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We study the discovery potential of LHC experiments for resonantly produced vectorlike quarks
(𝜒) when the 𝑠-channel resonance is an ultraheavy scalar diquark (𝑆𝑢𝑢) with a mass in the 7–8.5 TeV
range. Focusing on the process 𝑝𝑝 → 𝑆𝑢𝑢 → 𝜒𝜒 → (𝑊+𝑏) (𝑊+𝑏) we target the fully hadronic
decay mode of both 𝑊+ bosons, resulting in a six-jet final state. Signal–background separation is
performed using Machine Learning algorithms trained to construct a multidimensional classifier.
Our results show that ATLAS or CMS searches in this channel, with an integrated luminosity of
3000 fb−1, could discover or exclude a scalar diquark with a mass near 8 TeV even for a relatively
small Yukawa coupling to up quarks, 𝑦𝑢𝑢 ≃ 0.2. We also present preliminary studies of the four-jet
final state from 𝑝𝑝 → 𝑆𝑢𝑢 → 𝑢𝜒 → 𝑢(𝑊+𝑏).
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1. Motivation for high-mass resonance studies

A multitude of Beyond Standard Model (BSM) theories are built around heavy particles:
composite Higgs (which also include low mass vectorlike quarks), supersymmetry, extended gauge
symmetries, extra dimensions etc. Run 3 and the proposed upgrades for the High-Luminosity LHC
(HL-LHC) increase the discovery potential for BSM physics, especially for ultraheavy particles.

The ATLAS Collaboration [2] reported an event with 6.6 TeV 4-jet invariant mass, which
corresponds to 2.2 TeV dijet invariant masses. Prior to the ATLAS search, the CMS Collaboration
[1] published a study reporting 3 events at 68% CL, two of them in the 95% CL, with 4-jet invariant
masses of 6 to 8.5 TeV and dijet masses of 2 TeV in a theoretical framework with 2 new elementary
particles and 3.9𝜎 local significance.

2. Theoretical framework and data samples

The theoretical benchmark of our study [3] includes a diquark scalar 𝑆𝑢𝑢 with (6,1,+4/3) and
vectorlike quarks 𝜒 (VLQs) with (3,1,+2/3) under the Standard Model gauge group 𝑆𝑈 (3)𝑐 ×
𝑆𝑈 (2)𝐿 × 𝑈 (1)𝑌 . Diquark scalars are particles that couple to two quarks and have high masses,
usually in the TeV range. Searches for color sextet particles are essential because they are commonly
found in unification theories. We study the resonant production of an 𝑆𝑢𝑢 particle coupling to up
quarks and VLQs (see Fig. 1), leading to a 6-jet final state when 𝑊 bosons decay hadronically. The
𝑝𝑝 → 𝑆𝑢𝑢 → 𝜒𝜒 production cross-section is shown in Fig. 2.
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Figure 1: Diquark 𝑆𝑢𝑢 resonant production in an LHC 𝑝𝑝 collision, when 𝑆𝑢𝑢 couples to two VLQs, which
subsequently decay into (𝑊+𝑏) pairs.

The corresponding Lagrangian density, as defined in [5], is:

𝑦𝑢𝑢

2
𝑆𝑢𝑢𝑢𝑅 𝑢𝑐𝑅 +

𝑦𝜒𝜒

2
𝑆𝑢𝑢𝜒𝑅 𝜒𝑐

𝑅 + H.c. (1)

In order to preserve the theoretical model renormalizability character, we choose 𝑦𝑢𝑢 < 1 and 𝑦𝜒𝜒 <

1, 𝑦𝜒𝜒

𝑦𝑢𝑢
= 1.5, 𝑦𝑢𝑢𝐵(𝜒 → 𝑊𝑏) = 0.1 , 0.2 with 𝐵(𝜒 → 𝑊𝑏) = 50% and 𝐵(𝑆𝑢𝑢 → 𝜒𝜒) ≈ 63%.

Because this analysis focuses on the diquark scalar resonant production, we set 𝑚𝜒 = 2 TeV and
𝑀𝑆 ∈ [7, 8.5] TeV. The choice of model parameters is made such that the 𝑆𝑢𝑢 𝑠-channel production
can be computed in the narrow-width approximation (NWA) setting the intermediate particles on-
shell and allowing us to drop off-shell contributions, ultimately writing the NWA cross-section as
a product of the production cross-section and the corresponding branching ratios.
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Figure 2: Cross-section of 𝑝𝑝 → 𝑆𝑢𝑢 → 𝜒𝜒 process function of the diquark scalar mass, collision centre-
of-mass energy and yukawa couplings.

Data samples are generated using MadGraph5_aMC@NLO (v3.3.2) interfaced with Pythia
8.310 and Delphes 3.5.0 with ATLAS and CMS parametrizations. The list of background processes
includes: 2 → 2 QCD, W+jets, Higgs processes, dibosons, ttbar etc. Because of the high diquark
scalar mass, we restrict the phase space at generation level in Pythia8 (𝑚min ∈ [5.5, 8] TeV).

3. Data analysis and results

Signal and background events are classified using a Machine Learning Random Forest (RF)
algorithm. A multidimensional discriminator (𝐷) is built by RF using 75 process dependent input
variables: jet kinematics (𝑝T(𝑖), 𝜂(𝑖), 𝜙(𝑖)), dijet angular distance, jet multiplicity, 2-jet and 3-jet
invariant masses etc. Each event is assigned a probability score (𝑃 = [0, 1]). If 𝑃 > 𝐷, then
the event is classified as signal. However, if 𝑃 ≤ 𝐷 events are classified as background. A wide
range of discriminator values is considered, with 𝐷 ∈ [0.2, 0.99]. K-fold cross validation method
is used to assess model performance. The number of signal and background events in this section
are computed as mean values of 5 different sample folds.
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Figure 3: RF selected background events function of data sample sizes for an integrated luminosity of
3000 fb−1,

√
𝑠 = 13.6 TeV, 𝑀𝑆 = 7.5 TeV, 𝑚min = 6 TeV.

In Fig. 3, we explore the algorithm performance dependency on sample size. We observe
that the smallest samples have the highest uncertainties. However, even if we increase the number

3



P
o
S
(
E
P
S
-
H
E
P
2
0
2
5
)
4
2
2

Diquark scalar production at the LHC Ioana DUMINICA

0.8 0.85 0.9 0.95 1
Discriminator

1−10

1

10

210

310

B

=5.5 TeVminm

=6.0 TeVminm
=6.5 TeVminm

=7.0 TeVminm

Figure 4: The impact of the minimum invariant mass phase space cut on the number of signal (left) and
background (right) events in the 𝑀𝑆 = 7.5 TeV, 𝑚𝑚𝑖𝑛 ∈ [5.5, 7] TeV,

√
𝑠 = 13.6 TeV scenario at the HL-LHC.

of events per sample, we observe no significant improvement in signal selection. The number of
background events is converging to a stable value as discriminator increases. Due to computational
limitations, we continue our analysis with 100k samples.

Because the increase in cross-section with
√
𝑠 translate into higher signal and background

events (see Tab. 1), we will set the centre-of-mass energy at 13.6 TeV in order to be conservative.

𝐷 = 0.80 𝐷 = 0.90 𝐷 = 0.95 𝐷 = 0.96 𝐷 = 0.97√
𝑠 = 13.6 TeV

𝑆ev 18.3 18.3 17.7 16.9 14.7
𝐵ev 149±21 73.1±11.4 17.2±4.0 10.4±0.6 5.2±2.9√

𝑠 = 14 TeV
𝑆ev 25.3 25.3 24.4 23.3 20.3
𝐵ev 209±9 113±5 21.8±7.2 14.7±6.8 3.1±2.4

Table 1: RF selected signal (𝑆ev) and background (𝐵ev) events for 13.6 TeV and 14 TeV centre-of-mass
energies at the HL-LHC in the 𝑀𝑆 = 7.5 TeV, 𝑚𝑚𝑖𝑛 = 6 TeV, and 𝑦𝑢𝑢𝐵(𝜒 → 𝑊𝑏) = 0.1 scenario. Method
uncertainties for 𝑆𝑒𝑣 are below 0.1%.

While the difference between the lowest and the highest phase space cut is close to two orders
of magnitude for the number of selected background events, the value of 𝑆𝑒𝑣 converges for 𝐷 ≤ 0.95
and increases for higher phase space cuts and 𝐷 ≥ 0.96, due to lower SM background cross-sections
in that limited phase space (see Fig. 4). The best results are obtained for the highest phase space
cut, because the cross-sections are significantly lower (both the number of signal and background
events are scaled with cross-section, integrated luminosity and the number of events per process).

Poisson statistics is used to compute the probability of the SM to have such a large fluctuation:

𝑃(𝑛|𝐵𝑒𝑣) =
𝑒−𝐵𝑒𝑣𝐵𝑛

𝑒𝑣

𝑛!
(2)

For 𝑀𝑆 = 8 TeV and 𝐷 = 0.96, with 𝑛 = 𝑆𝑒𝑣 + 𝐵𝑒𝑣 , 𝑛 ≈ 7 expected events, we get 1.1 × 10−7

𝑝-value, which corresponds to a significance of ≈ 5𝜎 and can be considered a discovery.
In Fig. 5 we show the 𝑝-value dependence on the discriminator 𝐷 for 𝑀𝑆 ∈ [7.00, 8.75] TeV.

Because 95% Confidence Level (CL) corresponding to 0.05 𝑝-value is reached for 𝐷 ∈ [0.925, 0.97]
and 𝑀𝑆 ∈ [7, 8.25] TeV, 𝑀𝑆 ≤ 8.25 are not excluded.
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Figure 5: The exclusion p-values dependency on discriminator and diquark scalar mass.

A decrease in 𝑝-values is observed [4] for both signal and background events at 𝑀𝑆 ≥ 8.25TeV.
This trend partly reflects the smaller production cross-sections in this mass range (Fig. 2).

4. Preliminary results in the 𝑢𝜒 channel

The theoretical model in [3] also allows for a 𝑆𝑢𝑢 → 𝑢𝜒 decay [6] as in Fig. 6 (with ≈ 14%
branching ratio), which may increase the sensitivity of 𝑆𝑢𝑢 searches [5].
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Figure 6: Feynman diagram for 𝑆𝑢𝑢 production at the LHC, when 𝑆𝑢𝑢 couples to an up quark and a vectorlike
quark, which leads to a 4-jet final state when the 𝑊 boson decays hadronically.
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Figure 7: Number of signal (left) and background (right) events for 4 diquark scalar masses and their
corresponding phase space cut 𝑚min = 𝑀𝑆 − 0.5 TeV when 𝑆𝑢𝑢 → 𝑢𝜒 → 𝑢(𝑊+𝑏) → 𝑢( 𝑗 𝑗 𝑏).

The same Random Forest algorithm is used for signal-from-background selection. In Fig. 7,
we show the dependency of the number of selected signal (𝑆𝑒𝑣) and background (𝐵𝑒𝑣) events on
discriminator values ranging from 0.8 to 0.98. Due to differences in samples cross-sections and
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background phase spaces, the highest 𝑆𝑒𝑣 and their corresponding 𝐵𝑒𝑣 are obtained for the lowest
diquark scalar mass.

In this particular scenario, the algorithm underperforms due to a better match between signal
and background final states constituents. Promising preliminary results are obtained using Eq. (2)
for 𝑀𝑆 = 8 TeV and 𝐷 = 0.96: with ≈ 5.4 expected events, we get 8.9 × 10−5 𝑝-value with a
corresponding significance of ≈ 4𝜎.

5. Conclusions

A feasibility study has been performed to assess the discovery potential of an ultraheavy
diquark scalar 𝑆𝑢𝑢 with a mass in the 7–8.5 TeV range at the LHC, focusing on the process
𝑝𝑝 → 𝑆𝑢𝑢 → 𝜒𝜒 → (𝑊+𝑏) (𝑊+𝑏) → ( 𝑗 𝑗 𝑏) ( 𝑗 𝑗 𝑏) which leads to a six-jet final state.

Signal-from-background selection is carried out using a Machine Learning Random Forest
algorithm.

Using Poisson statistics, we find that in this six-jet channel, searches at ATLAS or CMS with
an integrated luminosity of 3000 fb−1 could discover or exclude an 𝑆𝑢𝑢 resonance with a mass near
8 TeV.

The sensitivity of the analysis could be further enhansed by exploring additional decay modes
such as 𝑆𝑢𝑢 → 𝑢𝜒 or alternative vectorlike quarks decays into 𝑍𝑡 and ℎ0𝑡.

A more comprehensive statistical treatment of the signal-background discrimination, as well
as studies of new multijet final states, are currently in progress.
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