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Abstract

We investigate the Higgs boson sector of the Minimal Supersymmetric Standard Model (MSSM)
in the framework of the three most prominent soft SUSY-breaking scenarios, mSUGRA, mGMSB
and mAMSB. For each scenario, we determine the parameters at the electroweak scale from the
set of input variables at higher energy scales (depending on the specific scenario) and evaluate the
Higgs boson properties. The latter are based on results obtained within the Feynman-diagrammatic
approach by taking into account the complete one-loop and the dominant two-loop contributions. The
maximum value of the mass of the lightest neutt&-even MSSM Higgs bosomy;,, is determined
in the three scenarios, and the behavior of the Higgs couplings to fermions and gauge bosons is
investigated. Restrictions on t&nand on the set of higher-energy scale parameters are derived
from the lower limits arising from the Higgs search at LEP2. We furthermore discuss the regions
of parameter space in the three scenarios compatible with interpreting the excess observed at LEP2
as a Higgs signaln;, = 1157%‘8 GeV. The case where the events observed at LEP2 could originate
from the production of the heavier neutésP-even Higgs boson is also considered. The implications
of a possible Higgs signal at 115 GeV for SUSY searches at future colliders are briefly discussed for
each of the three scenaria$2002 Elsevier Science B.V. All rights reserved.
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PACS. 12.60.Jr; 12.60.Fr; 14.80.Ly

1. Introduction

The search for the light neutral Higgs boson is a crucial test of Supersymmetry
(SUSY) that can be performed with the present and the next generation of high-energy
colliders. The prediction of a relatively light Higgs boson is common to all supersymmetric
models whose couplings remain in the perturbative regime up to a very high energy
scale [1]. Finding the Higgs boson is thus one of the main goals of today’s high-energy
physics. The data taken during the final year of LEP running/at> 206 GeV, while
establishing a 95% C.L. exclusion limit for the Standard Model (SM) Higgs boson of
mpy > 1135 GeV, showed at about therJevel an excess of signal-like events over the
background expectation which is in agreement with the expectation for the production of
a SM Higgs boson ofny = 11553 GeV [2]. A Higgs mass value of about 115 GeV
would indicate that the SM can only be valid up to a scale 10° GeV (or the vacuum
must me meta stable), since new physics contributions are necessary in order to prevent
the effective Higgs potential from becoming unstable [3]. In the Minimal Supersymmetric
Standard Model (MSSM), on the other hand, the mass of the lighfestven Higgs boson,
my, is bounded from above by, < 135 GeV [4] (taking into account radiative corrections
up to two-loop order [4-13]). The effective Higgs potential is stabilized by contributions
of the SUSY partners of the SM patrticles [14]. Within the MSSM, the LEP excess can
be interpreted as the production of the lighté#t-even Higgs boson, which over a wide
parameter range has SM-like couplings, or of the he@#eeven Higgs boson, in a region
of parameter space where ti®-odd Higgs bosom is light and the ratio of the vacuum
expectation values of the two Higgs doublets,gais relatively large.

In the MSSM no specific assumptions are made about the underlying SUSY-breaking
mechanism, and a parameterization of all possible SUSY-breaking terms is used. This
gives rise to the huge number of more than 100 new parameters in addition to the
SM, which in principle can be chosen independently of each other. A phenomenological
analysis of this model in full generality would clearly be very involved, and one usually
restricts to certain benchmark scenarios [15]. On the other hand, models in which all
the low-energy parameters are determined in terms of a few parameters at the Grand
Unification scale (or another high-energy scale), employing a specific soft SUSY-breaking
scenario, are much more predictive. The most prominent scenarios in the literature are
minimal Supergravity (nNSUGRA) [16,17], minimal Gauge Mediated SUSY Breaking
(mGMSB) [18] and minimal Anomaly Mediated SUSY Breaking (mMAMSB) [19-21].
Analyses of the Higgs sector in these scenarios have been performed [22-28], mostly
focusing only on the maximum value af;,. Within the mSUGRA scenario more recently
some implications of the LEP2 results on the Higgs search have been investigated in the
context of further constraints arising from the requirement that the lightest Supersymmetric
particle (LSP) should give rise to an acceptable dark matter relic density, and that the
predictions of the model should be in agreement with the experimental resuits>osy
and the anomalous magnetic moment of the muon.
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In this paper we investigate in detail the predictions in the Higgs sector arising
from the three SUSY-breaking scenarios mMSUGRA, mGMSB and mAMSB. We relate
the input from these scenarios in a uniform way to the predictions for the low-energy
phenomenology in the Higgs sector, allowing thus a direct comparison of the predictions
arising from the different scenarios. The high-energy parameters given in the three
scenarios are related to the low-energy SUSY parameters via renormalization group (RG)
running, taking into account contributions up to two-loop order. After transforming the
parameters obtained in this way into the corresponding on-shell parameters [29-31], they
are used as input for the programeynHiggs [32], which contains the complete one-
loop and dominant two-loop corrections in the MSSM Higgs sector evaluated in the
Feynman-diagrammatic (FD) approach [4,5,33]. Further restrictions such as from precision
observables and the non-observation of SUSY patrticles are also taken into account. Based
on these predictions for the Higgs sector phenomenology, we analyze the consequences
of the results obtained from the Higgs search at LEP on the parameter space of the
three scenarios. This is done by considering both the LEP exclusion bound [34] and the
interpretation of the LEP excess as a possible signal. For the latter case we furthermore
discuss the corresponding spectra of the SUSY particles in view of the SUSY searches at
the next generation of colliders.

The rest of the paper is organized as follows. In Section 2 the three soft SUSY-breaking
scenarios as well as the evaluation of &y@-even Higgs boson sector of the MSSM are
briefly reviewed. Details about the combination of renormalization-group equation (RGE)
and FD calculation are given, and the parameter restrictions used are listed. The description
of our data sets and the numerical analyses for the three scenarios is given in Section 3.
The conclusions can be found in Section 4.

2. TheHiggs sector in soft SUSY-breaking scenarios

The fact that no SUSY partners of the SM particles have so far been observed means
that low-energy SUSY cannot be realized as an unbroken symmetry in nature, and
SUSY models thus have to incorporate extra supersymmetry breaking interactions. This
is achieved by adding to the Lagrangian (defined by the givei8BUx SU(2);, x U(1)y
gauge symmetry and the superpotentig]l some extra interaction terms that respect the
gauge symmetry but break supersymmetry. This breaking, however, should be such that
no quadratic divergences appear and the technical “solution” to the hierarchy problem
is not spoiled. Such terms are generally called “soft SUSY-breaking” terms. The most
general supersymmetry breaking interaction Lagrangian resulting from spontaneously
broken Supergravity in the flat limitfp — oo, whereMp is the Planck mass) contains just
four types of soft SUSY-breaking terms [35], i.e., gaugino masgég;-scalar masses,
®PP-scalar cubic superpotential interactions abd-scalar quadratic superpotential
interactions. Assuming tha-parity [36,37] is conserved, which we do in this paper for all
SUSY-breaking scenarios, reduces the amount of new soft terms allowed in the Lagrangian.
Choosing a particular soft SUSY-breaking pattern allows further reduction of the number
of free parameters and the construction of predictive models.
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In this section, we first explain how we employ the principle of radiative electroweak
symmetry breaking (REWSB). Then we introduce the three most commonly studied soft
SUSY-breaking scenarios and describe the general method used to derive predictions for
the low-energy Higgs sector, which applies to all scenarios.

2.1. Radiative electroweak symmetry breaking

The investigation of REWSB in the MSSM [38] relies on a RG analysis. The Higgs
boson “running” mass-squared matrix, although positive definite at large energy scales
of the order of the Grand Unification scalgyT, yields a negative eigenvalue at low
energies causing the spontaneous breakdown of the electroweak (EW) symmetry. The
result can be interpreted as a predictionMf# in terms of parameters at a large energy
scale. Alternatively, one can considéfi; as being determined by experiment and derive
in this way the absolute value of theparameter (which defines the coupling of the two
Higgs doublets) as well as the value of the bilinear soft-SUSY breaking parameter
a scale in the vicinity of the EW scale, from the minimization conditions of the effective
potential,

m, —mé tarrg 1

2 _ T2
WO = — oty SMZ(Q), (1)
(2 + m3) sin 28
B(Q)=——+—2—— 2
Q) 20(0) )

whereQ is derived from the scalar fermion sector. It is usually chosen such that radiative
corrections to the effective potential are rather small compared to other scales. In Egs. (1),
(2) tanB = vz /vy is the ratio of the two vacuum expectation values of the Higgs figlgls

and H; responsible for giving masses to the up-type and down-type quarks, respectively.
In Egs. (1), (2), taB is evaluated at the scatg, from the scale\fz, where it is considered

as an input parameténBy mH = mH + X, in Egs. (1), (2) we denote the radiatively
corrected “running " Higgs soft-SUSY breaking masses and

m?=m? +u+ 2, =m? +u? (=12), (3)
where X, are the one-loop corrections based on the 1-loop Coleman-Weinberg effective

potentialAV, 2y, = 528V,

2 2 2
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Here J, is the spin of the particle, C, are the color degrees of freedom, a2d = 1(2)

for real scalar (complex scalagp,, = 1(2) for Majorana (Dirac) fermions? is the energy
scale and thé{, are the field dependent mass matrices. Explicit formulas ofifyeare
given in Appendices of Refs. [40,41]. In our analyses contributions from all SUSY particles

1 see, for example, the discussion in Appendix of Ref. [39] or in Ref. [6].
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at the one-loop level are incorporateith M% here we denote the tree level “running”
Z boson massM2(Q) = 3(g? + g2)v? (v2 = v2 + v2), extracted at the scal@ from its
physical pole masa7; = 91.187 GeV. The REWSB is fulfilled, see Section 2.6.3, if and
only if there is a solution to the Egs. (1), ().

2.2. mMSUGRA

A dramatic simplification of the structure of the SUSY-breaking interactions is
provided either by Grand Unification assumptions or by Superstrings. For example, SU(5)
unification implies at tree level equality relations between the scalar soft-SUSY breaking
massesng = mg. = mg, andm; = mp., equality between the soft breaking gaugino
masses1 = M> = M3 and for two of the trilinear soft breaking couplings; = A.. On
the other hand, SO(10) unification implies equality of all scalar particle masses, equality
of Higgs masses and equality of the three types of trilinear couplings. The simplest
possible choice at tree level is to take all scalar particle and Higgs masses equal to a
common mass paramet&fy, all gaugino masses are chosen to be equal to the parameter
M3/, and all trilinear couplings flavor blind and equal 4. This situation is common
in the effective Supergravity theories resulting from Superstrings but there exist more
complicated alternatives. Interestingly, the contribution of the family-anomalous U(1)
universalD-term to the scalar quark masses may be intra-family non-universal, and may
differ from the usually assumed universal boundary conditions [42]. Another alternative
are, for example, Superstrings with massless string modes of different modular weights
that lead to different scalar particle masses at tree level [43]. Thus, it seems that in almost
all the “realistic” models motivated by Grand Unified Theories (GUTSs) or Superstrings the
universality assumption is broken and each of these models has to be addressed separately
in order to study its phenomenology at low energies. On the other hand, one should
note that such non-minimal alternatives like flavor-dependent scalar particle masses are
constrained by limits on Flavor Changing Neutral Currents (FCNC) processes. In what
follows, we shall therefore consider the simplest (and most commonly used) case of the
three parameters at the GUT scale, namifly, M1,> and Ao, which is usually called the
MSUGRA scenario.

In order to solve Egs. (1), (2), i.e., in order to impose the constraint of REWSB, one
needs as input ta®(Mz) and sigrin). The running soft SUSY-breaking Higgs mass
parametersiny, andmpy,, are defined at the EW scale after their evolution from the
GUT scale where we assume that they have a common vilyidn addition the radiative
corrections),; to the minimization conditions Eq. (4) are defined from the low-energy

2 The corresponding two-loop corrections are not available yet. Assuming the size of these unknown higher-
order corrections to be of the same size as for the Higgs-boson mass matrix, see Section 2.5, the resulting values of
u andB could change by 5-10%. These parameters will serve as input for our numerical analysis in Section 3.
The possible changes would hardly affect our results obtained in the Higgs-boson sector and only mildly affect
the analysis of SUSY particle spectra in Section 3.5.

3 Sometimes in the literature, the requirement of the REWSB is described by the ineqt%(l@m%(Q) —
|k(Q)B(Q)|? < 0. This relation is automatically satisfied here from Egs. (1), (2) and from the fact that the
physical squared Higgs masses must be positive.
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SUSY spectrum and the masses of the SM particles, which in turn means knowledge
of Mo, M1/ and Ag at the GUT scale. Thus, apart from the SM masses provided by
the experimental data [44], 4 parameters and a sign are required to define the MSUGRA
scenario:

{Mo, M1/2, Ao, tang, sign(u)}. %)

In our numerical procedure we employ a two-loop renormalization group analysis for
all parameters involved, i.e., all couplings, dimensionful parameters and VEVs. We start
with the MS values for the gauge couplings at the sadle, where for the strong coupling
constanty; a trial input value in the vicinity of 0.120 is used. TNES values are converted
into the correspondin®R ones [45]. TheMS runningh andt masses are run down to
mp = 4.9 GeV, m; = 1.777 GeV with the SWB)¢ x U(1).,, RGEs [46] to derive the
running bottom and tau masses (extracted from their pole masses). This procedure includes
all SUSY corrections at the one-loop level and all QCD corrections at the two-loop level
as given in Ref. [41]. Afterwards by making use of the two-loop RGEs for the running
massesi,, in., we run upwards to derive theMS values a7, which are subsequently
converted to the correspondif¥R values. This procedure provides the bottom and tau
Yukawa couplings at the scalez. The top Yukawa coupling is derived from the top-
quark pole massy; = 175 GeV, which is subsequently converted tofie value juz; (m,),
where the top Yukawa coupling is defined. The evolution of all couplings fitymrunning
upwards to high energies now determines the unification sdalgr and the value of the
unification couplingxguT by

a1(MguT) Igg = @2(McuT)|pg = @GUT. (6)

At the GUT scale we set the boundary conditions for the soft SUSY breaking parameters,
i.e., the values foMo, M1/> andAg are chosen, and als@(MguT) is set equal tergyr.

All parameters are run down again froMgyTt to Mz. For the calculation of the soft
SUSY-breaking masses at the EW scale we use the “step function approximation” [47].
Thus, if the equation employed is the RGE for a particular running magy, thenQyg is

the corresponding physical mass determined by the conditi@y) = Qo. After running

down to Mz, the trial input value for;, has changed. At this point the value for fars
chosen and fixed. As described in Section 2.1, the paramgteaadB are calculated from

the minimization conditions (1) and (2), respectively. Only the sign ofith@arameter is

not automatically fixed and thus chosen now. This procedure is iterated several times until
convergence is reached.

2.3. mGMSB

A very promising alternative to mMSUGRA is based on the hypothesis that the soft
SUSY breaking (SSB) occurs at relatively low energy scales and it is mediated mainly
by gauge interactions through the so-called “messenger sector” (GMSB) [18,48,49].
This scheme provides a natural, automatic suppression of the SUSY contributions to
flavor-changing neutral currents a@@-violating processes. Furthermore, in the simplest
versions of GMSB (denoted hereafter with mGMSB), the MSSM spectrum and most of
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the observables depend on just 4 parameters and a sign,

{Mmess Nmess A, tang, sign(u)}, (7)

whereMmessiS the overall messenger mass scalgessis @ number called the messenger
index, parameterizing the structure of the messenger settsrthe universal soft SUSY-
breaking mass scale felt by the low-energy sector;ftas the ratio of the vacuum
expectation values of the two Higgs doublets; signié the ambiguity left for the SUSY
higgsino mass after imposing a correct REWSB (see Section 2.1 and, e.g., Refs. [22,50—
53)).

The phenomenology of GMSB (and more in general of any theory with low-energy

SSB) is characterized by the presence of a very light grav(ﬁrvm’th mass [54] given by
__F _(VF
=G = Ay <1OOTe
where/F is the fundamental scale of SSB am} = 2.44 x 10*® GeV is the reduced
Planck mass. Since/F is typically of order 100 TeV, the&5 is always the LSP in
these theories. Hence, R-parity is conserved, any MSSM particle will decay into the
gravitino. Depending oR/F, the interactions of the gravitino, although much weaker than
gauge and Yukawa interactions, can still be strong enough to be of relevance for collider
physics. In most cases, the last step of any SUSY decay chain is the decay of the next-to-
lightest SUSY particle (NLSP), which can occur either outside or inside a typical detector,
possibly close to the interaction point. The nature of the NLSP—or, more precisely, of the
SUSY particle(s) having a large branching ratio for decaying into the gravitino and the
relevant SM partner—determines four main scenarios giving rise to qualitatively different
phenomenology [51].

The low-energy parameter sets for this scenario have been calculated by using the
program SUSYFIRE* and adopting the phenomenological approach of Refs. [51-53],
see also Ref. [27]. The origin @f is not specified, nor the assumptidm = 0 is made at
the messenger scale. Instead, correct REWSB is imposed toitradd Bu for Mz and
tang, leaving the sign of+ undetermined, see Section 2.1. However, note that to build a
fully coherent GMSB model, one should also find a more fundamental solution to the latter
problem, perhaps providing a dynamical mechanism to gengrated B, possibly with
values of the same order of magnitude. This might be accomplished radiatively through
some new interaction. In this case, the other soft terms in the Higgs potential, namely,
m%,lz, will be also affected and this will in turn change the valuegudfand B coming
from REWSB conditions. We have checked this circumstance in detail in the case where
one has an extra term in the Higgs potential of the type(see the parameterization of
Ref. [50]) and also performed some checks in the general case. In all cases we did not find
any big changes im,.

2
2376V,
v) €

4 Anupdated, generalized afor t r an-linked version of the program used in Ref. [51]. It generates minimal
and non-minimal GMSB and SUGRA models. For inquiries about this software package, please send e-mail to
sandr o. anbr osani o@ancarona.it.
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To determine the MSSM spectrum and low-energy parameters, the RGE evolution is
solved with boundary conditions at thénessscale, where

A
My (Mmesd = NmessAg<—>0la (@=1273),

Mmess

A o, 2
) 2 i) € ©

for the gaugino and the scalar masses, respectively. The exact expressioasdgrat the
one- and two-loop level can be found, e.g., in Ref. [51], @hdare the quadratic Casimir
invariants for the scalar fields. As usual, the scalar trilinear couplingare assumed to
vanish at the messenger scale, as suggested by the fact that they (and not their square) are
generated via gauge interactions with the messenger fields at the two loop-level only.

The interesting region of the GMSB parameter space is selected as follows. Barring
the case where a neutralino is the NLSP and decays outside the detectorv(leige
the GMSB signatures are very spectacular and the SM background is generally negligible
or easily subtractable. Therefore, also in accordance with negative results in the LEP2
searches [55], only models where the NLSP mass is larger than 100 GeV are considered.
Other requirements are¥mess> 1.01A4, to prevent an excess of fine-tuning of the
messenger masses; the mass of the lightest messenger scalar be at leastM@cteV;
MguTt x exp(—125/Nmess, to ensure the perturbativity of gauge interactions up to the
GUT scale;Mmess< 10°A, for simplicity. As a result, the messenger indExess Which
is assumed to be an integer independent of the gauge group, cannot be larger than 8. To
prevent the top Yukawa coupling from blowing up below the GUT scalegtarl.5 is
required. Models with tag 2> 55 (with a mild dependence on) are forbidden by the
REWSB requirement, see Section 2.6.3, and typically fail to gl\jie> 0.

The models are generated using SUSYFIRE with the following prescriptions for the
high-energy input parameters. Logarithmic steps have been usetl fbetween about
45 TeV/ Nmessand about 220 TeXo/Nmess), Mmesg A (between about 1.01 and 2tand
tang (between 1.5 and about 60), subject to the constraints described above. SUSYFIRE
starts from the values of particle masses and gauge couplings at the weak scale and then
evolves them up to the messenger scale through RGEs. At the messenger scale, it imposes
the boundary conditions (8) for the soft particle masses and then evolves the RGEs back
to the electroweak scale. The decoupling of each SUSY patrticle at the proper threshold is
taken into account. Two-loop RGEs are used for gauge couplings, third generation Yukawa
couplings and gaugino soft masses. The other RGEs are taken at the one-lo8pAevel.
the scaleQ, derived from the scalar fermion sector, REWSB conditions are imposed by
means of the one-loop effective potential approach. For3hein Eq. (4) all dominant
corrections from the stop, sbottom and stau sector are included. The program then evolves

M?(Mmesd = 2NmessA2f(

S Contrary to the mSUGRA scenario in Section 2.2 the scalar masses are treated only at the one-loop level in
mGMSB and the mAMSB scenario in Section 2.4. However, the main effects arise from the Yukawa couplings,
which are consistently treated at the two-loop level. The two-loop effects on the scalar masses have been shown
to be at the 5% level [47].
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up again toMmessand so on. Three or four iterations are usually enough to get a good
approximation for the MSSM spectrum.

24. MAMSB

The most recently proposed Anomaly Mediated SUSY Breaking (AMSB) scenario
[19,20] provides an alternative way to give mass to all the SUSY patrticles. In this model,
SUSY-breaking happens on a separate brane and is communicated to the visible world via
the super-Weyl anomaly. The overall scale of SUSY particle masses is sgf,Qywhich
is the VEV of the auxiliary field in the supergravity multiplet. In the AMSB scenario, the
low-energy soft supersymmetry breaking parameWrégaugino masses — 1—3),m§Calar
andA, at the GUT scale are given by [19,21]

B
M; = —g.maw@ 9)

1

1/0y ay
2 2 2
Mgealar— 2 (@ﬂg + 5:3)‘>maux+ mp, (10)
__b

Ay = —7maux. (11)

Notice that the slepton squared-masses would be negativg iere absent. There
have been several proposals to solve this tachyonic slepton problem: bulk contributions
[19], non-decoupling effects of ultra-heavy vectorlike matter fields [56], coupling of extra
Higgs doublets to the leptons [57], contributions from fwparity violating couplings in
Eq. (10) (withmg = 0) [58], and a heavy mass threshold contribution at higher orders [59].
Here we have adopted a phenomenological approach and have introduced an additional
mass scaleng at the GUT scale in order to keep the slepton masses positive [21]. For
simplification, we choose:g to be the same for all the super scalar particles. Therefore, in
the minimal case (MAMSB), the particle spectrum can be determined by 3 parameters and
a sign:

{maux, mo, tang, sign(u)}. (12)

Egs. (9), (10) and (11) would hold at all scalessify were absent. However, once
mg is introduced at the GUT scale, the above definition936f mgcalar and A, set the
boundary conditions and the entire SUSY spectrum can be obtained via the running of
supersymmetric RGEs down to a lower scale.

Once the squark threshold is crossed, the squarks decouple and one is left with an
effective field theory with two Higgs doublets and all the standard model parfidies.
two unknown parameterig.| and B are determined by the minimization of the Higgs
effective potential as explained in Section 2.1. Therefore, the low-energy spectrum is fixed

once the values ofiqux, mo, tang and the sign ofx are known.

6 Gluinos are also decoupled since their masses are close to the squark masses. The contributions of Bino and
Winos to the Higgs sector can be neglected since ttigtJand SU(2) gauge couplings are small.
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2.5. Evaluation of predictionsin the Higgs boson sector of the MSSM

The most relevant parameters for Higgs boson phenomenology in the MSSM are the
mass of theC’P-odd Higgs boson)My, the ratio of the two vacuum expectation values,
tang, the scalar top masses and mixing anglg, m;,, 0;, for large targ also the scalar
bottom masses and mixing angbe,;l, m,. 0, the Higgs mixing parametes,, the gluino
mass,ng, and the U(1) and SU(2) gaugino masség,and M». The way in which these
low-energy parameters are derived in each of the soft SUSY-breaking scenarios has been
described in Sections 2.2-2.4. Since the RG running employed in the three scenarios is
based on th®R scheme, the corresponding low-energy parametefSRgarameters. In
order to derive predictions for observables, i.e., particle masses and mixing angles, these
parameters in general have to be converted into on-shell parameters.

For the predictions in the MSSM Higgs sector we use results obtained in the Feynman-
diagrammatic (FD) approach (see below) within the on-shell renormalization scheme.
Since they incorporate two-loop contributions in thé sector, the parameters in the scalar
top sector (which enter at one-loop order in the predictions for the Higgs boson masses)
have to be appropriately converted frdR to on-shell parameters [29-31]. We perform
this conversion using the fulD(«;) contributions.

In the FD approach the masses of the B-even Higgs bosonsy;, andmg, are
derived beyond tree level by determining the poles of/thé& -propagator matrix whose
inverse is given by
2 m%—l,tree"" XH (qZ) EhH(qz) >

H, - : (13)
EhH(qz) q2 - m%,tree_’_ 2 (q2)
where theZ denote the renormalized Higgs boson self-energies. Determining the poles of
the matrixApiggs in Eq. (13) is equivalent to solving the equation

(AHiggs)71 =—i (q

[q2 - m%,tree"’ T (‘12)][‘12 - m%i,tree‘l' S (qZ)] - [th(qz)]Z =0. (14)

We use the result for the Higgs boson self-energies consisting of the complete one-
loop result for the Higgs boson self-energies in the on-shell scheme [33] combined with
the dominant two-loop contributions 6f(xa;) [4,5] and further subdominant corrections
[7,8], see Ref. [4] for details. The matrix Eq. (13) therefore contains the renormalized
Higgs boson self-energies

() =2Y4)+220), s=h HhH, (15)

where the momentum dependence is neglected only in the two-loop contribution.
An effective mixing angle,

— (M2 + M2)sinB cosp — %,
aeff = arcta (M 2)SINB COSP — 2wy } il

< < il (16)
- = —5 <Qeff < 7,
MZco@ B+ M3 sin? B — Zy, — m? 2 2
can furthermore be obtained from diagonalizing the mixing matrix in the basis of
the unrotated neutralP-even fields¢i, ¢2, neglecting the momentum dependence

everywhere (alternatively, the mass matrix in thed basis is diagonalized by the angle
Aa, Wherewesi = aree + A, S€E, €.9., Ref. [60]). Inserting in the tree-level formulas
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for Higgs production and decay, the dominant universal corrections in the Higgs sector are
taken into account [60,61].

The results for the Higgs boson masses agglas well as the conversion froBR to
on-shell parameters using the fdM(«,) contributions for both the parameters in the
andb—b sector are implemented in the Fortran céegnHiggs [32].

For the investigation of the mMSUGRA scenaFieynHiggs has been interfaced to the
program SUITY [62], used for the evaluation of the low-energy spectrum of the mSUGRA
scenario. A combined prografigynSSG [63], has been created on the basi§efnHiggs
and SUITY, in which the two subprograms run automatically.

As a further check of our results for the Higgs boson sector, we have (in addition to the
FeynHiggs calculation) evaluated all results with a code based on an independent one-loop
calculation [64], but using the two-loop routineskgynHiggs. The difference of the one-
loop calculation based on Ref. [33], usedreynHiggs, and the ones given in Ref. [64]
are only due to different renormalization prescriptions and thus of higher order [65]. The
results we found in both approaches are as expected very similar and lead to the same
conclusions.

2.6. Other constraints

While our main focus in this paper is on the physics in the Higgs sector, we also take into
account some further (relatively mild) constraints when determining the allowed parameter
values. These constraints are discussed in the following.

2.6.1. Precision observables

The electroweak precision observables are affected by the whole spectrum of SUSY
particles. The main SUSY contributions to theboson massMy, the effective leptonic
weak mixing angle, sf¥er, and otherZ boson observables usually arise frapb
contributions. They enter via the leading contribution to giparameter [66]. In our
analysis we take into account the corrections arising figf loops up to two-loop
order [67]. A value of Ap outside the experimentally preferred region spSUSY <
3 x 1073 [44] indicates experimentally disfavorédand » masseg. The evaluation of
ApSYSYis implemented ifFeynHiggs.

We have verified that in our analysis below thg constraint does not play a significant
role, i.e., nearly all generated model points give rise to an acceptable contribution to the
electroweak precision observables. As a conservative approach, we do not apply any further
constraints frong,, —2 orb — sy.

2.6.2. Experimental bounds on SUSY particle masses

The search for SUSY particles has been one of the main tasks pursued at Run | of the
Tevatron and at LEP. The searches all turned out to be negative, thus lower limits on the
SUSY particle masses have been set. In order to restrict the allowed parameter space in

7 Since theApSYSY evaluation involves scalar bottoms at the two-loop level, also the parameters in the
b sector have to be transformed frddi to on-shell.
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the three soft SUSY-breaking scenarios we employed the following constraints on their
low-energy mass spectrum [44,55,68-71]:

m; > 95 GeV (MSUGRA, AMSB)
mj > 85 GeV (NSUGRA, AMSB)
m: > 71 GeV (MSUGRA, AMSB)
my > 43 GeV (MSUGRA, AMSB)
m: > 95 GeV (NSUGRA, AMSB)
mj > 85 GeV (MSUGRA, AMSB)
mg > 190 GeV (MSUGRA, AMSR)
m+ > 103 GeV (MSUGRAm; > 300 GeV)
my+ > 846 GeV (MSUGRA m;; < 300 GeV)
m g+ > 45 GeV (AMSB)
m o 2,36 GeV (MSUGRA)
m o 2,45 GeV (AMSB)
mnLsp > 100 GeV (GMSB) (17)

Note that the NLSP condition in the GMSB scenario (applying either to the lightest
neutralino or to the lighter stau) automatically imposes stronger bounds on the other
particle masses than the purely experimental bounds.

2.6.3. Other phenomenological restrictions

Besides constraints from precision observables and from unsuccessful direct search
for SUSY particles, we also take into account the following restrictions (if not indicated
otherwise):

e For the top-quark mass, throughout this paper we use the vajue 175 GeV.

A variation of m, directly affects the result fow:;,, while its influence on the other
guantities studied here is more moderate. As a rule of thumb, a changg ly
41 GeV also results in a changerif), of aboutt1 GeV [72].

e The GUT or high-energy scale parameters are taken to be real, no 8BS/Xblating
phases are assumed.

e In all models under consideration thR-parity symmetry [36,37] is taken to be
conserved.

e Parameter sets that do not fulfill the condition of radiative electroweak symmetry
breaking (REWSB), i.e., the one-loop minimization conditions of Egs. (1), (2), are
discarded (already at the level of model generation).

Within all soft SUSY-breaking scenarios considered here, the condition of REWSB
leads to restrictions on tgh For example, it is almost impossible (or a huge fine tuning

is required) to find very large values of tAntang = 60 which pass this constraint.

This is because in that region both the RGEs of the Higgs soft breaking masses receive
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large corrections not only from the top Yukawa coupling but also from the bottom and
the tau Yukawa couplings. This drives the numerator (and #f)isf Eq. (1) negative,

thus excluding this parameter set from our analysis. Another possibility of not fulfilling
the REWSB condition is a very heavy soft SUSY-breaking spectrum, sm@;Zaﬁoes

not reach negative values and thus does not trigger REWSB.

Parameter sets that do not fulfill the “strong CCB” constraints are discarded (already
at the level of model generation), i.e., models for which the physical vacuum would be
charge or color breaking. In our analysis this corresponds to cases where the squared
scalar quark or charged lepton masses are becoming negative at th@ seddereQ

is the energy scale at which the low-energy parameters are decoupled. However, we
do not test the models for local or global charge or color breaking minima in general.
In most cases the tunneling time from our charge and color conserving vacuum to the
charge or color breaking minimum is much longer than the present age of the universe,
and thus they are in practice not dangerous [73-76].

The original motivation for the introduction of SUSY into particle physics was the
solution of the “hierarchy problem”. This sets a natural upper bound on the SUSY
particle masses, which of course depends on how much fine tuning one is willing
to accept. In our analysis we have imposed a (rather mild) “naturalness bound”. This
upper bound on the SUSY particle masses has been chosen to be equal for all three soft
SUSY-breaking scenarios. Thus the low-energy mass spectra are directly comparable.
We have imposed

m; S15TeV,  mz<2TeV, (18)

These bounds give rise to upper bounds also on the other scalar masses and on the
electroweak gaugino masses (depending on the specific scenario).

The bounds imposed in Eg. (18) can of course not be considered as strict upper bounds
(although constraints from cosmology— sy andg, — 2 in general also favor a
relatively light particle spectrum [77-80]), but carry a certain degree of arbitrariness.
In particular, we do not consider here the scenario of focus point supersymmetry [81],
in which squarks and sleptons in the multi-TeV range can occur. It should be noted,
however, that in all three soft SUSY-breaking scenarios an upper boufigcoteV)

is obtained by the requirement of REWSB. On the other hand, saturating this upper
bound of O(5 TeV) requires severe fine tuning to satisfy the minimization conditions
given in Egs. (1), (2).

The imposed upper bounds on SUSY masses also naturally result in a limit for the
soft SUSY-breaking parameters at the high energy sadlg,M1,> in MSUGRA,

A in mGMSB andmg, maux in MAMSB. If the bounds in Eqg. (18) were relaxed,
heavier particle spectra would be allowed. The effect on the Higgs boson sector is
only logarithmic and thus rather small. Concerning the collider phenomenology as
presented in Section 3.5, the detection of SUSY particles would become more difficult.
We demand that the lightest SUSY particle is uncolored and uncharged. In the GMSB
scenario the LSP is always the gravitino, so this condition is automatically fulfilled.
Within the mSUGRA and mAMSB scenario, the LSP is required to be the neutralino.
Parameter sets that result in a different LSP are excluded.
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e We do not impose further restrictions arising from®R~> sy) [77] andg,, — 2 [78],

which could lead to additional constraints on the three soft SUSY-breaking scenarios.
Restrictions of this kind depend on the experimental errors of these observables and
the uncertainties in their theoretical prediction and could change considerably if the
experimental central values change in the future. Moreover, slight modifications of the
SUSY-breaking scenarios which would have only a minor impact on the phenomenol-
ogy of the models discussed here could have a strong influence on constraints from
BR(» — sy) andg, — 2. This could happen, for instance, in the case of BR sy)

via the presence of small flavor mixing terms in the SUSY Lagrangian [82].

As a conservative approach, we therefore do not discard parameter sets which do not
fulfill the constraints from BRb — sy) [77] andg,, — 2. It should be noted, however,

that if these constraints are imposed and the AMSB scenario is taken at face value, i.e.,
without any additional contributions, the parameter space allowed by the experimental
values of BRb — sy) andg, — 2 is rather restricted. As for the mSUGRA scenario,

the effect of BRb — sy) would disallow a region with small/y, for large targ,
whereas the effect gf, — 2 would be to set an upper bound on the combinatioigf
andMy,», see, e.g., Ref. [80].

In the same spirit, we also do not apply any further cosmological constraints, i.e.,
we do not demand a relic density in the region favored by dark matter constraints, see
Ref. [83] and references therein. As in the case oflBR sy) andg, — 2, slight mod-
ifications of the scenario which do not concern collider phenomenology could have a
strong impact on the bounds derived from cosmology. In the case where the LSP relic
abundance in the scenarios discussed here is too small to explain the observed amount
of cold dark matter (CDM), a further mechanism could provide the additionally re-
quired amount of CDM (this would certainly apply to the case of mGMSB). If on the
other hand the amount of CDM appears to be too large in a given scenario, “thermal
inflation” [84] could offer a mechanism for bringing the CDM density into agreement
with the cosmological bounds. Furthermore, the neutralino could turn out to be the
NLSP and decay (outside of collider detectors) into a very weakly interacting LSP
(e.g., the axino [85]), or there could be a small amourk gfarity violation present in

the model.

3. Numerical analyses
3.1. Experimental bounds fromthe MSSM Higgs sector

The results from the Higgs search at LEP have excluded a considerable part of the
MSSM parameter space [34]. On the other hand, an excess at about liveBhas been
observed which is compatible with the production of a SM Higgs boson with a mass of
about 115 GeV [2]. For our numerical analysis we will focus on three different cases
implying different restrictions on the MSSM parameter space. In case (I) we investigate
the full parameter space which is allowed in the three scenarios when taking into account

the exclusion bounds from the Higgs search and the further constraints discussed in the

previous section. In case (Il) and case (lll), on the other hand, we specifically focus on
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the interpretation of the excess observed in the Higgs search at LEP as production of the
lightestCP-even Higgs boson of the MSSM (case (1)) and of the hea¥fereven Higgs
boson of the MSSM (case (111)).

Case ()

The results of the search for the MSSM Higgs bosons are usually interpreted in three
different benchmark scenarios [15]. The 95% C.L. exclusion limit for the SM Higgs boson
of mpy > 1135 GeV applies also for the lighteGP-even Higgs boson of the MSSM in the
parameter region of larg®f 4 and/or small tag. In the unconstrained MSSM this bound
is reduced ton;, > 91.0 GeV [34] for M4 < 150 GeV and tap = 8 as a consequence
of a reduced coupling of the Higgs to tieboson. For th&P-odd Higgs boson a lower
bound ofM4 > 91.9 GeV has been obtained [34]. In order to correctly interpolate between
the parameter regions where the SM lower bouna:gf > 1135 GeV and the bound
my > 91.0 GeV apply, we use the result for the Higgs-mass exclusion given with respect
to the reducedZ Zh coupling squared (i.e., Si8 — aefr), see Eq. (16)) [86]. We have
compared the excluded region with the theoretical prediction obtained at the two-loop level
for my, and sirf(8 — aef) for each parameter set (using = 175 GeV).

Another important constraint on;, comes from the searches pp collisions at Run |
of the Tevatron [87]. No evidence of a signal of the typg — bbh — bbbb has been
found. This leads to an improvement of the LEP limits in the region of large,tan
tang 2 50. Since the bounds obtained at the Tevatron are given only in the no-mixing and
mj'® scenario [15,87], they do not necessarily apply to all cases of our present analysis. As
a conservative treatment, we therefore do not use the Tevatron bound for excluding models
in the high tarB region. It should be noted, however, that owing to the REWSB constraint
in our analysis below we do not find allowed models forgap 60.

Case (1)

In this scenario the LEP excess is interpreted as production of the ligkfestven
Higgs boson of the MSSM, and we thus focus on the parameter regions in the three soft
SUSY-breaking scenarios where

my = 1154 2 GeV. (19)

The assumed error at2 GeV is somewhat larger than the region favored by the LEP
data, in order to allow for some theoretical uncertainties from unknown higher order
corrections in the Higgs boson mass calculation (note that the dominating theoretical
uncertainty is related to the experimental error of the top-quark mass; we focus in our
analysis on the value;; = 175 GeV, the corresponding;, values for different values of

m; can be obtained from the approximate relatbamy, /6m, = O(1)). In order to allow

an interpretation of the LEP excess in terms of the lightest MSSM Higgs boson, it is
furthermore necessary that the production and decay ratésaoé similar to those of

the SM Higgs boson. We therefore in addition demana(§r+ aeff) 2 0.8, which results

in a production cross section for the Higgs strahlung proegss, — Zh ~ sir’(8 — aef)

close to the SM cross section. Furthermore, we require thatitheoupling in the MSSM

is not strongly suppressed compared to the SM case #Bheoupling differs from the
corresponding SM coupling in two ways. Firstly, it has an additional factazegincosg
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(appearing squared in the branching ratio). We demand thdtxginicog g > 0.8.
Secondly, théibb vertex can be affected by gluino loop corrections (and less importantly
also gaugino loop corrections) [88,89]. Usually they are parameterizetinja

2(X_y Yl
Amyp >~ gmgutanﬁ I(my ,mp,,mg) + EA,utanﬁ I(mz, mg,, 1), (20)

whereY, = h?/(4r) and
a’b?In(a?/b?) + b2c?In(b?/c?) + c?a®In(c?/a?)
(a? — b?)(b? — ¢?)(a® — ¢?) '

The main correction to thebb coupling is proportional to A1 + Amy). In our analysis
of case (ll) we additionally demand thatm,| < 0.5.

I(a,b,c)= (21)

Case (l1)

In this scenario we investigate whether the LEP excess can be interpreted as the
production of the heavyP-even Higgs boson in the MSSM. In order to allow this
interpretation,H has to have SM-like couplings to th&, i.e., cod(8 — aeff) > 0.8. In
this case thé production via Higgs strahlung;"e~ — Zh, is highly suppressed, whereas
the associated productiarte™ — Ah could be beyond the kinematic reach of LEP. We
apply a bound ofn;, + M4 > 206 GeV in this scenario. It should be noted that this bound
is very conservative, since valuesmf + M, as low as about 190 GeV are not excluded
from the Higgs search at LEP [34]. As in case (II) we also require that the decay of the
heavyCP-even Higgs boson is SM like, i.e., the dominating decay chann#l is bb.
Therefore, we demand cosef/ co g > 0.8.

3.2. mSUGRA

For the numerical analysis we have scanned over about 50000 models, where the
parameters have been randomly chosen in the intervals

50 GeV< Mp <1 TeV,

50 GeV< M12 < 1 TeV,

—3TeV< Ap<3TeV,

1.5 < tang < 60,

sighyu = +1. (22)

Although we have scanned over about 50000 models, we show in the figures of this paper
a subset of around 5000 (randomly) selected points to keep the density of the points at
a reasonable level. This has been done for all three soft SUSY-breaking scenarios. No
reduction of the data points is applied for the cases (I)—(Ill) in parameter regions with a
small density of points, i.e., in particular, fer, < 113 GeV and si?‘(ﬁ — aeff) < 0.99.

We first analyze the allowed parameter region in the Higgs sector of the mSUGRA
scenario. In Fig. 1 we show the variation of the light Higgs boson mass with respecgto tan
for the three cases defined in Section 3.1. Fig. 2 shows the allowed parameter space in the
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Fig. 1. The lightCP-even Higgs boson mass;, as a function of tap in the mMSUGRA scenario. The three

cases as discussed in Section 3.1 are displayed together with the rejected models. Case (I) corresponds to the
models that have passed all theoretical and experimental constraints. Case (ll) is the subset of case{I) with
values in the region favored by recent LEP Higgs searches, 113Ge)/ < 117 GeV, and SM like couplings of

theh. In case (lll), whose parameter points are indicated by an arrow for better readability, the Bg2negen

Higgs boson lies in the region 113 GeVim g < 117 GeV, while the lighter one has a suppressed coupling to the

Z boson and is too heavy to be produced in associated production.

M s—tang plane. Case (l), corresponding to the models that have passed all experimental
and theoretical constraints, is indicated in the figures by big light shaded points. Big dark
shaded points indicate case (1), i.e., the subset of case (l) in viitiels SM like couplings
and its mass lies within 113 Ge¥ m; < 117 GeV. The points corresponding to case (lll),
for which an interpretation of the LEP excess in terms of production of the he&Rieven
Higgs boson is possible, are displayed as blue stars (indicated by arrows in the plots).
The little black dots indicate parameter points which, while in principle possible in the
MSUGRA scenario, are rejected because of the experimental and theoretical constraints
discussed above.

As a general feature, Fig. 1 shows tlwat sharply increases with tahin the region
of low tang, while for tang > 10 them, values saturate. Values of tar> 60 are not
allowed due to the REWSB constraint. The LEP2 Higgs boson searches exclude the
models withm; < 113 GeV and tag < 50. This is contrary to the general LEP2 Higgs
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Fig. 2. Allowed parameter space within the mSUGRA scenario inMhe-tang plane for the three cases defined
in Section 3.1.

boson searches in the]'® scenario [15,34,72], where the exclusion bound on the SM
Higgs boson mass applies g, only for tang < 8. For larger values of tgh and small
My in the unconstrained MSSM a suppression of A&z coupling is possible, giving
rise to a reduced production rate compared to the SM case. In the mSUGRA scenario a
significant suppression of S8 — aef) (i.e., thehZZ coupling) occurs only for a small
allowed parameter region with t#n> 50, see Fig. 3. This feature can be understood
from the correlation betweeM 4 and tarB shown in Fig. 2. Small values ao¥4 with
M4 < 150 GeV, which are necessary for values ofglh— aeff) < 1, are only possible
fortang > 50. For tarB < 45 we find that\/4 is always larger than about 300 GeV, giving
thus rise to a SM like behavior of theZ Z coupling.

As one can see in Figs. 1, 2 case (lll) can indeed be realized in the mSUGRA scenario
in a small parameter region where 5dang < 55, 103 GeV< m;, M4 < 113 GeV and
my = 1154+ 2 GeV. It should be noted, however, that this parameter region is close to
the exclusion bounds obtained at Run | of the Tevatron [87] (which, as discussed above,
we have not imposed in the present analysis). With the upcoming results from Run Il
of the Tevatron it should be possible to fully cover the parameter space compatible with
case (ll1).
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Fig. 3. The values for s?r(ﬂ — aeff) realized in the mSUGRA scenario are given in g >—tang plane.

From Fig. 1 one can read off an upper bofiod the lightCP-even Higgs boson mass
in the mSUGRA scenario of

m™*< 124 GeV (MSUGRA) (23)

Values close to this upper limit an;, are reached in a large region of moderate and large
values of targ, 20 < tang < 50.
A lower bound on tap is inferred in the mSUGRA scenario,

tang 2 3.3 (MSUGRA) (24)

It should be noted that the two bounds quoted here refer; te 175 GeV.

The upper bound om;, is about 6 GeV lower than the one in the unconstrained
MSSM [4,34], and the limit on taf is also more restrictive. This is caused by the fact
that not all parameter combinations of the unconstrained MSSM can be realized in the
MSUGRA scenario. In order to obtain the largest valuegifarin particular, large values
of the parametek;,

X, =A, —u/tang, (25)

are necessary, which appears in the off-diagonal element of thass matrix. Non-
logarithmic genuine two-loop contributionsitg, give rise to an asymmetry with respect to

8 This bound is~ 3 GeV lower than the one obtained in Ref. [26] due to additional constraints imposed in the
present analysis, see Section 2.6.



22 S Ambrosanio et al. / Nuclear Physics B 624 (2002) 3-44

60 i LI | 1 1 % I LI LI | LI LI ]

I rejected 2 A

i « case (l) ]

S0 B s case (ll) ]

N = case (lll) ]

40 - !

% i ..a.'- ;
s r “ F
20 - . -

10 o

L i i

L 11 ;".I. | ; 'II.- I.‘ -I- I...I- .I.. 11 r 11 1 1 I 11 1 1 .I.‘ I.' 11 ]

2500 -2000 -1500 -1000  -500 0 500
X, [GeV]

Fig. 4. Allowed parameter space within the mSUGRA scenario in the plane of the mixing parameter in the
sector,X;, and targ for the three cases defined in Section 3.1.

the sign ofX,, and the maximum value obtained fay, is about 5 GeV higher fok; > 0
than forX, < 0 [4,90].

In Fig. 4 the allowed parameter space in #je-tang plane of the mSUGRA scenario is
depicted for the three cases discussed above. The figure shows that the mSUGRA scenario
strongly favors negative values &f. The absence of models with large positigis the
main reason for the decrease in the upper bound within the mSUGRA compared to the
unconstrained MSSM.

Concerning the lower bound onj,, we find the same bound as in the unconstrained
MSSM, i.e.,m, = 91 GeV. As discussed above;, values below 113 GeV being
compatible with the LEP exclusion bounds are only possible in a small parameter region
with tang 2> 50 in the mSUGRA scenario.

We now turn to the restrictions on the parameter space of the underlying mSUGRA
parametersMo, M1,2 and Ag, which are obtained if the LEP excess is interpreted as a
signal, i.e., for the cases (II) and (ll1). Figs. 5, 6 show that the cases (II) and (lll) result in
similar allowed regions of parameter space. While#y the whole range up to 1 TeV is
allowed, M1, is restricted taMy 2 < 650 GeV, see Fig. 5. In Fig. 6 the cases (Il) and (I1)
are shown in theMp—Ag plane.|Ap| is restricted to|Ag| < 2Mp. For the special case
Ao = 0 we find thatMg is bounded from above by/p < 700 GeV.
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Fig. 5. Cases (Il) and (Ill) in the mSUGRA scenario are shown iniig,—Ag plane.

We find thatMy,, values as low as 100 GeV (these values are only obtained for not
too smallMo, Mo 2 300 GeV; the lower bound oM1,> for smaller values oMy is about
Mz1,2 2 200 GeV) are compatible with the interpretation of the LEP excess as a signal of
the lightestCP-even Higgs boson in the MSSM. This result is in contrast to the analysis in
Ref. [91], where form, = 175 GeV andn;, > 113 GeV a lower bound a¥/1,»> 2 310 GeV
has been found fadg = 0, while we obtain a lower bound af1,, 2> 200 GeV, see Fig. 5.
The main difference between our result and the one obtained in Ref. [91] can be traced to
the inclusion of genuine non-logarithmic two-loop corrections in the result:fom the
present paper (see also Ref. [80]). The lower values foungifigs in the present analysis
give rise to a different low energy spectrum for the SUSY particles. As an exemplary case,
we find thatMg ~ M1,> ~ 200 GeV and-400 GeV<S Ag < 400 GeV is compatible with
my, = 1154 2 GeV together with all the constraints listed in Section 2.6.3. In this example
the heaviest SUSY particle is the gluino with a mass &0 GeV and all the scalar quarks
have masses about 500 GeV or lower, dependinggand on targ. The SUSY spectrum
in the three soft SUSY-breaking scenarios will be analyzed in more detail in Section 3.5.
Finally, we investigate thébb coupling in the mSUGRA scenario in comparison with
the SM case, where the decay irtt@uarks is the dominant decay channel of the Higgs
boson. Theé:ibb coupling is mainly altered in two ways compared to the SM: it has an extra
factor sinueff/cosg and it receives a correction 1/(1+ Amy), see Eq. (20).
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Fig. 7 shows the different values of 8imef/cos B (which enters thé: — bb decay
rate) realized within the mSUGRA scenario in thg ,—tang plane. The figure shows
that a significant enhancement of theéb coupling is possible over a wide range of the
MSUGRA parameter space. In these parameter regions the sensitivity in the Higgs search
via theh — bb channel is in general slightly increased compared to the SM case. On the
other hand, the increase in the> bb partial width leads in general to a reduced branching
ratio of 1 — yy, making thus the search via this channel at the LHC more difficult{80].

It can furthermore be seen in Fig. 7 that a significant suppression ofiblhe
coupling is only possible in a small fraction of the mSUGRA parameter space. Values
of sir? aef/cog B < 0.7 are only obtained in the parameter regiongan 50.

In Fig. 8 the quantityAm,, is analyzed in the mSUGRA scenario. The maximal values
obtained forAm, in the mSUGRA scenario are abat0.4 (where values ofAm;| > 0.3
are only realized for tafi > 40). The figure shows that values of &l — aeff) < 1
(corresponding to a suppressed coupling of the Higgs to vector bosons and lower allowed
values formy) are always correlated in the mSUGRA scenario with negative values
of Amy, giving rise to an enhancement of théb coupling. Positive values foAm;,

9 For a similar analysis for the charged Higgs bosons, see Ref. [93].
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Fig. 7. The values for s?rueff/coszﬂ realized in the mSUGRA scenario are given in g >—tang plane.

(corresponding to a suppression of i coupling) are only possible if the Higgs boson
couples with full strength t&V andZ.

3.3. mMGMSB

For this paper, about 40000 mMGMSB models were generated under well defined
hypotheses described in Section 2.3, using the program SUSYFIRE and adopting the
phenomenological approach of Refs. [51-53], see also Ref. [27]. Concerning the variation
of the high-energy parameters one should keep in mind that the lower boundhases
from the requirement thatn sp > 100 GeV, while its upper bound as well as the upper
bound onMyessoriginate mainly from the upper bound imposed on SUSY particle masses,
see Section 2.6.3. The upper boundsbmnd Mmessautomatically restrictVipessfrom
above, as explained in Section 2.3. The above restrictions yield the following variations of
the high-energy parameters:

10° GeV< A <2 x 10° GeV,
1.01A < Mmess< 10°A,
1 g Nmessg 85
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15<tang <55
sighp = +1. (26)

As above, we first analyze the allowed parameter region in the Higgs sector in this
scenario. In Fig. 9 we show the variation of the light Higgs boson mass with respect to
tang for cases (I) and (Il) defined in Section 3.1. Case (lll), where the LEP excess is
interpreted as a signal of the heawi#?-even Higgs boson in the MSSM, is not realized in
the mGMSB scenario. Fig. 10 shows the allowed parameter space Mithtang plane.

It can be seen from the two figures that the experimental and theoretical constraints
discussed in Section 2.6 have a bigger effect on the parameter space than in the case
of the mSUGRA scenario. In particular, they significantly influence the upper bound
on my, which is reduced in this way by about 3 GeV. Like in the mSUGRA case, the
LEP2 Higgs boson searches exclude the models with< 113 GeV and tag < 50.

A significant suppression of it — aef) (i.e., theh ZZ coupling) occurs only for a small
allowed parameter region with t@n> 50 (the lower density of points with tgh> 50
andm; < 113 GeV as compared to Fig. 1 has no direct physical meaning; it is mainly
due to the fact that tgh has been varied on a logarithmic scale in the mGMSB scenario,
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Fig. 9. The light Higgs boson mass;, as a function of tag in the mGMSB scenario. Cases (I) and (Il) as
discussed in Section 3.1 are displayed together with the rejected models. Case (l) corresponds to the models that
have passed all theoretical and experimental constraints. Case (ll) is the subset of caserl) wathes in

the region favored by recent LEP Higgs searches, 113 Ge), < 117 GeV, and SM like couplings of the

Case (lll), where the LEP excess is interpreted as a signal of the h€&ieren Higgs boson in the MSSM, is

not realized in the mGMSB scenario.

while a linear scale has been chosen in the mSUGRA scenario). This can be understood
from Fig. 10, which shows that values 8f, < 300 GeV are only realized for tgh=> 50.
Values of targ > 55 are not allowed due to the REWSB constraint.
For the upper bound on the lighP-even Higgs boson mass in the mGMSB scenario
we obtairt®

m™*<119GeV (MGMSB) 27)

Values close to this upper limit an;, are reached in a large region of moderate and large
values of targ, 20 < tang < 50.
A lower bound on tag is inferred in the mGMSB scenario,

tang > 4.6 (MGMSB) (28)

10 This bound is~ 4 GeV lower than the one obtained in Ref. [27], mainly due to additionally imposed
constraints like the “naturalness” bound on the scalar quark masses, see Section 2.6.3.
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defined in Section 3.1.

As above, the two bounds quoted here refenie= 175 GeV.

As in the mSUGRA scenario, the restrictions on the mixing paranmigtésee Eq. (25))
arising from the parameter correlations in the mGMSB scenario (and the upper bound
imposed in Eq. (18)) are the main effect causing the decrease in the upper baupden
compared to the unconstrained MSSM. Fig. 11 shows that only negative valuésdo
allowed in the mGMSB scenario. Compared to the mSUGRA case (see Fig. 4) the allowed
parameter region fok, is smaller and is furthermore shifted towards smaller values of
| X¢l.

Concerning the underlying GMSB paramete&¥hyess Nmessand A, no severe restric-
tions can be deduced for the cases (I) and (ll), see Figs. 12, 13. In Fig. 12 we show the
allowed regions in thé/ness-A plane. The experimental and theoretical constraints im-
posed in our analysis affect in particular the region of lbfessand low A. In the left
plot of Fig. 13 the allowed regions in thgness-A plane are presented. Lower values of
Nmess correspond to higher values of. This is a consequence of the boundary values
imposed on the physical masses in Eq. (8). The Higgs boson mass constraints cut away a
significant part of theA range for each value @¥mess We only find allowed parameter re-
gions for Nmess< 7 (although higher values @¥hessmight be allowed if the upper bound
of Mmesd A is relaxed). The right plot of Fig. 13 shows thness-tang plane. Case (I1)
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Fig. 11. Allowed parameter space within the mMGMSB scenario in the plane of the mixing parameter in the
sector,X;, and tarB for cases (I) and (Il) defined in Section 3.1.

corresponds to about the same allowed region as case (1), apart from theNalyes 4,
where the highest values of tArare not allowed in case (ll).

We also investigate thébh coupling within the mGMSB scenario. In Fig. 14 the
different values of siﬁaeff/cos’-ﬁ realized within the mGMSB scenario are shown in
the tanB—A plane. In contrast to the mMSUGRA case, no values dfif/cog g < 1
exist, i.e., no suppression of ttéb coupling occurs in this way. As above, a significant
enhancement of thiebb coupling is possible. This applies in particular to the region of the
highest values of taf.

We have also analyzed the quantityn, (see Eqg. (20)) within the mGMSB scenario.
The absolute value okm, is smaller in the mGMSB scenario than in the mSUGRA case
and does not exceedim;| = 0.2. Values off Amy| > 0.1 are only realized for tag = 35.

3.4. MAMSB

According to the description presented in Section 2.4 about 50000 models have been
created. The GUT scale parameters have been varied in the ranges

20 TeV< maux< 100 TeV,
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Fig. 14. The values for s?meﬁ/coszﬂ realized in the mGMSB scenario are given in thegau plane.

0<mp<2TeV,
1.5< tang <60,
sighp = +1. (29)

The general behavior of the Higgs boson sector has already been described in Ref. [25].
Bothm; andM 4 increase withn .y, Which determines the SUSY mass scalg.depends
only very weakly onng and targ except for largeng and small tar8. M4 gets larger for
largermg and targ, although the dependence on fais rather weak.

In Fig. 15 we show the variation of the light Higgs boson mass with respect fftan
cases (I) and (Il) defined in Section 3.1. Case (lll), where the LEP excess is interpreted as
a signal of the heavig?P-even Higgs boson in the MSSM, is not realized in the mMAMSB
scenario (as will be explained below). Fig. 16 shows the allowed parameter space in the
M 4—tang plane.

We find the highest values fat,, at tang values of about 35. The experimental and
theoretical constraints discussed in Section 2.6 reduce the upper boundyil—2 GeV.
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Fig. 15. The lightCP-even Higgs boson mass;, as a function of tap in the mMAMSB scenario. Cases (I)

and (Il) as discussed in Section 3.1 are displayed together with the rejected models. Case (l) corresponds to the
models that have passed all theoretical and experimental constraints. Case (ll) is the subset of case () with
values in the region favored by recent LEP Higgs searches, 113Ge) < 117 GeV, and SM like couplings

of the h. Case (lll), where the LEP excess is interpreted as a signal of the h€&vieven Higgs boson in the

MSSM, is not realized in the mMAMSB scenario.

In the mMAMSB scenario we do not find a significant suppression G{8ir aef) (i.€.,

the hZZ coupling). As can be seen in Fig. 16, valuesMj below 300 GeV are only
realized in the interval 3& tang < 40, andM 4 stays always above about 150 GeV, giving
thus rise to a SM liké:Z Z coupling. As a consequence, the LEP2 Higgs boson searches
exclude all models with, < 113 GeV. This affects mainly the region tar< 10, while

for larger values of tafg hardly any mAMSB model results in a Higgs boson mass lower
than 113 GeV, see Fig. 15. Values larger tharngtan60 are not allowed due to the REWSB
constraint.

Fig. 16 furthermore shows that the experimental and theoretical constraints discussed
in Section 2.6 exclude a significant fraction of the parameter space inthetans
plane. In general larger values &f4 correspond to smaller tgh(giving rise to a smaller
bottom Yukawa coupling;) becausenzd, which contributes mainly ta/2, is larger at
low energies due to the RGE running. For largergasmallerM, cannot be realized.
Otherwise the correspondingy would be too small to avoid negative slepton masses. The
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and (I) defined in Section 3.1.

relatively large values required faf 4 in the mAMSB scenario, on the other hand, exclude
the possibility of case (llI).

The upper bound on the ligiitP-even Higgs boson mass in the mMAMSB scenario is
(for m; = 175 GeV)

m"™ <122 GeV (MAMSB) (30)

Values close to this upper limit an;, are reached in a large region of moderate and large
values of targ, tang = 10.
A lower bound on ta is inferred in the mMAMSB scenario (fat, = 175 GeV),

tang > 3.2 (MAMSB). (31)

As above, we have analyzed the allowed values of the mixing parameter in the scalar top
sector,X,. Fig. 17 shows the allowed parameter space in the plane of the heawmiss,
mz,, and X;. In contrast to the mMSUGRA and the mGMSB scenarios positive values for
X, are preferred. The experimental and theoretical constraints discussed in Section 2.6 are
seen to have a significant effect, limiting the allowed value¥afo X; < 1.5 TeV. Fig. 17
shows that in the mAMSB scenarl is bounded from aboveX; < m;,. This is the main
reason for the decrease in the upper bounéiprtompared to the unconstrained MSSM,
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and the mixing parameter in thesector,X;, for cases (I) and (ll) defined in Section 3.1.

since the highest values for;, are reached for values of, significantly larger than the
heavierf mass (see, e.g., Refs. [4,90]).

In Fig. 18 we present the allowed regions in the plane of the high energy input
parametersng and mayx. The experimental and theoretical constraints imposed in our
analysis affect, in particular, the region of lange andma,y. We find no allowed models
with maux = 70 TeV. On the other hand, even the smallest valuea®Bbiving rise to
acceptable slepton masses lead to allowed parameter points in cases (I) and (lI).

Concerning thehbb coupling within the mAMSB scenario, we have analyzed
the possible values for Slaefr/cog 8 and Am;,. We do not find any models with
Sir aeff/coS B < 0.9 (values of siRaeff/coS B < 1 only occur for targ > 40), i.e., the
SUSY contributions entering viaesf do not give rise to a significant reduction of the
h — bb decay rate in the mMAMSB scenario. Values of’sigg/cos 8 > 10 are possible
for large targ.

The quantityAm, (see Eq. (20)) receives large contributions in the mAMSB scenario,
in particular, for large tag and relatively smallng. This is shown in Fig. 19, where
the different values fofAm,| are indicated in thenp—tang plane. We find that positive
values ofAmy, leading to a suppression of théh coupling, are bounded from above by
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Amyp S 0.5. On the other hand, we obtain negative contributions as largengs~ —0.8,
giving rise to a strongly enhancédb Yukawa coupling.

3.5. The SUSY mass spectra in the three SUSY-breaking scenarios compatible with a
possible Higgs signal at LEP

We finally compare the mass spectra in the three soft SUSY-breaking scenarios
assuming that the LEP excess is due to the production df threH boson in the MSSM
(cases (1) and (111)) and briefly discuss possible implications for SUSY searches at the next
generation of colliderst® In Figs. 20, 21 we show the spectra of the lightest neutralinos,
the charginos, the scalar top and bottom quarks, the sealeptons and of the gluino
in the MSUGRA, mGMSB and mAMSB scenarios. The points shown for the mGMSB
and mAMSB scenarios correspond to case (II), while for the mSUGRA models we do not
distinguish in these models between cases (II) and (1) (in general case (lll) results in
about the same mass ranges as case (I1)).

11 phenomenological differences as well as characteristic signatures at future experiments between the three
models have also recently discussed in [92].
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For the lightest neutralino, in the mSUGRA and mAMSB scenarios values as low as
my, ~ 50 GeV are compatible with case (ll), while in the mGMSB scenario the lower
bound ofm 3, 2 100 GeV holds in accordance with Eq. (17). The upper bounds gn
in Fig. 20 are about 200, 300 and 350 GeV in the mAMSB, mSUGRA and mGMSB
scenario, respectively. Fony,, values as low as about 100 GeV are possible in the
MSUGRA scenario, while we find upper bounds between about 550 and 650 GeV in the
three scenarios.

The lightest chargino is bounded from above by about 200 GeV in case (ll) for the
MAMSB scenario, by about 550 GeV in the mSUGRA scenario, and by about 650 GeV in
the mGMSB scenario. Fai . 7 we find a lower bound of about 250 GeV in the mSUGRA
and mAMSB scenarios, Wh|Ie the lower bound in the mGMSB scenario is about 350 GeV.

Since within the GMSB scenario the LSP is always the gravitino, detection of the
lightest neutralino via?f)zf production is possible in this scenariofF is not too large,
while the search in the mSUGRA and mAMSB scenarios has to focpﬁ’ﬁg associated
production.

Within the mSUGRA scenario, the neutralino and chargino searches at Run Il of the
Tevatron and the LHC will be sensitive to a significant part of the parameter space of the
models shown in Fig. 20 [94-96]. A futue e~ linear collider (LC) with a center of mass
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Fig. 20. The allowed mass ranges for the lightest neutralinos (upper left plot), the charginos (upper right), the
scalar top quarks (lower left) and the scalar bottom quarks (lower right) are shown for the cases (Il) and (lll) of
the mMSUGRA, mGMSB and mAMSB scenarios.

(CMS) energy of/s < 1 TeV will have a very good chance to observe both the associated
production ofz? 79 and the production of the lightest chargiig; 7; [97,98].

In the mGMSB scenario the discovery potential at the next generation of colliders
for gauginos (and to some extent also for squarks) strongly depends on the lifetime and
other properties of the NLSP. The charginos are in general heavier than the two lightest
neutralinos, following the mass relation originating from the condition of a unified gaugino

mass at the high energy scabeﬁ A Zmﬁ) A m 0. The Tevatron and the LHC will cover



38 S Ambrosanio et al. / Nuclear Physics B 624 (2002) 3-44

2000 P 1600 e
1800 r mSUGRA: case (II/1ll) 3 L mSUGRA: case (II/1) ]

L | « GMSB:case (Il ] 1400 | = GMSB:case (Il) ,"_ g .

1600:— s AMSB: case (II) pA — : s AMSB: case (II) ;‘f 1

r E 1200 "’,’-‘;-. ]

1400 -] [ £ ]

£ ] 1000 /".'d' E

1200 3 — L ,.ﬁ? ]

s b 1 > F 2 1
@ s ] 1] F ot ]
©. 1o000f ] O, 80| ‘;G.' .
o [ ] S F ’ 1
€ soof e E . ]
o ] 600 -1

600 3 L < ]

s 1 400 .

400 - [ ]
200f 3 20011 7

i) I IPE IPIPIPS PP PPIPE PP IPUPE P oliaale o losalonalanalonalay,l,]

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400

m; [GeV] m- [GeV]
A Ty

Fig. 21. The allowed mass ranges for the gluino (left plot, shown imthem ; plane) and for the scalarleptons
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at least part of the parameter space in Fig. 20, and the prospects at a LC for neutralino and
chargino production in the GMSB scenario are very promising.

A peculiar feature of the mAMSB scenario is that the Wino is always lighter than the
Bino [21,99]:

M1:M>y:M3~28:1:—-8.3. (32)

In most of the parameter space, the neutral Wino is the LSP. The NLSP, the charged Wino,
is generically extremely mass degenerate with the LSP and decays, after its production at
a collider, after centimeters into an LSP plus a very soft lepton or pion. The detection of
such a charged Wino poses novel experimental challenges since such events escape the
conventional triggers. The search for SUSY in the Wino LSP scenario has been studied by
several groups [21,100,101]. It was pointed out in Ref. [100] that hundreds of Wino pairs
can be produced at Run Il of the Tevatron wifh = 2 TeV and( = 2fb~1. Tens of Wino

pairs can be produced in association with a jet. The accompanying high energy jet works
as a trigger and the detection of 5 events is possible for Wino masses up to 180 GeV at the
Tevatron. At an LC with a CMS energy Qfs < 1 TeV both the associated production of
7272 and of ;" %1 should be observable.

We now turn to the mass spectra of the third generation squarks compatible with
cases (Il) and (I11). Within the mSUGRA scenario the lowest mass values for the third
generation squarks are possible, around 150 and 450 Ge¥;faandm;,, respectively,
and around 300 and 450 GeV ﬁ@g;l andm,;z, respectively, see Fig. 20. Within the GMSB
scenario, the low-energy masses generated for colored particlesgrdut only~ g5 for
uncolored particles. Thus, scalar quarks are in general heavier than sleptons or electroweak
gauginos in this scenario. Fig. 20 shows that in the mGMSB and mAMSB scenarios no
third generation squark below about 400 GeV is possible in case (ll). Similarly, a gluino
as light as about 300 GeV is possible in the mSUGRA scenario, while the lower bound

on mg is about 200 GeV higher in the mGMSB and mAMSB scenarios, see Fig. 21.
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As a consequence, the prospects for the production of third generation squarks and the

gluino in these scenarios are not very high both at Run Il of the Tevatron and a LC with

a CMS energy of/s < 1 TeV. At the LHC, on the other hand, the production of the third

generation squarks and the gluino is guaranteed (it should be noted, however, that this

conclusion relies on the “naturalness bound” imposed in our analysis, see Section 2.6.3).
Finally we analyze the mass spectrum of the scaldgptons in the three scenarios,

see Fig. 21. In the mGMSB scenario, stringent upper limits on the scataasses of

mg <400 GeV andnz, S 600 GeV apply, giving rise to good prospects for production of

scalart at the LHC and a future LC (at Run 1l of the Tevatron a discovery reach of only

up to~ 150 GeV is expected [94]). In the mSUGRA and the mAMSB scenarios, on the

other hand, much larger masses of the scalaptons are possible, and their discovery in

the scenario considered here is not guaranteed at the next generation of colliders.

4. Conclusions

We have analyzed the three most prominent soft SUSY-breaking scenarios, mSUGRA,
mGMSB and mAMSB, regarding their phenomenology in the Higgs sector. We have
discussed the constraints arising from the exclusion limits in the Higgs sector recently
obtained at LEP and the possible implications in the situation where the excess of events
observed at LEP is interpreted as a signal of the light or heavy nélfralven MSSM
Higgs boson with mass of about 115 GeV.

In order to obtain the predictions for the Higgs sector in the three scenarios, we
have combined the two-loop RG calculations, employed to derive the low-energy mass
spectrum from the high-energy parameters in mSUGRA, mGMSB and mAMSB, with
Feynman-diagrammatic results up to two-loop order for the Higgs boson spectrum and
the effective mixing angle in the Higgs sector. The possible values for the low-energy mass
spectrum have been obtained by scanning over the fundamental (high-energy) parameters
in the scenarios. In addition to the constraints on the MSSM Higgs sector from the Higgs
search at LEP, which is the main issue in this paper, we have taken into account some
further phenomenological constraints on the low-energy mass spectrum. The lower bounds
on SUSY particle masses obtained from the searches at LEP2 and the Tevatron have
been incorporated as well as the constraints from electroweak precision observables. We
have assumedP-invariance and conservation &-parity and have discarded models
giving rise to charge and color breaking minima in the scalar potential or violating the
condition for radiative electroweak symmetry breaking. We have furthermore imposed
a mild “naturalness” upper bound on the masses of the scalar quarks and the gluino of
1.5-2 TeV.

As upper bound on the mass of the light€é&t-even Higgs boson (far; = 175 GeV)
we have foundn;, < 124,119 and 122 GeV in the mSUGRA, mGMSB and mAMSB
scenario, respectively. In these scenarios theStaalues are excluded up to tAn>
3.3,4.6 and 3.2, respectively. The upper boundignin the three scenarios is significantly
reduced compared to the unconstrained MSSM. This decrease in the upper boupd on
is, in particular, related to the restrictions imposed on the mixing in the scalar top sector by
the underlying structure of the three scenarios. We have furthermore investigated the Higgs
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couplings to vector bosons and fermions (in particularpthaark). Using these results, we
have discussed in which parameter regions a non SM-like behavior of the Higgs production
and decay processes is possible in the three scenarios.

The set of models that passed all constraints (called “case (I)” in our terminology), was
then further analyzed in view of whether they permit the interpretation of the excess of
events observed at LEP2 as a signal of the ligiteven Higgs boson (“case (II)”) or
the heavyCP-even Higgs boson (“case (lll)”) with a mass of 1+2 GeV and SM-like
couplings.

While the interpretation of the LEP excess as production of the igheven Higgs
boson is possible in all three scenarios, the interpretation as a signal of the ¢ieavy
even Higgs boson is only possible in the mSUGRA scenario in a small parameter region
with 50 < tang < 55, which is constrained from the Higgs search results of Run | of the
Tevatron and is also close to the region where no radiative electroweak symmetry breaking
occurs.

Assuming the interpretation of the LEP excess as a Higgs signal in the MSSM
(according to cases (Il) and (1)), we have analyzed the restrictions on the parameter space
of the fundamental parameters in the three scenarios. We have furthermore investigated
the corresponding spectra of the SUSY particles in these scenarios in view of the SUSY
searches at Run Il of the Tevatron, the LHC an@&a~ LC with center of mass energy of
up to 1 TeV. While for the scenario studied here the Tevatron has only a limited chance to
observe SUSY patrticles, the LHC can always cover the scalar tops and bottoms (the latter
is related to the naturalness condition imposed on the models in our analysis). A LC offers
very good prospects for gaugino and slepton production. We find that at least a part of the
gaugino and slepton spectrum should be accessible at at LC with center of mass energy of
up to 1 TeV in all three scenarios.
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