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We explore the discovery potential of ultraheavy ð7–8.5 TeVÞ diquark scalars ðSuuÞ produced in the
collision of two up quarks at the LHC. Assuming that the diquark scalar decays into two vectorlike quarks
of mass around 2 TeV, each of them decaying into a Wþ boson and a b quark, we focus on the fully
hadronic final state. We present a signal-from-background separation study based on a discriminator built
with machine learning techniques. For this six-jet final state and a luminosity of 3000 fb−1, we estimate that
a diquark scalar of mass near 8 TeV may be discovered or ruled out even when its coupling to up quarks is
as low as 0.2.
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I. INTRODUCTION

Starting with the ongoing Run 3 data taking at the LHC
and the upcoming high-luminosity LHC (HL-LHC) [1],
explorations of physics near the 10 TeV scale become
possible [2], and the discovery potential for physics beyond
the Standard Model (SM) considerably increases, espe-
cially for ultraheavy particles near the kinematic limit of the
collider.
InRun 2 of the LHC, theCMSCollaboration [3] observed

two events with four hadronic jets characterized by very
large tetrajet invariantmassM4j, around 8TeV.Moreover, in
both events, the four jets are paired in two dijets, each having
an invariant mass M2j in the 1.9–2.1 TeV range. The QCD
background for such events is of the order of 10−4 events [4],
and theCMSCollaboration concluded that the two observed
events constitute a 3.9σ excess over the SM prediction.
Furthermore, CMS interpreted the excess in terms of a
model presented in [4], in which a diquark scalar Suu is
produced in the s-channel from a uu initial state, and decays
into a pair of vectorlike quarks χ. The subsequent decay
χ → ug, which occurs at one loop [5], leads to events
consistent with the observed 4j events provided Suu
and χ have masses MS ≈ 8.5 TeV and mχ ≈ 2.1 TeV,
respectively.
A study similar to the CMS 4j search was performed by

the ATLAS Collaboration [6]. An outlier 4-jet event with

M4j ≈ 6.6 TeV was observed in that study, consisting of
two dijets of M2j ≈ 2.2 TeV each. Although the 4-jet
invariant mass of the ATLAS event is significantly below
the ones of the CMS events, it is still consistent (roughly at
the 1.5σ level) with the uu → Suu → χχ → 4j hypothesis
employed by CMS, because the 4j invariant mass distri-
bution produced by an ultraheavy Suu has a long tail toward
lower masses.
In this paper we study the LHC reach in a different

possible final state of an ultraheavy Suu, which arises from a
more typical decay mode of the vectorlike quark χ, namely
Suu → χχ → ðWþbÞðWþbÞ. The χ → Wþb decay is
unavoidable if there is mass mixing between χ and the
SM top quark. An alternative origin of the χ → Wþb decay
may be a loop process, similar to the one responsible
for χ → ug.
In either case, additional decay modes of χ are expected

(such as Zt and h0t; the sum of these two branching
fractions is approximately equal to theWþb one in the case
of mass mixing [7]), but they are more model dependent,
and will be not be studied here.
We will focus mainly on hadronic final states of the W

bosons arising from the χ decays, because these allow
the reconstruction of the Suu mass. Signal search optimi-
zation is done with machine learning (ML) methods,
a powerful approach in particle and event identifica-
tion and reconstruction largely used in multivariable
environments [8,9].
In Sec. II we describe the interactions of the new

particles, and the simulation of the signal and backgrounds.
The ML discriminant is discussed in Sec. III, the selection
efficiency is estimated in Sec. IV, and the Suu observation
potential is investigated in Sec. V. Our conclusions are
presented in Sec. VI.
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II. A DIQUARK AND A VECTORLIKE QUARK

The model considered here [2] (see also [4]) includes
two particles beyond the SM: a diquark scalar, Suu, and a
vectorlike quark, χ. The Suu diquark is a color-sextet weak-
singlet complex scalar particle that carries electric charge
4=3. The χ vectorlike quark is a color-triplet weak-singlet
fermion that carries electric charge 2=3.
The diquark has interactions with two up quarks, and

also with two χ quarks, described by the following terms in
the Lagrangian:

yuu
2

SuuūRucR þ yχχ
2

Suuχ̄RχcR þ H:c: ð1Þ

Here the Yukawa couplings yuu and yχχ are parameters of
order one, or smaller. The upper index c refers to charge
conjugation, so that the Feynman rule associated with a
Lagrangian term of the type Suuχ̄RχcR is such that one scalar
enters the interaction vertex and two quarks exit from the
vertex.
Other possible Yukawa interactions of Suu, discussed

in [2], are assumed here to have negligible couplings. The χ
interaction with the W boson is taken to be

gχWþχ̄LγμbL þ H:c:; ð2Þ

where gχ ≪ 1. This may arise, for example, from mass
mixing between χ and the SM top quark [10]. Additional
interactions of a single χwith a SMquark and a SMboson are
expected, but their effects are taken into account here only
indirectly, through a branching fraction Bðχ → WbÞ < 1.
The main production mechanism for Suu at proton-

proton colliders is from a uu initial state. Its subsequent
decay into χχ, followed by each χ decaying into Wþb, is
represented by a single diagram, shown in Fig. 1. The cross
section for this pp → Suu → χχ → ðWþbÞðWþbÞ process,
denoted here as σSðWbWbÞ, is given by

σSðWbWbÞ ≈ σSðχχÞBðχ → WbÞ2; ð3Þ

where σSðχχÞ≡ σðpp → Suu → χχÞ is the production
cross section for two χ quarks (not for χχ̄), which proceeds
through an s-channel Suu. Corrections due to similar

processes with an off-shell χ are neglected here because
the vectorlike quark is expected to have a very small decay
width (but still sizable enough to allow prompt decays).
Four parameters control the characteristics of the uu →

Suu → χχ process: theMS andmχ masses, and theyuu and yχχ
couplings introduced inEq. (1). The branching fraction of the
diquark into vectorlike quarks,BðSuu → χχÞ, is a function of
the coupling ratio yχχ=yuu and of the mass ratiomχ=MS, and
can be straightforwardly computed using the formulas for the
Suu → χχ and Suu → uu widths given in [5]. For example,
when the ratios are mχ=MS ¼ 1=4 and yχχ=yuu ¼ 1.5, the
branching fraction is BðSuu → χχÞ ≈ 63%.
The σSðχχÞ cross section is approximately given by the

product of the on-shell Suu production cross section
(computed in [4] based on the NLO formulas derived
in [11]) times the branching fraction of the diquark:
σSðpp → SuuÞBðSuu → χχÞ. There are non-negligible
effects due to off-shell Suu exchange, but these are relevant
mostly for events with lower-energy final-state particles,
where the backgrounds are larger. Note that σSðpp → SuuÞ
is fast falling with increasedMS, and is proportional to y2uu.
Thus, from Eq. (3) it follows that σSðWbWbÞ is approx-
imately proportional to the square of yuuBðχ → WbÞ.
For ML discriminant (Sec. III) and signal selection

efficiency studies (Sec. IV), we vary MS in the 7–8.5 TeV
range, and fix the χ mass and the coupling ratio at

mχ ¼ 2 TeV;
yχχ
yuu

¼ 1.5: ð4Þ

Note that the CMS [3] andATLAS [6] events with dijet pairs
discussed above indicate a dijet mass of 2 TeV, with
uncertainties below 10%. By contrast, the 4j masses of
those events are consistent with a larger range ofMS values,
justifying the above mass choices.
If yuu were larger than yχχ , then Suu would likely be first

discovered through dijet resonance searches, which is not
the focus of this study. In the other limit, yχχ ≫ yuu, the
diquark becomes a broad resonance [5] (since diquark
production becomes too small for yuu below 0.2 or so),
which again is not our focus. Thus, the value of the
coupling ratio specified in (4) is natural. Moreover, its
exact value does not significantly affect the signal dis-
cussed here, because yχχ=yuu only determines the diquark
branching fractions; a change in them can be compensated
by a change in the diquark production cross section
(controlled by yuu). We consider two values for the product
of the Suu coupling to up quarks with the branching fraction
of χ

yuuBðχ → WbÞ ¼ 0.1; 0.2: ð5Þ

Hence, for the typical value Bðχ → WbÞ ≈ 50% [7,10], the
benchmark values for the coupling that we will consider
here are yuu ¼ 0.2 and 0.4. While values of yuu as large as

FIG. 1. Diquark Suu production at the LHC, followed by a
cascade decay through two vectorlike quarks. The final state
is WþbWþb.
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0.9 are still viable [5], they will be probed soon in Run 3
searches for dijet resonances, and will not be consid-
ered here.
The model described above, including the scalar

diquark plus the vectorlike quark, was implemented in
FeynRules [12], which outputs the MadGraph model files. For
signal simulation we used MadGraph5_aMC@NLO [13]
(v3.3.2) at leading order (LO) with the default PDF set
(NNPDF23LO [14]), and the output interfaced to
PYTHIA8.310 [15]. Detector response was simulated using
DELPHES 3.5.0 [16] with both ATLAS and CMS para-
metrizations. Jets were reconstructed with FastJet [17] using
the anti-kt algorithm [18].
In Fig. 2 we show the σSðχχÞ cross section computed

with MadGraph as a function of MS for yuu ¼ 0.2 (lower
lines) and yuu ¼ 0.4 (upper lines); the values for other
model parameters are fixed there as in Eq. (4). Signal and
background data samples were generated at

ffiffiffi

s
p ¼ 13.6 and

14 TeV without pileup.
For background simulation we use the following types of

processes: 2 → 2 QCD, W þ jets, Higgs processes, dibo-
sons, and tt̄; altogether there are 32 background
processes [19]. For the signal selection relevant here, the
most important background processes are 2 → 2 QCD,
W þ jets and dibosons. Due to the very highMS values, we
constrain the phase space for background simulation by
imposing high values for the PYTHIA cut mHatMin [15]
(which represents the minimum invariant mass of the final
state): m̂min ∈ ½5.5; 8� TeV.
The signal considered here consists in two pairs of nearly

collinear quark jets (originating from the two Wþ bosons)
plus two b jets. Thus, besides the 2 → 2 QCD background
included in our study, which is due to the showering of four
extra jets, there are a few other QCD backgrounds that
mimic our signal. These include the 2 → kj QCD processes
with kj ¼ 3, 4, 5 and the showering of extra jets, as well as

the 2 → 6 QCD processes. These additional QCD back-
grounds, which we ignore, are difficult to simulate given
the very large pT associated with the signal produced by an
ultraheavy Suu; nevertheless, we do not expect that they are
substantially larger than the background due to 2 → 2QCD
plus showering, which is included simulated with PYTHIA.

III. MACHINE LEARNING DISCRIMINANT

Due to the complexity of the background relevant to this
study, we decided to use machine learning algorithms to
discriminate between signal and background rather than a
cut-based analysis. We tested two ML classification
models [20]: boosted decision tree (BDT) [21] and random
forest (RF) [22] (neural networks were also tested in a
preliminary attempt [23]).
The BDT approach is the most commonly used for such

classification tasks, relying on sequentially training multi-
ple decision trees, where each new tree aims to correct the
errors of the previous ones. Due to its fast training time, we
choose the XGBoost [24] implementation of the BDT. In the
case of the RF models, which also consist of ensembles of
decision trees, the training is performed on different subsets
of data and features. Their outputs are combined to make
more accurate and robust predictions. Here, we use the
Scikit-learn [25] implementation of the RF.
To obtain the ML discriminator, D, we input a selection

of 75 variables into ML models: jet kinematics pðiÞ
T , ηðiÞ,

ϕðiÞ, dijet angular distance ΔRði;jÞ, dijet invariant mass

mði;jÞ
2j , number of dijets NW20

jj with jm2j −mW j ≤ 20 GeV,
max dijet pT vector sum, max ΔR of any dijet pair, 3-jet

invariant mass mði;j;kÞ
3j , jet multiplicity nj, jet b-tag multi-

plicity and invariant mass mΔRmin

2j of ΔRmin dijet, with

i; j; k ¼ 1; 6 corresponding to jets ordered according to the
highest pT. To ensure consistency in the number of
variables across events, as well as to leverage the power
of the ML algorithm to find the best combination of
variables, we consider all combinations for m2j, m3j,
and ΔR.
The classification of signal and background events is

based on the trained ML model, which assigns to each
event a probability score (P) with values ranging from 0 to
1. This score represents the likelihood that an event belongs
to the signal category. To convert these continuous prob-
ability scores into discrete classifications, a series of
thresholds or discriminator values (D), are applied.
Events with P > D are classified as signal, whereas those
with P ≤ D are classified as background.
For this analysis, a wide range of discriminator values is

considered, starting from 0.2, all the way to 0.99. These
values allow for an evaluation of the model performance
across different working points, with lower thresholds
(e.g., D ¼ 0.80) classifying a larger number of events as
signal, leading to higher signal efficiency but lower purity.

FIG. 2. Cross section for the pp → Suu → χχ process as a
function of the Suu diquark mass, at center-of-mass energies of
13.6 TeV (solid red lines) and 14 TeV (dashed blue lines). This
σSðχχÞ is computed at LO with MadGraph [13] for two values of
the Suu coupling to up quarks: yuu ¼ 0.2 (bottom two lines) and
0.4 (top two lines). Other parameters are fixed as in Eq. (4).
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In contrast, higher thresholds (e.g., D ¼ 0.99) result in a
highly pure signal selection but at the cost of reduced
efficiency. The signal and background distributions in the
0.20–0.80 discriminator range are uniform, so we have
decided to present the results for D ≥ 0.80. In order to
maintain a good signal purity with a reasonable selection
efficiency, we have set the higher boundary of the dis-
criminant to D ¼ 0.97.
To estimate the expected number of signal and back-

ground events, each event is weighted by its process-
specific cross section, the total integrated luminosity, and
the ratio of events passing the discriminator cut. We use the
notation Sev for the total number of expected signal events,
while the background counts, denoted by Bev, correspond
to events that the model classifies as signal, regardless of
their true origin (misclassified background events).
We simulated 105 events for each process, signal or

background, of which 80% were used in training the models
and the remaining 20% of the total sample was used for
performance evaluation. In the following,we are showing the
Sev and Bev values obtained for various cases. In Table I we
present the number of events for signal and background
obtained with BDT and RF for D ≥ 0.80. Detector simu-
lation is done here with the ATLAS parametrization of
DELPHES[16], assuming

ffiffiffi

s
p ¼ 13.6 TeV, L ¼ 3000 fb−1,

MS ¼ 7.5 TeV, andyuuBðχ → WbÞ ¼ 0.1. The othermodel
parameters are fixed as in Eq. (4), and the PYTHIA phase-
space cut is set here at m̂min ¼ 6 TeV.
From the results presented in Table I we can conclude

that both ML classification models, RF and BDT, generally
provide us with comparable results for the discriminator D
in the interval ½0.80 − 0.97�. However, depending on the
random process of model parameter initialization, the BDT
could end up with slightly smaller errors in some runs.
Even so, we choose to continue our study with RF because
it is less prone to over-fitting [26].
Table II shows Sev and Bev values obtained with the RF

algorithm for the CMS parametrization of the DELPHES

detector simulation. Because we obtain similar signal-to-
background discrimination for the CMS and ATLAS
detector parametrizations (compare Tables II and I), in
what follows we perform the signal selection efficiency
study only for the ATLAS parametrization.

IV. SIGNAL SELECTION EFFICIENCY

In this section we study how the number of signal and
background events (Sev and Bev) depend on the RF and
sample parameters. We first discuss the impact of variable
weights on the ML discriminator D. Then, in Sec. IV B we
compare Sev and Bev at two center-of-mass energies,

ffiffiffi

s
p ¼

13.6 TeV and 14 TeV, and investigate the relevance of the
number of simulated events. In IV C, we explore the Sev
and Bev dependence on the number of jets used by the ML
algorithm, and we outline the influence of the phase-space
cuts. All the studies of this section are performed for
yuuBðχ → WbÞ ¼ 0.1, with other parameters fixed as in
Eq. (4).
We use the k-fold cross-validation method to compute

the errors of our ML algorithm. We work with 5 folds,
splitting 105 events data sample into 80% for training and
20% for testing. In the case of Sev we display only the mean
values, but one should keep in mind that there are sizable
uncertainties, especially from NLO effects and from PDFs
at the large parton momentum fractions associated with an
ultraheavy resonance. The errors on Sev due to the ML
algorithm are below 1%, so they are negligible compared to
the uncertainties mentioned above.
For Bev, in addition to the mean values, we display the

errors due to the RF model performance as the standard
deviation of all runs. We emphasize that there are other
large uncertainties on Bev, for example from QCD proc-
esses (see Sec. II) not included in the simulation.

A. Feature importance

To gain insight into the decision-making process of the
random forest classifier, we examine the feature importance
scores assigned to each input variable. The importance of a
feature is determined using the mean decrease in impurity
(MDI) method [27], which quantifies how much each
feature contributes to improving the splits in the RF
decision trees. Features that are more frequently used for
splitting the data and lead to better separation between
signal and background are assigned higher importance
values. The final feature importance scores are averaged
over all the decision trees in the RF and normalized to sum
to one.
We run tests on different sample folds, center-of-mass

energies, values of diquark mass MS, values of the phase-
space cut m̂min, number nj of jets in the final state, and

TABLE I. Number of events for signal (Sev) and background
(Bev) obtained with the BDT and RF algorithms for the ATLAS
detector parametrization at

ffiffiffi

s
p ¼ 13.6 TeV and L ¼ 3000 fb−1,

for MS ¼ 7.5 TeV, yuuBðχ → WbÞ ¼ 0.1, and m̂min ¼ 6 TeV.

D ¼ 0.80 D ¼ 0.90 D ¼ 0.95 D ¼ 0.96 D ¼ 0.97

BDT
Sev 18.4 18.3 17.5 16.5 14.3
Bev 133 57.4 11.2 7.8 2.3

RF
Sev 18.3 18.3 17.7 16.9 14.7
Bev 149 73.1 17.2 10.4 5.2

TABLE II. Sev and Bev obtained with RF for the CMS detector
parametrization of DELPHES. The parameters are fixed as speci-
fied in the caption of Table I.

D ¼ 0.80 D ¼ 0.90 D ¼ 0.95 D ¼ 0.96 D ¼ 0.97

Sev 18.3 18.3 17.7 16.9 14.7
Bev 122.1 52.6 14.6 10.8 1.6
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number Nev of simulated events per process. Although
distinct runs lead to distinguishable feature lists, they
consist mainly of the same variables. Only slight changes
between their ranking are observed. We have found that the
transverse momentum of the fourth and the third final-state

jets pð4Þ
T and pð3Þ

T are always the first two with importance
score in the 12%–14% range.
This is not surprising given that the background only

rarely includes four jets of high pT, while the signal always
includes four high-pT jets. Note that the fifth jet in the
signal is often soft because the two jets arising from oneW
decay in the signal are typically merged. Our parton-level
simulation indicates a merging rate of about 96% when the
quark-jet matching is done for ΔR < 0.4. Even at the
reconstruction level, the effect remains pronounced: in
roughly 64% of the events, no more than five jets are
observed, even in the presence of initial and final state
radiation; see also Sec. IV C. The W-merged jets tend to
have higher pT than the b-jets, such that the third highest jet
pT is almost twice as often a b-jet as it is a W-merged jet.
Other features with high importance score include:

mð1;iÞ
2j , mΔRmin

2j , pð2Þ
T , and mð1;2;kÞ

3j , with i ≥ 2 and k ¼ 3, 4.
The importance score of each of these kinematic variables
is below 8%. Although we are using 75 input variables to
take into account as many signal and background character-
istics as possible, not all variables have a significant impact
on the decisions of the RF model. Among the low-impact
ones are variables related to the lower-pT jets (with i ≥ 5),

including ΔRði;jÞ, mði;jÞ
2j , mði;j;kÞ

3j , ηðiÞ and ϕðiÞ.

B. Center-of-mass energy and number of events

The increase in the σSðχχÞ cross section with
ffiffiffi

s
p

(as
shown in Fig. 2) translates into higher values of the number
of signal events Sev. At the same time, higher

ffiffiffi

s
p

leads to a
larger number of background events Bev. Nevertheless, the
six jets associated with the leading-order signal considered
here have large transverse momenta, due to the very large
mass of the s-channel resonance, so that the Sev=

ffiffiffiffiffiffiffi

Bev
p

ratio
grows when

ffiffiffi

s
p

is increased above 13.6 TeV.
A comparison of the number of signal and background

events for
ffiffiffi

s
p ¼ 13.6 TeV versus

ffiffiffi

s
p ¼ 14 TeV is pre-

sented in Table III, assuming an integrated luminosity L ¼
3000 fb−1 in both cases. While the center-of-mass energy
planned for the HL-LHC is 14 TeV, the current Run 3 of the
LHC is at

ffiffiffi

s
p ¼ 13.6 TeV. To be conservative, we will set

ffiffiffi

s
p ¼ 13.6 TeV for our feasibility study. However, it
should be emphasized that even a slightly larger center-
of-mass energy (e.g., 14 TeV) would increase the HL-LHC
sensitivity to ultraheavy particles such as the diquark
studied here.
Next, we analyze how the signal and background vary

with the size of the simulated sample. In Table IV we show
Sev and Bev obtained for different number Nev of simulated

events. When the number Nev of MC simulated events per
process varies from Nev ¼ 105 to Nev ¼ 3 × 105 and
D ≤ 0.97, we see that the number of background events
is getting smaller for a fixed discriminator (D) value.
However, for a fixed value of D, the Sev variation between
samples is almost negligible.
Also shown in Table IV are uncertainties in the back-

ground due to the ML separation method. The dependence
of these uncertainties on Nev, when it varies in the range
105 to 3 × 105, is somewhat unstable due the sensitivity of
the k-fold cross-validation method to RF decisions. Using
larger samples would be beneficial, but computationally
too expensive. Nevertheless, compared to the case Nev ¼
5 × 104 (not shown in Table IV), the background uncer-
tainties are substantially smaller at Nev ¼ 105. Although
the signal-to-background selection is slightly improved for
Nev ¼ 3 × 105 compared to Nev ¼ 105, we have decided to
continue our study with Nev ¼ 105 samples in order to gain
computational efficiency.

TABLE III. Number of events for signal (Sev) and background
(Bev) obtained for two center-of-mass energies, 13.6 TeV and
14 TeV, with 3000 fb−1 of simulated data, when MS ¼ 7.5 TeV,
m̂min ¼ 6 TeV, and yuuBðχ → WbÞ ¼ 0.1. Other model param-
eters are fixed as in Eq. (4).

D ¼ 0.80 D ¼ 0.90 D ¼ 0.95 D ¼ 0.96 D ¼ 0.97
ffiffiffi

s
p ¼ 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

ffiffiffi

s
p ¼ 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 IV. Sev and Bev dependence on the number of simu-
lated events per process at

ffiffiffi

s
p ¼ 13.6 TeV and L ¼ 3000 fb−1,

for MS ¼ 7.5 TeV and other parameters as in Table III. The
uncertainties for Bev displayed here are only due to the errors of
the ML algorithm (same type of errors for Sev are below 1%).

D ¼ 0.80 D ¼ 0.90 D ¼ 0.95 D ¼ 0.96 D ¼ 0.97

Nev ¼ 105

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

Nev ¼ 2 × 105

Sev 18.3 18.3 17.7 17.0 14.8
Bev 139� 9 71.0� 8.5 17.5� 3.8 8.2� 3.7 3.1� 1.4

Nev ¼ 3 × 105

Sev 18.3 18.3 17.8 17.0 14.9
Bev 133� 11 71.9� 6.3 17.1� 3.9 7.9� 2.8 2.7� 1.4
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C. Number of jets and phase-space cut

The final state arising from the cascade decay of the Suu
scalar into ðWþbÞðWþbÞ, with hadronic Wþ decays,
consists in two pairs of nearly collinear quark jets and
two b jets. Even though this signal process involves a 6-jet
final state, additional jets are produced in the same event
due to multiparton interactions, and parton showering.
Notice that initial- and final-state radiation also contribute
additional jets, but these are NLO effects, and are not taken
into account in this analysis.
In some events, the number of jets may be smaller due to

possible collimation between some jets. In particular, each
of the two Wþ bosons from the final state is typically
boosted due to the large Suu mass. Thus, each Wþ often
produces a single jet with a two-prong substructure.
After the jets are ordered according to their transverse

momentum, the ML algorithm takes into account a number

nj of jets with highest pT . As shown in Table V, the number
of signal events (Sev) has only a very weak dependence on
nj, which is negligible within errors. For D ≤ 0.95, we
observe a better signal versus background discrimination
for the nj ¼ 4 case than for the other ones. When increasing
the number of jets to nj ¼ 6 and nj ¼ 8, signal-to-back-
ground selection becomes comparable. Due to this finding
we have decided to continue the current study with the
first six most energetic jets taken into account by the ML
algorithm.
The background simulation employed here strongly

depends on the phase-space cut m̂min. In Fig. 3 we show
that Bev values (at L ¼ 3000 fb−1) decrease for higher
phase-space cuts m̂min, which means better performance of
the ML algorithm. Table VI shows the Sev and Bev values
for a fixed diquark scalar mass and different m̂min. The
highest number of signal events and the lowest number of
background events are obtained for the highest phase-space
cut. The uncertainties in the background shown in Table VI
are only those due to the ML algorithm. Their dependence
on m̂min is again somewhat unstable (see Sec. IV B).

V. Suu OBSERVATION POTENTIAL

The purpose of this study is to investigate the discovery
potential of a heavy diquark scalar Suu which decays into a
pair of vectorlike quarks, as described by the model
presented in [2]. CMS Collaboration [3] observed two
events with four hadronic jets that form a very large
invariant mass M4j, around 8 TeV, and are paired in two
dijets, each having an invariant massM2j near 2 TeV. While
the ATLAS search [6] in the same final state yielded
no events with M4j at 8 TeV, it reported an intriguing
event with M4j ≈ 6.6 TeV that appears consistent with a

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

FIG. 3. Number of background events (Bev) as a function of
discriminatorD, for different values of the phase-space cut ðm̂minÞ.
The integrated luminosity is taken to be L ¼ 3000 fb−1 at
ffiffiffi

s
p ¼ 13.6 TeV and the diquark mass is fixed at MS ¼ 7.5 TeV.

TABLE VI. Sev and Bev for different choices of the PYTHIA

phase-space cut m̂min for MS ¼ 7.5 TeV and other parameters
fixed as in Table IV.

D ¼ 0.80 D ¼ 0.90 D ¼ 0.95 D ¼ 0.96 D ¼ 0.97

m̂min ¼ 5.5 TeV

Sev 18.3 18.3 17.8 17.0 14.8
Bev 397� 46 196� 19 53.1� 14.8 21.0� 12.2 6.4� 4.7

m̂min ¼ 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

m̂min ¼ 6.5 TeV

Sev 18.3 18.3 17.8 17.1 15.1
Bev 44.4� 2.9 19.4� 1.8 6.1� 1.6 2.8� 1.4 0.65� 0.59

m̂min ¼ 7 TeV

Sev 18.3 18.3 18.0 17.6 16.0
Bev 15.0� 1.3 8.0� 4.6 2.0� 0.8 1.1� 0.5 0.18� 0.05

TABLE V. Sev and Bev for a few choices of the number of
final state jets taken into account by the ML algorithm at
ffiffiffi

s
p ¼ 13.6 TeV and L ¼ 3000 fb−1, for MS ¼ 7.5 TeV and
m̂min ¼ 7 TeV.

D ¼ 0.80 D ¼ 0.90 D ¼ 0.95 D ¼ 0.96 D ¼ 0.97

nj ¼ 4

Sev 18.3 18.3 18.0 17.6 16.0
Bev 11.9� 0.3 11.9� 0.3 1.9� 0.7 1.0� 0.4 0.34� 0.20

nj ¼ 6

Sev 18.3 18.3 18.0 17.6 16.0
Bev 15.0� 1.3 8.0� 4.6 2.03� 0.80 1.1� 0.5 0.18� 0.05

nj ¼ 8

Sev 18.3 18.3 18.1 17.6 16.1
Bev 18.9� 1.7 6.46� 1.49 2.08� 0.62 1.2� 0.6 0.17� 0.07
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pair-produced vectorlike quark of mass near 2 TeV (for
related interpretations, see the CMS results in [28], and the
S2χA model in [5]).
This motivates our choice of the masses for the new

particles, MS in the 7–8.5 TeV range, and mχ ≈ 2 TeV.
Even if the events mentioned above will turn out to be just a
very unlikely fluctuation of the QCD background, the
search for resonantly produced vectorlike quarks discussed
in this paper is a well-motivated exploration of physics at
scales in the multi-TeV range.
We present here our results regarding the observation

potential of the ultraheavy diquark scalar Suu, obtained with
3000 fb−1 of simulated data at

ffiffiffi

s
p ¼ 13.6 TeV based on a

sliding phase-space cut given by m̂min ¼ MS − 0.5 TeV.
The number of signal and background events shown in
Table VII corresponds to different values ofMS. The signal
is shown there for two values of the dimensionless
parameter yuuBðχ → WbÞ: 0.1 and 0.2, with the number
of signal events labeled by Sevð0.1Þ and Sevð0.2Þ, respec-
tively. Because this observation potential study relies on an
incomplete simulation of the background, and uses the
DELPHES detector simulation [16], which has larger uncer-
tainties compared to full detector simulations, the k-fold
cross-validation errors of the RF are not included in
Table VII.
For yuuBðχ → WbÞ ¼ 0.1 and MS ¼ 8 TeV the 95%

upper limit of our background estimate is about 0.4 events
when the discriminator is D ¼ 0.96. At this point in

parameter space of the model with Suu and χ, the expected
number of events is Sevð0.1Þ þ Bev ≈ 7.3. The probability
for the SM background to have a large upward fluctuation
such that 7 or more events are observed, in the absence of a
new physics signal, can be computed using Poisson
statistics (for an analysis of potential complications,
see [29]) and is given by 1.1 × 10−7. This is slightly above
a 5σ excess, and can be considered a discovery.
The large uncertainties in the background may degrade

the significance of the excess, but when the discriminator is
increased toD ¼ 0.97 the background decreases by a factor
of four while the signal decreases only by about 10%. Even
if Bev were 0.25 events (which is almost three times larger
than the estimated background at D ¼ 0.97 and
MS ¼ 8 TeV), its fluctuation into 6 or more observed
events would have a probability of only 2.7 × 10−7. In
that case the new physics model discussed here, which
predicts Sevð0.1Þ þ Bev ≈ 6.6, would be again favored over
the SM at the 5σ level.
Based on these results, we conclude that our ML

method provides a good HL-LHC discovery potential for
an Suu of mass near 8 TeV, which decays into
ðWþbÞðWþbÞ with a final state consisting of six jets,
provided yuuBðχ → WbÞ ≥ 0.1. Given that the typical
branching fraction of a vectorlike quark that mixes with
the top quark is Bðχ → WbÞ ≈ 50%, the signal discussed
here can be discovered even when yuu is as small as 0.2.
For a heavier Suu, with mass near 8.5 TeV, a larger yuu

may be necessary for discovery. As can be seen from
Table VII, a factor of 2 increase in yuu is already sufficient
for discovery at MS ¼ 8.5 TeV, as it would lead to about
11 signal events, while the background is below 0.2 events
for an ML discriminator D ≥ 0.95.
The benchmark choices in Eq. (5) are rather

conservative, focusing on a yuu smaller than the central
values indicated by the events with dijet pairs [5]. For this
reason, as well as due to the total branching fraction of only
11% for χχ → ðWþbÞðWþbÞ → ðjjbÞðjjbÞ, the full inte-
grated luminosity of HL-LHC would be required for
discovery in this final state. If additional events with dijet
pairs near 8 TeV will be observed in Run 3, then probing
our ðWþbÞðWþbÞ channel would continue to be important,
but for a larger yuu and a smaller χ → Wþb branching
fraction.
Existing ATLAS [30] and CMS [31] searches for vector-

like quarks (which set lower mass limits on χ in the
1.4–1.7 TeV range; other limits are reviewed in [32]),
which include ðWþbÞðW−b̄Þ final states, are not well-suited
for setting limits on the resonantly produced χχ signal
discussed here because the ultraheavy Suu diquark forces
the vectorlike quarks to be boosted, changing substantially
the kinematic distributions of the final states. Likewise,
existing ATLAS [33] and CMS [34] searches for 6-jets final
states do not take advantage of the large pT’s of the jets
originating from a cascade decay of an ultraheavy

TABLE VII. Number of signal events Sevð0.1Þ and Sevð0.2Þ, for
yuuBðχ → WbÞ ¼ 0.1 and 0.2, respectively, number of back-
ground events Bev, predicted for different values of the diquark
mass, with 3000 fb−1 of data at

ffiffiffi

s
p ¼ 13.6 TeV, and a phase-

space cut m̂min ¼ MS − 0.5 TeV.

D ¼ 0.80 D ¼ 0.90 D ¼ 0.95 D ¼ 0.96 D ¼ 0.97

MS ¼ 7.0 TeV

Sevð0.1Þ 43.9 43.8 43.0 41.9 37.9
Sevð0.2Þ 197 196 193 188 170
Bev 42.4 17.9 5.05 3.96 0.79

MS ¼ 7.5 TeV

Sevð0.1Þ 18.3 18.3 18.0 17.6 16.0
Sevð0.2Þ 81.9 81.8 80.5 78.6 71.5
Bev 15.0 8.00 2.03 1.12 0.18

MS ¼ 8.0 TeV

Sevð0.1Þ 7.20 7.20 7.10 6.95 6.35
Sevð0.2Þ 32.4 32.4 31.9 31.3 28.5
Bev 5.34 5.34 0.67 0.36 0.09

MS ¼ 8.5 TeV

Sevð0.1Þ 2.63 2.63 2.59 2.54 2.33
Sevð0.2Þ 11.8 11.8 11.6 11.4 10.5
Bev 1.72 1.72 0.17 0.09 0.02
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s-channel resonance. Thus, it is important that the exper-
imental collaborations perform dedicated searches for the
signal analyzed here. More generally, our results motivate
searches for ultraheavy resonances in multijet final states
that include b-tagged jets, and jets with substructure.
We emphasize that in this work we focused only on the

fully hadronic final state arising from the pp → Suu →
χχ → ðWþbÞðWþbÞ process. Semileptonic and fully lep-
tonic final states of theWþ pair may be included to increase
the sensitivity of the searches in the ðWþbÞðWþb̄Þ final
states. Furthermore, as mentioned in [2], the sensitivity to
an ultraheavy Suu may be improved by taking into account
other decay modes of χ, for example into tZ and th0.

VI. CONCLUSIONS

We studied the discovery potential of LHC experiments
for resonantly produced vectorlike quarks, in the case
where the s-channel resonance is a diquark scalar particle,
Suu, with mass in the 7–8.5 TeV range. Such an ultraheavy
particle may be produced with a sufficiently large cross
section at the LHC because it has a coupling to two up
quarks, and thus benefits from the largest PDF near the
kinematic limit of the collider.
Previous studies of resonantly produced vectorlike

quarks [4,5] considered their exotic decay into two jets,
motivated by the CMS observation of two remarkable
events with M4j ≈ 8 TeV. Here we analyzed the more
standard decay of a charged-2=3 vectorlike quark into
Wþb, which is often expected to have the largest branching
fraction (based on the assumption that mass mixing with
the top quark is sufficiently large [7]).
Given that the Suu resonance can be reconstructed when

both Wþ bosons decay hadronically, in this paper we
focused on the 6-jet final state arising from the pp →
Suu → χχ → ðWþbÞðWþbÞ process. For the signal selec-
tion study we used machine learning models trained to
discriminate against background sources. In particular, we

investigated the impact of the variables weight, center-of-
mass energy, MC sample size, final state jet multiplicity,
phase space selection, and diquark scalar mass on the
random forest machine learning algorithm performance.
Our results indicate that searches at ATLAS or CMS in

the above 6-jet final state with a luminosity of 3000 fb−1

may discover or rule out a diquark scalar of mass near
8 TeV even when its coupling to up quarks is as small as
yuu ≈ 0.2. This is a promising result for the scientific
impact of future searches at the HL-LHC in this channel.
Furthermore, it is likely that the ATLAS and CMS
experimental collaborations would obtain more precise
results using their own simulation framework, and may
use additional features of the proposed signal to improve
the sensitivity of future searches for resonantly produced
vectorlike quarks.
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