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1. Introduction

The study of an extended Higgs sector appears particulaidytad to the capabilities of a
lepton collider of sufficient energy and luminositg™e~ and u*u~ collisions provide us with
pair production ofHtH~ and HA? bosons. If photon collisions are available inyg collider
setup, scans of thel® and A? peaks can also be performed [1]. In this paper we focus on the
study of charged Higgs bosons at&re linear collider in supersymmetric scenarios. Since the
heavy Higgs states generally decouple from the other Sympenetric particles, most of, if not
all, the results derived for the Minimal Supersymmetricezsdion of the Standard Model (MSSM)
can be also applied to a non-Supersymmetric extended Héggars, such as that of the two-Higgs
doublet model (2HDM) or the Higgs triplet model [2]. In thecdepling limit, withMa >> Mz and
the masses of the heavy Higgs particles much larger thae thfdbe other states, the fundamental
guantities to be determined in the charged Higgs study armtisses and the widths of these Higgs
states and their decay branching fractions. The mass of oiire lieavy Higgs bosons, generally
taken to be the CP-oddl state, is a fundamental theory parameter. AgH® andH* bosons
are almost degenerate in mass in the decoupling limit arschieds to be verified experimentally.
The heavy Higgs decay branching ratios are sensitive tchandtindamental theory parameter,
the ratio of the vacuum expectation values of the two Higgsbtkis tarB = v»/v1. The total
width of the heavy Higgs states is also important for detaingj tan3. Finally, in SUSY models
the contribution of sparticle loops may induce CP-violgtasymmetries in the decay of charged
Higgs bosons, which can be searched for at a linear collléienn an experimental point of view,
the large jet multiplicity and event complexity of processeich ag"e~ — HTH~ — tbtb and
W*hoW~h? make them excellent benchmarks for the detector granylanid its ability to perform
accurate kinematic reconstruction and jet flavour taggmnan high particle density environment.

2. Charged Higgs Production and Simulation Studies

Charged Higgs production & e~ collisions proceeds mostly through s-channel pair produc-
tion,e"e” — HH~. The production cross section at a givgis energy depends on the charged
Higgs mass and tgh Typical values range betweer0 fb for My~ = 250 GeV at,/s= 0.8 TeV
and 0.5 fb forMy+ = 1140 GeV at/s= 3 TeV, due to the P-wave suppression near threshold (see
Figure 1). The single boson productiehe” — H-T*v; + c.c. [3, 4] andete” — H tb + c.c.

[5] processes, which give access to charged Higgs produbtyond the kinematic limit for pair
production, have also been considered. Their cross secdiitale as t&B. However, at/(0.01 fb)
they are too small to be exploitable in the interesting redity+ > +/s/2. Production of charged
Higgs bosons it decayst — H™b has also been studied at a linear collider, using also the fac
that the polarisation of the tau leptons from the subseqdént> T*v; decay is opposite to that of
those originating fronWw* — t+v; for isolating the signal [6]. However, the Tevatron [7, 8hda
soon the LHC, data are closing the region of interest forphigess.

In the mass range of interest for a linear collider, the mainay processes at¢t — th,

H* — t+tv; andH* — W+h0. Thetbtb final state is dominant and it has been considered for
most of the searches and mass measurement studies. Simdtdies of charged Higgs bosons
have been performed at 0.5 TeV foly+= 140 and 180 GeV [9], at 0.8 TeV fdviy-= 200 and
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Figure 1: Higgs pair production: cross section fefre — HTH™ at tan3 = 20 as a function oM,;+ for
v/$=0.5,1.0ad 3.0 TeV.

300 GeV [10, 11] and at 3.0 TeV fvly== 700 [12, 13], 900 [14] and 1140 GeV. The Sktb
irreducible background is small, with a production crosstisa of 3.2 fb at 0.8 TeV and 1.2 fb
at 3 TeV and a flat distribution in thib invariant mass. The event reconstruction starts with the
identification of two top quarks in events with large jet nplltity and no significant missing
energy. At energies below 1 TeV the boost of the top is small the decayt — Wb can be
explicitly reconstructed. At multi-TeV energies adl+ of 0.7 - 1.2 TeV, the top quark boost
is such that it can be reconstructed as a single jet. Jet flaagging is essential since the four
b jets are a distinctive signature of thébbWhbb final state. Once the four-parton final state is
reconstructed, theandb pair which minimises the mass difference between thettwgystems is
selected. Given the large jet multiplicity, the fdutags and the need to reject leptodicdecays
for an accuraté energy measurement, the reconstruction efficiency is obtler of just a few
percent.
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Figure 2: Mass reconstructiontb invariant mass after kinematic fitting for signal eventshaifl,~ =
200 GeV (left) and 300 GeV (right) afs=0.8 TeV (from [10]).

Thetb invariant mass resolution is 16 GeV fbty: = 180 GeV at,/s= 0.5 TeV [9], 17 GeV
for My+ =300 GeV at,/s=0.8 TeV [10], 55 GeV foMy+ =700 GeV [12, 13] and 72 GeV fd, -
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= 1140 GeV, both a{/s= 3.0 TeV. The mass resolution is due to the finite jet energgltgion, to
missing energy from escaping neutrinos and to confusiondmssociation of individual particles to
jets, due to the large multiplicities. This mass resolutian be improved by applying a kinematic
fit to the reconstructed hadronic final states. Kinematicdigplied in simulation studies impose
energy and transverse momentpp¥ py = 0, E+|p,| = /s, accounting for beamstrahlung photons
radiated along the beam axis and an equal boson mass coniditig, = Mjzjs. This improves
the mass resolution by a factor ef2 to 8.5 GeV forMy= = 300 GeV at\/s = 0.8 TeV (see
Figure 2) [10], 25 GeV forMy+ = 700 GeV aty/s = 3.0 TeV [12, 13] and 45 GeV foMy=

= 1140 GeV. However, these resolutions are larger than tpeatdH* natural width at these
masses.

3. Discovery Reach and Present Predictions

Since the SM background is small and flat at large values dhkthevariant mass, a significant
signal of charged Higgs pair production can be establishetha" e linear collider, even with
small cross sections and the sensitivity extends almoket@ihematical threshold for pair produc-
tion by combining different decay final states, irrespext the value of tai. At /s=3 TeV, the
ee — H'TH™ process is observable for charged Higgs boson masses upsaraV (see Fig-
ure 3) and exceeds the sensitivity of the proagss — HCA® which drops below 1 TeV at tgh~
5 [12]. This sensitivity can be compared to the expectatfonghe heavy Higgs mass values of
new physics models within the constraints offered by previsearches, low energy data and, pos-
sibly, astrophysical data, such as relic dark matter dgndihere have been extensive efforts to
determine the regions of new physics model parameter spase likely to be realised in nature
given these data. Most of these efforts concern some speungiementation of the supersymmet-
ric extension of the Standard Model. The constraints mdevaat here are those from the light
Higgs boson mass limits, radecay rates and dark matter relic density. Given the largelen
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Figure 3: Likelihood marginalised to thi¥l, - tanf plane with the contour for the anticipated sensitivity to
H*H~ (dashed line) an#i®A° (continuous line) pair production at a 3 TeV linear colligptot modified
from [15], sensitivity contours from [12])
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of parameters of the MSSM, these studies are best performednistrained versions, where the
gaugino and sfermion masses are assumed to be unified at thescal$. This is generally known
as the constrained MSSM (cMSSM). The physical masses arelatdd using the renormalisation
group equations (RGEs) from a set of five fundamental pamsiethe universal scalamy, and
gaugino,my >, masses, taf, the universal trilinear couplingdo and the sign of the coupling.
Different statistical techniques have been employed. Apiaug of the full five-parameter space
was performed in the study of ref. [15] using a Markov chainn#oCarlo method [16] and taking
into account limits from particle searches, h? and low-energy constraints. Of particular interest
here is the two-dimensional map of th#, - tan plane obtained, which is shown in Figure 3
where the sensitivity of a 3 TeV linear collider k" andHCAP pair production is superimposed.
Variants of the cMSSM either add further constraints orxdteem. In mMSUGRA there are fixed
relations between the bi-linear and trilinear couplingsapzeters and the scalar mass and the ad-
ditional condition that the gravitino mass is equal to thelacmassing, = my, thus reducing the
number of free parameters to just three [17]. In the non-ens@ Higgs mass model (NUHM) the
supersymmetric contributions to the Higgs masses are atladifferent value [18]. In this model,
predictions for theMa-tanB parameters have been obtained in the study of ref. [19]. Anefre-
guentist analysis, based on LEP-2 limits, electro-weak fevur data,g— 2 andQXh2 results,
considers all these models and determines likelihood fometfor SUSY observables. The 95 %
C.L. interval for the charged Higgs boson mass is found tolibe range 356 My+ < 750 GeV
for the cMSSM and in the range 109 My« < 600 GeV for the non-universal Higgs mass ex-
tension [20]. A similar study in the mSUGRA model finds theeinal 600< Mpy+ < 1200 GeV,
again at 95 % C.L. [21]. These results show that present date jpnly a very loose constrain on
the masses of the heavy Higgs particles and highlight thezest in pursuing detailed studies for
charged Higgs bosons at the LHC and at future lepton coflideer a broad mass range up to, and
possibly beyond, 1 TeV.

3.1 Mass Determination

The masdviy+ is determined by a fit to the two-parton invariant mass diation after kine-
matic fitting. The signal peak can be modelled by a Breit-Wigfunction convoluted with a
Gaussian resolution term. In general, the experimentalluien is larger than théd* natural
width. Alternatively, a template method, as that adopteth@éstudy of ref. [12], can be used to
build a x? for the mass fit. The SM background is essentially flat belde/ pleak in the mass re-
gion of interest. The residus °A° — bbbb contribution gives a peaking background in the signal
region, since the masses of the charged and heavy neutrgé Hagons are expected to be almost
degenerate. However, tige~ — H*TH~ cross section is larger than that fere- — HC®A? and
thet tagging reduces this background. The invariant mass loligtoins for signal and background
aty/sof 0.8 TeV and 3.0 TeV are shown in Figure 4.

3.2 Decay Studies

Modes other than the dominatfitdecay have also been studied. In particular, the study ¢f [12
has considered the leptonic deddy — 1" v; in the mixed channdibrv. Signal events can be
selected using the standard reconstruction of the hadd@tay and the transverse mas$iof —
TTv;. The reconstruction efficiency, around 0.045, is compardblthat of the fully hadronic
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Figure 4: Mass reconstructiortb invariant mass for signal and background events recortstilat /s =
0.8 TeV (left) (from [11]) and 3.0 TeV (right).

Table 1: Summary of the results on the reconstruction efficiency &eddetermination oMy« at various
centre-of-mass energies.

M= NE /< | Final | Selection| dM/M Ref.

(GeV) | (TeV) | (ab!) | State| Efficiency
145 | 0.5 0.5 cs 0.15 0.006 [9]
200 | 0.8 0.5 tb 0.02 0.002 [10, 11]
300 | 0.8 0.5 tb 0.04 0.004 [10, 11]
702 | 3.0 3.0 tb 0.02 0.007 [12]
880 | 3.0 3.0 tb 0.05 0.008 [14]
906 3.0 3.0 tb 0.07 0.006 | Preliminary
1136 | 3.0 3.0 tb 0.05 0.007 | Preliminary

mode. The determination of t@hwill be essential to constrain phenomenology and to relae t
extended Higgs sector to cosmology through dark matter. prheision of a linear collider is
expected to provide essential inputs [22]. It is possibledostrain taB by determining theH©,
A% H+ widths and decay branching ratiet®, A° — bb, +7~ , H* — tb, Tv. In particular, the
determination of the charged Higgs bosons decay yieldb &mdcs hadronic and tav; leptonic
final states offers a good opportunity to determineas long as its value is not too large [23, 12].
At very large values of ta complementary sensitivity is provided by the determinatod the
boson width as shown in Figure 5.

In presence of CP violation, the scal@randH® bosons and the pseudo-scaidrare mixed,
In this case thé\ is no longer a mass eigenstate andiifemass should be used insteadw for
parametrising the MSSM [24]. CP violation in the new physiestor can manifest itself in decay
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Figure5: tanB determination wittH*: accuracy as a function of t@hfor M+ = 200 GeV (from [23])

rate asymmetries such as _ _

5P FrMHT— ff)—T(H — ff)

" THY = ff)4+T(H- — ff)

In particular, in MSSM CP asymmetries are expected to belgndse to squark loops iR+ — th
decays [26, 25, 27]. The size of these asymmetries scalesiglyewith tan3 from 0.20 to 0.02
for 5 < tanB < 30. 5P can be determined using quark-anti quark tagging in hadroqi decays
adopting a vertex charge algorithm fbrandc jets and lepton charge in semileptoniciecays.
The analysis is quite challenging due to the limited quarkrgl separation power and the small
statistics. With typical cross sections@f{1 fb) and few ab? of integrated luminosity, a sensitivity
to deviations 0" from zero at the level 0£-0.10 should be feasible.

(3.1)

4. Conclusions

A lepton collider of sufficiently high energy and luminositgin provide good accuracy in the
determination of the mass (better than 1%), productionscsestion and decay branching fractions
of charged Higgs bosons, through pair production virtuafiyto the kinematic limit. The accuracy
afforded by aret e~ linear collider will be essential for the interpretation tbf nature of a non-
minimal Higgs sector and understand its role in relatioretecdark matter. The study of the heavy
Higgs sector is one of the important drivers towards highrgygnand high luminosity performance
for a linear collider. At present the input from the LHC dadaessential to define the machine and
detector requirements. The ongoing activity in simulatstudies for the ILC at 1 TeV and CLIC
at 3 TeV will help clarifying requirements and physics pditainbased on realistic simulation and
reconstruction including accelerator effects.
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