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Consideration of the latest experimental data on the searches for extended sector of Higgs bosons produced at the

LHC at a center-of-mass energy of 13 TeV, allows for computer modeling of the properties of supersymmetric particles

within 2HDM model. The experimental restrictions on model parameters accounted in FeynHiggs code that is imple-

mented in SusHi program, gave us the possibility to calculate the cross sections and branching fractions for three mech-
anisms of production and decay of Higgs bosons: 1) pp— H — 77, 2) pp— A — Zh — 1lbb, 3) pp— H — hh — bbrT
at a center-of-mass energy of 14 TeV. The considered computer modelling make it possible to draw conclusions about

the need to take into account the b-associated production process of Higgs bosons for fermionic decay channel at large

values of tanf. Differential cross sections with respect to the Higgs transverse momentum p; and pseudorapidity n

are calculated and the peculiarities of the kinematics of the Higgs boson decay products are recognized.

PACS: 11.25.-w, 12.60.Jv, 02.10.Ws

1. INTRODUCTION

The Higgs boson, which appears in the models of the
spontaneous breaking of electroweak symmetry and
is responsible for the occurrence of the masses of el-
ementary particles was discovered on July 4, 2012 at
the LHC [1]. This particle was observed in pp col-
lisions, mainly as a result of the gluon-gluon fusion,
and its search is performed in almost all possible de-
cay channels: W and Z bosons (WW and ZZ), bottom
quarks (bb), 7 and p leptons (77, uu), photons (7).

Search for the Higgs boson is based on the com-
parison of experimental measurements with theoreti-
cal predictions of the Standard Model (SM). The de-
tailed study of the production and decay modes of the
new particle with mass of 125...126 GeV at the LHC
indicates that the new particle is indeed compatible
with the SM Higgs boson. Nevertheless, many sce-
narios of physics beyond SM include a SM-like Higgs
boson as part of an extended sector of scalar parti-
cles. In any case, searches for new Higgs bosons are
connected with the measurements of the properties
of the new particles of an extended sector.

In this aspect, it is necessary to pay attention to
the problem of the radiative corrections to the mass
of the Higgs boson, the solution of which is associ-
ated with the introduction of new particle, so-called
superparticle presented in Fig.1
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Fig.1. Presentation of hierarchy problem solution

After mass renormalization between fermionic quark
loop and scalar squark loop, the Higgs boson
quadratic mass is limited
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where my and mg are masses of fermion and its su-
perparticle, Ay is Yukawa coupling, A is the scale up
to which the SM is valid.

The limitation of SM is illustrated through the
renormalization-group behavior of Higgs self-coupling
A. It depends on the numerical values of the SM pa-
rameters and defines the Landau pole to the scale
of 10 GeV. This means that there must be a
new physics at energies that are significantly lower
the Planck scale [2]. Such behavior of self-coupling
constant which depends also on other parameters
(masses of the top quark, M, of Z boson, My, of the
Higgs boson, Mj, and on the strong coupling con-
stant, o)

My
AN Mp;) = —0.0143 — 0.0066 —173.34
(Mpy) (GeV ) +
(M) — 0.1184 M,
0.0018 0.0029 —————
+ 0.0007 + GeV — 125.15

creates the problem of electroweak vacuum instabil-
ity.

The fact of possible existence of new physics at
the TeV scale can be studied in deviations of the
Higgs self-coupling constant from SM in the pro-
cess of Higgs boson formation and decay. The signal
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strength p for the production p; and decay puf mode
of Higgs boson ¢ - H — f is defined as

=21 and pf = 7Bf

M e O T Bsn
where o; (i = ggF (Gluon fusion), VBF
(Vector boson fusion), WH and ZH (Higgs

Strahlung), ttH (Top fusion)) and Bf (f =
zZZ, WW, ~v, 71, bb, uu) are respectively the
production cross sections and the decay branching
fractions for Higgs boson. The combined results of
the ATLAS and CMS collaborations of Higgs boson

production processes HggF> WWBFs WWH, WZH s UttH
and decay signal strengths p)7, u?%, yVW, umm, bt
for the combined /7 and v/8 TeV data are presented

in Fig.2.
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Fig.2. Production signal strengths (upper figure)and
decay signal strengths (lower figure) for the com-
bination of ATLAS and CMS Collaborations from [3]

The results of experimental measurements show de-
viations from the SM.

Thus, the existance of Landau pole, the problem
of electroweak vacuum instability as well as the ex-
perimental data on the production and decay sig-
nal strengths of Higgs boson, tiny Higgs mass pro-
tected from quantum corrections, prove the necessity
of searches for new physics beyond the SM.

One of the models of beyond the SM physics is the
two-Higgs doublet (2HDM) model [4]. This model
provides a solution to the hierarchy problem and pre-
dicts five Higgs bosons: two neutral CP-even Higgs
bosons, h, H , one neutral CP-odd Higgs, A and two
charged Higgs bosons, H*. Higgs sector of this model
can be represented by two free parameters: the mass
of the pseudoscalar Higgs boson, M4, and the ratio
of the vacuum expectation values of the two Higgs
doublets of Higgs sector, tang.

The searches for evidence of beyond SM Higgs
bosons is an integral part of Run IT at the LHC with
the center-of-mass energy of 13 TeV. Experimental
searches for Higgs sector were performed at the LHC
(CMS) [5] according to the following decay channels,
presented in Fig.3

via fermionic decays via bosonic decays
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Fig.3. Decays of the Higgs boson wvia fermionic
channel (left) and bosonic channel (right)

In this paper we will consider the following decay
channels of beyond SM Higgs bosons:

1) via fermionic decays

e H— 1711

2) via bosonic decays

e A— Zh

e H— hh .

With the help of SusHi code we will study the prop-
erties of beyond SM Higgs bosons at 14 TeV center-
of-mass energies.

2. HIGGS BOSON PRODUCTION CROSS
SECTION IN pp-COLLISIONS

As the main production mechanism of Higgs bosons
is gluon fusion pp — gg — H, lowest order of the
parton cross section oro(gg — H) is expressed by
the gluonic width of the Higgs boson I'ro(H — gg)
(6]
872 R 9
oro(gg — H) = mTFLO(H — 99)8(8 —my) .
H

The lowest-order proton-proton cross section
oro(pp — H) can be defined by gluon luminosity
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where G is Fermi coupling constant, ay is strong
coupling, Ag denotes the quark amplitude and p is
the renormalization point and defines the scale pa-
rameter of as.

The pp cross-section of Higgs bosons ¢ €
{h, H, A} formation at the NLO (next-to-leading or-
der) QCD corrections, is written as follows:

L9
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olpp— H+ X) =0y e
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where C' arises from two-loop corrections of partonic
cross-section, the quantities Aogg, Aogq and Aogg of
the partonic cross section arise from gg, gq and qg
scattering.

The coupling of the Higgs ¢ to the bottom quarks
in supersymmetric theory can be significant value
comparable with the gluon-gluon fusion that is as-
sociated with large values of tan3. Accounting for
the large tanf values leads to the associated Higgs
production (bb)¢ + X illustrated in Fig.4.
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Fig.4. Leading order diagrams of the a)gluon
fusion and b-associated Higgs production in the
b) four-flavour and c) five-flavour scheme from [5]

With the help of SusHi code (1.6.1 version) [7], we

carried out calculations of Higgs boson H cross-
section formation that include NNLO QCD contri-
butions to LO quantities. This program also allows to
calculate the differential cross sections of these pro-
cesses with respect to the Higgs transverse momen-
tum p; and (pseudo-)rapidity y(n) through NNLO
QCD contributions [8].

The branching ratio of the Higgs boson for differ-
ent benchmark scenarios, as well as the Yukawa cou-
pling constants of the Higgs boson that are needed
for the calculation of cross-sections were modelled
using FeynHiggs code (version 2.12.0) [9]. Minimal
Supersymmetric Standard Model (MSSM) param-
eters were determined from the experimental data
according to [10], shown in Fig.5
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Fig.5. Restrictions on the parameters of the MSSM
model from [10]

From Fig.5, it can be concluded that the decays of
the Higgs boson via fermionic channel are sensitive
to large tangents, while the decays of the Higgs bo-
son via bosonic channel are sensitive to the range of
small tangents. This fact will be used by us during
the cross section and branching ratio calculations
of Higgs boson for an optimal agreement with the
experimental data at low energies and for the best
predictions at energies of 14 TeV at the LHC.

3. CROSS SECTION AND BRANCHING
FRACTION CALCULATIONS

3.1. The searches for a neutral Higgs boson,
H via fermion decay, H — 77

Experimental data on the searches for the Higgs bo-
son in the mass range 90...1000 GeV via decay chan-
nel A\H\h — 77 are presented in [5]. The accuracy
of the data calculations is based on the searches for
three neutral Higgs bosons of MSSM model through
the reconstruction of the invariant mass of two 7
mesons with their subsequent decays into muons,
electrons and hadrons, uu, e, utp, eth, Th7h- To in-



crease the accuracy of data analysis was measured
cross section of b quark associated Higgs boson pro-
duction, as an increase in constant coupling with 7
leptons is observed for this process of Higgs boson
creation. This channel of Higgs decay to 77 final
state is perfect one to test the viability of MSSM
model. Experimental data on the search for the
Higgs boson for the gluon fusion process (gg¢) and
the b-associated production process (bbg) recorded
by the CMS detector at 13 TeV centre-of-mass en-
ergy in 2015 are presented in Fig.6
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Fig.6. o(gg(bb) — ¢)B(¢p — 77) for a)the gluon
fusion process (gg¢) and b) the b-associated produc-
tion process (bbg) from [5]

Using the experimental data for the restriction of
the numerical values of MSSM parameters, shown
in Fig.6, with the help of computer program SusHi,
we have calculated o(pp — H)B(H — 77(bb)) for

the gluon-gluon fusion (gg¢) and b-associated pro-
duction process (bb¢). From the perspective of the
searches for new physics at the LHC at an energy of
14 TeV, we have carried out calculations for energy
of proton-proton collisions of 14 TeV, via two most
probable decay channels of the Higgs boson H — 77
and H — bb for the gluon-gluon or b-associated pro-
cess of the Higgs boson formation. The results of our
calculations are presented in Fig.7
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Fig.7. o(pp — H)B(H — 77(bb)) for the gluon-
gluon fusion and b-associated production process in
the range of Higgs mass My = 300...1000 GeV with
tanB=17 and energy 14 TeV for two decay channels
of the Higgs boson, H — 77 (up) and H — bb (down,)

From Fig.7 it can be seen the increase (by one order
of magnitude) of o(ppH)B(H — bb) (pb) compared
with the value o(ppH)B(H — 77) that emphasizes
the importance of accounting of other neutral Higgs
boson decay channels at the LHC, in particular,
H — bb. In addition, we see a significant predom-
inance of (bbg) Higgs production process compared
with the process (gg¢) that confirms the theoretical
predictions of the prevalence of this process due to
increase of Higgs boson Yukawa coupling constant
for large values of tang.

To study the kinematics of the processes, we have
calculated differential cross sections with respect to
the Higgs transverse momentum p; and pseudorapid-
ity, n at 14 TeV, that are presented in Fig.8
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Fig.8. Differential cross sections with respect to the
Higgs boson H transverse momentum pg, (up) and
pseudorapidity, n (down) at the energy of 14 TeV

From Fig.8 is seen that differential cross section
smoothly decreases for ggh process. The character
of the differential cross section with respect to the
pseudorapidity indicates that the process of Higgs
boson decay is accompanied by the direction of de-
cay products that are perpendicular to the axis of
the of the proton-proton collisions. This process is
also characterized by a large value of the differen-
tial cross section in the region of pseudorapidity,
n=1...2.2, that corresponds to the angles relative to
the collision axis of ~ 50°...10°.

3.2. The searches for a pseudoscalar boson, A
via dibozon decay, A — Zh

Experimental data on the searches for a pseudoscalar
boson A in the mass range of 200...600 GeV decay-
ing into a Z boson and the SM-like Higgs boson h,
where h boson decays into a pair bb and Z boson
decays into a pair of oppositely-charged electrons
or muons, were presented in [11]. The data from
proton-proton collisions at a center-of-mass energy
8 TeV collected with the CMS detector correspond
to an integrated luminosity of 19.7 fb=!. A boson is
produced via the gluon-gluon fusion and its branch-
ing fraction into Zh is relatively large compared to
other channels. Furthermore, this channel is selected
because of the lightness of detection of Z and h decay
products, Z — Il and h — bb. Branching fractions
for these decay channels are large values all over pa-
rameter space of 2HDM model. The upper limit on

the o4B(A — Zh — 1lbb) , in the mass range of A
boson M4 = 200-600 GeV is presented in Fig.9
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Fig.9. Observed and expected 95% CL upper limit
on caB(A — Zh — lIbb) as a function of M4 from

[11]

Since in this mass range exists a peak with a local
significance of 2.60 or a global 1.1¢ significance, it
would be interesting to check its presence at higher
energies and luminosities. With the help of the pro-
gram SusHi we have calculated 0 4 B(A — Zh — 1lbb)
in the mass range M4 = 300...1000 GeV with tang =
2. The results of our calculations at a center-of-mass
energy of 8 TeV and at the projected at the LHC
energies of 14 TeV are presented in Fig.10
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Fig.10. o0oB(A — Zh — llbb) as a function of
M4 at a center-of-mass energy of 8 TeV (up) and of
14 TeV (down)

From Fig.14 is seen an increase (by one order of mag-



nitude) of the value c4B(A — Zh — 1lbb) at M4
= 1000 GeV, that allows us to assume optimistically
the possible discovery of a pseudoscalar boson, A at
higher energies and luminosities at the LHC. In addi-
tion, we see the predominance of A boson production
through gluon-gluon fusion, that emphasizes the cor-
rectness of the theoretical predictions with respect to
the substantial Higgs interaction with the b quarks
only at high tang.

The calculations of differential cross sections for
pseudoscalar boson with respect to the transverse
momentum p; and pseudorapidity n at a center-of-
mass energy of 14 TeV are presented in Fig. 11
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Fig.11. Differential cross sections for pseudoscalar
boson, A with respect to the transverse momentum
pt (up) and pseudorapidity n (down) at a center-of-
mass enerqy of 14 TeV

It should be noted that the differential cross sec-
tion with respect to the transverse momentum py,
smoothly decreases for ggh process and is maximal
for small values of transverse momentum. The char-
acter of the differential cross section with respect
to the pseudorapidity indicates that the process of
Higgs boson decay does not have a preferred di-
rection perpendicular to the proton-proton collision
axis, that emphasizes the importance of searches for
the Higgs boson A in all directions with respect to
the collision axis. From Fig.11 is seen the significant
predominance of the value of the differential cross sec-
tions with respect to the pseudorapidity for process
A — Zh — 1lbb compared to the data for H — 77)
process of the Higgs boson formation, presented in
Fig.8.

3.3. The searches for a heavy scalar boson, H
via dibozon decay, H — hh

Due to the large amount of data on decay chan-
nels, there was selected the decay channel, H —
hh(bbrT), predicted in the MSSM model. We have

performed calculations of cross sections of Higgs bo-
son formation using experimental data with three fi-
nal states, ery,, ump, 7, 7h, Where 7, — a 7 lepton de-
caying into hadrons [12]. Parameter space is selected
for largest cross section values and the range of M4
is selected with respect to recent experimental data,
presented in Fig.12.
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Fig.12. The upper limit on o(pp — H) x BR(H —
hh — bbTT) as the function of my from [12]

In the experiment was studied the resonant Higgs
boson production via the process pp — H — hh —
bbrT, where H is the CP-even Higgs boson of un-
known mass. The branching ratio, H — hh can be
large for small values of tang caused by the experi-
mentally measured value of Higgs boson mass, mj ~
125 GeV. The searches for the final state bbrT are car-
ried out taking into account the most probable decay
channels of 7 leptons: ery,, uth, Th7n. Fig.12 presents
the upper limit on the o(pp — H) x BR(H — hh —
bbrT) for the combination of the three channels as a
function of the resonance mass my.

Using the experimental data presented in Fig.12,
with the help of the computer program SusHi, we
calculated o(pp — H) x BR(H — hh — bbrT) for
the gluon-gluon fusion (gg¢) and b-associated pro-
duction process (bbg) at a centre-of-mass energy of
14 TeV and tanf = 2 in the mass range My = 300...
1000 GeV, Fig.13
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for the gluon-gluon fusion (gg¢) and b-associated
production process (bbp) at a centre-of-mass energy
of 14 TeV at the LHC

In addition, it should be noted the predominance of
the process of the gluon-gluon fusion of the Higgs



boson production, compared with b-associated pro-
duction process in the region of small values of tanf
that is differ from analogous calculations for large
values of tanf, where dominated bbh processes, pre-
sented in Fig.7.

The kinematics of the process pp — H — hh —
bbrT is presented by calculations of differential cross
sections with respect to the Higgs transverse momen-
tum p; and pseudorapidity n at 14 TeV, Fig.14
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Fig.14. Differential cross sections for Higgs boson,
H with respect to the transverse momentum p; (up)
and pseudorapidity n (down) at a center-of-mass
energy of 14 TeV

The character of the differential cross section does not
differ from the previous cases. This fact underscores
the dependence of this characteristic from many oth-
ers factors beyond the parameter space data. Blurred
peak also indicates the large range of emission angles
of the decay products of the Higgs boson with respect
to the axis of the proton-proton collisions.

4. CONCLUSIONS

We have calculated the production of cross sec-
tion on branching fraction, ¢ x Br for two mecha-
nisms of production and three decay mechanisms of
Higgs bosons within 2HDM model: 1)pp — H — 77,
2)pp — A — Zh — llbb, 3) pp — H — hh — bbrT.
With the help of a computer program SusHi were
carried out calculations for 8 TeV, as well as for
the projected at the LHC energies of 14 TeV in the
center-of-mass energy. The obtained calculations

present an increase in the value of o x Br for three
considered decay processes of the Higgs boson, but
in the third case this increase is insignificant. In
all three cases, were compared cross sections of the
Higgs boson production via gluon-gluon fusion and
b-associated production process and found the pre-
dominance of the (bbp) process only for fermionic
decay channel of the Higgs boson, H — 77, when the
value of tanfg was significant one. In the other two
bozonic decay channels there was a significant excess
of the cross-section of the Higgs boson production
via gluon-gluon fusion for small values of tans. For
three considered cases are calculated the differential
cross sections for Higgs boson with respect to the
transverse momentum p,; and pseudorapidity n at a
center-of-mass energy of 14 TeV. The distribution of
the differential cross section with respect to pseudo-
rapidity does not detect certain direction of decay
products to the axis of the proton-proton collisions.
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N3YYEHUE CBONCTB PACIINPEHHOI'O CEKTOPA BO3OHOB XUITCA B
PAMKAX 2HDM-MOJEJIN

T. B. Obuxod, E. A. Ilempenxo

Vuer nociaeIHux SKCIEePUMEHTATBHBIX JTAHHBIX [0 TIOUCKY PACIIUPEHHOTO CeKTOpPa BO30HOB XUTTCa, MO- Jy-
genubix Ha BAK mpu sueprum nporon-niporonHoro BzammMomeiictsusi 13 T3B, moszBossier mpoBecTd KOM-
MBIOTEPHOE MOMIETUPOBAHKE CBOWCTB CYHEPCUMMETPUYIHBIX dacTull B pamkax 2HDM-monenu. dkcrnepumen-
TaJLHO TOJIYUYE€HHBIE OTDAHNYEHNST Ha TTAPAMETPhl MOJIENI, YUTEeHHBIE B UMILIEMeHTHpOBaHHOM B SusHi koze
FeynHiggs, mamu HaM BO3MOKHOCTH MOCYUTAThH BEJTUIUHBI CEUSHUIT, MTUPUHBI PACTIAI0B I8 TPEX MEXAHU3MOB
poxenus u pacnaga 6o3onos Xurrca: 1) pp — H — 77, 2) pp = A — Zh — 1lbb, 3) pp — H — hh — bbrT
pu 9HEprum B cucreme mneatpa Mace 14 ToB. Paccmorpenubie pacdeTsb 1al0T BO3MOXKHOCTD CIE/IaTh BHIBOIBI
0 HEOOXOAMMOCTH ydeTa b-aCCOIMUPOBAHHOIO IIPOIECCa POXKIAEHNsT 0030HOB XHUrTCa A7si (PEPMHOHHOTO Ka-
HaJIa pacraja mpu OOMBIUX 3HAUeHUsX mapaMerpa tanf. IToxydensr pacnpenenenus quddepeHnnaabHbIX
CedeHmuii 10 MOTIEPEIHOMY UMITY/IBCY Py U TIO TICEBIOOBICTPOTE 1), U BhISBJIEHBI OCODEHHOCTH KUHEMATUKHU MTPO-
IYKTOB pacmnana 6030HOB XWITCA.

BUBYEHHS BJIACTUBOCTEN PO3IIIMPEHOIO CEKTOPA BO30OHIB XITTCA B
PAMKAX 2HDM-MOJEJIT

T. B. O6ixo00, E. O. Ilempenxo

O6sik ocTaHHIX eKCTepMMEeHTATPHUX JAHWX 3 TIOMYKY PO3MHUPEHOro cekTopa 06030HiB Xirrca, OTpuMaHux
na BAK mpu eneprii nporou-miporonnoro sitkuentst 13 TeB, 103BoJisie TPOBECTH KOMIT'IOTEPHE MOJIEITIO-
BaHHS BJIACTHUBOCTEH CYyepCUMETPUIHUX JACTUHOK y paMKax 2HDM-moneni. ExcnepuMenTanbHo orpuMani
oOMeXKeHHsT HA TTapaMeTpy MOJIEi, siKi BpaxoBaHi B immiementopanomy B SusHi koni FeynHiggs, namu wam
MOXKJIMBICTH TTOPAXyBaTH TEpepPi3u, MNPUHA PO3MAIIB /I TPHOX MEXaHI3MIB HAPOMKEHHS 1 po3maay 0030HIB
Xirrca: 1) pp > H — 77, 2) pp - A — Zh — libb, 3) pp - H — hh — bb7T upu eneprii B cucremi ueHrpa
Mac 14 TeB. Po3risayTi po3paxyHKU AAlOTh MOXKJIWBICTH 3POOWTH BUCHOBKW TIPO HEOOXIMHICTH BpaxyBaH-
Hs b-acorifioBaHOro MPOIecy HApOIXKeHH: 0030HIB Xirrca s (DEPMIOHHOTO KAHAJIY PO3MAY MPU BETUKUX
3HaYEHHX mapamerpa tan. OTpuMano po3noIiin audepeHiaJbHIX Mepepi3iB Mo MmomepedHoMy IMITYJIbCY
Pt 1 IO TICEBAOMIBUAKOCTI 1), i BUABIEHO OCOOJIMBOCTI KiHEMATHKHU MPOAYKTIB po3mnady 6o3omiB Xirrca.
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