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Models with extended Higgs boson sectors are of prime importance for investigating the mechanism of electroweak
symmetry breaking for Higgs decays into four fermions and for Higgs-production in association with a vector bosons.
In the framework of the Two-Higgs-Doublet Model using two scenarios obtained from the experimental measurements
we presented next-to-leading-order results on the four-fermion decays of light CP-even Higgs boson, h — 4f. With
the help of Monte Carlo program Prophecy 4f 3.0, we calculated the values I' = T'gw/(Tgw +Tsm) and T =
TFew+oep/ Tew+qep + T'sm) for Higgs boson decay channels H — v, Jieve, ufiee, eeee. We didn’t find significant
difference when accounting QCD corrections to EW processes in the decay modes of Higgs boson. Using computer
programs Pythia 8.2 and FeynHiggs we calculated the following values: o(VBH)BR(H — ZZ) and o(VBF)BR(H —
WW) for VBF production processes, o(ggH)BR(H — WW) and ¢(99H)BR(H — ZZ) for gluon fusion production
process at 13 and 14 TeV and found good agreement with experimental data.

PACS: 02.70.-c, 11.80.-m, 13.85.Hd

1. INTRODUCTION e define couplings for vector bosons decaying to
fermions.

The discovery in 2012 of the Higgs boson and the
subsequent studies of its properties put its compat-
ibility with the Standard Model (SM). However, as
the SM Higgs boson is a scalar particle, it has sensi-
tivity to possible new physics scales, connected with
physics beyond the Standard Model (BSM). So there

are the arguments for expecting new physics, called

Combined measurements of couplings ky and kz
in the decay of the Higgs boson are presented in
Table 1 [1, 2].

Table 1. Couplings modifier combined
measurements from Run 1 and Run 2

supersymmetry (SUSY).

Models with extended Higgs boson sectors are of LHC Run 1 | ATLAS Run 2 | CMS Run 2
prime importance for investigating the mechanism of
electroweak symmetry breaking (EWSB) for Higgs
decays into four fermions and for Higgs-production in | %~ 0.87+ 0.14 | 1.05+ 0.09 1.07+ 0.09
association with a vector bosons (VBF). In the renor- | AW 0.87+ 0.13 | 1.05+ 0.09 -1.13+ 0.08
malizable SM theory are accurate predictions for the | 2 -0.98+ 0.10 | 1.11=+ 0.08 1.00=+ 0.07
coupling of the Higgs boson to all known particles,

which influence the rates and kinematic properties of
decay of the Higgs boson. Therefore, measurement
of the decay rates and angular correlations yields in-
formation to probe the SM predictions for the Higgs
boson.

For the presented in Table 1 cases of negative val-
ues of the couplings they can be connected with quasi-
degenerate cases or with some new BSM effects.

Therefore, measurements of couplings of Higgs

The observation of Higgs boson decays in four-
lepton channels has provided an evidence that Higgs
boson is responsible for VBF process through EWSB,
p+p 25 H - ZZ(WW) — llll. For the pre-
sented process we must take into account the follow-
ing couplings:

e define couplings for Higgs decaying to vector
bosons;

boson to vector bosons are interesting to probe a
model of BSM scenarios with new heavy particles
contributing to the loops. It can be assumed that
the new physics affecting the loops could introduce
new decay channels i.e., may be branching ratio (BR)
BSM are allowed. The experimental evidence of these
processes is translated into constraints on the Higgs-
boson width for decays into four-fermion final states,
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connected with measurements of BR and production
cross sections.

The total width of a 125 GeV SM Higgs boson
is Ty = 4.07 x 1073 GeV. But direct constraints
on the Higgs boson width are much larger than the
expected width of the SM Higgs boson. The intrinsic
mass resolution in channel is about 1...2 GeV, so only
upper limits on the Higgs boson width have been set
by and the results are reported in Table 2 [3, 4].

Table 2. Run 1 observed (expected) direct 95% CL
constraints on the width of the 125 GeV resonance
from fits to the vy and ZZ mass spectra. The CMS
measurement from the 41 mass line-shape was
performed using Run 2 data

Experiment M, My,
ATLAS < 5.0(6.2) GeV | < 2.6(6.2) GeV
CMS < 2.4(3.1) GeV | < 1.1(1.6) GeV

As BR is the function of Higgs boson mass [5, 6] and
decay width is not measured precisely, the theoretical
modeling and computer simulations of these observ-
ables are of importance for further investigations of
Higgs boson properties and searches for BSM physics.

The article is devoted to the study of the proper-
ties of the Higgs boson through calculations of decay
into four fermions and production cross sections, BR
for the most probable channels of Higgs boson for-
mation (gluon-gluon and VBF) and decay (ZZ, WW).

2. CONSIDERATION OF HIGGS BOSON
DECAY WITHIN THDM MODEL

In the framework of the Two-Higgs-Doublet Model
(THDM) [7] with the help of Monte Carlo program
Prophecy 4f 3.0 [8] we have calculated NLO decay
width for the following processes:

H(p) = fi(k1) + fa(ka) + f3(k3) + falka),

where f and f denote fermion and anti-fermion with
corresponding momenta k;. To determine whether
Higgs-like particle is SM particles is necessary to
study the high-energy scattering amplitudes.

The Higgs potential for two Higgs doublets @,
and @5 (hypercharge Y=-1 and 1) to generate down-
type quarks/charged leptons (®1) and up-type quarks
(®7) is given by

V =mi® @) + mididy — m3 (8T ioa®s + h.c.)
1 FoN2 1 Fo\2
3 oln) 3 (ol
. 2
T (cpicbl) (cbgcbg) + 2 | BT iy Dy |
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+ [a(@]@1) + Ar(@1)] @Ti@s + hc] |

where m7 = p? +m3 (i = 1,2), with p being the
supersymmetric Higgsino mass parameter and m; the
soft supersymmetri breaking mass parameters of the
two Higgs doubletes; m2 = B,, is assotiated to the
B-term soft SUSY breaking parameter; A;, for i =
1 to 7, are all the Higgs quartic couplings. After
the spontaneous breaking of the EW symmetry, five
physical Higgs particles are left in the spectrum: one
charged Higgs pair, H*, one C'P-odd neutral scalar,
A and two C'P-even neutral states, H and h. The
vacuum expectation values of the neutral components
®Y(i = 1,2) of the two Higgs doubletes are equal to,

U;
V2

with tan 8 = 2 and v? = v} + 03 = (246 GeV)?.
The Higgs sector depends on the electroweak gauge
coupling constants and on the vacuum expectation
value v and is determined by only two free parame-
ters: tan 8 — the ratio of the vacuum expectation val-
ues v9 /v1 —and one Higgs boson mass, C' P-odd Higgs
boson mass, m4. The phenomenology of the Higgs
sector depends on the couplings of the Higgs bosons
to gauge bosons and fermions. The couplings of the
two C'P-even Higgs bosons to W and Z bosons are
given in terms of the angles «, that diagonalises the
C P-even Higgs boson squared-mass matrix, and g

(@) =

ghvv = gvmy sin(f — «),

gavv = gvmy COS(B - Oé),

(1)

where gy = 2my /v for V. =W or Z.

Denote by (i = f,V), couplings of Higgs boson
to the fermions and gauge bosons. The Higgs cou-
plings to gauge bosons are given by (1).

Yukawa Lagrangian for THDM model is given in
the mass basis by formula

Lviawa == Y “L(ETIh+ELTFH

f=u,d,l
—ighTrsfA) - {ﬂvv e

1

+ mdf%PR)dH+ + %ULIRHJF + h.c.},
where u,d,l stand generically for up-type quarks,
down-type quarks, and charged leptons of all three
generations, respectively, Pr, r are the projection op-
erators of th left- and right-handed fermions, and V4
denotes the appropriate element of the CKM matrix.
We have Type-1 THDM:

u d . 1 _ COS «x
Sh=8=8& =% sin 3’
w _ od _ _ sin o

fH §H §H fH SinB .

Therefore, couplings of Higgs boson to the
fermions and gauge bosons are the following: vy = &,
and ﬂ} =&u; ky = grvy and Ky, = guvy.



3. RESULTS OF DECAY WIDTH
CALCULATIONS

The partial width of H — 4f calculated with
Prophecy 4f 3.0 program can be split into WW, ZZ
and their interference

Proph
Uy =Taowewesar+

+la sz 2 say + Twwizz—int

where Ty_ww+_—ap =
=9 FH—WBE;LW +12. FH—WQEOM +4- FH*)UESE’
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Using two scenarios obtained from the experimen-
tal measurements [7] we presented next-to-leading-
order results on the four-fermion decays of light
CP-even Higgs boson, h — 4f. With the help
of Monte Carlo program Prophecy 4f 3.0, we cal-
culated the values I' = Tgpw /(Trw + T'sar) and
I' = Tewtqepn/(Tewsoep + T'sy) for Higgs bo-
son decay channels: H — wv,puev.,, H — pupuece,
H — eeece. We didn’t find significant difference
when accounting QCD corrections to EW processes
in the decay modes of Higgs boson. The results
of our calculations are presented in Tables 3-5.

Table 3. Calculation of decay widths within the
THDM model for the decay channel H — v, fieve

EW+QCD/EW | T

7-B1 0.00991 0.491
7-B2 0.009296 0.475
5-B1 0.00981 0.4889
5-B2 0.009099 0.4701
SM 0.01025 0.5

Table 4. Calculation of decay widths within the
THDM model for the decay channel H — upee

EW+QCD/EW | T

7-B1(2) 0.000232 0.490
5-B1(2) 0.0002296 | 0.4874
SM 0.000241 05
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B1 and B2 scenarios for THDM model are taken from
[7] with the corresponding renormalization schema
parameters: 7 or 5 taken for calculations within
Prophecy 4f 3.0 program.

The values Gamma are calculated according to
the formulas, I' = Tgw/(Tepw + Fsy) and T =
I'ew+oep/Tew+gep +sar)-

Table 5. Calculation of decay widths within the
THDM model for the decay channels H — eeee and

H — ppee

7-B1 SM T
H — eeee | 0.000127 | 0.000133 | 0.49
H — ppee | 0.000232 | 0.000241 | 0.49

4. CALCULATIONS OF THE HIGGS
BOSON PRODUCTION CROSS SECTIONS

The observation of the Higgs boson was a major
step towards the understanding of the mechanism
of EWSB. LHC Higgs signal strength measurements,
electroweak precision measurements are connected
with measuring of the cross sections times BR, ¢-BR.
In the paper [9] was presented experimental data
of production cross sections of the Higgs boson in
proton-proton collisions in the H — ZZ — 4l de-
cay channel. The cross section is measured to be
o = (4.04 £ 0.47) fb, while the SM prediction is
osm = (3.35+0.15) fb. The cross-section times H —
%47 BR for gluon fusion and VBF production are
measured to be (1.22 £+ 0.18) pb and (0.25 % 0.09) pb,
respectively. In spite of the fact that these measure-
ments are in agreement with the SM predictions it
was important for us to calculate these observables
in the framework of THDM model for explanation of
the deviations from experimental data. The calcu-
lations gave us the possibility to check the viability
of BSM predictions with the corresponding range of
parameters.

With the help of FeynHiggs program [10] and us-
ing the parameters tan 8 = 3, m4 = 200 we have cal-
culated BR(H — WW) = 0.54407, BR(H — ZZ) =
0.20721. We used Pythia 8.2 program for calculation
of VBF and top fusion production cross sections of
CP-even Higgs boson. The corresponding produc-
tion processes are presented in Figure from [11]:

Feynman diagrams for Higgs production process
through: left — VBF process, right — top fusion
process



The results of our calculations are presented
in Table 6 for 13 TeV energy of proton-
proton collisions and in Table 7 for 14 TeV.

Table 6. VBF and top fusion production cross
sections of CP-even Higgs boson at 13 TeV

Eem=13 TeV o (mb~1)
[f — Ho(Hy)ff(ZZ) 3.047 - 10710
fifo = Ho(Ho) fsfa(WHW=) | 7.955-1010
99 — Ho(Hy)tt 1.906 - 1011

The cross-section times H — ZZ BR for gluon
fusion and VBF production processes are measured
to be (1.22+0.18) pb and (0.25+0.09) pb [9], and cal-
culated data are
o(9gH)BR(H — ZZ) = 1.04235,
o(VBF)-BR(H — ZZ) = 0.16484.

Table 7. VBF and top fusion production cross
sections of CP-even Higgs boson at 14 TeV

E.n=14TeV o (mb~1)
- HO(HQ)ff/(ZZ) 3.556 - 10~10
fife — Ho(Hs) fsfs(WHTW =) | 9.337-10710
99 — Ho(Hy)tt 2.730 - 10~

The comparison with experimental data gives
good agreement and the deviations are connected
with uncertainty of parameter space.

In the article [12] experimental data were pre-
sented on the product of the o(g99H) x BR(H —
WW) for the gluon-gluon fusion production cross sec-
tion to be (11.4 £+ 1.2+ 1.8) pb and on the product of
the o(VBH) x BR(H — WW) for VBF production
cross-section to be (0.50 £ 0.24 £ 0.17) pb.

Using code SusHi and the parameter space
tanf5 = 3, maq = 200GeV we calculated produc-
tion cross sections for gluon-gluon fusion process at
13TeV, o(ggh) = 5.03pb. As the calculated by
FeynHiggs value of BR is BR(H — WW) = 0.54047,
we have the following results:
o(ggH) - BR(H - WW) = 2.72,
o(VBF)-BR(H — WW) = 0.43.

We see good agreement of our calculations espe-
cially for the second case from comparison with ex-
perimental data.

5. CONCLUSIONS

The study of the properties of the Higgs boson is
still an open problem, connected both with experi-
mental difficulties and theoretical interpretation of its

properties. Especially important is the study of the
EWSB mechanism, which is associated with the for-
mation of the Higgs boson through the VBF channel
and the subsequent decay into four leptons. Since the
experimental determination of the Higgs boson decay
width for the presented decay channel is a difficult
task and is represented only by the upper bound-
ary of both the ATLAS and CMS collaborations, we
decided to calculate the decay widths for the four
leptonic Higgs boson decay channels in the frame-
work of THDM model. The calculated results show
a slight deviation from the SM calculations, but vary
for different decay channels, especially for channel
H — v,piee with B2 scenario. In addition, the results
of calculations of the values I' = T'gw /(Trw + Tsar)
and I' =Tewiocp/Tewroep + Isy) taking into
account the electroweak and QCD corrections indi-
cate the absence of the effect of QCD corrections on
the decay width for the presented decay channels of
the Higgs boson.

Another step towards the understanding of the
mechanism of EWSB is the calculation of the Higgs
boson production cross section x BR. We have con-
sidered ggH and VBF production modes of Higgs bo-
son and the calculations were made with the help
of Pythia 8.2 and SusHi programs. Using FeynHiggs
program with the same parameter region (tan 8 = 3,
ma = 200GeV) we calculated BR(H — ZZ) and
BR(H — WW) values. The obtained results are in
good agreement with experimental data. We also cal-
culated the same values for the energy of 14TeV for
subsequent searches of Higgs signal at the LHC.
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NCCJIEJOBAHUNSA MEXAHU3MA JIEKTPOCJIABOT'O HAPYIIIEHN A
CUMMETPUMN ITPU PACITAJE BO3OHA XUI'TCA HA YETHIPE ®EPMUOHA

T. B. O6uxod, E. A. Ilempenxo

Mogenu ¢ pacmmpeHHbIME OO30HHBIMEH CEKTOPAMHU XWUITCA WMEIOT MEPBOCTENEHHOE 3HAYEHUE [JIsi HWCCIIe-
JIOBaHUS MEXAHW3Ma HAPYIIEHUs IJIEKTPOCTab0il CHMMETPUN MPH PACHAAAX XHUITCA HA 4derThipe dhepMuo-
HA ¥ IIpu 0OPA30BAHUU XUITCA C BEKTOPHBIMHU DO30HAMHU. B paMKax MO[EIn C IBYyMsl XUITCOBCKHMU TyO-
JIETAMHU C WCIOJIb30BAHUEM NBYX CIEHAPUEB, TOJYYEHHBIX B PE3YJbTaTe IKCIEPUMEHTATBHBIX HU3MEDEeHWUId,
MBI TIPEJICTABUIN PE3YABTATHI TI0 YeThipeM (DepMUOHHBIM paciaaaMm Jjerkoro CP-wyernoro 603oma Xwurrca
h — 4f. C nomompo nporpammer Prophecy 4f 3.0 mb1 seramncannn s3uavenus I' = Tgyw/ (Tgw + Do) m
I' = Tew+tocn/ Tew+oep + Tsa) ana kananos pacnana 6osona Xurrca H — v, fiev,, pfiee, eeee. M
He 0DHApYKU/IHU CylnecTBeHHOH pa3uuipl npu ydere nonpasok KX/I 8 EW-nponeccsr npu pacnajgax 603oHa
Xwurrca. Ucnonb3ys KoMmbioTepHBbIe TporpaMMbl Pythia 8.2 u FeynHiggs, Mbl pacCYuTAIN CJIEAYIONIHE 3HA~
vennsi o(VBH)BR(H — ZZ)wo(VBF)BR(H — WW) nns npueccos VBF u 0(g9H)BR(H — ZZ) uepe3
nportecc tthar causuns npu 13 u 14 T9B u Hamam xopoiiee corjacue ¢ 3KCIePUMEHTATbHBIMA JAHHBIMUA.

JOCJIIOXKEHHS MEXAHI3MY EJIEKTPOCJIABKOI'O IIOPYIIIEHHA CUMETPII
PO3ITAZY BO30OHA XIITTCA HA 9YOTUPU ®EPMIOHA

T. B. O6ixo0, €. 0. IIempenxo

Mogeni 3 pacmmupeHuMu OO30HHAME CEKTOPAMH XiITCa MAalOTh MPIOPUTETHE 3HATEHHS I JOCIIKEHHT Me-
XaHI3MYy MOPYIIEHHS eTeKTPOCTA0KOI cuMeTpil mpu po3maaax Xirrca Ha 90Tupu (pepMioHa Ta MPW CTBOPEHHI
Xirrca 3 BekTopHuME 0030HAMEH. Y PaAMKaxX MOl 3 JBOMA XiITCOBCHKHMMH AybjieramMu 3 BUKOPHUCTAHHAM
JBOX CIIEHAPITB, OTPUMAHUX y PE3yJbTaTi €KCIEPUMEHTAILHUX BUMIDIOBAHb, MU TPEJCTABWIA DPE3YIbTATH
JIst 90TUPBOX hepMioHHUX pacraiis jgerkoro CP-mapuoro 6ozona Xirrca h — 4f. 3a 1omoMoroio mporpaMmu
Prophecy4f 3.0 mu obpaxysamu suadennsa I' = Tgw/ (Cew +Tsm) i T =Tewioen/ Cewroep +Tsm)
JMA KaHamiB posmany Oosoma Xirrca H — v, Jiev, ppice, eece. Mu He BUABHIN CyTTEBOI DisHWIL Tpm
spaxysanni nonpaBok KXJI B EW-nponecn mpu posmagax 6o3ona Xirrca. BuxkopucrByrounm KoMt roTep-
ui nporpamu Pythia8.2 i FeynHiggs, Mu pospaxysanu Hacrynui sHadenns o(VBH)BR(H — ZZ) ta
o(VBF)BR(H — WW) ans upornecis VBF 1a 0(g9H)BR(H — ZZ) 4depes nponec tthar 3nurts mpu 13
Ta 14 TeB Ta 3HalIN XOPOITY Y3TOMKEHICTb 3 €KCIePUMEHTATLHUMA JTaHUMH.
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