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1. Introduction

The Standard Model describes accurately almost all phenomena in pattigées and the
only particle which has not been observed so far within the SM is the Higgmbdlowever, it has
become clear that the SM itself can not be complete. There are neutrino tastd)astrong CP-
problem, dark matter, baryon asymmetry of the Universe which lack fdaeggion within the SM
(see, e.g. review section of Reff] [1]). It can happen that the physsgonsible for electroweak
symmetry breaking can also be related to these phenomena. Among suciandesf the SM
there are classes of models in which the properties of the Higgs bosonrficufs, its decay
pattern) get modified (see, e.§} [2]-[9]). Here we consider the pitigsthat a new invisible Higgs
boson decay mode dominates.

The strategy for hunting the invisible Higgs boson at LHC is to search folimgi§% events in
various channels such as Vector Boson Fusijpa- qgH [[LQ], the associated production processes,
gg — ttH [[L3] andgq — ZH orqq — W*H [L3,[13]. A tricky question here is how to make sure that
the observed signal is really due to production of the Higgs boson, nat sther particle. Another
disadvantage of the missifig signature is that only the Higgs boson mass can be estimated from
the data analysis: the Higgs boson width remains unobservable.

We propose to use the channels — ZZtt, pp — WWit and pp — ZZbb, pp — WWhb to
extract the properties of the invisible Higgs boson in the mass interval-1IL8BD GeV. The rea-
son is that the exchange of the Higgs boson in subdiagramms of thessggea®rresponding
to heavy fermion-antifermion scattering into massive vector bosons sheutbmsiderable be-
cause it restores the unitarity [14] 16] 15]. In case of the Higgs bosen aimve the weak boson
pair thresholds these processes have been thoroughly stlidied {& irfual Higgs boson con-
tributions toW W~ andZZ production via weak boson fusion and gluon fusion have been also
considered in literature, see, e.d.][18]. The main observation of ol [R8} is that the measure-
ments of total cross section and invariant mass distribution of the weak Ipasogenerally allow
to estimateboth the Higgs boson mass and width.

2. Invisible Higgsin pp — ttZZ and pp — bbZZ at LHC

We would like to consider virtual contribution of the Higgs boson to the pmpgs— ttZZ,
since it remains almost the same as in the SM (we consider the case wherepdithgs of the
Higgs boson to the SM fields are intact). We use CompHEP [1P - 21] to calthiatece level
partonic cross sections of this process (details of calculations can be fioRRef. [22]). Note, that
we take into account both diagramms with and without the Higgs boson.

The results for total cross sections and invariant nzabsson pair distributions are presented
in FigureqJLE3. In Figurf] 1 we plot the dependence of the total crosissed pp — ttZZ channel
at/s= 14 TeV and,/s= 10 TeV on the Higgs boson mass, for a set of values of the Higgs
boson widthl'y. As one expects, at large values of the Higgs boson width the virtual Higgs
boson contribution to the amplitude of this process decreases and hencttlveoss section also
decreases. Figuf¢ 2 shows the corresponding invariant massdistribution for different values
of Higgs boson mass in the cases of the SM Higgs boson width (upper @artkeBight times
larger width (lower panel). We see that both shape and position of maximumoflistribution
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Figurel: The dependence of the total cross secppn- ttZZ at,/s= 14 TeV (left panel) anq/s= 10 TeV
(right panel) on the mass of the Higgs boson in for a set ofesbf the Higgs boson width. HeFgy is the
width of the Standard Model Higgs boson.
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Figure2: The invariant massy distribution for thepp — ttZZ at./s= 14 TeV process for several values
of the Higgs boson mass for Standard Model Higgs width (uppeel) and for the width which is 8 times
larger (lower panel).

strongly depend on massy, which can be used to pin down the Higgs boson mass. Moreover,
from Figure[B one concludes that thig distribution does not depend on the width of the Higgs
boson, except for the case of near threshold values of its mass (serepanel). Even in the latter
case, formy near 180 GeV, we observe that the position of maximummin distribution varies
guite moderately with reasonable increase of the Higgs boson width. Pararméthe Higgs
boson — mass and width — can be obtained, as usual, from the combinea@tamadric fit to the
observables of this channels.

It is worth noting that the total cross sections of the processestwitiarks considered in
the previous section are of order of a few fb, which requires high lunitynosnning of LHC to
be of practical interest. The same is true for similar chanpgls— bbzZ and pp — bW W
within the SM because the Yukawa couplingtefijuarks to Higgs boson is quite small. However,
in many promising extensions of the SM this Yukawa coupling increases. Fatrdtive purposes
we take the Yukawa coupling dfquarks increased by a factAr= 50 with respect to the SM case.
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Figure3: The dependence of theyz invariant mass distribution ipp — ttZZ on the width of the Higgs
boson for the following values of massmg: 170 GeV (top panel), 180 GeV (bottom panel), &= 14 TeV.

Note, that the change of thequark Yukawa coupling also yields a change of the Higgs boson total
width which we take into account accordingly. In these modifications of thenMIlarge value

of A the Higgs boson widtih gy is saturated by its decay intequarks. For the processes with
b-quarks we exclude from considerations the following regions of theghbpace of the final state:
1593 GeV < myy- < 1893 GeV and 1538 GeV < my,,+ < 1893 GeV because in these regions
the cross section is saturated by top-quark production and the interefféiots get obscured. The
corresponding total cross sections are given in Fifjure WAz final state.
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Figure4: The dependence of the total cross sectioppf- bbzz at/s= 14 TeV (left) and,/s= 10 TeV
(right) on the mass of the Higgs boson in the modified Staniardel with b-Higgs coupling enhanced by
factorA = 50.

For the processes wittrquarks we observe qualitatively similar dependence ofthe dis-
tribution on the Higgs boson mass; remarkably, this distribution depends mlge dliggs boson
width, see Figuref 5 affl 6. However, both the shapeyefdistribution and the position of its max-
imum are much more sensitive tay andl"y as compared to the casetefuarks. So, to obtain
the Higgs boson width and mass one should make two-parametric analysis distribution and
total cross section. At the same time, with the same collected statistics one cahtexgehieve
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higher accuracy in measurements of the Higgs boson mass and width, thandnatinels with
t-quarks. Of course this is true only for large enough values for thetaohA.
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Figure5: The invariant massyz distribution in thepp — bbzz process for several values of the Higgs
boson mass for modified Standard Model Higgs boson widig, (upper panel) and for the width 8 times
larger due to invisible decay mode (lower panel).
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Figure 6: The dependence of the total cross sectioppf— bbZZ on the width of the Higgs boson for
my = 180 GeV,l ngu = 9.04 GeV (upper panel) andy = 170 GeV,l ngv = 8.41 GeV (lower panel).

Note, that all our calculations have been done at the leading order irrlpestitie QCD. We
have performed a simple estimate of next QCD corrections by introducinggekan renormal-
ization scale. Our results show that in accordance with known NLO compusafiio the Higgs
production in association with heavy quarks the cross sections and distnibget corrections,
however, the observed dependence on the Higgs mass and width isciitadly affected[[22].

One can also investigate another similar channgis— ttW W~ and pp — bbW+W~. The
behaviour of the total cross sections and the invariant mass distributionassive vector bosons
are similar to that of for processes with top-quarkg [22].
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