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Abstract

Relevance. Supersymmetry is a theory that provides an elegant solution to Standard Model problems related to the
interaction hierarchy, dark matter candidates, and corrections to the Higgs boson mass. Searching for supersymmetric
particles is a key focus of the LHC, exploring various decay modes and potential links to recent ATLAS and CMS
observations.

Purpose. The purpose of the study is to use modern software to select the optimal theory for the predictions of the
manifestations of supersymmetry in the LHC experiment.

Methodology. A complex methodology was used for the analysis and synthesis of relevant experimental and theoretical
material, computer modeling and a comparative-analytical research method.

Results. The research results are summarized in three tables, each corresponding to MSSM, 2HDM, and NMSSM models,
with relevant scenarios. For supersymmetry searches, two parameter spaces were defined: scenario 1 without
experimental constraints and scenario 2 based on experimental data. Analysis of the Higgs boson production cross-
sections through gluon-gluon and bottom-quark interactions showed that the NMSSM model is optimal, yielding the
highest cross-section for the lightest CP-even Higgs in gluon fusion. The MSSM model had the largest cross-section for
CP-odd Higgs production. No significant changes were observed in CP-odd Higgs production for 2HDM across scenarios
1 and 2. The cross-sections in gluon fusion, especially for the NMSSM model, align with experimental data presented the
greatest value for the production of the lightest and CP-even Higgs bosons, MSSM model yields the best results for the
lightest and CP-odd Higgs bosons in the second scenario.

Conclusions. For the search for superparticles, both theoretical models, in this case, this is the NMSSM model, and the
parameter space of the considered models are of significant importance. At the same time, it is necessary to note the
growth of the cross section for all models with increasing energy at the collider LHC.
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Introduction insufficiency of the theory. The SM of particle physics is
Physicists are confident that the Standard Model (SM)  both successful and incomplete. Summary of ratios with
cannot be the final theory of elementary particle physics, ~ respect to theory for several SM total and fiducial
there is a deeper theory of the microworld. To complete the ~ production cross-section measurements from Run 2 and 3
picture, it is necessary to deal with experimental data of the ~ which show deviations from SM predictions for many
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channels of particle production is presented in Standard
Model Summary Plots October 2023 [1]. There are also
problems with studying the properties of the Higgs boson
when comparing experimental data and theoretical
predictions of Higgs boson production and decay modes
obtained by the ATLAS collaboration [2]. SM predictions
led physicists to new discoveries, such as the Higgs boson.
But it cannot explain the existence of dark matter, the
mysterious substance that makes up 85% of the matter in
the universe, or explain the mass of the Higgs boson [2-5].

For decades, a set of theories known as supersymmetry
seemed to provide an elegant solution [6-8]. Particles can
be divided into two categories: fermions and bosons. In
supersymmetric  theories, each particle has a
"superpartner" with many similar properties. The idea of
symmetry between fermions and bosons arose in the early
1970s to solve a mathematical problem with string theory
[9; 10]. In 1974, J. Wess and B. Zumino [11] discovered
that a wide class of quantum field theories could be made
supersymmetric. Researchers soon developed theories that
the particles and their superpartners could have different
masses [12]. Along with explaining the Higgs mass,
supersymmetry offered other theoretical advantages. The
lightest stable supersymmetric particle would be a
promising candidate for dark matter [13; 14]. In addition,
one would observe the unification of the electromagnetic,
weak and the strong forces at extremely high energies,
suggesting that the fundamental forces we observe were
united in the early universe [15].

The relevance of our work is that the community is
moving in different directions of experimental and
theoretical searches to study the manifestations of
supersymmetry [16-18]. The goal of our work is to find the
optimal supersymmetric model for a targeted search for
superpartners of the Higgs boson. The objective of the
study is to apply computer simulations to the three most
prominent supersymmetric models MSSM [19], 2HDM
[20], NMSSM [21] using two scenarios for calculating the
Higgs boson production cross sections and for prediction
of the optimal model and parameter space for the
experimental searches of superpartners.

Prospects for the Discovery of Supersymmetry
One of the main candidates for the role of Beyond SM
(BSM) physics is supersymmetry (SUSY) and the theories
constructed with its help. SUSY has not yet been
discovered experimentally and it remains a mathematical
phenomenon. The discovery of superparticles will become
one of the main discoveries in particle physics in recent
decades, so much attention is paid to the search for SUSY
at the LHC. If it exists, then the capabilities of the LHC
depend on the range of the superparticle masses:

— less than 1 TeV — for the first discoveries, a
luminosity of 0.1 fb is sufficient;

- 1-2 TeV - for the first discoveries 170 fb? is
sufficient;

— 5 TeV - SLHC phase required;
— the LHC will not be able to detect noticeably
heavier superparticles.

A key success of the LHC is the discovery of the Higgs
boson. Since the LHC was built primarily to search for new
BSM physics, it is the experimental work determining the
properties of the Higgs boson that is fundamental in the
further searches for BSM physics [22]. The advantage of
the Higgs boson is that even if the superparticles are too
heavy to be produced directly at the LHC, physicists will
be able to test SUSY predictions for Higgs bosons. Unlike
SM, supersymmetric theories have several Higgs bosons
with different properties, including electrically charged
ones. Since the discovery of the Higgs boson (or bosons)
and careful study of their properties will be an important
stage in the SUSY searches, there are many SUSY models
related to the properties of vacuum and used in
experimental searches for extended sectors of Higgs
bosons.

Study of Higgs Bosons of Supersymmetric Models
To determine whether non-standard experimental effects
can be described by SUSY, non-supersymmetric models
will require work by theorists. There are many different
versions of SUSY theories, and each of them has many free
parameters. When experimentalists look for SUSY, they
will not be trying to test the entire infinite set of possible
theories. Instead, a few simple reference SUSY models are
selected and fit to the data is tested for them. We decided
to simulate Higgs boson production cross sections for the
three most popular models: MSSM, 2HDM, NMSSM. We
have calculated the production cross sections of the Higgs
boson at 13 TeV and 14 TeV for gluon-gluon and bottom-
bottom fusions, presented in Figure 1, for different sets of
parameters.

Figure 1. Feynman diagrams for the leading Higgs boson

interactions: left — Higgs boson production in ggH, right —

associated production with a top or bottom quark pair (ttH
or bbH)

Source: [23].

The parameter space for the three models, taken from
experimental constraints is given in Table 1.

2793



Three models, MSSM, 2HDM, NMSSM, for supersymmetry searches at the LHC

Table 1. The parameter space for the three models

MSSM 2HDM NMSSM
tanB=5 Scenariol |tanB=5 Scenariol |[tanB =14
mh =120.76 mh =125 mH1 =65.3
mH = 149.11 mH = 150 mH2 =125.71
mA =130 mA = 300 mAl=74.34

mA2= 997.66

tanB=2 Scenario2 |tanB=5 Scenario 2
mh = 125.76 mh =500
mH =600 sin(a-B)=0.5
mA = 360

Using SusHi program [24] we have calculated the and 14 TeV for gluon-gluon and bottom-bottom fusions.
production cross sections of the Higgs bosons at 13 TeV  The results of calculations are in Tables 2, 3, 4.

Table 2. Higgs boson production cross sections calculated in the framework 2HDM model at 13 and 14 TeV for two

scenarios, pb

2HDM 13TEV, Scenario 1

2HDM 14TEV, Scenario 1

h ggh 39.4 h ggh 39.4
bbh 3.14 bbh 3.56
H ggh 13.8 H ggh 15.5
bbh 5.84 bbh 6.65
A ggh 0.985 A ggh 0.985e-01
bbh 0.590 bbh 0.59

2HDM 13TEV, Scenario 2

2HDM 14TEV, Scenario 2

hggh0.3 h ggh 0.336
bbh 3.14 106 bbh 3.56 10
Hggh 1.1 102 H ggh 1.31 1072
bbh 5.34 108 bbh 6.7 108

A ggh 1.29 102
bbh 5.90 107

A ggh 1.49 1072
bbh 6.93 107

scenarios, pb

Table 3. Higgs boson production cross sections calculated in the framework MSSM model at 13 and 14 TeV for two

MSSM 13TEV, Scenario 1

MSSM 14TEV, Scenario 1

h ggh 19.2 h ggh 21.6
bbh 8.29 bbh 9.36
H ggh 22.5 H ggh 25.4
bbh 3.97 bbh 3.86
A ggh 6.05 A ggh 6.83
bbh 11.4 bbh 0.13

MSSM 13TEV, Scenario 2

MSSM 14TEV, Scenario 2

h ggh 21.6 h ggh 24.4
bbh 1.42 bbh 1.60
Hggh 1.19 H ggh 1.44
bbh 2.66 103 bbh 3.26 103
Aggh1l5 Aggh 135
bbh 4.49 10~ bbh 5.32 10~
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Table 4. Higgs boson production cross sections calculated in the framework NMSSM model at 13 and 14 TeV, pb

NMSSM 13TEV

NMSSM 14TEV

h ggh 48.6
bbh 1.83

H ggh 25.9
bbh 0.26

A ggh 6.98 102
bbh 4.69 102

h ggh 53.8
bbh 2.03

H ggh 29.3
bbh 2.93 101

A qgh 7.75 102
bbh 5.22 1072

Comparison of calculations of Higgs boson production
cross sections within two models MSSM and 2HDM s
presented in Table 5.

Table 5. Comparison of calculations of Higgs boson production cross sections for two scenarios within two models

MSSM 2HDM
Scenario 1 Scenario 2
ggh/bbh~2.3 ggh/bbh~11
ggH/bbH~6.6 ggH/bbH~2.4
bbA/ggA~1.88 ggA/bbA~10*
Scenario 1 Scenario 2

ggH/bbH~429 (14 TeV)
ggH/bbH~451 (13 TeV)
ggh/bbh~15.2
bbA/ggA~0.004

ggH/bbH ~10°
ggh/bbh ~10°
ggA/bbA ~10*

Conclusions

As part of the search for superparticles using three
supersymmetric models of the extended sector of Higgs
bosons, MSSM, 2HDM, NMSSM, using experimental
restrictions on the parameter space, we obtained the
following results:

e NMSSM has the maximum contribution to the
cross sections of ggh(H) processes, but not for bbh(H)
ones;

e anincrease in energy leads to an increase in cross
sections;

e an increase in energy almost does not change the
ratio of Cross sections for
2HDM_13 14(h,ggh)/NMSSM_13_14;

e the cross section is larger for MSSM model for A
boson;

e there is no increase in the cross sections in the
2HDM model for the A boson for 1 and 2 scenarios for
ggA process;

e 2nd scenario MSSM ggH/bbH~429 (14 TeV)-451
(13 TeV) and 2nd scenario bbA/ggA~0.004;

e 2HDM 2 scenario ggh/bbh~10% 2 scenario
ggH/bbH~10% 1 scenario ggA/bbA~10% 2 scenario
ggA/bbA~10%.
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Obikhod and Petrenko
Tpu mogesqi, MSSM, 2HDM, NMSSM, nis nomyky cynepcumerpii Ha LHC

Terana O6ixox
Iacturyt spepaux mocnimkers HAH Ykpainm,
03028, np-t Hayku 47, KuiB, Ykpaina

€sren Ilerpenko
IacturyT spepaux mocmimkers HAH Ykpainm,
03028, np-t Hayku 47, KuiB, Ykpaina

AHoTanis

AkTtyanbHicTb. CymepcuMeTpis — 1e Teopis, ska 3abe3rneuye eneraHTHe BUpimieHHs npobiem CtaHmapTHOI Monen,
OB SI3aHMX 3 1€papXi€ro B3aeMOAiN, KaHAWAATOM TEMHOI MaTepii Ta mompaBkamu a0 Macu 0030HY Xirrca. Ilomryk
CYNEpCUMETPHUYHHUX YaCTHHOK € KIIto4oBMM HanpsimcomM LHC, nmocmimpkyroun pisHi peHMH po3najay Ta MOTSHIINHHI
3B’s3KH 3 HeaBHiMH criocTepeskeHHIME ATLAS i CMS.

Meta. MeTa 1OCHIIKEHHS — 38 JOMOMOTOF0 CY4aCHOTO MIPOrPaMHOTo 3a0e3MeUeHHs MigiopaTi ONTHMAIBHY TEOPilo
JUISL TIPOTHO3IB MPOsIBIB cyrniepcumMeTpii B ekcniepumenti LHC.

MertopoJiorisi. Jlns aHamizy Ta y3arajbHCHHS BIMOBIJHOIO CKCICPUMEHTAIBHOTO Ta TCOPETUYHOTO Martepiaiy
BUKOPHCTOBYBAJIACh KOMIUIEKCHA METOJOJIOrIS, KOMII'IOTEpHE MOJICIIOBAHHS Ta MOPIBHSUIbHO-aHATITHYHUNA METO]
JOCIIIKEHHS.

Pe3yabTaTn. Pe3ynbratu TOCITIPKEHHS TPEJCTaBICH] B TPhOX TAONMIMX JUIs KOXKHOI 3 Monened MSSM, 2HDM i
NMSSM 3 BignoBigHUMH CIeHapissMu. s momyky cymepcuMeTpii Oyino BH3HA4YEHO Ba MPOCTOPH MapaMeTpiB:
cueHapiii 1 0e3 ekcliepuMEHTaJbHUX OOMEXEHb 1 CleHapii 2 Ha OCHOBI EKCIIEPUMEHTAIbHHMX JaHuX. AHali3
MOTIEPEYHUX Tepepi3iB yTBOpeHHs 0030HIB Xirrca npu riitoOH-TIIFOOHHOMY 1 00TOM-KBapKOBOMY B3a€MOJISX MOKAa3aB,
mo mozesnb NMSSM e ontumanbHOIO, 110 3a0e3nedye HalOlIblle 3HaUeHHs nepepidy yTBopeHHs Haiuermoro i CP-
napHOro 0030HIB Xirrca npu riIOHHOMY 3aUTTI. Moaens MSSM Mana HalOIbIINi TOTIEPSYHHE TIepepi3 YTBOPCHHS
CP-nenapnoro 6o3ony Xirrca. He cnocrepiranocst cyrreBux 3miH B yrBopeHHI CP-Hemapnoro Xirrca mnst 2HDM y
crernapisix 1 i 2. IMomepeuni mepepi3u TJIFOOHHOTO CHHTE3y, 0CO0JMBO misi Momemi NMSSM, y3romkyroTses 3
eKCIIEpUMEHTAIbHUMHU JTaHUMHM, NpudomMy Mojenbs MSSM nae naiikpamni pesynbrat ais Haiermux i CP-menapwi
6030HiB Xirrca y creHapii 2.

BucHoBkH. [[J1s1 MOUIyKy CyNepyacTHHOK ICTOTHE 3HA4YEHHSI MAlOTh SIK TEOPETHYHI MOJENi, B JIAHOMY BHIIQJIKY L€
Mozens NMSSM, Tax i mpocTip napaMeTpiB po3MISIHYTHX Mojielieil. BojgHouac cimify BiIMITUTH 3pOCTaHHS Iepepi3y At

BCIX Mojesei i3 3pocTaHHsIM eHeprii Ha xomaiinepi LHC.

Kuro4oBi ci10Ba: cynepcuMeTpist; TII00H-TIIFOOHHE 3TUTTS, TapaMeTPH MOJIEINI; Tepepi3u HapoKeHHs; 0030H Xirrca.
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