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We present a comprehensive analysis of the discovery reach and exclusion limits for an ultraheavy
diquark scalar (7-9.5 TeV) decaying into a pair of vectorlike quarks (1.5-2 TeV) at the HL-LHC. Building
on an improved signal selection efficiency achieved using machine learning techniques, we extend our
previous six-jet final-state study by providing a complete likelihood-based statistical treatment of this
search topology. The analysis incorporates theoretical and systematic uncertainties through nuisance
parameters within the likelihood framework, enabling a consistent statistical interpretation. The mass
regions of interest were determined through scans of the local p-values, CL,, and the upper limits on the
model-dependent signal strength . The results indicate a promising sensitivity to ultraheavy diquark
scalars within the explored mass range, suggesting that the HL-LHC could either discover or set stringent

exclusion limits on such particles.
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I. INTRODUCTION

Searches for new heavy resonances at the TeV scale
remain a central objective of the ATLAS and CMS
experiments at the LHC, as well as a major focus of
collider phenomenology [1—4]. The upcoming ATLAS [5]
and CMS [6] detector upgrades further motivate searches
for new physics at the multi-TeV scale [7], where both
experiments have already explored ultraheavy reso-
nances [1-3,8-10].

A recent CMS analysis [3] of broad ultraheavy resonances
in four-jet final states reinterprets an earlier narrow-resonance
search [1] by extending the resonance width to 10%. The
reported global significance for a four-jet resonance at
8.6 TeV ranges between 3.9¢ and 3.6¢. Both studies interpret
their results within a Beyond Standard Model (BSM)
framework featuring a diquark scalar coupling to up quarks
and same-sign vectorlike quarks (VLQ) [11,12].

In our previous study [13], we analyzed the discovery
potential of an ultraheavy diquark scalar, S,,, at the
HL-LHC in the 7-8.5 TeV mass range. Owing to its
couplings to two up quarks, such a resonance can be
produced with sizable cross section even near the kinematic
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limit of the collider. We consider the six-jet final state from
pp = Su = xx = (WTb)(WFb) — (jjb)(jjb), where
x is a vectorlike quark. We show that, with an integrated
luminosity of 3000 fb~!, searches at the LHC could
discover or exclude §,, masses up to about 8 TeV for
couplings as small as y,, ~0.2.

Extending our previous phenomenological study,
this work provides the first comprehensive likelihood-
based statistical analysis of the six-jet final state in this
model, enabling a quantitative evaluation of its discov-
ery and exclusion prospects at the high-luminosity LHC
(HL-LHC) [14].

Complementing our earlier results, which focused on
event generation, kinematic characterization, and machine
learning-based signal selection, we develop a full statistical
framework incorporating nuisance parameters, pseudo-
experiments, and the computation of local p-values, CL
and 95% confidence level limits.

The analysis also includes a careful treatment of theo-
retical and systematic uncertainties within the likelihood
framework.

While the underlying physics scenario and qualitative
phenomenology remain unchanged, this approach provides
a quantitatively controlled determination of the discovery
reach and exclusion potential.

Complementary channels are being investigated in par-
allel, including single production [15] S, — uy and pair-
production mode S,, — yy with y — tZ,th° in fully
hadronic final states. A combined interpretation will be
addressed in future work.

Published by the American Physical Society
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The paper is organized as follows. Section II reviews the
BSM framework, where the relevant Lagrangian terms and
the main theoretical assumptions are explicitly summa-
rized. It describes the Monte Carlo (MC) generation of the
data samples and the machine learning (ML) method
employed for signal-background discrimination and dis-
cusses the effect of a 1.5 TeV vectorlike quark mass
hypothesis on signal selection efficiency. efficiency. The
treatment of theoretical and systematic uncertainties is
discussed in Sec. III, where their propagation to the
statistical analysis is described in in Sec. V. The statistical
framework used to evaluate the discovery potential and
exclusion limits is presented in Sec. IV, while the corre-
sponding results, including the impact of these uncertain-
ties on the local p-values and the derived exclusion limits,
are discussed in Sec. V. Finally, Sec. VI summarizes the
main findings and outlines future prospects.

II. BSM FRAMEWORK AND DATA
PROCESSING METHODS

Vectorlike quarks (y) are color-triplet fermions with
electric charge +2/3, while S, is a color-sextet complex
scalar with electric charge +4/3. The introduction of these
two BSM particles, S, and y, into the Standard Model
(SM) Lagrangian is thoroughly discussed in [7,11,12].
Thus, the relevant extra Lagrangian terms explicitly show
the interactions between the diquark scalar, the vectorlike
quarks, and the SM up quarks:

%Suuj{R)ﬁ‘?—’—yu;(SuuaRxf?+y_;uSuuﬁRu;‘?+H'C‘7 (1)

with y,,, v,,, and y,, being the corresponding Yukawa
couplings and the ¢ index accounting for the charge
conjugation. The 1/2 factor is present for the yy and the
uu terms as to avoid double counting.

In the invariant-mass window centered at Mg = 8 TeV
with a 4% width [11], the event yield is highly dominated
by the s-channel contribution. The t-channel VLQ pair-
production contribution is negligible in this region. For
this reason, the present analysis focuses on the resonant
s-channel topology, where the on-shell peak provides the
dominant signal fraction.

This theoretical framework proposes that the diquark
scalar has three decay modes, with the branching ratios
depending on Yukawa couplings, vectorlike quark and
diquark scalar masses. For m, =2 TeV and Mg = 8 TeV,
in the conservative scenario for the Yukawa couplings
V=02, y,, =0.1 and y,, = 0.3), the corresponding
branching ratio for each decay mode is: B(S,, — yx) =
56.5%, B(S,, > uy)=137% and B(S,, » uu) =
29.8%. Vectorlike quarks are considered to decay into
SM boson-fermion pairs, resulting in three distinct chan-
nels, with the branching ratios: B(y — Wb) =50%,
B(y = Zt) = B(y — h°t) = 25%.

We choose model parameters such that the renormaliz-
ability of the theory is preserved. The diquark scalar mass
range is chosen between 7 and 9.5 TeV, with 0.25 TeV
steps. Current bounds on diquark scalars are set at 7.3 TeV,
for 95% C.L. in dijet searches [16]. All three Yukawa
couplings have subunitary values and the y,,/v,, fraction
is set at 1.5. Two parameters benchmark scenarios are
considered, corresponding to the product of the §,,
Yukawa coupling to up quarks and the branching fraction
of the VLQ decay to W+b:

YeuB(x = Wb) =0.1,02. (2)

These correspond to coupling values of y,, = 0.2 and 0.4,
respectively, while y,, = 1.5y, [11].

Data samples for the six-jet final state of the signal
processes are generated with MADGRAPHS_AMC@NLO
(v3.3.2) [17] following [18]. Showering and hadroniza-
tion are performed with PYTHIA8.310 [19] using the
NNPDF23LO [20] set. Jets are reconstructed with the
anti-k, algorithm [21] in FASTJET [22]. Multiparton inter-
actions and initial- and final-state radiation are included.
Detector effects are simulated with the ATLAS configura-
tion in DELPHES 3.5.0 [23]. Background processes are
generated with PYTHIA8.310 in high phase spaces using the
minimum invariant mass variable mHatMin [19] (which
we will denote with 771,,;, in the following paragraphs).
In total, 32 background event types are included in our
analysis, from the following compressed categories: 2 — 2
QCD, W + jets, Higgs processes, dibosons, and #7. The
complete list can be found in [18,24].

Compared to our previous study [13], a significantly
larger set of Monte Carlo (MC) samples was generated
at /s = 13.6 TeV for both signal and background proc-
esses. Signal events were simulated in the mass range
Mg €[7,9.5] TeV in steps of 0.25 TeV, while the corre-
sponding background samples were produced with a phase-
space cut of M, = Mg — 0.5 TeV for each My value.

Signal-from-background selection is performed using
the random forest machine learning algorithm in the SCIKIT-
LEARN implementation [25]. The source code is accessible
at [26]. The ML input consists of 75 jet-based kinematic
and topological observables, including single-jet kinemat-
ics, all dijet and trijet invariant masses and angular
separations, as well as global event quantities such as jet
and b-tag multiplicities and reconstructed W-candidate
counts. Based on these variables, the model is trained on
80% of the data. The remaining 20% of the data is used for
testing, where the RF outputs, for each event, a classifier
score interpreted as the probability of being signal. This
score defines the discriminator D, which is used to select
events by applying a threshold on its value. The final event
yields are obtained by weighting the simulated samples with
their corresponding cross section, integrated luminosity and
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TABLE 1. Three RF hyperparameter configurations.

RF hyperparameter Model 0 Model 1  Model 2
No of estimators 100 250 400
Maximum tree depth 0 10 12
Minimum samples for split 2 50 20
Minimum samples per leaf 1 20 5
Random seed 42 42 42

selection efficiencies, denoted as S., (signal) and B,
(background).

The performance and associated uncertainties of the
algorithm are firstly evaluated using the k-fold cross-
validation technique. Secondly, the classifier performance
is assessed by varying selected hyperparameters and study-
ing their impact on signal efficiency and background
rejection. The parameters considered include the number
of decision trees, the maximum tree depth, the minimum
number of samples required for internal node splitting and
the minimum number of samples per leaf [27-29]. The
random seed is fixed, to assure the analysis reproducibility.

To assess the stability of the RF performance, three
representative configurations are considered by varying key
hyperparameters, as listed in Table I. The default settings
(Model 0) have been used in [13].

The number of trees is chosen in the range 100-400 to
ensure a sufficient ensemble averaging while controlling
computational cost. The maximum tree depth is varied
between unrestricted growth and moderate depths (10-12),
allowing us to probe the balance between model complex-
ity and overfitting. The minimum number of samples
required for node splitting and for leaf nodes is also varied,
from minimal values that favor detailed partitioning of
the feature space to larger values that enforce smoother
decision boundaries. These variations enable a controlled
study of how model complexity affects signal efficiency,
background rejection, and overall classification perfor-
mance. The resulting variations are used to evaluate the
robustness of the classifier response and its impact on the
statistical sensitivity of the analysis.

To select the optimal classifier configuration for each
sample, we adopt an evaluation strategy based on physics-
driven observables rather than standard ML metrics.
Instead of relying on accuracy or AUC, which do not
account for event weights, the selection is performed using
the weighted signal and background yields evaluated at
three working points, D = 0.80, 0.90, and 0.925. These
thresholds probe the high-score region, where QCD back-
ground contamination is most relevant.

For each model and threshold, we define the combined
score

Sev (D) 1

V BeV(D) . 1 + GBev(D)/BeV(D) ’

Zscore(D) = (3)
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FIG. 1. Cross section for pp — S, = yx at /s = 13.6 TeV,

when y = W*b — (jj)b, y,, =02, and m, = 1.5 and 2 TeV.

which favors configurations with high signal significance
while penalizing large fluctuations in the background
estimate across k-folds. To ensure robustness, configura-
tions with 65 (p)/ B.,(D) > 0.3 at any of the considered
thresholds are discarded. This requirement removes models
exhibiting unstable background behavior in the high-dis-
criminator region. For each retained configuration, the final
performance metric is defined as the average score over the
three thresholds. The optimal configuration for each sample
was then selected by maximizing this average score. This
ensures both strong signal-to-background discrimination
and stable behavior across the relevant thresholds.

The CMS [9] lower mass limit for pair-produced VLQs
is approximately 1.4 TeV for the branching ratio scenario
B(y = Wb):B(y — h°t):B(y — Zt) = 50%:25%:25%. A
more recent study published by the ATLAS Collaboration
excludes the production of vectorlike quarks with masses
lower than 1.36 TeV [8]. Motivated by these results, we
study the impact of lowering m, to 1.5 TeV.

We observe an approximately 10% increase in cross
section for m, = 1.5 TeV relative to m, = 2 TeV, persist-
ing up to Mg <9 TeV, as shown in Fig. 1. Within the
narrow-width approximation [11], the six-jet final state
cross section is strongly dependent on Mg, reflecting the
dominance of the on-shell resonance contribution.

The VLQ mass impacts the final-state kinematics, includ-
ing jet transverse momenta and event topology, thereby
affecting the signal selection efficiency, background discrimi-
nation and statistical sensitivity. The dependence of the signal
(S.y) and background (B.,) event yields on the multivariate
discriminator threshold (D), obtained for My = 8 TeV,
m, =15 and 2 TeV, iy, =Ms—0.5TeV, /s =
13.6 TeV, and y,,B(y > Wb) = 0.1, is summarized in
Table II.

For m, = 2 TeV, the background yield B,, falls below

X

one at lower discriminator thresholds than in the m, =

1.5 TeV scenario, while the signal yield remains approx-
imately constant between the two cases. This behavior
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TABLE II. S., and B, yields dependence on D for

Mg =8TeV, m,=15, 2 TeV, iy, =Msg—0.5TeV,

Vs =13.6 TeV, y,,B(y > Wb) = 0.1. S, errors are below 1%.

D = 0.80 D = 0.90 D = 0.925 D = 0.95 D = 0.96

m, = 1.5 TeV

Sev 7.64 7.62 7.60 7.48 7.25

B., 8494049 3.09+036 190+026 0.73+£0.24 0414023
m, =2 TeV

Sev 7.20 7.18 7.10 6.95 6.35

B., 534+£044 1.68+0.56 0.67£0.12 036+0.12 0.09£0.07

reflects the harder kinematic features of the heavier vector-
like quark, which lead to more distinctive signal topologies
and improved background suppression as the discriminator
threshold increases.

III. UNCERTAINTIES

Background uncertainties are evaluated only for the
dominant components, which together account for more
than 90% of the total background yields. The leading
contributions arise from h° + jj, W+ j, and ¢g — gg,
whose combined fraction increases from =90% at
Mg =17 TeV to ~#98% at Mg = 8.75 TeV.

Theoretical uncertainties for both signal and back-
ground, arising from renormalization- and factorization-
scale variations as well as PDF uncertainties [30], are
estimated with MADGRAPHS5_AMC@NLO (v3.7.0) [17].

A dynamical scale choice based on the partonic center-
of-mass energy is used, and both the renormalization and
factorization scales are varied by a factor of 2 following the
standard seven-point prescription, in which the samples are
evaluated for the seven (ug, pr) combinations: (0.5, 1), (1,
0.5), (1, 2), (2, 1), (0.5, 0.5), (1, 1), and (2, 2), where (1, 1)
defines the nominal choice. We find that the scale uncer-
tainty is asymmetric for both signal and background
samples. For the signal process over the mass range
M €[7,9.5], the variations span from ']24% to 13037
For the background processes, the size of the uncertainty
depends strongly on the event type. The smallest variations
are obtained for the W 4 jets processes, ranging from
il to 1338%  depending on the chosen iity,. By
contrast, the largest scale uncertainties are found for the
Higgs backgrounds, varying between 377% and 13377

For signal samples with M€ [7,9.5] TeV, the PDF
uncertainty ranges from +9.64% to 4+21.5%. The back-
ground sources are even more sensitive to PDF variations,
mainly because of the high-invariant-mass phase space cut
applied at generation level (see Sec. II). The corresponding
theoretical uncertainties were evaluated separately for indi-
vidual background process with MADGRAPH5_AMC@NLO
(v3.7.0) [17]. Depending on the process and 7y,

PDF uncertainties in the background yields range from
about £27.8% for W + jets events with 71, = 7.5 TeV to
values as large as +85.1% for gg — gg at i, =9 TeV.

Systematic uncertainties were evaluated for the signal
and background simulations at M¢ = 8 TeV.

Pile-up effects were evaluated for scenarios with 25, 50,
100, 150, and 200 interactions per bunch crossing, leading
to uncertainties of up to 3.5%.

To evaluate the impact of jet energy scale (JES) and jet
energy resolution (JER) uncertainties, the signal and back-
ground samples were resimulated under several configura-
tions. JES and JER were varied independently by scaling
each quantity up and down by factors of 2 and 0.5, and
additional correlated variations were considered by simul-
taneously increasing or decreasing both quantities by the
same factors. These variations define a multipoint scheme
analogous to the standard seven-point prescription used for
theoretical uncertainties. The sensitivity to jet recon-
struction was further examined by varying the jet clustering
radius parameter in the anti-k, algorithm. While R = 0.6
was taken as the baseline choice, additional configurations
with R = 0.2 and R = 1.0 were used to probe the depend-
ence of the event selection on the jet topology. Overall,
the detector-related uncertainties are dominated by jet
reconstruction effects (6.9%) and by JES/JER varia-
tions (6.8%).

The HL-LHC luminosity is estimated to be measured
with 1% precision [31].

Uncertainties from the ML-based event selection, evalu-
ated using k-fold cross validation, are propagated to the
statistical analysis.

IV. STATISTICAL METHODS

The theoretical and systematic uncertainties described
above are propagated to the statistical interpretation in order
to evaluate their impact on the discovery and exclusion
sensitivities. Variations associated with renormalization-
and factorization-scale choices, parton distribution function
(PDF) uncertainties, and detector-related effects are incor-
porated in the expected signal and background yields. The
resulting shifts in the local p value and in the derived CL;
exclusion limits are then examined to assess the robustness
of the analysis in the presence of these uncertainties.

Although some of the individual theoretical uncertainties
become large in the high-mass regime, this does not
invalidate the statistical interpretation. Rather, it indicates
that the resulting sensitivities should be viewed as baseline
estimates subject to sizable normalization effects. The
purpose of the nuisance treatment adopted here is therefore
to quantify the stability of the p-values and exclusion limits
under realistic variations of the dominant background
components, rather than to provide an experiment-level
precision uncertainty model.

The statistical interpretation is performed using a like-
lihood function in which nuisance parameters are assigned
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only to leading background components, while subleading
backgrounds are neglected due to their insignificant con-
tribution after the RF selection. This ensures a consistent
treatment of the relevant uncertainties while maintaining a
minimal and robust statistical model.

To draw robust conclusions from the results obtained with
the RF-based signal selection, an extensive statistical analy-
sis was carried out using methods consistent with those
adopted by the ATLAS and CMS Collaborations [32,33].
Two independent analysis paths were pursued, each relying
on a distinct computational framework. The ROOFIT [34]
toolkit, implemented within the ROOT framework (v6.32.10)
[35], was employed to compute local p-values and CL;
metrics, with  parallelization  achieved via the
TPROCESSEXECUTOR class. The ROOSTATS [36] package,
which provides a higher-level interface to ROOFIT, was used
to perform the upper-limit scans [37].

The workflow followed in the ROOFIT program consists of
taking S., and the event counts for the dominating back-
ground processes mentioned in Sec. III, along with their
uncertainties and building a probability density function. The
Poisson term for the number of events is defined as

Lpois (Nobs |Nexp) = Pois (Nobs |Nexp) , (4)

where N, is the observed number of events and the
expected number of events is defined as

Nexp =HuX Sev X HHS,I‘ + ZBev,k X HeBk,j- (5)
i k J

Here, u is the signal strength multiplier, 6 are the uncer-
tainty sources for the signal and 0p are the uncertainty
sources for each background process. These account for
luminosity uncertainties, pile-up, jet energy resolution and
jet energy scale effects, renormalization/factorization scale
and PDF variations, as well as uncertainties coming from the
k-fold algorithm. All of them are presented quantitatively in
Sec. III. A pseudo-observed event count, N, iS generated
under the specified hypothesis and used throughout this
section.

To constrain the fitting of the nuisance parameters in the
model, log-normal terms are applied instead of Gaussian
ones, in order to avoid issues that can arise with positively
defined observables, as discussed in Ref. [32]. These
constraints are defined around the nominal value of each
parameter, with the scale factor of the log-normal being
built as k = 1 4 o, Where o, is the relative error for each
aforementioned quantity. The only exception is the case of
the theoretical scale variations, which present asymmetrical
uncertainties, being treated by employing a split Gaussian.
The total probability density function (likelihood) is then
given by the product of the Poisson term and the corre-
sponding constraint terms:

L = Lpyis X HConstr(G,-). (6)

The probability density function described above is
used to generate a large number of pseudo-experiments
under the background-only (b-only) hypothesis, where the
signal strength parameter yu is set to zero. These pseudo-
experiments serve as “observed data” for subsequent fits.
The same probability density function is then fitted to each
pseudo-experiment for 4 = 1 and for /i, the value of the
signal strength estimator that maximizes the likelihood.
The test statistic g, is defined as the negative logarithm of
the likelihood ratio, as described in Ref. [38]. For each
pseudo-experiment a large number of toy datasets are
generated, both under s + b and b-only hypotheses, in
order to compute

CL,, = P(g” > g|s + b),
CL, =1-P(g." > g2*b). (7)

These probabilities are obtained by integrating the test
statistic distribution tail, starting from the value of Z]ﬁbs. At
the end of each pseudo-experiment, we compute CL [33].
A distribution of CL, values is constructed and the median
expected values, along with the standard deviations are
extracted.

Using this same pseudo-experiment method, we deter-
mined the local p value in the discovery hypothesis by
means of the g test statistic, also defined in Ref. [38]. In
comparison to the exclusion case, the pseudo-experiments
are generated under s + b hypothesis and the toys under b
only. Computing p-values in this way is more rigorous and
reliable, as it properly accounts for the nuisance parameters
in the model, in contrast to simple Poisson-based estima-
tions. A known limitation of this approach is that when the
numerical p value falls below the inverse of the total
number of pseudo-experiments, it may appear as zero
(for example, if 107 toys are generated and p < 1077,
the result may be reported as p = 0). In such cases, where
this limitation occurs, the local p value was instead
computed analytically using Poisson statistics. The affected
points are explicitly indicated in the results section.

The hypothesis inversion used to derive the 95% upper
limits was performed in ROOSTATS using a simplified
implementation. The likelihood function is identical to
that described previously. The ASYMPTOTICCALCULATOR
class in ROOSTATS is used to scan over the signal strength
parameter u and to determine the value at which the
95% confidence level is reached, following the asymptotic
formulas of Ref. [38]. The median expected and observed
upper limits, together with the corresponding 16 and +26
uncertainty bands, are then extracted from the resulting
distributions.
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V. OBSERVABILITY LIMITS

The results of the statistical analysis are encouraging
across a wide My range and for both m, and Yukawa
coupling considered. The metrics used to assess the model
performance and the quality of the results include the local
p value for discovery, the CL; criterion, and the 95% upper
limit on the signal strength parameter.

Since, in some mass regions and for some discriminator
values, the background yields fall below unitary, we set the
discriminator threshold as stringent as possible to maximize
the signal purity while maintaining event counts at or
above unity. This corresponds to D = 0.90. The preferred
approach when dealing with very low event counts is to use
toy-based computations, which are heavy on processing
resources.

The discovery p value quantifies the probability that the
background alone could produce an excess as large as the
observed signal.

The CL,, defined as the ratio of the quantities in Eq. (7),
measures the probability for the signal hypothesis to ex-
hibit backgroundlike fluctuations and is used to determine
exclusion regions in the model parameter space.

A. Local p-values

After computing the local p-values at each mass point
for different discriminator thresholds, VLQ masses, and
V.. coupling values, we observed a clear trend in the
evolution of the corresponding probabilities.

Figure 2 shows the dependence of the estimated p-values
on the diquark scalar mass for two discriminator thresholds,
assuming m, =2 TeV. At Mg =7 TeV, the p-values fall
below the 3¢ threshold for D = 0.925, providing evidence
against the background-only hypothesis. Increasing the
discriminator threshold improves the signal-background
separation, leading to smaller p-values. We therefore adopt

107
3 10%E
g E
o -
2 C
LT o
E +D=09
r -D=0925
104
g m, =2.0 TeV
P T T T N RN R R R TR PR LY 4o
10°° ol b b b b b b b by Ly

7 72 74 76 78 8 82 84
M [TeV]

86 88

FIG. 2. Local p-values quantifying the excess above the
observed values of the test statistic ngs, for two D values.

D =0.90 for the statistical analysis, as it provides a
conservative and statistically stable choice.

At large parton momentum fractions, corresponding to
the multi-TeV regime, parton distribution functions exhibit
sizable uncertainties, limiting predictive accuracy near
the kinematic boundary of the collider [39]. To assess
the impact of future improvements at the HL-LHC,
we consider an illustrative scenario in which PDF uncer-
tainties are reduced by a factor of 2, consistent with
expected gains in global PDF determinations [40]. As
shown in Fig. 3, this leads to a modest improvement in
sensitivity at lower M, with local significances approach-
ing the 30 level. At higher masses, the curves converge, as
the PDF uncertainties, although reduced, remain sizable.

With the discriminator fixed at D = 0.9, we evaluate the
local p-values for m, = 1.5 and 2 TeV, as shown in Fig. 4.

The lower VLQ mass shows reduced sensitivity at lower
S, masses, but at higher Mg values it has virtually identical
performances to the m, =2 TeV. This behavior can be
attributed to the interplay between phase-space effects and
the resulting changes in event kinematics, which affect the
signal selection efficiency and background discrimination
differently across the Mg range.

For larger values of the y,, Yukawa coupling, the signal
yield greatly exceeds the background, leading to significantly
smaller p-values compared to the more conservative case of
YuuB(y = Wb) =0.1. The shorthand y,, = 0.2(0.4) is
used to denote y,,B(y > Wb) =0.1(0.2).

This effect is illustrated in Fig. 5, where larger y,,,, values
lead to enhanced significances across most of the M g range,
reaching ~3c. This trend is driven by the increase in the
S.u = xx production cross section with y,,B(y = Wb),
consistent with Table VII from Ref. [13].

The combined effect of increasing y,,, and reducing the
PDF uncertainties by a factor of two results in a noticeable
improvement in the overall sensitivity, as shown in Fig. 5,

1g
s 1o
PRy T Ty g (O TR LIV ST TETPRILIEPIY 20
3 102
© =
2 E
o .
3 C
S 10*3; ---------------------------------------------------------------------- 3o
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FIG. 3. Local p value for the observed test statistic ngs for two
PDF uncertainty scenarios.

115056-6



OBSERVABILITY OF AN ULTRAHEAVY DIQUARK DECAYING ...

PHYS. REV. D 113, 115056 (2026)

with discovery-level significance exceeding 50 at
Mg ="17.25 TeV. In this case, the Mg =7 TeV point is
omitted from the figure, as the corresponding p value could
not be reliably estimated with toy-based method, with no
signal-like fluctuations observed even in samples of up
to 10° pseudo-experiments. However, the asymptotic
Asimov formula of Ref. [38], including background uncer-
tainties, provides a complementary estimate, yields p, =
3.1 x 107" for Mg = 7 TeV, corresponding to ~6.56.

In summary, the analysis demonstrates that the sensi-
tivity of the search is strongly driven by the product
YuuB(y = Wb). While large values lead to overwhelming
signal dominance, realistic discovery or exclusion scenar-
ios are better constrained by intermediate coupling
strengths, where both signal and background contributions
remain statistically meaningful. In this regime, PDF uncer-
tainties can have a non-negligible impact on the achievable

1
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FIG. 4. Local p value quantifying the excess above the

observed values of the test statistic ngs, for two m, values.
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FIG. 5. Local p value for the observed test statistic ngs for two

V.. values and a scenario with increased coupling and halved
PDF uncertainties.

sensitivity. This interplay defines the region of parameter
space most relevant for future searches at the HL-LHC.

B. CL, scans and 95% upper limits

In addition to the discovery potential analysis based on
local p-values, we perform an independent statistical study
to determine the exclusion limits of the model through
the CL; method and the 95% confidence level (C.L.) upper
limits on the signal strength parameter.

This approach follows the standard procedures established
by the ATLAS and CMS Collaborations [32,33], providing a
complementary perspective on the search sensitivity. The
CL; technique combines the background-only and signal-
plus-background hypotheses to assess the data compatibility
with different signal strength values, enabling a consistent
determination of exclusion regions in the (Mg, y,,) param-
eter space. Besides evaluating the performance of the model
when varying different parameters, the CL, and the upper
limit quantify the sensitivity of the model to observing the
S.. signal in a certain mass region.

The results of the CL, scans for m, =15 and
m, =2 TeV are shown in Figs. 6 and 7.

The intersection of the median expected CL, curve with
the 95% confidence level threshold defines the exclusion
limits on the S, mass. For both m, = 1.5 and m, = 2 TeV,
the intersections occur at Mg~ 8 TeV, showing that the
analysis has comparable performance in both VLQ mass
hypotheses. These values correspond to the expected
95% confidence level exclusion limits, as determined from
the CL; criterion described in Sec. IV. The obtained limits
are consistent with the recent CMS results reported in
Refs. [3,41,42].

Figures 8 and 9 show the expected signal yields (S.,)
and the 95% C.L. upper limits on u*> x S,, as functions of
Mg €e[7,9.5] TeV. The scans are performed for a discrimi-
nator value of D =0.90 and two coupling scenarios,
Yuu = 0.2 and 0.4, and for m, = 1.5 and 2 TeV. The

----- Median expected CL
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FIG. 6. CL; scan in terms of Mg for a VLQ mass of 1.5 TeV.
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FIG. 8. The theoretical signal yield S, and the 95% C.L. upper

limit on y x S, for Mg €[7,9.5] TeV, m, = 1.5 TeV, D = 0.90,
and y,, = 0.2, 0.4.

intersection points between the S, and u* x S,, curves
determine the expected exclusion limits on M.

For y,, = 0.2, the intersections occur at My = 8.3 TeV
for both m, = 1.5 and m, =2 TeV. At y,, = 0.4, the
intersections can be observed at M ~9 TeV. The trend
indicates that larger Yukawa couplings extend the acces-
sibility Mg range, while increasing the vectorlike quark
mass poorly impacts the sensitivity, in alignment with the
small differences in S,, — yy production cross sections,
for m, = 15,2 TeV (see Fig. 1). The two statistical
approaches—the toy-based CL, scan and the asymptotic
upper limit computation—yield consistent results for the
sensitivity of the §,, model. The differences are small and
remain within the 1o range, with both methods exhibiting
the same overall trends as functions of m, and y,,.

A complementary evaluation is carried out for the same
values of the VLQ masses and Yukawa couplings at
different ML discriminator thresholds, as shown in Fig. 10.
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102
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I
I
| -@- 1®xS,,y, =02
I
I
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FIG. 9. The theoretical signal yield S, and the 95% C.L. upper
limit on p x S, for Mg €[7,9.5] TeV, m, = 2 TeV, D = 0.90,
and y,, = 0.2, 0.4.
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FIG. 10. S, and p4* x S, for m, =2 TeV and y,, = 0.2 at
D = 0.80, 0.90, and 0.925. All three S., curves are overlapping.

The purpose of this comparison is to assess the variation
of the exclusion limits under the concurrent increase in
signal purity and decrease in event yields. As observed,
within the range D €[0.80,0.925], the intersection point
between the S,, and u*> x S, curves shifts by ~0.5 TeV
during the transition from D = 0.80 to D = 0.90, while the
change to D = 0.925 presents a shift of only 0.1 TeV.
Considering the large uncertainties associated with the
detector simulation, the parton distribution functions and
jet reconstruction effects, this variation can be considered
insignificant, especially in the case of the higher discrimi-
nator thresholds. At D = 0.80 we gain a sizable fraction
of background events, leading to a worse sensitivity of
the model. These effects might be reduced with future
improvements in the measurements.

In summary, the exclusion analysis based on both the
toy-based MC and asymptotic CL,; methods provides
consistent and robust limits on the S, mass across different
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parameter configurations. The expected 95% C.L. exclu-
sion limits are found to vary between approximately 8 and
9 TeV, depending on the assumed vectorlike quark mass,
Yukawa couplings, and ML discriminator threshold. Larger
Yuu Values extend the S, mass constraints, while higher m,,
values have a minimal influence on Mj sensitivity, in
agreement with the corresponding cross section behavior.
The overall consistency of the two statistical approaches
and the limited impact of the ML discriminator confirm the
stability and reliability of the exclusion limits obtained for
the S, model at the HL-LHC experiments.

VI. CONCLUSIONS

Extending our previous study [13], this work presents a
likelihood-based statistical analysis of the discovery and
exclusion prospects for an ultraheavy diquark scalar S,
decaying into a pair of vectorlike quarks at the high-
luminosity LHC [14]. The analysis targets the fully
hadronic six-jet final state from the process pp — S, —
xx = (Wb)(W*b) — (jjb)(jjb)-

The results extend those of our earlier phenomenological
study by providing a quantitatively controlled statistical
interpretation. Sensitivity to the S, resonance is observed
in the mass range 8-9 TeV, depending on the vectorlike quark
mass, Yukawa couplings, and ML discriminator threshold.
Larger values of y,,, enhance the production cross section and
extend the accessible mass range, while heavier vectorlike
quarks leave the sensitivity nearly unchanged.

These results demonstrate that diquark-induced production
of vectorlike quarks provides a viable and experimentally
accessible probe of multi-TeV new physics at the HL-LHC
within a fully hadronic final state.

The good agreement between the toy-based CL; and
asymptotic approaches demonstrates the robustness of the
statistical framework, while the limited dependence on the

ML discriminator confirms the stability of the extracted
exclusion limits.

Although the final states considered here differ from
those analyzed by the CMS Collaboration the results are in
overall agreement with the exclusion ranges and trends
reported in recent CMS publications [3,41,42].

The main advancement of this work is the implementa-
tion of a consistent likelihood-based framework, including
the treatment of theoretical and systematic uncertainties,
enabling a robust and quantitative determination of dis-
covery significance and exclusion limits.

Future studies will extend this framework to include
complementary channels, such as S,, — uy [15] and
S = xx with y — tZ, th°, enabling a combined interpre-
tation once correlated systematics and channel-dependent
selections are consistently incorporated.
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