, reducing
mχ from 2 TeV to 1.5 TeV changes the cross section only
slightly, by approximately 2.5%.
While the CMS analyses [1,2] target the scenario of

Bðχ → jjÞ ¼ 100%, we consider three vectorlike quark
decay modes with the branching ratios: Bðχ → WbÞ ¼
50%, Bðχ → h0tÞ ¼ 25% and Bðχ → ZtÞ ¼ 25%. The
corresponding fully hadronic cross sections are shown in
Fig. 3, assuming t → Wb and hadronic decays of the Wand
Z bosons. In the following, we neglect the χ → h0t, h0 →
WW contributions, whose cross sections are negligible
compared with the other channels.

III. CLASSIFIER SETUP AND YIELD
DEPENDENCE ON MODEL PARAMETERS

This section describes the machine learning framework
used for signal–background classification and examines
how the resulting selected signal and background yields
depend on the principal model parameters. We first
summarize the classifier configuration, training strategy,
and event selection procedure, and then present the
variation of postselection event yields across the considered
parameter space, including the dependence on the heavy
diquark and vectorlike quark masses as well as the relevant
coupling assumptions. Together, these elements establish
the basis for the subsequent statistical interpretation.

A. Classifier setup

The MC-generated samples are processed with a
Machine Learning classifier designed to enhance separa-
tion from StandardModel backgrounds. We use the random
forest framework developed in Ref. [10], with the classifier

FIG. 2. pp → Suu → uχ → uðWbÞ → uðjjbÞ cross section as a
function of MS for three Yukawa coupling scenarios.

FIG. 3. Fully hadronic cross sections for different χ decay
modes in Suu → uχ at

ffiffiffi
s

p ¼ 13.6 TeV, for yuu ¼ 0.2 and
yuχ ¼ 0.1.

TABLE I. pp → Suu → uχ → uðWbÞ → uðjjbÞ process cross
section vs MS for mχ ¼ 1.5, 2 TeV at

ffiffiffi
s

p ¼ 13.6 TeV, in the
conservative yuu ¼ 0.2, yuχ ¼ 0.1 scenario.

MS ¼ 7 TeVMS ¼ 7.5 TeVMS ¼ 8 TeVMS ¼ 8.5 TeV

mχ ¼ 2 TeV

σ4j [fb] 1.34E-02 5.42E-03 2.07E-03 7.46E-04

mχ ¼ 1.5 TeV

σ4j [fb] 1.31E-02 5.30E-03 2.04E-03 7.34E-04
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output being used as the main discriminant in the statistical
analysis. Because the different χ decay modes lead to
different jet multiplicities, the preprocessing is adapted to
the signal hypothesis. For the χ → Wb channel, the four
highest-energy jets are used, while for the χ → h0t and
χ → Zt channels the selection is extended to the six
highest-energy jets when constructing the corresponding
input observables.
The classifier uses 75 features characterizing the event

topology. These include the kinematics (pT , η, ϕ) of the
leading jets, all dijet and trijet invariant masses and the
corresponding angular separation (ΔR). The feature set also
includes global observables such as b-tag and jet multi-
plicities, the maximum pT sum of dijet pairs, and the
number of dijet combinations compatible with the W-boson
mass window. The full list of the 75 input observables
used in the random forest training is provided in the
Supplemental Material [19].
During the development of this analysis, additional

channel-specific observables based on reconstructed
Higgs and Z boson invariant masses were tested.
However, these variables did not lead to a measurable
improvement relative to the baseline set of 75 input
observables, since the RF classifier already captures the
relevant correlations through the dijet mass combinations
included in the feature set. Similarly, the variable associated
with the W boson mass window has a limited feature
importance, below 3% across the considered topologies.
It is nevertheless retained, since hadronically decaying W
bosons appear in all signal decay chains studied here.
This behavior is consistent with the feature-importance

analysis. The most relevant discriminants across the studied
topologies are the transverse momenta of the three leading
jets, specific combinatorial dijet invariant masses, and the
invariant mass of the dijet pair with the smallest angular
separation, ðmΔRmin

2j Þ. Together, these leading variables
account for more than 40% of the total feature importance,
indicating that the classifier is mainly driven by the hard-
process kinematics. For the χ → Wb channel, the trijet
invariant mass also appears among the highest-ranked
observables.
By contrast, the transverse momenta of the fourth to sixth

leading jets contribute significantly less to the model’s
decision-making process. This is consistent with the
boosted kinematics of the signal, where a large fraction
of the event energy is carried by a few hard jets or
collimated jet systems rather than being distributed uni-
formly over higher jet multiplicities. The angular variables
η and ϕ have among the lowest feature importances, as they
provide less direct separation between the signal and
background samples.
The training and validation procedure uses an 80=20

split, with 80% of the simulated events used for training
and 20% reserved for testing. To assess the stability of the
classifier output and estimate the associated uncertainties, a

5-fold cross-validation is performed. Each event is assigned
a continuous RF score P∈ ½0; 1�, interpreted as the prob-
ability for the event to be signal-like. The final selection is
defined by a discriminator threshold D, such that events
with P > D are retained as signal candidates. The selected
event counts are converted into physical yields, Sev and Bev,
by weighting the simulated samples with the corresponding
production cross sections, integrated luminosity, and selec-
tion efficiencies.
An optimization of the RF hyperparameters is also

performed by evaluating three distinct candidate configu-
rations [11]. Model 0 uses 100 estimators with unrestricted
tree depth, employing minimal requirements of 2 samples
per split and 1 sample per leaf. Model 1 increases the
ensemble size to 250 estimators while introducing stricter
regularization through a maximum depth of 10, alongside
higher thresholds of 50 samples for splitting and 20
samples per leaf. Model 2 provides an intermediate
configuration with 400 estimators, a maximum depth of
12, 20 samples per split, and 5 samples per leaf. A fixed
random seed of 42 is used in all cases to ensure
reproducibility.
For each signal hypothesis, the optimal configuration is

selected by maximizing the scoring function

hZscorei ¼
1

3
·
X
D

SevðDÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BevðDÞp ·

1

1þ σBevðDÞ=BevðDÞ ð3Þ

with D∈ f0.8; 0.9; 0.925g. The first factor represents the
signal significance at a given discriminator threshold, while
the second penalizes large variations of the background
yield across the cross-validation folds. This criterion favors
configurations with strong signal-background discrimina-
tion and stable background estimates.

B. Dependence of selected yields on the main
model parameters

In this subsection, we present the selected signal and
background yields obtained after applying the random
forest discriminator. The results are studied as a function
of the main model and analysis choices, including the
vectorlike quark mass, the Yukawa couplings yuu and yuχ ,
and the χ decay mode. This allows us to assess the stability
of the signal selection across the relevant Suu → uχ bench-
mark scenarios.
Dependence on mχ As discussed before, lowering the

vectorlike quark mass from 2 to 1.5 TeV has only a small
effect on the four-jet cross section, with BðSuu → uχÞ
decreasing slightly from 13.9% to 13.7%. The correspond-
ing signal ðSevÞ and background ðBevÞ event yields for both
mass points, for discriminator thresholds D∈ ½0.8; 0.95�,
are shown in Table II. In line with the small change in cross
section, Sev is slightly lower for the lighter χ, while the
background event yields vary only within statistical
uncertainties.
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Dependence on Yukawa couplings We consider three
coupling scenarios for the fully hadronic uχ final state: (i) a
conservative choice yuu ¼ 0.2, yuχ ¼ 0.1; (ii) an enhanced
diquark coupling yuu ¼ 0.4 with yuχ ¼ 0.1; (iii) a scenario
in which uχ channel is favored, with yuχ ¼ 0.5, as
motivated in Refs. [7–9]. The corresponding signal event
yields Sev are summarized in Table III, with the largest Sev
obtained for yuχ ¼ 0.5 and the smallest Sev in the
conservative scenario. Since the three scenarios differ only
in the Yukawa coupling values, while the masses, decay
channel, and event selection are kept fixed, the background
yields are unchanged.
Dependence on the χ decay mode For a comprehensive

study of fully hadronic final states in the Suu → uχ channel,
in addition to the χ → Wb mode, we also include the
decays χ → Zt and χ → h0t.
As shown in Table IV, the χ → Wb fully hadronic mode

yields the highest signal-to-background ratio, driven by its
larger branching ratio fraction and production cross section
relative to the other channels.
Nevertheless, despite the different multiplicities, the

random forest achieves similar background rejection effi-
ciencies for all three channels, within the cross-validation
uncertainties.
Taken together, these studies indicate that the search

sensitivity depends more strongly on the Yukawa couplings
and the χ decay mode than on the precise value ofmχ in the
range studied.

These results show that the highest selected signal yields
are obtained for the fully hadronic χ → Wb mode and for
model parameter choices with enhanced yuχ .

IV. STATISTICAL INTERPRETATION

To assess the observation potential of resonant Suu
production in the fully hadronic uχ channel, we follow
the statistical procedure of Ref. [11], implemented with
ROOFIT [20] and ROOSTATS [21]. Local p-values are
computed using a toy-based profiled-likelihood approach,
while 95% CL upper limits on the model dependent signal
strength multiplier μ are obtained with the asymptotic CLs

method. The resulting limits, denoted by μ95, are evaluated
for each scenario discussed in Sec. III B.
Uncertainty sources and estimates The uncertainties

associated with the PDFs and with the renormalization
and factorization scale variations are independently esti-
mated using MadGraph5_aMC@NLO v3.3.2 [12]. Scale uncer-
tainties are evaluated with the standard seven point
prescription.
For the signal process, the scale uncertainties vary across

the Suu mass range from þ19.1%
−15.4% to þ26.3%

−20.6% . The correspond-
ing PDF uncertainties increase with MS over the interval
MS ∈ ½7; 9.5� TeV, ranging from �9.61% to �21.5%.
For the background, uncertainty estimates are

assigned for the three dominant components after the
ML selection: h0 þ jj, W þ j, and qq̄ → gg. Since these
processes account for more than 90% of the total selected
background, they are taken to dominate the background
uncertainty budget. The scale uncertainties depend on the
process, with the smallest variations obtained for W þ j,
ranging from þ31.7%

−20.7% to þ33.2%
−20.8% , and the largest for h0 þ jj,

ranging from þ36.7%
−21.7% to þ43.0%

−22.2% . The PDF uncertainties
span a wider range for the backgrounds, from �27.8%

TABLE III. Sev and Bev for Suu → uχ → uðWbÞ in the fully
hadronic channel, with mχ ¼ 2 TeV, MS ¼ 8 TeV and
m̂min ¼ 7.5 TeV, for 3 Yukawa couplings scenarios.

D ¼ 0.80 D ¼ 0.90 D ¼ 0.925 D ¼ 0.95

Sev (i) 6.20 6.02 5.77 5.07
Sev (ii) 6.98 6.78 6.49 5.72
Sev (iii) 36.0 34.9 33.5 29.5
Bev 11.96� 0.71 2.66� 0.52 1.60� 0.26 0.86� 0.26

TABLE II. Sev and Bev for Suu → uχ → uðWbÞ with mχ ¼ 1.5,
2 TeV, MS ¼ 8 TeV and m̂min ¼ 7.5 TeV.

D ¼ 0.80 D ¼ 0.90 D ¼ 0.925 D ¼ 0.95

mχ ¼ 2 TeV

Sev 6.20 6.02 5.77 5.07
Bev 12.12� 0.70 2.53� 0.44 1.54� 0.25 0.72� 0.18

mχ ¼ 1.5 TeV

Sev 6.09 5.82 5.49 4.74
Bev 11.96� 0.71 2.66� 0.52 1.60� 0.26 0.86� 0.26

TABLE IV. Sampled signal (Sev) and background (Bev) event
counts obtained with the random forest model for 3χ decay
channels, yuuBðχ → WbÞ ¼ 0.1, mχ ¼ 2 TeV, MS ¼ 8 TeV and
m̂min ¼ 7.5 TeV.

D ¼ 0.80 D ¼ 0.90 D ¼ 0.925 D ¼ 0.95

Suu → uχ → uðWbÞ
Sev 6.20 6.02 5.77 5.07
Bev 11.96� 0.71 2.66� 0.52 1.60� 0.26 0.86� 0.26

Suu → uχ → uðh0tÞ; h0 → bb̄

Sev 4.60 4.47 4.27 3.75
Bev 14.1� 0.97 2.28� 0.36 1.33� 0.21 0.54� 0.25

Suu → uχ → uðZtÞ
Sev 2.74 2.62 2.47 2.14
Bev 11.2� 0.74 2.31� 0.36 1.44� 0.29 0.61� 0.25
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for W þ j at m̂min ¼ 6.5 TeV to �83.5% for qq̄ → gg
at m̂min ¼ 9 TeV.
The scenarios with PDF uncertainties reduced by factors

of two and four are considered only as illustrative future
projections of possible HL-LHC improvements and are not
used as the baseline in the sensitivity estimates.
The uncertainties associated with the HL-LHC inte-

grated luminosity are taken to be 1%, following [22].
Although pile-up was not included in the event simu-

lation, we account for its potential impact through an
additional systematic uncertainty. This uncertainty was
estimated by considering scenarios with 25, 50, and 100
interactions per bunch crossing, yielding variations of up
to �6.1%.
The impact of the anti-kt jet radius parameter was

evaluated by varying the nominal value R ¼ 0.6 to R ¼
0.2 and R ¼ 1.0. The corresponding jet reconstruction
uncertainty is estimated to be �8.0%.
The JES and JER uncertainties were estimated with a

seven-point variation, analogous to the theoretical scale-
variation procedure, yielding a combined effect of �5.6%.
The uncertainties derived from the variation across the

ML k-fold cross-validation samples are also included in the
statistical analysis.
In the likelihood model, all of the aforementioned

uncertainty sources are implemented as normalization
nuisance parameters affecting the expected signal and
background yields. PDF and scale uncertainties are treated
as independent sources. For the background model,
nuisance parameters are assigned to the dominant post-
selection components mentioned above. The uncertainty
sources are treated independently between the signal and
background processes, with correlations appearing in the
case of JES/JER, pile-up, luminosity and jet clustering
cone radius.
Expected exclusion limits The analysis is performed for

a fixed ML discriminator threshold D ¼ 0.9. Unlike in the
Suu → χχ channel, the expected limits in the Suu → uχ
channel show only a weak dependence on yuu, yuχ , and the
VLQ mass. The exclusion limits are clustered around
Mlim

S ≃ 8.2 TeV, with variations of at most 0.1 TeV, as
illustrated in Figs. 4 and 5. These results indicate that
varying mχ and the Yukawa couplings within the consid-
ered benchmark scenarios does not significantly change the
search sensitivity in the uχ channel.
For the yuχ ¼ 0.5 benchmark, the larger Suu → uχ rate

significantly improves the mass reach. As shown in Fig. 6,
the 95% CL limits extend by about 0.7 TeV, up
to Mlim

S ≃ 8.9 TeV.
The additional decay channels χ → Zt and χ → h0t are

presented in Fig. 7. The scans are performed for D ¼ 0.9
and yuu ¼ 0.2. For these channels, the mass reach is
reduced relative to the χ → Wb mode, with intersections
at Mlim

S ≃ 7.6 TeV for χ → Zt and Mlim
S ≃ 8.0 TeV for

χ → h0t. The MS ¼ 8.75 TeV point is not shown for the

FIG. 4. 95% CL upper limits on μ95 × Sev for χ → Wb,
comparing yuu ¼ 0.2 and 0.4 at mχ ¼ 1.5 TeV.

FIG. 5. 95% CL upper limits on μ95 × Sev for χ → Wb,
comparing yuu ¼ 0.2 and 0.4 at mχ ¼ 2 TeV.

FIG. 6. 95% CL upper limits on μ95 × Sev for χ → Wb,
comparing yuχ ¼ 0.1 and 0.5 at fixed yuu ¼ 0.2.
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uðZtÞ channel because the expected event yield is well
below one event, where the adopted limit-setting procedure
is no longer reliable.
Local significances We also compute the local p-values

for a fixed ML discriminator threshold D ¼ 0.9. Figure 8
compares the two VLQ mass hypotheses, mχ ¼ 1.5 TeV
and mχ ¼ 2 TeV. Unlike in our previous study [11], the
p-values are slightly smaller for mχ ¼ 2 TeV, correspond-
ing to a modestly higher discovery sensitivity for the heavier
VLQ benchmark. At lower Suu masses, p0 reaches the ∼2σ
level, with very similar results for the two mχ choices.
The dependence on the Yukawa couplings is shown in

Fig. 9. For the enhanced coupling benchmark yuχ ¼ 0.5,
the expected local significance reaches the ∼3 − 4σ level.
The scenarios with yuχ ¼ 0.1 give lower discovery sensi-
tivity, with the yuu ¼ 0.4 case performing slightly better
than the conservative benchmark.

FIG. 7. 95% CL upper limits on μSev comparing χ → h0t and
χ → Zt at yuu ¼ 0.2 and mχ ¼ 2 TeV.

FIG. 8. Local p-value and yuu ¼ 0.2, comparing mχ ¼ 1.5 and
2 TeV.

FIG. 9. Local p-value for χ → Wb and mχ ¼ 2 TeV, compar-
ing three different Yukawa coupling combinations.

FIG. 10. Local p-value for χ → Wb, yuu ¼ 0.2 and
mχ ¼ 2 TeV, comparing different PDF uncertainty scenarios.

FIG. 11. Local p-value for χ → Wb, yuu ¼ 0.2 and
mχ ¼ 2 TeV, comparing χ → h0t and χ → Zt channels.
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In Fig. 10, we study two scenarios in which the current
PDF uncertainties are reduced by factors of two and four.
These choices are motivated by the expected improvement
of PDF constraints at the HL-LHC [23]. A visible improve-
ment is obtained in the conservative benchmark,
yuu ¼ 0.2, yuχ ¼ 0.1.
For the enhanced coupling benchmark yuχ ¼ 0.5, the

reduced PDF uncertainty scenarios lead to extremely small
p-values. In this regime, a toy-based evaluation becomes
computationally impractical, since an unfeasibly large
number of pseudoexperiments would be required to pop-
ulate the relevant tail of the test statistic distribution. As an
estimate, we therefore use the asymptotic formula of
Ref. [24], obtaining significances as large as Z ¼ 5.9σ,
corresponding to p0 ¼ 1.6 × 10−9, for MS ¼ 7.25 TeV.
For the additional decay channels, the sensitivity is

considerably weaker than for χ → Wb, with local signifi-
cances reaching only about 1-1.5σ, as shown in Fig. 11.
This reduction is mainly due to the smaller cross sections of
these processes.
Overall, the limits in the fully hadronic uχ channel show

only a weak dependence on mχ and yuu, but improve
significantly for larger yuχ. The χ → Wbmode provides the
strongest sensitivity, while the χ → Zt and χ → h0t chan-
nels give weaker limits and lower local significances. The
results are mainly affected by the signal rate and by the
treatment of large PDF uncertainties at high masses,
emphasizing the importance of improved PDF constraints
for HL-LHC projections.

V. CONCLUSIONS

With the High Luminosity LHC upgrade, the more than
one order of magnitude increase in integrated luminosity
will substantially enhance the reach for high-mass reso-
nances. In this context, diquark scalars and vectorlike
quarks have attracted renewed interest, especially following
the CMS and ATLAS reports of high invariant mass
multijet events [4,18].
In this work, we investigated the Suu → uχ decay

channel, whose cross section is smaller than that of the
Suu → χχ mode studied previously in Refs. [10,11]. We
used the same simulation and analysis framework to
generate signal and background samples and to perform
signal–background discrimination. Fully hadronic final-
state cross sections and signal-selection efficiencies were
compared for two vectorlike quark masses, three bench-
mark choices of Yukawa couplings, and different χ
decay modes.
Lowering the vectorlike quark mass from 2 to 1.5 TeV

has only a small effect: the selected signal yield decreases
slightly with mχ , in agreement with the theoretical expect-
ations of Ref. [7]. Among the three Yukawa benchmarks,
the enhanced yuχ scenario provides the best sensitivity in
the uχ channel. For all considered χ decay modes, the

random forest classifier achieves good discrimination
performance, supporting the motivation for a future com-
bined analysis including multiple multijet final state
channels.
In the fully hadronic Suu → uχ → Wb channel, the

95% CL exclusion limits are around Mlim
S ≃ 8.2 TeV for

mχ ¼ 1.5, 2 TeV and yuuBðχ → WbÞ ¼ 0.1, 0.2, with a
discriminator threshold D ¼ 0.9. The mass reach is
reduced for the other χ decay modes, yielding Mlim

S ≃
7.6 TeV for χ → Zt, andMlim

S ≃ 8.0 TeV when χ → h0t. In
the benchmark with enhanced yuχ , the 95% CL limit
improves to Mlim

S ≃ 8.9 TeV.
Compared with the previously studied Suu → χχ chan-

nel, the uχ channel gives slightly weaker limits for the
common benchmark points. For example, for yuu ¼ 0.2
and mχ ¼ 2 TeV, the previous χχ analysis yielded
Mlim

S ≃ 8.3 TeV, compared with Mlim
S ≃ 8.2 TeV in the

present uχ study. The discovery sensitivity is also some-
what lower in the uχ channel, mainly because of the
smaller production cross section and correspondingly
lower signal yields.
Although we adopt a different theoretical benchmark, the

exclusion limits obtained in this work are broadly con-
sistent with the CMS search for resonantly produced dijet
pairs via broad mediators [1], which reports four-jet
invariant-mass limits of about 8 TeV for narrow resonances
and 9 TeV for broader resonances. Since this is a phe-
nomenological study, our statistical results should be
understood as estimates of the model sensitivity to the
diquark and vectorlike quark masses, rather than as
definitive experimental exclusions.
The local significances range from about 1σ to 4σ,

depending on the decay mode, Yukawa couplings,MS, and
mχ . These results show that the Suu → uχ channel provides
a complementary signature for ultraheavy diquark searches
at the HL-LHC.
A natural next step is to include this channel in a

combined diquark search program, together with the
previously studied χχ and uu final states, within a unified
likelihood framework. Since the uχ, χχ, and uu channels
probe complementary branching-ratio and coupling
regimes, such a combined likelihood is expected to
improve the global coverage of the Suu parameter space,
although the gain in mass reach is likely to be moderate for
the benchmark points studied here. Such a combination,
incorporating realistic detector effects and systematic
uncertainties, would provide more robust constraints on
the Suu mass and its Yukawa couplings, while improving
the overall discovery potential through the use of multiple
signatures. On the theory side, extending the study to
include next-to-leading order (NLO) QCD corrections, a
more detailed treatment of PDF uncertainties at large x, and
alternative flavor structures for the Suu couplings would
further clarify the model dependence of the results. These
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developments would help establish ultraheavy diquark
scalars and vectorlike quarks as benchmark targets for
the HL-LHC multijet physics program.
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