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A search for dark matter produced in association with a Higgs boson in final states with two t-leptons and
missing transverse momentum, pp—A—aht’t is presented. The corresponding experimental analysis between
2015-2018 years used 139 fb~' of proton—proton collision data at Vs = 13 TeV collected by the ATLAS experiment
at the LHC. The results are interpreted in terms of a 2HDM+a model with physics beyond the Standard Model
featuring two scalar Higgs doublets and a pseudoscalar singlet field. Two sets of parameters, derived from
experimental exclusion limits, for calculating the axions and bosons production cross sections were selected using
the MADGRAPH5@NLO computer program. The obtained information, together with kinematic constraints on the
transverse momentum and angular distribution of axions and bosons, allows us to conclude about the existence of
CP-odd Higgs bosons with a mass in the region of 400 GeV and a dark matter candidate, the axion, with a mass of

up to 200 GeV.
PACS: 14.80.Va, 14.80.Da

INTRODUCTION

One of the most popular and long-studied dark
matter candidates [1-3] are the axion-like particles
(ALP). The only way to identify this particle by its
interaction constant has long been studied by many
collaborations such as Belle Il, LEP, CDF, ATLAS,
CMS and so on [4]. The lack of information regarding
the mass, type of particle (scalar or pseudoscalar) and
only the gravitational type of interaction leads to
complications in both experimental identification and
theoretical interpretation of ALPs. Thanks to modern
Monte Carlo programs, it is possible to model the
properties of such particles to indicate optimal mass
regions, kinematic restrictions on momentum and
pseudorapidity to facilitate a targeted search for BSM
physics. To search for ALP, simplified models are
usually used with a minimal set of new candidate dark
matter particles with one mediator, which, depending on
the model, can be a vector, axial-vector, scalar or
pseudoscalar particle [5]. We used the reference model
of two Higgs doublets (2HDM) plus a pseudoscalar
mediator denoted as 2HDM+a [6]. The model is
described by 12 additional parameters:

* Masses of the CP-odd, CP-even and charged
Higgs bosons (A,H,H") are set to be equal to each other;

* Mixing angles o and B are constrained to be
cos(B—a) = 0, where a is the mixing angle between CP-
even Higgs bosons h and H, and tanf is the ratio of the
vacuum expectation values (VEV) of the two Higgs
doublets;

» The mass of the lightest Higgs boson h is fixed to
be m=125 GeV,;

+ The mixing angle between the two
pseudoscalars, 0, is required to satisfy sin® = 0.35 or
sinf = 0.7.

The goal of our work is to use the MadGraph5 a
MC@NLO program [7] to model the production
processes of the CP-odd Higgs boson, A, with

subsequent decay into ALP and the lightest Higgs
boson, h. So, the process of ALP formation together
with the Higgs boson and two tau-leptons in the final
state, pp—A—aht't, is studied. Representative
Feynman diagrams for the dominant gluon-induced and
quark-induced production and decay modes in the
2HDM+ a are presented in Fig. 1.
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Fig. 1. Feynman diagrams describing the 2HDM+a
model scenarios for the creation of mono-Higgs
signatures: a — gluon-gluon merger
and b — bb annihilation

COMPUTER MODELING OF ALP
PROPERTIES

The corresponding experimental search for ALP was
performed by the ATLAS collaboration at the LHC
during 2015-2018 at an integral luminosity of 139 fb!
in proton-proton collisions at \s = 13 TeV, [8]. Using
the restrictions on 2HDM+a model parameters obtained
from experimental data, we selected two sets of
parameters, which are listed in Table.

Parameter scenarios for the 2HDM+a model

Scenarios m, ma tanf3 | sin©
BP1 [500 GeV |1400 GeV| 1 0.35
BP2 |[150 GeV | 500 GeV 2 0.7

The use of the scenarios listed in Table made it
possible to calculate the cross-sections of the formation
of bosons (Fig. 2) and axions (Fig. 3) using the
MadGraph5 a MC@NLO computer program.
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Fig. 2. Cross-sections for Higgs boson formation as a
function of Higgs boson mass, ma
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Fig. 3. Cross-sections for axion formation as a function
of the axion mass, m,
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Fig. 4. Kinematical data for CP-odd bosons,
A (up) and ALP (down)

The corresponding kinematic restrictions for
momentum (left) and pseudorapidity (right) for CP-odd
bosons, A, and ALP are shown in Fig. 4. From the data
presented in Fig. 4, it is necessary to conclude about the
predominance of momentum values in the region of
400...600 GeV for CP-odd Higgs boson, A, and from
100 to 400 GeV for ALP. Regarding pseudorapidity, for

the CP-odd Higgs bosons, a larger number of events are
located in the region from -3 to 3. For ALP, the
behavior of pseudorapidity is more symmetrical for the
BP2 scenario in the region from -1.5to 1.5.

CONCLUSIONS

The 2HDM+a model for searching and modeling
ALP particles is considered. Experimental constraints
on the search for ALP particles became the basis for the
selection of simulation scenarios. The obtained
kinematic constraints on the transverse momentum and
angular distribution allow the realization of possible
searches for the CP-odd Higgs boson with a mass in the
region of 400 GeV and a dark matter candidate, ALP,
with a mass up to 200 GeV. The obtained data
demonstrate the priority of the second BP2 scenario,
which correlates with the latest experimental constraints
of the ATLAS collaboration.
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MOITYKH KAHIUJIATIB TEMHOI MATEPII, YTBOPEHUX PA3OM 3 BO3OHOM
XITTCA I TAY-JIEHNTOHAMM ITPH \s=14 TeB

Temsana O6ixo0, €ezeniii Ilempenko

VY pamkax BUBYEHHS BJIACTUBOCTEH KaHIWAATIB TEMHOI MaTepii HaBelleHO MpoLieC YTBOPEHHS aKCIOHIB pa3oM i3
6030HOM Xirrca i JBoMa Tay-NenTOHAMH Y KiHLEBOMY CTaHi, pp—A—aht't. Binnoiguuii excrnepumenTanbHuii
nomryk akcioHiB Oyno BukoHaHo ATLAS xomnaboparieto Ha BAK npotsrom 2015-2018 poxkiB npu iHTerpajibHii
ceitrocti 139 fb™ y npoTom-nporonnmx 3iTkmeHHsx npu Vs=13 TeB. Pesymprari iHTepmpeToBaHi y MeKax
2HDM+a-monem, ska omucye ¢ismky 3a wmexxkamu CraHmapTHOI Mozeni. BuxopumcroByloum oTpuMaHi 3
eKCIIepUMEHTATPHIAX JaHUX OOMEKEHHS Ha MapaMeTpd MoJeli, HaMu Oynu oOpaHi IBa HaOOpHW mapameTpiB Uit
MIPOBEICHHS PO3paxyHKIiB NOMEPEYHUX Mepepi3iB yTBOPEHHS aKCiOHIB i OO30HIB 3a JOTIOMOTOI0 KOMIT IOTEPHOI
nporpamu MADGRAPHS@NLO. Otpumana indopmariis pa3oMm i3 KiHEeMaTHIHHIMH OOMEKEHHSIMH Ha MOTIEPeUHUI
IMIyJIbC Ta KyTOBHM PO3IOALT akCioHIB i OO30HIB Jae 3MOry 3pOOMTH BHCHOBOK Ipo icHyBaHHi CP-HemapHMX
6030mHiB Xirrca i3 Macoro B obmacti 400 ['eB Ta kanangaTa Ha TEMHY MaTepito, akCioHy, i3 Macoro 10 200 I'eB.
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