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1. Introduction

The exploration of the Higgs sector will be a major task for any future higirggncollider.
While not part of the Standard Model (SM) Higgs sector, charged Higg®ns can be crucial
for exploring an extended Higgs sector, such as the Two Higgs DoulieieMdf the Minimal
Supersymmetric extension of the SM (MSSM), should that be realized inenatur

The Large Hadron Collider (LHC) has the potential to probe a substaatiabfthe parameter
space of an extended Higgs sector. However, discovetifigoposons can be very challenging,
in particular if H* is heavy [1]. At the same time, it will also be difficult to achieve precise
determination of important parameters, such agtéhe ratio of the two Higgs doublets’ vacuum
expectation values) and the charged Higgs boson mass.

These challenges could be tackled at a future multi-TeV linear collider, asitie proposed
ete” Compact Linear Collidef]2] (CLIC), operating at a nominal centre-oésnenergy of 3 TeV.
The more precise knowledge of the collision energy, the cleaner envirdgrand the fewer back-
grounds compared with the LHC should enable a more detailed exploratioe Higls sector.

In this study, the production di*H~ pairs at CLIC has been investigated in the framwork
of the MSSM, with a focus on the mass range from 0.5 to 1.5 TeV. Two clamee consid-
ered,efe” — H*H~ — thtb andete~ — H*H~ — tbrv!. TheH* decay width and branching
ratios were calculated using HDECAY] [3], PYTHIA 6.343 [4] was used ¢neyate the signal
samples and MadGraph/MadEvefit [5] the backgrounds, while SIMBEW4s used to perform
a parametrized detector simulation. Supersymmetric decays éf thas well as supersymmetric
backgrounds were not considered.

2. Beam-beam effects

At CLIC the incoming beams will lose on average 16% of their energy followlegemission
of high-energy photons due to beam-beam effects (beamstrahlunig)meéhans that even though
the nominal incoming beam energy is 1.5 TeV, the actual centre-of-masgyeni#l have long
tails below 3 TeV as shown in figufg 1(a). The emitted high-energy photopgtaa collide and
produce a hadronic background (on average 0.73 events per brassing). All these effects have
been taken into account. Figdie 1(b) shows the effect of the modifigceeefimass energy due to
beam-beam effects on the production cross-sectiokl fad ~ pairs.

3. Analysis

An outline of the analysis performed on the two studied channels is givewbEtr a more
detailed discussion, sef [7].

31efe -H™H —tbtb

In a first stage, cuts are performed to only keep those events that matsilgnbéfinal state,
where only the hadronic decays of tié boson are considered, i.e. one demands the presence

1This notation will be used in the following to indicate both of the charge conjygateesses involved in each case,
i.e.efe” — HTH~ — tbrv stands foete- — HTH~ — tbrv andete” — HTH~ — tbTv
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Figure 1: (a): Centre-of-mass energy spectrum at CLIC, after theugich of beam-beam effects. (b):
Production cross section fét*tH~ pairs at CLIC. The open crosses and the dashed line show dks cr
sections calculated at tree level, with PYTHIA and anabltic respectively, while the full circles show the
cross sections obtained after taking the beam-beam effgotaccount.

of at least eight jets, exactly four of them b-tagged, and no isolated @bectrmuon. The two

W bosons and quarks are then reconstructed, by taking the two combinations which minimize
o = |m(a,b) —my | (wherea, b are non-b-jets in th&/ case and a b-jet andvel candidate in the

top case). Cuts on the reconstructed masses requirirgfigrec < 150 GeV as well as 10

myrec < 300 GeV are applied. For the reconstruction of the charged Higgs beach top quark
candidate is assigned a b-jet such tgt= |m(tb); — m(tb),| is minimized, since the two charged
Higgs candidates should have the same masg\ylf> 250 GeV the event is discarded. Two
additional cuts are performed to reduce the SM-like backgroungg(tt) — mec(bb) < 1 TeV,
and[Myec(tt) + Myec(bb)] > 2 TeV.

A kinematical fit is applied to further improve the reconstruction. If an evaifg the kine-
matical fit, it is discarded. Figuré 2(a) shows the reconstructed massispeaf theH "H~ pairs
for an integrated luminosity of 3000 B, as obtained wittmy = 700 GeV and taf§ = 25, before
and after the kinematical fit is applied. An improvement of the mass resoluti®®%yis clearly
visible. Tablg]L displays the expected number of signal and backgreentsform, = 1 TeV, in
a+2.50 window around the charged Higgs boson mass peak.

32 efe - H™H —tbtv

As in the previous channel, the first step is to demand a final state matchirgjf thatsignal
(where only hadroni®V and 1 decays are considered). Hence, events are required to have no
isolated lepton, at least 400 GeV missing energy and at least five jets,icii wkactly two are
b-tagged and exactly oretagged. The reconstruction of the charged Higgs boson that decayed
into quarks proceeds as described in the previous section, while fertiieat decayed tov only
the transverse mass can be reconstructed due to the presence obsestiown in figurg¢]2(b)).

This transverse mass is required to be greater than 150 GeV. To re@us#ltlike backgrounds,
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Process Efficiency Neverts When targ is
of interest €(in%) small intermediate (7.6) large
H*H~ — tbtb 1.56 49.0 42.0 36.7
ete” — thtb (SM) 0.03 1.8 1.8 1.8
e"e” — bbbb (SM) 0.02 1.6 1.6 1.6

ete” — tttt (SM) 0.05 - - -

Table 1: Expected number of signal and background eventgfer — HT™H~ — tbtb with my = 1 TeV
and an integrated luminosity of 3000 th
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Figure2: (a): Mass reconstruction ¢f "H~ pairs from thetbtb final state, before (dashed line) and after
(full line) use of the mass constrained kinematical fit. (lansverse mass &f™ — tv. Both plots are for
an integrated luminosity of 3000 B, with my = 700 GeV and taf§ = 25.

the angle of the twdd* candidates in the transverse plane is required to be greater than 2.4 rad
(since they should be back-to-back, as opposed to most backgjoliatie[? shows the expected
amount of signal and background eventsrar= 1 TeV, in a+2.50 window around the charged
Higgs boson mass peak (in thge:(tb) spectrum), after all selection cuts.

Process Efficiency Nevents

of interest €(in%) atlarge tais
HTH™ — tbrv, 4.55 32.9
ete” — tbrv; (SM) 0.02 5.0
ete” — bbrr (SM) 0.01 0.1
ete” -ttt (SM) 0.05 0.1

Table2: Expected number of signal and background eventsfer — H*H~ — tbtv; with ma =1 TeV
and an integrated luminosity of 3000 th at large tar.
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3.3 Discovery Contour

For a discovery, the sign8lis required to be at least 10 events and, in addition, it must exceed
5 statistical fluctuations of the backgrouBdi.e. S/\/E > 5. Systematic uncertainties have not
been considered. The discovery contour can be seen in fipure & Kk&id the potential to reach
masses well above 1 TeV regardless offtan
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Figure3: Discovery contour in thétan3, ma) plane forH™H~ pairs at CLIC, for an integrated luminosity
of 3000 fo L.

4. Parameter Deter mination

Discovering a charged Higgs boson is of course an extremely importgninséxploring an
extended Higgs sector, however further exploration will require theiggadetermination of tgh
and the mass of one of the Higgs bosons (conventionallis used) — which are the two parameters
which fully describe the Higgs sector of the MSSM at tree level.

4.1 Higgs mass parameter ma

In order to determine the expected statistical accuracy achievable atfGLi@easuring the
ma variable (on which thed* mass depends, through the relatiof. = m3 + mg,) a x2-fit is
performed: a sample of "read*e~ — H*H~ — thtb events were generated, along with the corre-
sponding "real" SM backgrounds. Thereafter "simulated" samplesalsagial background) of very
high statistics were generated over a span of different valueg.dEach of these samples can then
be normalized to a number of different cross-sections. For each noedia@mple of "simulated"
events, the(2 is calculated as: ,

2 (Nr (i) —Ns(i))
C=2UNG
with Ns(i) andN; (i) being the number of "simulated" and "real” events initttebin of the charged
Higgs boson mass histogram. For each valumgpthe cross-section normalization that yields the
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minimal x? is thus obtained. Using a parabolic fit one can then obtaimihealue corresponding
to the lowesty? value — along with the statistical uncertainty.

Applying this method to a "real” sample withy = 700 GeV, for two different tafi ranges,
leads to the results shown in taple 3. The statistical uncertainty remains below 1%

Configuration ma (GeV) omp (GeV)
Small targ 701.2 3.7
Large tarB 701.8 4.9

Table 3: Reconstructed value afiy, with its statistical error, derived from g?-analysis ofete™ —
H+*H~ — thtb events, withmy = 700 GeV and an integrated luminosity of 3000 b

4.2 tanf

The ratio of the partial decay widths of the two studied processes depertls variable tafi
at tree level according to:

MH* —tb 3 _
F(E—|i—>rvr)) = e [mécot'B + g , (4.1)

with my standing for the running mass of the quarkThis tarn3 dependence is demonstrated in
the left-hand side plot of figufg 4.

The variable taf can thus be determined experimentally through the f&tiof the signal
rates of the two studied processedging the signal selection efficiency, which does not depend

on tanB):
_ No r(H* —tb) Etbtb
Ntbrv, MrH* — TV¢) 2&ibry,

The statistical uncertainty dR* is:

SRt [(3(oxBr)\? 5(0 x Br)\?
Ri_\/< o x Br >tbtb+< o x Br > ' (43)

tbrv,

R* (4.2)

The right-hand side plot of figufé 4 shows how the expected statistical @mrtar3 depends
on this parameter. At too small tBnete- — HTH~ — tbrv has a vanishing branching ratio,
while for tang larger than about 12 the rat®" has an asymptotic behaviour, leading to a relative
error that is too large for a precise measurement. The best determinatampBaft thus achieved
in the intermediate region, around &A= 7.

5. Conclusions

CLIC has the potential to cover precisely the regions of the charged déegsr which are the
most challenging at the LHC. It has a discovery potential for the chatiggk boson reaching up
to masses beyond 1 TeV regardless ofiawhile it could also allow for the precise determination
of the parameters describing the Higgs sector of the MSSM at tree teyelan be determined with
a statistical uncertainty of about 1%, while fawcan be determined with a statistical uncertainty of
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Figure4: Variation with tarB of the ratio between the two partial decay widths of the chdtgiggs boson
(left) and of the relative error on tghwhen deriving this parameter from the ratio of the signatsdbr
H*H~ — tbtb andH*H~ — tbrv; (right), forma = 700 GeV and an integrated luminosity of 3000 fb

down to about 10%, if it has values around 7. CLIC could thus be arllertéool for probing an
extended Higgs sector.

This study necessarily remains preliminary, since both the CLIC machine ashetétstor are
still at an early, conceptual design phase. Once a final design hassbaked upon, this study
would have to be repeated using a full and more realistic detector simulatiamg tskstematic
uncertainties into account, and potentially also with the knowledge of nevigshngsults achieved
at the LHC.
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