NUCLEAR PHYSICS AND ELEMENTARY PARTICLES

https://doi.org/10.46813/2022-141-003

COMPUTER MODELING OF tth(H) HIGGS BOSON PRODUCTION
WITH MSSM MODEL

T.V. Obikhod, I.A. Petrenko
Institute for Nuclear Research, NAS of Ukraine, Kiev, Ukraine
E-mail: obikhod@kinr.kiev.ua

We studied the properties of the MSSM Higgs bosons, h and H through the decay into b-quarks in associated
production with a top-quark pair. There was used the tree-level Higgs sector described by two parameters M, and
tanp and found their optimal values according to experimental data of ATLAS detector. Using the restricted
parameter space we calculated cross sections of associated tth(H) production at 13 and 14 TeV, the corresponding
kinematical cuts, mass distributions and Branching Ratios of h and H decays into bb quark pair.
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INTRODUCTION

Supersymmetry searches are the most attractive in
the aspect of searching for new physics beyond the
standard model. The search for an extended sector of
Higgs bosons is especially urgent, since they are the
lightest candidates for supersymmetric particles and
information on their production cross sections and
decay widths provides additional knowledge about the
Yukawa coupling constants. The dependences on these
couplings of the cross section and Higgs branching
ratios have been studied intensively and it was found,
that there are indirect constraints from experimental
data on the scalar and pseudoscalar H-top couplings k;
and k~, and these constraints are relatively weak [1].

One of the important channels of such searches is
the ttH Higgs boson production channel. The search
strategy for the tthH process has been studied in various
Higgs decay modes: bb, [2], tr, [3] and WW", [4].
Furthermore, from experimental point of view
the H — bb decay mode is more preferable due to the
possibility of the reconstruction of the Higgs boson
kinematics, which allows to extract the information
about the top-Higgs interaction. As the decay of Higgs
boson into two b-quarks (H — bb) is the most probable,
[5] our paper is devoted to the consideration of this
decay channel. Higgs boson decay into b-quarks in
associated production with a top-quark pair is connected
with testing the predictions of the Standard Model (SM)
and very sensitive to effects of physics beyond the SM
(BSM). So, we used Minimal Supersymmetric Standard
Model (MSSM) as base theory for futher calculations.
Our purpose was to calculate production cross sections
o(tth), o(ttH) at the centre-of-mass energy of s = 13 TeV
and to compare obtained data with experimental data.
We also found pT and rapidity distributions, parameter
space and mass distributions, which corresponds to the
best fit with experimental data.

1. SEARCH CHANNELS AND PARAMETER
CUTS OF HIGGS BOSON PRODUCTION

ATLAS [6] and CMS [7] have searched for the
process of Higgs boson production (ttH(bb)) intensively
using the 8 TeV data set. Later new data collected in
proton—proton collisions at the LHC between 2015 and
2018 at a centre-of-mass energy of s=13 TeV were

analysed, corresponding to an integrated luminosity of
139 fb?, [8]. The measured signal strength, defined as
the ratio of the measured signal yield to that predicted
by the SM,

p=0.35+ 0.20(stat.}—0.28+0.30(syst.) = 0.35 —0.34+0.36,
corresponds to an observed (expected) significance of
1.0 (2.7) standard deviations. The measured 95%
confidence level (CL) cross-section upper limits in each
bin for simplified template cross-sections (STXS)
formalism are shown in Fig. 1.
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Fig. 1. The measured 95% CL cross-section upper limits
with the theoretical uncertainty connected with signal
scale and PDF uncertainties

The Higgs sector of the Minimal Supersymmetric
extension of the SM [9] consists of five physical Higgs
bosons, two neutral CP-even bosons, h, H, one neutral
CP-odd boson, A, and a charged Higgs pair, H+. As
there is the experimental deviation from the SM, we
used BSM model — MSSM and studied the properties of
two Higgs bosons: the lightest Higgs boson, h and
CP-even Higgs boson, H. Our analysis of Higgs boson
production in association with a pair of top quarks and
decaying into a pair of b-quarks (ttH(bb)) is presented
by Feynman diagrams in Fig. 2.

The tree-level Higgs sector, can be described by two
parameters, the mass of the CP-odd Higgs boson, Ma,
and the ratio of the two vacuum expectation values of
the two Higgs doublets, tanf = v24/1. So, our purpose
was to chooose the optimal value of the correspomding
parameters M, and tanf. We calculated Branching ratio
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(BR) of h and H using FeynHiggs program [10] as the
function of M, at 13 TeV (Fig. 3) as well as production
cross section as the function of tanp at M,=200 GeV

(Fig. 4).
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Fig. 2. Representative tree-level Feynman diagrams for
the production of a Higgs boson in association
with a top-quark pair (ttH) in (a) the t-channel
and (b) the s-channel and the subsequent decay
of the Higgs boson into bb, from [8]
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Fig. 3. Branching ratio (BR) of h and H decays using
FeynHiggs program as the function of M at 13 TeV
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Fig. 4. Production cross section of Higgs bosons h and
H for two search channels as the function of tanp at
Ma=200 GeV at 13 TeV

From the obtained data we came to the conclusion
about the optimum parameters of M,=200 GeV and
tanp = 2.

2. RESULTS OF CALCULATIONS

As gluon-gluon and quark-antiquark processes are
most preferable for the Higgs boson production we have
considered the following search channels using Pythia
program [11], presented in Table 1 and Table 2.

Table 1
Search channels and production cross sections of h and
H bosons at the centre-of-mass energy
of s =13 TeV at Ma = 200 GeV and tanp =2

Search channels Production cross sections (pb)
(with stat. err.)

gg —htt 2.609e-01 +/- 5.084e-03
qq —htt 1.034e-01 +/- 1.287e-03
gg —Htt 2.017e-02 +/- 5.618e-04
qq —Htt 7.524e-03 +/- 3.862e-04

gg —Htt (SM) 2.530e-1 +/- 2.704e-3

qq —Htt (SM) 1.041e-1 +/- 2.572¢-3

Table 2
Search channels and production cross sections of h and
H bosons at the centre-of-mass energy
of s = 14 TeV at My = 200 GeV and tanp =2

gg —htt 3.134e-01 +/- 4.095e-04
qq —htt 1.171e-01 +/- 1.660e-04
gg —Htt 2.514e-02 +/- 6.099e-05
qq —Hitt 9.221e-03 +/- 5.913e-05

gg —Htt™ (SM) 2.530e-1 +/- 2.704e-3

qq” —Htt (SM) 1.041e-1 +/- 2.572¢-3

The kinematical cuts on h boson corresponding to
the production cross section are presented in Fig. 5.

dN/dp_T

aN_dpTHD
Entries H2873
Mean 116.3
Std Dav 7471

2000

1000

g
IIIIIII‘IHITIIII"IH‘

P I S S T T T S T I o A s
50 100 150 200 250 300 350 400

dN/dY

dN_dYHO
Eniries 52873
Mean 0.00212
Std Daw 1121

Fig. 5. Transverse momentum (up) and rapidity
distributions (down) of h boson at the energy of 13 TeV

The kinematical cuts on H boson corresponding to
the production cross section are presented in Fig. 6.
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Fig. 6. Transverse momentum (up) and rapidity
distributions (down) of H boson at the energy of 13 TeV

From the obtained data we came to the conclusion
about the most suitable range of transverse momentum
variation of h boson (50; 150) GeV and (100; 300) GeV
of H boson. As for rapidity distributions of both Higgs
bosons, their maximum region is (-1.1), which signals
about the angle range along the longitudinal (beam)
direction 45...90° of the Higgs bosons.

As for the mass detemination of both Higgs bosons,
we received the mass distributions, presented in Fig. 7.

From Fig. 7 we see, that the mass of h boson is
about 126 GeV, which coincides with the mass of the
SM Higgs boson. As for the H boson, it’s mass is
approximately 330 GeV. We also calculated kinematical
and mass distributions of both Higgs bosons at 14 TeV
and didn’t find a significant difference with previous
calculations at 13 TeV.

CONCLUSIONS

The study of the properties of the Higgs boson is an
urgent task, as evidenced by the experimental data of
the ATLAS and CMS collaborations. We have
presented the actual experimental data of the cross
sections of Higgs boson decay into b-quarks in
associated production with a top-quark pair in pp
collisions at s = 13 TeV and an integrated luminosity of
139 fb! with the ATLAS detector. This result
corresponds to an observed (expected) significance of
1.0 (2.7) standard deviations. To clarify the ambiguities,
we decided to consider the minimal extension of SM —
MSSM model. We used the tree-level Higgs sector
which can be described by two parameters M, and tanp.
The calculation of BR(h — bb) as the function of Ma
and production cross section of both Higgs bosons as
the function of tanp gives us the possibility to choose
the optimal parameter space corresponding to the

maximum values of BR and the production cross
section. Using received parameters (M = 200, tanp=2)
we calculated cross sections of associated tth(H)
production at 13 and 14 TeV and the corresponding
kinematical cuts on transverse momentum and rapidity.
We found out the value of the mass of h (126 GeV) and
H (330 GeV) at the chosen parameters from the
constructed mass distribution. The values of
BR(h — bb) and BR(H — bb) are equal to 0.85 and

0.05 correspondingly.
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Fig. 7. Mass distributions of h (up) and H (down) Higgs
bosons obtained at 13 TeV
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KOMII'IOTEPHE MOJEJJIIOBAHHS tth(H) YTBOPEHHS BO3OHY XIT'TCA
B PAMKAX MCCM-MOJEJIT

T.B. Oobixo0, €.0. Ilempenxo

[IpoBeneHo BwBUYeHHs BiIacTHBOCTe 0030HIB Xirca h Ta H mpm ix posmani Ha b-KBapku B acolliifoBaHOMY
YTBOPEHHI 3 TOI-KBapKOBOI maporo B pamkax MCCM-mozeni. Byno po3risHyTo IpeBoBHAHE HAOIMKEHHS Teopil
IUTA OTIHCY XITTCOBOTO CEKTOPY 3a JAONOMOTOI0 mapaMeTpiB Ma # tanP, Ta 3HalimeHo iX onTiMaibHI MapaMeTpu
BignoBigHO mo excrepumeHTy Ha ATLAS-merextopi. BuxkopucToByroun oOMeXeHHH MPOCTip mapaMeTpiB, Oyio
pO3paxoBaHO TOTEpEYHi mepepisu yTBopeHHs acouioBanoro tth(H) 6o3ony Xirrca mpu eneprisix 13 ta 14 TeB,
BIZIMOBITHI OOME)XEHHsI KIHETUYHUX MapaMeTpiB, MaCOBUIl po3Mois Ta KoedinieHTH po3ranyxeHHs h- it H-6030HiB

Ha b-KBapKoOBy mapy.
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