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Chapter 1 Introduction

The American particle physics community can look forward to a well- conceived and
vital program of experimentation for the next ten years, using both colliders and
fixed target beams to study a wide variety of pressing questions. Beyond 2010, these
programs will be reaching the end of their expected lives. The CERN LHC will
provide an experimental program of the first importance. But beyond the LHC, the
American community needs a coherent plan. The Snowmass 2001 Workshop and
the deliberations of the HEPAP subpanel offer a rare opportunity to engage the full
community in planning our future for the next decade or more.

A major accelerator project requires a decade from the beginning of an engineering
design to the receipt of the first data. So it is now time to decide whether to begin
a new accelerator project that will operate in the years soon after 2010. We believe
that the world high-energy physics community needs such a project. With the great
promise of discovery in physics at the next energy scale, and with the opportunity for
the uncovering of profound insights, we cannot allow our field to contract to a single
experimental program at a single laboratory in the world.

We believe that an ete™ linear collider is an excellent choice for the next major
project in high-energy physics. Applying experimental techniques very different from
those used at hadron colliders, an ete™ linear collider will allow us to build on the
discoveries made at the Tevatron and the LHC, and to add a level of precision and
clarity that will be necessary to understand the physics of the next energy scale. It
is not necessary to anticipate specific results from the hadron collider programs to
argue for constructing an ete™ linear collider; in any scenario that is now discussed,
physics will benefit from the new information that ete™ experiments can provide.

This last point merits further emphasis. If a new accelerator could be designed
and built in a few years, it would make sense to wait for the results of each accelerator
before planning the next one. Thus, we would wait for the results from the Tevatron
before planning the LHC experiments, and wait for the LHC before planning any
later stage. In reality accelerators require a long time to construct, and they require
such specialized resources and human talent that delay can cripple what would be
promising opportunities. In any cvent, we believe that the case for the lincar collider
1s s0 compelling and robust thal we can justify this facility on the basis ol our current
knowledge, cven before the Tevatron and LHC experiments are done.

The physics prospects for the linear collider have been studied intensively for
more than a decade, and arguments for the importance of its experimental program
have been developed from many different points of view. ‘I'his book provides an
imtroduction and a guide to this literature. We hope that it will allow physicists
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new to the consideration of linear collider physics to start from their own personal
~perspectives and develop their own assessments of the opportunities afforded by a
linear collider.

The materials in this book are organized as follows. In Chapter 2, we reprint
the ‘Linear Collider Whitepaper’, a document prepared last summer by the linear
collider supporters for the Gilman writing group of HEPAP [1]. This document
presents a distilled argument for the first phase of the linear collider at 500 GeV in
the center of mass. Though it describes a number of physics scenarios, it emphasizes
a particular perspective on the physics to be expected at the next scale. Considerable
space is given to the analysis of a light Higgs boson—as called for by the precision
electroweak measurements—and to measurements of supersymmetry, motivated, for
example, by the precisely known values of the Standard Model coupling constants.
There is no question that, in these scenarios, the linear collider would provide a
program of beautiful and illuminating experiments.

The ‘Sourcebook for LC Physics’, Chapters 3-8 gives a more complete overview
of the physics measurements proposed for the linear collider program. In separate
sections, we review the literature that describes the measurements that the linear
collider will make available on the full variety of physics topics: Higgs, supersymmetry,
other models of the electroweak symmetry breaking (including new Z bosons, exotic
particles, and extra dimensions), top quark physics, QCD, and the new precision
electroweak physics available at linear colliders. The chapter on Higgs physics includes
a thorough review of the capabilities of a linear collider for the study of the Standard
Model Higgs boson as a function of its mass.

Chapter 9 gives a survey of theoretical approaches to the next scale in physics and
the implications of each for the linear collider physics case. This chapter attempts
to cover the full range of possibilities for physics at the next energy scale. We hope
that this review will be useful in putting each particular physics scenario into a larger
perspective.

The discussion of experimental program issues in Chapters 10-14 presents a num-
ber of options for the linear collider experimental program, weighing their merits and
requirements. We begin by presenting some typical scenarios for operation of the lin-
ear collider, with suggested choices for energy and luminosity to meet specific physics
goals. We then discuss the baseline experimental facilities. Our baseline design is
an accelerator of 500 GeV center-of-mass energy, with polarized ¢ beams, and with
two interaction regions that share the luminosity. The design envisions a number of
upgrade paths. These include low-encrgy precision measurements in one of the two
regions and ete™ collisions at multi-TeV cnergies in the other. The logic of these
plans is described in some detail. In the subsequent chapters, we discuss the possible
options of positron polarization, operation of a v collider by laser backscattering
rom clectron beams, and operation for ¢~ e collisions. In each casc, we review the
promisc and the technological problems of the approach.
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Chapter 15 discusses detectors for the linear collider experiments. We present
and cost three detector models. We also discuss issues for the linear collider detector
design. Though a generic LEP-style detector could carry out the basic measurements,
the linear collider environment offers the opportunity for exceptional detection effi-
ciencies and precision in the study of physics processes. We list a number of research
problems whose solution would allow us to realize the full potential that high energy
eTe™ collisions offer.

The final chapter gives a list of suggested questions that could be taken up at
Snowmass or in other studies. Many of these arise from the specific discussions of the
earlier chapters. They range from questions of accelerator and detector optimizations
to physics issues that require first study or more careful scrutiny.

We do not discuss linear collider accelerator designs in this book, but a number
of useful reports on the various current proposals are available. TESLA, based on
superconducting rf cavities, has been submitted to the German goverment as a formal
TDR [2]. A detailed proposal for the warm cavity accelerator developed by the NLC
and JLC groups was presented in the 1996 ZDR [3], and the current NLC baseline
is described in a separate paper for the Snowmass 2001 workshop [4]. These two
approaches have different emphases and differ in many details. However, both designs
meet the requirements to achieve the physics goals that we discuss in this book.

We believe that it is urgent that the American high-energy physics community
come to grips now with the issues related to the linear collider. There are several
reasons for this. First, the proposals for a linear collider in Europe and in Asia
are now becoming explicit. Inevitably, such proposals will raise the question of how
the American community will participate. We are approaching the time when the
nature of our involvement will be decided by default, not by our design. Second,
the high energy fromtier of accelerator-based research will pass to the LHC in only
a few years. Since the health of any region’s particle physics community depends
on its central participation in a frontier facility, the US community needs to address
how it will participate in the major facilities of the coming era. Third—and most
importantly—the linear collider is very likely, in our opinion, to make major progress
on the most pressing physics questions before us today. We can offer no guarantee of
this, since it is the nature of our field that each new frontier accelerator steps into the
unknown. But for all the ways that are foreseen to resolve the mystery of the origin
of electroweak symmetry breaking, measurements at the linear collider would be of
crucial importance.
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Chapter 2 “The Case for a 500 GeV eTe~ Linear Collider”
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Several proposals are being developed around the world for an e*e™ linear collider
with an initial center of mass energy of 500 GeV. In this paper, we will discuss why
a project of this type deserves priority as the next major initiative in high energy
physics.

1 Introduction

Those of us who have chosen to work in elementary particle physics have taken on
the task of uncovering the laws of Nature at the smallest distance scales. The process
is an excavation, and as such, the work proceeds through various stages. During the
past ten years, experiments have clarified the basic structure of the strong, weak, and
electromagnetic interactions through measurements of exquisite precision. Now the
next stage is about to begin.

The structure of the electroweak interactions, confirmed in great detail by recent
experiments, requires a new threshold in fundamental physics at distances or energies
within a factor of ten beyond those we can currently probe. More detailed aspects of
the data argue that this threshold is close at hand. In the next decade, we will carry
oul the first experiments that move beyond this threshold, perhaps at the llermilab
Tevatron, almost certainly at the CEKRN LHC.

Many measurements of this new physics will be made at these hadron colliders. In
this document we will argue that electron-positron colliders also have an important
role to play. Because the clectron is an essentially structurcless particle which inter-
acts through the precisely calculable weak and electromagnetic interactions, an ete”
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collider can unambiguously determine the spins and quantum numbers of new parti-
cles. Cross section and branching ratio measurcments are straightforward and can be
readily compared to modcls for the underlying physics. Itlectron beam polarization
allows experiments to distinguish clectroweak quantum numbers and measure impor-
tant mixing angles. During the next few years, hadron colliders will likely discover
the agents of electroweak symmetry breaking. But clectron-positron experiments will
also be necessary to completely determine the properties of the new particles.

We believe that a number of new developments call for the start of construction
of a high luminosity 500 GeV ete™ collider in this decade. First, precision measure-
ments from experiments at CIXRN, Fermilab and SLAC suggest that important new
physics is within range of this machine. Second, the necessary technologics have been
developed to the point where it is feasible to construct the collider. Third, these tech-
nologies, and others still under development, should allow the collider to be upgraded
to TeV and even multi-IcV cnergies. For all of these rcasons, we belicve that the
time is right to design and construct a high luminosity 500 GeV e*e™ lincar collider.

In this paper, we formulate the physics case for this machine. The elements of the
argument are:

1. New physics processes should appear at a 500 GeV collider. In particular, preci-
sion data indicate that the Higgs boson should be accessible to this machine. If
it is, the collider will definitively test whether the Iliggs boson is responsible for

generating the masses ol the quarks, leptons, and gauge bosons of the Standard
Model.

2. There are good rcasons to believe that there is other new physics at the TeV
scale. Across the range of models, eTe™ collider experiments add crucial infor-
mation to that available from hadron collider experiments. They will dramati-
cally clarify our understanding of TeV scale physics.

3. A 500 GeV collider is a critical first step toward a higher energy ¢*e™ col-
lider. We believe that such a machine is likely to be needed for the complete
elucidation of the next set of physical laws.

This paper will proceed as follows: In Section 2, we will discuss the future of
high energy physics [rom a long-term perspective. We will briefly review the recent
developments that have clarified the structure of elementary particle interactions, the
challenges poscd by the next scale in physics, and the need for higher energy lepton
~and hadron colliders. In Section 3, we will briefly describe the current designs of
500 GeV c¢te™ colliders and the technologies that will enable them o be upgraded
to higher cnergy. This discussion will define the basic accelerator specifications that
we will explore in this study: center of mass cnergies up to 500 GeV, and luminosity
samples of 200 fb™' to 600 fb~!. In Secction 4, we will give the arguments that
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new physics should appear at 500 GeV. In Section 5, we will describe some of the
important measurements that could be made at a 500 GeV collider, or with high
luminosity measurements at the Z pole or the WW threshold. In Section 6, we
will describe additional measurements for which the required energy is less certain
but which, when they are kinematically accessible in eTe™ collisions, will beautifully
enhance the results of the LHC. Section 7 contains our conclusions.

There is an enormous literature on the physics capabilities of ete™ colliders at
energies of 500 GeV and above. Our goal in this document is to summarize and focus
this information. Much more information about the capabilities of a high energy ete”
linear collider can be found in [1,2,3,4] and references therein.

Before beginning our discussion, we would like to comment on three related issues.
The first is the role of the LHC. The ATLAS and CMS experiments at the LHC
are likely to be the most important high energy physics experiments of the decade,
precisely because they will be the first experiments whose energy is clearly in the
regime of new physics. The linear collider does not need to compete directly with the
LHC in terms of energy; instead, its physics program should complement the LHC
by adding important new information. It is just for this reason that we must look at
the strengths and weaknesses of the LHC when we build the case for an eTe™ linear
collider.

The second concerns the competing linear collider technologies, the approach of
NLC and JLC, with warm copper accelerating structures, and that of TESLA, with
superconducting RF cavities. From the point of view of the physics, the similarities of
these proposals are more important than their differences. Both schemes are capable
of high luminosity (2 x 103 ¢cm~2sec™! for NLC/JLC, 3 x 103* cm™2sec™! for TESLA)
and lead to similar backgrounds from beamstrahlung, pair production, and other
machine-related effects. The physics case we will develop applies to both schemes.
A decision between them must eventually be made on the basis of cost, detailed
technical advantages, and upgradability, but we will not argue for either particular
approach in this report.

The third issue concerns the ultimate upgrade of the energy of the eTe™ collider to
multi-TeV center of mass energies. Recent R&D suggests that this may be achievable.
It is likely that the needs of physics will eventually call for experiments at such high
energics, and so the collider should be planned to support a program ol successive
energy upgrades. Ilowever, the first stage of any program toward malti-TeV ete”
collisions will be a 500 GeV lincar collider. This first-stage machine now has a clear
physics justification, and that will be the main focus of this report.
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2 Lepton colliders and the long-term future of high energy
physics

The accelerators at CERN, Fermilab, DESY, and SLAC, which today provide the
highest energy particle collisions, were originally envisioned and justified in an era
when the fundamental structures of the strong and weak interactions were completely
mysterious. These facilities provided much of the data that allowed these mysteries to
be understood. Through successive upgrades and improvements, they also provided
the data that allowed the resulting theories to be tested with precision. We have
learned that with time, accelerators and individual experiments outstrip predictions
of their physics reach. This history implies that we should think about future ac-
celerators from a long-term perspective. We begin this report with that discussion.
Where may we expect to be, 20 years from now, in our exploration of fundamental
physics? How can we get there?

2.1 A 20-year goal for high energy physics

The beautiful experiments in particle physics over the past 20 years have brought
us to the point where we are poised to discover the microphysical origin of mass.
In the Standard Model, the electroweak interactions are built on the foundation of
an SU(2) x U(1) gauge symmetry. All of the mass terms in the Standard Model
necessarily violate this symmetry. Masses can only appear because some new fields
cause this symmetry to be spontaneously broken.

The spontaneous symmetry breaking cannot be explained in terms of the known
strong, weak, and electromagnetic interactions. In the 1980s, it was possible to be-
lieve that the W and Z bosons were composite particles [5,6,7,8]. In the 1990s,
when electroweak radiative corrections were measured to be in agreement with the
SU(2) x U(1) gauge theory [9], this possibility was swept away. At the same time,
the fundamental couplings of the strong, weak, and electromagnetic interactions were
precisely measured. At the weak interaction scale, these couplings are too small to
create a new state of spontaneously broken symmetry. Thus, the breaking of the elec-
troweak gauge symmetry must come from new fundamental interactions. To explain
the magnitude of the W and Z masses, these interactions must operate at the TeV
scale.

Over the next 20 years, a primary goal for high energy physics will be to discover
these new fundamental interactions, to learn their qualitative character, and to de-
scribe them quantitatively by new physical laws. Today, although we can guess, we do
not know what form these laws will take. It is logically possible that the electroweak
symmetry is broken by a single Higgs boson. More likely, the agent of symmetry
breaking will be accompanied by other new physics. A popular hypothesis is a super-
symmetric generalization of the Standard Model. Other suggestions include models
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with new gauge interactions, leading to a strongly-coupled theory -at TeV energies,
and models with extra spatial dimensions and quantum gravity at the TeV scale.

Aside from their own intrinsic importance, the study of these new interactions
will play a crucial role in our understanding of the universe. For example, supersym-
metry is a theory of space-time structure which requires modification of the theory of
gravity. Other types of models, in particular those with large extra space dimensions,
necessarily invoke new space-time physics at the TeV scale.

New physics is also needed to address one of the mysteries of cosmology. There is
substantial evidence that a large fraction of the total energy density of the universe
is composed of non-baryonic dark matter. Recent estimates require that dark mat-
ter should make up more than 80% of the total matter in the universe [10]. A new
stable particle with a mass of about 100 GeV and an annihilation cross section of
electroweak size is an excellent candidate for this dark matter. Models of electroweak
symmetry breaking typically contain a particle filling this description. During recent
years, an enormous amount has been learned about the early universe, back to a time
of about 1 second after the Big Bang, by the detailed comparison of primordial ele-
ment abundances with a kinetic theory of nucleosynthesis based on measured nuclear
physics cross sections [11]. In 20 years, we could have a precise knowledge of these
new interactions that would allow a predictive kinetic theory of the dark matter. This
would push our detailed knowledge of the early universe back to 107!2 seconds after
the Big Bang.

High energy physics has many concerns aside from the nature of electroweak sym-
metry breaking. The origin of the quark and lepton flavors is mysterious; the pattern
of masses and flavor mixings is not understood. The discovery that neutrinos have
mass [12] has added a new dimension to this puzzle. In this decade, there will be a
significant effort, with contributions from many laboratories, to measure the parame-
ters of flavor mixing and CP violation. These questions are all intimately related to
the puzzle of electroweak symmetry breaking.

There are two reasons for this. First, in the Standard Model all mass terms are
forbidden by symmetry, and therefore all masses, mixings, and CP violating terms
must involve the symmetry-breaking fields. For example, in a model in which this
breaking is due to fundamental Higgs bosons, the quark and lepton masses, mixings,
and CP violating angles originate in the fermion couplings to the Higgs fields. We
will need to know what Higgs bosons exist, or what replaces them, in order to build
a theory of flavor. Second, deviations from the conventional expectations for flavor
physics are necessarily due to new particles from outside the Standard Model. If
such deviations are to be visible in the study of CP violation, for example, the new
particles must typically have masses of one to several hundred GeV. Given this mass
scale, it is likely that those particles are associated with the physics of electroweak
symmetry breaking.

Precision low energy experiments are designed to search for deviations from the
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Standard Model. Such deviations indicate the presence of new particles which must be
found at high energies. Models of new physics do not always predict such deviations,
and observed effects can be interpreted in multiple ways. So, there is no way to escape
the need to search for new particles directly at high energy. In fact, we are alreadyin a
situation where our current knowledge requires that new physics be found at the next
step in energy. The need for new accelerators can be seen from our study of the weak
interactions, as a consequence of the laws that we have established experimentally in
the past decade.

Thus, the elucidation of electroweak symmetry breaking should be the key central
goal for particle physics research in the next 20 years.

2.2 A 20-year program for accelerators

As we have just seen, electroweak symmetry breaking requires new fundamental
interactions; it is our task to find and understand them. In every example we know
of a fundamental law of Nature (with the possible exception of Einstein’s general
relativity), the correct theoretical understanding arose only with the accumulation of
a large stock of experimental data and the resolution of paradoxes within that data.
New and varied experimental techniques were needed, both to accumulate the basic
data, and to crucially check or refute intermediate hypotheses.

For the direct exploration of the TeV energy scale, only two types of collision
processes are feasible—proton-proton and lepton-lepton reactions. Proton-proton
collisions have the advantage of very high center of mass energies and high rates.
However, this environment also has large backgrounds, mainly from Standard Model
gluon-gluon collisions. Uncertainties from parton distributions and from perturbative
calculations limit the accuracy possible in many precision measurements. Lepton-
lepton collisions have a complementary set of advantages and disadvantages. The
cross sections are low, requiring high luminosity. However, new physics processes,
if they occur, typically form a large fraction of the total cross section. Final states
can be observed above well understood backgrounds, allowing unambiguous theoret-
ical interpretation. Cross sections for signal and background processes can be com-
puted to part-per-mil accuracy. Lepton-lepton collisions provide precise and model-
independent measurements which complement those from hadron machines.

It is well appreciated that, in developing our understanding of the strong and clec-
troweak interactions, proton and clectron colliders made distinet and complementary
contributions. As representative examples, recall the discovery of nucleon and meson
resonances, the T, and the #% and W* at proton facilitics and the corresponding
studies of deep inelastic scattering, the charmonium and bottomonium systems, the
79 resonance, and the WHW = threshold at clectron machines. In a natural evolution,
results from ¢Te™ have pointed to new processes in D and I3 meson decays which
have been probed [further in high-rate hadron experiments. In the later sections of
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this report, we will discuss a number of specific models that illustrate the way this
complementarity might play out at higher energies.

This logic leads us to plan, over the next 20 years, to study the new interactions
responsible for electroweak symmetry breaking in both proton-proton and lepton-
lepton collisions. From our experience with the strong and electroweak interactions,
it is likely that these new interactions will not be thoroughly understood until we
can look at them experimentally from energies above the relevant particle masses.
In some supersymmetric models, it is possible to stand above the whole spectrum
at a center of mass energy of 1 TeV. But quite possibly-—and necessarily for mod-
els of strong-interaction electroweak symmetry breaking—this requires much higher
energies, perhaps 5-10 TeV in parton-parton collisions.

This challenge was the motivation for building the SSC. With the anticipated
start of the LHC experimental program in 2005, the proton-proton program will at
last begin. The LHC, operating at 14 TeV and a luminosity of 10** cm™%sec™,
has parton collisions of sufficiently high energy that it is expected to produce some
signature of the new physics that underlies electroweak symmetry breaking [13,14,15].

For electron-positron colliders, all schemes for achieving high energy collisions
involve linear colliders. The technology of ete™ linear colliders is relatively new, but
important expertise was gained through operation of the SLC [16], which operated
at the Z° pole. The natural next step for this technology is a collider with 500 GeV
center of mass energy. A collider providing this energy, and delivering the required
luminosity, above 103 cm~2sec™!, would be a critical step on the path toward multi-
TeV energies and very high luminosities. At the same time, as we shall see, a 500
GeV collider has sufficient energy to make decisive contributions to the study of
electroweak symmetry breaking.

The design of a 500 GeV linear collider must not preclude extension to higher
energies. Indeed, both the current warm and superconducting linear collider proposals
explicitly include adiabatic extensions to somewhat higher energies. TESLA allows
a stage of operation at 800 GeV. The NLC/JLC plan includes ready expansion to
1 TeV and allows for an upgrade to 1.5 TeV. The pace of such an upgrade would
depend on the physics found at the LHC, as well as on results from the first phase of
500 GeV operation.

In the context of a 20-year plan, however, we must go even further, and contem-
plate partonic collision encrgies of 510 TeV. For hadron colliders, the VI.HC program
of R&D now underway, or potential upgrades to the LIIC, could provide this; how-
cver il seems premature to propose such a machine until the initial LHC results are
available. A multi-TeV muon collider has received much recent attention, but there
remain important R&D issues to be resolved belore its feasibility can be determined.
In the past few years, a promising route to multi-'1cV collisions has emerged for et e™
colliders. The possibility of a 5 TeV ete™ linear collider was studiced at Snowmass '96
[17], where three outstanding problems were identified: the lack of a feasible RIP power
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source for high frequency accelerating structures, the large length of the Final Focus
sections, and the tight manufacturing and alignment tolerances for the accelerating
structures. Since then, there has been considerable progress. A major rethinking of
the two-beam (CLIC) acceleration scheme makes this concept, in which a low-energy,
high-current beam is used to generate high-frequency RF, look promising as a power
source for very high energy acceleration [18]. Indeed, such schemes now look feasible
for lower RF frequencies (for example, at X band), and this could provide a natural
evolution path to higher accelerating gradients [19]. New compact Final Focus layouts
[20] have been recently incorporated into the NLC design.

The issue of manufacturing and alignment tolerances is central to the successful
operation of any high-luminosity linear collider. This issue is presented in a more
manageable form in the design of a 500 GeV collider with either warm or supercon-
ducting RF. Moreover, the experience of building and running this machine will be an
invaluable prerequisite to eventual ete™ experimentation at multi-TeV energies. In
addition, any multi-TeV ete™ linear collider will be placed in a long, straight tunnel
exactly like the one on the site of a 500 GeV machine and perhaps could reuse the
damping rings and injector complex of the 500 GeV stage. Thus, a 500 GeV linear
collider is the first stage of a 20-year exploration in ete™ physics. .

3 Parameters of a 500 GeV linear collider

The designs of linear colliders have evolved dramatically over the past five years,
based in part on experience from the SLAC Linear Collider operating at 91 GeV,
and in part on extensive collaborative R&D efforts in Europe, Japan and the United
States. At this writing, the machine parameters are still being evaluated; this section
is intended to give the currently envisioned scope of the possible accelerator projects.

The TESLA collider, developed by a collaboration led by DESY, would employ
superconducting RF accelerating cavities operating in L-band (1.3 GHz). The JLC
(KEK) and NLC (SLAC, LBNL, LLNL, FNAL) designs are based on warm acceler-
ating structures operating in X-band (11.4 GHz). Initial construction of each of these
is expected for a 500 GeV machine. A variety of important differences in the designs
follow from the basic choice of accelerating frequency. (KEK is also considering a
C-band variant operating at 5.7 Gllz.)

The main parameters of TESLA and the X-band NLC/JLC are shown in Table 1.
lfor all proposals, clectron beam polarization of 80% is expected. Production of po-
larized positrons can be envisioned by creating polarized photons in sophisticated
undulator magnets, or by backscattering polarized high-power lasers, but these possi-
bilities require further development. In all proposals, the collider can also be operated
for ¢7e™ collisions with some loss in luminosity. By backscattering laser beams, it
may be possible to create a high-luminosity gamma-gamma collider with a center of
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TESLA | NLC/JLC

RI" frequency (GHz) 1.3 11.4
Repetition rate (Hz) 5 120
Luminosity (10** cm™2sec™") 3.4 2.2
Bunch separation (ns) 337 1.4
Iiffective gradient (MV/m) 22 50.2
Beamstrahlung (%) 3.3 4.6
Linac length (km) 31 10.8

Table 2.1:  Basic paramecters of the high-luminosity T'ESLA and NLC/JL.C accelerator
designs.

mass energy of about 80% of that for eTe™.

The U.5. design of the NLC underwent a DOE readiness review to initiate the
Conceptual Design Report in May 1999. The Review Committee was positive in
its assessment of the technical design. The cost was estimated at $7.983. After sub-
traction of contingency, escalation, and detectors, these costs were distributed over
the major subsystems as follows: injectors (19%), main linacs (39%), beam delivery
(11%), global costs (17%), management/business (14%). The DOIS decided not to
proceed with the oflicial CD-1 milestone in view ol this cost. Present work is focused
on cost and possible scope reductions. In the past year, progress has been made in
identifying areas of savings, including the use of permanent magnets for the beam
lines, electronics distributed along the linacs, modifications to the injectors, and con-
siderable reduction of the length of the Final Focus. Demonstrated improvements
in the klystrons and modulators should give a reduction of RF power costs. Taken
together, these developments are estimated to reduce the cost by 30%. Scope reduc-
tions, including building the linacs initially for 500 GeV operation, with subsequent
civil construction for higher energy, could yield a further 10-15% reduction in the
initial cost.

The luminosity expected for the NLC design depends critically on the precision
with which one can build and align the disk-loaded accelerating structures of the main
X-band linac. Recent tests have demonstrated that structures can be produced with
2-3 times better accuracy than projected in the 1999 review, and that monitors built
into these structures can measure their position with respect to the beam to within
a few microns. Re-examination of the beam parameters in the light of these results
has led to the realization that the luminosity of the collider can be expected to be
34 times higher than projected in 1999, although it is likely to require some period
of running to carry out the nceded beam-based alignment of the accelerator. It is
reasonable to assume that the collider will begin operation at 5 x 10%3cm™2sec™" and
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that, over a period of time, it will reach the design luminosity of 2.2 x 103*cm™%sec™"

shown in Table 1. This would yield 100 fb~! of accumulated data in the first year of
operation and 200 fb™!/yr in subsequent years. ‘

Each of these proposals includes possible adiabatic upgrades in energy. The
TESLA collider can be expanded to 800 GeV through higher accelerating gradients.
The NLC/JLC energy upgrade to 1 TeV could be achieved through an increase in the
linac lengths and the addition of more RF structures. Improvements in RF gradients
or further increases in length could allow operation at 1.5 TeV. It is important for
the long term evolution of the linear collider that the flexibility to implement these
options be included in the initial machine design.

Work has been done at CERN (CLIC) to develop the RF power for acceleration to
even higher energies. The idea is to generate wakefield power for the main linacs using
a high current, low energy drive beam operating at low (L-band) frequencies. Recent
work at SLAC has expanded this concept to incorporate a recycling drive beam
train that is cheaper, more compact and eflicient than the original CLIC concept.
Accelerating gradients of about 100 MV/m are envisioned for this two beam design.
The two beam linear collider offers an attractive possibility for later expansion of
the linear collider to multi-TeV operation, and suggests the potential for an evolving
accelerator facility that can follow the initial phase of physics results. Recent R&D
suggests that the use of the two beam drive technology is as well suited for linacs
operating in the X-band as for the 30 GHz structures originally envisioned by CLIC,
although the limits to feasible gradients are not clear.

For the NLC design with permanent magnets in the beam lines, the energy for
operation cannot be decreased below half its maximum. As discussed in the next
sections, physics considerations may dictate that a wider range of energies is needed.
In particular, a return to the Z° pole may be desirable to improve the precision of
the electroweak measurements. Similarly, if the Higgs boson is in the low mass region
favored by the Standard Model or supersymmetry, it may be advantageous to accu-
mulate substantial integrated luminosity at the energy of the maximum Higgs cross
section and, at the same time, explore the high energy region. Recently, consideration
has been given to providing a second beam operating at lower energies. This beam
would be extracted from the main accelerator and accelerated in unused time slices of
the AC duty cycle. The extra power needed for this operation could be low because
of the reduced encrgy of the beams. Low and high energy beams would be delivered
to dedicated detectors installed at separate interaction points in the beam delivery
region.
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4 Why we expect new physics below 500 GeV

At Snowmass "96, i, was argued that a 1.5 eV ete™ collider is roughly cquivalent
to the LHC in its ability to detect the new physics related to electrowcak symmetry
breaking [15]. However, this point will certainly be moot by the time such a linear
collider operates. 'I'he real question that we must address is different: In an era in
which the LHC is already exzploring the new interactions responsible for clectroweak
symmetry breaking, what critical information must ete™ experiments add, and at what
eTe” center of mass energies should this information be sought?

Today, there is considerable evidence that an ¢te™ collider program should begin
al a center of mass cnergy of 500 GeV. This evidence is indirect and will remain so
until the new particles responsible for electrowcak symmetry breaking are discovered.
The case rests on the large body of precision data acquired over the past ten years.
These data agree remarkably with the minimal Standard Model. When interpreted
using this model, they require that the Higgs boson be light. The data also place
strong constraints on possible new physics associated with electroweak symmetry
breaking. These constraints define distinct pathways for new physics which will be
tested at the next generation of colliders.

l'ollowing the guidance ol the precision data, we will argue in this section that a
500 GeV linear collider will be needed whatever the outcome of the LHC experiments
might be. In Sections 4.1-4.3, we will outline why there should be a light Higgs
boson with mass below about 200 GeV. In Scclion 4.4, we will argue that, if the
new physics includes supersymmetry, the lightest superpartners should be found at
a 500 GeV collider. There are known ways to evade these arguments, but they too
give rise to crucial tests in ete™ collisions at 500 GeV, as we will discuss in Section
4.5. Finally, in Scction 4.6, we will address the question: what if the LIC sees no
new physics?

4.1 A fundamental versus composite Higgs boson

Models of electrowcak symmetry breaking divide into two groups at the first step.
[s the symmetry breaking induced by a fundamental scalar field or by a composite
object? Is electrowcak symmetry breaking a wcak-coupling phenomenon, or does
it require new strong interactions? These basic questions have driven the study of
electroweak symmetry breaking for 20 years [21,22]. Many people use analogics from
QCD or superconductivity to argue against the plausibility of fundamental scalars, or
use the perccived beauty of supersymmetry to motivate a fundamental scalar Higgs
field. We believe that it is possible to make a preliminary judgment—in favor of a
fundamental [Tiggs field—on the basis of the data. This will be important, because
models in which the Higgs is fundamental favor a light Higgs boson, while other
models favor a hecavy Higgs resonance, or none at all.
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The simplest model of electroweak symmetry breaking is the minimal version of
the Standard Model, which introduces one elementary Higgs field and nothing else.
This model is consistent with the present data, but it is totally inadequate as a
physical theory. In this model, the mass parameter m?* of the Higgs field is a free
parameter which cannot be computed as a matter of principle, because it receives an
infinite additive renormalization. Electroweak symmetry is broken or not according to
whether this parameter, after renormalization, is positive or negative. If the infinite
radiative corrections are made finite by a cutoff at some energy M, m? can be much
less than M? only if the radiative corrections are finely tuned to cancel. If M is taken
to be the Planck scale, these corrections must cancel in the first 30 decimal places.
Theorists often consider this to be a problem in its own right (the ‘gauge hierarchy
problem’). This problem is a symptom of the fact that the Standard Model is only a
parametrization, and not an explanation, of electroweak symmetry breaking.

Theories of electroweak symmetry breaking can be constructed either with or with-
out fundamental Higgs particles. The preference we have expressed for a fundamental
Higgs particle is reflected in the history of the subject. Phenomenological models of
supersymmetry introduced in the early 1980s [23,24,25,26] are as valid today as when
they were first created. On the other hand, the predictions of the early dynamical
models (as reviewed, for example, in [27]) have been found to be inconsistent with
experiment, requiring major changes in model-building strategies.

To discuss this point, we must define what we miean by a ‘fundamental scalar field’.
A particle which looks fundamental and structureless on one length scale can be seen
to be composite on a smaller length scale. In nuclear physics, and more generally in
scattering processes with energies of a few hundred MeV, the pion can be treated as
a structureless particle. However, in hard QCD processes, the pion must be treated
as a quark-antiquark bound state. At the other extreme, string theory predicts that
even quarks and leptons have a finite size and an internal structure at the Planck
scale. In almost any theory, a particle can at best be considered fundamental at some
particular distance scale. The question here is whether the Higgs boson is elementary
well above the scale of the new interactions responsible for electroweak symmetry
breaking. In the following discussion, we use the term ‘fundamental Higgs’ for the
case that there is a scalar Higgs field in the Lagrangian at an energy scale of 20 TeV.

The answer to this question has direct implications for the theory of the quark and
lepton masses. These masses arise through SU(2) x U(1) symmetry breaking, from
terms in the effective Lagrangian that couple left-handed to right-handed fermions.
If there is a fundamental Higes ficld, a typical term has the lorm

SL =M frdfn+he., (2.1)

where ¢ is an SU(2)-doublet Higgs ficld and the coupling A; is dimensionless. The
[ecrmion [ obtains mass when ¢ acquires a vacuum expectation value. To explain
the size of the mass, a theory must contain new interactions that fix the value of Ay,
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Because A; is dimensionless, these interactions can occur, without prejudice, at any
energy scale larger than 20 TeV. In typical models with a fundamental Higgs boson,
these interactions occur at the scale of grand unification, or even above.

If there is no fundamental SU(2)-doublet scalar field, the interaction (2.1) does
not exist. Instead, one must write a more complicated interaction that couples f fr
to other new fields. For example, in technicolor models, one writes

2

6 = S Tl rQnQu + . (22)
where @ is a new heavy fermion with strong interactions at the TeV scale. This is a
dimension-6 operator, and therefore we have written a coeflicient with the dimensions
(mass)~2. If the operator (QrQ1) acquires a vacuum expectation value at the TeV
scale and this operator is expected to generate a 1 GeV fermion mass, Mg must be
roughly 30 TeV. The four-fermion operator (2.2) can be induced by the exchange of
a heavy boson of mass Mg. However, whatever the mechanism that leads to this
operator, the physical interactions responsible must operate at some energy scale not
too far above Mg. This means that, unlike the previous case, the interactions that
determine the quark and lepton masses and mixings must occur at energies not so far
above those we now probe experimentally.

In fact, these interactions must occur at sufficiently low energies that they would
be expected to contribute significantly to p — ey and K — pe, and to K-K, B-B,
and D—D mixing. The fact that these processes are not observed is a severe problem
for dynamical theories. A further problem arises from the large size of the top quark
mass. To produce a mass as large as is observed, the mass scale Mg for the top
quark—and, by symmetry, for the b;—must be close to 1 TeV. This new interaction
would be expected to lead to enhanced flavor-changing neutral current amplitudes,
and to few-percent corrections to the Zbb coupling [28].

These experimental observations have eliminated essentially all simple models of
dynamical symmetry breaking. The only models that survive have complex new
dynamics (e.g., [29,30,31]) or, below energies of several TeV, behave almost exactly
like the Standard Model with a scalar Higgs field (e.g., [32]). Neither type of model
resembles the attractive intuitive picture that first led people to explore electroweak
symmetry breaking by new strong interactions.

Generalizations of the simplest Standard Model with additional fundamental scalar
ficlds have also been proposcd. But these have little motivation, and like the mini-
mal Standard Model, the liggs vacuum expectation value, and even the existence of
electroweak symmetry breaking, cannot be predicted as a maticr of principle.

The simplest models with a fundamental Higgs field in which clectroweak symme-
try breaking results from a calculation, rather than a parameter choice, arc those with
supersymmetry. Without debating the virtues or deficits of supersymmetric models,
what is relevant here is that supersymmetric models have not been significantly con-
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strained by the precise experimental measurements of the past 20 years. Supersym-
metric particles give very small effects in electroweak precision measurements because
the masses of the superparticles preserve SU(2) x U(1) gauge symmetry, and so do
not require electroweak symmetry breaking. In models that decouple in this way, new
particles with mass M give corrections to the Standard Model predictions at the Z°
which are of size

am?

T M?
As long as we stay below the energy at which the new particles actually appear,
their influence is very small. Then, as we pass the threshold, new physics appears
suddenly. Supersymmetry thus naturally suppresses deviations from the Standard
Model—until we begin to produce the supersymmetric particles. Models with dy-
namical electroweak symmetry breaking almost always contain heavy matter states
which have chiral couplings and thus do not decouple from electroweak symmetry
breaking. In these models, one expects significant corrections to the Standard Model
well below the energy scale of the new particles.

In addition to this decoupling, the early supersymmetry models made two im-
portant predictions. The first was that the top quark mass should be heavy. This
tendency arises from the fact that, in supersymmetric models, electroweak symme-
try breaking can be triggered by radiative corrections due to the top quark Yukawa
coupling. The papers [23,24,25,26] all quoted lower bounds on the top quark mass,
ranging from 50 to 65 GeV. (Later, corners of parameter space were found in which
the top quark mass could be lower.) Supersymmetry readily accommodates a top
quark mass as large as 175 GeV. The second prediction was that the value of sin® 6,
should be close to 0.23 (as now observed), rather than the value 0.21 preferred in
the early 1980’s. This prediction arises from grand unification with the renormali-
zation group equations of supersymmetry [33,34,35]. The precise determination of
a;s and the electroweak couplings at the Z° has given even stronger support to the
idea of supersymmetric grand unification, with the issue now at the level of detailed
higher-order corrections [36].

Of course it is premature to make a final decision between the different models.
For this, we must discover and study the Higgs boson, or whatever takes its place.
But, in planning where we should look for these phenomena, we should take into
account, that models with fundamental Miges bosons passed the first tests presented
by the data, while the carly dynamical models did not.

(2.3)

4.2 A fundamental Higgs boson should be light

[n the previous section, we noted that in models with fundamental Higgs bosons,
the Higes is typically light. In this section, we will quantify that statcment with
upper bounds on the Higgs mass.
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In the Standard Model, the mass of the Higgs boson is determined in terms of the
Higgs field expectation value v and the Higgs self-coupling A by the relation

my = V2 , (2.4)

with v = 246 GeV determined by the values of the W and Z masses. A bound on A
thus implies a bound on my,. For example, A < 1 implies m; < 350 GeV. How large
can A reasonably be?

Like a;, A is a running coupling constant, but in this case radiative corrections
drive A to larger values at higher energies. Just as the running o, diverges at Az,
signaling the onset of nonperturbative QCD effects, the running A diverges at a high
energy scale A,. Presumably, this must signal the breakdown of the fundamental
Higgs picture. The relation between A, and the value of A at the weak interaction

scale can be computed from the Standard Model [37]. It is conveniently written, using
(2.4), as
1000 GeV

" in(An/o)

The value of my in (2.5) is the largest Higgs boson mass compatible with a Higgs
field which is elementary at the scale A,. For A, =20 TeV, mj, < 500 GeV.

A much stronger limit on my, is obtained if one takes seriously the experimental
evidence for grand unification and assumes that the Higgs boson is a fundamental
particle at the grand unification (GUT) scale. If we naively put Ay > 10'¢ GeV into
(2.5), we find m;, < 180 GeV. Successful grand unification requires supersymmetry
and brings in ingredients that make the computation of m; more complex. But,
detailed analysis of supersymmetric grand unified models has shown that the idea of
an upper bound on my, remains valid. In 1992, two groups presented systematic scans
of the parameter space of supersymmetric grand unified theories, demonstrating the
bound m; < 150 GeV [38,39]. Exceptions to this constraint were later found, but
still all known models satisfy m;, < 205 GeV [40].

The Minimal Supersymmetric Standard Model is a special case. In this model, the
tree-level potential for the lightest Higgs boson is determined completely by super-
symmetry. Radiative corrections to this potential are important. Nevertheless, it can
be shown that m; < 130 GeV in this model [41]. Here the conclusion is independent

ol any assumptions aboul grand unification.

(2.5)

4.3 The constraint on the Higgs mass from precision electroweak data

The previous two sections did not make any relerence to the determination of the
Iligegs boson mass from the precision clectrowcak data. Those data give a sccond,
independent argument for a light Hliggs boson. The Higgs field contributes to clec-
troweak obscrvables through loop corrections to the W and 7 propagators. The effect
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is small, of order aln(m;/mw), but the accuracy of the measurements makes this
effect visible. A fit of the current data to the Standard Model, using the measured
value of the top quark mass, is consistent only if In(rm/myw ) is sufficiently small. The
LEP Electroweak Working Group finds upper limits mj; < 188 GeV at the 95% CL
and my;, < 291 GeV at the 99% CL [42]. Even using more conservative estimates of
the theoretical errors [43], the limit on the Higgs boson mass is well within the range
of a 500 GeV ete™ collider.

This Standard Model limit does not obviously apply to more general models of
electroweak symmetry breaking. In what follows we will discuss its validity in various
models. As previously, the result depends on whether or not the Higgs is fundamental.

We have noted in Section 4.1 that models with a fundamental Higgs boson typ-
ically satisfy decoupling. The practical effect of this is that, if new particles are
sufficiently massive that they cannot be produced at LEP 2, their contributions to
electroweak corrections are too small to affect the current global fits. In particular,
fits to models of supersymmetry produce upper bounds on the Higgs mass similar to
those from the Standard Model. ‘

It is difficult to make a model with dynamical electroweak symmetry breaking that
is consistent with precision electroweak measurements. The simplest technicolor mod-
els, for example, give several-percent corrections to electroweak observables [44,45,46];
effects this large are completely excluded. Even models with one SU(2) doublet of
techni-fermions give corrections of a size roughly double that for a 1000 GeV Higgs
boson. With models of this type, it is typically necessary to invoke some mechanism
that compensates the large corrections that appear in these models, and then to ad-
just the compensation so that the precision electroweak constraint is obeyed. In this
process, the constraint on the Higgs boson mass can be relaxed.

A recent review [47] describes the three different compensation strategies that
have been presented in the literature. One of these strategies leads to a lower value
of the W mass and a larger Z width than predicted in the Standard Model. It
can be distinguished by the improved precision electroweak measurements that we
describe in Section 5.6. The other two strategies predict either new light particles
with electroweak charge or other perturbations of Standard Model cross sections
visible below 500 GeV. Thus, models based on new strong interactions can avoid
having Higgs bosons below 500 GeV, but they predict phenomena observable at a
500 GeV linear collider.

4.4 The lightest supersymmetry partners are likely to appear at 500 GeV

or supersymmetric models of clectroweak symmetry breaking, the arguments of
the previous two sections give us confidence that we will be able to produce the
lightest Higgs boson.  But we also need to study the supersymmetry partners of
quarks, leptons, and gauge bosons. Thus, we must also c¢xplore how hcavy these
particles are likely to be.
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Xt g €R u, d
Barbieri-Giudice [48] 110 350 250 420
Ross-Roberts [49] 110 560 200 520
de Carlos-Casas [50] 250 1100 450 900
Anderson-Castano [51] 270 750 400 900
Chan-Chattopadhyay-Nath [52] 250 930 550 900
Giusti-Romanino-Strumia [53] 500 1700 600 1700
Feng-Matchev-Moroi [54] 240/340 | 860/1200 | 1700/2200 | 2000/2300

Table 2.2: Upper limits on supersymmetry particle masses (in GeV) from the fine-tuning
criterion found by various groups. In the last line, we have chosen two different breakpoints
in fine-tuning from the results given in the paper.

Because supersymmetric generalizations of the Standard Model revert to the Stan-
dard Model when the superpartner masses are taken to be heavy, it is not possible to
obtain upper limits on the masses of supersymmetric particles by precision measure-
ments. One must take a different approach, related to the problems of the Standard
Model discussed at the beginning of Section 4.1. As we noted there, it is a property of
the Standard Model that radiative corrections from a high mass scale M contribute
additively to the Higgs mass and vacuum expectation value, affecting my in the form

2,2

miy =SV O (26)
4 s

It is possible to obtain a value of the W mass much less than M only if the var-
ious contributions cancel to high accuracy. For example, these terms must cancel
to 3 decimal places for M = 20 TeV or to 30 decimal places for M = 10'® GeV.
Supersymmetry solves this problem by forbidding such additive corrections to m,.
But this restriction applies only if supersymmetry is unbroken. If the masses of the
superpartners are much greater than myy, the fine-tuning problem returns.

This theoretical motivation leads us to expect that supersymmetric particles are
most natural if they are light, of order a few hundred GeV. One can try to quan-
tify this argument by limiting the amount of accidental cancelation permitted in
the calculation of mw. By now, many authors have studied this cancelation in a
varicty of supersymmetric models. In Table 2, we show the upper limits on super-
symmetry particle masses found by seven groups for the parameter space of minimal
gravity-mediated supersymmetry models (mSUGRA). The detailed calculations lead-
ing to these limits are different and, in many cascs, involve conflicting assumptions.
These differences are reflected in the wide variation of the limits on first- and second-
gencration slepton and squark masses evident in the table.
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Nevertheless, these analyses are in general agreement about the required scale
of the gaugino masses and (except for [53]) expect chargino pair production to be
kinematically accessible at or near 500 GeV. A simplified but quantitative argument
for this bound can be made [54] by writing the expression for mj, in terms of the
underlying parameters of the model, and eliminating these in terms of physical particle
masses. For the representative value tan § = 10, one finds

m2y = —1.3u* +0.3m*(G) + - - -, (2.7)

where the terms displayed involve the supersymmetric Higgs mass parameter and the
gluino mass. The omitted terms involving scalar masses are more model-dependent.
The gluino mass enters through its effect on the renormalization of the stop mass.
For a gluino mass of 1 TeV, the requirement that the W mass is no larger than 80
GeV requires a fine-tuning of 1 part in 50. A similar level of fine-tuning is needed if
W is greater than 500 GeV.

As we will discuss in Section 5.2, the masses of the two charginos are closely related
to the wino mass parameter my and the Higgs mass parameter y. In particular, the
lighter chargino mass lies close to the smaller of these two values. The parameter mg
is connected to the gluino mass in mSUGRA models by the grand unification relation

ma/m(q) = awfos & 1/3.5. (2.8)

This relation also holds in gauge-mediation, where, in addition, the masses of sleptons
are predicted to be roughly the same size as the mass of the chargino. In other schemes
of supersymmetry breaking, the chargino/gluino mass ratio can differ; for example,
in anomaly-mediation, mq/m(g) /& 1/8. In all of these models, the bound on m(g)
implies a strong bound on the lightest chargino mass. The fact that both mg and g
are bounded by the fine-tuning argument implies that there is also a bound on the
mass of the heavier chargino. Indeed, one typically finds that the full set of chargino
and neutralino states can be produced at an 800 GeV ete™ collider [54].

Although the fine-tuning limits are by no means rigorous, they indicate a pref-
erence for light supersymmetry partners. They encourage us to expect that we will
be able to study the lighter chargino and neutralinos at the initial stage of the linear
collider program, and all gauginos with a modest upgrade of the energy.

4.5 What if there is no fundamental Higgs boson?

Despite our arguments given in Section 4.1 for preferring a fundamental Higgs
boson, electroweak symmetry breaking could result from a new strong interaction.
Whereas for supersymmetry we have a well-defined minimal model, albeit one with

many [ree parameters, here even the basic structure of the model is unknown and we
will need more guidance from experiment. Il is thus important {o identily measure-
ments that probe possible new strong interactions in a varicty of ways.
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In models with a composite Higgs boson, the Higgs mass can be large, 500 GeV
or higher. If the Higgs is very heavy, there is no distinct Higgs resonance. A heavy
but narrow Higgs boson can be studied at the LHC in its Z°Z° decay mode, and
at a higher energy ete™ collider. A broad resonance or more general new strong
interactions can be studied through WW scattering at TeV energies. This study can
also be done at the LHC and at a higher energy linear collider [15]. However, in this
case, the experiments are expected to be very challenging. Certain classes of models
which are preferred by the arguments of Section 4.1 (e.g., [32] ) predict that no effect
will be seen in these reactions.

In view of this, it is essential to have another way to probe models with a composite
Higgs boson. This can be done by studying the effects of the new physics on the
Standard Model particles that couple most strongly to it—the W, Z, and top quark.
Because the Z couples to light fermions through a gauge current, effects of the new
strong interactions are not expected to appear in Z decays, except possibly in Z — bb.
The first real opportunity to observe these effects will come in the study of the W,
7, and t couplings. Effects of strong-interaction electroweak symmetry breaking can
appreciably modify the Standard Model predictions for these couplings.

Without a specific model, it is difficult to predict how large these effects should
be, but some estimates provide guidance. For example, triple gauge boson couplings
can be related to parameters of the effective chiral Lagrangian describing the nonper-
turbative SU(2) x U(1) symmetry breaking. The parameter Ax., which contributes
to the W anomalous magnetic dipole moment, is given by [15]

AKJW = —27T'Oéw(L9L + LgR + LlO) 3 (29)

where the L; are dimensionless parameters analogous to the Gasser-Leutwyler para-
meters of low energy QCD [55]. Naively putting in the QCD values, we find

Akiy ~ =3 x107% . (2.10)

A deviation of this size cannot be seen at LEP or the Tevatron. It is close to the
expected error from the LHC. However, a 500 GeV ete™ collider can reach this
sensitivity by the precision study of ete™ — WTW ™, as we will discuss in Section
5.5.

For the top quark, somewhat larger effects are expected, specifically in the Z#t
coupling. As we noted in Section 4.1, it is already a problem for these models that
the decay width for Z — bb agrees with the Standard Model. However, models can
contain several competing effects which add destructively in the Zbb coupling but
constructively in the Z#t coupling [56,57,58]. In that case, 5-10% corrections to the
Ztt coupling would be expected. These would produce corrections to the cross section
for ee™ — ¢ which would be observed through the measurement of this cross section
at a 500 GeV ete™ collider. We will discuss the program of precision measurements
of anomalous top quark couplings in Section 5.3.
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In the past few years, there has been a theorctical preference for supersymmetry
and other weakly-coupled models of electroweak symmetry breaking. If supersymmet-
ric particles are not discovered at the LHC, this situation will change dramatically.
In that case, anomalous W and ¢ coupling measurements at an ete™ collider will be
among the most central issucs in high-energy physics.

4.6 What if the LHC sees no new physics?

Though we expect that the LHC will reveal a rich spectrum of new particles, it is
possible that the LHC will see no new phenomena. How could the LHC see no sign
of the intcractions responsible for electroweak symmetry breaking? The LHC should
not fail to find supersymmetry if it exists. The LIIC, at full luminosity, should be
sensitive to resonances in W W scattering beyond the limit set by s-channel unitarity.
Thus, if the LHC fails to find signatures of electrowcak symmetry breaking, it will not
be because this collider does not have high enough energy. The scenarios in which the
LHC fails—which, we crmphasize, are very special scenarios occupying a tiny volume
of typical parameter spaces-—are those in which there is a light Higgs boson that does
not have the decay modes important for detection at the LHC.

A Higgs boson with mass larger than about 150 GeV has a large production cross
section from WW fusion and a substantial branching ratio to decay back to WW.
lven if the AWW coupling is diluted as described below, it is hard for us to imagine
that this signature will not be seen at the LIIC.

But for Higgs bosons with mass below 150 GeV, it is possible that there are new
particles with masses tuned so that their loop contributions to the Ay~ coupling
cancel the Standard Model contribution. This can happen, for example, at specific
points in the parameter space of the Minimal Supersymmetric Standard Model [59].
It is also possible that a substantial fraction of the Higgs decays are to invisible final
states such as ¥)x3. Finally, il there are several ncutral Higgs fields, each of which
has a vacuum expectation value, the strength of the squared AW W coupling for any
individual field will be divided by the number of ficlds participating. Any of these
three possibilities would compromise the ability of the LLI1C experiments to find and
study the Higgs boson. "I'he ability of an ete™ collider to see the Higgs boson does
not depend on the Higgs decay pattern, but only on measurement of missing mass
recoiling against a produced 7Y boson. Thus, a 500 GeV ete™ collider would be
the ideal instrument to study the Iiggs boson under thesc special circumstances, as
discussed in Secction 5.1,

There is another way that the LIC could ‘discover nothing’ which we must con-
front. It could be that the Standard Model is correct up to a mass scale above 10'°
GeV, and that the only new physics below that scale is one standard Higgs boson.
This conclusion would be extremely vexing, because it would imply that the reason
for the spontancous breaking of electroweak symmetry and the values of the quark
and lepton masses could not be understood as a matter of principle. In that case,
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before giving up the quest for a fundamental theory, we should search in detail for
non-standard properties of the observed Higgs boson. We will show in Section 5.1
that this study is ideally done at an ete™ linear collider. In this scenario, the mass
of the Higgs boson must lie in a narrow window between 140 and 180 (GieV, so an
cnergy of 500 GeV would be sufficient. The final confirmation of the Standard Model
would be compelling only after the Higgs boson has passed all of the precision tests
possible at an eTe™ collider.

5 Physics at a 500 GeV linear collider

We have argued in the previous section that there is a high probability that new
physics associated with clectroweak symmetry breaking will appear at a 500 GeV
c¢te™ collider. We have given two different arguments that the Higgs boson should
appear in eTe™ annihilation at this energy. For models with TeV-scale supersym-
metry, it is likely that the lighter chargino and neutralino states can also be found.
For models with strong-coupling electroweak symmetry breaking, important preci-
sion measurements on the W, Z, and top quark can be made at thesc cnergies. In
this section, we will describe these experiments and estimate the accuracy they can
achicve for the realistic luminosity samples set out in Section 3.

To introduce this discussion, we should recall the advantageous features of ete™
collisions that have madc them so useful in the past to provide a detailed understand-
ing of the underlying physics. We will see that these features can also be used to great
advantage in the experimental program for 500 GeV:

e The cross sections for new Standard Model and exotic processes, and those of
the dominant backgrounds, are all within about 2 orders of magnitude of one
another (sec I'ig. 2.1). Thus, the desired signals have large production rates
and favorable signal to background ratios. This situation confrasts with that at
hadron colliders, where the interesting signals are typically very tiny fractions
of the total cross section.

o Most of the interesting processes have simple two-body kinematics, from an
initial state with well-defined quantum numbers.

e The cross sections for these processes are due to the electroweak interactions
and can be predicted theoretically to part per mil accuracy.

e These processes also have known total energy and momentum at the level of
the parton-parton interaction, with well understood and measurable smearing
from initial-state radiation and beamstrahlung.
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Figure 2.1:
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e The electron beam may be polarized, allowing selective suppression of back-
grounds, separation ol overlapping signals and measurement of parity-violating
couplings.

e The collider energy may be varied to optimize the study of particular rcactions.

T'hese features of eTe™ collisions allow the study of heavy particles and their
decays in many difficult circumstances, including detection of decays that are rare
or have less distinct signatures, measurement of particle masses when some decays
arc invisible, measurcment of spin, parity, CP, and electroweak quantum numbers,
mecasurement of widths and coupling constants, and measurement of mixing angles.

An extensive program studying physics at futurc high energy ete™ colliders has
been carried out over the past few years as a collaborative effort, of scientists in
Europe, Asia, and Amecrica. In this section and the next, we will report on some
highlights of that program. Much more detail on all of these studies can be found
from the reviews [1,2,3,4].

5.1 Study of the Higgs boson

The Higgs boson plays the central role in clectroweak symmetry breaking and the
generation of masses for quarks, leptons, and vector bosons. In the Standard Model,
the Iiggs boson is a simple scalar particle which couples to each fermion and boson
specics proportionalely to its mass. Higher-order processes which couple the Higgs
boson to gg, vy, and vZ° add richness to its phenomenology. If the Standard Model is
not correct, the surprises could come at many different points. Several scalar bosons
could have large vacuum expectation values and thus could share responsibility for
the W and Z masses. Different scalar bosons could be responsible for the up- and
down-quark masses, or a dilferent boson could produce the masses of third-generation
fermions. These deviations from the standard picture might be large effects, or they
might appear only in precision measurements.

One of the most remarkable features of the experimental environment of the linear
collider is its ability to probe these issues directly. Fach piece of information—from
cross sections, angular distributions, and branching ratios—connects directly to a
fundamental coupling of the Higgs particle. In this section, we will review how mea-
surements at a linear collider can assemble a complete phenomenological profile of
the Higgs boson.

It is almost certain that the Iliggs boson will have been discovered before the
linear collider begins operation. Results from LEP 2 presently imply that my, > 108
GeV at the 95% confidence level [12]. Tt is expected that this limit will go up to
about 115 GeV as LEP 2 reaches its maximum energy. The 'Tevairon may be able to
discover a Iiggs boson up to about 180 GeV [61]. This alrcady covers most of the
range of lligegs boson masses favored by the arguments of Section 4.
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Figure 2.2: Capability of the ATLAS experiment to study the Higgs sector of the MSSM
[62].

The LHC studies have shown that a Higgs boson with the properties expected
in the Standard Model can be discovered at that facility for any value of its mass.
In addition, in models with an extended Higgs sector—for example, the Minimal
Supersymmetric Standard Model—the LHC should be able to find one and possibly
several of the Higgs particles. A recent summary of the LHC sensitivity to various
MSSM Higgs processes is shown in Fig. 2.2. There are some regions of parameter
space for which only one channel can be observed; in any case, it is typical that
considerable luminosity is required for positive observation. In Section 4.6, we have
noted some specific scenarios in which it is difficult to find the Higgs boson at the
LHC. But, more generally, the LHC is limited in its ability to assemble a complete
picture of the Higgs boson properties by the fact that Higgs boson production is such
a tiny fraction of the LHC cross section that the Higgs particle must be reconstructed
in order to study its production and decay.

5.1.1  Discovery of the Iiggs independent of its decay modes
As a first step, we will argue that the Higgs boson can be found at a linear collider

whatever its decay scheme might be. 1t is not necessary to reconstruct a Iiggs boson
to discover the particle or to measure its coupling to the Z°. At low cnergies, the
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Figure 2.3: Processes for production of the Higgs boson at an eTe™ linear collider.

dominant Higgs production process in ete™ collisions is ete™ — Z°h°%, shown as the
first diagram in Fig. 2.3. If the Z° is reconstructed from any one of its well-known
decay modes, the Higgs is seen as a peak in the missing mass distribution recoiling
against the Z° This detection is independent of the Higgs decay mode, visible or
invisible. Simulations show that this process is very clean, with minimal backgrounds.
Figure 2.4 shows the expected signal of the Higgs boson using lepton, neutrino, and
hadronic Z decays for a 30 fb™! event sample [63].

The cross section for Z°h° production depends on the magnitude of the ZZh
coupling. Thus, the observation of the Higgs boson in this process measures the
size of that coupling. If we replace the Higgs field h° by its vacuum expectation
value, we see that this same coupling generates the mass of the Z through the Higgs
mechanism. Thus, determination of the absolute magnitude of the cross section for
ete™ — Z°h° tests whether the observed h° generates the complete mass of the Z°.
Since Higgs measurements at the LHC require reconstruction of the Higgs boson,
the LHC experiments can only measure ratios of couplings and cannot determine the
Z Zh coupling directly.

If there are several Higgs bosons contributing to the mass of the Z°, the eTe™ cross
section for production of the lightest Higgs will be smaller, but heavier Higgs bosons
must appear at higher values of the recoil mass. To discuss this quantitatively, let
the coupling of the boson h; be gzz;. (For simplicity, we assume that all of the h; are
SU(2) doublets; this assumption can be checked by searching for multiply-charged
Higgs states.) Then the statement that the sum of the contributions from the vacuum
expectation values of the h; generates the full mass of the Z° can be expressed as the
sum rule [64]

D Gpg = Amz[v* (2.11)

k3

where v = 246 GeV. With a 200 (h™" event, sample at 500 GeV, Higgs particles b; can
be discovered in recoil against the Z° down to a cross section of 0.2 of the Standard
Model value for m(h;) = 350 GeV, and below 0.01 of the Standard Model value
for m(h;) = 150 GeV [3]. I all contributing Higgs bosons have masses below 150
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Figure 2.4:  lliggs reconstruction in the process ete™ — ZYA% for various Higgs boson
masses, using {707, vy, and hadronic 7° decays, for a 30 fb™! event sample at 300 GeV,
from [63]. The background is dominated by the process ete™ — #92% which produces the
missing-mass peak at mz. The unshaded solid histogram gives the background if a b-tag is
applied to the lliggs candidate. The dashed histograms in (a) and (b) show the background
with no b-tag.
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GeV, the sum rule can be checked in a 200 fb~! experiment to 5% accuracy, with
dominantly statistical uncertainty. When we have saturated the sum rule (2.11), we
will have discovered all of the Higgs states that contribute to the Z° mass.

5.1.2 Measurement of the Higgs branching ratios

The Higgs boson branching ratios are crucial indicators of nature of this particle,
and of possible extensions beyond the Standard Model. The LHC can only make
rough measurements of these, to about the 25% level, and only for some values of
the Higgs boson mass [62,65]. Once the mass is known, it is straightforward at the
linear collider to measure Higgs boson absolute branching fractions into two fermion
or two gauge bosons for any of the production processes of Fig. 2.3 using the energy
and momentum constraints. All decay modes of the Z° can be used in this study,
even Z° — vv (20% of the Z° total width) [66].

Methods for determining the Higgs cross sections to various decay channels have
been studied recently in [66]. It is straightforward that the bb decays can be identified
by vertex tagging. The studies show that ¢¢ decays can also be identified by vertex
tagging with high efliciency, since the first layer of a vertex detector can be placed
at about 1 cm from the interaction point. Multi-jet decays of the h° are typically
WW?=. Table 3 gives a summary of the precision expected for a large variety of decay
modes for the case of a 120 GeV Higgs boson. This case is especially favorable in
terms of the number of final states which are accessible, but it is also the value of the
Higgs mass which is most probable in the Minimal Supersymmetric Standard Model.
Expectations for Higgs branching ratio measurements at other values of the Higgs
mass (assuming 500 fb~! at 350 GeV) are shown in Fig. 2.5 [66]. If the Standard
Model Higgs mass approaches 200 GeV, the dominance of the WW and ZZ decays
will render the fermionic decays progressively more difficult to observe.

The Higgs branching ratios directly address the question of whether the Higgs
boson generates the masses of all Standard Model particles. If the vacuum expectation
value of h° produces the fermion masses, the couplings of A° to b, ¢, and 7 should be
simply determined from the ratio of their masses. Similarly, the coupling of the A° to
WW or, for the case of a light Higgs, to one on-shell and one off-shell W, measures
the fraction of the W mass due to the Tliggs vacuum expectation value.

The Minimal Supersymmetric Standard Model includes an extended Iliges sector
with two SU(2) doublets. For the most general case of a two-Higgs-doublel model,
vacuum cxpectation values of both Tiggs fields contribute to the quark, lepton, and
boson masses and the predictions for branching ratios differ qualitatively {rom those
in the Standard Model. However, in the MSSM with hcavy superpartners, one scalar
boson 1% is typically heavy and the orthogonal boson A°, which must be light, tends to
resemble the Higgs boson of the Standard Model. For example, the ratio of branching
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200 b=t | 500 fh~*

AO’ZH/O'ZH 4% 3%

Aoy, BR(bb) /o, B R(bb) 3% 2%
ABR/BR bb 3% 2%

Ww+ 8% 5%

Tt 7% 6%

cc 10% 8%

gg 8% 6%

vy 22% 14%

Table 2.3: Expected errors in branching ratio and coupling measurements for a Standard
Model Higgs boson of mass 120 GeV, from measurements at 350 GeV.

ratios to bb and WW* is corrected by the factor

2
1+260822ﬁs’1n22ﬂm—2z+... o (2.12)
‘ m?;

Nevertheless, accurate branching ratio measurements can distinguish the MSSM Higgs
boson from the Standard Model Higgs boson over a large region of parameter space.
From the results of [66], the 500 fb™! experiment discussed above would exclude
corrections from the MSSM Higgs structure for m4 up to at least 550 GeV. The linear
collider determination of branching ratios is sufficiently accurate that the theoretical
uncertainty in the charm quark mass is actually the dominant source of error. New
approaches to the determination of the quark masses in lattice gauge theory should
give more accurate values in the next few years [67] and thus improve the power of

this measurement.

5.1.3 Measurement of the Higgs boson width

It will be critical to know the total width of the Higgs, Iy, accurately. For a Higgs
boson mass below 200 GeV, the total width is expected to be below 1 GeV, too
small to be measured at the LIIC or dircctly at the linear collider. To determine
this width, one will need to combine an absolute measurement of a decay rale or
coupling constant with the mecasurement of the branching ratio for the corresponding
channcl. The most promising method is to use the branching ratio to WW*. The
absolute size of the WWh coupling can be determined either from the SU(2) x U(1)
velation giywn/9%,, = cos? 0, or, in a more modecl-independent way, from the cross
section for A° production by the WW fusion process shown as the second diagram
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Figure 2.5: Determination of Higgs boson branching ratios in a variety of decay modes,
from [66]. The error bars show the expected experimental errors for 500 b= at 350 GeV.
The bands show the theoretical errors in the Standard Model predictions.

in IMig. 2.3. (The ZZ fusion process is expected to add only a small contribution.)
Irom Table 3, the Higgs branching ratio to WW* gives the dominant source of error
in this measurement.

[ the vy collider oplion is realized by backscattering polarized laser light off the
e® beams, then the process vy — A° can be used to measure the absolute partial
width I'(A® — 7). This width, which can be determined to about, 5% accuracy with
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a 200 fb~! dedicated experiment [68], is of great interest in its own right, since it
measures a sum of contributions from all heavy charged particles that couple to the

RO,

5.1.4 Measurement of the spin-parity and CP of the Higgs boson

It will be essential to determine the quantum numbers of an observed Higgs boson
unambiguously. The LHC can rule out spin 1 if the decay H — 7+ is observed. If the
decay H — ZZ is observed, spin 0 and 1 could be distinguished at the LHC, but the
CP quantum numbers will be difficult to determine in any case. The linear collider
will thus be needed to determine the Higgs quantum numbers.

If the Higgs field has a vacuum expectation value, it must be a CP-even spin-0
field. Thus, a Higgs boson produced in ete™ — Z°h° with a rate comparable to
the Standard Model rate must have these quantum numbers. However, there are a
number of checks on these properties that are available from the kinematics of Higgs
production. In the limit s > m%, m, a scalar Higgs boson produced in this reaction
has an angular distribution

do
dcos @

~sin’f (2.13)

and the Z° recoiling against it is dominantly longitudinally polarized, and so that
distribution in the decay angle peaks at central values. (For a CP-odd scalar, these
distributions differ qualitatively.) If the center of mass energy is not asymptotic, the
corrections to these relations are predicted from kinematics. For example, Fig. 2.6
shows a simulation of the angular distribution at 300 GeV and a comparison to the
distribution expected for a Higgs scalar.

The production of the Higgs boson in v collisions goes through a loop diagram
which can give both scalar and pseudoscalar couplings. Thus, the vy collider op-
tion offers a nontrivial test of CP violation. With longitudinal 4 polarization, the
asymmetry of Higgs production cross sections

_ o(yyz) — o(yryR)
= o(yye) + o(yryR) (214

vanishes for pure scalar or pseudoscalar coupling to 4y but is nonzero if the Higgs is a
mixture of CP eigenstates. Models with CP violation in the top sector can give 10%
or larger asymmetries [70]. In models with extended Higgs sectors, this polarization
asymmetry can incisively separate the heavy scalar and pseudoscalar Higgs resonances

71].
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Figure 2.6: Angular distribution of the Z boson in ete™ — Z°hY, as reconstructed from a
50 fb~1 event sample at 300 GeV, from [69].

5.1.5 Measurement of the Higgs self couplings

The Higgs self-couplings are uniquely fixed in the Standard Model in terms of the
Higgs field expectation value v; in the minimal supersymmetric model, they depend
on the Higgs field couplings and mixings. Measuring the self-couplings is a crucial
step in checking the consistency these models, and it gives added information on
the parameters of supersymmetric models. It appears that observation of Higgs pair
production at the LHC will be very difficult due to the dominance of gluon fusion
production and large QCD backgrounds [72]. In eTe™ collisions, production of two
Higgs bosons in the final state can occur for any of the diagrams of Fig. 2.4 by radi-
ating an additional Higgs from any of the gauge boson legs, or through the trilinear
Higgs coupling. The cross sections for production of a pair of Higgs bosons with an
associated Z boson have been calculated to be of order 0.5 fb for m, = 110 GeV at
v/8 =500 GeV in the Standard Model [73]. Cross sections for various supersymmet-
ric Higgs pair-production processes are comparable for much of the supersymmetric
parameter space. The final state of Zhh, with both Higgs bosons observed as bb,
should provide a detectable signature without large backgrounds, yielding a precision
on the trilinear Higgs coupling of roughly 25% for 600 fb=1,

5.2 Studies of supersymmetry

In Section 4, we argued that the new physics at the TeV energy scale is likely to
be a supersymmetric extension of the Standard Model. If supersymmetric particles
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appear at the next step in energy, they will provide a rich field for experimental study.
This study will address two separate and important issues. First, supersymmetry
entails a fundamental modification of the structure of space-time. Supersymmetry
can be described as the statement that spinors and fermions are an integral part
of space-time geometry, or, alternatively, that there are new space-time dimensions
which are fermionic in character. It requires new gravitational equations that include
a spin—% partner of the graviton. If we are to claim that Nature has this structure, we
must to prove it experimentally by demonstrating the quantum number assignments
and symmetry relations that this structure requires.

Second, phenomenological models with supersymmetry introduce a large num-
ber of new physical parameters. The masses of supersymmetric particles, and other
parameters associated with spontaneous supersymmetry breaking, are not fixed from
currently known principles but, rather, must be determined experimentally. The most
general description of supersymmetry breaking even in the ‘Minimal’ Supersymmetric
Standard Model contains 105 parameters. Each explicit model of spontaneous super-
symmetry breaking gives predictions for these parameters or relations among them.
But there is no ‘Standard Model” of supersymmetry breaking. In the literature, one
finds at least three general approaches—gravity-, gauge-, and anomaly-mediation—
each of which has numerous variants. Each approach is derived from assumptions
about new physics at a higher energy scale, which ranges from 10° to 10!° GeV
depending on the model. The various models predict mass spectra and mixing para-
meters that differ characteristically. These observables provide clues to the nature of
physics at extremely short distances, possibly even to the truly fundamental physics
at the scale of grand unification or quantum gravity [74].

Supersymmetric particles may well be discovered in Run II of the Tevatron. In
any case, if supersymmetry is relevant to electroweak symmetry breaking, supersym-
metric particles should surely be found at the LHC. The LHC collaborations have
demonstrated that they would be sensitive to quark and gluon superpartners up to
masses of at least 2 TeV. For the gluino, this reach goes about a factor of 2 beyond
the fine-tuning limits given in Table 2. Reactions which produce the squarks and
gluinos also produce the lighter supersymmetric particles into which they decay. The
ATLAS and CMS collaborations have presented some striking analyses at specific
points in the parameter space of mSUGRA models in which 3 to 5 mass parameters
can be determined from kinematics. From this information, the four paramecters of
the mSUGRA model can be determined to 2 10% accuracy [62,75].

Ultimately, though, hadron colliders are limited in their ability to probe the un-
derlying parameters of supersymmetric models. Because the THC produces many
SUSY particles and observes many ol their decay chains simultaneously, it is difficult
to isolate parameters and determine them in a model-independent way. 1, is dilli-
cult to determine the spin and electrowcak quantum numbers of particles unambigu-
ously. And, only limited information can be obtained about the heavier color-singlet,
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particles, including sleptons and heavier charginos and neutralinos, and about the
unobserved lightest neutralino.

It is just for these reasons that one needs a facility that can approach the spec-
troscopy of supersymmetric particles from an orthogonal direction. An e*e™ collider
can study supersymmetric particles one at a time, beginning with the lightest and
working upward to particles with more complex decay patterns. For each particle,
the measurements go well beyond simple mass determinations. We will give a number
of illustrative examples in this section.

To carry out these measurements, it is only necessary that supersymmetric parti-
cles can be pair-produced at the energy provided by the ete™ collider. In the program
that we have presented in Section 2, in which a collider with an initial energy of 500
GeV evolves to higher center of mass energies, one can eventually create the full set
of supersymmetry particles. Here we concentrate on the expectations for 500 GeV.
In Section 4.4, we have argued that the lightest charginos and neutralinos, the su-
persymmetric partners of the photon, W, Z, and Higgs bosons, should be produced
already at the initial 500 GeV stage. The mSUGRA models discussed in Section
4.4 do not place such strong constraints on the masses of lepton superpartners, but
in other schemes of supersymmetry breaking, such as gauge-mediation and the no-
scale limit of gravity-mediation, it is natural for the sleptons to be as light as the
charginos. Because the experimental study of sleptons is conceptually very simple,
we will present the linear collider experimental program for sleptons in this section
along with our discussion of charginos. Other issues for the experimental study of
supersymmetry will be discussed in Section 6.2.

Our discussion of the basic supersymmetry measurements in this section will be
rather detailed. In reading it, one should keep in mind that the linear collider offers
a similar level of detailed information for any other new particles that might appear
in its energy range.

5.2.1 Slepton mass measurement

The simple kinematics of supersymmetric particle pair production allows direct and
accurate mass measurements. The technique may be illustrated with the process
of pair production and decay of the i, the scalar partner of the ux. The process
ete™ — fipiit produces the sleptons at a fixed energy equal to the beam energy. The
[ty is expected to decay to the unobserved lightest neutralino via ji; — ¢ ¥4, Then
the final muons are distributed in energy hetween kinematic endpoints determined
by the masscs in the problem. Since the [ij, is a scalar, the distribution of muons is
isolropic in the iy rest frame and {lat in energy in the lab (rame. Thus, the observed
energy distribution of muons has the shape ol a rectangular box, and the masses of
both the fij; and the ¥} can be read off from the positions of the edges.

[n measuring slepton pair production in ete™ collisions, special attention must be
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Figure 2.7: Energy distribution of muons resulting from processes ete™ — =g, followed
by fi decay, from [77]. left: ete™ — Erffk, for a 160 fb~! event sample at 320 GeV; right:
ete™ — ﬁZﬁz, with selection of fip, — X, X3 — £T47X?Y decays on both sides, for a
250 fb~! event sample at 500 GeV. The electron beam polarization is used to reduce the
background from ete™ — WHW~—.

paid to the backgrounds from two-photon processes in which the primary scattered
electrons are undetected within the beam pipes. This makes it important for the
detector to have good coverage at forward and backward angles. It may be useful for
gaining further control over this process to provide tagging detectors at very small
angles [76].

On the left side of Fig. 2.7, we show simulation results for fip pair production
[77]. The dominant background (shaded in the figure) comes from other supersym-
metry processes. The rounding of the rectangle on its upper edge is the effect of
beamstrahlung and initial state radiation. The simulation predicts a measurement of
both the fip and the ¥} masses to 0.2% accuracy. The right side of Fig. 2.7 shows
the muon energy distribution from pair production of the iy, the partner of the uy.
Decays of the form fir, = pX9, X9 — £+4~X? are selected on both sides of the event to
obtain a very clean 6 lepton signature. Despite the low statistics from the severe event
sclection, this analysis also gives the iy and the ¥5 masses to 0.2% accuracy. At the
LHC, the mass of the lightest neutralino ¥ typically cannot be determined directly,
and the masses of heavier superparticles are determined relative to the XU mass. So
not only do the ¢t¢™ measurements provide model-independent, slepton massces, they
also provide crucial information to make the superpartner mass measurements from
the LHCO more model-independent.

T'he same strategy can be applied to determine the masses of other superpartners.
[ixamples with sneutrinos, scalar top, and charginos arc shown in [78]. Iiven higher
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accuracies can be obtained by scanning the e*e™ cross section near each pair produc-
tion threshold. This costs about 100 fb~! per threshold, but it allows particle mass
measurements to better than 1 part per mil [77].

5.2.2 Slepton properties

An ete™ collider can not only measure the masses of superparticles but also can deter-
mine many more properties of these particles, testing predictions of supersymmetry
from the most qualitative to the most detailed.

Before anything else, it is important to verify that particles that seem to be slep-
tons are spin 0 particles with the Standard Model quantum numbers of leptons. A
spin 0 particle has a characteristic angular distribution in e*e™ annihilation, pro-
portional to sin?#. Even though there are missing neutralinos in the final state of
ete™ — 7, there are enough kinematic constraints that the angular distribution
can be reconstructed [79]. The magnitude of the cross section can be computed for
each electron polarization with typical electroweak precision; it depends only on the
Standard Model quantum numbers of the produced particle and thus determines these
quantum numbers.

A major issue in supersymmetry is the flavor-dependence of supersymmetry break-
ing parameters. Using the endpoint technique above, the selectron and smuon masses
can be compared at a level below the 1 part per mil level. It is somewhat more dif-
ficult to study the superpartners of the 7, but even in this case the masses can be
found to percent accuracy by locating the endpoint of the energy distribution of stau
decay products [80].

It is typical in supersymmetry scenarios with large tan § that the superpartners of
75 and 77 mix, and that the lighter mass eigenstate is actually the lightest slepton.
If the mass difference between the lighter stau and the other leptons is significant,
this can create a problem for the study of supersymmetry at LHC, since then su-
persymmetry decay cascades typically end with 7 production. A parameter point
studied by the ATLAS supersymmetry group illustrates the problem [62]. We have
just noted that there is no difficulty in measuring the stau masses at a linear collider.
In addition, since the production cross section depends only on electroweak quantum
numbers, it is possible to determine the mixing angle from total cross section and
polarization asymmetry measurements. The characteristic dependence of the polar-
ization asymmetry on the stau mixing angle is shown in Fig. 2.8. The final state 7
polarization provides another diagnostic observable which can be used to analyze the
composition of the stau or of the neutralino into which it decays [80].

The cross section for production of the electron partners is somewhat more com-
plicated, because this process can proceed both by ete™ annihilation and by the
exchange of neutralinos, as shown in Fig. 2.9. In typical models, the dominant contri-
bution actually comes from exchange of the lightest neutralino. Thus, the selectron
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Figure 2.8: Polarization asymmetry of ete™ — 77 as a function of the stau mixing
angle.

e et . .
e~ et
(a) Y, Z + i
X
e” et
e et
8 e
P
©y 7T +
e~ e
3-96 8137A5

Figure 2.9: Diagrams contributing to selectron pair production: (a) ete™ — &¥e™, (b)
e e” —eTe .

production cross section can give further information on the mass and the properties
of this particle. The study of neutralinos is complicated by the fact that the various
neutralino species can mix. In the Section 5.2.4, we will discuss this mixing prob-
lem and present methods for resolving it experimentally using ¢te™ data on chargino
production. Neutralino mixing can also be studied in sclectron pair production; an
illustrative analysis is given in [79].

Once the mixing of neutralinos is understood, the selectron pair production can
test the basic idea of supersymmetry quantitatively, by testing the symmetry relation
of coupling constants. Ior simplicity, consider a model in which the lightest neutralino
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Figure 2.11: Determination of the Jizre coupling from a 100 fb~! measurement of selectron
pair production, from [80].

is the superpartner b of the U(1) gauge boson of the Standard Model, and imagine
comparing the processes of €g pair production and Bhabha scattering, as illustrated
in Fig. 2.10. By supersymmetry, the coupling constant at the eeb vertex must be
simply related to the U(1) electroweak coupling: gz; . = V2¢'. A measurement of
the forward cross section for ete™ — €%Ex can give a precision test of this prediction.

Detailed simulation of selectron pair production has shown that the ratio g,/ V2¢'
can be measured 1o a precision of about 1%, as shown in Fig. 2.11 [80]. (This analysis
uses data from the same cross section measurcment both to {ix the parameters of the
neutralino mixing and to determine g;; .) lven higher accuracy can be achicved by
studying sclectron production in e”¢™ collisions. The ratio ¢, can also be deter-
mined from chargino pair production and compared to its Standard Model counter-
part to aboul 2% accuracy. At these levels, the measurement would not only provide
a stringent test of supersymmetry as a symmetry of Nature, but also it might be
sensitive to radiative corrections from heavy squark and slepton species [81,82,83].
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Figure 2.12: Kinematic distributions from a simulation of chargino pair production and
decay with 160 fb~! at 320 GeV, from [77]. left: dijet energy distribution; right: dijet mass
distribution.

5.2.3 Chargino mass measurement

The process of chargino pair production in eTe™ annihilation is somewhat more com-
plicated than slepton pair production, but it also provides more interesting observ-
ables. To begin, we discuss the chargino mass measurement. If the chargino is the
lightest charged supersymmetric particle, it will decay via ¥{ — qgx> or X1 — £Tvx}.
The reaction with a hadronic decay on one side and a leptonic decay on the other
provides a characteristic sample of events which can be distinguished from W pair
production by their large missing energy and momentum. If the lab frame energy of
the ¢ system is measured, the kinematic endpoints of this distribution can be used to
determine the mass of the X1 and of the ¥?, as in the slepton case. The power of this
kinematic fit can be strengthened by segregating events according to the measured
value of the ¢g invariant mass. The distributions in the energy and mass of the ¢g
system are shown in Fig. 2.12. In the study of [77], one finds mass determinations at
the 0.2% level for event samples of the same size as those used in the slepton case.
At large tan 8 values, the lighter stau (1) may be lighter than the lightest chargino
()”(f) The decay ¥ — 7Fv,, followed by 7 — %9 7%, alters the phenomenology of
the chargino production [80]. In this case, one can still measure the mass of a 170

GeV chargino to better than 5 GeV with 200 fb™! at /s = 400 GeV [84].
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Figure 2.13: Diagrams contributing to chargino pair production.

5.2.4  Analysis of chargino mixing

The cross section and angular distribution of chargino pair production is built up
from the diagrams shown in Fig. 2.13. This process is intrinsically more complicated
than slepton pair production because one must account for chargino mixing. In
supersymmetry models, there is always a charged Higgs boson H*, and both the W=
and the H* have spin—% partners. These necessarily mix, through a mass matrix of
the following form:

I (s ) ) e

* are the superpartners of the W* and 7@1_ and E; are the superpartners of the
charged components of the two Higgs fields. The matrix depends on the parameters
i, the supersymmetric Higgs mass, my; the supersymmetry breaking mass of the 0%,
and tan 3, the ratio of Higgs field vacuum expectation values. The neutralino masses
involve a similar mixing problem among four states, the superpartners of the neutral
SU(2) and U(1) gauge bosons and the two neutral Higgs fields. The neutralino mass
matrix involves the same three parameters u, mq, tan 8, plus my, the supersymmetry
breaking mass of the b.

where W

Chargino and neutralino mixing is not an added complication that one may in-
troduce into supersymmetric models if one wishes. It is an intrinsic feature of these
models which must be resolved experimentally. Unless this can be done, supersym-
metry measurements can only be interpreted in the context of model assumptions.
In addition, this measurement is important in resolving the question of whether the
lightest neutralino in supersymmetry can provide the cosmological dark matter. In
most scenarios of the dark matter, the neutralino must be light and dominantly gaug-
ino rather than Higgsino. In any case, the neutralino mixing must be known to build
a quantitative theory of the cosmological neutralino production and relic abundance.

Fortunately, it is possible to measure the chargino and neutralino mixing angles by
making use of the special handles that the linear collider offers. To see this, consider
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Figure 2.14: Total cross section for eget — )”{f)'(vl_, in fb, as a function of the chargino
mass parameters my and f.

the diagrams of Fig. 2.13 for a right-handed polarized electron beam. The second
diagram, which involves the sneutrino, couples only to left-handed electrons and so
vanishes in this case. At high energy, the v and Z exchanged in the first diagram can
be traded for the neutral SU(2) and U(1) gauge bosons. The e does not couple to
the SU(2) boson. The w* does not couple to the U(1) boson. Thus, the total cross
section for the process eze’ — ¥T¥T can be large only if the lighter charginos X7
and ¥ are dominantly composed of the Higgs field superpartners. This remarkable
feature is evident in the contour map of this cross section against ¢ and mgy shown in
Fig. 2.14. ‘A more detailed analysis shows that, by measuring the angular distribution
of chargino pair production, one can determine the separate mixing angles for the
positive and negative (left-handed) charginos [85]. Unless the mixing angles are very
small, the measurement of the two mixing angles and the ¥; mass allow the complete
mass matrix (2.15) to be reconstructed. In an example studied in [85], this analysis

gave a 10% measurement of tan 3, purely from supersymmetry measurements, in a
100 b=t experiment at 500 GeV.

[Taving determined the chargino mixing, once can then analyze chargino pair pro-
duction from left-handed {ermions. This brings back the dependence on the sncutrino
mass. In lact, it is possible to measure the eflect of sneutrino exchange and thus to
determine the masses of the left-handed sleptons for slepton masses up to a factor of
2 above the collider center of mass energy. Mceasurements of the ratio of leptonic to
hadronic chargino decays also can give information on the masses of the left-handed
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sleptons [86]. This can provide a consistency test on the supersymmetry parameters
or a target for an energy upgrade.

In both the chargino and slepton studies that we have discussed, it is remarkable
how the use of polarization and detailed angular distribution measurements can offer
new information along a dimension quite orthogonal to that probed by simple mass
determinations. The use of beam polarization is particularly incisive in separating
complex composite observables into quantities with a direct relation to the parameters
in the underlying Lagrangian.

5.3 Studies of the top quark

The top quark’s special status as the most massive known matter particle, and the
only fermion with an unsuppressed coupling to the agents of electroweak symmetry
breaking, make it a prime target for all future colliders. The linear collider, operating
near the top quark pair-production threshold and at higher energies below 500 GeV,
can carry out a complete program of top quark physics. This includes the measure-
ment of the top quark mass, width, form factors, and couplings to many species. This
broad program of measurements is reviewed in [87]. In this section, we will discuss
two particularly important measurements from this collection.

The mass of the top quark is a fundamental parameter in its own right, and it is
also an ingredient in precision electroweak analyses and theories of flavor. 1t is impor-
tant to measure this parameter as accurately as possible. Future measurements at the
Tevatron and the LHC are likely to determine m; to 2-3 GeV precision, dominated
by systematic effects [88,62].

At the linear collider, the top quark mass is determined directly by the accelerator
energy at which one sees the onset of ¢ production. A simulation of the top quark
threshold scan, from [89], is shown in Fig. 2.15. Given a measurement of a; from
another source, this scan determines m; to 200 MeV using only 11 fb~! of data. In
the part of the cross section described by the top quark threshold, the ¢ and ¢ are
separated by a distance small compared to the QCD scale. This means that the mass
determined from the threshold scan—as opposed to the ‘pole mass’ determined by the
kinematics of high energy production——is a true short-distance quantity which is free
of nonperturbative effects. The theoretical error for the conversion of the ete™ thresh-
old position to the MS top quark mass relevant to grand unified theories is about
300 MeV [90,91]; for the pole mass, it is difficult even to cstimate this uncertainty.
The expenditure of 100 (b= at the (7 threshold allows additional mcasurements that,
for example, determine the top quark width to a few percent precision [92,93,94].

A sccond important set of measurecments is the study ol the top quark couplings
to v, Z, W. In the reaction ete™ — (I, the final stale can be reconstructed as a
6-jet or 4-jet plus £ system. T'he b jets should be identificd with an cfliciency greater
than 80%. Both the production through v and Z and the decay by { — Wb arc
maximally parity violating. Thus, there are many independent kinemalic variables

47




Chapter 2

0.8 | I
0.13 -
0.6 (@ —
o _ N N _
204 _4-—FF g 012
& g
0.2 0.11 - —
g 1 o~ /point
0 | | | | ] 0.10 ] | i
332 336 340 344 169 170 171
6-96 ' Vs (GeV) Miop (GeV) 8163A10

Figure 2.15:  Measurement of the top quark mass from the threshold shape, using a
threshold scan with a total data sample of 11 fb~!. The effects of beamstrahlung, initial
state radiation, and accelerator energy spread are included. A top quark mass of 170 GeV
was assumed in this study [89].

that can be used to constrain the various possible production and decay form factors.
A simulation study using 80% e~ beam polarization but only 10 fb™! of luminosity at
500 GeV showed that it is possible to simultaneously constrain the whole set of vector
and axial vector v, Z, and W form factors of the top quark with errors in the range
5-10% [87]. This analysis should improve further with high-luminosity data samples
[95]. Experiments at the linear collider are sensitive at similar levels to anomalous
couplings of ¢t to the gluon [96].

A set of couplings of particular interest are the vector and axial ¢£Z form factors.
As we have explained in Section 4.5, these form factors are predicted to receive large
contributions in certain models of strong-interaction electroweak symmetry breaking.
These contributions result from diagrams in which the Z couples to the new strongly-
interacting species which break electroweak symmetry, and these couple to the top
quark through the mechanism which generates the top quark mass [28]. In Fig. 2.16,
the Z form factor determinations from the simulation study of [97] are compared to
two representative theories [1]. It is interesting that most of the sensitivity in this
particular measurement comes from the polarization asymmetry of the total top pair
production cross section. The measurement of this quantity is dominated by statistics
and can be improved straightforwardly with higher luminosity.

An additional important measurement is the determination of the top quark 1liggs
Yukawa coupling. At the LHC, the ratio Ag, /Aww, can be measured to an accuracy
of 26% for 80 < my, < 120 GeV [62]. At a lincar collider, the top quark Yukawa
coupling can be measured by studying the process ete™ — IAY, relying on the bb
decay of the hY to produce spectacular cvents with 4 8%s in the final state. This
process is difficult to study at 500 GeV, but it becomes tractable at higher cnergy. In
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Figure 2.16: Determination of the form factors for the vector and axial vector couplings
of the top quark to the Z, with 100 fb~! at 400 GeV [97], compared to the predictions of
technicolor models, from [1].

simulation studies at 800 GeV, where the cross section is about 8 times higher than
at 500 GeV, a 1000 fb~! sample yields a 6% uncertainty on Az, for a 120 GeV Higgs
boson [98,99].

5.4 Studies of W boson couplings

Recent experiments at LEP 2 and the Tevatron have observed weak boson pair
production and have verified the general expectations for the cross sections given
by the Standard Model [100,101]. This is already an important discovery. One of
the motivations for building a model of the weak-interaction bosons from a Yang-
Mills gauge theory is that the special properties of the Yang-Mills coupling tame the
typically bad high energy behavior of massive vector fields. We now know that the
behavior of the W and Z production cross sections, at least in the region close to
threshold, conforms to the gauge theory predictions.

This discovery sets the stage for the use of W and 7 bosons to probe the physics
of clectroweak symmetry breaking. As we have noted in Section 4.5, new strong in-
teractions that might be responsible for clectroweak symmetry breaking can affect
the three- and four-particle couplings of the weak vector hosons. 'I'he precision mea-
surement of these eflects  and the corresponding effects on the top quark couplings
discussed in the previous section - can provide a window into the dynamics of clec-
trowcak symmetry breaking complementary to that from direct W boson scaticring.

Our discussion in Section 4.5 implies that a high level of precision is necessary. We
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estimated there that effects of new strong interactions affect the standard parameters
used to describe the WW~y and WW Z vertices— kv, Ay, for V =+, 7, and gz —at
the level of a few parts in 1072, For comparison, the one-loop radiative corrections
to these parameters predicted in the Standard Model are of the order of 1073-107*
[102]. '

In contrast, the current bounds on parameters of the W vertices from LEP 2 and
the Tevatron are at the level of 107 [100,101,103]. Much improved constraints are
expected from the LHC. There one expects to place bounds on the WW'V couplings
in the range [62,104]

Any| <0.01t0 0.1, |Agf|, [Av]< 0.001 to 0.01 (2.16)

which might be sensitive to effects of new physics. It should be noted that the LHC
analyses integrate over a large range of center-of-mass energies for vector boson pair
production. This means that the sensitivity and interpretation of these experiments
depend on assumptions about the energy-dependence of the form factors describing
the new physics effects.

The linear collider provides an ideal laboratory for the study of the WIWV cou-
plings. The process ete™ — WTW™ actually gives the largest single contribution
to the ete™ annihilation cross section at high energies. The W pair events can be
reconstructed in the four-jet final state. More importantly, the events with a leptonic
decay on one side and a hadronic decay on the other allow unambiguous reconstruc-
tion of the charge and decay angles of the leptonic W. Both the production process
and the W decay are strongly parity-violating, so both beam polarization and angular
distributions can be used to extract the details of the W vertices. The diagrams for
ete™ — WTW™ involve both v and Z, but these effects can be disentangled by the
use of beam polarization. The W pair production cross section is about 30 times
larger with left-handed than right-handed polarized beams. The suppression of the
right-handed cross section depends on the relation between the WW+~ and WWZ
vertices predicted by the Standard Model and so is a sensitive measure of deviations
from this prediction.

Effects from strong-interaction electroweak symmetry breaking, which enter through
effective Lagrangian parameters as in (2.9), affect the cross section for longitudinal
W pair production through terms proportional to (s/mi,). At the same time, the
fraction of the cross section with longitudinal W pairs grows as 8% = (1 — 4m%,/s).
From these two effects alone, one should expect a factor 15 improvement in the sen-
sitivity to these effects in going from LEP 2 to the linear collider experiments at 500
GeV. The most important advantage, however, is the increase in statistics with high
luminosity running. A recent simulation of the WW 'V coupling measurement at a 500
GeV collider with 500 fb™! estimates the limits that can be placed on the coupling
parameters as [105]

|Ag7] < 25107, [Akg| <T.9x 1071, g <6.5x107%,  (2.17)
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Ak, < 4.8 x 1071, |\ <7.2x107".  (2.18)

These results qualitatively improve on the LHC sensitivity, to the point where not
only effects of new physics but even the Standard Model radiative corrections are
visible.

5.5 Studies of QCD

In addition to the search for new physics, the linear collider will be able to complete
the program of precision tests of the Standard Model with a precise measurement of
the QCD coupling constant . The strong coupling constant is determined in eTe”
annihilation from the production rate for 3-jet events. The reduction in the relative
size of hadronization effects at high energy allow a measurement of «; with systematic
errors smaller than 1% [106].

A measurement of @, of similar quality can be obtained from the ratio of hadronic
to leptonic decays of the Z°, if one can obtain a sample of more than 10® Z° decays.
This becomes practical in linear collider experiments at the Z°, as we will explain in
Section 5.6. By comparing the two precision measurements of o, at ) values of mz
and 500 GeV, it will be possible to give a precise test of the QCD renormalization
group equation.

With confidence in the running of a; from this experiment, one can extrapolate
the precise value of a; to the grand unification scale. Current data is consistent
with a grand unification with the renormalization group equations of supersymmetry;
however, it gives little constraint on the details of unification. With an accurate s,
one can anticipate a precise test of grand unification relations. The contributions to be
accounted for include next-to-leading order corrections from two-loop beta functions,
TeV-scale threshold effects, and GUT-scale threshold effects [36]. The two-loop beta
functions are known from the general theoretical scheme. The TeV-scale threshold
effects are unknown today, but they will be determined from the new particle masses
measured at the LHC and the linear collider. Then a 1% measurement of a, would
allow a 10% measurement of the GUT-scale threshold correction. This measurement
would give an indirect but significant constraint on the spectrum of the massive
particles responsible for the GUT level of fundamental symmetry breaking.

The lincar collider can also provide the most scnsitive experiments on photon
structure, including the precise measurement of the photon structure function 17, In
addition, with sufficient forward instrumentation, the lincar collider could study ~*v*
scaltering at large s and fixed momentum transfer. T'his is a beautifully clecan model
system for analyzing a part of QCD that is still very mysterious, the nature of the
pomeron and the dynamics of high-cnergy scattering [107].
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} Parameter Current Value LC Measurement
sin” 6% 0.23119 =+ 0.00021 +0.00002
mw 80.419 £ 0.038 GeV £0.006 GeV
NZ —747) | 83.96 £0.09 MeV +0.04 MeV
Ry [ rib 1.0029 4 0.0035 £+0.0007
AP /AR 0.958 £0.017 +0.001

Table 2.4: Current values of some important electroweak parameters, and the potential
uncertainty obtainable at a linear collider providing with high statistics (e.g., 10° Z° decays).

5.6 Precision electroweak studies

In addition to the experimental program at 500 GeV energies, one can envision
using the linear collider at the Z° and the W threshold to carry the experimental
program of precision electroweak measurements to the next level. Operation of the
linear collider at the Z° pole would yield more than 10° Z° decays in a 20 fb™! data
sample. With more than 100 times LEP 1 statistics and high beam polarization, one
could undertake a very ambitious and extensive program of precision measurements.
For example [108], employing the left-right polarization asymmetry, leptonic forward-
backward asymmetries, and tau polarization asymmetry (all of which are currently
statistics limited) one could improve the determination of sin? #¢ff at the Z pole by an
order of magnitude, bringing it to an unprecedented £0.01% level. Other quantities
such as the Z line shape parameters, R, = ['(Z — bb)/T'(Z — hadrons), and A
(the polarized bb asymmetry) could also be improved. They would be limited only
by systematics.

With such a large sample of Z decays, one would have more than 10® bb and
3x 107 7+7~ pairs. The study of these events could make use of the outstanding ver-
tex resolution and detection efficiency of the linear collider environment. In addition,
polarized e*e™ annihilation at the Z° produces (for a left-handed beam) dominantly
forward production of b quarks and backward production of antiquarks, thus elimi-
nating the need for a flavor tag. These features combine to give an ideal environment
for studying CP violating asymmetries and rare decays as well as performing preci-
sion measurcments [108]. For example, one could improve the current precision on
the forward-backward asymmetry parameter A, by more than an order of magnitude.

In "Table 2.4, we have listed some improved measurements envisioned at the linear
collider. The tiny crror on sin® 0l assumes a precise beam polarization measurement
that may require polarizing both the electron and positron beams. The importance
ol refining sin? 0511 is well illustrated by the prediction for the Iliggs mass that would
be obtained by employing these precise values and the improved value of my from
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Section 5.4 as input. One finds
mh — (140 15 Gev)e[1911(sin2 95 —0.23158)] : (2_19)

where the dominant error comes from hadronic loop uncertainties in ¢ (assumed here
to be reduced by a factor of 3 compared to the current error). Comparison of the
indirect loop determination of my, from (2.19) with the direct measurement of my
from the LHC and the linear collider would confront the electroweak prediction at
the 5% level and would provide an accurate sum rule to be satisfied by new heavy
particles with electroweak charge. Another way to look at this comparison is that it
will probe the S and T' parameters to an accuracy of 0.02, about 8 times better than
current constraints. At that level, even the existence of a single heavy chiral fermion
doublet (much less an entire dynamical symmetry breaking scenario) would manifest
itself. The accurate value of sin® 0% at the Z pole would be a valuable input to the
measurements of cross sections and asymmetries at high energy that we will discuss
in Sections 6.3 and 6.4, measurements which probe for possible Z’ bosons, lepton
compositeness, or new space dimensions.

A linear collider run near the W+ W~ threshold would also be extremely valuable
for improving the determination of mw beyond the capabilities of the LHC [108].
Already at the current uncertainty of 40 MeV, the determination of the my mass from
kinematic fitting of W pair production at LEP 2 is affected by systematic uncertainty
from the modeling of fragmentation. But the interpretation of the measurement of
the W threshold position is almost free of theoretical uncertainty, allowing a 6 MeV
measurement to be done with a dedicated 100 fb~! run.

Collectively, the broad program of precision electroweak studies which the high
luminosity of the linear collider makes available nicely complements and expands the
physics goals at the maximum collider energy.

6 Further topics from the linear collider physics program

In the preceding section, we have discussed only those aspects of the linear collider
experimental program for which there are strong arguments that the phenomena to be
studied will appear at 500 GeV. There are many other experiments that can be done
at an ¢te” lincar collider which has sufficient energy to rcach the required threshold
for new particles. In this scction, we will describe a number of experiments ol this
character. All of these experiments will eventually become relevant as components
of the long-term program that we have described in Scclion 2. Mecasurements at
the LIIC which estimate the new thresholds could provide specific motivation for
upgrading a 500 GeV collider to higher energy. But, one should keep in mind that all
of the phenomena we describe in this section could well be present at 500 GeV oand
provide additional richness to the initial physics program of the linear collider.
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It is well appreciated that an ete™ collider provides an excellent environment to
search for all varieties of exotic particles with nonzero electroweak quantum numbers.
The huge variety of particles which have been searched for at LEP is described, for
example, in [109]. In almost all cases, the LEP limits are close to the kinematic limit
allowed by the collider. A collider operating above the pair production threshold will
be able to accumulate a large sample of events (70,000 events per unit of £ in a 200
fb~! sample at 500 GeV) and make incisive measurements.

The corresponding discovery reach for exotic particles at the LHC ranges from a
few hundred GeV for new leptons to about 2 TeV for new quarks. So, as a general
statement, the locations of the new thresholds are likely to be found at the LHC.
Experimenters at a linear collider will measure essential information that is beyond
the capability of the LHC. We have seen examples of this in Section 5, and further
examples will be discussed in this section.

Rather than summarize all possible measurements of new phenomena at a linear
collider, we restrict ourselves in this section to four specific examples that have been
worked out in some detail. In Section 6.1, we will discuss the particles of an extended
Higgs sector such as that in the Minimal Supersymmetric Standard Model. In Section
6.2, we will discuss studies of supersymmetric particles beyond the lightest chargino,
neutralinos, and sleptons. In Section 6.3, we will discuss new and exotic Z’ bosons. In
Section 6.4, we will discuss probes of large extra dimensions and TeV-scale quantum
gravity.

Because this paper focuses on the issue of a 500 GeV collider, we do not dis-
cuss here the significant capabilities of higher energy ete™ collisions to probe WW
scattering processes [110]. These include the unique ability to study the reaction
W+W~ — i, which directly tests the coupling of the top quark to the particles re-
sponsible for strong-interaction electroweak symmetry breaking. These experiments,
and the comparison to the LHC capabilities, are reviewed in [15,111].

Although the detailed physics justification for increased ete™ collision energy is
more difficult to quantify at present than that for the initial 500 GeV step, we fully
expect that the experimentation at the LHC and first stage ete™ linear collider will
reveal phenomena that dictate energy upgrades. It is important to continue the R&D
needed for this evolution.

6.1 Extended Higgs sector

In Section 5.1, we have discussed the measurement ol the propertics ol the lightest
[liggs boson. Many modcls of new physics allow multiple Higgs ficlds, leading to ad-
ditional heavier Iliggs particles. In particular, supersymmetry requires the presence
ol at least two lliggs doublet ficlds. This produces, in addition to the AY, four addi-
tional states—the CP-even 119, the CP-odd AY) and charged states /7. The masscs
of these states should be comparable to the masses of other supersymmetric particles.
If the scale of superparticle masses is much greater than 100 GeV, then typically the
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four heavy Higgs states are relatively close in mass, and the light A° resembles the
Higgs boson of the Standard Model.

The heavy Higgs states are very difficult to find at the LHC. The LHC experiments
have studied extensively their sensitivity to the Higgs sector of the MSSM. We have
already presented a summary of these analyses in Fig. 2.2. A low mass H* can be
found at the LHC below about 125 GeV in the decays of the top quark. For mp+
above 225 GeV, its decay into tb can be used to find the charged Higgs if tan 8 2, 25 or
tan 8 < 2. In the region of intermediate tan 8 above the LEP limits, only the process
h® — 4 is visible, and the H and A are not seen at all. For larger tan # (> 10), the
decays H/A — 7F7~ become accessible. Because the technique for detecting H and A
involves particles that decay with missing energy, it will be difficult to make a precise
mass measurement. ATLAS studies suggest an accuracy on the H/A mass of about
5 GeV, for My 4 = 300 GeV and tan f = 10, only after 300 fb~! has been collected.
For comparison, the H-~A mass difference is at most a few GeV. For low tan 3, H
could be detected by H — Z Z*. This mode, however, applies only to a limited region
of parameter space, tan 8 < 3 (a region disfavored by the LEP constraint on the mass
of h) and my < 350 GeV.

A crucial aspect of the experimental study of the heavy Higgs states would be to
measure the value of tan 8 = (¢3) / (#1), where ¢ and ¢ are the two Higgs doublets
of the MSSM. This quantity is needed to determine the absolute size of the quark and
lepton Yukawa couplings. For example, it is possible that the bottom quark Yukawa
coupling is large and the lightness of the bottom quark is explained by the fact that
the Higgs field responsible for this mass has a small vacuum expectation value. In
supersymmetry, tan f also appears in many formulae for the supersymmetry masses
and mixings and is a source of theoretical uncertainty unless it can be pinned down.
The LHC can measure tan 8 from the heavy Higgs particles only where H is visible by
one of the techniques just listed, to an accuracy of 10-30%. It should be noted that
what is measured is ¢ - BR, and so the determination of tan 8 depends on theoretical
assumptions about the total width.

If the masses of H, A are well above that of A, these particles are mainly produced
at an ete™ collider in pairs, through ete™ — HCA®. The mass determination is
~ straightforward. Kinematic fitting of decays with bb on both sides should give an
accuracy of 0.3%. The program described earlier for the precision determination of
the A branching fractions can be applied also to the H and A. The crucial parameter
tan B is given by the ratio of the branching ratios to bb and ¢f. For A,

DA — ) m? 5. (1 B 4m§)1/2

- 4
—=cot 3

Yoo 2.20
T(A—bb) m? m% (2.20)

From this measurement, a completely model-independent determination of tan 3 to
10% accuracy is expected. Measurements of other branching fractions of H, A, and

H* will provide cross-checks of this value [112].
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The ATLAS [62] and CMS [75] analyses of the fitting of LHC data to the minimal
supergravity-mediated model gives a remarkable accuracy of 3% in the determination
of tan 8. However, this determination of tan 3 is based on the assumption of a specific
model of supersymmetry breaking. It uses the precision measurement of the A% mass
and thus depends on the detailed theory of the one-loop supersymmetry corrections to
this parameter. Linear collider experiments offer a number of methods to determine
tan 8 from supersymmetry observables in a model-independent way. For example,
tan 8 can be extracted from chargino mixing, as we have discussed in Section 5.2.4.
In the end, it is a nontrivial test of the theory whether the determinations of tan 8 from
the supersymmetry spectrum agree with the direct determination of this parameter
from the Higgs sector.

6.2 Supersymmetric particle studies

In Section 4.4, we have argued that, if the new physics at the TeV scale includes
supersymmetry, the lightest supersymmetric particles are likely to appear at a 500
GeV ete™ collider. In Section 5.2, we have discussed the program of detailed measure-
ments on those particles. Of course, nothing precludes a larger set of supersymmetric
particles from appearing at 500 GeV, though it is likely that increased energy will be
needed to produce the full supersymmetry spectrum. In this section, we will discuss
what can be learned from a more complete study of the supersymmetry spectrum in
ete™ annihilation.

For brevity, we focus on two important issues. The first of these is whether
supersymmetry does in fact give the dynamics that leads to electroweak symmetry
breaking. To verify the mechanism of electroweak symmetry breaking experimentally,
we must determine the basic parameters that directly determine the Higgs potential.
These include the heavy Higgs boson masses discussed in the previous section. An-
other essential parameter is p, the supersymmetric Higgs mass parameter. As we have
discussed in Section 5.2, this parameter can already be determined from the study of
the lighter chargino if these particles are not almost pure w. In that last case, p is de-
termined by measuring the mass of the heavier charginos. We have argued in Section
4.4 that these particles should be found with at most a modest step in energy above
500 GeV. A precision mass measurement can be done using the endpoint technique
discussed in Section 5.2.

In typical supersymmetric models, the negative Higgs (mass)? which causes clec-
troweak symmetry breaking is due {o a mass renormalization involving the top squarks.
This same renormalization leads to L~ mixing and to a downward shift in the top
squark masses rclative to the masses of the first- and sccond-generation squarks. The
mass shift, at lcast, might be measured at the LHC. However, in some scenarios with
a large mass shift, only the third-generation squark masses can be measured accu-
rately [62]. At the lincar collider, flavor-dependent squark masses can be measured
to accuracies better than 1%. In addition, the mass differences of the partners ol gy,
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Figure 2.17:  Extrapolation of supersymmetry mass parameters determined at a linear
collider from the TeV scale to the grand unification scale, from [115]. The width of each
band at the weak scale is the error in the direct parameter determination; these errors are
propagated to higher energies using the renormalization group equations.

and gr can be measured to this accuracy using polarization asymmetries [113]. By
comparing the pair production cross sections with polarized beams, as described in
Section 5.2 for stau mixing, it is possible to measure the top squark mixing angle to
better than 1% accuracy in a 500 fb~! experiment [114].

The second issue is the possibility of the grand unification of supersymmetry
breaking parameters. This is the crucial test of whether supersymmetry breaking
arises from physics above the grand unification scale or from a different mechanism
acting at lower energies. This test requires accurate model-independent determina-
tions of as many supersymmetry mass parameters as possible. Figure 2.17 shows an
extrapolation to the grand unification scale at 2 x 101® GeV of masses determined in a
500 fb~! sample at a linear collider. The most effective tests of grand unification come
from the comparison of the gaugino mass parameters m; and m, and from compari-
son of the masses of the sleptons €r and €y, (called Ey and Ly in the figure). Because
of QCD threshold corrections, the masses of the gluino (ms) and the first-generation
squarks (labeled Dy, )y, Uy) are less effective in this comparison. 1t should be noted
that the mass ratios which provide the most significant tests of grand unification are
just the ones that are most diflicult to measure accurately at the LHC. Even for the
uncolored states, a 1% mass crror at the weak scale evolves to a 10% uncertainty at
the grand unification scale. So this comparison puts a premium on very precise mass
determinations, such as a lincar collider will make possible.

Thesc issucs are only two slices through the rich phenomenology of supersymmetric
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particles. If supersymmetric particles—or any other family of exotic particles—appear
at the TeV scale, there will be a full program of experiments for both hadron and
eTe™ colliders.

6.3 New Z' bosons

The new physics at the TeV scale must have SU(3) x SU(2) x U(1) gauge symme-
try, but it might have an even larger gauge symmetry with additional heavy vector
particles. The simplest extensions are those with extra U(1) gauge symmetries. The
corresponding gauge bosons appear as new vector resonances—Z’ bosons—coupling
to lepton and to ¢g pairs.

Extra U(1) factors in the gauge group preserve the predictions of grand unifica-
tion. In fact, these new symmetries appear naturally in models in which the grand
unification group is larger than the minimal choice of SU(5). For example, the grand
unification group Fg contains the Standard Model gauge group and two additional
U(1) factors. This leads to models in which the gauge symmetry at TeV energies
contains an additional U(1) factor which is a linear combination of these [116,117].

In certain grand unified models, the masses of the heavy neutral leptons which give
the scale of the neutrino mass seesaw are determined by the scale of breaking of an
extra U(1) symmetry. In this case, the extreme lightness of neutrinos puts the mass
of the Z’ beyond the reach of accelerator experiments. But many other motivations
for a new U(1) symmetry point to lower masses [L18]. In particular, the size of the
p parameter of supersymmetry may be controlled by the scale of breaking of a U(1)
symmetry, in which case the corresponding Z’ boson must have a mass not far above
1 TeV. More generally, the possible richness of gauge symmetries motivates the search
for these new states. This is especially true for superstring theories, where explicit
model constructions often predict a large number of extra U(1) gauge particles [119].

The abilities of colliders to detect signatures of heavy Z’ bosons have been studied
in great detail. Hadron colliders have impressive sensitivity for searches in which the
7' bosons appear as resonances decaying to £t/~. Lepton colliders can be sensitive
to Z' bosons in a different way, through the precision study of the pair production
processes ete™ — (T4~ and ete™ — ¢g. Because these reactions can be measured
precisely and also predicted theoretically to part per mil accuracy, experiments can
be sensitive to interference effects caused by Z’ bosons of mass a factor of 10 or
more above the ete™ center of mass energy [120,121,122]. All of the special handles
of the ete™ environment, including polarization asymmetries, flavor tagging, and 7
polarization, can be brought to bear in the search for these interference effects.

Table 5, based on [123], gives a comparison between the sensitivity of ete™ linear
colliders and that of the LHC. The models listed in the table correspond to particular
choices for the quantum number assignments of the Z’; see the original reference for
details. The table shows that the sensitivity of a linear collider operating at 500 GeV is
quite comparable to that of the LHC. The sensitivities quoted in the table correspond
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Model | 500 GeV | 1000 GeV | LHC
X 4.5 6.5 4.5
P 2.6 3.8 4.1
n 3.3 4.7 4.2
I 4.5 6.5 4.4
noM 5.6 8.1 4.9
ALRM 5.4 7.9 5.2
LRM 5.2 7.5 4.5
UUM 6.7 9.8 4.6

Table 2.5:  Sensitivity of ete™ linear colliders and the LHC to effects of a 27, after [123].
The table gives the mass reach in TeV for observability at the 95% CL. The analysis for
linear colliders is based on measurement of indirect effects for an event sample of 200 fb~1; it
includes the effect of experimental cuts. The analysis for the LHC gives the dircct sensitivity
to a resonance, assuming an event sample of 100 fb~! and Z' decays only to Standard Model
fermions.

to different types of measurements, and this point illustrates the complementary
relation of the LHC and the linear collider. For a 7' at a few TeV, the LIIC will
identify a resonance and accurately measure the mass M. The linear collider will
measure interference effects and thus determine the quantity g.g;/M? which depends
on the mass and the coupling strengths to the electron and the flavor f. By combining
these pieces of information, one may obtain a complete phenomenological profile of the
Z'. Both hadron and lepton collider experiments will thus be needed to understand
how the Z’ fits into the larger picture of unification and symmetry.

This study of efe™ — ff can also be used to search for composite structure of
quarks and leptons. The process most sensitive to compositeness is Bhabha scattering.
A 200 b~ experiment at 500 GeV would be expected to place a limit of 90 TeV
on the A parameters of electron compositeness. Mpller scattering (e”e™ — e”e™)
potentially provides an even more sensitive probe, offering a limit of 130 eV for a
200 fb~! experiment at 500 GeV [124]. Even the ete™ limit is a factor of 6 above the
expected limit from studies of Drell-Yan production at the LIIC [62]. In addition,
an effect scen at the LHC could come from any one of a large number of possible
operators, while in polarized Bhabha or Mgller scattering the operator structure can
be determined uniquely.

6.4 Large extra dimensions

Among the most remarkable proposals for new physics at the TeV scale is the
idea thal new space dimensions play an important role. String theorists have insisted
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for many years that Nature contains more than four dimensions. However, for a long
time the extra dimensions were considered to be unobservably small. Recently, new
developments in string theory and phenomenology have shaken up this complacent
picture and have suggested that new space dimensions may be of the size i/ TeV, or
even larger [125,126,127].

There is no space here for a complete review of these new developments. (A brief
review can be found in [128].) But we would like to indicate the role that the LHC
and the linear collider could play in the elucidation of these models.

Consider first models in which there is a single new dimension of TeV size. In
this model, the basic quantum fields in Nature are five-dimensional. The momentum
in the fifth dimension is quantized and can be interpreted as the mass of a four-
dimensional field. So, each quantized value of the fifth component of momentum
gives a state that we would observe as a new heavy particle. The easiest states to
observe are the components of the photon and Z with nonzero momentum in the fifth
dimension. These would appear as Z' bosons. The sensitivity of the LHC and the
linear collider to these states is greater than that to the ‘SSM’ (Sequential Standard
Model) boson listed in Table 5. If several states can be discovered, one can begin to
map out the geometry of the extra dimensions. A similar phenenomenology applies
to the Randall-Sundrum model [129] in which curvature in the fifth dimension is used
to explain the hierarchy between the Planck scale and the weak scale. In this case,
the new resonances are actually higher Fourier components of the gravitational field,
a fact which can be recognized experimentally by their characteristic spin-2 decay
distributions [130].

In another class of models, our apparently four-dimensional world is a membrane in
a space of larger dimensionality [127]. This scheme allows the scale at which quantum
gravity becomes a strong interaction to be much lower than the apparent Planck scale.
In fact, it can be as low as TeV energies. The authors of [127] emphasized that their
theory could be tested by macroscopic gravity experiments. But in fact more stringent
tests come from high energy physics, from experiments that look for the effects of
gravitational radiation at high energy colliders. These are of two types. First, if the
scale M of strong quantum gravity is low, one expects radiation of gravitons G in
ete™ and qq collisions, giving rise to processes such as

ete” = G qq — gG (2.21)

which appcar as photons or jets recoiling against an unobserved particle. 'T'hese eflects
have been scarched for explicitly at LEP and the Tevatron (e.g., [131]), giving lower
limits of about 1 TeV on the gravity scale M. Second, one can look for the effects
of virtual graviton exchange interfering with Standard Model annihilation processes.
These interference effects have been scarched for both by measurements of e¢te™ an-
nihilation to fermion pairs at LIXP 2 (e.g., [132]) and by measurcments of Drell-Yan
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and v pair production at the Tevatron [133]. In both cases, the sensitivity to M
reaches above 1 TeV.

These experiments will be repeated at the next generation of colliders. The limits
on M from missing energy experiments are expected to be about 5 TeV from the high
luminosity linear collider at 500 GeV, and about 8 TeV from monojet searches at the
LHC. Similarly, limits on M from virtual graviton exchange should reach to about 6
TeV both at the 500 GeV linear collider and in the study of Drell-Yan processes at
the LHC [134]. These values are high enough that, if the new dimensions are actually
connected to the physics of the TeV scale, their effects should be observed. In that
case, the linear collider experiments will take on an added significance. At the linear
collider, but not at the LHC, it is possible to determine the parton kinematics of a
missing energy event. Then one can determine whether events have a broad mass
spectrum, as predicted in ordinary quantum gravity, or whether they are resonant
at fixed mass values, as predicted in string theory. For virtual graviton processes,
the linear collider can observe the flavor- and helicity-dependence of the interference
effects and determine whether the new couplings are universal, as naively expected
for gravity, or are more complex in nature.

If there are more than four dimensions in Nature, the evidence for this will most
likely come from high-energy physics. The possibility provides a tremendous oppor-
tunity, one which will engage experimenters at both hadron and lepton colliders.

7 Conclusions

The beautiful experiments in particle physics over the past 20 years and the
tremendous theoretical effort to synthesize the current understanding of electroweak
symmetry breaking have brought us to a point of exceptional opportunity for uncov-
ering new laws of physics. The wealth of precision electroweak measurements indicate
that a new threshold is close at hand. The precision measurements place strong con-
straints on models that explain the symmetry breaking and point to new phenomena
at the 500 GeV scale.

Later in this decade, we will begin to capitalize on this opportunity with experi-
ments at the LHC. There is no doubt that the LHC will make important discoveries.
However, many crucial mecasurements on the expected new physics are difficult to
perform at a hadron collider. In this paper we have argued that a 500 GeV lincar
collider will provide essential information needed to interpret and to exploit these
discoverics.

'The LILC should discover a Higgs boson (if LIS 2 or Tevalron experiments have
not alrcady done so) in all but rather special circumstances. The lincar collider is very
well suited to measuring its quantum numbers, total width and couplings. Morcover,
if there is an expanded iggs scctor, measurement of the Higes couplings to fermion
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pairs and to gauge bosons is essential.

If the new physics includes supersymmetry, the LHC experiments should observe
supersymmetric particle production. They will measure some fraction of the sparticle
masses, but they most likely will not be able to determine their spin and electroweak
quantum numbers. Measurement of mixing angles and supersymmetric couplings at
the LHC will be very difficult. To the extent that the sparticles are accessible to a
linear collider, these measurements are straightforward and precise. We have argued
that there is a good probability that some of the crucial sparticles will be within
reach of a 500 GeV collider. The measurements of gaugino and sfermion mixings and
masses will provide important clues towards understanding how supersymmetry is
broken and transmitted to the TeV scale.

We have reviewed the models in which new strong interactions provide the means
by which the Standard Model particles acquire mass, and have found that although
such models cannot be ruled out, they have become increasingly constrained by the
existing precision data. The LHC has the possibility for observing new strong inter-
actions through modifications to WW scattering. We have argued that analogous
modifications to the gauge boson or top quark couplings can be seen with a 500 GeV
linear collider. We have also suggested that operation of the linear collider at the Z
resonance may be profitable.

In each of these examples, we have argued that the linear collider and the LHC
have complementary roles to play. It is likely that neither machine, by itself, will
piece together the full picture of electroweak symmetry breaking. The strength of the
LHC is its large partonic energy and copious production of many new particles. The
linear collider, with its control of partonic energy and beam polarization, and with
favorable signal to background ratios, can make crucial measurements that reveal the
character of new phenomena. The complementarity of hadron and lepton collisions
has been amply demonstrated in the past, and there is every reason to expect that it
will continue in the future.

It may be useful to give a few illustrative examples of how the linear collider
program might respond to possible outcomes of the LHC experiments:

1. A Higgs-like state is discovered below 150 GeV, and strong evidence for super-
symmetry is found. In this case, the linear collider program would be based
primarily on the exploration of supersymmetry and the extended Higgs sec-
tor. It would measure the couplings, quantum numbers, mixing angles and CI
propertics of the new states. These precisely measured paramcters hold the
key for understanding the mechanism of supersymmetry breaking. In this sce-

nario, a premium would be placed on running at sufliciently high energy that
the sparticles are produced. This might dictate raising the encrgy to at least |
oyt

leV.

2. A Higgs particle is seen, and no evidence for supersymmetry is found. The key
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objective in this scenario would be the thorough investigation of the Higgs parti-
cle. Here, precision measurements would be of paramount importance; a linear
collider would be able to make precise determinations of the Higgs couplings to
all particles (including invisible states), as well as of its total width, quantum
numbers and perhaps even the strength of its self coupling. Such measurements
would point the way to possible extensions of the Standard Model.

High luminosity operation would be necessary at the optimum energy for Higgs
production. In this scenario, revisiting the Z pole might be critical to refine
knowledge of electroweak loop corrections. Increased energy would likely be
required to search for new phenomena such as strong scattering of WW pairs
or evidence for large extra dimensions.

3. No new particles are found. This uncomfortable scenario extends the puzzle-
ment we are in today. In this case the first goal of a linear collider would be to
close the loopholes in the LHC measurements (such as the possibility that the
Higgs decays dominantly to invisible particles). After that, a detailed study of
the top quark or gauge boson couplings would be necessary to reveal evidence for
new dynamics. In this scenario, increased energy would be necessary to study

WW scattering. One might wish to carry out additional precise measurements
at the Z° pole.

4. A wealth of new phenomena is sighted at LEP, Tevatron and LHC. These dis-
coveries would indicate a much richer array of new particles and phenomena
than are presently envisioned in any single model. In this case, with multiple
sources of new physics, the job of the linear collider is clear. With its unparal-
leled ability to make detailed measurements of the properties of the new states,
a linear collider would be essential to map out the terrain. A long and rich
program would be assured.

In each of these representative scenarios, after examination of the many ways that
new physics might come into view, we conclude that a linear collider has a decisive
role to play. Starting with initial operation at 500 GeV, and continuing to higher
energies as needed, an ete™ linear collider would be at the heart of a rich 20-year
program of experimentation and discovery in high energy physics.

There is no guarantee in physics that we can ever predict how Nature chooses to
operate in uncharted territory. Over the past two decades, however, through theory
and experiment, a remarkable understanding has developed. In this paper we have
argued that the data offer a clear picture of how the next step should proceed: We
should begin the detailed design and construction of a 500 GeV ete™ linear collider.
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Chapter 3 Higgs Bosons at the Linear Collider

1 Introduction

This chapter shows how a linear collider (L.C) can contribute to our understanding
of the Higgs sector through detailed studies of the physical Higgs boson state(s).
Although this subject has been reviewed several times in the past [1-5], there are
at least two reasons to revisit the subject. First, the completion of the LEP2 Higgs
search, together with earlier precise measurements from SLC, LEP, and the Tevatron,
gives us a clearer idea of what to expect. The simplest explanations of these results
point to a light Higgs boson with (nearly) standard couplings to W and Z. The key
properties of such a particle can be investigated with a 500 GeV LC. Second, the
luminosity expected from the LC is now higher: 200-300 fb~lyr~! at 4/s = 500 GeV,
and 300-500 fb~lyr~! at /s = 800 GeV. Consequently, several tens of thousands
of Higgs bosons should be produced in each year of operation. With such samples,
several measurements become more feasible, and the precision of the whole body of
expected results becomes such as to lend insight not only into the nature of the Higgs
boson(s), but also into the dynamics of higher scales.

There is an enormous literature on the Higgs boson and, more generally, on possi-
ble mechanisms of electroweak symmetry breaking. It is impossible to discuss all of it
here. To provide a manageable, but nevertheless illustrative, survey of LC capabilities,
we focus mostly on the Higgs boson of the Standard Model (SM), and on the Higgs
bosons of the minimal supersymmetric extension of the SM (MSSM). Although this
choice is partly motivated by simplicity, a stronger impetus comes from the precision
data collected over the past few years, and some other related considerations.

The SM, which adds to the observed particles a single complex doublet of scalar
fields, is economical. It provides an impressive fit to the precision data. Many
extended models of electroweak symmetry breaking possess a limit, called the de-
coupling limit, that is experimentally almost indistinguishable from the SM. These
models agree with the data equally well, and even away from the decoupling limit
they usually predict a weakly coupled Higgs boson whose mass is at most several hun-
dred GeV. Thus, the SM serves as a basis for discussing the Higgs phenomenology of
a wide range of models, all of which are compatible with experimental constraints.

The SM suffers from several theoretical problems, which are either absent or less
severe with weak-scale supersymmetry. The Higgs sector of the MSSM is a constrained
two Higgs doublet model, consisting of two CP-even Higgs bosons, h° and H°, a
CP-odd Higgs boson, A°, and a charged Higgs pair, H*. The MSSM is especially
attractive because the superpartners modify the running of the strong, weak, and
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electromagnetic gauge couplings in just the right way as to yield unification at about
10'® GeV [6]. For this reason, the MSSM is arguably the most compelling extension
of the SM. This is directly relevant to Higgs phenomenology, because in the MSSM a
theoretical bound requires that the lightest CP-even Higgs boson h° has a mass less
than 135 GeV. (In non-minimal supersymmetric models, the bound can be relaxed to
around 200 GeV.) Furthermore, the MSSM offers, in some regions of parameter space,
very non-standard Higgs phenomenology, so the full range of possibilities in the MSSM
can be used to indicate how well the LC performs in non-standard scenarios. Thus, we
use the SM to show how the LC fares when there is only one observable Higgs boson,
and the MSSM to illustrate how extra fields can complicate the phenomenology. We
also use various other models to illustrate important exceptions to conclusions that
would be drawn from these two models alone.

The rest of this chapter is organized as follows. Section 2 gives, in some detail,
the argument that one should expect a weakly coupled Higgs boson with a mass
that is probably below about 200 GeV. In Section 3, we summarize the theory of
the Standard Model Higgs boson. In Section 4, we review the expectations for Higgs
discovery and the determination of Higgs boson properties at the Tevatron and LHC. -
In Section 5, we introduce the Higgs sector of the minimal supersymmetric extension
of the Standard Model (MSSM) and discuss its theoretical properties. The present
direct search limits are reviewed, and expectations for discovery at the Tevatron and
LHC are described in Section 6. In Section 7, we treat the theory of the non-minimal
Higgs sector more generally. In particular, we focus on the decoupling limit, in which
the properties of the lightest Higgs scalar are nearly identical to those of the Standard
Model Higgs boson, and discuss how to distinguish the two. We also discuss some
non-decoupling exceptions to the usual decoupling scenario.

Finally, we turn to the program of Higgs measurements that can be carried out
at the LC, focusing on ete™ collisions at higher energy, but also including material
on the impact of Giga-Z operation and v collisions. The measurement of Higgs
boson properties in ete™ collisions is outlined in Section 8. This includes a survey of
the measurements that can be made for a SM-like Higgs boson for all masses up to
500 GeV. We also discuss measurements of the extra Higgs bosons that appear in the
MSSM. Because the phenomenology of decoupling limit mimics, by definition, the
SM Higgs boson, we emphasize how the precision that stems from high luminosity
helps to diagnose the underlying dynamics. In Section 9, we outline the impact of
Giga-7 operation on constraining and exploring various scenarios. In Section 10, the
mosl important gains from vy collisions are reviewed. IMinally, in Section 11, we
briclly discuss the case of a lliggs sector containing triplet Higgs representations and
also consider the Higgs-like particles that can arise if the underlying assumption of a
weakly coupled elementary Higes scector is not realized in Nature.
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2 Expectations for electroweak symmetry breaking

With the recent completion of experimentation at the LEP collider, the Standard
Model of particle physics appears close to linal experimental verification. After more
than ten years of precision measurements of clectiroweak observables at 1L19P, SLC
and the Tevatron, no delinitive departures from Standard Model predictions have
been found [7]. In some cases, theoretical predictions have been checked with an
accuracy of one part in a thousand or better. llowever, the dynamics responsible for
electroweak symmetry breaking has not yet been dirvectly identified. Nevertheless,
this dynamics affects predictions for currently observed electroweak processes at the
onc-loop quantum level. Consequently, the analysis of precision clectrowcak data
can already provide some uscful constraints on the nature of electrowcak symmetry
breaking dynamics.

In the minimal Standard Model, electrowealk symmetry breaking dynamics arises
via a self-interacting complex doublet of scalar ficlds, which consists of four real
degrees of freedom. Renormalizable interactions are arranged in such a way that
the neutral component of the scalar doublet acquires a vacuum cxpectation value,
v = 246 GeV, which sets the scale of electroweak symmetry breaking. Hence, three
massless Goldstone hosons are generated that are absorbed by the W+ and 7, thereby
providing the resulting massive gauge bosons with longitudinal components. The
fourth scalar degree of freedom that remains in the physical spectrum is the CP-even
neuiral Higgs boson of the Standard Model. 1t is further assumed in the Standard
Model that the scalar doublet also couples to fermions through Yukawa interactions.
After electroweak symmetry breaking, these interactions are responsible for the gen-
cration of quark and charged lepton masscs.

The global analysis of clectroweak observables provides a superb fit to the Stan-
dard Model predictions. Such analyses take the Higgs mass as a free paramcter. The
clectroweak observables depend logarithmically on the Higgs mass through its one-
loop effects. The accuracy of the current dala (and the reliability of the corresponding
theoretical computations) already provides a significant constraint on the value of the
Higgs mass. In [89], the non-observation of the Iliggs boson is combined with the
constraints of the global precision electrowcak analysis to yield my,,, < 205 230 GeV
at 95% CL (the quoted range reflects various theoretical choices in the analysis).
Meanwhile, direct searches for the Higgs mass at LEEP achieved a 95% CL limit of
Mpgy, > 113.5 GeV.r

One can question the significance of these results. After all, the self-interacting
scalar ficld is only one model ol clectroweak symmetry breaking; other approaches,
based on very different dynamics, arc also possible. l'or example, one can introduce

*The LEP experiments presented cvidence for a Higgs mass signal at a mass of my,.,, =
115‘Of(1)“'§ GeV, with an assigned significance of 2.9¢ [10]. Although suggestive, the data are not

significant enough to warrant a claim of a Iiggs discovery.
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new fermions and new forces, in which the Goldstone bosons are a consequence of the
strong binding of the new fermion fields [11]. Present experimental data are not suffi-
cient to identify with certainty the nature of the dynamics responsible for electrowealk
symmetry breaking. Nevertheless, one can attempt to classify alternative scenarios
and study the constraints of the global precision electroweak fits and the implications
for phenomenology at future colliders. Since electroweak symmetry dynamics must
affect the one-loop corrections to electroweak observables, the constraints on alter-
native approaches can be obtained by generalizing the global precision electroweak
fits to allow for new contributions at one-loop. These enter primarily through cor-
rections to the self-energies of the gauge bosons (the so-called “oblique” corrections).
Under the assumption that any new physics is characterized by a new mass scale
"M > my, one can parameterize the leading oblique corrections by three constants,
S, T, and U, first introduced by Peskin and Takeuchi [12]. In almost all theories of
electroweak symmetry breaking dynamics, U < S, T, so it is sufficient to consider a
global electroweak fit in which mypg,,, S and T are free parameters. (The zero of the
S-T' plane must be defined relative to some fixed value of the Higgs mass, usually
taken to be 100 GeV.) New electroweak symmetry breaking dynamics could generate
non-zero values of S and T', while allowing for a much heavier Higgs mass (or equiva-
lent). Various possibilities have been recently classified by Peskin and Wells [13], who
argue that any dynamics that results in a significantly heavier Higgs boson should
also generate new experimental signatures at the TeV scale that can be studied at the
LC, either directly by producing new particles or indirectly by improving precision
measurements of electroweak observables.
In this chapter, we mainly consider the simplest possible interpretation of the pre-
‘cision electroweak data, namely, that there exists a light weakly coupled Higgs boson.
Nevertheless, this still does not fix the theory of electroweak symmetry breaking. It is
easy to construct extensions of the scalar boson dynamics and generate non-minimal
Higgs sectors. Such theories can contain charged Higgs bosons and neutral Higgs
bosons of opposite (or indefinite) CP-quantum numbers. Although some theoretical
constraints exist, there is still considerable freedom in constructing models which sat-
isfy all known experimental constraints. Moreover, in most extensions of the Standard
Model, there exists a large range of parameter space in which the properties of the
lightest Higgs scalar are virtually indistinguishable from those of the Standard Model
ITiggs boson. One of the challenges of experiments at future colliders, once the Higgs
boson is discovered, is to sce whether there are any deviations from the properties
expected for the Standard Model Higgs boson.

Although the Standard Model provides a remarkably successful description of

the properties of the quarks, leptons and spin-1 gauge bosons at cnergy scales of
O(100) GeV and below, the Standard Model is not the ultimate theory ol the fun-
damental particles and their interactions. At an cnergy scale above the Planck scale,
Mpy, 22 10" GeV, quantum gravitational effects become significant, and the Standard
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Model must be replaced by a more fundamental theory that incorporates gravity. It
is also possible that the Standard Model breaks down at some energy scale, A, below
the Planck scale. In this case, the Standard Model degrees of freedom are no longer
adequate for describing the physics above A and new physics must enter. Thus, the
Standard Model is not a fundaemental theory; at best, it is an effective ficld theory [14].
At an energy scale below A, the Standard Model (with higher-dimension operators to
parameterize the new physics at the scale A) provides an extremely good description
of all observable phenomena.

An essential question that future experiments must address is: what is the min-
imum scale A at which new physics beyond the Standard Model must enter? The
answer to this question depends on the value of the Higgs mass, my,. [l mpg, 18
too large, then the Higgs scll~coupling blows up al some scale A below the Planck
scale [15]. If mpg,, is too small, then the Iliggs potential develops a second (global)
minimum at a large value of the scalar field of order A [16]. Thus, new physics must
enter at a scale A or below in order that the true minimum of the theory correspond
to the observed SU(2)xU(1) broken vacuum with v = 246 GeV for scales above A.
Thus, given a valuc of A, one can compute the minimum and maximum [Higgs mass
allowed. Although the arguments just given are based on perturbation theory, it is
possible to repeat the analysis of the Higgs-Yukawa sector non-perturbatively [17].
These results are in agreement with the perturbative estimates. The results of this
analysis (with shaded bands indicating the theoretical uncertainty of the result) are
tllustrated in Fig. 3.1.

Although the Higgs mass range 130 GeV < g, < 180 GeV appears to permit an
effective Standard Model that survives all the way to the Planck scale, most theorists
consider such a possibility unlikely. This conclusion is based on the “naturalness”
[19] argument as follows. In an effective ficld theory, all parameters of the low-energy
theory (i.e., masses and couplings) are calculable in terms of paramecters of a more
(undamental theory thal describes physics at the cnergy scale A.  All low-energy
couplings and fermion masses are logarithmically sensitive to A. In contrast, scalar
squared-masses are quadralically sensitive to A. The Higgs mass (at onc-loop) has
the following heuristic form:

2
cg®
1672 7
her 23,18 ¢ : ter of the fundamental theory and ¢ is restimabl
where (m3 )y is a parameter of the fundamental theory and ¢ is a constant, presumably

of O(1), that depends on the physics of the low-energy cffective theory. The “natural”
value for the scalar squared-mass is ¢*A?/1672. Thus, the expectation for A is

mi = (mi)o + (3.1)

A T O TeV). (3.2)

If A is significantly larger than | TeV then the only way for the Higgs mass to
be of order the scale of electroweak symmetry breaking is to have an “unnatural”
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Figure 3.1: The upper [15] and the lower [16] Higgs mass bounds as a function of the energy
scale A at which the Standard Model breaks down, assuming m; = 175 GeV and as(myz) =
0.118. The shaded areas above reflect the theoretical uncertainties in the calculations of
the Higgs mass bounds. This figure is taken from [18].

cancellation between the two terms of Eq. (3.1). This seems highly unlikely given
that the two terms of Eq. (3.1) have completely different origins.

An attractive theoretical framework that incorporates weakly coupled Higgs bosons
and satisfies the constraint of Eq. (3.2) is that of “low-energy” or “weak-scale” su-
 persymmetry [20,21]. In this framework, supersymmetry is used to relate fermion
and boson masses and interaction strengths. Since fermion masses are only logarith-
mically sensitive to A, boson masses will exhibit the same logarithmic sensitivity if
supersymmetry is exact. Since no supersymmetric partners of Standard Model par-
ticles have yet been found, supersymmetry cannot be an exact symmetry of nature.
Thus, A should be identified with the supersymmetry breaking scale. The naturalness
constraint of Eq. (3.2) is still relevant. It implies that the scale of supersymmetry
breaking should not be much larger than 1 TeV, to preserve the naturalness of scalar
masses. The supersymmetric extension of the Standard Model would then replace
the Standard Model as the ellective licld theory of the TeV scale. One advantage
of the supersymmetric approach is that the effective low-energy supersymmetric the-
ory can be valid all the way up to the Planck scale, while still being natural! The
unification of the three gauge couplings at an cnergy scale close to the Planck scale,
which docs not occur in the Standard Model, is scen to occur in the minimal super-
symmetric extension of the Standard Model, and provides an additional motivation
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for seriously considering the low-energy supersymmetric framework [6]. However,
the fundamental origin of supersymmetry breaking is not known at present. With-
oul a fundamental theory of supersymmetry breaking, one ends up with an cffective
low-energy theory characterized by over 100 unknown parameters that in principle
wotlld have to be measured by experiment. This remains one of the main stumbling
blocks for creating a truly predictive model of fundamental particles and their inter-
actions. Nevertheless, the Higgs sectors of the simplest supersymmetric models are
quite strongly constrained, and exhibit very specific phenomenological profiles.

3 The Standard Model Higgs boson—theory

In the Standard Model, the Higgs mass is given by miSM = \? where ) is the
[Tiges self-coupling. Since A is unknown al present, the value of the Standard Model
Higgs mass is not predicted (although other theorctical considerations, discussed in
Section 2, place constraints on the Higgs mass, as exhibited in Fig. 3.1). The Higgs
couplings to fermions and gauge bosons are proportional to the corresponding particle
masses. As a result, Higgs phenomenology is governed primarily by the couplings of
the Iliggs boson to the W* and Z and the third generation quarks and leptons. It
should be noted that a hsmgg coupling, where ¢ is the gluon, is induced by the one-
loop graph in which the Iliggs boson couples to a virtual ¢f pair. Likewise, a hgyyy
coupling is generated, although in this case the one-loop graph in which the Higgs
boson couples to a virtual WTW ™ pair is the dominant contribution. Further details
of Standard Higgs boson properties are given in [1].

3.1 Standard Model Higgs boson decay modes

The Higgs boson mass is the only unknown parameter in the Standard Model.
Thus, one can compute Higgs boson branching ratios and production cross scclions as
a function of mpg,,. The branching ratios for the dominant decay modes of a Standard
Model Higgs boson are shown as a function of Iliggs boson mass in Iig. 3.2. Note
thal subdominani channels are important to establish a complete phenomenological
profile of the Higgs boson, and to check consistency (or look for departures from)
Standard Model predictions. For 115 GeV ~ my,, < 2mw many decays modes are
large enough to measure, as discussed in Section 8.

For my,,, < 135 GeV, the main Higgs decay mode is hgy — bb, while the decays
hsm — 7T77 and ¢€ can also be phenomenologically relevant. In addition, although
one—loop suppressed, the decay hgm —+ ¢¢ is competitive with other decays for mp,,, <
2mw because of the large top Yukawa coupling and the color lactor. As the Iliges
mass increases above 135 GeV, the branching ratio to vector boson pairs becomes
dominant. In particular, the main Higgs decay mode is hgy — WW®, where one
of the W’s must be off-shell (indicated by the star superscript) if mp,,, < 2mw. For
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Higgs bosons with my,, 2 2m;, the decay hgm — 17 begins to increase until it reaches
its maximal value of about 20%.
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Figure 3.2: Branching ratios of the dominant decay modes of the Standard Model Higgs
boson. These results have been obtained with the program HDECAY [22], and include
QCD corrections beyond the leading order.

Rare Higgs decay modes can also play an important role. The one-loop decay
hsm — v is a suppressed mode. For mw < mug,, < 2mw, BR(hsm — v7) is above
1073, This decay channel provides an important Higgs discovery mode at the LHC
for 100 GeV < mpg, < 150 GeV. At the LC, the direct observation of hgy — v
is difficult because of its suppressed branching ratio. Perhaps more relevant is the
partial width I'(h® — ~7), which controls the Higgs production rate at a v collider.

3.2 Standard Model Higgs boson production at the L.C

In the Standard Model there are two main processes to produce the Higgs boson
in ete™ annihilation. These processes are also relevant in many extensions of the
Standard Model, particularly in nearly-decoupled extensions, in which the lightest
CP-cven Higgs boson possesses properties nearly identical to those of the SM iggs
boson. In the “lliggsstrahlung” process, a virtual 7 boson decays to an on-shell Z
and the hgm, depicted in IMig. 3.3(a).  The cross section for Iiggsstrahlung rises
sharply at threshold to a maximum a few tens of GeV above my, + my, and then
falls ofl as s~ ! as shown in IYig. 3.4. The associated production of the Z provides an
important trigger for Thgesstrahlung events. In particular, in some theories beyond
the Standard Model, in which the Higgs boson decays into invisible modes, the Higgs
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Figure 3.3: Main production processes for Higgs production in eTe™ annihilation. (a)
Higgsstrahlung. (b) WW fusion.
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Figure 3.4: Cross sections for Higgsstrahlung (ete™ — Zhgy) and Higgs production via
W+W— fusion (e+(r“ — vwhgn) and ZZ fusion (e+c— — e+e_hSM) as a function of mpgy,
for two center-of-mass energies, /s = 500 and 800 GeV [5].

boson mass peak can be reconstructed in the spectrum of the missing mass recoiling
against the 7. The other production process is called “vector boson fusion”, where
the incoming et and e~ each emit a virtual vector boson, followed by vector boson
fusion to the hgy. Figure 3.3(b) depicts the WTW™ [usion process. Similarly, the
Z 7 fusion process corresponds to ete”™ - eTe hgy. In contrast to Higgsstrahlung,
the vector boson fusion cross scction grows as Ins, and thus is the dominant Iliggs
production mechanism for /s 3> my,,. T'he cross section for WW fusion is about ten
times larger than that for ZZ fusion. Nevertheless, the latter provides complementary
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information on the ZZhgy vertex. Note that at an e”e™ collider, the Higgsstrahlung
and WHW~ fusion processes are absent, so that ZZ fusion is the dominant Higgs
production process.
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Figure 3.5: Cross-sections for eTe™ — tthgy in fb for three choices of center-of-mass energy.
The dashed lines correspond to the tree-level result [23], and the solid lines include the next-
to-leading order QCD corrections [24].

Other relevant processes for producing Higgs bosons are associated production
with a fermion-antifermion pair, and multi-Higgs production. For the former class,
only ete™ — tthgy has a significant cross section, around the femtobarn level in the
Standard Model, as depicted in Fig. 3.5. As a result, if mpg, is small enough (or
/s is large enough), this process can be used for determining the Higgs—top quark
Yukawa coupling. The cross section for double Higgs production (ete™ — Zhsmhsam)
are even smaller, of order 0.1 fb for 100 GeV < mypg,, < 150 GeV and /s ranging
between 500 GeV and 1 TeV. With sufficient luminosity, the latter can be used for
extracting the triple Higgs self-coupling.

At the v collider, a Higgs boson is produced as an s-channel resonance via the
one-loop triangle diagram. Fvery charged particle whose mass is generated by the
Higgs boson contributes to this process. In the Standard Model, the main contributors
are the W™ and the t-quark loops. See Section 10 for further discussion.
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4 SM Higgs searches before the linear collider

4.1 Direct search limits from LEP

The LEP collider completed its final run in 2000, and presented tantalizing hints
for the possible observation of the Higgs boson. Combining data from all four LEP
collaborations [10], one could interpret their observations as corresponding to the
production of a Higgs boson with a mass of mpo = 115.0%5:5 GeV with a significance
of 2.90. This is clearly not sufficient to announce a discovery or even an “observation”.

A more conservative interpretation of the data then places a 95% CL lower limit of
Mhgy, > 113.5 GeV.

4.2 Implications of precision electroweak measurements

Indirect constraints on the Higgs boson mass within the SM can be obtained from
confronting the SM predictions with results of electroweak precision measurements.
In the case of the top quark mass, the indirect determination turned out to be in
remarkable agreement with the actual experimental value. In comparison, to obtain
constraints on my,, of similar precision, much higher accuracy is required for both
the experimental results and the theory predictions. This is due to the fact that the
leading dependence of the precision observables on myg, is only logarithmic, while
the dominant effects of the top-quark mass enter quadratically.
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ligure 3.6: The prediction for my as a function of my,, is compared with the experimental
value ol myy for the current experimental accuracies of mu and m, (left plot) and for the
prospective future accuracies at a LC with Giga-Z option (right plot, the present experi-
mental central values arc assumed) [25]. In the left plot also the present experimental 95%
CL lower bound on the Iliggs-boson mass, my,, = 113.5 GeV, is indicated.
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The left plot of Fig. 3.6 shows the currently most precise result for mw as func-
tion of myg,, in the SM, and compares it with the present experimental value of myy.
The calculation incorporates the complete electroweak fermion-loop contributions at
O(a?) [25]. Based on this result, the remaining theoretical uncertainty from unknown
higher-order corrections has been estimated to be about 6 MeV [25]. It is about a
factor five smaller than the uncertainty induced by the current experimental error on
the top-quark mass, Am;¥ = £5.1 GeV, which presently dominates the theoretical
uncertainty. The right plot of Fig. 3.6 shows the prospective situation at a future e*e”
linear collider after Giga-Z operation and a threshold measurement of the W mass
(keeping the present experimental central values for simplicity), which are expected
to reduce the experimental errors to Amy" = 6 MeV and Am;™ = 200 MeV. This
program is described in Chapter 8. The plot clearly shows the considerable improve-
ment in the sensitivity to msg, achievable at the LC via very precise measurements
of myy and my. Since furthermore the experimental error of sin® Hfuﬂ is expected to be
reduced by almost a factor of 20 at Giga-Z, the accuracy in the indirect determination
of the Higgs-boson mass from all data will improve by about a factor of 10 compared
to the present situation [26].

4.3 Expectations for Tevatron searches

The upgraded Tevatron began taking data in the spring of 2001. This is the
only collider at which the Higgs boson can be produced for the next five years, until
the LHC begins operation in 2006. The Tevatron Higgs working group presented a
detailed analysis of the Higgs discovery reach at the upgraded Tevatron [27]. Here,
we summarize the main results. Two Higgs mass ranges were considered separately:
(i) 100 GeVE mpgy, < 135 GeV and (ii) 135 GeVS mpg, < 190 GeV, corresponding
to the two different dominant Higgs decay modes: hgy — bb for the lighter mass
range and hgy — WW® for the heavier mass range.

In mass range (i), the relevant production mechanisms are ¢;g; — Vhsm, where
V =W or Z. In all cases, the dominant hgy — bb decay was employed. The most
relevant final-state signatures correspond to events in which the vector boson decays
leptonically (W — fv, Z — {Y4~ and Z — v¥, where £ = ¢ or p), resulting in {vbb,
vwbb and (£ bb final states. In mass range (ii), the relevant production mechanisms
include gg — hgm, V*V* — hgy and ¢:.q; — Vhsm, with decays hgm — T/VT/V(*),
773, The most relevant phenomenological signals are those in which two of the
final-stale vector bosons decay leptonically, resulting in ¢40~ v or (207 57X where §
is a hadronic jet and X consists ol two additional leptons (cither charged or nentral).
For example, the latter can arise from Whgy production followed by hgy — W W(*),
where the two like-sign W bosons decay leptonically, and the third W decays into
hadronic jets. In this case X is a pair of nentrinos.

FFigure 3.7 summarizes the Higes discovery reach versus the total integrated lu-
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Figure 3.7: The integrated luminosity required per experiment, to either exclude a SM Higgs
boson at 95% CL or discover it at the 30 or 50 level, as a function of the Higgs mass. These
results are based on the combined statistical power of both experiments. The curves shown
are obtained by combining the fvbb, vTbb and £¥£~bb channels using the neural network
selection in the low-mass Higgs region (90 GeV < mag, < 130 GeV), and the A0+ 55X and
{10~ vv channels in the high-mass Higgs region (130 GeV £ mpg,, < 190 GeV). The lower
edge of the bands is the calculated threshold; the bands extend upward from these nominal
thresholds by 30% as an indication of the uncertainties in b-tagging efficiency, background
rate, mass resolution, and other effects.

minosity delivered to the Tevatron (and by assumption, delivered to each detector).
As the plot shows, the required integrated luminosity increases rapidly with Higgs
mass to 110 GeV, beyond which the high-mass channels play the dominant role. With
2 (b~ per detector (which is expected after one year of running at design luminosity),
the 95% CL limits will barely extend the expected LEP2 limits, but with 10 (b1, the
SM 1liges boson can be excluded up to 180 GeV if the Iligegs hoson does not exish in
thal mass range.

Current projections envision thal the Tevatron, with further machine improve-
ments, will provide an integrated Tuminosity of 15 [h™" after six ycars of running. If
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able to achieve a 50 discovery of the Higgs boson. If no Higgs events are detected,
the LEP limits will be significantly extended, with a 95% CL exclusion possible up to
about myg,, =~ 185 GeV. Moreover, evidence for a Higgs boson at the 3o level could
be achieved up to about mpg,, ~ 175 GeV. (The Higgs mass region around 140 GeV
might require more luminosity, depending on the magnitude of systematic errors due
to uncertainties in b-tagging efficiency, background rate, the bb mass resolution, etc.)
Evidence for or discovery of a Higgs boson at the Tevatron would be a landmark in
high energy physics. However, even if a Higgs boson is seen, the Tevatron data would
only provide a very rough phenomenological profile. In contrast, the LC, and to a
lesser extent, the LHC could measure enough of its properties with sufficient precision
to verify that the observed Higgs is truly SM-like. The LHC is also certain to yield
> 50 discovery of a SM Higgs boson over the full range of possible masses, up to

1 TeV.

4.4 Expectations for LHC searches
At the LHC, the ATLAS and CMS detectors have been specifically designed so as

to guarantee discovery of a SM Higgs boson, regardless of mass. The most important
production processes for the hgy are the gluon fusion process, gg — hgm, and the
vector boson fusion process, WW — hgy. In particular, for mp,, < 130GeV the
important discovery modes are gg, WW — hgm — v, 7t77. At high luminosity,
qq; — W*hgy and gg — tthgy with hsy — 7y and hgy — bb should also be visible.
Once mpg, > 130GeV, g9 — hsm — ZZ® — 44 is extremely robust except for
the small mass region with myg,, just above 2mw in which hgyy — WW is allowed
and B(hsm — ZZ*) drops sharply. In this region, gg, WW — hgyy — WW — by
provides a strong Higgs signal. Once mpg,, > 300GeV (400 GeV), the final states
hsm — WW — fvjj and hsy — ZZ — lvv, where the hgy is produced by a
combination of gg and WW fusion, provide excellent discovery channels. These latter
allow discovery even for mpg, 2 1TeV, i.e., well beyond the mpg,, ~ 800GeV limit
of viability for the hgm — 4¢ mode. These results are summarized in Fig. 3.8, from
which we observe that the net statistical significance for the hgy, after combining
channels, exceeds 100 for all mpy,, > 80 GeV, assuming accumulated luminosity of
L =100 fb~" at the ATLAS detector [29]. Similar results are obtained by the CMS
group [30], the vy mode being even stronger in the lower mass region.

Precision measurcments for a certain number of quantitics will be possible, de-
pending upon the exact value of my,,, . For instance, in [29] it is estimated that m,,
can be measurcd to < 0.1% for my,,, < 400 GeV and to 0.1 1% for 400 < my,,, <
700 GeV. Using the 4¢ final state, F’/L'SM can determined for iy, > 250 GeV [rom
the shape of the 4¢ mass peak. Various ratios of branching ratios and a selection
of partial widths times branching ratios can be measured in any given mass region.
pome carly estimates of possibilitics and achicvable accuracies appear in [2]. A more
recent, but probably vather optimistic parton-level theoretical study [31] finds that
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50 Higgs Signals (statistical errors only)
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Figure 3.8: Expected 50 SM Higgs discovery luminosity requirements at the LHC, for one
experiment, statistical errors only [28]. The study was performed with CMS fast detector
simulation. '

if g, £ 200GeV then good accuracies can be achieved for many absolute partial
widths and for the total width provided: (a) WW fusion production can be reliably
scparated from gg fusion; (b) the WW/ZZ coupling ratio is as expected in the SM
from the SU(2)xU(1) symmeiry; (¢) the WIW* final state can be observed in both
gg and WW fusion; and (d) there are no unexpected decays of the hgm. Invisible
Higgs decays may also be addressed by this technique [32]; CMS simulations show
some promisc for this channel. The resulting crrors estimated for L = 200 fh~! of
accumulated data are given in Iig. 3.9.
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Figure 3.9: Relative accuracy expected at the LHC with 200 fb~! of data. (a) Cross section
times branching fraction for several inclusive modes (dotted and dash-dotted lines) and
vector boson fusion channels (dashed and solid lines). (b) Extracted total width (solid line)
and H — WW partial width (dashed line). In the latter, ¢ = 1 — [B(H — bb) + B(H —
77) + B(H = WW) 4 B(H — ZZ™) + B(H — gg) 4+ B(H — ~vv)]. To the extent that
€ is small, the indicated accuracies can be achieved.

5 Higgs bosons in low-energy supersymmetry

The simplest realistic model of low-energy supersymmetry is the minimal super-
symmetric Standard Model (MSSM), which consists of the two-Higgs-doublet exten-
sion of the Standard Model plus the corresponding superpartners [21]. Two Higgs
doublets, one with ¥ = +1 and one with Y = —1, are needed in order that gauge
anomalies due to the higgsino superpartners are exactly canceled. The supersymmet-
ric structure also constrains the Higgs-fermion interactions. In particular, it is the
Y = —1 Higgs doublet that generates mass for “up”-type quarks and the Y = +1
Higgs doublet that generates mass for “down”-type quarks (and charged leptons)
[33,34].

After clectroweak symmetry breaking, one finds five physical Higgs particles: a
charged Iliggs pair (11*), two CP-even neutral Higgs bosons (denoted by A% and 11°
where myo < rmypo) and one CP-odd neutral iggs boson (A%).T Two other relevant

I'I'he tree-level MSSM Higgs scctor antomatically conserves CP. Henee, the two neutral Higgs
vacuum expectation values can be chosen to be real and positive, and the neutral Higgs eigenstates
possess definite CP quantum numbers.
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parameters are the ratio of neutral Higgs vacuum expectation values, tan /4, and an
angle a that measures the component of the original Y = £1 Higgs doublet states in
the physical CP-even ncutral scalars.

5.1 MSSM Higgs sector at tree-level

The supersymmetric structure of the theory imposes constraints on the Higgs
scctor of the model [35]. As a result, all Higgs sector parameters at trec-level are
determined by two free parameters: tan  and one Higgs mass, conveniently chosen
to be mgo. There is an upper bound to the trec-level mass of the light CP-even Higgs
boson: mje < m¥% cos 23 < m%. However, radiative corrections can signilicantly alter
this upper bound as described in Section 5.2.

T'he limit of m 40 > 1y is of particular interest, with two key consequences. First,
Mo ™ Mpo ~ mp+, up to corrections of O(m?/m o). Second, cos(ff — a) = 0 up to
corrections of O(m7/m?%e). This limit is known as the decoupling limit [36] because
when m o is large, the effective low-energy theory below the scale of mo contains a
single CP-even Higgs boson, A°, whose properties arc nearly identical to those of the
Standard Model Higgs boson, hsy.

'I'he phenomenology of the Higgs sector is determined by the various couplings of
the Higgs bosons o gauge bosons, Higgs bosons and fermions. The couplings of the
two CP-even Higgs bosons to W and Z pairs are given in terms ol the angles o and

by

grvv = gvmysin(f — )
gnovv = gvmycos(f — a), (3.3)
where
g, V=W,

v = g/cosOy, V =17, (3-4)
There are no tree-level couplings of A% or H* to VV. The couplings of onc gauge
boson to two neutral Higes bosons are given by:

geos(f — a)

gro 407
’ 2 cos ()W

gHO A0z = gsinlff — a) : (3.5)

2 cos Oy
In the MSSM, the liggs tree-level couplings to fermions obey the following prop-
erly: the neutral member of the Y = —1 [V = +1] Iliggs doublet couples exclusively
to down-type [up-lype] fermion pairs. This palicrn of Higgs-fermion couplings defines
the Type-IT two-Higgs-doublet model [37,1]. Consequently, the couplings of the neu-
tral Higgs bosons to ff relative to the Standard Model value, gim/2my, are given
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by (using third family notation):

RObb (or ArTrTy o — e _ sin(f# — @) — tan B cos(8 — a),
cos
Lot C?S @ _ sin(f# — a) + cot Beos(f — o),
sin 8
%6 (or H7r7) e cos(B — a) + tan Fsin(f — «)
cos 3
1o S%n ©_ cos(f — a) — cot Bsin(f — ),
sin 3
A%b (or A%Hr) s tan 8,
Al s cot 3. (3.6)

In these expressions, v5 indicates a pseudoscalar coupling.

The neutral Higgs boson couplings to fermion pairs (3.6) have been written in
such a way that their bchavior can be immediately ascertained in the decoupling
limit (m 0 > mz) by setting cos(8 — a) = 0. In particular, in the decoupling limit,
the couplings of A° to vector bosons and fermion pairs are equal to the corresponding
couplings of the Standard Model Higgs boson.

The region of MSSM Higgs sector parameter space in which the decoupling limit
applies is large, because sin(f — a) approaches | quite rapidly once miyo is larger
than about 200 GeV, as shown in Fig. 3.10. As a result, over a significant region
of the MSSM parameter space, the search for the lightest CP-even Higgs boson of
the MSSM is equivalent to the search for the Standard Model Higgs boson. This
result is more general; in many theories of non-minimal Higgs sectors, there is a
significant portion of the parameter space that approximates the decoupling limit.
Conscquently, simulations of the Standard Model Higes signal are also relevant for
cxploring the more general Higgs sector.

5.2 The radiatively corrected MSSM Higgs sector

When one-loop radiative corrections are incorporated, the Higgs masses and cou-
plings depend on additional parameters of the supersymmetric model that enter via
the virtual loops. One of the most striking effects of the radiative corrections to
the MSSM Higgs sector is the modification of the upper bound of the light CP-even
Higgs mass, as (irst noted in [38]. When tanf8 > 1 and myo > myg, the tree-
level prediction for mpo corresponds to its theoretical upper bound, mp** = my.
Including radiative corrections, the theoretical upper bound is increased, primarily
because of an incomplete cancellation of the top-quark and top-squark (stop) loops.
(These contributions would cancel if supersymmetry were exact.) The relevant para-
meters that govern the stop sector arc the average of the two stop squared-masses:
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Figure 3.10: The value of sinz(ﬂ — «) is shown as a function of m 4o for two choices of
tanf8 = 3 and tan 8 = 30. When radiative corrections are included, one can define an
approximate loop-corrected angle « as a function of m 40, tan 8 and the MSSM parameters.
In the figures above, we have incorporated radiative corrections, assuming that Mgygy =
1 TeV. In addition, two extreme cases for the squark mixing parameters are shown (see
Section 5.2 for further discussion of the radiative corrections and their dependence on the
supersymmetric parameters). The decoupling effect expected when sin®(8 — a) ~ 1 for
m40 > myz, continues to hold even when radiative corrections are included.

1
2

trix: m Xy = my(A; — peot B), where Ay is a soft supersymmetry-breaking trilinear
scalar interaction term, and p is the supersymmetric Higgs mass parameter. The
qualitative behavior of the radiative corrections can be most easily seen in the large
top squark mass limit, where, in addition, the splitting of the two diagonal entries
and the off-diagonal entry of the stop squared-mass matrix are both small in com-
parison to M3 gy. In this case, the upper bound on the lightest CP-even Higgs mass
is approximately given by

M3usy = (Z\/If1 + M’i ), and the off-diagonal element of the stop squared-mass ma-

3g2m4 M2 X? X?
2 2 t SUSY ¢ t
e > Thz 87r2m2W In m? ]\452USV ! 12M52USV (3.7)

More complete trealments of the radiative corrections include the effects of stop
mixing, renormalization group improvement, and the leading two-loop contributions,
and imply thal these corrections somewhat overestimate the true upper bound of
mpo (see [39] for the most recent results). Nevertheless, 19q. (3.7) correctly illustrates
some noteworthy features ol the more precise result. 1first, the increase of the light
CP-cven 1iggs mass bound beyond iy can be significant. This is a consequence of
the m? enhancement of the one-loop radiative correction. Scecond, the dependence of
the light Higgs mass on the stop mixing paramecter X, implics that (for a given value
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of Mgusy) the upper bound of the light Higgs mass initially increases with X; and
reaches its mazimal valuc al X, ~ v/6Msusy. This point is referred to as the mazimal
mizing case (whereas X; = 0 corresponds to the minimal mizing case).

140 I T |[|1|1| [ T T
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<
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Figure 3.11: The radiatively corrected light CP-cven Iiggs mass is plotted as a function
of tan /3, for the maximal mixing [upper band] and minimal mixing cases. 'T'he impact
of the top quark mass is exhibited by the shaded bands; the central value corresponds
to my = 175 GeV, while the upper [lower] edge of the bands correspond to increasing
[decreasing] my by 5 GeV.

Taking mgo large, IMig. 3.11 illustrates that the maximal value of the lightest
CP-cven Higgs mass bound is realized at large tan # in the case of maximal mixing.
Allowing for the uncertainty in the measured value of 7, and the uncertainty inherent
in the theoretical analysis, one (inds for Msusy < 2 TeV that mpe < mi™, where

?

my o o~ 122 GeV,  minimal stop mixing,

my ™~ 135 GeV, maximal stop mixing. (3.8)

The A° mass bound in the MSSM quoted above does not apply to non-minimal
supersymmetric extensions of the Standard Model. If additional 1liggs singlet and/or
triplet fields arc introduced, then new Iiggs self-coupling paramecters appear, which
are not significantly constrained by present data. For example, in the simplest non-
minimal supersymmetric extension of the Standard Model (NMSSM), the addition
of a complex Higgs singlet field S adds a new Higgs self-coupling parameter, As [40].
The mass of the lightest neutral 1liggs boson can be raised arbitrarily by increasing
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the value of \g, analogous to the behavior of the Higgs mass in the Standard Model.
Under the assumption that all couplings stay perturbative up to the Planck scale,
one finds in essentially all cases that myo < 200 GeV, independent of the details of
the low-energy supersymmetric model [41]. -
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Figure 3.12: Lightest CP-even Higgs mass (myo), heaviest CP-even Higgs mass (mpgo)
and charged Higgs mass (mpy+) as a function of m o for two choices of tan 8 = 3 and
tan 8 = 30. The slight increase in the charged Higgs mass as tanf is increased from 3 to
30 is a consequence of the radiative corrections.

In Fig. 3.12, we exhibit the masses of the CP-even neutral and the charged Higgs
masses as a function of m 4. Note that myo > m** for all values of m 40 and tan 3,
where mp®* is to be evaluated depending on the top-squark mixing, as indicated in
Eq. (3.8).

Radiative corrections also significantly modify the tree-level values of the Higgs
boson couplings to fermion pairs and to vector boson pairs. As discussed above,
the tree-level Higgs couplings depend crucially on the value of sin(f — «). In the
first, approximation, when radiative corrections of the Higgs squared-mass matrix are
computed, the diagonalizing angle « is modified. This provides one important source
ol the radialive corrections of the Higes couplings. In I'ig. 3.10, we show the cllect
of radialive corrections on the value of sin(ff — «) as a function of m e lor dillerent
values of the squark mixing parameters and tan /. One can then simply insert the
radiatively corrected value of « into eqs. (3.3), (3.5), and (3.6) to obtain radiatively
improved couplings of Iiggs bosons to vector bosons and to fermions.

At large tan f, there is another potentially important class of radiative corrections
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in addition to those that enter through the modified «. These corrections arise in
the relation between m; and tan § and depend on the details of the MSSM spectrum
(which enter via loop-effects). At tree-level, the Higgs couplings to bb are proportional
to the Higgs—bottom-quark Yukawa coupling. Deviations from the tree-level relation
due to radiative corrections are calculable and finite [42-46]. One of the fascinating
properties of such corrections is that in certain cases the corrections do not vanish in
the limit of large supersymmetric mass parameters. These corrections grow with tan
and therefore can be significant in the large tan 8 limit. In the supersymmetric limit,
bb couples only to the neutral component of the Y = —1 Higgs doublet. However,
when supersymmetry is broken there will be a small coupling of bb to the neutral
component of the Y = +1 Higgs doublet resulting from radiative corrections. From
this result, one can compute the couplings of the physical Higgs bosons to bb pairs.
A useful approximation at large tan 8 yields the following corrections to Eq. (3.6):

WOUE sina 1 B Ay cot o
' cos 81+ A, tanfB |’
01T cosa 1 Aptan o
14 0=
H0 cosﬂl—i—Ab[ tan g ]’
- tan
A%b BT i , (3.9)

where Ay o< tan 5. The explicit form of A, at one-loop in the limit of Mgysy > my is
given in [43-45]. The correction Ay arises from a bottom-squark-gluino loop, which
depends on the gluino mass and the supersymmetric Higgs mass parameter u, and
the top-squark—chargino loop, which depends on the top-squark masses and the top-
squark mixing parameters g and A;. Contributions proportional to the electroweak
gauge couplings have been neglected.

Similarly, the neutral Higgs couplings to 777~ are modified by replacing Ay in
Eq. (3.9) with A, [44,45]. One can also derive radiatively corrected couplings of the
charged Higgs boson to fermion pairs [47,48]. The tree-level couplings of the charged
Higgs boson to fermion pairs are modified accordingly by replacing my — ms/(1+Ap)
and m, = m, /(1 + A,), respectively.

One consequence of the above results is that the neutral Higgs coupling to bb
(which is expected to be the dominant decay mode over nearly all of the MSSM TTiggs
paramcter space), can be significantly suppressed at large tan 8 [19 51] 6 A, ~ O(1).
Typically |A;| < |As], since the correction proportional to ay in the latter is absent
in the former. For this rcason, the 7777 decay mode can be the dominant iggs
decay channel for the CP-even IHiggs boson with SM-like couplings 1o gauge bosons.

In the decoupling limit, onc can show that cot cwcot f = —1 + O(m% /m%). In-
serting this result into 15q. (3.9), one can check that the A°0b coupling docs indecd
approach its Standard Model value. However, because Ay oc tan 3, the deviation of
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the h%bb coupling from the corresponding SM result is of O(m% tan 8/m%.). That is,
at large tan 3, the approach to decoupling may be “delayed” [52], depending on the
values of other MSSM parameters that enter the radiative corrections.

5.3 MSSM Higgs boson decay modes

In this section, we consider the decay properties of the three neutral Higgs bosons
(R°, H® and A°) and of the charged Higgs pair (H*). Let us start with the lightest
state, h®. When m 40 > myz, the decoupling limit applies, and the couplings of A° to
SM particles are nearly indistinguishable from those of hgy. If some superpartners are
light, there may be some additional decay modes, and hence the h° branching ratios
would be different from the corresponding Standard Model values, even though the
partial widths to Standard Model particles are the same. Furthermore, loops of light
charged or colored superpartners could modify the A° coupling to photons and/or
gluons, in which case the one-loop gg and vy decay rates would also be different.
On the other hand, if all superpartners are heavy, all the decay properties of h° are
essentially those of the SM Higgs boson, and the discussion of Section 3.1 applies.

The heavier Higgs states, H°, A° and H*, are roughly mass-degenerate and have
negligible couplings to vector boson pairs. In particular, T(H® — VV) <« I'(hgm —
VV), while the couplings of A° and H* to the gauge bosons are loop-suppressed.
The couplings of H®, A® and H* to down-type (up-type) fermions are significantly
enhanced (suppressed) relative to those of hgy if tan 3> 1. Consequently, the decay
modes H°, A® — bb, 777~ dominate the neutral Higgs decay modes for moderate-to-
large values of tan 8 below the ¢f threshold, while HT — 7+ dominates the charged
Higgs decay below the b threshold.

For values of m 40 of order my, all Higgs boson states lie below 200 GeV in mass,
and would all be accessible at the LC. In this parameter regime, there is a significant
area of the parameter space in which none of the neutral Higgs boson decay proper-
ties approximates those of hgy. For example, when tan 3 is large, supersymmetry-
breaking effects can significantly modify the bb and/or the 77~ decay rates with
respect to those of hgy. Additionally, the heavier Higgs bosons can decay into lighter
Higgs bosons. Examples of such decay modes are: H® — hOhC, A°A° and ZA°,
and HY — W*h?, W*A° (although in the MSSM, the Higgs branching ratio into
vector boson—Higgs boson final states, if kinematically allowed, rarely exceeds a few
percent). The decay of the heavier Higgs boson into two lighter TTiggs bosons can pro-
vide information about 1liggs self-couplings. I'or values of tan g < 5, the branching
ratio of HY — LAY is dominant for a Iligegs mass range of 200 GeV < mypo < 2my.
The dominant radiative corrcctions to this decay arise from the corrections to the
scll-interaction Agojpope in the MSSM and are large [53].

The phenomenology of charged Higgs bosons is less model-dependent, and is gov-
crned by the values of tan f and my+. Because charged Iliggs couplings are pro-
portional o fermion masses, the decays to third-generation quarks and leptons arc
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dominant. In particular, for m= < my;-+my (so that the channel T — this closed),
It — 7%y, is favored if tan B 2 1, while H* — ¢35 is [avored only if tan £ is small.
Indeed, BR(HT — 7tp,) ~ 1 if tan 8 2 5. These results apply generally to Type-II
two-Higgs doublet modecls. llor m+ 2 180 GeV, the decay HY — tb — Wb is the
dominant decay mode.

In addition to the above decay modes, there exist new Higgs decay channels that
involve supersymmetric final states. Higgs decays into charginos, ncutralinos and
third-gencration squarks and sleptons can become important, once they arc kinemat-
ically allowed [54]. For Iiggs masses below 130 GeV, the range of supersymmetric
parameter space in which supersymmetric decays are dominant is rather narrow when
the current bounds on supersymmetric particle masses are taken into account. One
interesting possibility is a significant branching ratio of h” — ¥°¥°, which could arise
for values of myo near its upper theoretical limit. Such an invisible decay mode could
be detected at the LC by scarching for the missing mass recoiling against the 7 in
ete” — h7.

5.4 MSSM Higgs boson production at the LC

For myo 2 150 GeV, IMig. 3.10 shows that the MSSM Higgs sector quickly ap-
proaches the decoupling limit, where the propertics of A approximately coincide
with those of hgy. Thus, the Higgsstrahlung and vector-boson-fusion cross-scctions
for hsm production also apply to h® production. In contrast, the H°VV and AVV
couplings are highly suppressed, since |cos(8 — a)| < I. Equation (3.3) illustrates
this for the H°W coupling. Thus, these mechanisms are no longer useful for //° and
A? production. The most robust production mechanism is ete™ — Z* — HYA°,
which is not suppressed since the ZH®A® coupling is proportional to sin(f8 — «), as

indicated in Eq. (3.5). Radiatively corrected cross-sections for Zh%, Z 119, [1YA° and
h?A® have been recently obtained in [55]. The charged Iliggs boson is also produced
in pairs via s-channel photon and Z exchange. However, since mpgo ~ 1m0 ~ mp+
in the decoupling limit, /[19A° and HYH™ production are kinematically allowed only
when m 0 < v/5/2.F In gy collisions, one can extend the Higgs mass rcach for the
neutral Iiggs bosons. As described in Section 10, the s-channel resonant produc-
tion of /" and A° (duc primarily to the top and bottom-quark loops in the one-loop
Higgs v triangle) can be detected for some choices of m o and tan 3 if the heavy
Higgs masses are less than about 80% of the initial \/s of the primary ete™ system.
The corresponding cross sections arc a few {h [56,57].

If mao < 150 GeV, deviations (rom the decoupling limit become more apparent,
and H® can now be produced via Higgsstrahlung and vector boson fusion at an
observable rate. In addition, the factor of cos(8— ) in the ZA4" AY coupling no longer

IThe pair production of scalars is P-wave suppressed near threshold, so in practice the corre-
sponding Higgs mass reach is likely to be somewhat lower than +/s/2.
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significantly suppresses h°A° production. Finally, if mg+ < 170 GeV, the charged
Higgs boson will also be produced in ¢ — H*b. In the non-decoupling regime, all
non-minimal Higgs states can be directly produced and studied at the LC.

The associated production of a single Higgs boson and a fermion-antifermion pair
can also be considered. Here, the new feature is the possibility of enhanced Higgs—
fermion Yukawa couplings. Consider the behavior of the Higgs couplings at large
tan 3, where some of the Higgs couplings to down type fermion pairs (denoted generi-
cally by bb) can be significantly enhanced.® Let us examine two particular large tan 3
regions of interest. In the decoupling limit (where m 40 > myz and |cos(8 — a)| < 1),
it follows from Eq. (3.6) that the b5bH® and bbA° couplings have equal strength and are
significantly enhanced by a factor of tan 8 relative to the bbhgy coupling, while the
bbh® coupling is given by the corresponding Standard Model value. If m 40 < mz and
tan 8 > 1, then |sin(f —«)| < 1, as shown in Fig. 3.10, and mpo =~ m 0. In this case,
the bbh° and bbA° couplings have equal strength and are significantly enhanced (by a
factor of tan ) relative to the bbhgy coupling.¥ Note that in both cases above, only
two of the three neutral Higgs bosons have enhanced couplings to bb. If ¢ is one of
the two neutral Higgs bosons with enhanced bbg couplings, then the cross-section for
ete™ — ff¢ (f = bor 7) will be significantly enhanced relative to the corresponding
Standard Model cross-section by a factor of tan? 8. The phase-space suppression is
not as severe as in ete™ — tt¢ (see Fig. 3.5), so this process could extend the mass
reach of the heavier neutral Higgs states at the LC given sufficient luminosity. The
production of the charged Higgs boson via ete™ — tbH™ is also enhanced by tan® j,
although this process has a more significant phase-space suppression because of the
final state top quark. If any of these processes can be observed, it would provide a
direct measurement of the corresponding Higgs—fermion Yukawa coupling.

6 MSSM Higgs boson searches before the LC

6.1 Review of direct search limits

Although no direct experimental evidence for the Higgs boson yet exists, there are
both experimental as well as theoretical constraints on the parameters of the MSSM

5We do not consider the possibility of tan 8 < 1, which would lead to enhanced Higgs couplings

to up-type fermions. In models of low-energy supersymmetry, there is some theoretical prejudice
that suggests that | < tan B < e /iy, with the fermion masses evaluated ab the clectroweak scale.
FFor example, tan 3 < 1 is disfavored since in this case, the liggs top quark Yukawa coupling blows
up at an cnergy scale significantly below the Planck scale. 'TI'he Tiggs-bottom quark Yukawa coupling
has a similar problem il tan f 2 my/my. As noted in Section 6.1, some of the low tan 8 region is
already ruled out by the MSSM lliges scarch.

THowever in this case, the value of the 88HY coupling can difler from the corresponding bbhgm
coupling when tan > |, since in case (ii), where |sin(f — «)| < 1, the product tan gsin(f — «)

need not be particularly small,
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Higgs sector. Experimental limits on the charged and neutral Higgs masses have been
obtained at LEP. For the charged Higgs boson, mg+ > 78.7 GeV [58]. This is the
most model-independent bound. It is valid for more general non-supersymmetric two-
Higgs doublet models and assumes only that the H* decays dominantly into 7+u;
and/or ¢5. The LEP limits on the masses of h° and A° are obtained by searching
simultaneously for ete™ — Z — Zh® and ete™ — Z — h°A°. Radiative corrections
can be significant, as shown in Section 5.2, so the final limits depend on the choice
of MSSM parameters that govern the radiative corrections. The third generation
squark parameters are the most important of these. The LEP Higgs working group
[59] quotes limits for the case of Msysy = 1 TeV in the maximal-mixing scenario,
which corresponds to the choice of third generation squark parameters that yields the
largest corrections to myo. The present LEP 95% CL lower limits are m 40 > 91.9 GeV
and my > 91.0 GeV. The theoretical upper bound on mpo as a function of tan f3,
exhibited in Fig. 3.11, can then be used to exclude a region of tan in which the
predicted value of mpo lies below the experimental bound. Under the same MSSM
Higgs parameter assumptions stated above, the LEP Higgs search excludes the region
0.5 <tan B < 2.4 at 95% CL.

In discussing Higgs discovery prospects at the Tevatron and LHC, we shall quote
limits based on the assumption of Msysy = 1 TeV and maximal squark mixing. This
tends to be a conservative assumption; that is, other choices give sensitivity to more of
the m 40 versus tan 8 plane. However, there are a number of other parameter regimes
in which certain Higgs search strategies become more difficult. While these issues
are of vital importance to the Tevatron and LHC Higgs searches, they are much less
important at the LC.

6.2 MSSM Higgs searches at the Tevatron

At the Tevatron, the SM Higgs search can be reinterpreted in terms of the search
for the CP-even Higgs boson of the MSSM. Since the theoretical upper bound was
found to be myuo < 135 GeV (for Mgusy < 2 TeV), only the Higgs search of the
low-mass region, 100 GeV < mpo < 135 GeV, applies. In the MSSM at large tan f,
the enhancement of the A%b coupling (and a similar enhancement of either the h°bb
or H°b coupling) provides a new search channel: qg, gg — bbgp, where ¢ is a neu-
tral Higgs boson with enhanced couplings to bb. Combining both sets of analyses,
the Tevatron ITiges Working Group obtained the anticipated 95% CT, exclusion and
Ho Higes discovery contours for the maximal mixing scenario as a function ol total
integrated luminosity per detector (combining both CDITand DO data sets) shown in
Mg, 3.13 [27].

I'rom these results, one sees that 5 (b™! of integrated luminosity per experiment
will allow one to test nearly all of the MSSM Iiggs paraimeter space at 95% CL. To
assure discovery of a CP-even Higgs boson at the bo level, the luminosity requirement,
becomes very important. Figure 3.13(b) shows that a total integrated luminosity of
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Figure 3.13: (a) 95% CL exclusion region and (b) 50 discovery region on the m 4o—tanj
plane, for the maximal mixing scenario and two different search channels: ¢g — V¢ (¢ = A°,
H®), ¢ — bb (shaded regions) and gg, qg — bbg (¢ = h°, HO, A®), ¢ — bb (region in the
upper left-hand corner bounded by the solid lines). Different integrated luminosities are
explicitly shown by the color coding. The two sets of lines (for a given color) correspond to
the CDF and D@ simulations, respectively. The region below the solid black line near the
bottom of the plot is excluded by the absence of observed ete™ — Z¢ events at LEP2.

about 20 fb~! per experiment is necessary in order to assure a significant, although
not exhaustive, coverage of the MSSM parameter space. If the anticipated 15 fb™*
integrated luminosity is achieved, the discovery reach will significantly extend beyond
that of LEP. A Higgs discovery would be assured if the Higgs interpretation of the
Higgs-like LEP events is correct. Nevertheless, the MSSM Higgs boson could still
evade capture at the Tevatron. We would then turn to the LHC to try to obtain a
definitive Higgs boson discovery.

6.3 MSSM Higgs searches at the LHC

The potential of the LILC to discover one or more of the MSSM ligegs bosons has
been exhaustively studied for the minimal and maximal mixing scenarios described
above. One of the primary goals ol these studics has been o demonstrate that at
least one of the MSSM Higegs bosons will be observed by ATLAS and CMS for any
possible choice ol tan g and m o consistent with bounds coming from current LISP
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data. In order to establish such a ‘no-lose’ theorem, an important issue is whether or
not the Higgs bosons have substantial decays to supersymmetric particle pairs. It is
reasonable to suppose that these decays will be absent or relatively insignificant for
the light A°. Current mass limits on SUSY particles are such that only A° — X7X7
might possibly be kinematically allowed and this possibility arises only in a very
limited class of models. For m4o 2 200GeV, decays of the A° H° HE to SUSY
pair states (especially pairs of light charginos/neutralinos) are certainly a possibility,
but the branching ratios are generally not all that large. The discovery limits we
discuss below would be weakened, but not dramatically. Further, at high tan £ the
enhancement of the bb and 717~ couplings of the heavy A° and H° imply that SUSY
decay modes will not be important even for quite high m 4 ~ mpgo ~ mpyg+. We will
summarize the LHC discovery prospects for the MSSM Higgs bosons assuming that
SUSY decays are not significant.

One of the primary Higgs discovery modes is detection of the relatively SM-like
hY using the same modes as employed for a light hgy. Based on Fig. 3.14 (which
assumes [ = 300 fb™') [60], we see that for m4o 2 180 GeV, the A° will be detected
via gg, WW — h® and WA, tth® with h° — ~~, while the tTh° with h® — bb mode
is viable down to m 0 2 100 — 120 GeV, depending on tan 8. There are also many
possibilities for detecting the other MSSM Higgs bosons. We give a descriptive list.
First, there is a small domain in which m4 < 130 GeV, but yet m4o is still large
enough for consistency with LEP limits, in which ¢ — bH* discovery will be possible.
However, the most interesting alternative detection modes are based on gg — A°, H°
and gb — H¥*t production. We focus first on the former. For low-to-moderate tan j
values, the channels H® — ZZ®) — 4£, H° — h°R® — bbyy and A° — Zh® — £bb
are viable when m 40 < 2my, whereas the A°, H® — 7 modes are viable for m 40 > 2m;.
For large enough tan 3 the gg — A°, H® — 777, utu~ discovery modes become
viable. For the gb — H¥*t process, the H* — tb decays provide a 50 signal both
for low-to-moderate tan f < 2-3 and for high tan 8 2 15-25, depending upon mass.
In addition, the H* — 7% decay mode yields a viable signal for tan 3 2 7-12. Of
course, if the plot were extended to higher m 40, the minimum tan 8 value required
for H°, A° or H* detection would gradually increase.

It is important to notice that current LEP constraints exclude all of the low-to-
moderate tan f regime in the case of maximal mixing (and, of course, even more
in the case of minimal mixing). Thus, it is very likely that tan 8 and 1m0 will
be in one of two regions: (a) the incrcasingly large (as mao increases) wedge of
modcerate tan 8 > 3 in which only the 4% will be detected; or, (b) the high tan g
region for which the gg — 1 A° — 7ve~ pT = and gb — H*t — L, 1bt modes
arc viable as well. If the HY, A°, II* are heavy and cannot be detected either at the
LIC (because tan f is not large enough) or al the LC (because they are too heavy
to be pair-produced), precision measurements of the A branching ratios and other
properties will be particularly crucial. The precision measurements might provide
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the only means for constraining or approximately determining the value of m 40 aside
from possible direct detection in vy — H°, A° production. Expected LC precisions
are such that deviations of A° branching ratios from the predicted SM values can be

detected for m 4o < 700 GeV [2,61].

At the LHC there is another important possibility for h° detection. Provided that
the mass of the second-lightest neutralino exceeds that of the lightest neutralino (the
LSP) by at least mpo, gluino and squark production will lead to chain decays in which
X9 — h°XY occurs with substantial probability. In this way, an enormous number of
h%’s can be produced, and the A° — bb decay mode will produce a dramatic signal.

540 L %wwm%t@bﬂ”” HY > 71 ATLAS
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Figure 3.14: 50 discovery contours for MSSM Higgs boson detection in various channels are
shown in the [m4o,tan f] parameter space, assuming maximal mixing and an integrated
luminosity of L = 300 fb™! for the ATLAS detector. This figure is preliminary [60].
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7 Non-exotic extended Higgs sectors

In this section, we consider the possibility of extending only the Higgs sector of
the SM, leaving unchanged the gauge and fermionic sectors of the SM. We will also
consider extensions of the two-doublet Higgs sector of the MSSM.

The simplest extensions of the minimal one-doublet Higgs sector of the SM con-
tain additional doublet and/or singlet Higgs fields. Such extended Higgs sectors will
be called non-exotic (to distinguish them from exotic Higgs sectors with higher rep-
resentations, which will be considered briefly in Section 11). Singlet-only extensions
have the advantage of not introducing the possibility of charge violation, since there
are no charged Higgs bosons. In models with more than one Higgs doublet, tree-level
Higgs-mediated flavor-changing neutral currents are present unless additional sym-
metries (discrete symmetries or supersymmetry) are introduced to restrict the form of
the tree-level Higgs-fermion interactions [62]. Extensions containing additional dou-
blet fields allow for spontaneous and explicit CP violation within the Higgs sector.
These could be the source of observed CP-violating phenomena. Such models require
that the mass-squared of the charged Higgs boson(s) that are introduced be chosen
positive in order to avoid spontaneous breaking of electric charge conservation.

Extensions of the SM Higgs sector containing doublets and singlets can certainly
be considered on a purely ad hoc basis. But there are also many dynamical models
in which the effective low-energy sector below some scale A of order 1 to 10 TeV,
or higher, consists of the SM fermions and gauge bosons plus an extended Higgs
sector. Models with an extra doublet of Higgs fields include those related to tech-
nicolor, in which the effective Higgs doublet fields are composites containing new
heavier fermions. See Chapter 5, Section 3 for further discussion of this case. The
heavy fermions should be vector-like to minimize extra contributions to precision
electroweak observables. In many of these models, the top quark mixes with the
right-handed component of a new vector-like fermion. The top quark could also mix
with the right-handed component of a Kaluza-Klein (KK) excitation of a fermion
field, so that Higgs bosons would be composites of the top quark and fermionic KK
excitations. (For a review and references to the literature, see [63].) Although none
of these (non-perturbative) models have been fully developed, they do provide sig-
nificant motivation for studying the Standard Model with a Higgs sector containing
extra doublets and /or singlets if only as the effective low-energy theory below a scale
A in the TeV range.

When considering Higgs representations in the context of a dynamical model with
strong couplings at scale A, restrictions on Higgs scll-couplings and Yukawa couplings
that would arise by requiring perturbativity for such couplings up to some large GU'I
scale do not apply. At most, one should only demand perturbativity up to the scale A
at which the new (non-perturbative) dynamics enters and the ellective theory breaks
down.
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The minimal Higgs sector of the MSSM is a Type-1I two-doublet model, where one
Higgs doublet (H;) couples at tree-level only to down quarks and leptons while the
other (H,) couples only to up quarks. Non-minimal extended Higgs sectors are also
possible in low-energy supersymmetric models. Indeed, string theory realizations of
low-energy supersymmetry often contain many extra singlet, doublet and even higher
representations, some of which can yield light Higgs bosons (see, e.g., [64]). However,
non-singlet Higgs representations spoil gauge coupling unification, unless additional
intermediate-scale matter fields are added to restore it. A particularly well-motivated
extension is the inclusion of a single extra complex singlet Higgs ficld, often denoted 5.
Including S, the superpotential for the theory can contain the term AgH, HyS, which
can then provide a natural source of a weak scale value for the y parameter appearing
in the bilinear superpotential form puH, Hy required in the MSSM. A weak-scale value
for s = (S°), where S° is the scalar component of the superfield S, is natural and
yields an effective p = Ags. This extension of the MSSM is referred to as the next-to-
minimal supersymmetric model, or NMSSM, and has received considerable attention.
For an early review and references, see [1].

7.1 The decoupling limit

In many extended Higgs sector models, the most natural parameter possibilities
correspond to a decoupling limit in which there is only one light Higgs boson, with
Yukawa and vector boson couplings close to those of the SM Higgs boson. In contrast,
all the other Higgs bosons are substantially heavier (than the Z) with negligibly small

relative mass differences, and with suppressed vector boson couplings (which vanish

in the exact limit of decoupling). By assumption, the decoupling limit assumes that
all Higgs self-couplings are kept fixed and perturbative in size. I In the MSSM, such a
decoupling limit arises for large m 40, and quickly becomes a very good approximation
for m 4o 2 150 GeV.

The decoupling limit can be evaded in special cases, in which the scalar potential
exhibits a special form (e.g., a discrete symmetry can forbid certain terms). In such
models, there could exist regions of parameter space in which all but one Higgs boson
are significantly heavier than the Z, but the light scalar state does not possess SM-like
properties [65]. A complete exposition regarding the decoupling limit in the 2HDM,
and special cases that evade the limit can be found in [66].

7.2 Constraints from precision electroweak data and LC implications

[n the minimal SM, precision electroweak constraints require my,,, < 230 GeV at

~

90% Cl.. I'his is precisely the mass region preferred in the MSSM and its extensions.

n the decoupling limit, the heavier Iiggs bosons may have enhanced couplings to fermions (e.g.,
ab large tan f in the 211DM). We assume that these couplings also remain perturbative.
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However, in the context of general doublets + singlets extensions of the Higgs sector
there are many more complicated possibilities. First, it could be that there are
several, or even many, Higgs bosons that couple to vector bosons and it is only their
average mass weighted by the square of their V'V coupling strength (relative to the
SM strength) that must obey this limit. Second, there can be weak isospin violations
either within the Higgs sector itself or involving extra dynamics (for example related
to the composite Higgs approach) that can compensate for the excessive deviations
predicted if there is a SM-like Higgs with mass substantially above ~ 230 GeV.

A particularly simple example of this latter situation arises in the context of the
2HDM [65]. Consider a 2HDM in which one of the CP-even neutral Higgs bosons has
SM-like couplings but has mass just above a particular presumed value of /s (500 or
800 GeV) for the linear collider. In addition, focus on cases in which there is a lighter
A® or h° with no V'V coupling (for either, we use the notation k) and in which all
other Higgs bosons have mass larger than \/_ Next, isolate mass and tan 8 choices
for which detection of the A will also be 1mpossﬂale at the LC. Finally, scan over
masses of the heavy Higgs bosons so as to achieve the smallest precision electroweak
Ax? relative to that found in the minimal SM for msg,, = 115GeV. The blobs of
overlapping points in Fig. 3.15 indicate the S, T values for the optimal choices and lie
well within the current 90% CL ellipse. The heavy Higgs boson with SM couplings
gives a large positive contribution to S and large negative contribution to 7', and in
the absence of the other Higgs bosons would give the S, 7" location indicated by the
star. However, there is an additional positive contribution to 7" arising from a slight
mass non-degeneracy among the heavier Higgs bosons. For instance, for the case of

a light h= A° the A is heavy and SM-like and

o ey miy —m} m}

Ap=aAT = e 2 3miy |1 —1 T
p=a 167rm%,vc%v{s%v 2 iy Ogm +6+ o8 m%
(3.1

can be adjusted to place the S, T prediction at the location of the blob in Fig. 3.15
by an appropriate choice of m%.. —m%,. Indeed, even if the “light” decoupled Higgs
boson is not so light, but rather has mass equal to /s (and is therefore unobservable),
one can still obtain entirely adequate agreement with current precision electroweak
data. Fortunately, one can only push this scenario so far. To avoid moving beyond the
current 90% cllipse (and also to maintain perturbativity for the TTiges sell-couplings),
the Tliges with SM-like V'V coupling must have mass < 1'leV.

In composite Higgs models with extra fermions, there are similar non-degeneracies
of the fermions that can yield a similar positive contribution to Ap and thence 1.
As reviewed in [13], consistency with current precision electroweak data inevitably
conslrains paramecters so that some type of new physics (including a possible heavy
scalar sector) would again have to lic below a TeVoor so. FPuture Giga-Z data could
provide much stronger constraints on these types of models, as discussed in Section 9.
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Figure 3.15: The outer ellipse gives the current 90% CL region for U = 0 and SM Higgs
mass of 115 GeV. The blobs show the S, T predictions for the 2HDM models described in
the text that have minimum Ax? relative to this SM benchmark and for which no Higgs
boson of the 2HDM will be detected at the LC. The innermost (middle) ellipse gives the
90% (99.9%) CL region for mpg,, = 115 GeV obtained after Giga-Z precision measurements
and a Amw < 6 MeV threshold scan measurement of mw. The stars indicate the minimal
SM S, T prediction if mpg,, = +/s.

7.3 Constraints on Higgs bosons with VV coupling

In the MSSM, we know that the Iliggs boson(s) that carry the V'V coupling
must be light: if m g is large (the decoupling limit) then it is the mass-bounded A°
that has all the V'V coupling strength; if mao < 2my, then the /1% can share the
V'V coupling with the £°, but then myo cannot be larger than about 2myz. In the
NMSSM, assuming Higgs-scctor CP conscervation, there are 3 neutral CP-cven Iiggs
bosons, hig3 (mi < g < my), which can share the V'V coupling strength. One
can show (sce [67] for a recent update) that the masses of the h; with substantial
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V'V coupling are strongly bounded from above. This result generalizes to the most
general supersymmetric Higgs sector as follows. Labeling the neutral Higgs bosons
by ¢ with masses my, and denoting the ZZ squared-coupling relative to the SM by
K, it can be shown that

STKi>1, Y. Kimjp < (200GeV)?. (3.11)

That is, the aggregate strength of the V'V coupling-squared of all the neutral Higgs
bosons is at least that of the SM, and the masses-squared of the neutral h; weighted by
the coupling-squared must lie below a certain bound. The upper bound of (200 GeV)?
in Eq. (3.11) is obtained [41] by assuming that the MSSM remains perturbative up to
the the GUT scale of order 10*° GeV. This bound applies for the most general possible
Higgs representations (including triplets) in the supersymmetric Higgs sector and for
arbitrary numbers of representations. If only doublet and singlet representations
are allowed for, the bound would be lower. The (200 GeV)? bound also applies to
general Higgs-sector-only extensions of the SM by requiring consistency with precision
electroweak constraints and assuming the absence of a large contribution to 7' from
the Higgs sector itself or from new physics, such as discussed in Section 7.2.

7.4 Detection of non-exotic extended Higgs sector scalars at the Tevatron
and LHC

In the case of extended Higgs sectors, all of the same processes as discussed for the
SM and MSSM will again be relevant. However, we can no longer guarantee Higgs
discovery at the Tevatron and/or LHC. In particular, if there are many Higgs bosons
sharing the WW, ZZ coupling, Higgs boson discovery based on processes that rely
on the VV coupling could be much more difficult than in models with just a few
light Higgs bosons with substantial V'V coupling. This is true even if the sum rule
of Eq. (3.11) applies. For example, at the LHC even the NMSSM addition of a sin-
gle singlet to the minimal two-doublet structure in the perturbative supersymmetric
context allows for parameter choices such that no Higgs boson can be discovered [68]
using any of the processes considered for SM Higgs and MSSM Higgs detection. The
v decay channel signals are all weak (because of decreased W-loop contribution to
the coupling). Further, if a moderate value of tan 3 is chosen then ¢4 Higgs processes
arc small and bb+1Tiggs processes are insufliciently enhanced. In short, the equivalent
to the wedge of 1Mig. 3.11 enlarges. The AY signal is divided among the three light
ncutral CP-cven ITiges bosons and diluted o too low a statistical significance.

[lowever, in other cases, the Tevatron and LHC could observe signals not, expected
in an approximate decoupling limit. lor example, in the 2HDM model discussed
earlicr the light h with no VV couplings decays via h — bb, 77~ and discovery in
[Th, bbh and even gg — h [69] is possible, though certainly not guaranteed. Further,
in these models there is a heavy neutral Higgs boson having the bulk of the V'V

106




Higgs Bosons at the Linear Collider

coupling and (for consistency with current precision electroweak constraints or with
perturbativity) mass < 1 TeV. This latter Higgs boson would be detected at the LHC
using gg, WW fusion production and Z7 — 46, WW — 254, ... decay modes, just
like a heavy minimal SM Higgs boson.

7.5 LC production mechanisms for non-exotic extended Higgs sector
scalars

Any physical Higgs eigenstate with substantial WW and ZZ coupling will be
produced in Higgsstrahlung and WW fusion at the LC. Although there could be con-
siderable cross section dilution and/or resonance peak overlap, the LC will nonetheless
always detect a signal. This has been discussed for the MSSM in Section 5.4. In the
NMSSM, if one of the heavier CP-even h; has most of the V'V coupling, the strong
bound on its mass [67] noted earlier implies that it will be detected at any LC with
/s > 350 GeV within a small fraction of a year when running at planned luminosi-
ties. The worst possible case is that in which there are many Higgs bosons with V'V
coupling with masses spread out over a large interval with separation smaller than
the mass resolution. In this case, the Higgs signal becomes a kind of continuum dis-
tribution. Still, in [70] it is shown that the sum rule of Eq. (3.11) guarantees that
the Higgs continuum signal will still be detectable for sufficient integrated luminosity,
L 2 200 fb™! as a broad excess in the recoil mass spectrum of the ete™ — ZX
process. (In this case, W fusion events do not allow for the reconstruction of Higgs
events independently of the final state Higgs decay channel.) As already noted, the
value of 200 GeV appearing in Eq. (3.11) can be derived from perturbative RGE
constraints for the most general Higgs sector in supersymmetric theories and is also
required by precision electroweak data for general SM Higgs sector extensions, at least
in theories that do not have a large positive contribution to 7' from a non-decoupling
structure in the Higgs sector or from new physics not associated with the Higgs sector.

Other production modes of relevance include Higgs pair production, tf+Higgs, and
bb+Higgs. In multi-doublet models, tbH~ and bi HT reactions are present. However,
none of these are guaranteed to be either kinematically accessible or, if accessible, to
have a sufficiently high event rate to be observed.

Regardless of the production process, relevant decay channels could include cases
where heavier Higgs bosons decay to lighter ones. If observed, such decays would
provide vital information regarding liggs sell-couplings.

We should particularly consider what production processes are most relevant for
those Higgs bosons (denoted h) that do not have substantial V'V coupling. Such
processes have particular relevance in the non-decoupling scenario for the general
211DM model discussed carlier. ‘I'here, such ah is the only 1liggs boson light enough
to be produced at an LC with /s < 1'TeV and it cannot be produced and detected

in WW (usion or liggsstrahlung. Since the other Higgs bosons are heavy, the b also
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Figure 3.16: For /s = 500 GeV and 800 GeV and for h = RO and h = A, we plot as a
function of my; the maximum and minimum values of o(ete™ — hhZ) found after scanning

1 < tan 8 < 50 taking all other higgs masses equal to 4/s. For h = h°, we require sin(f—a) =
0 during the scan. The 20 event level for L = 1000 fb~! is indicated.

cannot be produced in association with another Higgs boson. As shown in [71,65],
the bbh and tth processes will also not be detectable at the LC if tan 8 is moderate in
value. The most interesting tree-level processes are then those based on the quartic
couplings WW hh ‘and ZZhh required by gauge invariance [72,73]. These couplings
allow for WW — hh fusion and Z* — Zhh production, respectively. The exact cross
sections for these processes are only mildly sensitive to the masses of the other heavier
Higgs bosons via 2HDM Higgs self-couplings. Of course, phase space restrictions
imply an upper limit on the h masses that can be probed in this way. Cross sections
in the case of Z* — Zhh are plotted in Fig. 3.16 for both h= A" and h = AO taking
/s = 500 [74]. Assuming optimistically that 20 events in L = 1000 fb~* could be
detected, Z* — Zhh could be detected for ms as large as 150 GeV. At /s = 800 GeV,

this limit increases to 250 GeV. Similar results are obtained for WW — hh fusion
production.
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8 Measurements of Higgs boson properties at the LC

The strength of the LC physics program is that it cannot only observe one or more
Higgs boson(s), but also precisely determine the Higgs boson mass, width, couplings,
and quantum numbers, and parameters of the Higgs potential. These measurements
are crucial to establish the nature of the Higgs and thus to illuminate the mechanism
of electroweak symmetry breaking. Measurements of the Higgs couplings can demon-
strate that a Higgs boson generates the masses of vector bosons, charged leptons, and
up- and down-type quarks. If the measured couplings are not simply proportional
to mass, this will require a Higgs sector more complex than a single complex Higgs
doublet. Accurate measurements are needed to distinguish the SM Higgs and h° of
the MSSM near the decoupling limit. Couplings are determined through measure-
ments of Higgs branching ratios and cross sections. Higgs bosons are also expected
to couple to themselves, and this self-coupling A can only be explored through the
direct production of two or more Higgs bosons. The measurement of direct and model
independent absolute Higgs couplings is a major cornerstone of the LC program.

Details of some of the studies of Higgs coupling measurements can be found in [75].
A comprehensive description of European studies using the simulated TESLA detector
can be found in [76]. North American studies consider simulations of detectors with
capabilities described in Chapter 15. The program of measurements of Higgs boson
properties strongly impacts detector design. Measurement of branching ratios into
fermions requires sophisticated vertex detectors to separate b from ¢ (and gluon) jets.
Precise recoil mass measurements need excellent momentum resolution (particularly
for 4 1) from charged particle tracking. The performance of the combined tracking
and calorimetry systems needs to result in precise jet-jet invariant masses, missing
mass measurements, and the ability to separate hadronic W from hadronic 7 decays.

The specific measurements used to determine the Higgs couplings to vector bosons,
fermions and scalars are significantly different depending on the mass of the Higgs
boson. A generic neutral CP-even Higgs boson will be denoted by A in this section.
We treat three cases separately: a light Higgs boson (mp < 2mw ), an intermediate
mass Higgs boson (2mpy < my < 2my), and a heavy Higgs boson (my, > 2m;).

8.1 Mass

In the Standard Model, the Higgs mass determines all its other propertics. Thus,
the precision of the mass measurement affects the comparison of theory and exper-
iment, lor example, in a global {it of cross sections, branching ratios, and precision
clectroweak data. Similarly, in the MSSM or other models with extended Tliges sce-
tors, the masses of all the lliggs bosons are an important input in determining the
underlying model paramecters.

lor this fundamental mass measurcment, a LC can reconstruct the system re-
coiling against a 7 (independent of Iliggs decay). 1full event reconstruction, plus
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kinematic constraints, can improve resolution and clean up mass tails. For a light or
intermediate mass Higgs boson, the optimal running conditions would have a smaller
center-of-mass energy such as 1/s = 350 GeV, to allow better momentum resolution
and to minimize the beamstrahlung. Under such conditions, one can precisely mea-
sure the recoil mass in ete™ — Zh events opposite to the reconstructed leptonic
decay Z — eTe™ or ptp~. This measurement is independent of the Higgs decay
mode. Accuracy can be improved by reconstructing specific decay modes, leading,
for example, to a four-jet topology where effective (5-C) kinematic constrained fits
can be employed.

Figure 3.17 shows the distribution of the recoil mass,

Mrecoit = \/8 — 2V Epre- + Mp -, (3.12)

in a simulation of the L linear collider detector [77] described in Chapter 15 for Higgs
masses between 115 and 160 GeV [78]. Using Monte Carlo shape templates and an
integrated luminosity of 500 fb™!, precisions of Amypg,, ~ 80 MeV at /s = 350 GeV

and Amyg, =~ 140 MeV at /s = 500 GeV have been estimated for either the ete”
or utu”™ mode.
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Figure 3.17: Recoil mass from a pair of leptons for different Higgs masses at (a) /s =
350 GeV and (b) 500 GeV simulated in the L detector described in Chapter 15.

Realistic simulations have also been made with the L detector for the process
Zh = qqh resulting in four jets. IMigure 3.18(a) shows the jet-jet invariant mass
distribution for pairs of jets for Iiggs with my,, = L5 GeV recoiling against a 7
reconstructed from its hadronic decay mode [79]. A clean Iliggs signal with a mass
resolution of approximately 2 GeV ois observed. The central Higes mass is shifted
down by the loss of low-cnergy charged and neutral particles in the simulated event
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reconstruction. A low-mass tail of the Higgs signal arises from missing neutrinos
in scmi-leptonic b and ¢ quark decays. Using ncural net tags and full kinematic
fitting [80], the mass peak shown in Fig. 3.18(b) is obtained for myg,, = 120 GeV,
V/$ =500 GeV, and 500 (b~ resulting in Ay, =~ 50 MeV. If a sccond lower-energy
IR is available, it might be attractive to perform a scan across the Zh threshold. With
a total integrated luminosity of 100 fb™, Amy,, ~ 100 McV at my,,, = 150 GeV is
achievable [81], competitive with the methods above.

3 D 25
G 10007 (5 o (0) After
2 - kinematic fit
£ 800 o 20F
= A+
. o
600 2 15|
400 10l
200
5t LJerIJ
0 - L,l_r_lr‘:lr_"u_- .
100 110 120 130 140 150 o beesmes®elil il o o et

Z recoil: Jet-jet invariant mass (GeV) 80 100 120 140 160
Fitted M, (GeV)

Figure 3.18: (a) Jet-jet invariant mass of the jets recoiling from a Z reconstructed hadron-
ically simulated in the LCD Large detector, my,, = 115 GeV. (b} Direct reconstruction

of the four-jet gghgm state simulated in the [, detector after fitting with full kinematic
constraints, mpg, = 120 GeV.

Further work is necessary to confirm analogous precisions for heavier Higgs bosons
and M5SM Higgs bosons with different decay modes and possible close mass-degenera-
cies. The number of Zh events with Z — {1/~ for an intermediate-mass (my > 2mw)
or heavy Higgs (my > 2m;) with SM coupling falls quickly [82]. In this case, and for
the decays b — ZZ, hadronic decays of the Z would have to be considered to gain
sufficient statistics. For the heavier MSSM Higgs boson states, liuropean studies [83]
have shown typical mass precisions of Amgs and Am a0,g0 of around 1 GeV for
500 fh=", but al /s = 800 GeV. The MSSM //° and A may be studied separately
using vy — I1/A with different states of v lincar polarization, thus helping to refine
mass determinations in the nearly degenerate case.
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8.2 Coupling determinations—light Higgs bosons

8.2.1 Cross sections

For Higgs masses below 2mw, the couplings gnzz and grww are best measured
through measurements of the Higgsstrahlung and WW fusion cross sections, respec-
tively. These cross sections are also critical in the extraction of branching ratios since
the experimental measurement will be a product of cross section and branching ratio.

Measurement of the cross section o(Z* — Zh) is best addressed via the recoil
mass method outlined above [78]. Again, in this case, to reduce the contribution from
the WW fusion process, it may be preferrable to run at a lower energy, i.e., /s =
350 GeV, and to examine recoil against u*pu~ to avoid large Bhabha backgrounds.
The study with the L detector described above finds Ac/o =~ 4% at /s = 350 GeV
and ~6.5% at 500 GeV with 500 fb~! as shown in Fig. 3.19(a). These agree roughly

with estimates from European studies [84].
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Figure 3.19: (a) Cross section measurement for 500 fb~! and (b) separation of Hig-
gsstrahlung and WW fusion (y/s = 350 GeV) through a fit (after background subtraction),
both simulated in the L detector.

With eflicient and pure b-jet tagging, cvents duc to ¢te™ — WTW v — voh —
vbb can be separated from those duc to Higgsstrahlung, Zh — vih — vwbb by
examining the missing mass distribution and fitting to the expected shapes of a
peak at my from lliggsstrahlung and the higher missing masses from WW fusion.
This technique has been conlirmed with simulations of the 1. detector as shown in:
Fig. 3.19(b) [85]. With 500 fb~" and a precision BR(hgm — 6b) =~ 3% (sce below), the
[usion-process cross section with this analysis can be found with a precision Ao /o =

3.5% for my,,, = 120 GeV.
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Mhgy, = 120 GeV Mhg, = 140 GeV
BR dBR/BR BR SBR/BR
hsy — bb (69 £2.0)% 2.9% (34 £1.3)% 4.1%
hsm — WW* | (14 4+ 1.3)% 9.3% (51 £1.8)% 3.7%
hsm — ce (2.8+1.1)% 39% (1.4 +0.64)% 15%
hsm — gg (5.240.93)% 18% (3.5 £0.79% 23%

ha — 777 || (714£056)% | 7.9% || (3.6£038)% | 10%

Table 3.1: Predicted branching ratio precisions in the L detector and typical vertex detector
configuration for 500 fb~! and /s = 500 GeV.

8.2.2  Branching ratios

A key advantage ol the lincar collider in Iliggs studies is the identification of Hig-
gsstrahlung Zh events through the tag of the Z decays. This selection is essentially
independent of the decay mode of the h and simplifies the measurcment of Higgs
boson branching ratios.

Small beam sizes, the possibility of a first track measurement as close as 1 c¢cm
from the beam axis, and sophisticated pixcl vertex detectors allow for efficicnt and
clean separation of quark flavors. Separate tagging of b, ¢ and g jets is possible.

In a study [86] of vertexing using a CCD vertex detector in a standard 1L.C detector
configuration (C1 in [87]), topological vertexing [88] with neural net selection was used
for flavor (or anti-flavor, i.e.,, WIV*) tagging. The scparation of bb and c¢ events by
this method is illustrated in Fig. 3.20(a). Assuming 500 fb™! and 80% polarization,
the results shown in Table 3.1 were obtained.

These results scale approximately as (o [ Ldt) when taken together with other
studies [89-91], but the results of [91] (shown in I%ig. 3.20(b)) are noticeably more
precise for the ¢¢ and gg modes. These branching ratio measurements can then be
used to either distinguish a SM Higgs boson from an MSSM Higgs boson, or to probe
higher-mass states and extract MSSM parameters such as mgo even il the OP-odd
A is not accessible. That analysis is described in more detail below.

—1/2

An accessible decay mode for lighter Higgs bosons is h — ~+, which requires ex-
cellent electromagnetic calorimetry. As shown in Fig. 3.21, for a SM Iliggs boson in a
typical LC detector, this is a difficult measurement requiring a large luminosity, which
is best optimized for masses around 120 GeV [92]. A higher-luminosity study [93]
with 1000 fh™" and mpg,, = 120 GeV for the TESLA detector finds dBR/BR = 11%.
A v collider, discussed in Section 10, would be a more powerful ool for determining
the Higes coupling to photons.

For light Iliggs bosons, the coupling to top quarks is still accessible via the radia-
tive process tth described below, or indirectly through BR(A — gg).

A set of difficult decay channels for the LHC is invisible decays of the Higgs boson
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Figure 3.20: (a) For the simulated 1. detector with CCD vertex detector, neural net hgy —
c¢ output for hgm — ¢¢ events (dark) compared to output for hgy — bb cvents (gray).
(b) Variation of branching ratios with SM Higgs mass (bands are 1o uncertainties on the
theoretical predictions) and measurement precisions in the TESLA detector (points with
error bars).
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Figure 3.21: Iractional error on the branching ratio BR(hgym — 7). The open squares are
for a typical 1.C detector electromagnetic energy resolution of AE/E = 10%/vVE @® 1.0%.
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into, e.g., neutralinos, majorans or heavy neutrinos. The LC can close this loophole
and measure the branching ratio easily, even for branching ratios as small as 5% for
a relatively narrow Higgs state, by using the recoil mass method and demanding no
detector activity opposite the 7, or by comparing the number of events tagged with
Z — Y0~ with the total number of observed Higgs decays into known states.

8.2.3 Radiative production and tth coupling

For a light Higgs boson, production through radiation off a top quark is feasible,
resulting in a final state of ¢tth . This allows a determination of the Yukawa top quark
coupling gy [23,24]. For a SM-like Higgs boson with m; = 120 GeV, the tth cross
section is roughly 10 times larger at /s = 700-800 GeV than at 500 GeV. At /s =
800 GeV, a statistical error of dgus/gni ~ D% was estimated [94] for [ = 500 fb™!
on the basis of an optimal observable analysis. At /s = 500 GeV, a statistical error
of Sgnie/gns = 21% is estimated [95] using 1000 fb™'. A more sophisticated analysis
using neural net selections, full simulation, and the same integrated luminosity at
Vs = 800 GeV finds a total error of 6% on the coupling [96]. More details on this

process can be found in Chapter 6, Section 3.1.

8.2.4 Higgs self-coupling

To delineate the Higgs sector fully, it is essential to measure the shape of the Higgs
potential. The cross section for double Higgs production (e.g., Zhh) is related to
the triple Higgs coupling gpn, which in turn is related to the spontaneous symmetry
breaking shape of the Higgs potential. The Higgs mass, m; = 4\v?, also measures the
potential shape parameter A, so independent determinations through hh production
give a cross-check. In the MSSM, a variety of double Higgs production processes
would be required to determine gpopopo, gaonono, ete. [73].

These cross sections are low, and high integrated luminosity is needed, bolstered by
polarization and neural net selections. Experimental studies [97,98] indicate that for a
SM-like Higgs boson with mj, = 120 GeV at 1/s = 500 GeV and 1000 fb™', a precision
of gnnn/gnnn = 23% is possible. Regions of accessibility in MSSM parameters for
MSSM Higgs self-couplings have also been determined [99,100].

The cross section for SM triple TTiggs production is very low, o(Zhh) < 1073 fh,
so measurciment ol the quartic coupling ¢unn is hopeless with currently envisioned
luminositics.

8.2.5 lmplications lor the MSSM Higes sector

The discussion ol light Higes coupling determinations has been based on the assumyp-
tion that the actual Higes couplings to fermions, vector bosons and scalars are close
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to the corresponding Standard Model expectations. In Section 7.1, it was argued that
such an expectation is rather generic, and applies to the decoupling limit of models
of Higgs physics beyond the Standard Model. In particular, the decoupling limit of
the MSSM Higgs sector sets in rather rapidly once m o 2, 150 GeV [see Section 5.1].
Since myo < 135 GeV in the MSSM [Eq. (3.8)], the precision study of 2% using the
techniques discussed above can distinguish between h° and hgy with a significance
that depends on how close the model is to the decoupling limit. Said another way,
the detection of deviations in the Higgs couplings from their Standard Model predic- .
tions would yield evidence for the existence of the non-minimal Higgs sector, and in
the context of the MSSM would provide constraints on the value of m 40 (with some
dependence on tan f and other MSSM parameters that enter in the Higgs radiative
corrections).

In [101], the potential impact of precision Higgs measurements at the LC on dis-
tinguishing A° from hgy was examined. The fractional deviation of the A° branching
ratios into a given final state from the corresponding result for hgy (assuming the
same Higgs mass in both cases) is defined as:

BRumssm — BRgum
BRgm '

For the MSSM Higgs boson decay, both myo and the corresponding branching ratios
were computed including the radiative corrections due to the virtual exchange of
Standard Model and supersymmetric particles, as described in Section 5.2. Thus,
the h° branching ratios depend on m o and tan 8 (which fix the tree-level MSSM
Higgs sector properties) and a variety of MSSM parameters that govern the loop
corrections. Four scenarios were considered: the minimal and maximal top-squark
mixing cases [see Eq. (3.8) and surrounding text], and two additional cases with large
|| = A (for pA: < 0 and two possible sign choices of ), where u and A; control
the top-squark mixing. In the latter two scenarios, significant renormalization of the
CP-even Higgs mixing angle o and A, [see Eq. (3.9)] can arise.

In Fig. 3.22, contours of §BR are plotted for three h° decay modes: bb, WW*
and gg. The contours shown correspond roughly to the lo and 20 measurements
claimed by [91], rescaled for the LC at v/s = 500 GeV (see also the bb and WW*
branching ratio precisions given in Table 3.1). In the minimal and maximal scenarios,
the dependence on m 4o is nearly independent of tan 3, and demonstrates that one can
achicve sensitivity to values of myo that lic significantly beyond /s/2 where direct
production at the LC via ¢te™ = Y AY is kinematically forbidden. Ilowever, the
cases with large |p| = [A,] exhibit the possibility of “premature” decoupling, thal
is, relatively Jow values of 1m0 (at a particular large value of tan 8) at which the
propertics of A and hgy cannot be distinguished by the decay modes considered
above.”™ Thus, a mecasured deviation of Higgs branching ratios that distinguishes A"

SBR = (3.13)

**The premature decoupling is a consequence of the renormalization of the mixing angle o which
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Figure 3.22: Contours of 8BR(bb) = 3 and 6% (solid), SBR(WW*) = 8 and 16% (dashed)
and 6BR(gg) = 8 and 16% (dotted) [BR deviations defined in Eq. (3.13)] in the no (i.e.
minimal) mixing scenario (top left), the maximal mixing scenario (top right), and the large

pand Ag scenario with o= —A; = 1.2 TeV (bottom left) and p = —A; = —1.2 eV (bottom
right). Taken from [101].

from hgy can place significant constraints on the heavier non-minimal Higgs states,
although the resulting constraints can depend in a nontrivial way on the value of the
MSSM parameters that control the Higgs radiative corrections.

8.3 Coupling determinations—intermediate mass Higgs bosons

For my, < 2w, the measurement of branching ratios is extremely rich, yiclding
couplings to both many of the fermions and bosons. For larger masses, decays (o f [

just happens to yicld cos(— ) = 0, in which case the h° couplings reduce to those of hgy as shown
in Section 5.1.
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become rarer until the threshold for decays into top is crossed. In this intermediate
mass range, a LC can measure the W and Z couplings more precisely than the LHC
both through Higgs production rates and via branching ratios for decays into these
bosons. Whether the observed Higgs boson fully generates the W and Z mass can
then be checked.

Precision electroweak measurements in the framework of the Standard Model in-
directly predict [8,9] mpg,, < 205-230 GeV at 95% CL, and a Higgs observed with
mass much greater than this would imply new physics. At this point, measurements
from a Giga-7Z dataset would be particularly useful to probe this new sector.

8.3.1 Cross sections

Techniques described earlier [78,85] for cross section measurements of both the Hig-
gsstrahlung and W-fusion processes, with subsequent Higgs decays into bb, can still
be used for the lower portion of the intermediate mass range, i.e., m, ~ 160 GeV.
Even in this intermediate mass range, it is beneficial to run at the peak of the cross
section at roughly my +mz+50 GeV. The typical precisions that can be obtained are
Ao(Zhsy)/o(Zhsw) ~ 5% and Ac(vThsy)/o(vPhsm) > 17% for mpg, = 160 GeV,
at /s = 350 GeV with 500 fb~1,

For heavier Higgs bosons in this mass range, cross sections for both Higgsstrahlung
and W-fusion will need to be extracted from using the decay h — WW*, for example,

as described in [90]. Couplings determined from ¢7h and Zhh production would clearly
need higher /s.

8.3.2 Branching ratios

Using Higgsstrahlung events at an optimal /s, the statistical error on BR(hgm —
bb) is still only 6.5% at mpg, = 160 GeV [91]. At /s = 500 GeV, with leptonic
decays of the Z only, the statistical error on this branching ratio reaches 25% at
Mhgy = 165 GeV with 250 fb~™! and remains below 30% for my,, < 200 GeV with
2000 fb~! [82]. However, in addition to the leptonic decays of the Z, hadronic decays
can also be used to tag the associated Z. FExtrapolating from full LCD detector
simulations, it is conscrvatively estimated that including the hadronic decays of the
7 results inan increasce in signal statistics above background by a factor of four. With
these assumptions and 500 h™', again with the optimal /s ~ 350 eV, the error
on the bb branching ratio can then be estimated to reach 25% at Mgy = 200 GeV.
Mecasurcment of branching ratios to @, 7v77, gg, and vy does not, scem feasible in
this mass range.

Branching ratios into vector bosons can be measured with good precision in the
imtermediate mass range. For my, = 160 GeV and 500 (b7, a predicted excellent
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precision of 2.1% on BR(hsy — WW), has been reported [90], with extrapolated
estimated precision of better than 7% over the mass range of 150 to 200 GeV [82].
To measure BR(h — Z7), it will be necessary to distinguish hadronic Z decays
from hadronic W decays. This serves as an important benchmark for electromagnetic
and hadronic calorimetry. With 500 fb™1, and assuming that this separation allows
one to identify one of the two Z’s in the Higgs decays (through leptons or bb) 40% of
the time, the statistical uncertainty of this branching ratio would be approximately
8% for mpg,, ~ 210 GeV [82], degrading to 17% for mp,, = 160 GeV [76] where the

branching ratio into Z’s is still small.

8.4 Coupling determinations—heavy Higgs bosons

If the Higgs boson is heavy, i.e., mj > 2m;, and if this Higgs boson possesses
couplings close to those expected in the SM, then consistency with the precision
electroweak data (which implies mpg, < 230 GeV at 95% CL) would require the
existence of new physics beyond the SM. A high statistics measurements at the Z
peak could be useful to elucidate the non-SM effects. In addition, with high center of
mass energy and large integrated luminosity, an experiment at the LC could directly
observe heavy Higgs decay and make measurements of the Higgs couplings. These
measurements could reveal departures from the SM Higgs properties and provide
indirect evidence for the nature of the new physics, which would modify the SM
Higgs couplings through loop effects.

8.4.1 Cross sections

As a specific case, for mp = 500 GeV, a SM-like Higgs boson would have a width of
70 GeV and dominant decay modes into WW~ (55%), ZZ (25%), and ¢t (20%).
The production cross section at /s = 800 GeV for Zh would be 6 fb, but Higgs
production would be dominated by the W-fusion process, whose cross section would
be 10 fb. With 1000 fb™!, one would expect 400 Zh events where the Z decays to
electrons or muons. With reasonable selection and acceptance cuts, a measurement

of 0(Zh) to better than 7% should be feasible.

8.4.2  DBranching ratios

The LHC will have great, difliculty distinguishing b — (1 decays rom the huge QCD
tt backgrounds. On the other hand, this mode should be observable at a LC. In
1o, O PR . HEE ] T NS o e 2

the SM, the important coupling gy~ o2 0.5 can be compared to gg,. =~ 4 X
1071 I the Higes boson is heavier than 350 GeV, it will be possible obtain a good

2g ) | g

determination ol the top-Higgs Yukawa coupling. ull simulations are needed for
heavy Higgs decays into top, but with reasonable assumptions, one can expect a
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statistical error of SBR/BR ~ 14% with 500 fb~* [82]. Simulations using the TESLA
detector of the WHW = — hgy — tf process with 1000 fb~! and 6-jet final states show
impressive signal significance for 1/s = 1000 GeV and reasonably good significance at
v/ = 800 GeV [102]. These studies find that a relative error of better than 10% in
the top quark Yukawa coupling measurement can be achieved for Higgs masses in the
350-500 GeV and 350-650 GeV ranges at /s = 800 GeV and 1000 GeV, respectively.

Assuming that detector performance allows separation of hadronic W and Z de-
cays, and using production through W-fusion, the WW and ZZ coupling of the Higgs
boson can be studied by using methods similar to those for ¢¢. This gives the estimates

on BR(hsm = WHTW ™) and BR(hsm — ZZ) shown in Table 3.2.

8.5 Summary of couplings

The relative measurement errors for a SM Higgs at various masses are summarized
in Table 3.2. As much as possible, the entries have been collected from simulations
with the L detector described in Chapter 15. For uniformity, the entries have been
scaled to 500 fb™! except where otherwise noted. The significant measurements
of many branching ratios and couplings demonstrate the strength of the LC Higgs
program.

Just as the computer program ZFITTER [103] is used with Z mass, widths, asymme-

Amy, ~ 140 MeV (recoil against leptons from Z)
~ 50 MeV (direct reconstruction)
my (GeV) 120 | 140 [ 160 | 200 |[400-500
/5 (GeV) 500 800
Ao(Zh)ja(Zh) 65% | 6.6% | 6% | % | 10%
Ao (vvh)BR(bb)/oBR 3.5% 6% | 17% - -
8 9hsa/Ghae (from BR’s) || ‘ ] [ l
t T-20% 1| - - - 10%
bb 1.5% 2% | 3.5% | 12.5% | -
ce 20% 22.5% | - - -
e 4% 5% - - -
Wwe) 4.5% 2% |1.5% | 3.5% | 8.5%
77 8.5% | 4% 10%
qy 10% 12.5% - -
Yy ™% 10% - -
Yhhh 23% § - - -

Table 3.2: Summary of measurcinent precisions for the properties of a SM-like Higgs boson,
h, and couplings for a range of 1liggs boson masses lor 500 b~ unless otherwise indicated.
T radiative th production, 1000 Th™", /s =800 1000 GieV; § 1000 fh™',
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tries and branching ratios to make global fits for Z couplings, a program HFITTER [104]
is now available that performs a global fit taking into account correlations between
measurements of Higgs boson properties. Individual couplings of the Higgs boson can
then be extracted optimally, for example through the correct combination of cross sec-
tion and branching ratio measurements for such couplings as gpww and grzz. Such
precision fits can be used to probe for indirect evidence of higher-mass states.

8.6 Total width

Determination that a Higgs boson total width is anomalously large would indicate
new non-SM effects. For light Higgs bosons, the predicted SM width is too small to be
measured directly, but a combination of branching ratios and coupling measurements
allows the indirect and model-independent measurement of the total width through

Tyt = D(h — X)/BR(h — X). (3.14)

For myg, < 115 GeV, the total width measurement would very likely require a vy
collider, an ete™ LC, and input from the LHC [2]. However, limits from LEP2 indicate
Mhgy = 115 GeV and therefore a significant branching ratio to WW™. This gives the
attractive prospect of a model-independent measurement of the total width using LC
measurements alone.

First, measurements of o(hvv) - BR(h — bb) and BR(h — bb), through recoil
Higgsstrahlung measurements, give I'(h — WW™*). Then, a similar independent
measurement of BR(h — WW™*) gives the total width, through the relation 'y, =
['(h = WW*)/BR(h — WW?™). For example, from Table 3.2, even with as little as
200 fb~1, T’y can be found to approximately 10% for Mag, = 120 GeV, improving to
a few percent for m;g,, = 150 GeV. Even better precision can be attained with the
introduction of some model assumptions in the value used for I'(hgy — WW*), e.g.,
assuming the SU(2) relation between W and Z couplings along with o eqs(Zhsm).

For mpg, 2 205 GeV, I'ii(hsm) exceeds 2 GeV, and the physical width would
be directly resolvable with typical LC detector resolutions. References [2,105] track
these variations of precision for indirect and direct measurements for different values
of mpg,, and inputs from different machines. The jet-jet mass resolution assumed
in [2] has been verified by full simulations [79] in the L detector with 200 fb~! of
data, resulting in estimated direct measurements of the total width whose accuracy
reaches a minimum value of 6% in the mass range of 240-280 GeV. The indirect
determination deseribed above can also be pursued, and the combination would allow
even better precision.

8.7 Quantum numbers

The spin, parity, and charge conjugation quantum numbers J'¢ of a Higgs boson,
gencrically denoted by ¢ in this subscction, can potentially be determined in a model-
independent way. Useful ingredients include the following:
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e A Higgs boson produced in yv collisions cannot have J = 1 and must have

positive C' [106].

e ‘I'he behavior of the Z¢ Higesstrahlung cross scetion at threshold constrains the
possible values of J¥Y of the state. If the spin of the ¢ is 2 or less, a cross scclion
growing as 8 indicates a CPP-even object, whercas a cross section growing as 8°
signals a CP-odd state [107], as shown in I'ig. 3.23(a).

Fits of 2 dimensional angular distributions of ZH
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IMigure 3.23: (a) Behavior of Higgsstrahlung threshold for various spin states along with typ-
ical measurement precisions on the cross section. (b) I'it to the double-differential angular
distribution in Z¢ events (see text) to distinguish CP-cven and CP-odd states.

e T'he angular dependence of the ete™ — Z¢ cross section depends upon whether
the ¢ is CP-even, CP-odd, or a mixture [107 110]. Following [110] we parame-
terize the ZZ¢ vertex as

Frukay = Gk Kz 66“”"3];%5 : (3.15)

miy my

Fuz/(kl ) /Cz) = U + b

wherc k; and ky are the momenta of the two Zs. The first term arises from a
standard-Model-like ZZ¢ coupling, and the last two from cffective interactions
that could be induced by high-mass virtual particles. With this vertex the
Higgsstrahlung cross section becomes

. . <2

do P b wveae pya/S bi" p?s
—_— 1+p—22 sin?0;—41m |- _UVele P \{—cosf)z+ - %(1—%(:05202),
dcosby, my a) vi4a? my al 2m7

(3.16)
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where 0z, py, and gz are the scattering angle, momentum, and encrgy of the
final-state # boson; v, and a. are the vector and axial-vector couplings at the
ete™Z vertex; and @ = a — bEz+\/s/m%. The term in Eq. (3.16) proportional
to cosfz ariscs [rom interference between the CP-even and CP-odd couplings
in Eq. (3.15). If the (P-odd coupling b is large enough, it can be extracted
from the forward-backward asymmetry. Even upper limits on this asymmetry
would be interesting. Note that the CP>-cven component of a [liggs boson will
typically couple at trec-level whereas the CP-odd component will only couple
via one-loop diagrams (typically dominated by the ¢ quark loop). As a result the
coupling strength bis typically proportional to m%/s times a loop suppression
factor. Thus, an asymmetry measurement may be able to provide a crude
determination of the b/a term. If ¢ is a purely CP-odd state with one-loop
coupling, the resulting ZA° cross section will simply be too small to provide a
useful measurcment of the asymmetry.

The angular distribution of the fermions in the 4 — ff decays in Z¢ production
also reflects the CP nature of the state ¢ [108,109]. For the decay 7 — eTe™ or
p* i, the following angles can be defined: the angle between the initial e~ and
the Z; the angle between the final state ¢™ or 7 and the direction of motion of
the Z, in the rest frame of the Z; and the angle between the 7 production plane
and Z decay planc. Correlations between these angles can be exploited, e.g., a
fit to the double-differential angular distribution of the first two of these angles
results in a 1410 scparation between the 01+ (CP-even, scalar) and the 07
(CP-o0dd, pscudoscalar) [82], assuming that the Z¢ cross section is independent
of the CP nature of ¢ (see Fig. 3.23(b)). Even more powerful are fits to the
triple-differential angular distribution, where sufficient luminosity can uncover
non-standard 7 Z¢ couplings. However, this technique again suffers from the
difficulty described in the previous item; namely, the CP-odd part of the state
¢ is typically so weakly coupled to 77 that there is little sensitivity to the
CP-odd component if there is any significant CP-even component in ¢), or a
very small cross scction, if ¢ is almost purely CP-odd.

If ¢ has significant branching ratios to cither 7777 or ¢, the polarization of the
decay fermions can be measured. This can provide a direct determination of

the ratio by/as in the ysf(a;+1ibsvs) fo (f = 7 or {) Yukawa coupling structure
of ¢ [111 113].

The angular distributions in the ¢¢ final state, which has adequate cross scction
for /s 2 800 GeV for modest values of my < 200 GeV, assuming Yukawa cou-
pling yit(a, + ibyys )tp comparable to SM values, appear to provide an excellent
means for determining the CP nature of ¢ by allowing one to probe the ratio

befas [114,94].

123




Chapter 3

e It is likely that the CP properties of the ¢ can be well determined using photon
polarization asymmetries in 4y — ¢ collisions [115,116,113]. This is discussed
in Section 10.

e If the ¢ has substantial ZZ coupling, then e"e™ — ZZe"e™ — ¢e €™ can be
used to probe its CP nature [117] via the energy distributions of the ¢ and the
final electrons, which are much harder in the case of a CP-odd state than for a
CP-even state. Certain correlations are also useful probes of the CP properties
of the ¢. However, if the CP-odd portion of ¢ couples at one-loop (as expected
for a Higgs boson), there will be either little sensitivity to this component or
little cross section.

8.8 Precision studies of non-SM-like Higgs bosons

We confine our remarks to a two-doublet Higgs model (either the MSSM Higgs
sector or a more general 2HDM). In the MSSM, we noted in Section 5.4 that for
mao < +/s/2, as long as one is not too close to threshold, it is possible to observe
all Higgs scalars of the non-minimal Higgs sector. In particular, in parameter regions
away from the decoupling limit, none of the CP-even Higgs scalars may resemble
the SM Higgs boson. Precision studies of all the Higgs bosons will provide a detailed
profile of the non-minimal Higgs sector. Once m 40 > 1/3/2, only the A® will be visible
at the LC. There may still be some possibilities for observing the heavier Higgs states
produced singly, either in association with a bb pair at large tan 8 where the coupling
to bb is enhanced, or by s-channel resonance production at a v+ collider.

Masses m o and mpgo in excess of 500 GeV to 1 TeV are certainly possible. In
such cases, very substantial energy for the LC will be required to observe these states
directly, either in association with bb (at large tan 8) or via H°A° production. Mea-
suring the former will provide a crucial determination of the bb couplings, which in the
given model context will provide a determination of tan 3, with accuracy determined
by the production rates. Moreover, if the H° and A° can be produced at a high rate
(by whatever process), a detailed study of their branching ratios has the potential for
providing very vital information regarding model parameters. In the supersymmetric
context, the heavy H°, A® and H* would generally decay to various pairs of super-
symmetric particles as well as to d’s and ¢’s. A study of the relative branching ratios
would provide powerlul determinations of tan 4 and many of the solt-SUSY-breaking
parameters [118-120].

9 The Giga-Z option—implications for the Higgs sector

Measurecments ol the effective leptonic mixing angle and the W boson mass to
precisions of § sin? 00

U

~ 107" and Smw ~ 6 MeV at Giga-Z can be exploited in many

1241




Higgs Bosons at the Linear Collider

ways. The size of the Giga-Z 90% CL ellipses is illustrated in Fig. 3.15. Potential
implications include the following.

e Within the SM context, the Higgs boson mass can be determined indirectly to
a precision of about 7%. Deviation between the directly observed value and the
value implied by Giga-Z data would require new physics beyond the SM.

e In the MSSM context it will be possible to obtain information about new high
mass scales beyond the direct reach of the collider. This would be of particular
importance if the heavier scalar top quark, #3, and the heavy Higgs bosons
A° H® and H* were beyond the kinematical reach of the L.C and background
problems precluded their observation at the LHC.

e In the context of a non-minimal Higgs sector, such as the general 2HDM ex-
tension of the minimal SM, constraints on the Higgs sector and/or new physics
can be obtained. These would be particularly important in those cases where
none of the Higgs bosons or new particles could be observed at the LC without
higher /s or at the LHC because of backgrounds.

9.1 The MSSM context

In the case of the MSSM, the relation between my and sin® 0°T is affected by the
parameters of the supersymmetric sector, especially the { sector. At a LC, the mass
of the light f, m;,, and the I mixing angle, 0;, should be measurable very well if the
process et e” — 11, is accessible [121].

In Fig. 3.24 (from [26]), it is demonstrated how upper bounds on m4o and mg,
can be derived from measurements of myo, my and sin® %, supplemented by precise
determinations of m;z, and ;. The analysis assumes a lower bound, tan 8 > 10, which
can be expected from measurements in the gaugino sector (see, e.g., [122]). The other
parameters values are assumed to have the uncertainties as expected from LHC [123]
and a LC [76].

For low tan 8 (where the prediction for mpe depends sensitively on tan ) the
heavier ¢ mass, my,, can be restricted to 760 GeV < mg, < 930 GeV from the myo,
mw and sin® Hfuff precision measurements. The mass m o varies between 200 GeV
and 1600 GeV. If tan # > 10 (where mypo has only a mild dependence on tan ), the
allowed region for the £y turns out to be much smaller, 660 GeV < m, < 680 GeV,
and the mass m o is restricted to m 4o < 800 GeV.

In deriving the bounds on the heavier £ mass, my,, the constraints {from myo and
(rom sin® 07 and mw play an important role. For the bounds on m 4, the main cffect
comes from sin® 0. The assumed value of sin® 05T = 0.23140 diflers slightly [rom
the corresponding value obtained in the SM limit. For this value the (logarithmic)
dependence on m o is still large enough (see [124]) so that from the high precision
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Figure 3.24: The region in the m4o — m;, plane, allowed by 10¢ errors obtained from the
Giga-Z measurements of my and sin? 65F: my = 80.40040.006 GeV, sin? ¢ = 0.23140 &
0.00001, and from the LC measurement of myo: mpo = 115+ 0.05 (exp.) £0.5 (theo.) GeV.
tan 3 is assumed to be tanf = 3 £ 0.5 or tan S > 10. The other parameters are given
by m; = 500 % 2GeV, sinf; = —0.69 + 0.014, Ay = A; + 10%, mz = 500 & 10 GeV,
= —200+1GeV and My = 4004 2 GeV.

in sin? 0<% at Giga-Z an upper limit on m 4 can be set. For the error of sin® #°F that
could be obtained at an LC without the Giga-7Z mode (which is at least ten times
larger), no bound on m 4o could be inferred.

9.2 Non-exotic extended Higgs sector context

Building on the discussion of the general 2HDM given earlier, one can imag-
ine many situations for which the very small Giga-7Z 90% CL ellipses illustrated in
Fig. 3.15 would provide crucial (perhaps the only) constraints. For example, suppose
the LHC observes a 1TeV Tliggs boson with very SM-like properties and no other
new physics below the [ew-TeV scale. We have seen that this is possible in the 2HDM
scenarios consistent with current precision clectroweak constraints. Suppose [urther
that it is not immediately possible to increase /s sufficiently so that A°A° production
is allowed (typically requiring /s > 1.5 TeV in these models). Giga-7 measurcments
would provide strong guidance as o the probable masses of the non-SM-like Higgs
hosons ol any given non-minimal Higgs scctor. However, it must be accepted that a
particular Giga-7 resull for 5)7" might have other non-Higgs interpretations as well.
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10 The ~~ collider option

Higgs production in v collisions offers a unique capability to measure the two-
photon width of the Higgs and to determine its CP composition through control of
the photon polarization. A brief discussion of photon collider technology can be found
in Chapter 13. ‘

The v+ coupling of a SM-like Higgs boson gy of relatively light mass receives con-
tributions from loops containing any particle whose mass arises in whole or part from
the vacuum expectation value of the corresponding neutral Higgs field. A measure-
ment of I'(hsm — 77y) provides the possibility of revealing the presence of arbitrarily
heavy particles that acquire mass via the Higgs mechanism.’t However, since such
masses are basically proportional to some coupling times v, if the coupling is perturba-
tive the masses of these heavy particles are unlikely to be much larger than 0.5—1TeV.
Since B(hsm — X) is entirely determined by the spectrum of light particles, and is
thus not affected by heavy states, N(yy — hsm — X) « I'(hsm — vy)B(hsm — X)
will provide an extraordinary probe for such heavy states. Even if there are no new
particles that acquire mass via the Higgs mechanism, a precision measurement of
N(yy — h — X) for specific final states X (X = bb,WW*,...) can allow one to
distinguish between a h that is part of a larger Higgs sector and the SM hgy. The
deviations from the SM predictions typically exceed 5% if the other heavier Higgs
bosons have masses below about 400 GeV.

The predicted rate for Higgs boson production followed by decay to final state
X can be found in [56]. This rate depends strongly on dL.,/dy, the differential vy
collider luminosity, where y = m;/+/s and \/s is the ee collider center-of-mass energy.
An important parameter to maximize peak luminosity is (A\), the average value of
the product of the helicities of the two colliding photons after integration over their
momentum fractions z and z’. Larger values of this parameter also suppress the
dominant J, = +2, 44 — bbg background, which is proportional to (1 — (AX)). The
computation of dL.,,/dy was first considered in [125,126]. More realistic determina-
tions [127] including beamstrahlung, secondary collisions between scattered electrons
and photons from the laser beam, and other non-linear effects result in a substantial
enhancement of the luminosity in the low-FE.,, region as shown in Fig. 3.25.

The choice of parameters that gives a peaked spectrum is well suited for light Higgs
studies. Using the spectrum of Fig. 3.25 as an example, the di-jet invariant mass
distributions for the Iiggs signal and for the bb(g) background for 1y, = 120 GeV
are shown in Fig. 3.26 [128]. After a ycar of operation, I'(hgym — yy) B(hsm — bb)
could be measured with an accuracy of about 5%. (A much more optimistic crror
of close to 2% is quoted in [129] for my,,, = 120GeV, based upon a substantially
higher pcak luminosity.) The error for this measurement increases to about 20% for

HLoop contributions from particles that acquire a large mass from some other mechanism will
decouple as (imass) ™% and I'(hgm — yy) will not be sensitive to their presence.

127




Chapter 3

Mg, = 160 GeV, primarily due to the decrease of the Higgs di-jet branching fraction
by a factor of 18.

In many scenarios, it is possible that by combining this result with other types of
precision measurements for the SM-like Higgs boson, small deviations can be observed
indicating the possible presence of heavier Higgs bosons. For a 2HDM (either the
MSSM or a two-Higgs-doublet model with partial decoupling), if mpo ~ m 40 > \/s/2
then ete™ — HYA" is not possible and yy — H®, A° may be the only option allowing
their discovery (other than implementing higher /s). The alternatives of bbH and
bbA production will only allow H and A detection if tan 8 is large [71]. A LC for
which the maximum energy is v/s = 630 GeV can potentially probe Higgs masses as
high as 500 GeV. If mpgo and m o are known to within roughly 50 GeV on the basis
of precision h° data, then there is an excellent chance of detecting them by scanning,
i.e. stepping in /s, using a peaked v spectrum [57,128]. If no constraints have been
placed on the H°, A® masses (other than m o ~ mpgo > /s/2), it is best to employ a
broad vy spectrum, which would yield a visible signal for H°, A° production for only
some parameter choices of m 40 and tan 8 [128].

In the non-decoupling 2HDM model with a light decoupled h and all other Higgs
bosons heavier than /s, vy — h = bb might allow detection of the A for some of
the tan £ values in the wedge where the bbh and 1Tk production processes both yield
fewer than 20 events for an integrated luminosity of 1000 fb~! [128].

Once one or several Higgs bosons have been detected, precision studies can be
performed including: determination of CP properties; a detailed scan to separate
the H® and A° in the decoupling limit of a 2HDM; and branching ratios measure-
ments. The branching ratios to supersymmetric final states are especially important
for determining the basic supersymmetry breaking parameters [130,118,120,57].

The CP properties can be determined for any spin-0 Higgs h produced in vy
collisions. Since vy — h is of one-loop order, whether R is CP-even, CP-odd or
a mixture, the CP-even and CP-odd parts of h have ~ couplings of similar size.
However, the structure of the couplings is very different:

Aop:+ X 51 . gg y ACP:— X (51 X gz) 'ﬁbeam. (317)

By adjusting the orientation of the initial laser photon polarization vectors with re-
spect to one another, it is possible to determine the relative amounts of CP-even and
CP-odd content in the resonance h [115]. Ifhisa mixture, one can use helicity asym-
metries for this purpose [115,113]. However, if h is either purcly CP-even or purely
CP-odd, then one must employ transverse lincar polarizations [116,113]. Substantial
luminosity with transverse polarization can be obtained, although the spectrum is
not peaked, as shown in IMig. 3.25.

One measure of the CP nature of a Higgs is the asymmetry for parallel vs. per-
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vy Luminosity and Polarization from CAIN
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Figure 3.25: Left: CAIN [127] predictions for the 5+ luminosity distribution for circu-
larly polarized (A, = A, = 0.4, P = P’ = —1) and linearly polarized photons assuming
107 sec/year, /s = 206 GeV, 80% electron beam polarization, and a 1.054 micron laser
wavelength, after including beamstrahlung and other effects, from [128]. Right: The corre-
sponding value of (A)'), for circular polarization.
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Figure 3.26: liggs signal and heavy quark background in vy — & for a Higgs mass of
120 GeV [128].
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pendicular orientation of the linear polarizations of the initial laser beams,
Nj— Ny

i B3 3.18
N TN (3.18)

A=
which is positive (negative) for a CP-even (odd) state. Since 100% linear polarization
for the laser beams translates into only partial linear polarization for the colliding
photons, both Ny and N will be non-zero for the signal. In addition, the heavy
quark background contributes to both. The expected value of A must be carefully
computed for a given model. For the SM Higgs with myg,, = 120 GeV, it is estimated
[128] that A can be measured with an accuracy of about 20% in one year of operation,
assuming the linear polarization spectrum of Fig. 3.25, 60% linear polarization of the
colliding photons, and S/B comparable to that shown in Fig. 3.26. This measurement
would thus provide a moderately strong test of the CP=+ nature of the hgym.

We end by noting that the e”+ and e"e™ collider options are most relevant to
exotic Higgs scenarios, as discussed in Section 11.

11 Exotic Higgs sectors and other possibilities

As we have seen, there are many scenarios and models in which the Higgs sector
is more complicated than the one-Higgs-doublet of the minimal SM. Supersymmetry
requires at least two Higgs doublets. Even in the absence of supersymmetry, a two-
doublet Higgs sector allows for CP-violating phenomena. Singlets can also be added
without altering the tree-level prediction of p = 1. However, the possibility of Higgs
representations with still higher weak (left handed, denoted L) isospin should not be
ignored. The primary negative is that, for triplets and most higher representations, if
the vacuum expectation value of the neutral Higgs field member of the representation
is non-zero (vy, # 0) then p becomes infinitely renormalized and can no longer be
computed [131]; instead it becomes a parameter that must be input as part of the
renormalization program. Triplets have received the most attention, as they arise
naturally in left-right symmetric extensions of the Standard Model gauge group [132].
(These and other models that utilize Higgs triplets are reviewed in [1].) In this section
we will also briefly consider the Higgs-like pseudo-Nambu-Goldstone bosons that arise
in generic technicolor theories.

11.1 A triplet Higgs sector

Including a single complex SU(2)-triplet Higgs representation, in addition to some
number of doublets and singlets, results in six additional physical Higes eigenstates:
==t =t 1% and 1P, All but the doubly-charged stales can mix with the
doublet/singlet Tiggs states under some circumstances. ven if vz, 2 0 for the neu-
tral field, p = | can be preserved al tree-level if, in addition, a rcal triplet ficld is
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also included [133,134]. However, p will still be infinitely renormalized at one-loop
unless vy, = 0 is chosen. Left-right symmetric models capable of yielding the see-saw
mechanism for neutrino mass generation require two triplet Higgs representations (an
L-triplet and an R-triplet). The large see-saw mass entry, M, arises from a lepton-
number-violating Majorana coupling (which L-R symmetry requires to be present
for both the L-triplet and R-triplet representations). Again, p will not be altered if
vr, = 0, but vg must be non-zero and large for large M. We will briefly discuss the
phenomenology of an L-triplet. That for the R-triplet of the L-R symmetric model is
quite different. (See [1] for a review.)

The resulting Higgs sector phenomenology can be very complex. We focus on the
most unequivocal signal for a triplet representation, namely observation of a doubly-
charged Higgs boson. Pair production, Z* — H*TH~~ has limited mass reach,
mp++ < +/s/2. Fortunately, single production is also generally possible. Most in-
terestingly, the generically-allowed lepton-number-violating Majorana coupling leads
to an'e"e”™ — H ™~ coupling and the possibility of s-channel resonance production
of the H™~ in e~e™ collisions. Observation of this process would provide a dramatic
confirmation of the presence of the Majorana coupling and, in many cases, the abil-
ity to actually measure its magnitude. For a discussion and review, see [135] (and
also [136,137]). If the H™~ is heavy and has significant W~ W~ coupling (requiring
vr, # 0), then it can become broad and the s-channel resonant production cross sec-
tion is suppressed (see, e.g., [138]) and might not be observable. Another production
mechanism sensitive to the e"e™ — H~~ coupling that might be useful in such an
instance is e"e” — H™"Z, and e"e~ — H~W~ will be sensitive to the e"v, — H~
coupling that would be present for the H~ member of the triplet representation [139].
Using just the Majorana coupling, doubly-charged Higgs bosons can also be produced
via €7y = et H™™ and ete™ — etet™H™~ [140] and the singly-charged members of
the same representation can be produced in e"e™ — H~W~ [139].

Despite loss of p predictivity, it could be that non-zero vp is Nature’s choice. In
this case, the e~e™ collider option again has some unique advantages. The neutral,
singly-charged and doubly-charged Higgs bosons of the triplet representation can all
be produced (via ZZ fusion, W~Z fusion and W~W~ fusion, respectively). For
example, [141] studies W~W~ — H~ fusion.

11.2 Pseudo Nambu Goldstone bosons

In the context of technicolor and related theories, the lowest-mass states are typ-
ically a collection of pscudo-Nambu-Goldstone bosons, of which the lightest is very
possibly a state Y which can have mass below 200 GeVoand couplings and other
propertics not unlike those of a light SM-like Higgs boson. Typically, its WW, ZZ
coupling is very small (arising via loops or anomalics),
larger. The phenomenology of such a P? was studied in [142]. The best modes for
detection of the 1Y at an LC are ete™ — 4P — vbb and vy — I’° — bb. Since the

while its bb coupling can be
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PP is likely to be discovered at the LIC in the vv final state, we will know ahead of
time of its existence, and precision measurements of its properties would be a primary

goal of the LC.
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Chapter 4 Supersymmetry Studies at the Linear Collider

1 Introduction

The Standard Model (SM) has been tested by a spectacularly large and diverse
set of experiments. The resulting body of data is consistent with the matter content
and gauge interactions of the SM with a Higgs boson of mass m;, < 250 GeV [1]. If
a fundamental Higgs boson exists, it fits much more naturally into supersymmetric
extensions of the SM than into the SM itself [2-5]. Thus, the study of supersymmetry
(SUSY) is among the highest priorities for future accelerators.

If SUSY exists, many of its most important motivations suggest that at least
some superpartners have masses below about 1TeV. These motivations, ranging
from gauge coupling unification [6-10] to the existence of an excellent dark matter
candidate [11], are discussed in previous chapters and also below. While none of these
is a guarantee of SUSY, they all provide motivation for the presence of SUSY at the
weak-interaction scale.

In the supersymmetric extension of the SM with minimal field content, hundreds
of additional parameters enter the Lagrangian. If SUSY is discovered, this discovery
will open new questions—to understand the pattern of the SUSY parameters, to
determine from them the mechanism of SUSY breaking, and to infer from them
the nature of physics at the very highest energy scales. Such grand goals may be
contemplated only if precise and model-independent measurements of superpartner
properties are possible.

In this chapter, we describe the prospects for such measurements at a 0.5-1.0 TeV
ete™ linear collider (LC) with longitudinally polarized electron beams. The potential
of linear colliders for detailed studies of supersymmetry has been discussed previously
in numerous reports [12-18]. In this chapter, many well-established results are re-
viewed, including the potential for model-independent measurements of superpartner
masses. In addition, several less well-appreciated topics are discussed. These include
loop-level effects in supersymmetry, CP violation, and supersymmetric flavor viola-
tion. This discussion serves both to illustrate the rich program of supersymmetric
studies available at lincar colliders, and to highlight arcas that merit further study.
This chapter concludes with a review ol the important complementarity of the LC
and the Large Hadron Collider (LIIC) with respect to supersymmetry studies.

The signatures of supersymimetry are many, ranging from the well-known missing
energy in supergravity with R-parity conservation [19,20] to exolic signatures appear-
ing in models with gauge-mediated [21] and anomaly-mediated [22,23] supersymmetry
breaking. Space constraints prevent a complete review of the considerable work done
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in each of these, and other, frameworks. Instead, this review focuses on supergravity
frameworks leading to the conventional signature of missing energy. R-parity viola-
tion and alternative supersymmetry-breaking mechanisms are treated as variations,
and are discussed where they are especially pertinent.

2 The scale of supersymmetry

The cleanliness of the linear collider environment implies that precise, model-
independent measurements in supersymmetry are possible, but only if supersym-
metric final states are kinematically accessible. The mass scale of supersymmetric
particles is therefore of paramount importance. In this section we review bounds on
superpartner masses from naturalness criteria, dark matter constraints, Higgs boson
searches, and precision electroweak data. We also consider the potential of exper-
imental evidence for new physics to constrain the supersymmetric mass scale; we
discuss the muon anomalous magnetic moment as an example.

2.1 Naturalness

In supersymmetric extensions of the SM, quadratically divergent quantum correc-
tions to the masses of fundamental scalars are of the order of the superpartner mass
scale. Given a mechanism for producing sufficiently light superpartners, the observed
weak scale is obtained without unnaturally large cancellations in the electroweak
potential. While no analysis of naturalness can claim quantitative rigor, the impor-
tance of naturalness as a fundamental motivation for supersymmetry has prompted
many studies [24-46], with important qualitative implications for the superparticle -
spectrum.

To study naturalness one must first assume a certain supersymmetric framework.
Models in this framework are specified by a set of input parameters, typically defined
at some high energy scale. Together with experimental constraints and renormaliza-
tion group equations, these parameters determine the entire weak-scale Langrangian,
including the Z boson mass, which at tree level is

1
2

2 2 2
de — mHu tan ,6

2
‘ — 4.1
tan? g — | . (4.1)

my =

where mi, mi; arc the mass parameters of the two Higgs doublets of the model
and tanf = (/1) /(Il;). Naturalness is then often imposed by demanding that
the weak scale be insensitive o variations in some set of parameters «;, which are
assumed to be continuously variable, independent, and fundamental. T'he ¢; may be
scalar masses, gaugino masses, and other parameters, bul arc not necessarily input
paramelers.  The sensitivily is typically quantified by defining cocllicients [24,25]

142




Supersymmetry Studies at the Lincar Collider

¢; = |(a;/mz)(0my/da;)| for each parameter a; and taking some simple combination
of the ¢;, often ¢ = max{¢;}, as an overall measurce of naturalness. A naturalness
criterion ¢ < Cmay then implies upper bounds on supersymmetry parameters and
superpartner masscs.

IFollowing the early studics [24,25], the authors of [27] stressed the importance
of including one-loop corrections to Eq. (4.1). They also noted that it is possible
in principle for a given ¢; to be large for all possible choices of ;. In the latter
case, the authors of [28 30] argued that, to avoid misleading results, only unusu-
ally large sensitivity should be considered unnatural and proposed replacing ¢ by
¥ = max{¢; /¢ }, with ¢ an average scnsitivity. Morc recently, another alternative
prescription has been proposed [34-38] in which the sensitivity coeflicients are re-
placed by |(Aa;/my)(dmy/da;)|, where Aa; is the experimentally allowed range of
a;. 'T'his definition implies that arbitrarily large but well-measured supersymmetry
parameters are natural, and has been argucd to differ sharply from conventional no-
tions of naturalness [46].

The results of naturalness studies are strongly dependent on the choice of frame-
work, the choice of fundamental parameters @;, and, of course, the choice of cpax
(or the equivalent 4 parameter). The dependence on framework assumptions is in-
escapable. In other studics of supersymmetry there exists, at least in principle, the
possibility of a modcl-independent study, where no correlations among parameters
arc assumed. In studies of naturalness, however, the correlations determine the re-
sults, and there is no possibility, even in principle, of an all-inclusive [ramework.
We describe here only some of the qualitatively distinct possibilitics. For alternative
analyses, readers arce referred to the original literature [24-46).

In minimal supergravity, one assumes both scalar and gaugino universality at a
high scale. If one requires insensitivity of the weak scale with respect to both super-
symmetry breaking and Standard Model parameters, none of the superpartner masses
can naturally be far above the weak scale. Iixamples of the resulting naturalness
bounds are given in I'ig. 4.1. The bounds lor non-strongly interacting supcrpartners
arc lypically more stringent than those for colored superpartners. Similar results are
found in other frameworks where all scalar and gaugino masses arc comparable at
some high scale.

Naturalness bounds may be very different in other frameworks, however, especially
for scalars. For squark and slepton masses, if no correlations arc assumed, the bounds
are highly generation-dependent. At one-loop, the weak scale is sensitive to sfermion
masscs only through renormalization group terms proportional to Yukawa couplings.
Thus, while the scalar masses ol the third generation arc still usefully constrained
by naturalness criteria, first- and sccond-generation scalars may have masses above
10 TeV without requiring large fine-tuning [31,32], putting them far beyond the
kinematic reaches of both the LHC and future linear colliders. ‘Superheavy’ first and
second generation scalars ameliorate the supersymmetric flavor and CP problems and
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Figure 4.1: Natural ranges of superpartner masses in minimal supergravity. The upper
limits are set by the requirement 4 < 10 and the diamonds indicate upper bounds corre-

sponding to 4 < 5. The lower limits are roughly those from current collider constraints.
Updated from [29].

are found in many models [47-63].

Alternatively, given the possibility that SM couplings are fixed in sectors separate
from supersymmetry breaking, one may reasonably require only that the weak scale
be insensitive to variations in parameters related to supersymmetry breaking [44—
46]. With this less stringent criterion, in many simple models, including minimal
supergravity, all scalar partners may be naturally in the 2-3 TeV range, as a result
of focusing behavior in renormalization group trajectories [44-46,64—68]. Such “focus
point supersymmetry” models also have significant virtues with respect to low-energy
constraints, and predict that even third-generation scalars may have masses well above
1 TeV and be beyond the reach of linear colliders.

Bounds on the masses of fermionic superpartners are less framework-dependent. If
the gaugino masses are uncorrelated, the gluino mass is typically stringently bounded
by its indirect influence on the weak scale through the top squarks. In this general
context, the electroweak gaugino masses may be significantly larger [42,43]. However,
in most well-motivated models, the gluino is much heavier than the clectroweak gaug-
inos, and so naturalness implies stringent limits on Bino and Wino masses. While
the scale of the g parameter may be determined [69], a quantitative theory for the
berm is lacking. The g parameter is therefore usually determined through Eq. (4.1)
and is otherwise assumed to be uncorrelated with other parameters. Large p then
necessarily leads to large (ine-tuning, and so heavy Higgsinos are disfavored. As a
result, given our present understanding, naturalness criteria typically imply relatively
stringent, bounds on the masses of all six chargino and ncutralino states, and they
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encourage the expectation that all of these particles will be available for study at
linear colliders.

2.2 Neutralino relic abundance

An important virtue of many supersymmetric theories is the existence of a non-
baryonic dark matter candidate. The most straightforward possibility is the lightest
neutralino x [11,70], which is often the lightest supersymmetric particle (LSP) and
so is stable in models with conserved R-parity. Current cosmological and astrophys-
ical measurements prefer 0.1 < Q,h* < 0.3 [71], where Q,, is the ratio of dark
matter density to critical density, and h /s 0.65 is the Hubble parameter in units of
100km s~! Mpc~!. The superpartner spectrum is then constrained by the requirement
that the thermal relic density of the lightest neutralino satisfy QA% < 0.3.

The neutralino relic density is determined by the neutralino pair annihilation cross
section and has been the subject of many analyses [72-100]. These include refined
treatments of poles [72-74], annihilation thresholds [72,73], and co-annihilation among
Higgsinos [75] and with staus [76,77]. The S- and P-wave contributions to all tree-level
processes with two-body final states are given in [78].

In general, neutralinos may annihilate through ¢-channel sfermions to ff , through
s-channel Z and Higgs bosons to ff, and through ¢-channel charginos and neutralinos
to WW and ZZ. For Bino dark matter, only the sfermion-mediated amplitudes are
non-vanishing. An upper bound on ,/* then leads to an upper bound on at least
one sfermion mass. This, together with the requirement that y be the LSP, implies
an upper bound on m,. Such reasoning has led to claims of cosmological upper
bounds on superpartner masses with optimistic implications for supersymmetry at

linear colliders [79-89].

These claims must be viewed cautiously, however, as they are true only in the
x A~ B limit and are violated even in the simplest scenarios. In minimal super-
gravity, for example, multi-TeV LSPs are possible for large mo [94], where the LSP
has a significant Higgsino admixture, leading to large annihilation cross sections to
gauge bosons. Useful upper bounds are also absent in minimal supergravity at large
tan 4 [94 97], where the importance of a small Iliggsino admixture in y is amplified
and leads to large Iliges boson-mediated annihilation. More generally, no guarantee
of light superpartners is possible for Wino- [98 100] and Tliggsino-like [75,90] LSPs,
which annihilate very efliciently to negligible relic densities. Ifinally, it is worth re-
calling that these upper bounds are also inapplicable in theories with low-energy
supersymmelry breaking or R-parity violation, where the lightest neutralino is no
longer stable.
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2.3 Higgs mass and precision electroweak constraints

As is well known, supersymmetry places severe constraints on the mass of the
lightest Higgs boson. In the Minimal Supersymmetric Standard Model (MSSM),
one-loop calculations [101-110] have now been supplemented with leading two-loop
corrections in the Feynman diagrammatic [111-115], renormalization group [116—
119], and effective potential [120-122] approaches, leading to an upper bound of
my < 135 GeV [113]. The consistency of this bound with precision electroweak fits is
a considerable success of supersymmetry. At the same time, though, one might expect
that the current lower bound mj > 113.5 GeV from direct Higgs searches [123-126]
and the success of precision electroweak fits to the SM disfavors the possibility of
light superpartners.

However, closer analysis shows that light superpartners are consistent with the
current Higgs mass bound. For example, in general scenarios, the current Higgs mass
limit may be satisfied with large masses only for the top and bottom squarks. Even
for these, the constraints are not severe. Charginos, neutralinos, and sleptons may
be light and within the reach of linear colliders. In simpler frameworks, the Higgs
limit is more constraining. Even in minimal supergravity, however, the current Higgs
mass bound, along with the requirement of a suitable dark matter candidate, may
be satisfied either for chargino masses above 200 GeV [127] or for large mq [46,128].
In the latter case, charginos may be as light as their current LEP bound. The Higgs
mass bound can also be made consistent with light superpartners if there are large
CP-violating phases, which must necessarily cancel to high accuracy in electric dipole
moments, or new singlets [129]. Thus, the current Higgs mass constraint, although
already rather stringent, does not exclude the possibility of light superpartners.

The supersymmetric spectrum is also constrained by precision electroweak mea-
surements. The effects of supersymmetry have been studied in numerous recent works
(see, e.g., [130-135]). While there are at present no strong indications for supersym-
metry from these considerations, light superparticles cannot be excluded either. This
issue is discussed further in Chapter 8, Section 3.2.

2.4 Evidence for new physics

Finally, weak-scale supersymmetry has implications for a broad range of exper-
iments in particle physics and astrophysics. Il deviations [rom SM predictions are
found, these deviations may also constrain the scale of superpartner masses.

As an example, we consider the recently reported 2.6 deviation in the anomalous
magnetic moment of the muon [136]: a7 — (/,i’;M = (43 £ 16) x 107" Supersym-
metric contributions to «a, are well known [137 141], and the measured deviation is
naturally explained by supersymmetry [142 153]. 1l a supersymmetric interpretation
is adopted, the result restricts the masses of some superpartners.  Ilighly model-
independent upper bounds on the mass of the lightest obscrvable supersymmetric
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Figure 4.2: Possible values of the mass of the lightest observable supersymmetric particle,
Mr1,0sp, and the supersymmetric contribution to the muon’s anomalous magnetic moment,
a3USY | assuming a stable LSP (left) and a visibly decaying LSP (right). Crosses (circles)
have smuon (chargino/neutralino) LOSPs and satisfy the parameter constraints My = 2Mj,
A, =0, and tanf = 50. Relaxing the gaugino unification assumption leads to the solid
envelope curve, and further allowing arbitrary A, leads to the dashed curve. The envelope
contours scale linearly with tan 8. The shaded regions are the 1o and 20 experimentally
preferred regions. From [144].

particle are given in Fig. 4.2. If theory and experiment are required to agree within
lo, at least one observable superpartner must be lighter than 490 GeV if the LSP
is stable, and lighter than 410 GeV if the LSP decays visibly in the detector. If
agreement only within 20 is required, these limits weaken to 800 GeV and 640 GeV,
respectively. The bounds are for the case tan f < 50 and scale linearly with tan S.

These results illustrate the power of evidence for new physics to constrain the scale
of supersymmetry. Of course, many other experiments may also see supersymmetric
effects.  Among the areas in which great experimental progress is expected in the
next few years are searches for new physics at the Tevatron, B physics (CP violation,
rare decays), lepton flavor violation (p-¢ conversion, g — ev, cte.), electric dipole
moments, scarches for dark matter (both direct and indirect), and cosmic ray physics.
Pre-LHC evidence [or supersymmetry is not guaranteed, but, in simple frameworks
like minimal supergravity where systematic and comprehensive analyses are possible,
it is very likely [95]. Strong cvidence for new physics, even il indirect, will provide
important additional constraints on the mass scale of supersymmetric particles.
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3 Determination of masses and couplings

The usefulness of a linear collider in the study of SUSY particles lies both in
the simplicity of the production process and in the fact that the electron can have
a large longitudinal polarization. These features allow one to carry out accurate
measurements of the masses and the quantum numbers of the particles being pro-
duced, and also to determine their gauge coupling constants in a model-independent
manner [154,155]. Such measurements are crucial in understanding the nature of the
processes being uncovered.

3.1 Measurement of superpartner masses

We begin our review of mass measurements by considering one particular process
that illustrates the essential simplicity of the analyses. The process we will consider
is selectron production,

ete” = & e n, (4.2)

where €p, €7 are the supersymmetry partners of the right- and left-handed electron.
We assume that both selectrons decay by €, r — eXj. The process has a number
of interesting features. The masses of the €z and €1, can differ substantially. The
combinations €¢5ex and €f€; are produced by s-channel photon and Z° exchange,
but all four possible selectron combinations are produced by t-channel neutralino
exchange. Thus, the study of this process can give information on SUSY masses,
quantum numbers, and coupling constants.

In the reaction (4.2), the selectrons are produced at a fixed energy. Since they
are scalars, they decay isotropically in their own frames. These distributions of the
decay electrons and positrons boost to distributions in the lab that are flat in energy
between the kinematic endpoints. The electrons and positrons then show box-like
distributions. The maximum and minimum energies which form the edges of the box
determine the masses of the € and the XY through the relations

Fe maxFe mi
Mg — E2 e,max‘~“e,min
¢ o { (Ee,max + E,e,min)2 }

Ee,max + Ee,min}
Ecm .

M2 = M2{1 _9
X1 e

[T several different combinations ol selectrons are produced, the clectron and positron
cnergy spectra will show a superposition of several box-like distributions. ach set of
endpoints gives the associated selectron masses and an independent determination of
the ¥\ mass.

IMigure 4.3 shows the electron and positron spectra for a particular set of MSUGRA
parameters constructed for the Snowmass ‘96 summer study [156], assuming 50 (h™" of

data at /s = 500 GeV [157]. The simulations use the event, generator ISAJET [158].
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I"igure 4.3: Electron and positron energy distributions for selectron pair production, with
the indicated beam polarizations and integrated luminosity 50 fb=* [157].

The expected box-like spectra appear clearly, with sharp endpoints. Both the clectron
and positron spectra have a strong dependence on polarization, and this allows us to
recognize which components are associated with €7 and which with ¢;. The electron
and positron spectra also differ from each other, reflecting the different production of
¢net versus €7 et from polarized beams.

Figure 4.4 comparcs the generated elcctron and positron distributions to those
reconstructed using energy measurements [rom the electromagnetic calorimeter of the
L. detector described in Chapter 15. The study uses full GEANT simulation of the
calorimeter [159]. The effect of resolution is clearly observed in the upper edge of the
energy distribution. This analysis does notl include beamstrahlung and initial state
radiation, but thesc effects are not expected to affect significantly the determination
of the edges in the energy spectra [156].

Many similar analyses of the determination of slepton masses have been carried
out using fast Monte Carlo techniques [160-163]. Some of the results are summarized
in Table 4.1. One can see from the table that we expect to be able to measure these
masscs with an accuracy of a few percent or less in most cases. T'he determination of
the mass of the lighter chargino ¥ has been studied by many groups. Measurements
based on an analysis using background cuts [154,163,164] indicate that this mass can
be mecasured with accuracies of 1% or less by this method. An interesting signal
thast may be background-frec is the case where one ¥ decays into a lepton and a

149



Chapter 4
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Figure 4.4: Input and calorimeter-reconstructed e* energy distributions from selectron pair
production for 80% left-polarized (left) and 80% right-polarized (right) electron beams [159].
The effect of calorimeter resolution is evident at high cluster energies.

Reference | Particle | Input Measured | Particle | Input Measured
[157] er 238.2 239.4 X9 128.7 129.0
[157] ex 157.0  158.0 % 128.7  129.0
[173] fig | 1571 143.2 % 1287  117.3
[162] e 206.6 199.4 % 96.4 96.5
[154] XE 219.0 212.0 %1 118.0 116.5
[165] X 238.0 239.8 7y 220.0 221.2
[163] Xz 175.2 176.5 Xt 85.9 86.1
[166] X ] 2904 2827 b%i 96.0 97.9

Table 4.1: Comparison of the input and measured masses (in GeV) for a few supersymmetric
particles as determined from the end-point spectrum of the observed particles smeared via
fast MC techniques. Most of the results are based on a 50 fb~! data sample. The pair of
masses in each row are determined from the end-point measurement in pair-production of
the first particle listed.

vp, with the vy decaying to a vYY, while the other Y decays into qqx5. Tn this case,
it should be possible to remove the WW background completely without aflecting
the signal [165]. The mass measurement for the heavier chargino Y has also been
studied, assuming a. CM energy of 750 GeV. By using the decay of the Y& into Y2V,
where the Z decays into leptons and the ¥ decays into hadrons, one is able to get
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Figure 4.5: Input and tracker-reconstructed muon energy spectra from smuon pair produc-
tion with an 80% left-polarized electron beam [173].

quite accurate results [166]. The conclusions of all these analjzses are also shown in

" Table 4.1.

It is worth reviewing some of the experimental issues that arise in these measure-
ments. We have already given an example in which the calorimeter resolution affects
the mass measurements for selectrons decaying to e~ and et. For the case of smuons
decaying to u*, the corresponding issue is tracking resolution. In Fig. 4.5, we show
a comparison of generator-level and reconstructed muon energy in /i pair production.
It is clear that the tracking reconstruction does not significantly affect the energy
edge resolution, and hence it does not affect our ability to determine supersymmet-
ric masses accurately. For chargino decays, both calorimeter and tracking resolution
enter the determination of kinematic endpoints [154].

To examine the supersymmetry signals, it is necessary to remove backgrounds
events cfficiently. "The major sources of SM backgrounds are the two-photon (y*y*)
process, which gives rise to leplton and quark pairs in the detector, ete™ annihilation
to the WHW =, Z°Z° and Z°A°, and single-W production (ey* — vW). Methods for
removing the annihilation and single W backgrounds [rom the supersymmetry sample
are explained in [154,167,168]. The two-photon background is a problem in reactions
whose signatures involve missing energy, but it can be controlled by also requiring
missing transverse momentum. Methods for measuring the two-photon background
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have been studied in [169,168,170-172]. There may also be backgrounds from the
decays of other supersymmetric particles but, in most cases, these are either small or
have distinctive signals that allow one to identify them.
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Figure 4.6: Kinematic distributions of muons from fir pair production (solid), i, pair pro-
duction (dotted), and WTW ™ background (crossed) [173]. An electron beam polarization
of 80% is assumed.

One casc in which W pair production is a serious background is the study of the
muon cnergy spectrum ﬁ,ﬁL. The cross scetion for fi pair production is small, and the
W pair production process leads to muon pairs with missing transverse momentum
[rom neutrinos. IYigure 4.6 shows the eflect of the W pair background alter appropri-
ate cuts [173]. The figure also shows that clectron polarization can be used to remove
this background. The fig signal is most clearly scen with a right-handed polarized
clectron beam, since the WHW ™ production is strongly reduced in this case. Observ-
ing the signal for g, is diflicult with either polarization. If the model parameters are
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such that the ER,L is heavier than the Y3, this problem can be avoided by studying the
decay ZEL—) /E + XY, with the X9 decaying to a lepton pair and XY. Then, because
of the large lepton multiplicily, there are no important SM backgrounds [174].

Another kinematic method for determining the masses of supersymmetric particles
is to exploit the correlations between the products of the two decaying sparticles
in a given event [175]. This technique is cspecially useful in cascs where low-pr
backgrounds tend to overwhelm the signal. Somec experimental analyses have been
carried out using this method [176,177], and it should receive more attention.

One can also carry out mass measurements using threshold scans [174,164], though
in some cases this requires 100 fb™! of luminosity per threshold. The mecthod has the
potential to measure masses with accuracies ol 0.1%. The effect of backgrounds
from SM processes and other SUSY signals and the effects of beamstrahlung and
bremsstrahlung nced to be understood to determine the systematics limits of this
method [178].

A special case of spectrum parameters for which SUSY detection and mass mea-
surement are especially difficult is that of an almost-degenerate chargino and neu-
tralino. This situation can occur in the Higgsino limit of gaugino-Higgsino mixing, and
in anomaly-mediated supersymmetry breaking (AMSB). A recent analysis [179] shows
how to extract the chargino signal in this limil using the reaction cte™ — y¥/%7. In
some cases, in particular, those from AMSI, the ¥ has a long enough lifctime that,
at the linear collider, one can see the chargino’s track in the vertex detector before
it decays. One then observes a stiff track turning into a very soft track, which would
be a dramatic signal.

Table 4.1 makes clear that it is possible to measure the first-generation slepton
masses with a precision of about 1%. This would allow experiments at lincar colliders
to probe the underlying GUT-scale universality of intra-generation slepton masses,
with enough sensitivity to discriminate the MSUGRA framework {rom other models
(c.g., gaugino-mediation) where small GU'I'-scale splittings of sleptons arc expected
[180]. Another important observation from ‘Table 4.1 is that the linear collider mea-
surcments of SUSY particles will provide multiple high-accuracy measurements of the
mass of the lightest neutralivo . As we will discuss in Section 7, this information
will directly complement supersymmetry measurcments at the LHC, since this key
parameter will not be well determined there.

3.2 Measurement of supersymmetry parameters

Once superpartners are identificd and their masses are measured, it is important to
convert the mass and cross section information into determinations of the parameters
of the SUSY theory. For the example of the MSSM with R-parity conservation, studics
have been done to determine how well one can measure the fundamental parameters.
By studying the production and subsequent decays of ¥ and ¥i, the masses and
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the gaugino-higgsino mixing angles of these states can be measured and hence the
values of the MSSM parameters Mo, 4, and tan8 can be determined to about 1%
accuracy [155,181,182]. This is illustrated in Fig. 4.7, where it is shown that the
value of the chargino production cross section from a right-handed polarized beam
allows one to map out whether the lighter chargino is mainly gaugino or Higgsino.
A measurement of both the cross section and the angular distribution allows one to
measure all of the terms in the chargino mass matrix. It should be noted that the
figure shows the tree-level cross section. A true determination of parameters to 1%
accuracy should take account of electroweak and SUSY radiative corrections.
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Figure 4.7: The dependence of the chargino production cross section U(el—;'ieJr — ﬂ'%l—), in
fb, on My and g [155]. The value tan 8 = 4 is used for this plot, but the result is only
weakly dependent on this parameter.

Another method for determining whether the lightest neutralinos and chargino
are mostly gaugino or Higgsino is to study slepton pair production with left-handed
and right-handed beam polarization. This is done by measuring the magnitude of the
cross scction and the shape of the production angular distribution [154]. Similarly,
measuring the cross soctions of [y, ty, 7= and 75 and 7, with polarized beams allows
one to determine their mixing angles [183 185]. Additional measurements associated
with polarization in 7 rcactions arc discussed in [154,186].

By looking at the angular distributions of supersymmetric particles that have
a t-channcl exchange involving another supersymmetric particle, the mass of the
exchanged particle can be determined. Similarly, if the decays of the charginos have
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three-body decays because the two-body decay to W} is not allowed kinematically,
decays via W* can interfere with decays involving a virtual slepton or squark. This
could give useful indirect signals for these particles in the cases where they cannot be
produced because they are too heavy [187].

We should recall that the parameter tan 8 can be determined not only from su-
persymmetry reactions but also by direct experimental studies of the extended Higgs
sector. For tan 8 < 30, one can obtain an accurate value of this parameter by measur-
ing the branching ratios for the various possible decays of the SUSY Higgs particles:
H~ into v, bf, and W h, and A° and H° into 7¥77, bb, tf, and Zh [188,189]. If the
Higgs sector is heavy enough, one can include decays into lighter supersymmetric par-
ticles. These can provide quite sensitive measurements in the high-tanf region [189].

Finally, it is important to verify the spin of each supersymmetric partner ex-
perimentally. This can be done at a linear collider, because the simplicity of the
production reactions often makes the spin obvious from the angular distributions.
For example, the i signal in Fig. 4.6 exhibits a sin®# distribution that is a clear
indication that the spin of the zip is 0. The spin of supersymmetric particles can also
be determined by measuring the pair-production cross section near threshold, which
rises as 8 and %, where B is the particle velocity, for spin—% and spin-0 particles,
respectively.

4 Tests of supersymmetry

If new particles are discovered with quantum numbers expected in supersymmetry,
it is desirable to determine whether they are in fact superparticles. Linear colliders
can verify supersymmetry through highly model-indepedent tests accurate at the
percent level. In addition, since these tests are sensitive to loop-level effects, they
may yield a wealth of additional information.

Supersymmetry may be tested in many ways. For example, confirmation that
some of the newly discovered particles are scalars, as discussed at the end of Section
3, constitutes an important, if weak, test of supersymmetry. More quantitatively,
verification of the consistency of direct discoveries with the expected indirect super-
symmetric effects in SM processes, as discussed in Chapter 8, Section 3, also provides
a test of supersymmetric interpretations of new physics. Mcasurements of the mass
dillerences between scalar partners in the same SU(2) doublet may also provide quan-
titative and rather model-independent checks.

In this section we focus on investigations of supersymmetric coupling relations,
which are among the most incisive and model-independent tests. In addition to pro-
viding precise quantitative conlirmation of supersymmetry, such tests may also shed
light on otherwise inaccessible superpartners, much as current precision electrowecak
measurements bound the Higgs boson mass and constrain new physics.
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4.1 Confirming supersymmetry

Il supersymmetry were an exact symmetry of nature, the properties of supersym-
metric particles would be completely determined by the properties of their SM part-
ners. Of course, relations between masses are broken by soft supersymmetry breaking
parameters, However, supersymmetry also predicts the cquivalence of dimensionless
couplings. For example, supersymmetry implies

g =hi . (4.3)

where g; are the SM gauge couplings, h; are their supersymmetric analogues, the
gaugino-lermion-sfermion couplings, and the subscript 1 = 1,2, 3 refers to the U(1),
SU(2), and SU(3) gauge groups, respectively. ‘I'hese identities are not broken by soft
supcersymmetry-breaking parameters at tree level and are therefore known as “hard
supersymmetry relations” [190]. They are valid in all supersymmetric theories, in
contrast to other predictions such as the universality of scalar or gaugino masses.
Hard supersymmetry relations therefore provide, in principle, a model-independent
method of quantitatively confirming that newly-discovered particles are indeed su-
perpartners [155,183].

4.2 Super-oblique corrections

At the loop-level, however, even hard supersymmetry relations receive corrections
that would vanish in the supersymmetric limit [191]. These corrections arc anal-
ogous to the oblique corrections [192] of the Standard Model. In the SM, SU(2)
multiplets with custodial SU(2)-breaking masses, such as the (¢,0) multiplet, induce
splittings in the couplings of the (W, Z) vector multiplet at the quantum level. Sim-
ilarly, in supersymmetric models, supermultiplets with soft supersymmetry-breaking
masses, such as the (/~, /) supermultiplets, induce splittings in the couplings ol the
(gauge boson, gaugino) vector supermultiplet at the quantum level. This analogy can
be made very precise [193-196]. Corrections to hard supersymmetry relations are
therefore called ‘super-oblique corrections’, and the splittings are typically written in
terms of ‘super-oblique parameters.’

If some scalar superpartners ‘/N' have masses at a high scale M, and all others are
light with mass m ~ My, the super-oblique parameters are given by

~ hi(m) _gim) M

Ui = —> 1 - Abzl
gi(m) 1672 o

where Ab; is the one-loop f-function cocllicient contribution from all light particles
whose superpartners are heavy. Equation (4.4) is the leading logarithm contribution
to U;. The super-oblique paramcters for some representative models are given in
Table 4.2. The super-oblique parameters may also receive contributions from split
exotic supermultiplets, such as the messengers of gauge-mediation {193,196].
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Uy U, Us

2-1 Models 0.35% x In(M/m) 0.71% x In(M/m) 2.5% x In(M/m)
Heavy QCD Models  0.29% x In(M/m) 0.80% x In(M/m)

Table 4.2: The super-oblique parameters U; in two representative models: ‘2-1 Models,’
with all first and second gencration sfermions at the heavy scale M, and ‘Heavy QCD
Models,” with all squarks and gluinos at the heavy scale.

From Eq. (4.4) we sec that, although super-oblique parameters are one-loop effects,
they may be greatly enhanced if many states are heavy (large Ab;). They also grow
logarithmically with M/m: super-oblique parameters are non-decoupling, and so are
sensitive to particles with arbitrarily high mass. As noted in Section 2, the squarks
and sleptons of the first and second generations are only loosely bounded by fine-
tuning arguments. They may have masses far beyond the rcach of the LIIC, and in
fact, such massive squarks and sleptons considerably ameliorate many supersymmetric
flavor and CP problems. [n these cases, the super-oblique parameters are large and
provide a rare window on these heavy scalars.

4.3 Measurements at linear colliders

With respect to super-oblique parameters, the program at a linear collider consists
of two parts: I%irst, one would like to verify as many hard supersymmetry relations
as possible to dctermine that newly-discovered particles are in fact superparticles.
Second, if new particles are determined to be supersymmetric, small violations of
hard supersymmetry relations may provide the first evidence for as-yet-undiscovered
superparticles. Precise measurements of the super-oblique parameters may constrain
the mass scales of these superparticles.

The experimental observables that are dependent on super-oblique parameters
have been exhaustively categorized in [194] for both lepton and hadron colliders. The

most promising observables at colliders are cross sections and branching ratios involv-
" ing gauginos, and several of these possibilities have been examined in detailed studies.
The potential of linear colliders is, of course, highly dependent on the supersymmetry
scenario realized in nature, but we present a brief synopsis below.

To date, all studies have used tree-level formulae in which the gaugino couplings
are allowed to vary. Constraints on these gaugino couplings arc then interpreted
as measurcments of super-oblique parameters. At the level of precision required,
however, it will ultimately be necessary to make a detailed comparison of cross sections
and other observables with full one-loop predictions. In chargino pair production, for
example, studies of triangle [197-199] and box [200] contributions have been shown
to be important. In addition, beam polarization may enhance the effect of quantum
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corrections [198]. To extract the non-decoupling effects of very heavy superpartners,
one must therefore control many other effects, including all other virtual effects,
either by including data from direct detection, or by verifying that such effects are
sufficiently suppressed to be negligible. The study of super-oblique parameters should
be viewed as the first step in the complete program of one-loop SUSY studies that
will be possible at a linear collider.

Potential super-oblique parameter measurements at a linear collider should in-
clude:

o Measurements of U,. Selectron pair production at electron colliders includes
a contribution from t-channel gaugino exchange. In particular, in the reaction
ete™ — €LéR, its dependence upon the Beé coupling hy has been studied
in [183]. Under the assumption that the selectrons decay through € — eB, the
selectron and gaugino masses may be measured through kinematic endpoints.
Combining this information with measurements of the differential cross section,

U, may be determined to ~ 1% with 20 fb™! of data at /s =500 GeV.

This high-precision measurement may be further improved by considering the:
process e”e” — €r€g. This process is made possible by the Majorana nature
of gauginos. Relative to the eTe™ process, this reaction benefits from large
statistics for typical supersymmetry parameters and extremely low backgrounds,
especially if the electron beams are right-polarized. Depending on experimental
systematic errors, determinations of U; at the level of 0.3% may be possible
with integrated luminosities of 50 fb™" [194].

o Measurements of U,. Chargino pair production has a dependence on U, at
lepton colliders through the 7 exchange amplitude. This process was first stud-
ied as a way to verify hard supersymmetry relations [155]. In [194], estimates
of 2-3% uncertainties for U, were obtained from pair production of 172 GeV
charginos with /s = 400-500 GeV. These results are conservative, and are im-
proved in most other regions of parameter space [197]. Dramatic improvements
may also be possible if both charginos are within kinematic reach and large
luminosities with polarized beams are available, a scenario studied in [201].

The process ete™ — .0, also depends on [72 through Iihe t-channel chargino
exchange amplitude. With a data sample of 100 fh™", U/; may be determined
to ~ 0.6% [195].

o Measurements of Us. The strong super-oblique paramecter may be measured
through processes involving squarks. The squark pair-production cross sec-
tions al lepton colliders are independent of super-oblique corrections, but the
three-body production processcs, such as (1§ and bbg, have been suggested as a

probe [194,196].
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Squark branching ratios are also sensitive to super-oblique corrections if there
are two or more competing modes [190]. In [194], parameters were studied
in which the two decays b, — b and b, — bW were open. For parameters
where the gluino decay is suppressed by phase space, these modes may be
competitive, and measurements of the branching ratios yield constraints on Us.
For example, for m; =300 GeV, by, pair production at a /s = 1 TeV collider

with integrated luminosity 200 fb™! yields measurements of Us at or below
the 5% level for 10 GeV < my, —mg S 100 GeV. These measurements are
typically numerically less stringent than those discussed above, but the SU(3)
super-oblique correction is also larger by a factor o /ct,.

o Measurements of Wino-Higgsino mizing. The presence of the W boson mass
in the tree-level chargino mixing matrix is also a consequence of supersymme-
try (relating the WWh and Whh couplings). Wino-Higgsino mixing receives
non-decoupling corrections, and may be constrained through chargino pair pro-

duction [155,197].

o Measurements of trilinear gaugino/gauge boson couplings. Finally, the super-
symmetric equivalence of triple gauge boson and gaugino couplings may also
be broken. In [202], splittings of the WW+y and WW?# couplings were calcu-
lated and found to be present at the few-percent level. Such splittings could be
probed in W — W# decays.

These studies demonstrate the promise of linear colliders for loop-level studies of
supersymmetry. If charginos or sleptons are produced at linear colliders, precision
tests will be able to verify that their couplings are as predicted by supersymmetry
to the percent level. In addition, small corrections to these relations are sensitive to
arbitrarily heavy superpartners, and, if some superpartners are kinematically inac-
cessible, precise determination of the super-oblique parameters may provide a target
mass range for future searches.

5 Symmetry violating phenomena

5.1 R-parity violation

Up to this point we have considered only R-parity (R,,)-conserving supersymmetric
theorics. R, is a multiplicalive discrete symmetry [203 206] defined for cach particle
to be

R, = (—1)PHAes (1.5)
where B is baryon number, L is lepton number, and S is the particle’s spin. This
symmetry is not automatic in the MSSM as it is in the SM. We now consider the
possibility that the symmetry is not respected [207].
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Without R, conservation, the most general gauge-invariant and Lorentz-invariant
superpotential is

W = uH,Hy+y5Halje, + yhHaQidi + vl HuQjus,
FNijpLiLjeq + Njp LiQdy, + Npusdsdy, + po b, Ly (4.6)

The M- and X- terms do not respect lepton number and the A”-terms do not respect
baryon number. Proton decay is unacceptably rapid if all terms are allowed without
extreme suppressions; this requires X'\’ < 10736, But, since proton decay requires
both lepton and baryon number violation, it is possible to escape this constraint by
forbidding one or the other of lepton number violation or baryon number violation.
That is, the constraint on M)\’ can be accomodated by setting A = 0 (lepton number
conservation) or A" = 0 (baryon number conservation). The u; terms also violate
lepton number conservation, although these terms can be defined away at tree level.

In the next few paragraphs, we will describe the signals expected at a 500 GeV
linear collider for a theory with non-zero A as the only R,-violating couplings. We
will then reanalyze the same theory but this time with only non-zero A’ couplings,
and finally with only non-zero A" couplings. We further assume that the R,-violating
couplings are too weak to participate in observables in any way except to allow the
lightest neutralino to decay promptly in the detector. Making the couplings stronger
usually implies even more phenomena by which to discover supersymmetry (additional
production modes via R, violation). Making the couplings very weak will cause the
phenomenology to asymptotically approach that of the MSSM with R, conservation.

When applicable, we will illustrate phenomena with model E of [208], which
is the heaviest superpartner model considered in this paper. This model assumes
M, = 2M; = 200 GeV, p = —250 GeV, tanf = 20, and ms, = me, = 200 GeV.
The chargino masses are then 173.4 and 292.1 GeV, and the neutralino masses are

97.7,173.6,260.8, and 290.1 GeV.

511 )\LLec ?é 0

In these theories the L.SP always decays into two charged leptons and a neutrino
(missing energy):

W=l + 0+ F (4.7)

When superpartners arc produced in pairs, they will cascade-decay down to two LSPs
(plus SM jets or leptons), and the LSPs will then decay into two leptons plus missing
cnergy. Therelore, the signal always includes at least four leptons plus missing energy,
and quite often contains more leptons and additional jets from the cascades. 'I'his
is a spectacular signature that will not go unnoticed. IFor example, the cross section
for the Al ++ 1Yy signature for our considered example model is approximately 274 (b,
much higher than the expected 0.4fb background rate [208].
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51.2 Npgge #0

In these theories the LSP always decays into two jets with an accompanying charged
lepton or neutrino:

)”(?—}liqq' or vqq. (4.8)

All supersymmetry signals must pass through %9%7 + Xsm, where Xgum represents
SM states (jets, leptons, or neutrinos) arising from the cascade decays of the pro-
duced parent superpartners. In this case the final-state signatures of all superpartner
production processes will be

(0,1, or 2 leptons) + 4jets + Xsn. (4.9)

Furthermore, all events that do not have 2 leptons will have some missing energy in
them from escaping neutrinos.

Many of the signal events of this type of R, violation will be swamped by back-
grounds. The two most promising modes to search are 3/ and 4/ final states, where
at least one additional lepton comes from the cascade products in Xgy. Another
intriguing possibility is to search for like-sign dilepton events. This signature is made
possible by each independent ¥ decaying into a lepton of either positive or negative
charge. Approximately one-eighth of the ¥V%} decays end in like-sign dileptons. The
background in this case is very small whether Xgy contains leptons or not. Further-
more, it appears that the LSP mass may be obtainable by analyzing the invariant
" mass distribution of the hardest lepton combined with all hadronic jets in the same
hemisphere [208].

513 Nopye 70
In these theories the LSP always decays into three jets:

X — d'qq. (4.10)

All supersymmetry events will then have at least six jets from LSP decays in the final
state plus the cascade decay products of the parent sparticles. Although jet recon-
struction algorithms will generally not resolve all six jets, they will usually register
al least three in the event [209].

Perhaps the most important signature for discovery in these theorics comes {from
chargino pair production, where cach chargino decays as ¥ — 0. The final state
will then be 2 leptons plus many jets. Unfortunately the lepton often finds itself inside
onc of the many hadronic jets and fails the isolation requirements. Nevertheless, the
rate is sufliciently large thal it is a viable signal for our example model. According

to [208], the signal in this mode including also the smaller contribution from XiX§
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production—is approximately 40 fb compared to a background of 243 fb. A moderate
luminosity of 10fb™* would produce a S/v/B significance greater than 8.

To determine the LSP mass, one can use strategies similar to ALEPH’s four-jet
analysis [210] to combine jets within same hemispheres to look for matching invariant
mass peaks. Careful comparisons with background have not yet been performed to
see how accurately the LSP mass can be extracted with this technique.

514 p; #0

The parameter space with just p; # 0 is often called Bilinear R-Parity Violation
(BR,V). It has special theoretical motivations in supersymmetry [211-214]. One
interesting phenomenological feature of the model is its ability to predict the three
neutrino masses and the three mixing angles by adding to the MSSM only one or
two extra parameters. This is done in a SUGRA context with radiative electroweak
symmetry breaking and universality of soft parameters at the GUT scale [215]. At tree
level, one neutrino acquires a mass from neutrino-neutralino mixing. The masslessness
and degeneracy of the other two neutrinos is lifted at one loop, giving masses and
mixings that account for the solar and atmospheric neutrino anomalies [216-219].
The parameters of the model can be measured from the leptonic branching fractions
of the lightest neutralino [219,220]. Thus, in this model, crucial information needed
to understand neutrino physics comes from experiments at the linear collider.

5.2 Lepton flavor violation

A linear collider enables the careful study of flavor physics in supersymmetry.
With the apparent confirmation of neutrino masses, non-trivial lepton-slepton flavor
angles are assumed to exist. There are constraints on the magnitude of these angles
from B(p — ev) bounds, for example. However, the constraints are weaker if the
sleptons are nearly degenerate in mass. We will make this assumption here, thereby
invoking a super-GIM suppression to suppress the radiative flavor-violating lepton
decays.

Direct production of sleptons and close scrutiny of their decays allow probing. of
these flavor angles at more sensitive levels [221-226]. The nearly degenerate sleptons
will undergo flavor oscillation after being produced and then decay quickly. Analogous
to ncutrino oscillations, the detectability of slepton oscillations is best characterized
in the (sin 20, Am?) plane, where 0 is the angle between the weak cigenstates |¢), |ji)
and the mass cigenstates |1), |2):

|€) = + cos 0]1) + sin 0]2) (4.11)
1) = —sind[1) + cos0]2).
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Figure 4.8: Contours of constant o(efe™ — etuFI%?) in fb at a /s = 500 GeV eTeg
collider. The signal arises from right-slepton production and subsequent decay to lepton plus
lightest neutralino. The {r masses are approximately 200 GeV and the lightest neutralino
is a Bino with mass 100 GeV. The thick gray contour represents optimal experimental
reach with 50 fb™! integrated luminosity. The straight lines (dotted and dashed) represent
contours of constant B(y — ey). These depend on additional parameters such as the £r,
mass and the off-diagonal entries of the slepton mass matrix. See [221] for more details.

Figure 4.8 shows contours of constant o(ete™ — eiu¢)~<i)~<(l)), in fb, at a 1/s = 500
GeV collider with eter collisions. The signal arises fl‘OI}:l Lr production and subse-
quent decay to a lepton plus the lightest neutralino. The £ masses are approximately
200 GeV, and the lightest neutralino is a Bino with mass 100 GeV. From this figure
we can see that careful measurement of the cross section enables probing of flavor-
violating couplings to very small mass splitting and mixing angle.

5.3 CP violation

The new mass parameters associated with supersymmetry may not all be real,
and could lcad to CP violation effects [227] at high-cnergy colliders. The parameters
ity My and M, can in general be complex. By rotating the phases of the gauginos we
are {ree to choose My real, leaving us with

()i(/)N

o= and My — [M]e'. (1.12)
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In addition to these phases, each of the tri-scalar A terms connecting the Higgs bosons
with left and right scalar superpartners of the fermions can in principle have its own
independent phase.

Generic O(1) phases associated with superpartner masses near the weak scale are
ruled out by the electric dipole moments (EDMs) of the neutron and electron if su-
perpartners are light enough to be accessible at a 1 TeV linear collider. Therefore,
we assume here that the phases must be small, O(0.1). We remark that tuned can-
cellations [228,229] may allow O(1) phases for light superpartners, thereby leading to
effects much larger than the estimates given below.

Supersymmetric CP-violating phases have two important effects: they disrupt
the relations among CP-conserving observables, and they give birth to non-zero CP-
violating observables. Much work has gone into both types of analyses. For example,
CP-violating observables in ete™ — ¢ may be the most promising way to find ac-
tual CP violation effects at the linear collider. We refer the reader to [230-232] for
a comprehensive review of this subject, and a description of the challenges facing
experiment to confirm CP-violating effects. Here, we briefly focus on the effects that
small phases have on CP-conserving observables.

Recently several groups have shown how CP-violating phases affect almost all
interesting MSSM observables at a linear collider [233-235,181,236]. For example,
the chargino mass eigenstates depend non-trivially on the phase of pu: '

1
mis = (M2 + [u? + 2m¥, F Ao, (4.13)

X1,2

where

Ac = |(MF )" + dmiy cos* 28 + dmiy (M3 + |ul’)
+ 8m¥y, M| u| sin 2 cos (I)ﬂ]l/z . (4.14)

The effects of phases on observables have been illustrated in [236] with a reference
model corresponding to an mSUGRA point with my/, = 200 GeV, mg = 100 GeV,
Ay =0, tan 8 =4, and p > 0. This parameter choice corresponds to the mass values
M| = 83 GeV, My = 165 GeV, u = 310 GeV, ms, = 180 GeV, m; = 166 GeV,
and ms, = 132 GeV. In Fig. 4.9, the effects of varying the phases ¢ and ¢, are
demonstrated for several observables.

Motivated by the EDM constraints on the phases of supersymmetric mass para-
meters, the authors of [236] set ¢, = 0 and simulated how evidence for a small but
non-zero ¢; phase would be extracted at a linear collider. 'I'hey generated 10000
data sets, smecarcd with respect to the true values by experimental resolution. The
input data included three cross sections (Y979, ¥9%9, and 7 xF) and three masses
(.mi‘f’ Mg, and m{]i) Figure 4.10 demonstrates the extraction of several different
parameters, and their interdependence. Ior example, the bottom figures show the
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Figure 4.9: The effects on supersymmetry observables obtained by varying the phases ¢;
and ¢, in the example model discussed in the text [236].
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systematic error one would encounter by having a wrong input for x| given a known
tan 4. Pecrhaps the most interesting conclusion one can draw from this cxercisc is
thal ¢; = 0 is strongly disfavored, incicating that the linear collider measurements of
CP-conserving observables can give a strong signal for nonzero CP-violating phases
if they are present.

6 Supersymmetry and e"e”, e, and v colliders

!

6.1 Supersymmetry and e ¢~ colliders

The features of e”¢™ colliders are reviewed in Chapter 14. The unique quantum
numbers of the e”e™ initial state forbid the production of most superpartners. How-
ever, slepton pair production through t-channcl ncutralino exchange is always possi-
ble [237]. The opportunitics at e~e~ colliders for mecasurements of slepton masses,
mixings, and couplings are unparalleled, and exploit many of the unique properties
of e7e™ colliders.

6.1.1 Masses

As reviewed in Section 2, masses at linear colliders are most accurately determined
through kinematic endpoints and threshold scans. In ete™ mode, the threshold cross
section for pair production of identical scalars rises as 8%, where 8 is the velocity of
the produced particles. Threshold studies for identical scalars are therefore far less
cffective than for fermions, and consequently require large investments of integrated
luminosity [174].

At e”¢™ colliders, however, the same-helicity selectron pair production cross sec-
tion has a B dependence at threshold [238]. 'T'his is easily understood: the initial
state in cger — €rép has angular momentum J = 0, and so the selectrons may be
produced in the S wave statc. Cross sections for € pair production in e”e™ and ¢te”
modes are compared in Fig. 4.11. For round beams, the increased beamstrahlung
and decreased luminosity of the e”e™ mode compromise this advantage. lHowever,
beamstrahlung is reduced for flat beams [239], and mass mcasurements of order 100
MeV can be achieved with two orders of magnitude less luminosity than required
in eTe™ collisions [240,241]. Incidentally, the full arsenal of lincar collider modes al-
lows one to extend this mass measurement to the rest of the lirst-generation sleptons
through a scries of 3 threshold scans: e ¢~ —» Exéx yields ma,; cte™ — 65T yields
ms,; ete” — ViV, yields mgk; and €7y = DXy yields my, [242]. The process
e”e” — €,6, may also be used to determine the Bino mass M, with high accuracy
even for very large M, [238,241].
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Figure 4.11: Threshold behavior for o(e”e¢™ — ézéR) (upper two contours) and o(ete™ —
éhén) (lower two contours) for mg, = 150 GeV and M; = 100 GeV [240]. In each pair,
the dotted curve neglects all beam effects, and the solid curve includes the initial state
radiation, beamstrahlung, and beam energy spread for flat beams. Results for e”e™ round
beams (dashed) are also shown. The selectron width is included, and beam polarizations
P, =0.8 and P+ = 0 are assumed.

6.1.2 Mixings

Now that neutrinos are known to mix, lepton flavor is no longer a perfect symmetry.
Sleptons may also have inter-generational mixings. Such mixing leads to decays € —
1X3, 7XY and may be searched for at either ete™ or e”e™ colliders.

At ete™ colliders, the signal is ete™ — eFuF %0, etrF59%0. The backgrounds
are ete™ — WIW =, ete™ = voW*W™, ete”™ — efvWTF, and vy - WHW~. The
first two backgrounds may be reduced by ez beam polarization; however, the last two
are irreducible.

[n the e7¢™ case, the signal is e7e¢™ = ¢ YUV, e 77 v9YY. Among potential
’ ALAL 1A1

backgrounds, ¢7¢™ — W™W™ is forbidden by total lepton number conservation,
¢ em = vvWTWT and emem = e W may be suppressed by right-polarizing both
¢~ beams, and vy — WTW™ does not yield two like-sign leptons.  As a result,
the sensitivity of ¢”e™ colliders to slepton {lavor violation is much greater than at
ete™ colliders, and probes regions of paramecter space beyond current and near-future

low-encrgy experiments scarching for p-¢ and 7-¢ transitions [221,222].
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6.1.3 Couplings

The excellent properties of e”e™ colliders are also ideal for exploring selectron gauge
couplings. As noted in Section 4, precise comparisons of the eéB and eeB cou-
plings provide a model- 1ndependent test of supersymmetry. The eéB coupling is a
non-decoupling observable sensitive to arbitrarily heavy superpartners. The nearly
background-free environment of "¢~ colliders makes possible extremely precise mea-
surements of selectron couplings, surpassing those available at eTe™ colliders [194],
and may help set the scale for far-future colliders in scenarios where some superpart-
ners are extremely heavy.

6.2 Supersymmetry and e” v colliders

Even if several neutralinos and charginos have light masses such that they can be
produced in pairs at the LC, the sleptons might be above threshold for pair production
in eTe™ collisions. In this case, the sleptons may be accessible in the e~ colliding
option in the single-slepton plus lighter-neutralino final state Yy, g.

This reaction was studied in [243,244,242]. For example, the parameters chosen
in [242] lead to the masses: mgy = 65 GeV, mgx = 136 GeV, mz, = 320 GeV,

= 307 GeV, and my, = 315 GeV With these va]lues pair production of charginos
is accessﬂole at a 500 GeV linear collider but slepton pair production is not.

Figure 4.12 shows the cross sections for slepton-neutralino production as a function
of the ey center-of-mass energy for the four different helicity combinations of the
incoming electron and photon. The cross section for ég¥) in the (+,+) helicity
combination is sharply peaked at center-of-mass energies not far from the threshold.
The signal for this process is e~ plus missing energy. The background [243,242]
has a cross section of a few picobarns and mainly arises from W~v — e vr. This
background can be reduced dramatically by using a polarized ep beam. With the
above parameters, using polarization and a few judicious kinematic cuts on the final
state particles, the slepton can be discovered and studied. It has been estimated that
both the slepton and sneutrino masses can be measured to about 1% accuracy.

6.3 Supersymmetry at vy colliders

One of the main motivations for the ¥ collider option is to study direct single
IMiggs production through the yvh coupling. This motivation is cspecially power-
ful in supersymmetry since most versions of the theory predict a Higes boson below
about 135 GeV. The motivation is further strengthened by the realization that addi-
tional ITiggs states exist in supersymmetry that may not be accessible at the LITC or
ete™ annihilation but may be visible in single production from yy. These issucs arc
discussed in more detail in Chapters 3 and 13.

For dircet superpartner pair production, vy collisions also have an important
advantage: the unambiguous production mode for superpartners through photons
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[Migure 4.12: Cross scctions for ™y — €X° processes, from [242]. The upper two curves

show the total cross section (in fb) for ™y — ¢y" versus ,/Sey (in GeV) for the SUSY and
machine parameters given in the text: (a) é,x7; (b) €,%3; (c) €r¥Y; (d) epxy. The solid
curves represent e, v helicities (—, —) for (a), (b) and (+,+) for (¢}, (d). The dashed curves
represent helicities (—,+) for (a), (b) and (+,—) for (¢), (d). The lower two curves are
corresponding results, convoluted with the backscattered photon spectrum, versus /sqe.

coupled to charge. Knowing exactly how a particle is produced reaps great benefits
when analyzing the actual data recorded by the detectors. Production cross sec-
tions of superpartners have been calculated most recently by [245,246]. 1t has been
argued [246] that some observables derived from vy — yExF production are very
useful in extracting fundamental parameters of the supersymmetric Lagrangian. The
special advantages yy collisions offer supersymmetry deserve additional careful study.

7 Comparison with LHC

If SUSY is relevant to electroweak symmetry breaking, then the arguments sum-
marized in Section 2 suggest that in many models the gluino and some squark masses
are less than O(1 TeV). This is also truc in most models with SUSY particles visible
at a 500 GeV LC. Gluinos and squarks then dominate the LHC SUSY cross section,
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Figure 4.13: Plot of 50 reach with multiple jets plus Fr plus leptons in minimal SUGRA
model at LHC for 10 tb™1 (left) and 100 fb~* (right) [248]. Also shown are contours of the
squark and gluino masses and of the cold dark matter density QA2

which is of order 10 pb. Since they are strongly produced, it is easy to separate SUSY
from SM backgrounds provided only that the SUSY decays are distinctive. In the
MSUGRA model, these decays produce multiple jets and Fr plus varying numbers
of leptons [247]. Figure 4.13 shows the 5o reach in this model at the LHC for an
integrated luminosity of 10 fb~! and 100 fb~' [248]. The reach is comfortably more
than the expected mass range.

While the reach in Fig. 4.13 has been calculated for a specific SUSY model, the
multiple jet plus fr signature is generic in most R-parity-conserving models. GMSB
models can give additional photons or leptons or long-lived sleptons with high pr but
B < 1, making the search easier [249,250]. R-parity-violating models with leptonic
X} decays also give extra leptons and very likely violate e-u universality. R-parity-
violating models with ¥¥ — qgq give signals at the LHC with very large jet multi-
plicity, for which the SM background is not well known. For such models, it may be
necessary to rely on leptons produced in the cascade decay of the gluinos and squarks.
In AMSB models, cascade decays of gluinos and squarks again lead to a substantial

reach for SUSY by the LHC [251]. In all cases, it seems likely that SUSY can be
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discovered at the LHC if the masses are in the expected range [252-254].
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Figure 4.14: Plot of the ete™ + p*u~ — ¢4 mass distribution for LHC SUGRA Point 4
with direct ¥ — X¥74¢ decay (left) and for LHC SUGRA Point 5 with X3 — £X£F — 304+¢~
(right) [252]. The event generator ISAJET is used. The shape of the peak on the left plot
below 70 GeV should be compared to the shape of the peak in the right plot. The left plot
also contains a Z — £t£~ signal that comes from heavier gauginos.

The main problem at the LHC is not to observe a signal that deviates from the SM
but to separate the many different channels produced by all the SUSY cascade decays
from the produced squarks [255] and gluinos. One promising approach is to try to
identify particular decay chains and to measure kinematic endpoints for combinations
of the visible particles in these [256]. For example, the £t{~ mass distribution from
X9 — X2* (™ has an endpoint that measures M% —'M;g? [257], while the distribution
from X9 — R0 X3t 2~ has a different shape and measures

(M5 — MZ)(MZ — M)
M2
£

MR =

The flavor-subtraction combination ete™ + ptp™ — e*u™ removes backgrounds from
two independent decays. Dilepton mass distributions [252] after culs for an example
of cach decay are shown in Fig. 1.14.

[l'a longer decay chain can be identificd, then more combinations of masses can
be measured. Consider, for example, the decay chain

i+ W0 Bty S
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For this decay chain, kinematics gives {747, £14q, and two /g endpoints in terms
of the masses. If a lower limit is imposed on the {14~ mass, there is also a (t(7¢q
lower edge. With suitable cuts all of these can be measured [252,258] for the cases
considered. The statistical errors on the measured endpoints are typically comparable
to the systematic limits, O(0.1%) for leptons and O(1%) for jets. Figure 4.15 shows
a scatter plot of the resulting ¢ and %9 masses for LIIC SUGRA Point 5 and [lor
a similar point in another SUSY model with this decay chain [259]. T'he relations
between masses are determined with good precision, so these two models arc casily
distinguished. However, the LSP mass is only measured to O(10%).
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Figure 4.15: Left: Scatter plot of reconstructed values of the (g and % masses for LIIC
Point 5 (S5) and for a different model (O1) using the decay chain gz — ¥9¢ — £rlg — X34{g.
Right: Projection of My for LILC Point 5 [259].

X

Analyses such as these have proved useful for a number of SUSY points in a varicty
of SUSY models [252]. 'I'he method seems fairly general: there is usually at least one
distinctive mode — typically X3 — X200t~ 9 — L5307, or Y — Y0h — ¥0bb — from
which to start. But some points are much more difficult than others. For example,
in MSUGRA with tan 4 > 1 it is possible to choose parameters such that the only
allowed 2-body decays of ¥3 and X7 are 7577 and 7Fv, [260] respectively.” These
modes then have branching ratios in cxcess of 99%. While it is possible to identify
and to measure hadronic 7 decays [252], the measurements arc much less precise than
those involving leptons. Even if 7 dccays arc not dominant, they may be important,
since they can provide information on 7, — 7; and gaugino-1ligesino mixing.

*The simple class of such models considered in [262], however, gives an excessively large contri-
bution to g, — 2 [136].
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If SUSY is found at the LIC, the SUSY events will contain much more infor-
mation than just endpoints like those described above. For example, while it is not
possible to reconstruct ¥F decays in the same way because of the missing neutrino,
one can get information about the chargino mass by studying My, and other distribu-
tions for 1-lepton events. Cross sections and branching ratios can also be measured;
interpretation of these will be limited by the theoretical errors on the calculation
of cross sections and acceptances. Without real experimental data, it is difficult to
assess such theoretical systematic errors.

SUSY signatures at the LHC typically come from a combination of many SUSY
particles, so the analysis is considerably more complicated than that at a LC. However,
the initial steps at the LHC are fairly clear. First, one will look for a deviation from
the SM in inclusive distributions such as multiple jets plus fr, perhaps accompanied
by leptons and/or photons. If a signal consistent with SUSY is found, it should
determine both the mass scale [252,261] and the qualitative nature of the signal. (As
a simple example, in a GMSB model with a long-lived slepton NLSP, SUSY events
would contain two high-pr particles with # < 1.) Next, one will look for various
kinematic endpoints like those described above and use them further to constrain the
SUSY masses. After this, one will look at more model-dependent quantities such as
kinematic distributions, cross sections, and branching ratios. These seem difficult to
assess without real data.

This program is likely to provide considerable information about gluinos, squarks,
and their primary decay products, including ¥°, X9, ¥*, and any sleptons that occur
in their decays. It is more dangerous to predict what cannot be done, but there are
measurements that appear difficult at the LHC and that could be done at a 500 GeV
LC. For example:

e While it is possible to measure the X9 mass at the LHC in favorable cases, it
seems difficult to reduce the error below O(10%). If any visible SUSY particle
is produced at a LG, the error on Mo should be O(1%).

e Sleptons that are not produced in %3 or Xi decays are difficult to study at the
LHC: both the Drell-Yan process and decays of heavier gauginos typically give
very small rates [262]. They can be precisely measured at a LC.

e Distinguishing ¢, from (g appears very diflicult, at the LILC except perhaps for
7’s, but this is straightforward at a L.C using the polarized beam.

e Hadronic 7 decays are easier to identily and to measure at a LC because therc
is no underlying hadronic event.

Branching ratios currently seem difficult to measure with high precision at the
[LITC: both the production cross sections and the acceptance have theoretical
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uncertainties of O(10%). In particular, it seems difficult to make precise tests
of SUSY relations among couplings.

More generally, while the LHC seems sure to discover SUSY at the TeV scale if it
exists, the measurements of SUSY that can be made there depend on the SUSY model.
A LC can provide precise, detailed measurements of any kinematically accessible
SUSY particles. Ultimately, one will want such measurements for the entire SUSY
spectrum.
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