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Abstract

The search for Higgs bosons at a 500 GeV e+e~ linear collider is summarized.
It is shown that the potential for the discovery and identification of the Standard
Model Higgs boson is complementary to that of the future hadron colliders and that,
in contrast to these colliders, the parameter space of the Minimal Supersymmetric
extension of the Standard Model (the MSSM) can be totally explored with a modest
integrated luminosity of ~ 1 fb"1. After one year of operation, corresponding to
an integrated luminosity of 10 fb~\ all the Higgs bosons of the MSSM (h, H, A
and H*) can be discovered if THA & y/s/2. Above this kinematic limit only one
Higgs boson is accessible to the discovery, but the precise measurement of its decay
branching ratios extends to higher values of m& the region where the MSSM can
be identified and disentangled from the Standard Model.
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1 Introduction.

1.1 The need for a 500 GeV e+e" collider

Searches for the standard model Higgs boson with a mass above 5 GeV/c2 really be-
gan with the start-up of e+e" collisions at LEP, where it could be produced via the
bremsstrahlung process e+e~ —> HZ* [I]. Today, its mass mn is known to be larger than
58.4 GeV/c2 at the 95% confidence level [2] and this lower limit should reach ~ 65 GeV/c2

at the end of the first phase of LEP. In 1995, larger centre-of-mass energies will become
available with the LEP200 program. With y/s - 175, 190 or 210 GeV, a standard model
Higgs boson lighter than 80, 95 or 110 GeV/c2, respectively, could be discovered [3].

To be sensitive to larger masses, the construction of high energy and high luminosity
hadron colliders (LHC, SSC) has been proposed. Indeed, no problems are expected at
such colliders to find a standard model Higgs boson with a mass larger than twice the
Z mass thanks to the golden decay channel H —> ZZ -4 4 leptons. However, in the
mass region 140 GeV/c2 & mn & 2mz, the study of the channel H -> Z*Z -»• 4 leptons
will require a very high luminosity with difficult background conditions. In addition to
this high luminosity, a superb calorimetry will be compulsory to try to explore the mass
domain below 140 GeV/c2 with the channel H -> 77 [4].

Therefore, the mass region 80 GeV/c2 & mn %, 180 GeV/c2 is not satisfactorily
covered by either collider, with an almost inexistent overlap. Even in the most optimistic
scenario where a 110 GeV/c2 Higgs boson is discovered both at LEP and LHC/SSC, this
would be too close to the extreme limit of both machines to allow for any detailed study.
Unfortunately, when using the renormalization group equations of the standard model
up to the GUT scale of 1016 GeV and with a top mass of 140 GeV/c2, as suggested by
the LEP data [5], it is found that the only possibility for the standard model Higgs boson
mass is to precisely lie in this difficult domain 80 GeV/c2 -¥ 180 GeV/c2 [6].

It thus appears that a new colliding facility must be developed in order to unambigu-
ously cover and study this delicate window which is favoured by theoretical prejudice.
This statement is even reinforced in the framework of supersymmetry, where one light
scalar Higgs boson h with mu & 146GeV/c2 is predicted [7]. In Fig. 1 are shown the
domains of the MSSM parameter plane (mA,tan/3) [8] either already excluded by LEP
searches [9] or accessible at LEP200 with y/s = 190 GeV [3] and at LHC/SSC [4,10].
Here, even the difficult channel h -¥ 77 does not suffice to entirely cover the parameter
space at LHC/SSC, but a slight increase of the centre-of-mass energy of LEP200 would
almost do it [3,11] provided that the top-quark is light enough.

Consequently, an e+e~ collider with a much larger centre-of-mass energy, such as
a linear collider with y/s = 500 GeV, would be ideally adapted to compensate for the
weaknesses of LEP200 and of LHC/SSC in these respects. Furthermore, whereas no
detailed studies are conceivable with too small a luminosity at LEP200 and with the
tremendous backgrounds to the two-photon decay of the Higgs boson at LHC/SSC, it
might become possible with the clean e+e~ environment and the large luminosity provided
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Figure 1: Accessible domains in the (mA,tan/?) plane with LEP, LEP200, LHC and SSC.

by a linear collider to make precision measurements and thus to identify the origin of the
electroweak symmetry breaking.

1.2 General framework of the study

The following study has been done for a 500 GeV e+e~ collider delivering an integrated
luminosity of 10 fb"1 per year which is well below the performances advertized in the
various collider proposals. For this centre-of-mass energy, the mean energy loss due to the
initial state radiation (~ 5% of the total available energy) is never overcome by the loss
due to beam-beam effects, or beamstrahlung, at least for the present machine designs. In
contrast to earlier investigations, the beamstrahlung simulation has therefore not been
considered as a key issue for this study.

In order to make reliable predictions and to draw convincing conclusions, a standard
detector simulation tuned to reproduce the performances of a LEP or SLC-type detector1

has been used. This simple, but realistic simulation is characterized by:

• a limited acceptance, with no detection possible below 10° of the beam axis due to
tungsten masks;

• an accurate energy flow determination, requiring in particular an hermetic calorime-
try with fine granularity;

1An independent study has been performed using a detector simulation with outstanding resolutions and
efficiencies [12] and leads to conclusions identical to the ones of this talk.



• an efficient electron, muon and photon identification, from central tracking, calori-
metry and muon chambers;

• a powerful b-tagging from a microvertex detector, leading to typical rejection factors
of 97.5%, 99.7% and 99.9% for cc, cs and light quark pairs respectively, with a bb
efficiency of 50%.

Monte Carlo samples corresponding to an integrated luminosity of at least 10 ft»"1

have been generated using the PYTHIA 5.6 package [13] for all known background pro-
cesses as listed in Ref. 3. Except where otherwise stated, the distributions presented in
the following have been obtained with this luminosity of 10 fb"1. Finally, the simulation
of the signals has been performed with specific Monte Carlo generators [14].

2 The Standard Model Higgs Boson

In the minimal standard model, the spontaneous breaking of SU(2)^ x U(1)Y is achieved
at the expense of the introduction of a doublet of complex scalar fields (j> in self-interaction.
As <f> develops a vacuum expectation value, the W and Z bosons acquire their masses while
three of the four initial degrees of freedom are absorbed. A single neutral scalar particle,
the Higgs boson H, therefore results with an unspecified mass

2.1 Production and decays

At y/s = 500 GeV, the standard model Higgs boson is mainly produced by two competing
processes:

the WW fusion e+e -> Uui/,

e" v

the bremsstrahlung process e+e —ï HZ,

Z

•H

the cross-sections of which are displayed in Fig. 2 as a function of mn- With these two
processes, a total of 500 to 2000 events are expected each year for a Higgs boson lighter
than 200 GeV/c2. Also shown in Fig. 2 are the decay branching ratios of the Higgs boson
as a function of its mass. Below 140 GeV/c2, the dominant decay moiies are into bb and
to a lesser extent into T+T~, leading to well identifiable final states. Above this mass,
the Higgs boson would decay mainly into VVW* and ZZ*, rendering less beneficial the
b-tagging capability of the detector.
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Figure 2: Production cross-sections, for a centre-of-mass energy of 500 GeV (a), and
decay branching ratios (b) of the standard model Higgs boson.

2.2 Discovery potential

Various searches can be developed for almost all the possible topologies arising from the
final states produced in the bremsstrahlung process, depending on the Z and H decay
modes. The WW fusion process always leads to a single Higgs boson accompanied by
missing energy and needs a dedicated analysis.

2.2.1 The leptonic channel: e+e~ -»• He+e" or H/K+/T

For the previous workshop [15], only the topology where
the Z decays into e+e~ or into fi+pT had been thoroughly
studied, representing less than 7% of all the the possible
final states. The selection is remarkably simple, since re-
quiring two identified energetic leptons with an invariant
mass compatible with m% drastically reduces all the back-
ground contributions but the e+e~ —> TIL process. How-
ever, with this topological search alone, the result [16] is
that a luminosity of 10 fb"1 is hardly sufficient to find a
Higgs boson degenerate in mass with the Z even after an
enrichment with b-tagging. In this configuration, 19 signal
events are expected which do not reach the desired level
of five standard deviations over the 17 e+e~ -»• ZZ back-
ground events.

Higgs



2.2.2 The four-jet topology: e+e" -> Hqq

Hadrons
A four-jet topology arises when the Z and the H decay
hadronically. Moreover, since the above leptonic chan-
nel can also be characterized this way, although less ef-
ficiently than with direct lepton identification, this topol-
og;/ addresses ~ 70% of the final states produced by the
bremsstrahlung process. However, the backgrounds to this
topology are numerous and copious (e+e~ -» W+W", ZZ,
qqgg, tt, ZW+W" .. .) and a more sophisticated analysis

—> b b must be developed.

First of all, only those final states that contains exactly four jets with masses smaller
than 45 GeV/c2 are kept. This reduces the background from e+e" —> qq which tends to
clusterize into two or three jets, and the six-jet final states from e+e~ —̂  tt. In order to
remove the bulk of e+e~ ->• tt events with one semi-leptonic decay, leading to a four-jet
final state, the total energy is required to be larger than 70% of \/s.

The four jet energies are then recomputed using the energy-momentum conservation,
either from their directions, assuming a four-body final state or, when these recomputed
energies are not all positive, with a 3C-fit allowing a photon to be radiated along the
beam axis. When requiring that the x2 of the fit be smaller than 4, an efficiency of 45%
corresponding to 320 events is achieved for a 110 GeV/c2 Higgs boson, but still 14000
WW, 3000 qq, 1500 ZZ, 1000 tt and 50 WWZ events are selected this way.

To reduce the WW background contribution, it is required that no combinations of
jet-pairings be compatible with a WW final state, i.e. with a value of the following Xww
smaller than 5,

2 m\2 - row ml ro2 m\2 row ,
AWW — 2 ~r

where m# is the recomputed invariant mass of the jet-pair («', j), and <7y the corresponding
mass resolution. Furthermore, the production angle of the combination that minimizes
Xww is required to be larger than 45°. Only 1000 WW events remain after these cuts,
while a 33% efficiency is preserved for the signal, corresponding to 250 HZ events.

The wrong jet-pairing combinations and the backgrounds with no Z in the final state
are further rejected when requiring one jet pair to have a mass compatible with mz,
namely between 80 and 105 GeV/c2. This pair is called the Z-pair and the other one
is called the Higgs pair. At this level, the distribution of the recomputed mass of the
Higgs pair is shown in Fig. 3a for all the backgrounds (820 WW, 780 qq, 580 ZZ and
240 t t events) and for a 110 GeV/c2 Higgs boson (234 HZ events). Requiring the Higgs
pair to be tagged as a bb pair with an efficiency of 50% in the microvertex detector
acceptance drastically improves the signal-over-noise ratio: only 66 ZZ, 38 tt, 12 qq and
3 WW events are left, still with an efficiency of 12% on the signal (86 HZ events with

= 110 GeV/c2). The corresponding distribution of the recomputed mass is shown



in Fig. 3b. As shown in Fig. 4, this analysis remains valuable when ran = 150 GeV/c2.
Finally, for a Higgs boson degenerate in mass with the Z, 94 signal events are expected
over a background 56 ZZ events.
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Figure 3: Distribution of the recomputed mass of the Higgs pair in the four-jet topology
(a) before and (b) after b-tagging, for all known backgrounds (shaded histogram) and for
the signal (mH = HO GeV/c2).
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Figure 4: The same as in the previous figure, but with mn = 150 GeV/c2.



Hadrons
2.2.3 The r+r"qq final state

Since the branching ratios of a 110 GeV/c2 Higgs boson
and of the Z into T+T~ ara 8% and 3.4% respectively, about
9% of the final states produced in the bremsstrahlung pro-
cess contribute to the T+T~ qq topology. A complete study
of this topology has already been performed [14] in the
MSSM framework, and it can be readily reinterpreted for
the standard model Higgs boson.

The final state of interest here is formed by two isolated, energetic rs recoiling against
a hadronic system. The two rs can be selected as two oppositely charged particles or
triplets, with a momentum larger than 5 GeV/c, with no other charged particles in a
cone of half-opening angle 25° around their momentum directions, and not identified as
an e+e~ or a /<+//~ pair. The energies of the two rs and of the two recoiling jets can
be recomputed exactly as in the previous section, and the only background left at this
level, e+e~ —> ZZ, can be substantially reduced by requiring that the production angle
be larger than 40°.
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Figure 5: Distribution of the TT and jet-jet recomputed masses (two entries per event) in
the r + r~qq final state for all known backgrounds (shaded histogram) and for the signal,
with (a) mH = 110 GeV/c2 and (b) mH = 150 GeV/c2.

The result of this analysis is shown in Fig. 5 for TOH = 110 and 150 GeV/c2. For
a Higgs boson degenerate in mass with the Z, 33 signal events are expected over a
background of 26 ZZ events i.e. 70% more than with the leptonic channel only. This
analysis adds ~ 30% to the four-jet topological search developed in the previous section.
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2.2.4 The missing energy channel: e+e~ -> Hi/P

Hadrons

The topology of interest here is an acoplanar pair of jets
accompanied by missing energy, which all the known back-
ground processes, such as e+e~ —¥ W+W", ZZ, Wet/
or Zuû, may contribute to. At y/s — 500 GeV, the
bremsstrahlung process contributes only 10 to 20% of the
total cross-section, the rest coming from the WW fusion.
In contrast to smaller centre-of-mass energies, it is there-
fore not possible to benefit from the Z-mass constraint to
improve the signal-to-noise ratio or to recompute the Higgs
boson mass.

An investigation of the fusion process has already been performed [16]. Unfortunately,
no mass distributions were shown with the most important irreducible background also
arising from WW fusion, e+e~ —» ZuP, which might lead the reader to too optimistic
conclusions. The analysis has therefore been redone using selection criteria close to the
those developed for the chargino search [17].

To select this topology, a large missing energy (> y/s/2), a large missing momentum
transverse to the beam (> 40 GeV/c), a large missing mass (> 200 GeV/c2), a large
production angle (> 25°) and a small acoplanarity angle (< 150°) are required. A veto
is applied against energetic, isolated leptons to remove the bulk of the remaining WW
events where one of the two Ws decays leptonically. The visible mass distribution of the
remaining background events (980 IvD, 880 Wei/, 240 WW, 170 ZZ and 35 qq events) is
shown in Fig. 6a together with the contribution of the 245 signal events expected when

= 120 GeV/c2, corresponding to an efficiency of 26%.

400

200

m, - 120 GeV/c*. after b-tagging

50 100 150 200

Figure 6: Visible mass distribution in the missing energy channel for all background
processes (shaded histogram) and for Ui>i> with mn = 120 GeV/c2, (a) before and (b)
after b-tagging.



The signal is hardly visible, but here again,
the b-tagging enrichment technique helps
to greatly improve the signal-to-noise ra-
tio: only 135 background events remain
(95 Zi/P, 21 ZZ, 12 Wei/...) to be com-
pared to 120 HfP events (see Fig. 6b) when
mH = 120 GeV/c2. For mH = 160 GeVJc2,
the Higgs boson decays predominantly into
WW and b-tagging can no longer be used.
Fortunately enough, no b-tagging is needed
because the background is much less severe
than at lower masses (see Fig. 6c).
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Figure 6c:
Visible mass for my = 160 GeV/c2.

2.2.5 Minimum luminosity needed for the discovery

For a Higgs boson mass below 150 GeV/c2, all the above topological searches contribute
to the discovery potential of a 500 GeV e+e~ collider. For instance, if mu = mz, a
grand-total of 400 signal events are expected for an integrated luminosity of 10 fb"1 of
which two thirds come from the missing energy channel, over a background of 230 events.
Only 0.8 fb"1 are therefore needed to observe an excess corresponding to five standard
deviations above the expected background. If only the topologies giving the best mass
resolution were to be kept (the leptonic channel, the four-jet topology and the r+r~qq
final state), 1.2 fb"1 would suffice to reach a five standard deviation excess. The situation
is even more favourable when the Higgs boson is not degenerate in mass with the Z, as
shown in Fig. 7.

100 150 200 250 300 350

mH (GeV/c1)

Figure 7: Minimum luminosity needed for the Higgs boson discovery.
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Above 150 GeV/c2, the largest contribution comes from the missing energy channel.
A minimum luminosity of 1.8 fb"1 (resp. 4 fb"1) is needed to discover a Higgs boson
with mH = 160 GeV/c2 (resp. 180 GeV/c2).

A preliminary analysis [18] has been developed to reach higher masses (up to
300 — 350 GeV/c2) with the missing energy channel, but a full background study and
a realistic detector simulation are still missing. The leptonic channel has also been
investigated together with the (H -> VV)(Z -* bb) final state [16], where V is a vector
boson. Unfortunately, only e+e~ —> TJL has been considered as a background, whereas
e+e~ -¥ tt in particular is likely to be dominant in the W + W b B final state. However,
all these studies look promising end should allow a 500 GeV e+e~ collider to be sensitive
to Higgs boson masses up to 350 GeVf(P with an integrated luminosity of 30-50 fb"1,
but it should be kept in mind that hadron colliders are much better suited for this mass
domain.

2.3 Precision measurements and identification

In this section, it is assumed that a new particle has been found with a small luminosity
following the previous strategy. As an example, the mass of this new particle is taken to
be mu = 110 GeV/c2, as suggested by Supersymmetry. In order to study this particle in
all the details, the best choice [12] would be to lower the centre-of-mass energy down to
TOH + m% + 20/30 GeV, where the e+e~ —> HZ cross-section is maximized and with less
severe backgrounds and bremsstrahlung than at y/s = 500 GeV. However, to preserve
an internal consistency for this talk and to avoid confusing the issue, a centre-of-mass
energy of 500 GeV is kept in the following, with an integrated luminosity of 50 fb"1. This
corresponds to five years of running in the conservative assumption of 10 fb"1 per year,
but this luminosity could be accumulated in about a year in most of the present linear
collider designs.

2.3.1 Mass determination

The mass resolution achieved with kinematical constraints in the four-jet topology, the
T+r~qq final state and the leptonic channel is close to 4 GeV/c2. With the 550 HZ events
expected in these three topological searches, a precision of ± 180 MeV/c2 is achieved on
mH, provided that the systematic errors, due for instance to the centre-of-mass energy
measurement, can be neglected.

Although it is nice to know the Higgs boson mass with such a precision in order to, for
instance, make an accurate prediction of the production cross-sections and of the decay
branching fractions, this can unfortunately not be used to make a consistency check of
the standard model. Even if the W and the top masses were measured with a precision
of ± 20 MeV/c2 and ±100 MeV/c2 respectively — already much better than what is
expected [19] —, the standard model would not constrain the Higgs boson mass to better
than ± 30 GeV/c2 [12].
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2.3.2 Spin and parity determination

100

0.5

If mjj, m | <; y/s, which is approximately the case
at 500 GeV, the angular distribution of the Zs
produced in e+e~ —• HZ is proportional to sin2 9.
This distribution is shown in Fig. 8 in the four-jet
topology after background subtraction, for mn =
110 GeV/c2, with 50 fb"1 actually taken at 300
GeV. Furthermore, since these Zs are essentially
longitudinally polarized, the angular distribution
of the decay products in the Z rest frame is also
proportional to sin20 [15]. These measurements
unambiguously characterizes a / = O+ particle
and can be done with much less than 50 fb"1.

cos*,

Figure 8:
Angular distribution of the Z with 50 fb"1.

2.3.3 Cross-section measurement

The cross-section of the process e+e~ —> HZ, and therefore the HZZ coupling can be
measured by counting the number of events selected in the leptonic channel, since the
selection criteria and the mass reconstruction are independent of the Higgs boson decay
mode. With 50 fb"1, the 150 signal events expected over an almost negligible background
lead to a statistical precision of ~ 8% on the total cross-section.

2.3.4 Branching fraction measurement

A detailed study of the Higgs boson branching fraction measurement has been performed
for this workshop [20]. The results, obtained for a 400 GeV centre-of-mass energy and
a Higgs boson mass of 140 GeV/c2, are simply transcribed for the configuration chosen
here, yS = 500 GeV and mH = HO GeV/c2.

• The number of signal events obtained after b-tagging in the four-jet topology, in
the missing energy channel and in the leptonic channel is directly proportional to
the Higgs boson branching ratio into bb, with a proportionality factor er directly
related to the cross-sections of the bremsstrahlung process and of the WW fusion.
This number of events allows a.BR(K —> bb) to be determined with a statistical
precision of ± 3.5%.

• <r.BR(H -> cc, gg) can be measured with the same analyses by varying the rejection
factors of the b-tagging, up to an anti-b-tagging. The statistical precision thus
obtained is ± 40%.

• a.BR(K -> T+T~) and a.BR(E -> hadrons) are determined with the r+T~qq final
state with a precision of ± 9% and ± 13%, respectively.

12



• Finally, the <r.BR(H —> WW*) measurement requires a specific analysis for the
ZWW* final state, developed in Ref. 20. This six-jet final state can be selected
and fully reconstructed using the W, the Z and the Higgs boson mass constraints,
together with the energy-momentum conservation. An anti-b-tagging removes six-
jet events from e+e~ -> tt, allowing (7.BR(U -> WW*) to be determined with
a precision of ± 70%. This relatively large value is due to the small branching
ratio into WW* when mn = 110 GeV/c2. It improves to ± 45% and ± 25% when
ran = 120 and 140 GeV/c2, respectively. Although the branching ratio into ZZ*
is even smaller than the branching ratio into WW*, the same analysis could be
applied equally well to measure a.BR(R -»• ZZ*).

2.4 Summary

With a search for almost all the possible topologies arising from the WW fusion or from
the bremsstrahlung process, a standard model Higgs boson lighter than 130 GeV/c2

should be discovered within two weeks of running of a 500 GeV e+e~ linear collider
delivering 10 fb"1 per year. Less than six months suffice to cover the theoretically favoured
region 80 GeV/c2 & mn ^, 180 GeV/c2. The Higgs boson can then be clearly identified
thanks to the characteristic angular distributions originating from its O+ spin/parity.

With an integrated luminosity of 50 fb"1, which is foreseen in most of the present
linear collider designs to be produced in less than a year, a comprehensive study includ-
ing the precise determination of the mass and the measurement of the decay branching
fractions can be performed. In particular, the branching ratio of a 110 GeV/c2 Higgs
boson into bb can be determined with a precision of ± 3.5%, which would improve to
± 2% if the 50 fb"1 were accumulated at y/s = 300 GeV.

3 The Neutral Higgs bosons of the MSSM

In the minimal non minimal versions of the Standard Model, two Higgs doublets are
introduced which give masses to up-type quarks and down-type quarks separately. In
these models, the Higgs sector consists of five physical states, namely three neutral bosons
— two CP-even h and H, and one CP-odd A — and a pair of charged bosons H*. It can
be described by not fewer than six independent parameters: four Higgs boson masses,
the ratio v2/vi = tan /? of the vacuum expectation values of the two Higgs doublets, and
a, the mixing angle in the CP-even sector.

Predictions can therefore only be made in specific models, of which the most pop-
ular certainly is the Minimal Supersymmetric extension of the Standard Model [21](the
MSSM), the simplest of all possible supersymmetric models, in which only two parame-
ters are needed to determine all the other relevant quantities. In this section, those are
chosen to be tan 0 and the mass mA.

13



3.1 Masses, production and decays

When the Higgs potential is considered at tree-level, the MSSM provides well-known
mass relations [1] (nth < mz < HIH, nth < m\ < mn, mH i > mw). However, due to the
heaviness of the top quark, substantial radiative corrections [22] to m2, and m^ occur and
the dominant correction term can be parameterized as

t l / -i • q

flog H-387r2sin2/?mw

where mt is the top-quark mass and m^ the universal scalar mass term. For the typical
set of values mt = 140 GeV/c2 and m$ = 1 TeV/c2, this translates into a new mass
relation

mh < 110 GeV/c2 < mH,

as can be deduced from Fig. 9 where the two CP-even Higgs boson masses are shown
in the plane (mA,tan/ï). It should be mentioned that, evea with a top-quark mass
of 160 GeV/c2 or 180 GeV/c2, mh remains smaller than 120 GeV/c2 or 130 GeV/c2

respectively, for a scalar mass of 1 TeV/c2. This would not change the conclusions of the
following study.
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Figure 9: Masses of the two CP-even Higgs boson h (a) and H (b).

Besides the bremsstrahlung process and the WW
fusion, a new production mechanism, the pair pro-
duction e+e~ -V hA or e+e~ -» HA, is available in
two-doublet models.
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Six processes may therefore be kinematically open together: e+e~ —> hZ, hi/v and
HA on the one hand, the cross-sections of which are proportional to sin2(/? — a) , and
e+e" -v HZ, làvv and h A on the other, the cross-sections of which are proportional to
cos2(/? — a). As presented in Fig. 10, the plane (mA,tan/?) can be subdivided in four
different regions according to the value of sin2(/3 — a) .
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Figure 10: Contour lines for sin2(/? — a).

In region (1), mi, ~ 110 GeV/c2, e+e —̂  hZ and e+e~ —• hi/i/ occur with large
rates, and h is standard model-like since sin2(/? — a) is close to unity, while e+e~ -»
hA, HZ and Hi/P are suppressed accordingly, and e+e~ -> HA is kinematically
forbidden.

• In region (2), the situation is the same as in region (1), except that e+e —î
now open and large too, with mn ~ THA-

• In region (3), the situation is reversed since cos2 (/3 — a) is close to unity:

HA is

110 GeV/1C2, H is standard model-like, e+e
large rates, and so does e+e~ -> h A with nth ~
and e+e" -> HA are suppressed.

HZ and e+e+e~
while e+e~ -> hZ, e+e

Ri/P occur with
huv+e~

• In region (4), all processes are kinematically allowed. None occurs at the maximal
rate, but none is strongly suppressed either, and the three neutral Higgs bosons
have masses close to 110 GeV/c2.

Since cos2(/3 — a) -f sin2(/? — a) = 1, the sum over h and H of the cross-sections of
the bremsstrahlung and WW fusion processes is constant and equals the corresponding
standard model cross-section over the whole (mA,tan/?) plane. Provided that the decay
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modes do not differ strongly from the standard model ones, at least one ~ 110 GeV/c2

Higgs boson must therefore be discovered using the topological searches described in the
previous chapter, or the MSSM is ruled out.

This condition is fulfilled when the Higgs bosons cannot decay into supersymmetric
particles, i.e. when their mass is smaller than twice the mass of the LSP (the Lightest
Supersymmetric Particle). As an example, the branching ratios of h, H and A into bb
are shown below in the plane (m . tan/?).

5 -

O 100 200 300 400 500 0 100 200 300 400 500

0 100 200 300 400 500
m,(G*V/e")

Figure 11: Branching ratios into bb for h (a), H (b) and A (c).

An examination of Fig. 11 reveals the following:

• when the e+e~ —> hZ, hf v cross-section is large, the h —• bb branching ratio is
always larger than in the standard model;

• when the e+e" -* HZ, HfP cross-section is large, H -» bb dominates, except for a
light A where H decays essentially into an A pair, with AA -4 bbbb;
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• when e+e~ -> hA dominates, both h and A decay into bb in 90% of the cases;

• when e+e" -+ HA is open and dominates over e+e~ —• hA, A decays into bb in
90% of the cases, and so does H except for small values of tan /? where H decays
predominantly into an h pair, with hh —> bbbb.

As a consequence, all the previous searches using b-tagging still apply over the whole
parameter space for the bremsstrahlung and the WW fusion processes. Moreover; with
at least four b-jets in the final state, the searches for the pair-production processes can
also make the most of the b-tagging enrichment technique. The branching ratios into
T+T~ [14] closely follow the pattern of Fig. 11, making the r + r~qq final state useful both
in the bremsstrahlung process and in the pair production.

3.2 Discovery potential

As mentioned in the previous section, one light CP-even Higgs boson must be found
via the bremsstrahlung and the WW fusion processes, or the MSSM is ruled out. In
particular, the leptonic channel leads to exactly the same results as in the standard model
case, but with too small a branching ratio to be interesting for a discovery purpose.

3.2.1 Results in the four-jet topology

The analysis presented in Section 2.2.2 can be applied without any modification. In
regions (1), (2) and (3), only one standard model like Higgs boson is found with a mass
of 110 GeV/c2(see Fig. 12a). In region (4) both HZ and hZ are produced, leading to the
situation shown in Fig. 12b.

so 100 150 200
m. (G*V/c«)

200

Figure 12: Results in the four-jet topology (a) in regions (1), (2) and (3); and (b) in
region (4) for mA = 115 GeV/c2 and tan/? = 10.
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Figure 13:
Jet-pair masses in the bbbb final state.

The same preselection as in Section 2.2.2 may
be used to select the four-jet topology arising
from the pair production. The requirement
that a jet-pair be compatible with mz has to
be abandoned, and the cut on Xww *s removed
to keep a large efficiency when the Higgs bo-
son masses are close to TOW- The WW, ,ZZ
and qq backgrounds are rejected by requiring
that the two jet-pairs be tagged as bb-pairs.
The result obtained when m A = 150GeV/c2

and tan /? = 10 is shown in Fig. 13

Instead of presenting the results as in Fig. 13 with one recomputed jet-pair mass vs
the other (three entries per event), a cut can be made around the diagonal of this plot
so that the two jet-pair masses closest to this diagonal are reported in a one-dimensional
distribution. This has been done for WÎA = 180 and 210 GeV/c2 and for tan /9 = 10 in
Fig. 14. With 10 fb~\ e+e~ -» HA can be seen up to mA ~ 230 GeV/c2.

Ï

250 50 100 150 200 250
(m,,+mM)/2 (G»V/c*)

Figure 14: Results in the bbbb final state for (a) TOA = 180 GeV/c2 and tan P = 10 and
(b) mA = 210 GeV/c2 and tan/? = 10 .

3.2.2 Results in the r + r ~ q q final state

Since h, H and A decay into r+r~ in 8% of the cases in most of the parameter space, the
r + r~qq search developed [14] in Section 2.2.3 is efficient without any modifications for

hZ, HZ, hA and HA.e+e
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The result of this topological search is shown in Fig. 15 for tan (3 = 10, in region (4)
with mA = 120 GeV/c2 and in region (2) with mA = 180 GeV/c2. The three Higgs
bosons h, H and A show up together with this single analysis in regions (2), (3) and (4),
up to mA ~ 200 GeV/c2 with an integrated luminosity of 10 fb"1. For larger A masses,
i.e. in region (1), a single peak at 110 GeV/c2 is observed.

100 150 200
nv-or m, (CeV/c*)

100 150 200
m » or nv (GeV/c1)

Figure 15: Results in the r+ r~qq final state for (a) mA = 120 GeV/c2 and tan/3 = 10
and (b) mA = 180 GeV/c2 and tan (3 = 10 .

3.2.3 The case of invisible decays

All the previous results may be spoiled if the LSP, commonly assumed to be the lightest
neutralino Xi ls light enough for the Higgs bosons to decay into XX> m which case the
corresponding branching ratio may become dominant [23]. In this configuration, the
pair production e+e" ->• hA or HA leads to a purely invisible final state, and cannot be
detected. The bremsstrahlung process e+e~ -» hZ or HZ produces a final state with a Z
accompanied by the missing energy carried away by the neutralino pair.

The cleanest topology arises in the leptonic chan-
nel Z —»• e+e~ ,fi+[i~ and can be selected [14] as
an acoplanar pair of energetic, identified leptons,
compatible with the Z mass and with a large miss-
ing momentum traverse to the beam direction.
The mass of the Higgs boson can be recomputed
as recoiling against the observed lepton pair. Since
the resolution on this missing mass improves when
y/s is small, it is preferable to perform this search
at y/s = 300 GeV.
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For this centre-of-mass energy, the cross-section of the process e+e~ —• Tiisv is tiny,
whereas it would be the dominant background source at 500 GeV. Here, the major
background is e+e~ -» ZZ when one of the two Zs decays into a neutrino-pair. Altogether,
120 background events are expected with an integrated luminosity of 10 fb"1, for a signal
efficiency of 50%. The missing mass distribution is shown in Fig. 16 for Higgs boson
masses of 110 and 140 GeV/c2, assuming the standard model production cross-section.
To conclude, the neutral Higgs bosons of the MSSM remain "visible" even when the
invisible decay is dominant.

«30

20 -

10 -

G5 Bochground

OSignol

. . . a j-ofisBS

i1
50 100 150 200

Missing moss (GeV/c1)
50 100 150 200

Missing mûss (Gev/c1)

Figure 16: Distribution of the missing mass when the invisible decay is dominant for a
Higgs boson mass of (a) 110 GeV/c2 and (b) 140 GeV/c2.

3.3 Can the standard model and the MSSM be disentangled?

In the situation of Section 3.2.3, the simultaneous discovery of a Higgs boson, identifiable
thanks to the angular distribution of the leptons from the Z decays (see Section 2.3.2)
and of a new, invisible, heavy particle would automatically rule out the minimal standard
model since it does not predict any invisible Higgs boson decay. This most favourable
case is therefore not discussed further.

In the opposite case where no decays into supersymmetric particles are open, the
standard model and its minimal supersymmetric extension can be distinguished in a
large part of the (mA,tan/3) plane, as shown in Fig 18:

• in most of region (3) from the observation of the pair production e+e~ ->• hA at
LEP200 [3], if mA £ 85 GeV/c2;

• in region (4), from the simultaneous observation of e+e~ —> hZ and e+e~ —>• HZ in
the four-jet topology;

20



in region (2), and in a redundant way, in regions (3) and (4), from the observation
of e+e~ -+ hA or e+e" -t HA in the bbbb and r + r "qq final states;

• in a part of region (1), from the precise
measurement of cr.BR(h —> bb) (see Sec-
tion 2.3.4), the predicted values of which
are different in the MSSM and in the stan-
dard model. With an integrated lumino-
sity of 50 fb"1 accumulated at 300 GeV,
this measurement can reach a statistical
precision of ± 2%, to be compared with
the excess of h —> bb events predicted in
the MSSM with respect to the standard
model expectation, as shown in Fig. 17.
This would naively allow the MSSM to
be identified for tan /S ^ 5 up to m^ ~
450 GeV/c2. Unfortunately, the b-quark
constituent mass is by far not yet known
with a sufficient precision, and neither are
the QCD radiative corrections to the bb
decay of the Higgs boson.
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Figure 17:
Excess of h -> bb events
predicted in the MSSM.

The situation is summarized in Fig. 18: for large values of JTOA (typically above
300 GeV/c2) the standard model and the MSSM cannot be disentangled via the neutral
Higgs sector. It should be reminded that, even in this configuration, a light, standard
model-like Higgs boson must be found, or the MSSM is ruled out.

0 100 200 300 400 500

mA(GeV/ca)

Figure 18: Domains of the (mA,tan/3) plane where the standard model and the MSSM
can be distinguished
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4 The charged Higgs bosons of the MSSM

4.1 Masses, production and decay

As mentioned in the introduction of Chapter 3, any two Higgs doublet model gives rise
to a pair of charged Higgs bosons H* in addition to the three neutral ones, h, H and A.
In the MSSM, their mass is given by the simple tree-level relation [24]

Since they are heavier than the W, they cannot be directly probed at LEP200 and a
500 GeV e+e~ collider provides a unique opportunity of discovery over a wide mass
domain.

The direct pair production cross-section is large and independent of tan /?: between
100 and 1000 events are expected with an integrated luminosity of 10 fb"1 as long as
mH± ^ 220 GeV/c2. Another production mechanism is open if the top-quark is suffi-
ciently heavy (mt > mH± + mi,) for the decay mode t -> bH+ to compete with the
standard model decay mode t -> bW+. For instance [23], if mt = 140 GeV/c2 and
mH± = 100 GeV/c2, the top branching ratio into bH+ can be as large as 30% for small
and large values of tan /3 and never falls below 2%.

Figure 19: Production mechanisms of the charged Higgs bosons.

The decay modes of the charged Higgs bosons also depend on whether they are heavier
or lighter than the top-quark. If mH± %, mt + m^, the two prominent decay modes are
H+ —¥ T+vT and H+ -> cs, assuming that no decays to supersymmetric particles are open.
Actually, the branching ratio into T+vT dominates except for values of tan/? close to one.
Above m t + mt>, the branching ratio into tb is large irrespective of the tan /3 value..

4.2 Discovery potential

Specific searches have been developed for this workshop both for the direct pair produc-
tion [25] and for anomalous decays of the top-quark [26].
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4.2.1 Search in e+e" -» tt

In contrast to W+ , the charged Higgs boson H+ never decays into e+i/e or //+fM, but
predominantly into T+UT as mentioned above. A violation of the leptonic universality,
or more precisely a deficit of electrons and muons, in the semi-leptonic decays of the
top-quark would therefore constitute an indirect proof of the existence of charged Higgs
bosons. For m t = 140 GeV/c2, the domain of the parameter space explored this way with
an integrated luminosity 50 fltr'at y/s = 500 GeV is shown in Fig. 21 in the (mA,tan/3)
plane. This concerns A masses below ~ 100 GeV/c2, i.e. H* masses below ~ 130 GeV/c2.

4.2.2 Search in e+e" -» H+H"

For mH± £ mt + mt>, three topological searches have to be developed to address the three
possible final states H+H" -> T+VTT~UT, T+UTCS and cscs. Using techniques already devel-
oped for LEP200 [27] these analyses enlarge, with an integrated luminosity of 10 fb"1, the
domain already explored by the method presented in the previous section (see Fig. 21).
The result of the cscs search is shown in Fig. 20a for mH± = m t = 180 GeV/c2 (the
precise value of the top-quark mass if of no consequence here), and assuming a H+ -> cs
branching ratio of 100%.

5 -

IM IH M IN IN IN SI Ut IH IM IM 14« IM IM 2M IM 24« IM
ncMMtncM krarlml M M (G* V)

Figure 20: Distribution of the recomputed H* mass (a) in the cscs final state for mH± =
mt and (b) in the tbtb final state for mH± = 180 GeV/c2 and m t = 140 GeV/c2, with
10 fb"1 at 500 GeV.

For mH± £ m t + rnt,, the dominant decay mode H+H" -> tbtb leads to very peculiar
events with eight jets, and therefore with an accordingly large number of particles and a
low thrust value. The b-tagging enrichment technique can be applied to take advantage
of the four b-jets in the final state. Finally, the top and the W mass constraints and the
total energy-momentum conservation can be used to recompute the charged Higgs boson
mass, with the additional requirement that mH+ = mH-. The result is shown in Fig. 20b
for mH± = 180 GeV/c2 and m t = 140 GeV/c2, with an integrated luminosity of 10 fb~l
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and assuming a 100% H+ -»• tb branching ratio. This extends the domain of the plane
(mA,tan/?) where the charged Higgs bosons can be discovered up to raA ~ 200 GeV/c2

(see Fig. 21), thus adding some redundancy for the distinction between the standard
model and the MSSM, and for the possible identification of the MSSM.

100 200 300 400 500
mA (GeV/ca)

Figure 21: Domains of the (mA,tan/?) plane where the charged Higgs bosons of the
MSSM can be discovered.

5 Conclusions

A 500 GeV e+e~ linear collider is ideal to find and study the standard model Higgs boson,
in particular in the mass region 80 GeV/c2 & mn & 180 GeV/c2, theoretically favoured
by GUT prejudice,

• with a small integrated luminosity, typically 1 Ib - 1 , for the discovery;

• with no need of an outstanding detector;

• with any of the present collider designs;

• with a large flexibility on the choice of the centre-of-mass energy;

thus providing a tool complementary to hadron colliders, LHC and SSC.

With such a machine, the MSSM parameter space can be covered without any ambi-
guity, even in the case of an "invisible" Higgs boson, irrespective of the top-quark mass
value: at least one light, CP-even Higgs boson must be found, or the MSSM is ruled out.
Furthermore, the MSSM and the standard model can be distinguished if m& %, y/s/2 —
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a region which cannot be explored by the hadron colliders — with an integrated luminos-
ity not larger than 10 fb"1, through the simultaneous discovery of the five Higgs states,
h, H, A and H*. Finally, and provided that the b-quark mass be known with a precision
better than the percent, this distinction could be done beyond this kinematical limit with
a larger luminosity, typically 50 fb"1 at y/s = 300 GeV, with the precise measurement of
the k -*• bb branching ratio.
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