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ABSTRACT

The Higgs sector in the Standard Model and supersymmetric theories can be explored in an ideal way at e*e™ colliders.
Operating in a first phase between 300 and 500 GeV, the detection of the Higgs particles in the important intermediate
mass range is easy, and the profile of the particles, mass, quantum numbers and couplings, can be determined completely.
Increasing the collider energy in a second phase to about 2 TeV, the entire range can be sweeped up to Higgs masses

of more than 1 TeV.

1. Introduction

The Higgs mechanism is a cornerstone in the elec-
troweak sector of the Standard Model [SM]. The fun-
damental particles, leptons, quarks and gauge particles,
acquire masses through the interaction with a scalar
field [1]. To accommodate the well-established electro-
magnetic and weak phenomena, the mechanism requires
the existence of at least one weak isodoublet scalar field.
After absorbing three Goldstone modes to build up the
longitudinal WE,ZL states, one degree of freedom is
left—over that corresponds to a real physical scalar par-
ticle. Even though the value of the Higgs mass cannot
be predicted in the Standard Model, constraints can
nevertheless be derived if we assume that the model can
be extended up to a scale A before perturbation theory
breaks down and new dynamical phenomena emerge [2].
In particular, if the Higgs mass is less than 200 GeV,
the Standard Model can be extended up to the GUT
scale of ~ 10! GeV with particles interacting weakly,
a prerequisite to the rencrmalization of sin® dw from
the symmetry value 3/8 down to ~ 0.2 at low ener-
gies. Since vacuum stability sets a lower limit of ~ 100
GeV to the Higgs mass for a top mass of ~ 140 GeV,
a rather narrow window between 100 and 200 GeV is
predicted for the Higgs mass as the theoretically most
likely scenario in the Standard Model. Once the mass
is fixed, the profile of the SA1 Higgs particle is deter-
mined completely. From the decay properties and the
production cross sections, the quantum numbers of the

Higgs particle and the couplings to matter and gauge

particles, related to the nature of the Higgs mechanism
per se, can be determined.

Supersymmetric theories provide a natural mechanism
for retaining light Higgs particles in the background of
high GUT energy scales [3]. In the minimal supersym-
metric extension of the Standard Model [MSSM], two

* isodoublet scalar fields must be introduced, leading to

two CP—-even neutral bosons A° and H?, a CP—odd neu-
tral boson A® and a pair of charged Higgs bosons H*.
The observed value of sin® 9w has been predicted accu-

rately in this theory [4]. The mass of the lightest Higgs
boson h® is bound by the Z mass, modulo radiative
corrections of a few tens of GeV [5]. [Triviality bounds
similar to the SAM4 Higgs sector suggest an upper limit
of ~ 150 GeV for supersymmetric theories in general
[6].] The masses of the heavy neutral and charged Higgs
particles are expected in the range of the electroweak
symmetry breaking scale. Apart from cascade decays,
the main decay modes of the neutral Higgs particles
are bb decays and to a much lesser extent 7+~ decays.
[The gold—plated ZZ SM decays play a minor réle.
SUSY Higgs particles can be generated through a va-
riety of mechanisms at ete™ colliders, Higgs strahlung
and fusion as well as pair production. Since these mech-
anisms are mutually complementary to each other, they
allow us to cover the entire parameter range so that the
supersymmetric Higgs sector can stringently be tested
and thoroughly be explored at these colliders.

2. The Higgs Boson in the Standard Model

The main production mechanisms for Higgs parti-
cles in ete~ collisions are Higgs strahlung off the Z
boson line (7]

ete = (Z)—-Z+H
and the fusion process [8]

ete” - vu(WYW™) - TvH

[Additional production processes include ZZ fusion (8}
etem — ete™(Z22) — ete H, three—particle final
states in e*e~ annihilation [9] ete™ — WHW™H etc.,
ey scattering {10] ey — vW H and yvy fusion [11} vy —
H with the high energy photons generated by Compton
back-scattering of laser light.] After reaching a maxi-
mum at ~ mgz + v2mpy, the cross section for Higgs
strahlung falls off with the energy ~ s~! so that this
process is dominant for moderate values of \/s/my [12,
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13). By contrast, the fusion cross section grows asymp-
totically ~ m.,_vzlog s/ mf,; this process is the most im-
portant source for Higgs particles at high energies [14].
The cross sections, shown in Fig.l for c.m. energies
V3 = 300 and 500 GeV, are of order 100 fb each so
that ~ 4,000 Higgs particles will be generated in the
intermediate mass range for an integrated luminosity
of fL£ =20 fb~! per year. Missing mass techniques
in Higgs strahiung, refined by p—vertexing to reject the
Z Z background, provide a very eflicient experimental
method to detect the Higgs particle in the intermediate
mass range, Fig. 2, or to rule out the particle in this
range with certainty. In WW fusion the Higgs parti-
cles can be detected by collecting the hadronic decay
products {18].
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figure 1: Production cross sections for Higgs strahlung
and fusion in the Standard Model.
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Figure 2: Missing mass distribution in Higgs strah! pro-
duction; from Ref.[15].

The angular distribution of the Z/H bosons in the
Higgs strahl process is sensitive to spin and parity of
the Higgs particle [12]. For high energies the Z bo-
son is produced in a state of longitudinal polarization
— in accordance with the equivalence theorem — so
that the angular distribution approaches asymptotically
the sin?9 law. By contrast, the production of a pseu-
doscalar particle would render the associated Z boson
transversely polarized, with the angular distribution
1 + cos? ¥ independent of the energy, Fig.3.
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Figure 3: Angular distribution of the Higgs strahl pro-
cess ete™ — ZH, confronted with pseudoscalar particle
production and ZZ background final states [12].

By measuring the couplings of the Higgs boson to
gauge particles, leptons and quarks, it can experimen-
tally be verified most directly that fundamental par-
ticles acquire masses through the interaction with the
Higgs field. The HZZ and HWW couplings determine
the magnitude of the cross section for Higgs strahlung
and fusion. For Higgs masses below ~ 150 GeV, the
measurement of the branching ratios for bb, 777 c¢
and W+ W~ decays, Fig.4, will allow us to derive the ra-
tios of the corresponding Yukawa couplings; by combin-
ing these ratios with measurements of the gauge boson
couplings through the production cross sections, the ab-
solute values of the coupling constants can be deduced.
The Hit coupling, especially interesting because of the
large top mass, can be determined indirectly from Higgs
decays to gluons and photons, or equivalently from the
94,77 — H fusion processes at hadron and yv colliders,
which are mediated by top quark loops. The measure-
ment of this Yukawa coupling can be performed directly
if the Higgs mass is large enough for Higgs decays to
top quark pairs [18], or if the mass is small enough

< 120 GeV to allow for sufficiently large rates of the
bremsstrahl processes ete™ or vy — t1H [19].
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Figure 4: Measurement of the branching ratios for SM

Higgs decays into WW, bb, 7+ 7~ and ce+gg final states,
from Ref.[17].

3. The Supersymmetric Higgs Sector

Decays of Higgs particles in supersymmetric theo-
ries can be catalogued in three classes [20]. (i) Neu-
tral Higgs particles decay primarily into bb and T
pairs among the SM particles (with branching ratios
of order 90 and 10 %, respectively) since the couplings
to down—-type fermions are generally enhanced over the
up-type fermions. Charged Higgs particles decay pref-
erentially7into 7w, pairs and td pairs if kinematically
possible. (ii) For small tg# in particular, one of the
mixing parameters in the MSSM Higgs sector, cas-
cade decays like H% — hPh® etc. can play a major réle
with branching ratios up to ~ 50 %. (iii) Among the su-
persymmetric channels, decays into gauginos/higgsinos,
x? x?, vel x; etc., are most likely to occur since the non-
colored states are presumably the lowest—mass states in
the SUSY sector. If allowed kinematically, the branch-
ing ratios for these decays can range from a few to
nearly 100 %. In particular, invisible decays into the
lightest supersymmetric particle, A% — x7x{, could be
very important [20, 21]. These modes are nevertheless
easy to detect at ete™ colliders by missing mass tech-
niques.

The main production mechanisms of neutral Higgs
bosons at ete™ colliders are the standard Higgs strah-
lung /fusion processes as well as pair production {20],

ete™ — (2)—Z+h%/HS
etem = (Z)— A"+ R/H®
efem — wW(WW)—or+ he/HO

The pseudoscalar Higgs boson A’ does not couple to

gauge bosons directly. The cross sections

o(Zh%) ~sin®(f—-a) o(A%R%) ~ cos?(f — a)
o(ZHO) ~ cos*(f — a) o(A°H®) ~ sin®(8 - a)

are mutually complementary to each other, with the
overall size set by the SAM cross section, Fig.h. As
a result, the lightest neutral Higgs particle h® will be
produced with certainty. Moreover, since the processes
ete~ — Z + h%/H sweep the entire MSSM param-
eter space, the discovery of at least one Higgs particle
is possible by missing mass techniques even if the main
decay modes are invisible.
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Figure 5: Production cross sections of the SU/S) .neu-
tral Higgs bosons in ete™ collisions as a function of the
mass [in GeV] for tg8 = 20; Ref [20].

Charged Higgs bosons can be identified in top decays
at pp/pp and ete~ colliders,

t sb+ HT

if the HT boson is light enough. Since the preferred
decay mode H* — +% v, breaks e, vs. T universality,
the particle can be searched for down to branching ra-
tios of order 1% [22]. If the Higgs mass is larger than
the top mass, the only clean channel available is pair
production in ete™ collisions,

ete- - HY 4+ H™

leading preferentially to (£b)(f4) final states. In these
modes, charged Higgs particles can be detected with
masses up to the beam energy [23].

The existence of opposite parity states in two—doub-
let Higgs models demands a discriminating measure-
ment of this external quantum number. The only known
way in practice is presumably the spin asymmetry in




the Higgs fusion by linearly polarized photon beams
[24, 25]. The production amplitudes are characteristi-
cally different,

Myy = h/HO[OF]) ~ &1 - &
M(yy — A°07)) ~ £1 X £

so that beams of parallel/perpendicular spins can gen-
erate only 01 /0~ states, respectively. The linear spin
polarization is transferred in Compton back—scattering
of polarized laser light to the photon beam up to ~
30% for the maximum v energy [26]. The measured
asymmetry,

- - - doll — dot
Y A0 ) =
A7) = -4(07) = doll 4 dot

[of opposite sign for 07 and 0~ states] is therefore pre-
dicted to reach a maximum of ~ 11% at the upper end
of the luminosity spectrum, Fig.6.
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Figure 6: Polarization asymmetry for the production
of scalar and pseudoscalar Higgs particles in -y~ fusion,
with photons generated by Compton back—scattering of
linearly polarized laser light; Ref.[25].

MSESEM uvs. SM

If for a given tgJ the mass of the lightest neutral
Higgs particle approaches its maximum value, the mas-
ses of the H°/A%/H* bosons move to infinity. As a
result, these particles decouple from the system and
the properties of the h? Higgs boson become SM like.
The SUSY Higgs sector can therefore be discriminated
from the SA Higgs sector only in the low mass range
[20, 16], (1) if for a given top mass the h° mass is smaller

than the bound derived from vacuum stability in the
SM [27); (ii) if for m (H°/A®/ H¥*) less than the beam
energy several Higgs states can be observed; or (iii) if
the decay branching ratios, for b in particular, and the
production cross sections are sufficientiy different from
the SM prediction, i.e. for m,4 less than ~ 250 GeV.

4, Conclusions

ete™ linear colliders with energies between 300 and
500 GeV are ideal instruments to search for the Stan-
dard Model Higgs boson in the theoretically very im-
portant intermediate mass range. The profile of the
particle can be scanned completely; the external 77¢=
0++ quantum numbers can be determined as well as the
couplings to the fundamental matter and gauge parti-
cles, intimately related to the Higgs phenomenon per
se.

The same characteristics apply to the Higgs sector in
the supersymmetric extension of the Standard Model.
The lightest neutral Higgs particle can be found with
certainty, the other neutral and charged Higgs states
can be searched for masses up to the beam energy. An-
ticipating the operation of linear colliders in the second
phase with c.m. energies up to ~ 2 TeV, it is clear that
also the entire S.SY Higgs sector can thoroughly be
explored in these machines. Laser generated polarized
7y collisions will be important for measurements of the
parity of the Higgs particles. While the minimal ver-
sion of the Higgs sector in supersymmetric theories has
been elaborated at great detail, the essential elements
of these patterns transfer to more barogque SUSY real-
izations in general.
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