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High Luminosity LHC (HL-LHC)

With the upcoming upgrades of the LHC, we expect an increase in luminosity up to an

order of magnitude. The centre-of-mass energy might also increase from 13.6 TeV up
to 14 TeV.
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Searches for ultraheavy particles at the LHC

- CMS Collaboration observes in 2022 an excess of events (~40) with 4-jet invariant
masses at 8 TeV and dijet masses of ~2 TeV (re-analysed in 2025).

- ATLAS Collaboration declared in 2023 no deviation from the Standard Model, with only
one event with my; ~ 7 TeV and my ~ 2 TeV.

https://arxiv.org/pdf/2507.17884
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BSM theories in high phase spaces

Supersymmetry (SUSY) with complex
final state topologies (high jet and
lepton multiplicity + missing transverse
energy).

Composite Higgs with multi-body decay
products in their signature final states
and low mass vectorlike quarks.

Extra dimensions, centred on the
search for graviton.

Grand Unified Theories (GUT), which
propose more general approaches of
the SM Lie groups.
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Beyond Standard Model framework

The theoretical model (arXiv:1810:09429) includes two BSM particles: a diquark scalar
S, with (6,1,+4/3) and vectorlike quarks y with (3,1,+2/3) gauge charges.

(1/2)Yrx SuuXrXR + YuxSun®rXR + (1/2)YuuSunUrug + h.c.,

arXiv:1810:09429

The vectorlike character suggests that these BSM particles are non-chiral Dirac
fermions with pure vector current gauge interactions.

VLQ decay modes: BR(y—WDb):BR(y—Zt):BR(y—h°t)="2:V4:Va.

Current experimental limits for diquark scalars: 7.3 TeV (ATLAS Collaboration)

Current experimental limits for vectorlike quarks: 1.4 TeV (CMS Collaboration)
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Beyond Standard Model framework

Diquarks are heavy particles, with masses in the TeV range, that couple to two quarks.
We study the S, s-channel resonant production (~100 GeV decay width), with S,
coupling to up quarks and VLQs.

Narrow width approximation is used:
o the intermediate particles are set on-shell
o no off-shell contributions
o the NWA cross-section is written as a product of the first-hand cross-section and
corresponding branching ratios only
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VLQ and diquark scalar decays

https://inspirehep.net/literature/2902809

https://inspirehep.net/literature/3076656
https://inspirehep.net/literature/3108535 9
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Beyond Standard Model framework

Parameter choices, such that the theory renormalizability is preserved:
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General approach

Formulating the BSM Lagrangian density.

Generating Monte Carlo samples and
reconstructing events at detector-level using
the new Lagrangian.

Using either cut-based or Machine Learning
algorithms to perform the discrimination
between signal and background events.

. Applying statistical methods for rigorous
interpretation of the signal and background
selected yields.
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DATA ANALYSIS
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STATISTICAL INTERPRETATION

11



General approach

Formulating the BSM Lagrangian density.

Generating Monte Carlo samples and
reconstructing events at detector-level using
the new Lagrangian.

Using either cut-based or Machine Learning
algorithms to perform the discrimination
between signal and background events.

. Applying statistical methods for rigorous
interpretation of the signal and background
selected yields.

_— e

ﬁHEORETICAL FRAMEWORK MODELI

N

NG

Y

MONTE CARLO SIMULATIONS

—

DATA ANALYSIS

Y

STATISTICAL INTERPRETATION

12



Monte Carlo methodology

Lagrangian ME Particle Detector
density generation interactions response

Amplitudes
Theory is are
modelled computed at

LO/NLOY...
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events
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Monte Carlo methodology
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generation

Particle
interactions

Detector
response

Lagrangian
density

WOLFRAM MATHEMATICA

The world's definitive system for modern technical computing

* *
* * ok *
* ok ok k5 % k ok ok
* * % *
* *

VERSION 3.3.2 2022-03-18

The MadGraph5_aMC@LO Development Team — Find us at
https://server@6.fynu.ucl.ac.be/projects/madgraph

an ¢
http://amcatnlo.web.cern.ch/amcatnlo/ k S

Type ‘help' for in-line help. E LPH E‘
Type 'tutorial' to learn how MG5 works E <

Type 'tutorial aMCatNLO' to learn how aMC@LO works f . 1 .

Type 'tutorial MadLoop' to learn how MadLoop works

14



Signal and background data samples

We explore the W hadronic channel using the ATLAS parametrization at /s = 13.6 TeV
and 14 TeV (6-jet final state).

Background (32 Standard Model processes)

o 2—2 QCD, WH+jets, Higgs processes, dibosons, ttbar etc.
o Phase space is restricted at generation level in Pythia8 (mHatMin € [5.5, 9.5] TeV).
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https://pythia.org/latest-manual/PhaseSpaceCuts.html
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Data analysis

Signal and background events are classified using a machine learning Random Forest

(RF) algorithm.

A multidimensional discriminator (D) is built by RF using 75 input variables.

Kinematic variable

Definition

7

final state jet transverse momentum
jet pseudorapidity
jet azimuthal angle
dijet angular distance
dijet invariant mass
number of dijets with |mg; — mw| < 20GeV
max dijet vector sum
max AR of any dijet pair
3-jet invariant mass
jet multiplicity
dijet invariant mass of AR™®
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Data analysis

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.

K-fold cross validation method is used to assess model performance.

Feature Importances

Feature
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Signal selection studies

We evaluate the impact of sample parameters on the Machine Learning signal-to-
background discrimination.

The trade-off between the stability of the Random Forest performance and
computational efficiency is addressed.

Parameter Description Case studies

Ny @mple sizD 5x 10* to 3 x 10°
DELPHES card Detector parametrizations ATLAS vs CMS
Vs < _CoM energy 13, 13.6 and 14 TeV

n; Final state jet multiplicity 4, 6 and 8 jets

Mmin Minimum invariant mass c 5.5to 7 TeV, Mg = 7.5 TeV
Mg 1quark scalar mass 7-8.5 TeV

—— —
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Signal selection studies

We explore the algorithm performance dependency on sample size.

Number of signal (Se,) and background events (Be,) are obtained at \/s = 13.6 TeV and

14 TeV for £ = 3000 fb-' HL-LHC, Mg= 7.5 TeV and ;= 6 TeV. B
u N W
RF method uncertainties for S, are below 0.1%. >;
mzoo T I T T T T T T T T T T T T | T T T T u X W+
i i b
T —. - D—080 D—095 D—095 D—0%5 D—oo
- i V5 = 13.6 TeV
100__ .............................................................................................................................................. __ Sev 18.3 18.3 17.7 16.9 14-7
- + . Bevy 149421 73.1+11.4 17.2+4.0 10.4+0.6 5.2+2.9
50 __ O Noum 0K __ \/g =14 TeV
L B n,,=100k |
L A ne=200k % i Sev 25.3 25.3 24.4 23.3 20.3
[ 7 Ne=300k + ] Bey 209+9 11345 21.847.2 14.7+6.8  3.1+2.4
| | L § [
0.8 0.85 0.9 0.95 1

Discriminator




Signal selection studies

S., and B, dependency on i, for /s = 13.6 TeV and Mg= 7.5 TeV.

The best results are obtained for the highest phase space cut,

Is it possible to have background yields less than 17
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Statistical interpretation

Poisson statistics is used to roughly assess the

probability of the Standard Model to have such a D—08 D—09 D=09 D=096 D007
large fluctuation. Mg = 7.0 TeV
Sev(0.1) 43.9 43.8 43.0 41.9 37.9
e —Bey B n Sev(0.2) 197 196 193 188 170
P(nI Bev) — ev Bev 42.4 17.9 5.05 3.96 0.79
n! Mg =17.5 TeV
Sev(0.1) 18.3 18.3 18.0 17.6 16.0

For Ms=8TeV and D = 0.96, With n = S, + By, 02| 89 #8 w3 mo  nis
n =~ 7 expected events, we get 1.1 - 10~ p-value.

Mg = 8.0 TeV

Sev(0.1) 7.20 7.20 7.10 6.95 6.35
This p-value corresponds to a significance of  S~(02)] 324 324 819 31.3 285

. . Bey 5.34 5.34 0.67 0.36 0.09
~50 and can be considered a discovery. —
Mg = 8.5 TeV
. ) Sev(0.1) 2.63 2.63 2.59 2.54 2.33
For heavier S,,, larger Yukawa couplings may  s«(2| 18 118 11.6 114 10.5

be necessary for discovery. Bev | t2 172 017 009 0
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Overview

1. Formulating the BSM Lagrangian density.

(1/2)yxxsuquX§z + yuxSuuﬁRX% + (1/2)yuusuuﬂRu§2 +hec,

arXiv:1810:09429

2. Generating Monte Carlo samples.
MadGraph, Pythia, Delphes

3. Using Machine Learning algorithms for signal
selection.

Neural networks, BDT, RF...

3. Applying statistical methods to interpret the
results.

—-B n
e ev Bev

P(nIBev) = oy

THEORETICAL FRAMEWORK MODELING

Y

MONTE CARLO SIMULATIONS

Y

DATA ANALYSIS

Y

STATISTICAL INTERPRETATION
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Conclusions

The LHC Run3 data and the upcoming high luminosity upgrades may offer valuable
insights into new physics in ultrahigh phase spaces (up to 10 TeV).

The discovery of same sign, color triplets vectorlike quarks and color sextet diquark
scalars in high mass resonances might show the path to Grand Unified Theories.

On the contrary, setting exclusion limits for ultraheavy resonances in this model can
redirect BSM particle searches to other BSM frameworks.

Ouir first results show that an 8 TeV diquark scalar might be discovered or ruled out at
the upgraded ATLAS experiment of the High Luminosity LHC.
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