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PREFACE

We present the prospects for the next generation of high-energy physics experiments with
electron-positron colliding beams. This report summarizes the current status of the design
and technological basis of a linear collider of center of mass energy 500 GeV-1.5 TeV, and
the opportunities for high-energy physics experiments that this machine is expected to open.

Over the past two decades, particle physics experiments have made an increasingly precise
confirmation of the "Standard Model" of strong, weak, and electromagnetic interactions.
High-energy physicists now feel confident that the basic structure of these once-mysterious
interactions of elementary particles is now well understood. But the verification of this model
has brought with it the realization that there is a missing piece to the story: The structure
of the weak interactions is based on a symmetry principle, but we observe that symmetry
to be broken, by an agent that we do not yet know. This agent, whatever its source, must
provide new physical phenomena in the energy region between a few hundred GeV and 1
TeV.

The Large Hadron Collider (LHC) in Europe offers an entry into this energy regime
with significant opportunity for discovery of new phenomena. An electron-positron collider
at this next step in energy, the Next Linear Collider (NLC), will provide a complementary
program of experiments with opportunities for both discovery and precision measurement.
To understand the nature of the new phenomena at the TeV scale, to see how they fit together
with the known particles and interactions into a grander picture, both of these facilities will
be required.

In particular, electron-positron colliders offer specific features that are essential to un-
derstand the nature of these new interactions whatever their source. They allow precise and
detailed studies of the two known particles that couple most strongly to these interactions,
the W boson and the top quark. They provide a clean environment for the discovery of new
particles whatever their nature, and they provide special tools, such as the use of electron
beam polarization, to dissect the couplings of those particles.

All of this would be merely theoretical if the next-generation linear collider could not
be realized. But, in the past few years, the technology of the linear collider has come of
age. The experience gained from the operation of the Stanford Linear Collider (SLC) has
provided a firm foundation on which to base the design and technology choices for the NLC.
The fundamental new technologies needed to construct the NLC have been demonstrated
experimentally. Microwave RF power sources have exceeded requirements for the initial stage
of the NLC, and critical tests assure us that this technology can be expected to drive beams
to a center of mass energies of a TeV or more. Essential demonstrations of prototype collider
subsystems have either taken place or are now underway: The Final Focus Test Beam, has
already operated successfully; a prototype linear accelerator and a prototype damping ring
will be operated within the next year. A detailed engineering study, the Zeroth-Order Design
Report (ZDR), has demonstrated that these components can be integrated into a complete
machine design.
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These reports provide a summary of both of these aspects of the linear collider project.
Chapter 1 gives an overview of the NLC project and describes the genesis of this document.
Chapter 2 gives a survey of models of new physics at the electroweak scale and presents,
case by case, the unique and crucial experiments that the NLC will supply. Chapter 3 gives
a summary of the ZDR and the status of the linear collider technology.

The Next Linear Collider can be constructed, and it will play an essential role in our
understanding of physics at the TeV energy scale. It is time to begin the task of making this
project a reality.
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Physics Goals of the Next Linear
Collider

0.1 Introduction

During the past several decades, significant advances have been made in elementary particle
physics. We now have a renormalizable quantum field theory of strong and electroweak
interactions, based on the principle of local SU(3)C x SU(2)L X U(1)Y gauge invariance.
That theory properly describes the interactions of all known particles, incorporating the
proven symmetries and successes of quantum electrodynamics, the quark model, and low
energy V-A theory. It correctly predicted weak neutral currents, the now observed gluons
and weak gauge bosons, and the special properties of the heavy fermions r , 6, and t. Since
it is a renormalizable theory, its predictions can be tested at the quantum loop level by high
precision experiments. It has already confronted a wealth of data at the level of 1% or better
without any significant evidence of inconsistency. Because of those impressive successes,
the SU(3)C x SU(2)L x U(1)Y theory has been given the title "The Standard Model", a
designation which establishes it as the paradigm against which future experimental findings
and new theoretical ideas must be compared.

The Standard Model cannot be the final theory of Nature, but it does represent the
completion of a major stage toward the uncovering of that theory. To make further progress,
we must examine both the strengths and failings of this model and direct experimental effort
toward the weakest points in its structure.

The Standard Model is based on the interactions of fermions and vector gauge bosons.
The fermions are grouped into three generations of leptons and quarks which span an enor-
mous mass range. Their newest member, the top quark, is exceptionally heavy. Why is
the top so massive, or why are the other fermions so light? This question highlights the
broader problem of why Nature chose to repeat the fermion generations three times and
endow quarks and leptons with their observed pattern of masses and mixing. It is likely that
future intense scrutiny of the top quark's properties will provide new insights regarding this
important problem.

The vector bosons of the Standard Model are grouped into eight massless gluons of
SU(3)C which mediate the strong interactions, plus the W±, Z, and 7 which are responsible



for electroweak interactions. The SU(3)C gauge theory, called quantum chromodynamics
(QCD), taken on its own, is an ideal theory. It has no arbitrary or free parameters but
can, in principle, explain all hadronic dynamics including confinement, asymptotic freedom,
proton structure, and baryon and meson spectroscopy. Confirming those properties and
uncovering additional more subtle features of QCD remains an important experimental and
theoretical challenge.

In contrast with QCD, the electroweak sector has many arbitrary parameters. Most stem
from the Higgs mechanism which is used to break the SU(2)i x U(l)y symmetry and endow
particles with mass. In the simplest realization of this symmetry breaking, one introduces
a scalar doublet <j>, the Higgs field, which obtains a vacuum expectation value v. This
assumption introduces into the theory an electroweak mass scale v ~ 250 GeV. The masses
of the W and Z bosons and the various quarks and leptons are proportional to v. Their
disparity reflects extreme differences in their couplings to the scalar field (j>. It is true that
this simple model with one Higgs field can parametrize all electroweak masses, quark mixing,
and even CP violation. But it does not provide insight into any of these phenomena, or even
into the basic fact that the electroweak gauge symmetry is spontaneously broken. The
many unanswered questions associated with the Higgs field, or whatever more complicated
structure leads to the breaking of the electroweak symmetry, call for experiments which
thoroughly explore this sector.

An important testable prediction of the simple Higgs model is the existence of a neutral
spin-0 remnant particle H, called the Higgs scalar. Its mass depends on the self-coupling A
of the Higgs field through the relation

mH = V2Xv , (0.1)

but it is unspecified as long as A is unknown. There is an experimental lower bound on mjj of
65 GeV from direct searches at LEP. That search reach is expected to be extended up to about
90 GeV at LEP II. There is also an approximate upper bound on the Higgs mass mjj £ 800
GeV from theoretical bounds on A. For example, perturbative partial wave unitarity in high
energy scattering of longitudinal W bosons, WL,WL —* W^WL requires |A| £ 8TT/5. This gives
a large window in which to search. However, there is a much stronger upper bound which
comes from the stronger assumption that the Higgs boson is a fundamental particle with
no nonperturbative interactions up to the grand unification scale. This requires ran < 200
GeV; we will refer to a Higgs boson satisfying this hypothesis as a 'light Higgs'.

Even more daunting than the problem of finding the Higgs boson H in the context of
the simple Higgs theory is the prospect that this theory is inadequate to correctly describe
the weak interaction scale. This simplest theory has theoretical problems of self-consistency,
particularly when it is extrapolated to a unified theory at high energies. Also, the fact that
its pattern of couplings must be input without any explanation is a sign that this theory is
only a parametrization of electroweak symmetry breaking rather than being a fundamental
explanation of this phenomenon. This state of affairs has led to many speculations on the
true symmetry breaking mechanism and, from there, to interesting new physics possibilities
beyond the Standard Model with observable manifestations at high energy.
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In order to build a theory in which electroweak symmetry is naturally broken by the
expectation value of a fundamental Higgs field, it is necessary to incorporate supersymme-
try (SUSY) at the weak interaction scale. That elegant boson-fermion symmetry allows a
simple connection to gauge or string theory unification and provides a logic for the symmetry-
breaking form of the Higgs potential. Achieving these goals, howver, requires introducing
novel partners for all Standard Model particles. It also requires at least two Higgs doublets
and thus predicts five remnant scalars, h, H, A, H±. The h should have a mass below
about 150 GeV and should be most similar to the Standard Model Higgs boson. Finding
that particle and determining its properties may be our first window to supersymmetry. If
supersymmetry does indeed appear below 1 TeV, there will be a wealth of supersymmetry
partner spectroscopy waiting to be explored. Currently, supersymmetry has no direct ex-
perimental support. However, there are two pieces of evidence that are very suggestive in
favor of this theory. The first is the values of the 5(7(3) x SU(2) x U(l) coupling constants,
now measured with precision at Z° energies. These coupling constants are in just the re-
lation predicted by a supersymmetric grand unified theory. The second is the tendency of
the precision electroweak data to favor a light Higgs boson, which is an indication that the
mechanism of electroweak symmetry breaking involves weakly-coupled fields.

Alternatively, one might imagine that there is no fundamental Higgs field, and that
the electroweak symmetry is broken dynamically by fermion-antifermion condensation due
to new strong forces at high energy. Scenarios ranging from it condensation to complex
extended technicolor models have been proposed. Their basic premise is very appealing,
but no compelling model exists. Nevertheless, the generic idea of new underlying strong
dynamics gives rise to testable consequences for anomalous top and gauge boson couplings
and high energy scattering behavior.

This issue of whether the mechanism of electroweak symmetry breaking is weak-coupling
or strong coupling is the most important question in elementary particle physics today. The
NLC should resolve it definitively. For the case in which this physics is weak-coupling, the
NLC should have a rich experimental program involving the detailed study of Higgs bosons
and supersymmetric particles. The precise spectrum and branching ratio determinations for
these particles should give information which, like the values of the strong and electroweak
coupling constants, can be extrapolated to the unification scale. This scenario offers the
tantalizing possibility that experimental data collected at the NLC would be directly relevant
to supergravity and superstring theories at very high energy. On the other hand, if the
mechanism of electroweak symmetry breaking is strong-coupling, this could imply a new
spectroscopy at the TeV energy scale which the NLC might access directly.

In addition to these two options which relate directly to the physics of electroweak sym-
metry breaking, there are many other possibilities for new physics at the TeV energy scale.
These include larger gauge groups with additional W and Z' gauge bosons, heavy new
fermions, and additional scalars. Many of these possibilities are realized in specific models of
electroweak symmetry breaking, so a broad-based search for new phenomena is an essential
part of the experimental program devoted to this question. The most direct way to uncover
such new particles and their associated phenomena is to search at very high energies above



particle production threshold. Important indirect evidence can also be inferred from preci-
sion studies of Standard Model parameters such as mw, sin2 6w, and the couplings of heavy
quarks and W bosons to the 7 and Z°.

For the exploration of all of these possibilities, which defines the next step in experimental
high-energy physics, the Next Linear Collider (NLC) will play an essential role. We envisage
this machine as an e+e~ collider which operates initially at a center of mass energy of about
500 GeV and can be upgraded to 1.5 TeV, providing a luminosity corresponding to 104 events
per year for a process with the point cross section for QED pair production. This machine
will employ polarized electrons and offers the possibility of e~e~, &y, and 77 collider options.
With such a facility, it is possible to carry out crucial and unique experiments across the
whole range of possibilities we have just described for the physics of the weak interaction
scale. In this report, we will summarize the capabilities of the NLC to explore the physics
of the weak interaction scale across this broad front.

A design for the NLC is presented in an accompanying report, the Zeroth Order Design
Report (ZDR) [1]. Chapter 2 of this report gives a summary of the ZDR and an explanation
of its design strategy. In Section 2 of this chapter, we will summarize the basic conclusions
of this report relevant to the physics studies, including the basic accelerator parameters of
energy and luminosity. We will also describe the basic assumptions on detector performance
that we will use to describe the physics capabilities of this machine. In Sections 11 and
12, after our discussion of the physics opportunities that the NLC will provide, we will give
a more detailed description of a detector design and the constraints on the detector which
come both from the physics goals and from the accelerator.

One of the first physics goals of the NLC will be the detailed study of the top quark
at its threshold and just above. We will explain in Section 3 the special features of the it
threshold region which make it a unique laboratory for the precision measurement of the
top mass and width, the QCD coupling of the top quark, and the possible couplings to the
Higgs boson and other new particles. We will also describe how the NLC will make precision
measurements of the couplings of top to electroweak gauge bosons, couplings which might
contain signals of new strong interactions which connect top to the sector responsible for
electroweak symmetry breaking.

Whether the electroweak gauge symmetry is broken by fundamental Higgs bosons or
by new high-energy strong interactions, the NLC will bring important contributions to the
experimental study of this sector. First of all, though the LHC and other facilities have the
capability to find a light Higgs boson in many decay channels, the NLC is the only planned
facility at which the existence of a light Higgs boson can be ruled out in a model-independent
way. If the light Higgs boson is indeed present, we will show in Section 4 that the NLC will
be able not only to discover this particle but also to characterize many of its interactions.
We will show that the NLC has a unique capability to determine the couplings of the Higgs
boson to Z and W: to heavy quarks and leptons, and to photons. These measurements
dovetail nicely with the expected measurement of the Higgs production cross section from
gluon fusion at the LHC to give the complete phenornenological profile of this particle.



If the presence of a relatively light fundamental Higgs particle is accompanied by the
appearance of supersymmetry at the TeV scale, the NLC can perform crucial experiments
to characterize the new supersymmetric particles. We will show in Section 5 that the NLC
can detect the supersymmetric partners of W and Z over essentially the complete range of
parameters expected in the model. But, even more importantly, the NLC can measure the
masses and mixing angles of these particles and, in so doing, determine the most important
underlying parameters of supersymmetry. This determination of parameters will be essential
not only for the exploration of the physics of fermion partners at e+e~ colliders, but also for
the extraction of detailed information about the underlying theory from the complementary
signatures of supersymmetry seen at hadron colliders.

If electroweak gauge symmetry is broken by new forces at high energy, one can look for
the signs of these forces in the couplings of W bosons to the 7 and Z and in the study of
WW scattering. We will show in Section 6 that the NLC is an ideal machine for the study
of the gauge couplings of the W, capable of achieving parts per mil precision on the W form
factors. We will show in Section 7 that the NLC at the high end of its energy range can
achieve constraints on WW scattering comparable to those of the LHC, in an environment
with a number of qualitative advantages. We will also show that the NLC also offers new
windows into WW interactions through the precision study of e+e~ —>• W+W~ and through
high-energy it production.

Finally, these capabilities of the NLC to explore specific models of electroweak symmetry
breaking are balanced by the ability of this facility to perform broad searches for novel
fermions, scalars, and gauge bosons. We will describe the abilities of the NLC to search for
exotic particles in e+e~ annihilation in Section 8. In Section 9, we will show how this broad
capability is extended further by the availability of e~e~, e7, and 77 collisions. In Section
10, we will show that the NLC will also contribute to the future program in the study of the
strong interactions, in particular, through the precision measurement of as.

Section 14 will present our conclusions. We will review the unique capabilities of the
NLC and contrast its prospects with those of the next generation of hadron colliders.

0.2 Standard Model Processes and Simulations

We begin by describing the basic assumptions underlying our study of the physics capabilities
of the NLC. We will briefly discuss the expected energy and luminosity that the NLC will
provide, the performance of the detector that we expect to have available, our simulation
methods, and the magnitudes of the most important standard model background processes.

0.2.1 Accelerator and Detector

The NLC is envisaged as the first full-scale e+e~ linear collider, a machine designed from
the beginning with the goal of high-luminosity colliding beam physics and one which takes



account of the lessons of its prototype, the SLC. The NLC will be designed for an initial
energy of 500 GeV in the center of mass, with an upgrade path to 1.5 TeV. It will provide a
luminosity sufficient for a thorough experimental program on e+e~ annihilation to standard
and exotic particle pairs. It will provide a highly polarized e~ beam, and possibly also a
polarized positron beam. Our basic assumptions on luminosity as a function of energy and
on polarization are given in Table 0.1. These assumptions are justified in the description of
the accelerator design given in Chapter 3 of this report and, at greater length, in [1].

Table 0.1: Basic Parameters of the Next Linear Collider

Energy (GeV)

Polarization:

500

1000

1500

GeV

GeV

GeV

Luminosity (cm 2s 1)

5

1

1

80%

90%

xlO3 3

xlO3 4

xlO34

e-, 0% e+

e~ 65% e+

Initial

Possible

The NLC experiments can be carried out with a standard 4?r multipurpose detector
similar to those at LEP or SLC. In our concept of this detector, we include some innovations
such as all-silicon tracking to minimize the effect of machine-related backgrounds, but for
the most part the demands we have made on the detector are straightforwardly met. The
essential performance assumptions we have made are shown in Table 0.2. Because of the
small beam spot sizes at a linear collider, which allows us to bring a CCD vertex detector
within 2 cm of the interaction point, the detector should have excellent 6-tagging capabilities.
The assumed curve of efficiency versus purity for 6-tagging is shown in Fig. 0.1.

0.2.2 Simulations

In the studies presented here, the detector model has been used in concert with a set of
familiar and newly-written simulation programs. In general, the background processes were
generated by PYHTIA 5.7 [5], except for the background from e+e~ —>• W+W~, which
plays an especially important role at linear collider energies. For this process we used a new
generator [6] which is based on the formalism for this reaction presented by Hagiwara et
al. [7]. This generator computed the total amplitude for W+W~ production and subsequent
decay to four fermions, retaining the full spin correlations through the process. It did make
the approximation of treating the Ws as on-shell particles, but it properly treated the
effects of initial state electron polarization, beamstrahlung, collinear multi-photon initial
state bremsstrahlung, and a nonzero W boson decay width. The same Monte Carlo program
was used in the studies of nonstandard W physics reported in Sections 6 and 7. Many of the



Table 0.2: Summary of the detector parametrization used in the simulations.

Particle

Electrons

Photons

Neutral Hadrons

Charged Hadrons

Energy
SE _ 12%

7W L

SE _ 12% , 1 ftc/

Es = E + <5£

SE _ 45%

T 7W
Es = E + SE

El = m:

Momentum

p2 _ 2rne

P.2 = £? -S " S " " f f

= 0.0005 e 0.0015

_ 0.0015

Smeared quantities are denoted in the table by a subscript s.

other analyses used specialized generators at this level of sophistication to simulate the new
physics processes. These are described in the various sections of this report. Except where
it is reported otherwise, the hadronization of partons and subsequent decays were performed
by JETSET 7.4 [5].

Four-vectors of stable particles emerging from the simulated reaction were adjusted by
a detector resolution smearing routine, which implemented the parametrization summarized
in Table 0.2. All quantities were parametrized as a function of theta. The smearing assumed
Gaussian errors and populated tails out to 3.5<r. The parametrization assumed a dead
cone about the beampipe of 150 mrad (cos0 = 0.99). The neutral particle and charged
particle detection efficiencies were each taken to be 98%. For neutral hadrons, the momentum
directions were Gaussian smeared in a cone about the original direction with a half-width of
15 mrad to simulate finite directional resolution. For photons and electrons, the directions
were smeared by a cone of half-width 10 mrad.

0.2.3 Standard Model Processes at the NLC

Standard model processes, in addition to being interesting in their own right, are the back-
ground to searches for new physics at the NLC. Many of the standard model reactions at
the NLC are familiar at lower energies and need only be extrapolated to higher energies.
However, new processes, such as the pair production of gauge bosons, emerge as dominant
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Figure 0.1: Efficiency versus purity relation for 6-tagging with the NLC detector.

reactions.
The cross sections of Standard Model processes at an e+e~ collider are shown as a function

of center of mass energy in Fig. 0.2 [3]. From left to right across this plot, the familiar e+e+*>-
annihilation processes fall with energy according to the point cross section for e+e
in QED,

R =
4?m2 87 fb

(0.2)
3s . s (TeV2) '

At the same time, new processes involving pair production and multiple production of weak
interaction vector bosons become important.

Another view of the standard model backgrounds is given in Fig. 0.3, where the cross
sections for the dominant e+e~ annihilation processes are shown as a function of the degree of
longitudinal polarization. The curves were calculated using ISAJET 7.13 [2]. The peripheral
two photon, t-channel Bhabha scattering and e+e~ —> Z°7 processes are not shown; the cross
sections for these reactions are relatively independent of polarization. The reactions e+e~ —»
e+vW~, e~VW+, e+e~ Z° are also not shown. The first of these is present only for left-handed
e~; the other two depend only weakly on e~ beam polarization. The most troublesome source
of background in many of the physics analyses is the reaction e+e~ —• VF+H^~, whose special
role we have already pointed out. It is noteworthy that the cross section for this process can
be reduced substantially by adjusting the electron beam polarization.

Cuts on other quantities, such as the acoplanarity and production angle will also be useful
for removing standard model background. The distributions in these variables for standard
model annihilation processes are shown in Figs. 0.4 and 0.5.

j processes are not important as backgroundsIn general, the two photon and e+e+e~ Z°
to annihilation processes because they may be removed easily from the data sample by low
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Figure 0.2: Cross sections for Standard Model physics processes in e+e~ annihilation, as a
function of center of mass energy, from [3].
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Figure 0.5: Expectation for the cos 0 distribution due to standard model processes.

transverse momentum and multiplicity cuts [4]. The cross section for Bhabha scattering is
very large in the forward direction but drops to a few units of R at large angles.
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0.3 Top Quark Physics

The stage for the future of top physics has been set by the recent discovery [8] of top at
Fermilab. The very large top mass, mt « 175 ± 9 GeV/c2, forces one to consider the
possibility that the top quark plays a special role in particle physics. At the very least,
the properties of the top quark could reveal important information about the physics of
electroweak symmetry breaking. In this context, the determination of the complete set of
top quark properties should be an important goal. A high-energy future linear e+e~ collider
provides a very impressive tool to carry out a detailed top quark physics program.

The it threshold region has a rich phenomenology which derives from its mix of toponium
and continuum structure. Only in e~e+ collisions can this threshold structure be properly
resolved, making possible definitive measurements of the top mass and width and tests of
the QCD potential at very short range. Above threshold, the NLC makes it possible to
measure the complete set of top couplings to gauge bosons, both for neutral current (7 and
Z°) and charged current interactions. The high electron-beam polarization available at NLC
plays an important role in such studies, simplifying the search for anomalous top couplings
and CP violating effects. A complete understanding of electroweak symmetry breaking will
require the measurement of the Higgs boson couplings to fermions; of these, the coupling
to top is the most accessible. At the NLC, this quantity can be measured by direct tiH
production above threshold and also, if the Higgs boson is light, by the effect of Higgs boson
exchange on the threshold properties. Finally, the NLC provides a the relatively clean final
state and precise vertex detection which make it straightforward to study the decays of the
top. All standard decay modes can be reconstructed with reasonable efficiency, and exotic
decay modes, in those examples studied to date, can be readily identified.

The physics program for the top quark also imposes important constraints on the NLC
design. The energy must be adjustible, to run both at the it threshold and at a point in the
continuum about 100 GeV above threshold. The study of the threshold region requires that
the center-of-mass energy spread be much smaller than the top quark width, and that tails
in the energy distribution be understood. Experimenters must be able to determine both
the absolute energy and the differential luminosity spectrum.

0.3.1 Top Production, Decay, and Measurement

The large mass of the top quark causes it to have a very large decay width, and this exerts
a decisive influence on its phenomenology. In the Standard Model, the weak decay of top
proceeds very rapidly via t —> bW, resulting in a total decay width given by

Tt « (O.l8){mt/mwf GeV . (0.3)

For mt - 180 GeV/c2 this lowest-order prediction is Tt = 1.71 GeV. After first-order QCD
and electroweak corrections [9], this becomes 1.57 GeV. Hence, top decay is much more
rapid than the characteristic time for hadron formation, for which the scale is 1/AQCD- This
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implies that the phenomenology of top physics is fundamentally different than that of the
lighter quarks. For example, there will be no top-flavored mesons. While we lose the familiar
study of the spectroscopy of these states, we gain unique clarity in the ability to reconstruct
the properties of the elementary quark itself. This may prove to be a crucial advantage
toward uncovering fundamental issues.

The top decay also provides a natural cutoff for gluon emission. Indeed, in it processes,
the nonperturbative color strings appear in fragmentation only after the tops decay and form
along the separating b and 6 lines. Hard gluons emitted from the top and its product bottom
quark can exhibit interference phenomena which are sensitive to the value of I \ [10, 11].

In the Standard Model, |VJj) ~ 1, so that the decay mode t —> bW completely saturates
the decay width. Then the branching ratios are determined by the W decay modes from the
bbW+W~ intermediate state. This gives 6-jet, 4-jet + lepton, and 2-lepton final states in the
ratio 4:4:1, or, including QCD corrections to the W decay rates, BR(ii —> bbqq'qq') = 0.455;
B R ( t t -> bbqq'lv) = 0.439; B R ( t t -> Ivlv) = 0.106, where q = u,c,q' = d,s, and l = e,p,r.

The parton-like decay of top implies that, unlike other quarks, its spin is transferred
to a readily reconstructable final state. Measurement of the bbW+W~ final state therefore
provides a powerful means of probing new physics manifested by top with helicity analyses.
This is explored in Section 0.3.3. Another implication of the large mt is the Standard Model
prediction that the decay t —* bW produces mostly longitudinally polarized W bosons; the
degree of longitudinal polarization is given by m2/(m2 + 2ra^) « 72% for mt = 180 GeV/c2.
This reflects the fact that the longitudinally polarized W bosons contain degrees of freedom
from the electroweak symmetry breaking sector.

The it cross section due to 6-channel e+e~ annihilation mediated by 7, Z bosons increases
abruptly just below threshold (see Fig. 0.6), reaches a maximum at roughly 50 GeV above
threshold, then falls roughly proportional to the point cross section, Eq. 0.2, as the energy
increases. At y/s = 500 GeV the lowest-order total cross section for unpolarized beams is
0.54 pb; it is 0.74 (0.34) for a fully left-hand (right-hand) polarized electron beam. Hence,
in a design year of integrated luminosity (50 fb"1) at y/s = 500 GeV we can produce 25,000
it events. The cross sections for t-channel processes, resulting, for example, in final states
such as e+e~tt or visit, increase with energy, but are still relatively small. We will discuss
these processes in Section 7.3.

The emphasis of most event selection strategies has been to take advantage of the multi-
jet topology of the roughly 90% of it events with 4 or 6 jets in the final state. Therefore,
cuts on thrust or number of jets drastically reduces the light fermion pair background. In
addition, one can use the multi-jet mass constraints M(jet-jet) ~ mw and M(3-jet) « mt.
Simulation studies [12] have shown that multi-jet resolutions of 5 GeV/c2 and 15 GeV/c2 for
the 2-jet and 3-jet masses, respectively, are adequate and readily achievable with LEP/SLC
detectors. A detection efficiency of about 70% with a signal to background ratio of 10 was
attained by selecting 6-jet final states just above threshold. These numbers are typical also
for studies which select the 4-jet+fo1 decay mode.

Of the backgrounds considered in this study, that from FK-pair production is the most
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difficult to eliminate. However, in the limit that the electron beam is fully right-hand po-
larized, the W+W~ cross section is dramatically reduced. Thus it is possible to use the
beam polarization to experimentally control and measure the background. We note, though,
that the signal is also somewhat reduced by running with a right-handed polarized beam. A
possible strategy might be to run with a right-handed polarized beam only long enough to
make a significant check of the background due to W pairs. Another important technique is
that of precision vertex detection. The present experience with SLC/SLD can be used as a
rather good model of what is possible at NLC. The small and stable interaction point, along
with the small beam sizes and bunch timing, make the NLC ideal for pushing the techniques
of vertex detection. This has important implications for top physics. Rather loose b-tagging,
applied in conjunction with the standard topological and mass cuts mentioned above, should
lead to substantially improved top event selection efficiencies and purities.

0.3.2 Threshold Physics
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0.4

1.2

(10

- ' ' 1 ' ' ' ' 1 ' ' ' ' 1

(a) / " \ _ _ _ .

/ / " " "

/ J /

, , 1 , , , , 1 , , , , 1

* " " " 1 • -

. — • '

•

-

, , , , 1 , "
35S

E m (GcV)

Figure 0.6: Production cross section for top-quark pairs near threshold for m< = 180 GeV/c2.
The ideal theoretical cross section is given by curve (a). In curves (b), (c) and (d), we add,
successively, the effects of initial-state radition, beamstrahlung, and beam energy spread.

In Fig. 0.6 we show the cross section for it production as a function of nominal center-of-mass
energy for mt = 180 GeV/c2. In this discussion, mt is the pole mass in QCD perturbation
theory. The theoretical cross section, indicated as curve (a), is based on the results of
Strassler and Peskin [13], using the qq potential of QCD with as{M\) = 0.12 and Standard
Model couplings to 7 and Z. To this curve, the energy-smearing mechanisms of initial-state
radiation, beamstrahlung, and beam energy spread, have been successively applied; curve
(d) includes all effects. The beam effects were calculated using NLC design parameters.

The threshold enhancement given by the predicted cross section curve of Fig. 0.6a reflects
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the Coulomb-like attraction of the produced tt state due to the short-distance QCD potential

V(r) ~ - C F ^ - , (0.4)
r

where Cp = 4/3 and fi is evaluated at the scale of the Bohr radius of this toponium atom:
(j, ~ asmt. The level spacings of the QCD potential, approximately given by the Rydberg
energy, ~ o^ra^, turn out to be comparable to the widths of the resonance states, given by
T$ « 2IV Thus, the bound state exists, on average, only for approximately one classical
revolution before one of the top quarks undergoes a weak decay. The level spacings of
the QCD potential approximately given by the Rydberg energy, ~ o^mti turn out to be
comparable to the widths of the resonance states, given by Tg « 2Tt. Therefore the various
toponium states become smeared together, as seen in Fig. 0.6, where only the bump at the
position of the IS resonance is distinguishable. The infrared cutoff imposed by the large
top width also implies [14] that the physics is independent of the long-distance behavior
of the QCD potential. The assumed intermediate-distance potential is also found [12] to
have a negligible impact. Hence, the threshold physics measurements depend only on the
short-distance potential (Eq. 0.4) of perturbative QCD.

An increase of as deepens the QCD potential, thereby increasing the wave function at
the origin and producing an enhanced IS resonance bump. In addition, the binding energy
of the state varies roughly as the Rydberg energy ~ a2

smt. So the larger as has the combined
effect of increasing the cross section as well as shifting the apparent position of the threshold
to lower energy. The latter effect is also what is expected for a shift to lower mt. Therefore,
there exists a significant correlation between the measurements of as and mt from a threshold
scan.

A number of studies have been carried out to simulate the measurement of the tt threshold
cross section. Figure 0.7a depicts a threshold scan [12] for which an integrated luminosity
of 1 fb"1 has been expended at each of 10 energy points across the threshold, plus one point
below threshold to measure backgrounds. A value of mt = 150 GeV/c2 was used. No beam
polarization was assumed. A fit of the data points to the theoretical cross section, including
all radiative and beam effects discussed above, results in a sensitivity for the measurement
of mt and as shown in Fig. 0.7b. The correlation between these two parameters is apparent.
Even for the modest luminosity assumed here, the cross section measurement gives quite
good sensitivity to these quantities. If no prior knowledge is assumed, the errors for mt and
as are 200 MeV/c2 and 0.005, respectively. Conversely, the single-parameter sensitivity for
mt approaches 100 MeV/c2 if as is known to much better than 2% accuracy. We will describe
a method for the precision measurement of as in Section 10.1. The theoretical systematic
error due to uncertainties in the it threshold cross section is of order 200 MeV.

For a quarkonium state, we expect the cross section at the IS peak to vary with the total
width roughly as a\s ~ |V4&|/Ti, and therefore is very sensitive to the width, as indicated in
Fig. 0.8 for rather wide variations in Tt relative to the Standard Model expectation. (It is
noted that the calculations of Figs. 0.6 and 0.8 use the uncorrected top width, so that the
resonance structure will be slighty more pronounced than what is shown.) After applying a
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correction for initial-state radiation and the beam-related energy spread, the width is affected
as shown in Fig. 0.8. This implies that a scan strategy optimized for measuring Tt would
spend a relatively large fraction of running time below the IS peak. The threshold physics,
combining the cross section information with the momentum and asymmetry results, as
discussed below, represents what is most likely the best opportunity to measure Tt.

In addition to the QCD potential, the t-t pair is also subject to the Yukawa potential
associated with Higgs exchange:

\2 -mHr

where mu is the Higgs mass and A is the it-Higgs Yukawa coupling, A = mt/v = [A/2GV] rnt.
Because of the extremely short range of the Yukawa potential, its effect is primarily to alter
the wave function at the origin, and hence to shift the level of the cross section. This exciting
possibility is discussed further in Section 0.3.4. The physics of the threshold cross section is,
in summary, expected to depend on the following set of parameters:

a = cr(mt, as, Tt, mH, A) . (0.6)

As we have discussed, the lifetime of the toponium resonance is determined by the first
top quark to undergo weak decay, rather than by the annihilation process. This has the inter-
esting implication that the kinetic energy (or momentum) of the top quark as reconstructed
from its decay products reflects the potential energy of the top in the QCD potential. Hence,
a measurement of the momentum distribution will be sensitive to as and Tt. The theory
[15] and phenomenology [12, 16] of this physics has been extensively studied. A convenient
observable which has been used to characterize the distribution is the position of the peak
in the reconstructed top quark momentum distribution. The position of this peak at a given
center-of-mass energy is indeed found to be sensitive to I\ and the other parameters in Eq.
0.6.

Yet another, quite different observable has been studied [17, 12] to help further pin down
the physics parameters at threshold. Top is produced symmetrically when produced in the
IS state. The vector coupling of tt to the 7 and Z can create S- and D-wave resonance
states. On the other hand, the axial-vector coupling of the top quark to the Z gives rise
to P-wave resonance states. Hence, there is naturally interference between S- and P-waves
which gives rise to a forward-backward asymmetry {AFB) proportional to /3 cos 8. Because
of the large width of the resonance states, due to the large Tt, these states do overlap to
a significant extent, and a sizeable AFB develops. The value of AFB varies from about 5%
to 12% across the threshold, with the minimum value near the IS resonance. Since the top
width controls the amount of S-P overlap, we expect the forward-backward asymmetry to
be a sensitive method for measuring Tt.

In summary, a data set of 50 fb"1 at threshold would provide sensitivity to mt and as

at the level of 120 MeV/c2 and 0.0025, respectively. Similarly, the sensitivity to the total
top decay width is 5-10%. Accelerator and detector designs have become sufficiently stable
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to make possible calculations which incorporate the systematics associated with luminosity
spectra and backgrounds. This would allow better determination of the limiting systematic
errors at threshold, which are presently estimated to be at or below the sensitivities above.
The measurement of the luminosity spectrum is discussed in more detail in Section 13.

0.3.3 Top Couplings

At the NLC, e+e~ —> ti above threshold will provide a unique opportunity to measure simul-
taneously all of the top couplings. Due to its rapid weak decay, the top spin is transferred
directly to the final state with negligible hadronization uncertainties, therefore allowing the
helicity-dependent information contained in the Lagrangian to be propagated to the final
state. This final state, expected to be dominated by bW+bW~, can be fully reconstructed
with good efficiency and purity, so that a complete helicity analysis can be performed.

The top neutral-current coupling can be generalized to the following expression for the
Zti or jtt vertex factor:

This expression reduces to the familiar Standard Model tree level expression when we set
the form factors to F?v = F^v = FfA = 1, with all others zero. The quantities QA'y are
the usual SM coupling constants: Q^ = QA = | , Qy = (1 — |sin20iy)/(4sin#ypcos#w),
and QA = —1/(4 sin 9w cos 9w)- The non-standard couplings F^y and F^A correspond to
the electroweak magnetic and electric dipole moments, respectively. While these couplings
are zero at tree level in the Standard Model, the analog of the magnetic dipole coupling is
expected to attain a value of order aj-w due to corrections beyond leading order. On the
other hand, the electric dipole term violates CP and is expected to be zero in the Standard
Model through two loops [18]. Such a non-standard coupling necessarily involves a top spin
flip, hence is proportional to mt.

The form factors can be measured through their distinct dependences on the helicities of
the e~, e+, t, and t, which can be accessed experimentally through the beam polarization
and the angular distributions in the final state. The production and decay angles can be
defined as shown in Fig. 0.9. The angle xw is denned in the W rest frame. The analogous
statement holds for the definition of Xt- Experimentally, all such angles, including the angles
corresponding to Xt and xw for the t hemisphere, are accessible. Given the large number
of constraints available in these events, full event reconstruction is entirely feasible. To
reconstruct 8 one must also take into account photon and gluon radiation. Photon radiation
from the initial state is an important effect, which, however, represents a purely longitudinal
boost which can be handled, within the framework of final-state mass constraints. Gluon
radiation can be more subtle. Jets remaining after reconstruction of t and t can be due
to gluon radiation from t or 6, and the correct assignment must be decided based on the
kinematic constraints and the expectations of QCD.
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The distributions of the production angle 9 for the SM in terms of the various helicity
states are given in Fig. 0.10 for left and right-hand polarized electron beam. We see, for
example, that for a left-hand polarized electron beam, top quarks produced at forward angles
are predominantly left handed, while forward-produced top quarks are predominantly right
handed when the electron beam is right-hand polarized. These helicity amplitudes combine
to produce the following general form for the angular distribution [19]:

da f3t

dcos6
c+(l+cos0)2-|-c_(l-cos0)2] , (0.8)

where CQ and c± are functions of the form factors of Eq. 0.7, including any non-standard
couplings. The helicity structure of the event is highly constrained by the measurements of
beam polarization and production angle.

For the measurement of the decay form factors, there are two alternative methods that
might provide higher statistics. The first is to measure the top quark decay distributions
using polarized beams at the it threshold, making use of the fact that the spin of the
nonrelativistic top quarks follows the spin of the incident electron and positron [20]. The
second is to analyze the polarization of top quarks above threshold using the beam axis
boosted to the top frame; this gives a very high polarization for the decay analysis [21].

For the top charged-current coupling we can write the Wtb vertex factor as

(0.9)

where the quantities PL,R are the left-right projectors. In the Standard Model, we have
F^[ = 1 and all others zero. The form factor F^ represents a right-handed, or V + A,
charged current component. As mentioned earlier, the case where the W is longitudinally
polarized is particularly relevant for heavy top, and the Xt and \w distributions are sensitive
to this behavior.

We now outline an analysis [22] to measure or set limits on the various form factors
mentioned above. We consider a modest integrated luminosity of 10 fb"1, mt = 180 GeV/c2,
and -y/i = 500 GeV. Electron beam polarization is assumed to be ±80%. The decays
are assumed to be t —>• bW. In general, one needs to distinguish t from t. The most
straightforward method for this is to demand that at least one of the W decays be leptonic,
and to use the charge of the lepton as the tag. (One might imagine using other techniques,
for example with topological secondary vertex detection one could perhaps distinguish b from
6.) So we assume the following decay chain:

it -> bbWW -> blqqlv, (0.10)

where t = e,//. The branching fraction for this decay chain is 29%.

Since the top production and decay information is correlated, it is possible to combine
all relevant observables to ensure maximum sensitivity to the couplings. In this study, a
likelihood function is used to combine the observables. We use the Monte Carlo generator
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developed by Schmidt [23], which includes tt(g) production to O(as). Most significantly,
the Monte Carlo correctly includes the helicity information at all stages. The top decay
products, including any jets due to hard gluon radiation, must be correctly assigned with
good probability. The correct assignments are rather easily arbitrated using the W and
top mass constraints. When the effects of initial-state radiation and beamstrahlung are
included, it has been shown [19] that the correct event reconstruction can be performed
with an efficiency of about 70%. The overall efficiency of the analysis, including branching
fractions, reconstruction efficiency, and acceptance, is about 18%.

After simple, phenomenological detection resolution and acceptance functions are applied,
the resulting helicity angles (see Fig. 0.9) are then used to form a likelihood which is the
square of the theoretical amplitude for these angles given an assumed set of form factors.
Table 0.3 summarizes some of the results of this analysis. The upper and lower limits of the
top quark couplings in their departures from the Standard Model values are given at 68% and
90% CL. All couplings, with real and imaginary parts, can be determined in this way. The
right-handed charged-current coupling is shown both for unpolarized and 80% left-polarized
electron beam, whereas the other results assume 80% left-polarized beam only. We see that
even with a modest integrated luminosity of 10 fb"1 at y/s = 500 GeV, the sensitivity to the
form factors is quite good, at the level of 5-10% relative to Standard Model couplings. In
terms of absolute units, the 90% CL limit of F^A at 0.15, for example, corresponds to a t-Z
electric dipole moment of 8 x 10~18 e-cm.

Table 0.3: Results from the global top quark form factor analysis described in the text, for
a data sample of 10 fb"1 and y/s = 500 GeV.

Form Factor

F™R(P = 0)

F&(P = 80%)

Fz

rXA
n>Z

t\V

?2A

?2V

F2
Z

A

F2
Z

V

%F?A)

SM Value

(Lowest Order)

0

0

1

1

0

0

0

0

0

Limit

68% CL

±0.13

±0.06

1 ± 0.08

1 ± 0.10

±0.05

±0.07

±0.09

±0.07

±0.06

Limit

90% CL

±0.18

±0.10

1 ±0.13

1 ± 0.16

±0.08
+0.13
-0.11

±0.15

±0.10

±0.09
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0.3.4 The Higgs-Top Yukawa Coupling

The coupling strength of the Higgs boson to a fermion is proportional to the fermion's
mass. The Higgs-top coupling is consequently large and may be unique among the Higgs-
fermion couplings in that it is accessible to direct measurement. Such measurements have
been contemplated at LHC [24], but they require efficient vertex tagging in high-luminosity
running. The environment at NLC is much cleaner, but the luminosity requirements are
comparable. With the availability of large data sets (> 50 fb"1), several approaches are
tractable at NLC: (1) for light to moderate mass Higgs bosons, the it production cross-
section near threshold is sensitive to the Higgs contribution to the it potential; (2) for
relatively light Higgs, the yield of iiH events measures the Higgs-top coupling; and (3) for
Higgs masses exceeding the it threshold, the Higgs boson resonance can appear in iiZ events
and exhibit the Higgs-top coupling.

Threshold measurements have been discussed above for their intrinsic interest and sen-
sitivity to basic top parameters. Here we note that the presence of an additional attractive,
short range force arising from Higgs exchange increases the modulus of the toponium wave-
function at the origin, and thereby enhances the cross-section. Fig. 0.11 shows the distinctive
energy dependence of the Higgs enhancement factor, which peaks at the IS state [25]. Fujii
et G/.[12] have simulated a threshold scan of 10 points, spaced at 1 GeV intervals, to de-
termine the sensitivity to the Higgs-top coupling strength. Their results imply that a 10%
measurement is possible with 100 fb"1 evenly distributed over the 10 points for MH = 100
GeV. The enhancement is roughly inversely proportional to the Higgs mass, so the scan
would yield a 20% (30%) measurement for a 200 (300) GeV Higgs mass. An optimized scan
will do better.

The iiH events almost always result from "Higgs-strahlung", radiation of the Higgs boson
from one of the top quarks, so their yield provides a measure of the square of the Higgs-top
coupling. The cross-section for the process is small [26], in the O(l) fb range for a 500 GeV
NLC and MJJ < 100 GeV. Detection of the events is challenging; they typically contain 8
jets, including 4 b jets. The process e+e" —* iiZ occurs at comparable rate, and along with
e+e~ —> ttjj constitutes the important background. Preliminary studies [12, 27] show that
a 100 fb"1 sample at 500 GeV will give a < 15% measurement of the Higgs-top coupling
for MH < 100 GeV. At y/s = 1000 GeV, the sensitivity extends to over 200 GeV for a
measurement of similar accuracy.

The cross-section for e+e~ —* ttZ is about 5 fb between 500 and 1000 GeV center-of-mass
energies. When the Higgs mass is above the it threshold, this cross section is enhanced by
the process e+e~ —» Z°H°, with Higgs decay to it. Fujii et al. [28] have studied the process
for mt — 130 GeV, and concluded that, with an integrated luminosity of 60 fb"1 at y/s = 600
GeV, one could measure the top-Higgs coupling within 10% for a 300 GeV Higgs. For Higgs
masses above 2ra(, the cross-section is lower, and the increased width of the Higgs will make
isolating a signal in the it invariant mass distribution more difficult. Even so, one could
measure the Higgs-top coupling for a 400 GeV Higgs produced at y/s — 1000 GeV within
about 35% with a data sample of 100 fb"1.
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The Higgs-strahlung process is also sensitive to deviations from the Standard Model
involving extended Higgs sectors. The tiH final state can result from Higgs emission from
the t (or t), or from the intermediate Z. Interference between these sub-processes can give
rise to large CP violating effects in extended Higgs models. This was studied in Ref. [29] for
a range of two-Higgs doublet models, and it was found that for roughly 100 fb"1 of data at
y/s = 800 GeV it would be possible to observe a significant CP asymmetry in a number of
final-state observables.

The Higgs-top coupling can be determined in the case that the Higgs is very heavy
(MH > 400 GeV/c2) by measuring the rate of the process e+e~ —> vVti At y/s = 1500 GeV,
the cross section for this process is about 2 fb in the absence of a Higgs, but will be enhanced
by more than a factor of two for Higgs masses in the range 400-1000 GeV/c2. Preliminary
studies by Fujii [28] show that care is required to eliminate radiative it, e+e~tt, and ttZ
backgrounds, but suggest that the Higgs-top coupling can be measurable up to m# = 1
TeV/c2. The case of a very heavy Higgs boson is discussed in more detail in Section 7.3.

0.3.5 Top Physics Reach of NLC and Hadron Colliders

Table 0.4 summarizes the top physics reach of the NLC and several hadron colliders. The
Tevatron Upgrade (TeV*) will establish the baseline for top quark physics in the LHC/NLC
era, and will address many subjects of interest in top physics. Its reach has been studied in
a report by Amidei et al. [30]. The Atlas TDR [24] provides some information on the top
physics reach at LHC; this subject will certainly be developed further in the future. The
table at best represents what has been studied to date. If a particular measurement at a
particular machine has not yet been analyzed, the corresponding entry has been left blank.
An "X" marks measurements that cannot be made at a particular machine, by virtue of
excessive backgrounds, insufficient signal, or unavailable production mechanisms.

The table demonstrates how crucial a role the NLC plays in obtaining a complete picture
of top quark physics. NLC will provide the definitive top mass measurement. It will provide
the only direct measure of the top width; at hadron colliders, the total width can be inferred
only from a Vtb measurement using the assumption that the top has no unobserved exotic
decays. The NLC will measure the axial-vector and vector electroweak couplings, some of
the charged-current couplings (expressed here as CKM elements), the top-Higgs coupling,
and the flavor specific strong coupling. Hadron colliders will also measure the charged
current couplings (although Vtd is probably impossible at both hadron and e+e~ colliders),
and the strong and electromagnetic couplings, but not the couplings to the Z. The LHC
may probe the top-Higgs coupling by isolating ttH events, but only with difficulty. The
NLC can measure the top decay form factors, checking for longitudinal W production and
searching for right-handed Ws, as can the hadron colliders. Only the NLC can measure
the electroweak magnetic and electric dipole moments, because they depend on the neutral
current production mechanism. We should note that LHC can be sensitive to top-associated
CP violation through more complicated effective interactions [31, 32]. Rare decays with
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Table 0.4: Top Physics at Future Facilities

Quantity

Amt

Arf

Aat

Avt

AVtb

AVts

AVtd

AXt

Aal
AB(t -+ bW°)

AB(t -> bWR)

AS

Ad

Bit -* H+b)

B(t ->• cy)

Bit -> cZ)

B(i -» c/>°)

TeV*

(1 fb"1)

3.5 GeV/c2

X

X

14%

X

X

X

(<7tf=ll%)

4%

2%

X

X

< 15%

< 0.3%

< 1.5%

TeV33

(10 fb"1)

2.0 GeV/c2

X

X

6%

X

X

X

.(<7tj = 4%)

1.3%

0.6%

X

X

< 6 %

< 0.04%

< 0.4%

LHC
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distinctive signatures can be sought in either environment, with the advantage to hadron
decays by virtue of the large statistical samples anticipated. The more exotic decays, e.g.
t —> tx°, are more sensitively sought in the clean environment of the NLC.
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Figure 0.9: Definitions of helicity angles, (a) Production angle 0 in tt rest frame; (b)
measured in the top rest frame as shown; and (c) xw in the W rest frame.
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0.4 Higgs Boson Searches and Properties

0.4.1 Introduction

Despite the extraordinary success of the Standard Model (SM) in describing particle physics
up to the highest energy available today, the mechanism responsible for electroweak symme-
try breaking (EWSB) has yet to be determined. In particular, the Higgs boson [33, 34, 35]
predicted in the minimal Standard Model and the theoretically attractive Supersymmetric
(SUSY) Grand Unified Theory (GUT) extensions thereof have yet to be observed. If EWSB
does indeed derive from non-zero vacuum expectation values for elementary scalar Higgs
fields, then one of the primary goals of constructing future colliders must be to completely
delineate the associated Higgs boson sector. In particular, it will be crucial to discover all of
the physical Higgs bosons and determine their masses, widths and couplings. Conversely, if
a fundamental Higgs boson does not exist, it is essential to demonstrate this unambiguously.

The EWSB mechanism in the Standard Model is phenomenologically characterized by
a single Higgs boson (JISM) in the physical particle spectrum. The mass of the hsM is
undetermined by the theory, but its couplings to fermions and vector bosons are completely
determined. In SUSY theories, there are two Higgs doublets with vacuum expectation values
i?i, V2- These contribute mass terms for the gauge bosons proportional to (v\ + u|), masses
for down-type fermions proportional to v\, and masses for up-type fermions proportional to
v2. In the Minimal Supersymmetric Standard Model (MSSM) [36, 37] these two doublets
give rise to five physical Higgs bosons: h°, the lighter of the two CP-even states; H°, the
heavier CP-even state; the CP-odd A0 boson, and a pair of charged bosons H*. The mass of
the minimal SM Higgs boson is unspecified, but in the MSSM, there are tree-level relations
which determine the spectrum of masses in terms of one of the boson masses (e.g., the mass
of the A0) and the ratio of the vacuum expectation values, vijv\. The CP-even and CP-
odd neutral Higgs bosons have nontrivial mixing angles a and (3, respectively, which affect
their couplings and decays. In particular, v2/vi = tan/3. Both masses and couplings receive
further radiative corrections which are functions of the SUSY Higgs mass parameter, //, the
scale of mass at which SUSY is broken, MSUSY, the mass of the top quark, and the A;
parameters of the soft supersymmetry-breaking interaction. Finally in non-supersymmetric
models with two Higgs doublets (2HDM), the Higgs bosons may have mixed CP character
due to CP violation effects.

Supersymmetry has exciting implications for the discovery potential for the Higgs bosons
that it predicts. In the MSSM, considering renormalization group improved radiative cor-
rections and assuming mt = 180 GeV with the stop mass less than 1 TeV, the lightest Higgs
boson must have mass M ô < 130 GeV. An even more sweeping statement can be made [38]
that M/jO < 150 GeV for any SUSY theory with a grand unification at high energy which
includes the elementary Higgs fields.
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0.4.2 Present and Future Limits

The best direct limits on the SM Higgs boson come from searches at LEP, with the present
limit [39] being MhSM > 65.2 GeV at 95% confidence level (C.L.). These limits can also be
interpreted in the framework of the MSSM to exclude the lightest SUSY Higgs with mass
less than approximately 45 GeV. Electroweak radiative corrections including the top quark
and the Higgs boson affect precision electroweak measurements, and global fits [40] using
data from LEP, SLC, the Tevatron, and neutrino scattering give the relatively weak limits
implying that MhsM < 300 GeV (95% C.L.).

LEP2

The limit on the Higgs boson mass will be improved in the near future with the operation of
the LEP2 energy upgrade of the LEP collider. With an integrated luminosity of 150 pb"1 in
each of the four LEP detectors, expected from one year of design luminosity, the 5cr discovery
reach can be increased [41] to about 95 GeV with running at center-of-mass energies of 192
GeV scheduled for 1997. At the same energy and luminosity, a cross section in excess of 65
(30) fb can be discovered (excluded) in the e+e~ —»• hA channel when supersymmetric decays
are closed. The resultant exclusion region in the MSSM parameter space can be found in
Fig. 0.13. The possibility of running at 205 GeV, which would result in an extension of limits
close to the MSSM bound, is currently being investigated.

Upgraded Tevatron

The associated production of a Higgs boson and a W or Z boson, with the Higgs decaying
to bb and the W or Z decaying leptonically, is a possible way to detect the Higgs in the mass
range 60-130 GeV, at a high luminosity Tevatron collider [30]. The Higgs decays give rise to
2 jets, thus one will use b tagging to reduce the large VF + 2 jet backgrounds. It appears that
the present b tagging capability at CDF is more than adequate to reduce this background
(at moderate Run II luminosities, e.g., 1032x cm"2 s"1, 1 TeV x 1 TeV) if this capability is
extended to larger rapidities (as is planned in Run II for both CDF and DO). After b tagging,
the largest background at Higgs masses below 100 GeV is QCD production of W + bb and top
backgrounds for masses above 100 GeV. Figure 0.12 shows the dijet mass distribution for the
sum of all these backgrounds, plus the W -\- H signal for 10 fb"1. An observation of the Higgs
for masses below 100 GeV is possible after the Main Injector upgrade, and is within reach
of the present Run II accelerator after several years of data-taking. For higher mass Higgs
bosons, these statistics are too low; that one would need about 25 fb""1 to observe the 120
GeV Higgs. This study assumed an approximate 20% improvement in dijet mass resolution
obtained from applying a clustering algorithm that reduces the effect of gluon radiation at
large angles to the jet. This dijet mass resolution and jet clustering is crucial in seeing the
Higgs. It has been argued that the h —> T+T~ and Z —> v~v channels can be used to improve
these results [42].
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of data at 2 TeV. The solid line is signal+background, the dashed line the sum of all back-
grounds.

Large Hadron Collider

At the Large Hadron Collider (LHC), detection of the SM hsM is possible through the
process gg —* hsM —> 77 f° r M/,SM < 150 GeV and through gg —»• hsM —*• ZZ^ —* M
for MhSM > 130 GeV. A heavy hsM is also detectable in the reaction WW —+ hsM, with
the Higgs decaying to ZZ and also, possibly, to WW. The 77 channel that is crucial for a
light hsM demands an excellent electromagnetic calorimeter, and much attention has been
devoted to this in the LHC detector designs. For MhSM < 120 GeV, it will also be possible
to detect tthsM and (possibly) WhsM with hsM —*• bb, provided that the high ^-tagging
efficiency and purity projections are realized. Detection of the hsM in the intermediate mass
region when MhSM < 2Mw generally requires accumulating data for at least a year when
the LHC is run at full luminosity. This should be contrasted with e+e~ collisions, where the
e+e~ —+ ZhsM mode will allow detection in the same mass region in a matter of a few hours,
assuming full instantaneous luminosity.

In the case of the MSSM for large M40, the h° is similar to the Standard Model Higgs
hsM- As for the hsM-, the h° is straightforward to detect at an e+e~ collider. On the other
hand, the H° and A0 do not resemble the Standard Model Higgs boson, and so one must
separately consider their production process. We will show below that the observability of
H° and A0 at an e+e~ collider depends only on the beam energy: for -y/s > 2M40 — 20 GeV,
these particles are found in the reaction e+e~ —>• Z* —>• H°A°.

The story at the LHC is much more complex. The reactions which can be used to detect
the Higgs particles of the MSSM, and their limits of applicability in parameter space, are
displayed in Fig. 0.13 [35]. This figure represents the limit of the LHC capability, summing
the results of two detectors in a multi-year run at design luminosity. For values of MA > 200
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GeV, the LHC can detect the H° and A0 only in certain specific decay channels, shown in
the figure, whose availability depends on the value of tan /?. Since this figure summarizes a
great deal of analysis, we must point out at least a few of the assumptions which are used.
The channel A°,H° —» T+T~ can be used only when the branching ratio to r is enhanced
by a large value of tan/?. For small tan/3, modes with bb or it in the final states require
b tagging capabilities that will be challenging in the detection environment of the LHC. In
addition, it should be noted that the process A0, H° —> it has so far been studied only at
the level of the comparison of cross sections for signal and background, and that, since the
signal is 2-10% of the background, an excellent knowledge of the gg —> it cross section is
required. Finally, though the h° should be detected for the generic situation illustrated in
Fig. 0.13, there are regions of the full parameter space of the MSSM where the h° would
not be observed [43]. Thus, it is unlikely that the whole MSSM Higgs spectrum would be
observed at the LHC, and it is not possible to rule out the MSSM if none of its Higgs bosons
are seen at the LHC.

ATLAS+CMS /Ldt = 3 10 = pb

mtop = 1 75 GeV
h —>yy and Wh.tth with h —•»• 77

bH+with H+ -> rv

LEP2
Vs = 192 GeV

v l / L d t = 150 pb

;••.••' A ,H - > tt

100 150 200 250 300 350 400 450 500

mA (GeV)
Figure 0.13: Higgs discovery contours (5cr) in the generic parameter space of the MSSM for
ATLAS+CMS at the LHC, for a multi-year run at design luminosity, 300 fb"1 per detector,
from [35]. Renormalization group improved radiative corrections are included for Mflo and
M#o, assuming rn-t = 1 TeV and no squark mixing.
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0.4.3 Standard Model Higgs

The main production processes for the SM Higgs in e+e annihilation are e+e —> ZH
and the gauge boson fusion processes e+e~ —» vVH {WW fusion) and e+e~ —> e+e~H
[ZZ fusion). The cross sections for these processes are shown in Fig. 0.14. With a typical
integrated luminosity of 10 fb"1 at v ^ = 500 GeV with MH = 150 GeV, about 1000
signal events would be expected before cuts and branching ratios. Handy "rules of thumb"
are that the peak for ZH production occurs at y/s « Mz + \f2Mu and that the cross-
over for equal cross sections from the fusion and bremsstrahlung mechanisms occurs at

i 0.6MH + 400 GeV.
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Figure 0.14: Cross section for Standard Model Higgs boson production.

The decay modes of the Standard Model Higgs depend strongly upon its mass. The
branching ratios of the Standard Model Higgs are shown in Fig. 0.15. A very interesting
region is the intermediate mass Higgs with Mz < MH < 2Mw, which at a hadron collider is
relatively more difficult to detect than a heavy Higgs boson. Almost all of the decays, both
those to fermions and those into pairs of gauge bosons are itentifiable in e+e~ experiments,
and it should be possible to measure individual branching ratios. For an intermediate mass
Higgs, the dominant decay channel is clearly H° —> 66, with the branching ratio for H° —>
W+W~(*} growing with increasing mass (even for Ecm < 2Mw where one of the W's must
be off shell). This latter channel remains dominant for heavy Higgs bosons, and is joined by
ZZ and ti modes when kinematically accessible.

Signal Topologies and Backgrounds

Typical signal topologies in the intermediate mass range are shown in Fig. 0.16. The asso-
ciated production e+e~ -> Z°H°, is followed by standard decays of the Z° (10% l+l~, 20%
i/17, and 70% qq) and decays of the H° mostly into 66, occasionally into T+T~, and more
rarely into cc and gg. After straightforward cuts, the most serious backgrounds are due to
irreducible Standard Model processes, e+e~ —» ZZ, ZvV, and Wei/.
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Experimental Studies

The detection of Higgs bosons in e+e~ collisions at high energy has been studied extensively
in simulations [48, 45, 46]. The detector simulations that have been employed usually emulate
LEP/SLC-type detectors using smeared four-vectors, while some consider simulations of a
more ambitious JLC-type detector [47]. Most studies include the effects of "beamstrahlung",
the radiation of photons in the intense electromagnetic fields of the beam-beam collision. Like
more standard initial-state radiation, this effect is usually taken into account in kinematic
fits by allowing for an unknown missing momentum along the beam axis.

In the topology of Fig. 0.16a, one can first identify two leptons with invariant mass close
to the mass of the Z°, and then investigate the remaining hadronic mass or use kinematic
constraints to study the missing or recoil mass in the event:

M-miss *~~ Ee+ - E,-f - (pe+
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This quantity has a large peak at the Z° mass from the irreducible background process
e+e- -»• Z°Z°; Z° -* £+£~; Z° -> qq. If MH w Mz, the signal and the ZZ background
are kinematically equivalent, and one would need 6-quark tagging to distinguish the signal.
Since Br(Z° —> 66) ~ 20%, while Br(H° —> 66) ~ 85% at this mass, an analysis in this worst
case would require 50 fb"1 of data.

The four-jet topology of Fig. 0.16b has been considered in a number of studies, in partic-
ular, in a comprehensive study by Janot [48] at yfs = 500 GeV which assumed an integrated
luminosity of 10 fb"1. After selection cuts, for MH = 110 GeV, a small signal is observed
above the background, which comes mainly from e+e~ —> H^+W~, Z°Z°, and qq{i). This
signal is greatly enhanced, as shown in Fig. 0.17b, by requiring that at least one of the jets
forming the Higgs signal peak come from a tagged 6 quark. The vertex-tagger is assumed to
have the conservative performance ebi = 50%, tcz = 2.5%, ecj = 0.3%, and tqq — 0.1%, where
the numbers give the efficiency for tagging a particular quark combination. The importance
of 6 tagging is even greater as one moves up in mass.
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Figure 0.17: Distribution of the invariant mass of the Higgs jet pair in the four-jet topology
(a) before and (b) after 6-quark tagging, for all known backgrounds (shaded histograms) and
for the signal (MH = 110 GeV) (adapted from Ref. 10).

The missing energy topology shown in Fig. 0.16c can arise either from the ZH process,
with (Z° —•»• vl7)(H0 —• bb), or from WW fusion. The resultant events will have large
missing energy, transverse momentum, and mass, plus the presence of acoplanar jets. This
distinctive signature offsets the loss of the Z-mass constraint. The last topology of Fig. 0.16d
can be isolated by tagging two r leptons either from their one- or three-prong decays recoiling
against a reconstructed Z° decaying into qq. Using a kinematically-constrained fit the missing
neutrinos from the r decay can be taken into account.

The examples given so far rely primarily on the large branching ratio for H° —> bb.
As the H° gets heavier, other decay modes begin to become important. For example, for
MH = 140 GeV, Br(H°''-> W*W) ~ 45%. The mode (Z° -> qq)(H° -> W*W) has been
investigated [49] by demanding a six-jet event with a reconstructed Z° hadronic decay, one
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jet pair reconstructing to Mw, and the last pair peaking at m < Mw, depending on
Similarly, for MH = 160 GeV, the decay H° —> W^+M ~̂ dominates, and for production via
fusion, e+e~ —> HvV, the result is an acoplanar pair of reconstructed W bosons and a total
visible mass peaking at the H mass which is expected to be well above background without
the need for 6-tagging.

Studies have therefore shown that with a detector similar to the LEP/SLC detectors, with
6-quark vertex tagging provided by silicon microvertex detectors using present technology,
an intermediate-mass SM Higgs boson cannot escape detection at an e+e~ linear collider at
y/s = 500 GeV. Figure 0.18 shows an estimate [48] of the minimum luminosity required to
discover at the 5<r level a SM Higgs boson of a particular mass. An integrated luminosity
of only 5 fb"1 would be adequate to cover the entire intermediate mass range, while 20 fb"1

would allow a reach in mass up to about y/s/2.
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Figure 0.18: Minimum luminosity needed to discover a SM Higgs boson at a center-of-mass
energy of 500 GeV.

Higher -y/i would of course allow one to probe for the existence of much heavier Higgs
bosons, mostly through WW fusion and decay into pairs of vector bosons. At center of mass
energies of 1-2 TeV, different backgrounds such as e+e~W+W~ and e+veW~Z° need to be
addressed. Even though there exist older studies [4, 50] of searches for heavy Higgs bosons
in 1-2 TeV e+e~ collisions, these investigations need to be updated with more detailed
simulations and to keep abreast of theoretical developments [51] regarding backgrounds and
the decay of heavy Higgs bosons. For very large Higgs boson masses, this study becomes
a. part of the general problem of studying WW scattering at high energies; we discuss this
problem in some detail in Section 7.2.
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0.4.4 Minimal Supersymmetric Standard Model Higgs

In the framework of the MSSM, production of the lightest CP-even state h° is similar to that
of the SM higgs boson. It is produced by the Zh and WW fusion processes just described,
with h° replacing hsM- In addition, new modes of production also open up, involving the
heavy Higgs bosons H° and A0. The various production processes for h° and H° in e+e~
annihilation depend on the mixing angles a and /3 as indicated in Table 0.5. Notice the sum
rule: One process in each line always has a substantial rate. As UIA —*• oo in the MSSM,
cos(/9 — a) —+ 0, and only the processes in the left-hand column of the table occur. In this
limit, the rates of the h° production processes are identical to those for the Standard Model
Higgs.

Table 0.5: Dependence of the cross section on Higgs boson mixing angles for various Higgs
boson production processes in the MSSM.

sin2(/3 - a)

h°Z°
hPuV

H°A°

cos2((3 — a)

H°Z°

h°A°

The phenomenology of the SUSY Higgs bosons varies in a smooth way as MA is varied.
The contours of Higgs mass over the MSSM parameter space are shown in Fig. 0.19 [52]. If
MA < 125 GeV, then A0 and h° are close in mass; if MA > 125 GeV, then MA ĉ  MH and
we begin to approach the large MA limit. However, if MA < 230 GeV, then all of the MSSM
Higgs bosons should still be observable at the NLC with y/s = 500 GeV. If MA > 230 GeV,
it is possible that, at the -Js = 500 GeV stage of the NLC, only the lightest SUSY Higgs h°
may be observable and it would have production rates virtually indistinguishable from those
of a minimal Standard Model Higgs boson. The remaining Higgs states could be discovered
at higher y/s, and there are also precision tests available, to be described later, which could
distinguish a Standard Model Higgs from a supersymmetric Higgs. However, since the h° will
result in decay topologies similar to that of the SM Higgs, if this lightest h° is not observed,
then the MSSM is categorically ruled out. If the h° is not seen below 150 GeV, the more
general supersymmetry models incorporating grand unification are also excluded.

In general for an intermediate mass boson, the branching ratio for a minimal SM Higgs
boson to bb is very close to that of the light CP-even state h°. For large values of tan/3,
the other neutral MSSM Higgs bosons decay predominantly into bb, with a 3% branching
ratio into T+T~. This simple pattern becomes more complex for smaller values of tan/3 [51]
with modes such as H°, A0 -»• it (for MAo « MHo > 2mt) and H° -* h°h° and A0 -> Zh°
(for MAo PS Mffo < 2mt) becoming more important. Despite more complicated cascade
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Figure 0.19: Contours of the values of (a) Mh and (b) MH in the MSSM for rnt = 180 GeV,
assuming msusY — 1 TeV and maximal top squark mixing.

decays into lighter Higgs states, the bottom line remains clear: There should be plenty of
jets from 6-quarks to tag and elucidate signals. A case in point is the spectacular decay
of H°A° into six b jets H° —> h°h°, h° —» bb. Most final states decay into at least four
6-quark jets, underlining the overwhelming importance of 6-tagging in experimental studies.
An interesting case deserving further study in simulations is the heavy Higgs decay into it .

Experimental Studies

All of the topologies of Fig. 0.16 can be explored in the MSSM with the h° taking the role of
the Standard Model Higgs boson. A repetition of the analyses described earlier either would
observe a single h° similar to that of the SM Higgs, or, if sm2(/3 — a) ~ 0.5, would observe
both the h° and H° states as shown in Fig. 0.20a [48].

An identical preselection for a four-jet topology can be used to search for HA. We require
in this case that all four jets in (if0 —> bb)(A° —> bb) be tagged as b jets. For large enough
MA and tan/5, we have MA — MH, and we can demand that the two jet-pair masses of the
possible combinations to be close to equal. Then a signal as shown in Fig. 0.20b is possible.
Since all the neutral SUSY Higgs decay into T+T~ at some level, it is possible to observe all
three MSSM states in a single analysis by looking at the invariant mass of both the T+T~
and qq in the T+T~qq final state. In Fig. 0.21, we show the regions of plane of MA versus
Mh in which is it possible to observe all three neutral Higgs states of the MSSM at a linear
collider with y/s = 500 GeV, or, conversely the region where only the h° can be observed
[53].
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In theories with multiple Higgs doublets such as the MSSM, searches for the charged
Higgs bosons H^ are also important. An e+e~ collider should be able to better resolve the
hadronic decays of the H± compared to a hadronic collider, and all of the expected final states
H+ H~ —> cscs, tbtb, plus the easier topologies of csr~v and T+VT~T> should be observable. A
detailed simulation analysis [54] at ^/s — 500 GeV with an integrated luminosity of 10 fb"1,
which makes heavy uses of 6-tagging, has shown that oen can establish a signal over the
e+e~ —> it and VF+H^~ background in all of these channels. The results show a detection
sensitivity for charged Higgs bosons up to about 210 GeV at A/S = 500 GeV, independent of
decay mode. These conclusions can be strengthened further by adding the decay t —> bH+.
The bottom line is that if the A0 is lighter than about 200 GeV, then the H^ should be
observable also.

If one is considering SUSY Higgs bosons, one should allow for the possibility of their
decay into other SUSY particles. As an example, it is possible for h° or H° to decay into a
pair of the lightest neutralinos (mixtures of fermionic partners of the Z and 7) that would
be stable and neutral. The result would be an "invisible" decay of the Higgs. This topology
can be identified in the same way as described previously by studying the missing mass in a
hZ or HZ event where the Z decays into a pair of electrons or muons. Both missing mass
resolution and backgrounds (smaller direct ZuV cross section) improve with lower center-
of-mass energy, and such an analysis would benefit from running at y/s ~ 300 GeV. The
possibility of SUSY Higgs decays into other SUSY particles [51] such as SUSY partners of
quarks and leptons warrant further experimental simulations.
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Figure 0.21: Regions of simultaneous detectability of h°, H°, and A0 at center-of-mass energy
of 500 GeV [53].

0.4.5 Determination of Properties of Higgs Bosons

Mass Measurement

To measure the mass of one or more of the possible Higgs bosons, one would probably
optimize the running conditions to have smaller center-of-mass energy (for better momentum
resolution) and as small a level of beamstrahlung as possible. For an intermediate mass Higgs,
y/s = 200-300 GeV is appropriate. Under these conditions, one can precisely measure the
recoil mass in e+e~ —> Z°h° events opposite to the reconstructed leptonic decay Z° —»• e+e~
or fJ.+(i~. Other modes, such as the four-jet topology, can also be employed. In all cases,
kinematic fitting would be used to constrain the leptons or jets from a Z° to reconstruct
to Mz and to allow for missing Ey along the beam axis. A typical jet-jet mass resolution
of <JM — 2.0 GeV can be achieved assuming the excellent momentum resolution of crPt/pt =
1 x 10~4 © 0.1% envisaged for the JLC detector [47]. For our NLC detector design, we could
achieve <TM ~ 3.9 GeV, as shown in Fig. 0.22. The differences between detector designs
are much smaller when kinematic constrained fitting is included in the analysis. The JLC-
type detector has been estimated to provide a estimated precision on the Higgs mass of
approximately 0.1% for v ^ = 300 GeV, / L • dt = 30 ftr1, and a 2.0% full width beam
energy spread [55]. On the other hand, the NLC-type detector gives AM/, < 160 MeV up to
Mh ~ 160 GeV with 50 fb'1 at yfe = 500 GeV.

Once MH is known precisely, it can be used as an input to check the experimental
measurements of branching ratios and the production cross section with Standard Model
predictions. Its value can also be compared to the theoretical value obtained from precision

39



25

20

15

10

NLC
Detector
aM= 3.9 GeV

0 20 40 60 80 100 120 140 160180 200

Jet-Jet Mass (GeV)

Figure 0.22: Mass resolution of &M — 3.9 GeV in the jet-jet invariant mass for jets from Higgs
decay assuming the performance of a NLC detector (see text) for a simulated signal (open
histogram) of a 120 GeV SM Higgs boson and all known backgrounds (shaded histogram)
at 300 GeV with 10 fb"1.

electroweak measurements, combined with the measurements of Mw and mtop expected from
a linear collider.

Cross Section Measurement

Measuring the production cross section of the Higgs provides one way of disentangling a SM
Higgs boson from a SUSY Higgs, if one can observe the cross section suppression due to
mixing

a(e e —> h Z ) = sin (p — a) • a(e e —> hSMZ ) .

A distinct advantage of e+e~ linear colliders over hadronic colliders is the ability to almost
unambiguously tag the Z° in hZ events and being able to study all of the decays hP —* X
with small backgrounds. Both total absolute cross sections and individual Higgs branching
ratios can then be measured. By using leptonic decays of the Z° and kinematical fitting,
the absolute production cross section can be measured [55] with a precision of 7% with an
integrated luminosity of 30 fb"1 and to 5% with 50 fb"1. However it should be kept in mind
that for a large area of SUSY parameter space, the SUSY Higgs cross section is less than
10% different from the SM Higgs cross section.

Spin-Parity and CP Determination

In principle, the spin and parity of the Higgs boson can be found by studying both the
production angular distribution of the Higgs and also the resulting angular distribution of
the decay products of the Z° in its rest frame in HZ events. In the high energy limit, Table
0.6 shows the expected angular distribution of scalar (e.g., h°, H°) and pseudoscalar (e.g.,
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A0) Higgs bosons. In the table, 0 is the production angle of the Higgs boson and 9* is the
polar angle of the fermions from Z decay measured in the Z rest frame. In practice, however,
a purely CP-odd Higgs boson couples to ZZ only at the one-loop level, and then the ZA
cross section would be very small. For a Higgs boson that is a mixture of GP-even and
CP-odd components, the production would mainly be sensitive to the CP-even part, and the
angular distributions would not reveal the CP-odd component [56].

Table 0.6: Expected angular distributions for Higgs bosons with different spin-parity.

da(e+e~ ^ cj>Z°)/d cos 0

da(Z0^ fj)fd cos 0*

Scalar, 0 + +

oc sin2 0

oc sin2 0*

Pseudoscalar, 0 +

oc ( l - s i n 2 0 )

OC (1±COS0,)2

A much better way to determine the Higgs' CP character is with polarized 77 colli-
sions [57, 58]. In this technique, which we will discuss in detail in Section 9.2, the Higgs
boson is produced as an s-channel resonance. Then it is possible to study the angular corre-
lations of the decay products of the resonance in decays such as <j> —> T+T~ and tt. By spin
analyzing the subsequent decays t —*• blu for top quarks from heavy Higgs boson decay, and
r —* ivv or r —> pv for CP-odd state can be distinguished [56, 59]. This CP state separation
is much better in the angular correlations between top quark decay products.

Branching Ratio Measurements

The measurement of the branching ratios of any observed Higgs boson is an essential ingredi-
ent to understand the nature of the symmetry breaking and to make predictions about other
aspects of the Higgs sector. This is especially when only a single neutral Higgs is observed,
which might be either the Standard Model Higgs or the lightest neutral Higgs from SUSY.
The clean environment in e+e~ annihilation permits one to tag a Z° in one hemisphere, and
then observe the decay h° —»• X in any decay mode in the opposite hemisphere. An example
of such an analysis [49] at y/s = 400 GeV simulating an SLD-like detector first identifies
a Z° in a HZ event and then considers those decays where the recoiling Higgs decays into
jets. The Higgs decays to two jets can be separated by flavor by counting the number of
tracks with a significantly large impact parameter: bnorm — bja\, > 3, where b is the impact
parameter and 0-4 is the error on b. The decay h —* WW^ is identified by demanding that
the event be consistent with containing six jets, and that a jet pair with invariant mass close
to the W mass is found. With 50 fb"1 of data, Br(h —> bb) can be measured to a statistical
precision of 7%, and branching ratios into VFPF* and (cc + gg) to 24% and 39% respectively.
These relative errors are shown superimposed upon the Standard Model values in Fig. 0.23a.
The figures also shows the variation in branching ratios that one would expect from the

41



variation of tan/3. In the MSSM, it is very difficult to arrange such a large variation in tan/3
without a compensatory variation in a, but the figure shows the utility of this measurement
in Higgs studies in a more general context. For the comparison of the Standard Model Higgs
boson to the MSSM, one should consult Fig. 0.23b, where the branching ratio of a light
Higgs boson into bb is compared for these two possibilities over the MSSM parameter space.
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Figure 0.23: (a) Expected errors on the Standard Model branching fractions compared to
those predicted for a 120 GeV h° MSSM Higgs boson; (b) contour lines of fractional deviation
of Br(h° -»• bb) (mt = 175 GeV, mSusY = 1 TeV).

An interesting quantity [61] is the ratio of branching ratios to cc versus bb. At tree level,

Br(h —+ cc) m2
c I' M\ — M\ \

Br(h -+ bb) ~ ^ f ' I MA - M2
Z) '

where mc and mj are the c and b quark masses respectively. (We should note that this formula
can receive substantial radiative corrections in some regions of the MSSM parameter space.)
If the branching ratios indicated are measured along with Mh, it is possible to estimate MA-
In a simulation study of this measurement [62] at y/s = 300 GeV, HZ events are selected
for each decay mode of the Z°, and the decay mode of the Higgs is determined using three-
dimensional impact parameters. Flavor tagging is performed by selecting charged tracks
that satisfy 6/<TJ, > 2.5 and counting the number in each jet from the Higgs decay. For
MH = 120 GeV, 50 fb"1 of data, and assuming 90% polarization of the electron beam, the
statistical error on the ratio of branching ratios Br(h —> cc+gg)/Br(h —> bb) would be 20.4%,
varying with the Higgs mass as shown in Fig. 0.24a. This does not include a substantial
systematic uncertainty from mc/mb, which we believe will be reduced in the next few years
through lattice gauge theory calculations. Then, as shown in Fig. 0.24b, this measurement
could be sensitive to A0 masses to 400 GeV, well above the maximum kinematic reach of
a 500 GeV collider. Observation of the A0 in this way would help to plan the next step in
energy.
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function of Higgs mass; (b) implications for estimation of A0 mass.

For the decay h —• 77, it is difficult to measure the branching ratio at an e+e~ collider
because this mode is relatively rare. However, it should be possible to measure the absolute
partial width T(h —*• 77) by exploiting the ability of an electron collider to be run as a 77
collider. This measurement is discussed in Section 9.2.

Determination of Higgs Total Width

In the preceding sections, we have indicated many ways in which measurements at the NLC
can distinguish between the Standard Model Higgs and the light Higgs h° of the MSSM.
There are also a number of quantities at the LHC which are sensitive to this difference, as
outlined in [35]. However, to obtain the complete set of partial width of the Higgs boson in
a model-independent way, measurements from LHC must be combined with data both from
e+e~ and 77 collisions at the NLC. A possible procedure is the following. First determine
Br(bb) from Zh events and combine with a(WW —> h)-Br(bb) both measured at the NLC to
obtain the WWh coupling. Alternatively, a measurement of a(e+e~ —*• Zh) at the NLC gives
the ZZH coupling and ratio of the WWh and ZZh couplings given by Mj^/M| = cos2 &w
also gives the WWh coupling. This coupling and a measurement of a(Wh) • Br(-yy) at
the LHC can be used to determine Br(-yj). Therefore one can combine Br(bb) with the
77 collider measurement of (7(77 —> k) • Br(bb) to obtain F(h —> 77). We can then finally
compute the total width T^ot = T(h -»• jf)/Br('yy) and T(h -> bb) = BrffiTfiK A simpler
route exists using only e+e~ data when the Higgs boson is heavy enough that the branching
ratio to WW* is relatively large, so that it can be measured accurately. In this case, we can
simply measure Br(h -»• WW*) and infer r^ot = T{h -+ WW^)/Br(WW^). Although the
accumulation of errors may be significant, the basic point is that data from all three colliders
or from the NLC alone can be combined to complete a model-independent determination of
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the properties of a light Higgs boson.

0.4.6 Summary

From the studies described, the discovery of a Standard Model intermediate-mass Higgs
boson at an e+e~ linear collider at yfs — 500 GeV can easily be achieved with an integrated
luminosity of only 10 fb"1. Such a machine allows the detection of at least the lightest MSSM
Higgs h°, if not all three SUSY neutral states. If the lightest Higgs is not observed, then
not only is the Minimal Super symmetric Standard Model ruled out, but also the general
idea that the Higgs boson is a fundamental particle up to the unification scale is called into
question. If the A0 is not kinematically accessible at y/s = 500 GeV, then the measurement
of h° branching ratios can give hints of the values of MA and tan (3 and tell us where to go
next in energy. For definitive evidence, yfs > 2MA would still be needed. For Higgs bosons
above the intermediate mass range, their decay into pairs of vector bosons makes them
straightforward to detect at the NLC as at the LHC; however, more up-to-date experimental
simulations are needed. Just as important as its ability to discover the Higgs boson is the
ability of the linear collider to make precision measurements of the properties and couplings
of a Higgs boson. Even if the Higgs boson is discovered earlier at LEP2 or at the LHC, we
will need the NLC to learn its complete story.

44



0.5 Super symmetry

To build a complete unified theory with a fundamental Higgs boson, one is led to introduce
supersymmetry, the symmetry between fermions and bosons in space-time. Supersymmetry
is the only known principle with sufficient structure to allow the construction of grand uni-
fied theories in which fundamental scalar particles can naturally be very light compared to
the unification scale. Supersymmetric unification models explain the values of the Standard
Model coupling constants as measured at Z° energies, and also incorporate a mechanism of
electroweak symmetry breaking associated with the heavy top quark. General reviews of
supersymmetric models can be found in [36, 37, 63, 64]. Supersymmetry also offers the more
speculative but tantalizing possibility of a connection between phenomena observable at col-
lider energies and string theory and other profound mathematical theories of the fundamental
forces [65, 66].

In this section, we will examine the manner in which supersymmetry (SUSY) might
manifest itself at a 0.5-1.0 TeV e+e~ Linear Collider (NLC). Our discussion here is part of
a broader, and continuing, investigation. At present, our study is being carried out within
the supersymmetry scenario based on the minimal supergravity model with gauge coupling
unification and radiative electroweak symmetry breaking (SUGRA). We have calculated
most of the relevant cross sections and angular distributions for the production and decay of
supersymmetric particles, and we include a report of them as an appendix [67]. Because of
the difficulty of knowing where and how supersymmetry will manifest itself, we must study
the phenomenology of supersymmetry over a wide range of its parameters. In this study,
we have chosen five points in the parameter space of the SUGRA model which illustrate
qualitatively different possibilities for the spectrum of new particles [67]. Because of the
power of the experimental tools offered by the NLC, our goals are much more ambitious
than simply to discover the existence of supersymmetry. We would like to measure the
masses of supersymmetric particles with precision, and determine the underlying values of
the basic parameters of the theory. In the most optimistic scenario, the extrapolation of these
parameters to the unification scale would give evidence into the details of the fundamental
unified model [68].

The number of supersymmetric particles is quite large. Hence, it is typical that many
of these particles will be produced in the same data sample at a particular energy center-
of-mass energy. One of the properties of e+e~ linear colliders is that the electron can be
longitudinally polarized and its orientation can be changed at will. Already, the SLC pro-
vides an electron beam with 77% polarization. We expect that, in the future, this magnitude
can be increased substantially. The ability to have electron beams with high longitudinal
polarization is very useful to discriminate between the various supersymmetric signals and to
understand and remove the Standard Model background processes [69]. This can be seen by
examining the standard model cross sections as a function of polarization, shown already in
Fig. 0.3, and comparing these to the polarization-dependence of the cross sections for the su-
persymmetric production processes, shown for two representative points in Fig. 0.25. Having
a 90% longitudinally polarized electron in the right handed mode will reduce the production
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rate of Standard Model background processes such as W+W pair production by an order
of magnitude while enhancing some of the supersymmetric particle signals. The left-handed
supersymmetric particles, like the Standard Model background, are also suppressed, while
the right-handed ones are enhanced. This is seen in Fig. 0.25. Hence, by varying the polar-
ization we can determine which of the supersymmetric particles are giving us a particular
signal. Polarization of the positrons could give an additional advantage. For example, if
we could collide totally right-handed electrons with totally left-handed positrons, all of the
standard model backgrounds from e+e~ annihilation processes would disappear, while the
supersymmetric signals from e^e^ production would remain. (Some background would also
remain due to two-photon reactions [70].) An additional handle on our ability to discriminate
among the various supersymmetric signals is their different angular distributions [67]. These
distributions for a typical case are shown in Fig. 0.26. A third powerful discriminating tool is
the adjustment of the center-of-mass energy. Once one has an estimate of the masses of the
lightest supersymmetric particles, it is advantageous to decrease the energy of the collider so
that only these lightest states are produced, measure their properties at this lower energy,
and then increase the energy of the collider systematically.

In our study, have generated signal and background processes using the simulation pro-
gram ISAJET [2]. This program allows for both electron and positron longitudinal polariza-
tion. The influence of the detector is accounted for by smearing the generated momenta and
directions of the particles produced in the simulation with resolution functions as described
in Section 2.

The spectrum of supersymmetric particles for the five parameter sets that we have chosen
for detailed study are exhibited in Table 0.7. These spectra are computed consistently from
a supergravity model with mt = 180 GeV. The values of the underlying parameters for these
scenarios is given in [67].

In each of the five cases, the lowest mass supersymmetric particle is the Xj. In the
class of models we discuss, there is a conserved R-parity which implies that this particle is
stable. It then passes through the detector without leaving a signal. This particle is in all
cases sufficiently massive that it carries away significant missing energy. On the other hand,
Standard Model background processes can mimic this signal because, as a result of their
peaked differential cross-section in the forward and backward directions [67], many of the
particles in the final state go along the beam direction. Also it is possible that neutrinos
can carry away a sizable portion of the energy, or that the event is mismeasured due to the
detector resolution.

In Fig. 0.27 we show the expected observed energy for the Standard Model processes
e+e~ —> VK+M^~, Z°Z°, qq after a requirement that at least three particles be present in each
hemisphere. This allows us to avoid including the evW final state and most of the events
where the W's and Z's decay into leptons and neutrinos; only a few events with r in the
final state remain. The figure shows the effect of various assumptions about the calorimetric
coverage in cos(#), to determine how much energy is lost in the beam direction. We note that
the tail of events with low visible energy (E « 100 GeV or less) begins to increase noticeably
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Table 0.7: Supersymmetric particle masses at five representative points in the parameter
space of phenomenological supergravity models.

Parameter Set

X?
X°2

xl
X°4

• xt
xt
h°
H°
A0

H±

h
h

lR
h
il

l-R

9

1

85.87

175.24

514.96

523.78

175.12

522.82

84.86

766.47

762.32

765.70

605.23

516,58

417.65

605.23

597.15

547.20

425.96

421.43

408.80

552.19

2

128.51

257.05

549.08

556.07 -

257.02

555.72

92.24

698.24

693.30

697.05

670.84

621.43

537.12

670.84

655.70

655.21

238.35

230.16

156.97

760.16

3

44.41

96.73

267.81

284.18

96.10

282.52

68.82

389.39

381.75

388.81

317.23

272.31

265.55

317.23

313.40

328.15

215.72

206.63

206.54

298.15

4

77.83

115.29

146.84

292.40

96.06

292.45

130.58

201.72

200.00

214.75

1000.00

1000.00

923.13

1000.00

1000.00

1099.35

1000.00

1000.00

1000.00

900.00

5

57.00

111.21

440.03

460.12

109.82

457.09

102.15

619.21

616.45

620.52

464.04

384.70

179.85

464.04

457.79

495.72

320.69

314.65

307.45

428.03
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for cos(0) < 0.97 or so. Hence good calorimetric coverage is imperative if we want to use the
low visible energy as a signal for supersymmetric particles. We do not smear the particles
in this plot to determine the true loss of particles down the beam direction. The detector
design presented in this report has calorirnetric coverage down to cos(#) = 0.99, which, as
we will see, is sufficient to allow us to see the signal due to supersymmetric particles.

We have made a study of the signals seen in the various sets of SUGRA parameters
[67]. We show here some of the results for the signal to background ratios for the SUGRA
parameter set 4. In this scenario, the main signals are due to the pair-production of the
charginos xt a n d the neutralinos Xi> X%- The visible (observed) energy for these signals and
the others [67] is shown in Fig. 0.28. The signal is in the region of 100 GeV visible energy;
hence our requirement that there needs to be calorimetric coverage down to small angles.
In Fig. 0.29 we show the visible energy distribution, properly normalized with the relative
cross section for background Standard Model events and signal from supersymmetric events.
A small bump can be observed in the region of small visible energy. To isolate the signal
due to chargino (xtxT) production, we require that there be at least five hadrons in each
hemisphere. After additional cuts in the data to enhance the signal, we are able to obtain
a signal to background ratio of 12 to 1 as shown in Fig. 0.30. This signal is then used to
determine the masses of the xt a n ( l the x? as described below. Similarly, with appropriate
cuts we obtain a signal for x°X? production with no background from the Standard Model
processes, but, as shown in Fig. 0.31, a background of « 10% background from xtxi • (We
expect to reduce this background with further analysis.) The complete observed signal is
shown in Fig. 0.32. This can then be used to determine the masses of the X2 a n d X?- It 1S

interesting to check that the two determinations of the x? mass agree. This self consistency
would give us confidence that we are seeing the consequences of a consistent model and
would encourage us to use the resulting model parameters to predict the masses of the other
particles. These levels of signal to background seen in this analysis are typical for scenarios
of supersymmetric particle production processes in e+e~ colliders.

We will now discuss in more detail the measurement of the masses, spins, and cross-
sections of the various possible supersymmetric signals. Some very beautiful studies on these
issues have already been reported in [68], [71], [72]. These papers indicate that, indeed,
linear collider experimentation provides very powerful methods by which to measure the
production and decay parameters of the various supersymmetric particles. This should allow
us to uncover which of the various supersymmetric models is the correct one. One recent
study [68] has shown that, for slepton or chargino pair-production, we can use the upper and
lower limits of the energy spectrum of the secondaries from supersymmetric particle decays
to determine these particle masses. In addition, we can use the angular distribution of the
signal to say something about the spin of the sparticles producing these distributions. A
threshold scan will also differentiate between scalars and fermions by determining whether
the energy dependence follows a a f3 or a (33 law.

In this study, we expand on this work by increasing the number of cases that have been
studied and attempt to determine how much these measurements constrain the possible
region of parameter space. Here we will describe how well we can determine the masses
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of the supersymmetric particles using the simulated resolution parameters in our detector
design. For brevity, we will only consider here the parameters sets 3 and 5. In case 3, the
most important supersymmetry cross section for an incident 95% left-hand polarized electron
beam is that of of sneutrino pair production, i>eve, as shown in Fig. 0.25. The branching ratio
for ve —> e~xt is 61%. The xf decays mostly to W+Xi- Hence, 5-10% of the time we can
have a final state signal e:fe±iJ,± +2 jets. This signal will have hardly any Standard Model
background. The energy distribution of the e^ can be used to determine the ve mass. The
e^ energy spectrum, based on a 20 fb"1 data sample, is shown in Fig. 0.33. The background
is shown by the dotted line. A fit to this energy spectrum leads to the following values for
the masses:

MPe = 207.5 ± 2.5 (4) GeV

M +=97 .0 ±1.2 (2) GeV
A l

at the 68% (90%) confidence level. These results should be compared with the input values,
given in the table, of 206.6 and 96.1 GeV respectively.

Another interesting signal is the e£e^ process in order to determine the mass of the ex,
(left-handed slepton). The useful signal is due to the decay chain e£ —> e~x% ~* e~ Z°Xi ~*
e~//~ju+Xi- This leads to a final state with one electron, one positron, four muons, and a small
visible energy. We can also consider the analogous decay chain for /S^^Z- We considered
these two possibilities together by isolating final states with 6 leptons and missing energy,
in which the highest energy leptons are either e+e~ or fJ.+fi~. This analysis assumes that
el and /i£ have the same mass; with higher statistics, a mass splitting would be apparent.
The results for an effective 1 year run (50 fb"1) is shown in Fig. 0.34. The fit to the lepton
energy spectrum gives the following values for the masses:

MgL =221.6 ±5.6 (8) GeV

M o =94.7 ±5.3 (10) GeV
A2

Since Mp — M$L is determined by just SU(2) symmetry, these measurements lead to a model-
independent constraint on the parameter tan(/?) according to the equation:

Ml - MJL = M2
W cos(2/?)

The fit to the lepton energy spectrum gives the following values for the masses:

Me-L = 221.6 ± 5.6 (8) GeV

Ma =94.7 ±5.3 (10) GeV
A2

at the 68% (90%) confidence level, which are quite close to the input values of 215.7 and
96.8 GeV in spite of the low statistics in this sample.

In the case of SUGRA parameter 5 we have a series of signals whose masses can be
determined. This point includes a low mass stop squark i1? a chargino xt •> neutralinos x?
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and X25 a n d the light Higgs boson h°. We measure the xt a n d X? masses by studying the
production process e+e~ —> xt + Xi • F° r a 95% left handed polarized electron the cross-
section is « 0.75 pb so that for a 1 year run at our standard luminosity we get over 104

events. The xt decays into the 3 body final states qqxi a^d evxi, with the branching ratios
predicted for the Standard Model W boson decay into the similar channels. Hence, about
68% of the time it will decay into two hadronic jets + x?- To isolate this signal we use
similar cuts to those discussed above associated with Fig. 0.30. The resulting Ejj values, the
energies of each of the 2 jet systems from the xt decays, has no sharp end point behavior
due to the 3 body nature of its decay. Hence we cannot easily use the Ejj spectrum to
determine the masses. Since the combined mass of the 2 jets, Mjj does not vary much in
this case, and since we have a large sample of events, we can force two body kinematics on
this process by selecting a slice of Mjj around a given value, which in our case is chosen to
be 30 GeV. Hence the Ejj distribution follows approximately the two body kinematics of the
process xt ~> Xi + (jj) (30 GeV). The Ejj distribution and the best mass fit to the data is
shown in Fig. 0.35. The result is:

Mchtpa = 107.5 ± 6.5 GeV

M9o = 55.0 ± 3.5 GeV

at the 68% confidence level. This is to be compared with the input values of 109.8 and 57.0
GeV respectively.

Finally, for parameter point 5, we have also studied determining the mass of the i\ (stop)
quark. Here we note that the process e+e~ —» ifi^ —*• bxt^Xi occurs with a 100 % branching
ratio. Since this cross section hardly depends on the electron polarization we study this case
with a 95% right handed polarized electron (Pjr,(e~) = —0.9) to minimize the background
from WW pair production [67]. We isolate the events with > 5 jets, and we select from these
events with two tagged 6's, and no isolated leptons or r jets. Finally we require a missing
mass > 140 GeV. For our standard 1 year run we obtain a SUSY signal of 286 events with
a WW background of 36 events. The energy distribution of the 6-jets is shown in Fig. 0.36.
This distribution depends on the mass of the t\ and the mass of the xt • The masses we
obtain are:

Mh = 19,2 ±UGeV

M-+ = 114±8GeF
Xi

to be compared with the input values of 180 and 110 GeV respectively. Other interesting
work on squark mass determination [73] has also been carried out.

We hope that in this short presentation we have indicated the effectiveness of an 0.5-
1.0 TeV e+e~ Linear Collider in determining the masses of the Supersymmetric particles.
We have not discussed how to determine the spin of these. This we propose to accomplish
where possible by looking at their production angular distribution and by looking at their
production behavior as a function of the electron longitudinal polarization. This work will
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continue in order to determine further what additional parameters need to be determined to
be able to guarantee that the signals we are observed are due to supersymmetric particles.

To conclude, we make a brief comparison of the relative reach capabilities of a 0.5-1.5
TeV e+e~ Linear Collider and the CERN LHC pp collider as to their ability to determine
whether the observed signals are due to supersymmetric particles. First of all, the NLC,
operating at Ecm > 250-300 GeV should be able to search for the light Higgs boson, h°,
over the entire parameter space range of the minimal supersymmetry model. If the NLC
does not observe the h°, then this model must be ruled out. In addition, since the h° is
expected to behave very nearly like a Standard Model Higgs boson, even if it is discovered,
it may be difficult to tell if it is a SUSY or Standard Model Higgs. Hence, discovery of the
h° alone may not be sufficient evidence for supersymmetry. On the other hand, the NLC
has a substantial ability to discover many of the superpartners.

In Fig. 0.37, we show our estimates of the reach of NLC and LHC into the SUGRA
parameter space, defined by underlying mass parameters m0 and mi/2. In the top figure,
we have plotted the contours corresponding to £R and xt masses of 250, 500 and 750 GeV,
approximately representing the reach of NLC(0.5 TeV), NLC(l.O) and NLC(1.5) in observ-
ing these supersymmetric particles. We also show the reach for supersymmetry recently
calculated [74] for the CERN LHC assuming 10 fb"1 of integrated luminosity. Comparing
the two figures we note that the reach of the LHC is larger than that of the NLC at 500
GeV, but its reach is comparable to that of the NLC at 1 TeV. It is important to note that
the reactions at NLC and LHC typically access different particles in the supersymmetry
spectrum, so the experiments at these colliders should be considered cooperative rather than
competitive. In addition, precision measurements of particle properties such as mass, spin,
and mixing angles will be much easier at the NLC [68] than at the LHC. The LHC might
be able to provide complementary information via squark and gluino production channels
which may not be accessible at the NLC.
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a function of the electron polarization for points 3, 4 in our parameter space.
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Figure 0.29: The visible energy for the normalized (relative cross-section) SUSY processes
associated with SUGRA parameters 4 and the Standard Model processes. The smearing due
to detector resolution is included.
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Figure 0.30: The visible energy for the normalized (relative cross-section) SUSY process
e+e~ —> XiXi associated with parameter set 4 and Standard Model processes after cuts to
enhance the signal over background. The cuts are that there be only 1 broad jet with > 5
particles and with Evis < 80 GeV in each hemisphere.
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Figure 0.32: The visible energy distribution for the SUSY process e+e —»• X2X1 associated
with parameter set 4 and the Standard Model background processes, after the cuts defined
in the previous figure to enhance the signal over background.
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0.6 Anomalous Gauge Boson Couplings

Although the Standard Electroweak Model has been verified to astounding precision in re-
cent years at LEP and SLC, one important component has not been tested directly with
significant precision: the non-Abelian self couplings of the weak vector gauge bosons. Devi-
ations of non-abelian couplings from expectation would signal new physics, perhaps arising
from unexpected loop corrections involving propagators of new particles. In addition, as will
be discussed in Chapter 8, precise measurements of WWV couplings, where V = 7 or Z,
can provide important information on the nature of electroweak symmetry breaking. Recent
results from CDF and DO indicate the presence of triple gauge boson couplings, but have
not yet reached a precision better than order unity [75]. Upcoming measurements at LEP
II, at an upgraded Tevatron and at the LHC will improve upon this precision considerably,
but cannot the match the expected precision of a 500 GeV NLC, much less that of a 1.0 or
1.5 TeV NLC. There exist indirect constraints on the anomalous couplings from the preci-
sion electroweak measurements at the Z° resonances, in particular, from the fact that loop
diagrams involving weak vector bosons are seen to take the values expected in the standard
model. However, the ambiguities in the calculation of these diagrams call for more direct
measurements [76].

In this brief report we restrict attention mainly to measurement of possibly anomalous
WWV couplings via the process e+e~ —> W "̂1"!̂ ", but much work has been done on other
processes that involve non-abelian couplings in e+e~ annihilation, including ZZ7, Z77,
WWZZ, and W^WWJ'F [75]. In addition, many of these couplings can also be measured
independently using the e~e~, e~7 and 77 options for the NLC. We will describe one common
parametrization of anomalous ifl^V couplings, summarize present and expected pre-NLC
measurements of WWV couplings, and discuss in more detail what can be done at NLC.

0.6.1 Parametrization

In parametrizing anomalous couplings, we follow the notation of Ref. [7] in which the generic
effective Lagrangian for the WWV vertex is written:

Lwwv/g i^^wwv/gwwv =
Mw

+ dTV") + gX^"{Wl^Wv)Va + kv

where W^ = d»Wv - dvW^ V^ = d^Vv - dvV^ (Ad^B) = A(d^B) - {d^A)B, and %v =
^tfivpeV"1'• The normalization factors are denned for convenience to be gww-y = — e and
gwwz = —ecotOw- The 7 coupling parameters defined in Eq. 0.11 for each of 7 and Z
include the C and P violating couplings g\ as well as the CP-violating couplings g\, ky, Ay.
In most studies and in this one, such terms are neglected. In the standard model g\ = Ky = 1
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and Ay = g4 = gj = ky — Xy — 0. The couplings in Eq. 0.11 should properly be written as
form factors with momentum-dependent values. This complication is of little importance at
an e+e~ collider where the WW center of mass energy is well defined, but it must be borne
in mind at hadron colliders where couplings are simultaneously probed over large energy
ranges.

We follow the common convention in defining A#f = gf — 1 and Any = «y — 1. The
W electric charge fixes gj(q2 —> 0) = 1. In perhaps more familiar notation, one can express
the W magnetic dipole moment as fiw = 2M (̂  + K-y + -̂Y) an<^ the ^ electric quadrupole
moment as Qw = —jfri^-y ~ A7).

In any model with new physics at high energy that couples to the W boson, the anomalous
couplings will be induced at some level. A useful way to represent this effect is to write an
SU(2) x £/(l)-invariant effective Lagrangian to represent the effects of the new physics, and
then to couple this to the weak vector bosons by gauging the symmetry. In the literature,
this has been done using both linear and nonlinear effective Lagrangians [76]. Typically,
the anomalous couplings predicted in such models are suppressed by factors of M^/A2,
where A is a multi-TeV scale [77], or by factors QW/4TT. These lead to typical values of
the anomalous couplings below 10~2 and make it difficult to observe these couplings before
directly observing the new physics itself.

For the present discussion, we will restrict the parameter space further by imposing a
custodial SU{2) symmetry on the effective Lagrangian in its linear realization. This leads
to the 'HISZ Scenario' [79] which involves only two free parameters which we will take to be
K7 and A7. This restriction of the parameter space has recently been applied to comparative
studies of the anomalous W couplings at colliders [75]. It is important to note, however,
that studies of e+e~ —»• W+W~ at the NLC can also test this hypothesis by independently
determining the 7 and Z couplings to the W [82].

0.6.2 Present and Expected Pre-NLC Measurements

The only present direct measurements of WWV couplings come from the CDF and DO
Experiments [75] at the Tevatron, which have searched for WW, WZ, and W~j production.
The WW and WZ searches have yielded (9(1) candidates and the Wj searches have yielded
O(10) candidates, consistent with expectation. These observations have led to limits on
coupling parameters of order unity. For example, DO sets a 95% CL range —1.8 < A/c7 < 1.9
assuming A7 = 0 or a range —0.6 < A7 < 0.6 assuming /c7\= 0 (both limits assume A = 1
TeV in the appropriate form factors).

One expects significant improvement at LEP II [80], once the accelerator exceeds the
VF-pair threshold energy. Techniques similar to those described below will be applied to
e+e~ —> W+W~ events at cm. energies ranging from threshold at «160 GeV to sal95 GeV.
Assuming no anomalous couplings are observed after an integrated luminosity of 500 pb"1,
95% CL limits on individual couplings (all others set to zero) of (9(0.1) are expected.

After the Main Injector upgrade has been completed, it is expected that the Tevatron
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will collect 0(1-10) fb 1 of data. (Further upgrades in luminosity are also under discussion.)
If 10 fb"1 is achieved, it is expected [75] that limits on A/c-y and A7 will be obtained that are
competitive with those from LEP II with 500 pb"1.

Finally, one expects the LHC accelerator to turn on sometime before the NLC and to
look for the same signatures considered at the Tevatron. The planned luminosity and cm.
energy, however, give the LHC a large advantage over even the Main Injector Tevatron in
probing anomalous couplings. The ATLAS Collaboration has estimated [24] that with 100
fb"1, one can obtain (in the HISZ scenario) 95% CL limits on A/c7 and A7 in the range 5-10
x 10~3. We should note that these studies do not yet include helicity analysis on the W
bosons, which may all some further improvement.

0.6.3 Measurements in W Pair Production at the NLC

Figure 0.38: Total cross sections vs cm. energy for ^-channel ve exchange and s-channel 7
and Z annihilation diagrams, along with their sum, as expected in the Standard Model with
no anomalous couplings.

The fact that expected LHC limits improve dramatically upon those of even a high-luminosity
Tevatron indicates the importance of cm. energy. This can be understood as a consequence
of delicate cancellations of large amplitudes that grow with energy. Figure 0.38 shows sep-
arately the total cross sections vs cm. energy from ^-channel ve exchange and s-channel 7
and Z annihilation diagrams, along with their sum, including interference terms, as expected
in the Standard Model (no anomalous couplings). At high energies, one expects even tiny
modifications of one or more of the underlying amplitudes to spoil the delicate cancellations,
leading to a measurable effect.

The NLC has an added advantage over hadron colliders in reconstructing W pair events
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due to absence of spectator partons. To a good approximation, full energy and momentum
conservation constraints can be applied to the visible final states. Thus an e+e~ —* W+W~
event can ideally be characterized by five angles: the production angle 0 — W of the W~
w.r.t. the electron beam, the polar and azimuthal decay angles 9* and <f>* of one daughter
of the W~ in the W~ reference frame, and the corresponding decay angles 9 and <f> of a
W + daughter. In practice, initial-state photon radiation and final-state photon and gluon
radiation (in hadronic W decays) complicate the picture. So does the finite width of the W.
Nevertheless, for the studies below, we will characterize e+e~ —+ W+W~ events by these five
angles and fit distributions in the angles to obtain values of anomalous couplings.

At high energies, the e+e~ —» W+W~ process is dominated by i-channel ve exchange,
leading primarily to very forward-angle W's where the W~ has an average helicity near minus
one. This makes the bulk of the cross section difficult to observe with precision. However,
the amplitudes affected by the anomalous couplings are not forward peaked; the central and
backward-scattered W's are measurably altered in number and helicity by the couplings.
W helicity analysis through the decay angular distributions provides a powerful probe of
anomalous contributions. Most studies, including those discussed here, restrict attention to
events for which | cos 0 — W\ < 0.8. Not surprisingly, the most powerful channel to use is
one in which one W decays leptonically (to ev or fiv) and the other hadronically (« 30% of
all e+e~ —*• W+W~ events) Although one gains statistics when both W's decay hadronically,
one loses considerable discriminating power from being unable to purely tag the charge of
the W daughter quarks. The channel in which both W's decay leptonically suffers from
both poor statistics and kinematic ambiguities due to two undetected neutrinos. For the
leptonic vs hadronic channel, the lepton energy carries important information for kinematic
reconstruction. For simplicity, most studies have not yet attempted to incorporate W —>• rv
decays.

Figure 0.39 (taken from Ref. [81]) shows 95% CL exclusion contours in the plane A7 vs
A/e^ in the HISZ scenario for different cm. energies and integrated luminosities (0.5 fb"1

at 190 GeV, 80 ftr1 at 500 GeV, and 190 fb"1 at 1500 GeV). These contours are based
on ideal reconstruction of W daughter pairs produced on mass-shell with no initial-state
radiation. The contours represent the best one can do. A previous study [82] assuming a
very high-performance detector but including initial-state radiation and a finite W width
found some degradation in these contours, primarily due to efficiency loss when imposing
kinematic requirements to suppress events far off mass-shell or at low effective cm. ener-
gies. Nevertheless, one attains a precision of O(10~3) at NLC(500) and 0(few xl0~4) at
NLC(1500). Another nice feature of couplings studies at NLC is the ability to disentangle
couplings in models more general than HISZ via tuning of the electron beam polarization

A study [83] undertaken for this workshop has examined the effects of detector resolution
on achievable precisions. One might expect a priori that the charged track momentum
resolution would be most critical since the energy spectrum for the W-daughter muons peaks
at a value just below the beam energy, falling off nearly linearly with decreasing energy. One
might also expect the hadron calorimeter energy resolution to be important in that it affects



the energy resolution of jets to be identified with underlying PF-daughter quarks. Preliminary
work indicates, however, that an NLC detector can tolerate a broad range in charged track
momentum and hadron calorimeter energy resolutions without significant degradation of
precision on extracted anomalous couplings. This insensitivity to detector resolutions stems
from the power of an over-constrained kinematic fit in determining the five event angles.

In summary, this study and the previous study [82] including effects of initial-state ra-
diation and finite W width confirm the power of the NLC to extract anomalous couplings.
We expect some degradation in coupling parameters precision from the ideal case due to the
underlying physical phenomena of initial state photon radiation and the finite W width and
a smaller degradation from the imperfection of matching detected particles to primary W
daughters, but these effects are not serious and should be straightforward to incorporate in
a real measurement.

0.6.4 Measurements in Other Reactions at the NLC

In addition, an NLC e+e~ collider allows measurement of non-abelian gauge boson couplings
in other channels [75]. The process e+e~ —»• Z7 probes ZZ'y and Z77 couplings, and
processes such as e+e~ —> WWZ probe quartic couplings. The WWj and WWZ couplings
can be probed independently via the processes e+e~ —• I/T/J and e+e~ —> vVZ, respectively.

Similar measurements can be carried out at e~e~, e~7 and 77 colliders, where the ex-
pected reduction in luminosity is at least partly compensated by other advantages [82, 84].
For example, the process ^e~ —> W~ve probes the WW-j coupling, independent of WWZ
effects. The polarization asymmetry in this reaction reverses the the energy the collisions
is varied, and the location of this zero-crossing provides a sensitive probe of A7 [85]. The
reaction 77 —* W+W~ also separates effects of the 7 couplings from those of the Z, and
also probes the possible 4-boson WWfy vertex. The power of this facility is enhanced by
its ability to polarize both incoming beams.

0.6.5 Conclusions

Although there will have been a number of measurements of anomalous coupling param-
eters from LEP II, the Tevatron, and the LHC before the turn-on of NLC, the precisions
on couplings attainable with the NLC will quickly overwhelm the previous measurements.
Moreover, the higher the accessible energy at NLC, the more dramatic the improvement will
be. Figure 0.40 (taken from Ref. [86]) shows a useful comparison among these accelerators.
The enormous potential of NLC is apparent.
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0.7 Strong WW Scattering

In this section we examine how well an e+e~ linear collider with a center-of-mass energy of
500-1500 GeV can study a strongly interacting Higgs sector. We also compare the estimated
sensitivity of such a collider with that of the LHC.

0.7.1 The Reaction e+e~ -+ W+W~

Strong electroweak symmetry breaking affects the reaction e+e+e~ through anoma-
lous couplings at the VF+jy 7 and W+W Z vertices and through enhancements in
production due to / = J = 1 resonances. Here we have used the symbol WL to denote a
longitudinally polarized W boson. Anomalous couplings at the three-gauge boson vertices
are related to the chiral Lagrangian parameters L9i and L§R [77]. A technipion form factor
FT is used to parameterize [87] the strong W£j"W£" interaction in the I = J = 1 state; it is
analogous to the rho-dominated pion form factor in e+e~ —> TT+TT~.

Whether one is measuring trilinear vector boson couplings or searching for an enhance-
ment in W£j~W£* production, the experimental goal is the same: disentangle the
polarization states, and in particular isolate the polarization state W£W{^. We shall de-
scribe the results of a study that utilizes a final-state helicity analysis of all observable
final-state variables in order to isolate W^W^ production [6].
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Figure 0.41: The 95% confidence level contours for L$L and LgR at ^/~s = 500 GeV with 80
/ft"1, and at y/s = 1500 GeV with 190 fb~l. The outer contour is for ^/s = 500 GeV. In
each case the initial state electron polarization is 90%.
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The maximum likelihood method is used to fit for chiral Lagrangian parameters or for the
real and imaginary parts of the technipion form factor. Figure 0.41 shows the 95% confidence
level contours for the chiral Lagrangian parameters L9L and L9R at y/s = 500 GeV and at
\/s = 1500 GeV. The parameters L9L and LQR are normalized such that values of O{\) are
expected if the Higgs sector is strongly interacting.
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Figure 0.42: 95% confidence level contours for the real and imaginary parts of FT at y^s = 500
GeV with 80 fb'1. The values of FT for various technirho masses are indicated.

Figure 0.42 shows the 95% confidence level contour for the real and imaginary parts of
FT at yfs = 500 GeV. Also indicated are values of FT for various technirho masses. The
infinite technirho mass point is labelled Low Energy Theorem (LET) since in this limit there
is residual WL~W£" scattering described by the same low energy theorems that govern low
energy TT+TT~ scattering. We see that the NLC at y/s = 500 GeV can exclude technirho
masses up to about 2.5 TeV and can discover technirho resonances with masses of more than
1.5 TeV. The significance of the 1.5 TeV technirho signal would be 6.7a. A 1.0 TeV technirho
would produce a 17.7a signal. For comparison, the minimal technicolor model predicts a
technirho mass of about 2.0 TeV.

Figure 0.43 contains confidence level contours for the real and imaginary parts of FT at
yfs — 1500 GeV. The non-resonant LET point is well outside the light Higgs 95% confidence
level region and corresponds to a 4.5<r signal. The labeling of points here deserves some
comment. We use the model of [87] to describe the form factor FT- In this model, as the
vector resonance mass is taken to infinity, its effect on the form factor decreases, and what
is left behind is the residual scattering predicted by the LET. The values for high-mass
technirho indicate this decoupling. With this understanding, the 6 TeV, 4 TeV and and
3 TeV technirho points correspond to 4.8a, 6.5u, and Her signals, respectively. A 2 TeV
technirho would produce a 37cr signal.
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Figure 0.43: Confidence level contours for the real and imaginary parts of FT at y/s = 1500
GeV with 190 fb~l. The contour about the light Higgs value of FT = (1,0) is 95% confidence
level and the contour about the Mp = 4 TeV point is 68% confidence level.

It might appear that the value of FT, and hence the significance of technirho signals,
would be very sensitive to the technirho width when y/s is much less than the technirho
mass. In the model we have considered, however, this is not true. The results presented
above were obtained assuming that Tp/Mp — 0.22 . If, for example, the technirho width is
reduced to Tp/Mp =0.03 then the 1 TeV signal at y/s = 500 GeV is reduced from 17.7a to
16.3(7, the 1.5 TeV signal at y/s = 500 GeV is reduced from 6.7cr to 6.4a, and the 4 TeV
signal at y/s = 1500 GeV is reduced from 6.5<r to 6.3<r.

WZZ0.7.2 The Reaction e+e~ -

The important gauge boson scattering processes WL"W£" —> WL"W£" and W{["W£" —> Z^Zi,
are studied at the NLC with the reactions e+e~ —>• uuW+W~ and e+e~ —» vVZZ. We
describe the results that Barger et al. [88] have obtained by analyzing these processes.

Barger et al. use several models to test the effectiveness of their analysis of e+e~ —>•
vVW+W~ and vVZZ. In addition to the Standard Model Higgs boson with mass mn =
1 TeV, they use a Chirally-Coupled Scalar (CCS) model, a Chirally-Coupled Vector (CCV)
model, and the LET model. They utilize a series of cuts to produce an event sample that
is rich in the final states vVW^W^ and VVZLZL. Figure 0.44 shows the Mww and Mzz
distributions after all cuts. The 1 TeV Higgs scalar resonance stands out in both the vVWW
and vVZZ final states. The 1 TeV vector resonance is prominent in the Mww distribution
(of course such a resonance would have been seen earlier as a 16<r signal at \fs = 0.5 TeV, in
e + e - -> W+W~). The LET signal is larger for the final state vvZZ than it is for uuWW.
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Figure 0.44: Expected numbers of
after all cuts for 200 fb"1 luminosity at

ZZ —> (jj)(jj) signal and background events
= 1.5 TeV: (a) e+e~ -> u!7W+W~, (b) e+e+e~

vVZZ. The dotted histogram shows total SM background. The solid, dashed and dot-dashed
histograms show signal plus background for the LET, SM, and CCV models, respectively;
CCS model results are close to the SM case.

The statistical significance of the signals for the different models is given in Table 0.8
assuming 100% initial-state e~ polarization at y/s — 1.5 TeV and 200/6"1 luminosity. Note
that the statistical significance of the LET signal is 8.5<r in the vVZZ channel.

The 1 — 2 Goldstone boson scattering channel can be probed at the NLC through the
reaction e+e~ —» vvW~W~. Barger et al. [89] have studied this reaction and they obtain
the statistical significances shown in Table 0.9. An initial state electron polarization of 100%
has been assumed for both beams.
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+ eTable 0.8: Signal and background for e+e
state electron polarization.

and e+e'vvZZ with 100% initial

Signal (S) or

Background (B)

S(e+e~ -> vVW+W~)

B (backgrounds)

S/y/B

S(e+e- -> z/FZZ)

B (backgrounds)

S/VB

SM

MH = 1 TeV

330

280

20

240

no
23

Scalar

Ms = 1 TeV

320

280

20

260

110

25

Vector

Mv = 1 TeV

92

7.1

35

72

no
6.8

LET

62

280

3.7

90

no
8.5

Table 0.9: Signal and background for e+e
polarization.

vVW~W~ with 100% initial state electron

Signal {S) or

Background (B)

S(e+e~ -* vvW-W-)

i?(backgrounds)

S/y/B

SM

MH = 1 TeV

110

710

4.0

Scalar

Ms = 1 TeV

140

710

5.2

Vector

Mv = 1 TeV

140

710

5.4

LET

170

710

6.3

0.7.3 The Reaction e+e~ -» vVtt

If there is no light Higgs boson, the process it —> W+W~ violates unitarity in the multi-
TeV energy region. It is natural then to ask if strong symmetry breaking can be detected
through the process W+W~ —> it. This process would be studied at the NLC by observing
the reaction e+e~ —> vVti.

The total cross sections for e+e~ —> e+e~tt and e+e~ —+ uVii have been calculated by
Kauffman [90] for an e+e~ center-of-mass energy of 2 TeV (Fig. 0.45). The cross sections
for y/s = 1.5 TeV should be similar. For y/s — 2 TeV and 200/6~1 luminosity we would
have 1200 events from e+e —• e+e tt and 60 (400) events from e+e —> vvtt for
0.1 (1.0) TeV. A 1 TeV Higgs boson therefore produces a 30% increase in the sum of the
cross sections for e+e~ —»• e+e~ti and e+e~ —»• vT>ii before any cuts are applied. The
same 1 TeV Higgs boson produces only a 0.3% increase in the sum of the cross sections for
e+e e+e'W+W- and e+e" -» vVW+W~ .

The strong symmetry breaking signal can be further enhanced by performing a helicity
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Figure 0.45: Contributions from various subprocesses to the total cross sections for e+e —>
e+e~ti and e+e~ —> visit. The contributions are plotted as a function of the top quark mass
mt. The e+e~ center-of-mass energy is 2 TeV.

analysis on the tt final state to isolate the polarization states tjj^i, and t^tR corresponding to
helicity-flip pair production. Projecting out these helicity combinations would be the analog
of projecting out the W^WjJ and ZLZL final states in gauge boson scattering.

0.7.4 Statistical significances at LHC versus NLC

The statistical significances of strong symmetry breaking signals at the NLC and LHC are
summarized in Table 0.10. The LHC results are taken from the ATLAS design report [24].
If an entry is blank it may mean that the process is insensitive to the corresponding model
or that the analysis has not been done; no distinction is made between the two possibilities.
The entries for the direct gauge boson scattering processes at the NLC (VK+VF~ —> ZZ and
W~W~ —• W~W~) assume that the electron beam always has 90% left-handed polarization.
For both the NLC and LHC results it was assumed that the 1.5 TeV technirho had a width
of 0.33 TeV.

Some points about Table 0.10 are worth noting:

1. Although the LHC can access larger W+W~ center-of-mass energies, the statistical
significance of the NLC signal is always larger. In most cases, this is a small effect, but
it makes an significant point: Electron beam polarization, smaller backgrounds, and
the utilization of the full e+e~ center-of-mass energy for vector resonances has allowed
the NLC to more than make up for its lower range of W^VF" center-of-mass energies.
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Table 0.10: Statistical significances of strong symmetry breaking signals at the NLC and
LHC.

Collider

NLC

NLC

NLC

NLC

NLC

LHC

LHC

LHC

Process

e + e - _+ W+W-

e+e~ -> W+W-

e+e~ -> W+W~

w+w- -> zz

w-w- -+ w~w-

w+w- -> w+w~
w+w+ -* w+w+

w+z -* w+z

Vs
(TeV)

.5

1.0

1.5

1.5

1.5-

14

14

14

C

(fb-1)

80

200

190

190

190

100

100

100

Mp =

1.5 TeV

7a

35a

366<r

-

-

_

-

la

MH =

1 TeV

-

-

-

22a

4(7

Ua

3(7

-

LET

-

-

5a

8(7

6(7

_

6(7

-

2. The NLC has a special ability to detect vector resonances. At y/s = 500 GeV the
technirho mass reach of the NLC is equal to that of the LHC. At y/s = 1500 GeV the
NLC is sensitive to strong interaction effects in / = J = 1 V^+VT~ scattering even
when they are nonresonant.

3. Signal significances for W +̂W "̂ —>• it were not included in Table 0.10 because detector
simulations have not yet been performed. From the discussion in Section 0.7.3, however,
it appears that this is a promising reaction for the study of strong symmetry breaking
at the NLC. It is probably very difficult to study W+W~ —>• it at LHC due to the
large background from gg —* it.

Finally it is important to remember that the significances shown in Table 0.10 include
statistical errors only. Systematic errors have largely been ignored in analyses so far, both
for the LHC and for the NLC.

0.7.5 Conclusion

An e+e~ linear collider with y/s = 500 — 1500 GeV would be an effective partner to the LHC
in the study of strong symmetry breaking. It provides important complementary capabilities
for the discovery of vector resonances and the extraction of chiral Lagrangian parameters.
The NLC and LHC are expected to have similar statistical errors for scalar resonance and
non-resonant signals in gauge boson scattering; however, the physics environments at the
two machines are very different, and the systematic errors for the NLC analyses are probably
smaller. The NLC is probably the only machine that can study W+W~ —> it.
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0.8 New Gauge Bosons and Exotic Particles

In many extensions to the Standard Model, in particular those involving an enlargement of
the SU(3)C x SU(2)L x U(l)y gauge group or compositeness, new particles are expected to
exist beyond those associated with either supersymmetry or technicolor. The properties and
signatures of exotic particles have recently been reviewed in [91] In almost all cases, these
particles can be directly produced and have their properties analyzed in e+e~ collisions given
a sufficiently large center-of-mass energy. If such energies are not available, the indirect
influence of the existence of many kinds of exotic particles can also be examined through
precision measurements at the NLC.

Perhaps the most well-studied of all exotic particles is the new neutral gauge boson, Z',
which is a basic ingredient of all theories with extended gauge sectors. (When the additional
group factor is non-abelian, new charged gauge bosons, W, may also be present.) If such a
particle exists and is accessible at the TeV scale, it is possible that it may first be directly
produced via the Drell-Yan process at the LHC, provided the Z' couples to both quarks and
leptons as it does in most models. If the Z' does not couple to leptons it cannot be produced
at the NLC; in this case, searches at the LHC would also be difficult, since the effects of the
Z' would have to be observed as perturbations of di-jet mass distributions. If the Z' couples
only to leptons, then the NLC provides the unique means to study it.

It is possible that a Z\ though it exists, may not be seen at the LHC due to its mass
and/or the nature of its couplings to fermions. In this case the NLC can extend the search
reach for some models; in addition the NLC may be able to determine both the mass and
couplings of the Z'. A 'lucky' scenario would be one where the mass of the Z' is less than
the NLC -v/i; in this case, by sitting on-resonance and repeating the LEP/SLC experimental
program, we can determine all of the Zns couplings to fermions. A much more likely sce-
nario is that Mz> > \fs so that deviations in the cross section and associated asymmetries
for various flavors could be used to look for indirect Z' effects in a manner similar to the
observation of the Z at PEP, PETRA, and TRISTAN below the resonance. In some cases,
this indirect 'reach' can be as large as Mz> — 10y/s. Figure 0.46 shows a comparison of the
indirect Z' search capability at LEP and the NLC as well as the direct production reach at
the Tevatron and LHC for several extended models.

If a Z' exists, we would like to know how it couples to the various flavors so that we can
identify the correct extended gauge structure. If the Z' is seen at the LHC and its mass
is not much larger than about 1 TeV, several analyses have shown [91] that the LHC and
a y/s = 500 GeV NLC will nicely complement each other in extracting fermion coupling
information. If the Z' is more massive, then LHC cannot perform coupling analyses using
any of the presently available techniques either due to backgrounds or statistical limitations.
However, if the mass of the Z' is less than about 2 TeV, then the NLC running in the
y/s = 0.5 — 1 TeV range can obtain significant coupling information even if the Z' is missed
by the LHC and its mass is a priori unknown. (This value goes up to Mz> — 3 TeV if
•sfs = 1.5 TeV energies are available.) A representative example of such an analysis is
shown in Fig. 0.47 [92]. Similar results can be obtained for different values of the input
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parameters as well as for the other fermion flavors (although less observables are available),
thus allowing the structure of the extended gauge model to be determined by comparing the
extracted values of these couplings with specific model predictions.

In generic Standard Model extensions, the new gauge bosons are usually accompanied
by additional fermionic and/or bosonic degrees of freedom the most common of which are
either vector-like or singlets with respect to the Standard Model electroweak group. In
addition to new quarks and leptons, some of these particles, such as leptoquarks(LQs) and
diquarks, may have atypical B- and L-number assignments. The production and decay
of both spin-0 and spin-l LQs at ep, e+e~, and pp/pp colliders has been studied by many
groups [91, 92]. Allowing for both helicities in their interactions with ordinary quarks and
leptons there are 14 possible species of LQs with reasonably strict constraints applicable
to their intergenerational couplings. (Low energy constraints also force LQ couplings to be
chiral.) At ep colliders, LQ production rates are proportional to the squares of unknown
Yukawa couplings so they may easily be missed. By contrast, at hadron colliders, the cross
section is the same for all LQ types of a given spin but the signal depends upon how the
LQ decays. Thus it will not be possible at hadron colliders to uniquely determine which LQ
type is being produced. On the other hand, at e+e~ machines, the production cross sections
and asymmetries are determined solely by the LQ electroweak quantum numbers and spin.
Several studies have shown [91] that the LQ species can found and identified in both e+e~
and 7e collisions. In the first case the 'ID reach' is ~ 0.45-y/s; this improves to ~ 0.8-v/s in
the 7e mode if the Yukawa couplings are of order electromagnetic strength. In a manner
similar to the Z' searches discussed above, t— and u—channel LQ exchange can be probed
for indirectly via the process e+e~ —> qq provided the Yukawa couplings are sufficiently large.
For electromagnetic strength couplings the reach can exceed 6 TeV at the NLC.

Table 0.11 shows a comparison of the search capabilities of LEPII, the Tevatron, the
LHC and NLC for a number of different exotic particles. As is clear from the above, great
care should be exercised when comparing the capabilities of different machines to find and
explore the properties of exotics. The results in the table for e+e~ colliders are indirect
bounds for Z"s but represent direct production limits at hadron colliders. Limits on all
other particles in the case of e+e~ colliders are for direct production except where noted.
It is important to remember that in many other cases e+e~ colliders provide important
indirect bounds as in both the Z' and LQ examples. For a W in the Left-Right Symmetric
Model (WR), a number of additional assumptions are required before search reaches can be
quoted for hadron colliders; these are: (i) equal left- and right-handed gauge couplings and
CKM matrices, (ii) right-handed neutrinos appear only as missing pt, (Hi) only Standard
Model final states are accessible in decays. The possibility of surrendering any or all of these
assumptions has been analyzed and was found to lead to downward, potentially drastic,
alterations in search expectations via the Drell-Yan process. Searches for new quarks at
hadron colliders are also subject to decay mode assumptions and are species dependent. In
some cases, for example, flavor changing neutral current decays are at least as important as
the more conventional charged current ones.
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Figure 0.46: Tevatron and LHC bounds are based on 10 events in the e+e -j- fi+fj, channels;
decays to SM final states only is assumed. LEP and NLC bounds are 99% CL using the
observables ah Rh*d, Al

LR and
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Figure 0.47: Extracted leptonic couplings of a 1.53 TeV Z' at the NLC, at 95% CL, using
data at 0.5(70/6"1), 0.75(100/6"1), and 1 TeV(150/6~1). All leptonic observables were used
and generation independence was assumed. The large ovals are applicable when Mz< is
unknown a priori and must be obtained from, the fit; the solid (dashed) curve corresponds
to electron beam polarization P = 90(80)%. The small ovals correspond to the scenario in
which Mz> is known (for example, from the LHC); the two curves represent the same two
cases. The diamond represents the input values of the couplings.
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Table 0.11: Limits and excluded regions in GeV. Run II is 2/6"1 at 2 TeV; NLC is 200/6"1;
LHC is 14 TeV and 100/6"1. Z' limits at hadron colliders assume only SM final states are
accessible. Z' limits at e+e~ colliders are indirect. * is the Tevatron limit assuming the
standard W search assumptions. * limit applies when none of the conditions in text are
fulfilled; tt result using Z' bound and LR model relationships. + is from single production.
The limit is for first generation spin-0,1 LQs at HERA and the Tevatron including Run lb
estimate; similar numbers will hold for the 2nd generation case at hadron colliders. In the
dilepton, diquark and LQ cases, EM strength Yukawas are assumed. + + are indirect limits

qq with these EM strength Yukawas. ** combines several search modes. * is
27. * implies the limit is highly decay mode dependent. The value of '60'

as the present limit for the last four entries reflect approximate LEPl.4 null searches. New
lepton limits are for both charged and neutral cases. Many entries are estimates.
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0.9 e e , e 7, and 77 Interactions

Up to this point, we have concentrated on the reactions available at the NLC in e+e~
collisions. However, it is possible with a linear electron collider to study more general
processes, and, in fact, to collide e~, e+, and 7 beams in any combination. A photon
beam with substantial brightness at high energy can be created by Compton backscattering
of a laser beam from the electron beam. At least for the e~ and 7 combinations, the
polarizations of the two beams can be controlled independently. The energy spectrum of
the backscattered Compton photon beam depends on the relative electron and laser beam
polarization the manner shown in Fig. 0.48. Thus, polarization is also useful in tuning the
7 energy spectrum, for example, to produce a peak at a fixed energy.
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Figure 0.48: 77 luminosity for two different combinations of photon and electron polarization,
and several values of /?, the ratio of the intrinsic spread of the photon and electron beams.

The availability of these additional initial states at the NLC adds significantly to the
overall physics program. We have already noted their role in the study of Higgs bosons,
anomalous electroweak couplings, and strong WW scattering. The exotic quantum numbers
of the e~e~ initial state and the quasi-hadronic nature of the photon also permit searches
not available to e+e~ annihilation. Table 0.12 illustrates the variety of physics issues that
have been discussed for each of these modes. The physics expectations for e~e~ and 77
colliders have been recently been reviewed in specialized workshops [93, 94].

In this report, we give special consideration to the possibility of measuring the Higgs
boson coupling to 77 by creating the Higgs boson as a resonance in 77 scattering. We will
then review a number of other physics topics which are special to e~e~ or 77 reactions.
We conclude this section with a discussion of the expectations for the luminosity and the
interaction region design for these reactions.
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Table 0.12: A listing of topics that will be investigated at a TeV-level linear collider. Check
marks show which different initial states contribute prominently to their study, highlighting
the unique contributions that e~e~, e~7, and 77 options will be able to make.

e e

e+e~

e - 7

77

QCD

V
V
V

tt

V

V

H

V
V
V
V

SUSY

V
V
V
V

Anomalous
Couplings

V
V
V
V

e* VM

V V

V

Z'

V
V

x—

V

V

0.9.1 Higgs Boson Studies

A photon linear collider provides a clean method to search for an intermediate mass Higgs
boson, via the reactions 77—> H —>bb or ZZ. It is complementary to searches using hadron
and e+e~ machines, being sensitive to different models and couplings. More importantly, a
77 linear collider permits a direct measurement of the two-photon width of the Higgs. The
coupling of the Higgs boson to two photons involves loops in which any charged fermion
or boson with couplings to the Higgs must contribute. The dominant contributions come
from species heavier than that Higgs boson. Thus, a measurement of the two-photon width
is quite sensitive to new physics even at higher mass scales. Supersymmetric models, and
other extensions of the standard model with more complicated Higgs sectors typically predict
Higgs spectra and two-photon couplings which differ substantially from those of the standard
model [95]. In the minimal supersymmetric model (MSSM), the heavy neutral bosons A0 and
H° can be studied for to higher masses than in the e+e~ mode [96]. In technicolor models,
in which Higgs bosons are composite, there are often light CP-odd bound states with cross
sections for 77 production similar to those of elementary Higgs bosons [97]. Finally, the
dependence of the Higgs production on the photon polarization tests the CP properties of
the Higgs boson, and may reveal CP violation in the Higgs sector [57, 98].

For a standard model Higgs boson with mass below about 300 GeV, the beam energy
spread of a 77 collider is much greater than the total width of the Higgs boson, and so the
number of H —• X(=bb, WW, ZZ) events expected is

dU
VH-+X =

dW~,,

T(H -> 77) B(H -> X) (1

MH

(0.11)

where W~n is the two-photon invariant mass. Note that since the Higgs boson has spin zero,
the initial photons must be in a Jz = 0 state. Event rates for Higgs production and decay
into the three primary final states of interest are shown in Fig. 0.49 [99].

In the intermediate mass region (< 150 GeV) the Higgs decays dominantly to bb. With
vertex tagging to remove the backgrounds from light quark production, the most important
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H —> WW, ZZ, assuming a luminosity

backgrounds arise from continuum production of heavy quarks. These backgrounds are quite
large, but can be actively suppressed by exploiting the polarization dependence of their cross-
sections, which are dominated by the Jz = ±2 configurations of initial photons, and by the
use of angular cuts. Additional event shape and jet width cuts must be used to suppress
radiative processes [100].

Several additional potential backgrounds might fake the presence of a Higgs boson with
mass close to the Z mass. The most important of these is the reaction e~f—> eZ —> ebb,
initiated by a residual electron left over from the original Compton backscatter. To avoid
this background, it will be necessary to sweep these spent electrons away from the interaction
point. The process 77—* ffZ, where the / / go down the beam pipe and the Z decays to bb
provides a background of the same order of magnitude as that of a s=s 90 GeV Higgs signal
[101]. These backgrounds are less important if the mass of the Higgs boson is known a priori,
for example, from its observation in e+e~ —*• ZH.

For Higgs boson masses above about 150 GeV, the dominant Higgs decay is to WW,
where one of the Ws may be virtual. However, the large continuum cross section is not
easily suppressed, so the WW final state will be a difficult one to use for doing Higgs
physics. Fortunately, the ZZ or ZZ* decay channel can be utilized. Except for Higgs masses
between the WW and ZZ thresholds, the Higgs has a branching fraction into this channel
of approximately 1/3 into this mode, while the standard model cross section for 77—> ZZ is
small. Hadronic decays of the Z bosons predominate, but the huge 77—* WW cross section
results in a large number of background events in which both Ws are misidentified as Z's.
Thus, to tag the Higgs unambiguously, it is necessary to require that at least one Z decays
leptonically. For Higgs masses above about 350 GeV, the 77 —*• ZZ continuum background
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becomes large and makes detection of the Higgs very difficult [102].

Detailed Monte Carlo studies [99, 103] indicate that it should be possible to measure the
two-photon width of a Higgs to a precision better than 10% over most of the mass range up
to 250 GeV. Measurements of this quality should distinguish among many of the competing
models for Higgs production. Further discrimination will be supplied if several Higgs bosons
can be detected and their F7 7 values obtained.

For e~e~ collisions, we note that the Standard Model Higgs signals from the reactions
e~e~ —> e~e~H, e~e~ZH, and e~ueW~H have cross sections of order 10% of the leading
modes for the e+e~ initial state. Moreover, in the intermediate mass range where H —> bb
decays dominate, there are effective cuts which lead to very clean data samples [104]. For
mjj > 200 GeV, the process e~e~ —* e~e~H via ZZ fusion becomes a very favorable discovery
channel for the Higgs: It overtakes the process e+e~ —> ZH in cross-section with rising \/s,
and the background rejection is more effective than in e+e~ —» Hvv via WW fusion because
there is no missing momentum and both electrons can be detected [105]. In certain models
with extended gauge symmetries, e~e~ collisions also offer the possibility of double Higgs
production H~ H~ [106] doubly-charged Higgs production (H ) [107].

0.9.2 Other New Physics Signatures

Experiments on e~e~, e~7, and 77 collisions can also give additional insight into many of the
other physics topics we have discussed. In the study of the top quark, for example, the e~7
reactions offers the possibility of creating top quarks singly in a well-controlled way through
e~7 —> vib. This reaction has been suggested as a method for obtaining a very accurate
value of Vtb [108].

In supersymmetric theories, the reaction e~e~ —> e~e~ is a promising mode for the
discovery and study of the selectron. In regions of parameter space where the neutralinos
are heavy or degenerate, this reaction has the advantage of exceptionally low background
[109]. In addition, since it proceeds by neutralino exchange, the cross section for this reaction
can be used to measure the neutralino masses and mixings. If the selectron is heavy, -the
kinematic reach for its discovery can be extended by searching for single selectron production
via e~7 —> 87 —> e-77 [110].

We have discussed the utility of e~7 and 77 collisions in the study of anomalous W
couplings at the Section 6.4. In Section 7.2, we have pointed out the importance of the
reaction e~e~ —> vVW~W~ in the general program of studies of a strongly interacting Higgs
sector. We should also point out the possibility of studying WW scattering at 77 colliders.
The probability for a photon to branch into a virtual M^+VK~ is large at high energies. Thus,
it is interesting to observe the process 77 —> W+W~W+W~ and to use the spectator W's
at relatively low transverse momentum to define the kinematics of a hard WW scattering
process. It has been shown that it is possible to extract a significant signal for the scattering
of longitudinal W bosons in 77 collisions at 1.5 TeV [111, 112].

In the study of exotic particles and extended gauge groups, there are many interesting
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reactions which are probed most easily in e e scattering. If heavy Majorana neutrino
exist and mix with the Standard Model neutrinos, the reaction e~e~ —*• W~W~ might have
a significant cross section, estimated at 150 events/100/6"1 at a 1 TeV NLC [113]. This
process would directly probe lepton number violating couplings. If the gauge group is just
SU(2) x U{1), the signal should appear only in the specific polarization state e^e^. Unified
models in which the three generations are embedded into a single representation of the gauge
group predict the existence of gauge bosons with dilepton quantum numbers. These can be
discovered as s-channel peaks in e~e~ scattering [114]. An e~7 collider can also be sensitive
to dilepton gauge bosons over almost the whole mass region less than y's, down to coupling
strengths as small as 10~4a [115]. Other exotic states such as leptoquark bosons can be
studied in e~7 and 77 reactions in a manner which complements their observation in e+e~
annihilation [116]. In particular, models of leptoquark bosons typically predict zeros in the
angular distribution for production in e~7, and the identification of these features can be a
powerful tool in discriminating different models [117].

Finally, M0ller scattering at high energy is an ideal way to search for lepton compositeness
and other sources of lepton contact interactions. For example, with 50 fb"1 of data and 90%
polarized beams, the measurement of e~e~ —> e~e~ can establish a 95% confidence limit
on the electron compositeness parameter A£L of 140 TeV [118]. Similarly, the sensitivity
to the presence of a Z' boson is somewhat greater in M0ller scattering than in Bhabha
scattering at the same energy and luminosity [119, 120], though e+e~ annihilation offers
many additional channels to study. The e~7 option allows for searches for excited electrons
via e~7 —> e* —*• e~7 which are sensitive almost up to the kinematic limit for couplings of
size 10~5a, and the 77 option offers similar sensitivity up to masses of 0.7 y/s for excited
lepton searches in 77 —> ee*, HJJ,*,TT* [121].

0.9.3 Accelerator, Lasers, and the Interaction Region

As will be explained in Chapter 3, the NLC will include a bend before the interaction region
to remove muon and other lower-energy background in the beam. Thus, it is possible to
have two interaction regions, one on each side of the linear accelerator. It is natural to
design one of these interaction region to be optimized for e~7 and 77 collision. Since these
modes require e~e~ beams to allow complete control of the polarization [122], it is natural
to carry out e~e~ experiments also in this separate region and also consider a final focus
configuration optimized for e~e~ running. The detailed design of this interaction region has
been begun in [1], We now summarize some of the design considerations.

Of the three reactions to be studied in this interaction region, e~e~ is the easiest to
realize. The major difference from e+e~ is that the like charges of the beams causes a
repulsion which tends to reduce the luminosity by about a factor of 3 relative to the e+e~
design if no adjustment is made in the final focus. In the 77 and e~7 cases, there is an
inefficiency in converting an electron beams to a photon beam and preserving the tiny spot
size required to achieve high luminosity. On the other hand, photon beams do not have a



strong beam-beam interaction with beamstrahlung radiation and e+e pair creation, so it
is possible to recover part of what is lost by colliding more intense beams and by making
the beams round rather than flat, as required for e+e~ operation. For an e+e~ collider
capable of producing a luminosity of 5 x 1033 cm~1sec~1, a reasonable goal would be to
obtain luminosities of 2.5 x 1033 cm~1sec~1 in e~e~, 3 x 1033 cm~1sec~1 in e~7, and 1033

cm~1sec~1 in 77. In the 7 reactions, this goal refers to the luminosity within a 10% band
width in center of mass energy.

To produce a 7 beam by Compton backscattering from an electron beam, the final focus
must accommodate a system of mirrors designed to focus light from intense laser beams onto
Compton conversion points located about 5 mm from the interaction point. The laser re-
quired for the Compton conversion must have tens of kilowatts of average power, compressed
to a peak power of 1 Terawatt in a pulse matched to the electron bunch. A wavelength of
about 1 micron is required, with close to 100% polarization. The laser pulse timing should
match that of the electron beam. Such a laser could be built by either combining diode
pumping and chirped pulse amplification in solid state lasers or by a free electron laser
driven by an induction linac and using chirped pulse amplification. We note that the SLAC
experiment E-144 [123] has succeeded in creating Terawatt laser pulses, at a repetition rate
of about 1 Hz, and has demonstrated their collisions with the beam spot of the Final Focus
Test Beam.

Round beams are required both to maximize the luminosity and to match the laser beam
profile at the conversion point. Focussing with /?* = f3* « 0.5 mm would produce a beam
spot size a%p = 718 nm, a^p = 91 nm at the conversion point. For these conditions, the
Compton conversion efficiency is about 65% per beam, so the luminosity in 77 collisions
is necessarily less then 40% of the geometric luminosity. Only about 20% of this is in the
spectral peak at high energy shown in Fig. 0.48), so. the resulting luminosity in high-energy
77 collisions is about 10% of the geometrical expectation. After Compton scattering, the
degraded electrons continue towards the interaction point and must be deflected when e~e~
or e~7 collisions are not desired. The simplest way of doing this is to bring the beams
together with a small vertical offset (« lery), and then rely on the mutual repulsion of the
electrons to bend these away. There are alternative proposals which involve using a small
sweeping magnet or plasma lens near the interaction point; these will require more study to
see if they can be implemented without degrading luminosity and detector performance. The
dispersion of the degraded electrons also requires a somewhat larger crossing angle (currently
estimated as 30 mrad) at the interaction point than is planned for e+e~ collisions.

While the inclusion of the hardware of the interaction region puts some special require-
ments on the second detector, the physics goals demand performance to that in e+e~. Certain
backgrounds may be more severe, especially those due to the spent electron beams. Lumi-
nosity monitoring will require special, low-angle detectors for Miller scattering in e~ e~ mode
.and for 77 —> £+£~.



0.10 Precision Tests of QCD

Tests of QCD are both enriching and essential to the program of measurements to be made
at the NLC. Since QCD is our theory of strong interactions it would be irresponsible not to
test it at the highest energy scales available in different hard scattering processes. But in
addition, the precise determination of the strong coupling as is key to a better understanding
of high energy physics. For example, the current precision of as{m2

z) measurements, limited
to 5-10%, results in the dominant uncertainty on our prediction of the energy scale at
which grand unification of the strong, weak and electromagnetic forces takes place [124].
Measurements of hadronic event properties at high energies, combined with existing lower
energy data, would allow one to test the gauge structure of QCD by searching for anomalous
'running' of observables, such as the 3-jet event rate, and to set limits on models which
predict such effects, for example those involving light gluinos. Gluon radiation in it events is
expected to be strongly regulated by the large mass and width of the top quark; tig events
will hence provide an exciting new domain for QCD studies. Conversely, measurements of
gluon radiation patterns in tig events may provide valuable additional constraints on the
top quark decay width. In addition, searches could be made for anomalous chromo-electric
and chromo-magnetic moments of top quarks, which modify the rate and pattern of gluon
radiation and for which the phase space increases as the cm. energy is raised. Finally,
polarized electron beams could be exploited to allow tests of symmetries using multi-jet final
states.

0.10.1 Precise Measurement of as

Tests of QCD can be quantified in terms of the consistency of values of the yardstick as(m
2

z)
measured in different experiments. Measurements of as(mz) have been performed over a
range of Q2 from roughly 1 to 104 GeV2 [125], and are consistent within the errors; an
average yields as(m

2
z) = 0.117 ± 0.006, implying that QCD has been tested to a precision

of about 5%, which is modest compared with the achievement of sub-1% level tests of the
electroweak theory. This is due primarily to the theoretical uncertainties that dominate the
measurements. These uncertainties are due to both the restriction of perturbative QCD
calculations to low order, and non-perturbative ('hadronization') effects that are presently
incalculable in QCD. We consider whether a measurement of as(m

2
z) at the 1%-level of

precision is possible at the NLC by extrapolation of a recent measurement from e+e~ anni-
hilation at the Z° resonance by the SLD Collaboration, based on 15 hadronic event shape
observables measured with a sample of 50,000 hadronic events [126]:

as(m
2
z) = 0.1200 ± 0.0025 (exp.) ± 0.0078 (theor.) . (0.12)

In this expression, the experimental error is composed of statistical and systematic compo-
nents of about ±0.001 and ±0.002 respectively, and the theoretical uncertainty has com-
ponents of ±0.003 and ±0.007 arising from hadronization and missing higher order terms,
respectively.
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Based on this experience, we can estimate the errors to be expected for a similar mea-
surement of QS at a 500 GeV NLC as follows:

Statistical error: At design luminosity, the NLC would deliver roughly 200,000 qq
(q=u,d,s,c,b) events per year implying that a statistical error on as(m

2
z) of about ± 0.0005

could be obtained. Cuts for rejection of W+W~ and it backgrounds, based on kinematic
information and as well as beam polarization and b-tagging, will not substantially reduce
the qq sample size.

Systematic error: This results primarily from the uncertainty in modeling the jet
resolution of the detector. The situation may be improved at the NLC both from an improved
calorimeter and from the naturally improved calorimeter energy resolution for higher energy
jets. It is not unreasonable to suppose that the current systematic error of ±0.002 could be
reduced by a factor of two, but more convincing demonstration of this point would require
a simulation of the detector, as well as the event selection and analysis cuts [127].

Hadronization uncertainty: Since jets of hadrons, rather than partons, are observed
in detectors it is necessary to correct hadronic distributions for any smearing and bias effects
that occur in the hadronization process. Such corrections are usually estimated from Monte
Carlo simulations incorporating hadronization models and in Z° decays are typically at the
level of 10% [126]. Webber has argued [128] that non-perturbative corrections to jet final
states in e+e~ annihilation can be parametrized in terms of inverse powers of the hard scale
Q, and that for a generic observable X the ratio of non-perturbative to perturbative QCD
contributions is dominated by a term of the form:

^ n o n - p e r t £nQ

Increasing Q from 91 GeV to 500 GeV decreases this ratio by a factor of 5, implying that
hadronization corrections should be of order 2% at NLC. Assuming that these corrections
can be estimated to better than ±50%, the hadronization uncertainty on as(m

2
z) should be

less than ±0.001.

Uncerta inty due to missing higher orders: Currently perturbative QCD calculations
of hadronic event measures are available complete up to O(a2). Since the data contain
knowledge of all orders one must estimate the possible bias inherent in measuring as(m

2
z)

using the truncated QCD series. It is customary to estimate this from the dependence of the
fitted as(m

2
z) on the QCD renormalization scale, yielding a large and dominant uncertainty

of about ±0.007 [3]. At 500 GeV this uncertainty will be reduced only slightly to ±0.006.

Summary: From this simple analysis it seems reasonable to conclude that achievement
of the luminosity necessary for 'discovery potential' at the NLC will result in a qq event
sample of sufficient size to measure as(m

2
z) with a statistical uncertainty of better than

1%. Construction of detectors superior in performance to those in operation today should
enable reduction of systematic errors to the 1% level. Hadronization effects should be sig-
nificantly smaller and imply a sub-1% uncertainty. The missing ingredient for an overall
1%-level as(rnz) measurement at 500 GeV is the calculation of O(a^) perturbative QCD
contributions, which should be actively pursued.
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0.10.2 Energy Evolution Studies

The non-Abelian gauge structure of QCD implies that the strong coupling decreases roughly
as 1/inQ. Existing hadronic final states data from e+e~ annihilation at the PETRA, PEP,
TRISTAN, SLC and LEP colliders span the range 14 < Q < 91 GeV, although hadronization
uncertainties are large on the data below 25 GeV [6]. A 2 TeV NLC would increase the lever-
arm in 1 jin Q by almost a factor of two, allowing detailed study of the energy evolution of
QCD observables proportional to a s , such as the rate of 3-jet production R3. This would
provide not only a test of the fundamental structure of the SU(3)C group, but also a search-
ground for new physics that might produce 'anomalous' running. One such possibility is the
existence of a light, electrically neutral colored fermion that couples to gluons, for example,
a light gluino. The existence of such a particle would manifest itself via a modification of
gluon vacuum polarization contributions involving fermion loops, effectively increasing the
number of light fermion flavors Nf entering into the QCD /^-function. For the case of a light
gluino, which leads to a 10% increase in the value of R3 at 500 Gev, a 1% measurement of
as would allow this effect to be detected with a significance of many standard deviations.

However, data from experiments at different e+e~ colliders contributing to this analysis,
some of which were recorded more than 10 years ago, were treated differently by the various
experimental groups, and have relatively large systematic errors that are at least partly
uncorrelated from point to point. It is clear that the precision of searches for anomalous
running of QCD observables at NLC would be improved significantly if new data were taken
at lower cm. energies with the same detector and analysis procedures. Table 0.13 shows
the number of qq events delivered per day at various cm. energies by the NLC operating at
design luminosity; more luminosity would be delivered per day than was recorded in total by
the original lower energy colliders! The ability to maintain high luminosity at low center of
mass energies presents a formidable challenge to the design of the collider, but even running
at lower luminosity could deliver substantial data samples, especially at the Z°, although the
high event rates would present extreme requirements on the triggering and data processing
capabilities of the detector.

Table 0.13: qq events per day delivered by NLC at design luminosity

CM Energy Q

500

91

60

35

(GeV) qq events/day

1750

20,000,000

75,000

150,000
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0.10.3 Symmetry Tests Using Beam Polarization

For polarized e+e~ annihilation to three hadronic jets one can define the triple-product
SB • {k\ x k2) (B =7,Z°), which correlates the boson polarization vector 5 B with the normal
to the three-jet plane defined by kx and &2, the momenta of the highest- and the second-
highest-energy jets respectively. The triple-product is even under reversal of CP, and odd
under TN, where Tjv reverses momenta and spin-vectors without exchanging initial and final
states. Standard Model T/v-odd contributions of this form at the Z° resonance have been
investigated [129] and are found to be of order /3 ~ 10~5; the first experimental study of this
quantity has been made by SLD [130], yielding limits: -0.022 < /3 < 0.039. Above the Z°
the dominant Standard Model contributions remain smaller than 2 parts in 105, presenting
a background-free observable for new contributions from beyond the Standard Model, for
example, due to rescattering of new gauge bosons that couple only to baryon number [131].

0.10.4 Gluon Radiation in tt Events; Anomalous Couplings

The large mass and decay width of the top quark serve to make the study of gluon radiation
in tt events a new arena for testing QCD. The mass m4 acts as a cutoff for collinear gluon
radiation, and the width Tt acts as a cutoff for soft gluon radiation, allowing reliable per-
turbative QCD calculations to be performed. We have noted in Section 3.1 the influence of
the large top quark width on the rate and pattern of gluon radiation in it events.

The existence of anomalous couplings of top quarks to gluons could manifest itself via
a modification of the rate and pattern of emitted gluon radiation, beyond effects such as
those just discussed. A parametrization of anomalous couplings in the strong-interaction
Lagrangian may be written:

( ^ ^ (0.14)

where K and k represent anomalous 'chromomagnetic' and 'chromoelectric' dipole moments,
respectively. The chromoelectric moment gives rise to CP-violating effects; the chromomag-
netic case has been calculated at leading order in as [132]. At Q = 1 TeV limits at the level of
K| < 0.1 appear possible. Ignoring theoretical uncertainties, limits of comparable statistical

precision may be obtainable from measurement of the tt cross section at the Tevatron with
10 times the current integrated luminosity. Comparable limits from LHC would require a it
cross section measurement to better than ±20%.
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Figure 0.50: NLC Detector.

0.11 Design of the NLC Detector

Now that we have described the expected physics program of the NLC, we must discuss
in more detail what experimental facilities should be necessary. In this section, we will
present a sample design of an NLC detector and discuss the general issues which constrain
this design. This detector takes into account the particular features of the NLC accelerator
and its machine-related backgrounds. A more complete discussion of the machine/detector
interaction is given at the end of Chapter 3.

A general plan of a detector for the NLC is shown, in quadrant view, in Fig. 0.50. This
detector is at a very early conceptual design stage. The architecture is a "standard" solenoid,
and is just one possible approach. A 3 or 4 layer CCD vertex detector surrounds a beryllium
vacuum pipe. The momentum measurement is carried out by layers of silicon microstrip
detectors in a 4 Tesla field, which is produced by a superconducting solenoid outside of
the electromagnetic calorimeter. A hadronic calorimeter is located outside the coil, and the
structure is wrapped in laminated iron for a flux return and muon identification system. The
final focus quadrupoles are located inside the detector at an L* of 2m. A summary of the
components and expected performance of the detector is given in Table 0.14.

The small volume 4 Tesla field is well matched to the expected backgrounds, cost, and
technology. The small size of the tracking system eases the mechanical problem of stabilizing
the final focus elements relative to one another at the required nanometer level. However,
this design increases the complexity of the elements inside the detector. For example, the
final quadrupoles, envisioned as permanent magnets, would have to be shielded by a small
super conducting solenoid. The tracking system is modeled as 5 layers of Si microstrips
with 5 micron spatial resolution. The expected momentum resolution, including multiple
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Table 0.14: Basic Components of the NLC Detector

Vertex

Tracking

Coil

EM Calorimeter

Hadronic Calorimeter

Return Flux

3 - 5 CCD Layers

2.6 9(13.7/psin3 /20)

5 Si Layers

cos0| <0.9

SpT/pT = 2 x 10~4 at 100 GeV at cos 9 = 0.9

4T, 2-3 Xo

25XO, 50 samples
aE/E=l2%

Fe Scintillator

6A, 100 samples

cTEjE = (45%/y/E) © 2%

6A, 10 samples

scattering, is shown in Figure 0.51. Agreement that this performance is a reasonable match
to the physics goals is probably the most important question for the overall detector design.
The cylindrical layers extend to cos 0 = 0.9. This leaves sufficient space for the ends of the
support structure, electronics, cabling, and cooling. End cap trackers could be added for
improved coverage. Experience with SLC/SLD confirms the idea that backgrounds from a
linear collider can be very severe for conventional wire chambers. A silicon strip system
would be extremely robust.

The electromagnetic calorimeter would be inside the coil, 25 radiation lengths thick, and
with angular segmentation in the range of 30 to 40 mrad2. Possible structures include tung-
sten scintillator sampling towers and BGO or perhaps more exotic crystals. The crystals
would be interesting not so much for their good resolution but for their lack of interconnec-
tions. The calorimetry is extended by endcaps to cos# = 0.99.

The superconducting coil has an inner radius of 70 cm and a half length of 1.2 m. Since
there are only weak constraints on the thickness of the coil, given that it is outside the
electromagnetic calorimeter, and since it is a relatively small coil, it should be a reasonable
coil to design and build. This design will be made more challenging, however, by its required
integration with the quadrupole shields and supports.

The hadronic calorimeter is assumed to be an iron scintillator sampling system, 6A thick
and 100 samples. At this time, no magnetic modeling of the structure has been done. It is
unclear whether the advantages of an iron based calorimeter in containing the magnetic flux
would be outweighed by the structural problems.

Finally, the detector is wrapped in a flux return 6A thick with 10 layers for muon detectors.
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Figure 0.51: NLC Detector tracking parameters.

Questions of overall geometry for internal access and vibration control are completely open.

The crossing of the two beams at the interaction point produces an irreducible e+e~
pair background at small pj_. These particles can be kept away from a small radius vertex
detector by the relatively high 4 Tesla magnetic field. A reasonable vertex detector for this
environment would be a successor to the SLD vertex detector using large area CCDs with 20
micron square pixels. The CCDs could be read out in a time equivalent to a small number
of beam crossings, and the beams could be suppressed subsequent to a trigger if necessary.
At SLD the innermost layer of the vertex detector, at r = 2.5 cm with B = 0.6 T, sees
0.4 hits/mm2 summed over its 19 machine pulse readout time. Vertex hits are successfully
attached to tracks extrapolated from a conventional drift chamber whose closest wire is at
r = 22 cm. Thus a conservative estimate for the tolerable background is 1 hit/mm2. Were
the NLC vertex detector to extrapolate hits from its own high resolution outer layers into
an inner layer, the much smaller search area would allow a much larger (10-20 hits/mm2)
background to be tolerated.

Fig. 0.52 shows the hit density from the e+e~ pair background, per bunch train (a series
of 90 bunch collisions), at a radius of 3 cm and at 2 cm. The results are shown as a function
of z for a 4 Tesla field. At r = 3 cm the background is nonexistant out to z = 45 cm. At
r = 2 cm the background is similar to that tolerated by an existing detector out to z = 17
cm, a length adequate to provide vertexing coverage well beyond the cos 9 = 0.90 currently
used in the physics simulations.

In addition to the irreducible background of pairs emanating from the interaction point,
the vertex detector will see a background of very low energy backscattered particles resulting
from the interaction of the pairs that have been curled up by the field and gone forward to
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Figure 0.52: Electron pair hit density per mm2 per train of 90 bunches, computed with the
Monte Carlo program ABEL. As the pairs leave the IP in a 4 Tesla field, hits are scored (a)
at r = 3 cm, and (b) at r = 2 cm.

strike the quad faces, septum, and luminosity monitor. In the current interaction region
design the calculated rate is 2.0 hits/mm2/train at r = 3 cm, flat in 2, and roughly constant
down to r = 2 cm, then rising at lower radii. This background rate, already sufficiently low
at r = 2 cm for efficient vertexing, is very sensitive to the details of the interaction region
design. Efforts to reduce the flux of these soft particles, by, for instance, the use of low-Z
coatings, are underway.

As experience in the collider operation is gained, one may want to consider vertex de-
tection at smaller radii. Even at the very aggressive radius of 1 cm, in a 4 Tesla field the
pair background hit rate remains below 10/mm2/train out to z — 3 cm. Moreover, since
the tracking system radius largely drives the scale of the entire detector, a small tracker
permits consideration of relatively small L* as a possible future upgrade of the final focus
design. The small L* is plausible because the axial extent of the tracker is small, about lm
for cos 0 < 0.9. This leads to significant improvements in required tolerances in the final
focus system.
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0.12 Physics Processes which Constrain Detector Per-
formance

In general, the requirements of the NLC physics program do not put strong constraints on
the detector design and performance. For most physics analyses, the performance of the
detectors constructed for SLC and LEP would be quite sufficient. These detectors already
include the basic requirements for the study of e+e~ annihilation at high energy: calorimetry
with good energy resolution, segmentation, and charged lepton identification; tracking with
high momentum resolution, good forward angular acceptance and overall granularity; and
excellent secondary vertex tagging. However, it is always interesting to consider advanced
detectors with improved performance in one or another of these areas. In this section, we
enumerate those physics topics which put exceptional or unusual demands on the detector
and which might motivate a more advanced detector design.

A basic benchmark for detector performance is that given by standard model Higgs
production in the all-hadronic mode: e+e~ —> Zh —* jj + bb. This sets a standard of
hadronic energy resolution, angular coverage for high acceptance, and ̂ -tagging efficiency.
The recognition of the Z in its hadronic decay is required, more generally, for high-statistics
branching ratio determinations for the Higgs boson.

For the Higgs boson of the Minimal Supersymmetric Model, it is possible for the Higgs
boson to decay by mechanisms very different from those of the Standard Model. The in-
teresting mode e+e~ —> hA —+ bbbb places a premium on angular coverage and efficiency of
6-tagging. More generally, it is important in this theory to be able to recognize the pro-
duction of the Higgs boson in e+e~ —> Zh making as few assumptions as possible on the
final state to which the Higgs decays. Such a model-independent search for the Higgs boson
is possible if the Z can be reconstructed as an £+£~ pair superimposed on any reasonable
Higgs boson final state. This analysis constrains the momentum resolution and two-track
separation of the tracking device.

For studies of the W boson vertices in e+e~ —> VK+M^~, it is necessary to completely
reconstruct the final state kinematics by measurement of a lepton + 2 jet system. This
would seems to demand high-quality tracking. However, it has been shown that the tracking
requirements are less severe if kinematic fitting is used to determine the jet energies [83].

In the study of WW scattering, the reactions e+e~ —>• vUWW and e+e~ —s- vVZZ give
signatures for distinct models of a strongly interacting Higgs sector, as explained in Section
7.2. Thus, it is necessary to distinguish these processes experimentally. Because the event
rate is rather small, it is necessary to rely on detection of W and Z in their hadronic decay
modes. Thus, it is important that the calorimetric mass resolution for W and Z be sufficiently
small that these particles can be distinguished on the basis of their masses. The analysis
discussed in Section 7.2 assumed a probability of about 10% for confusing each W for a Z
or vice versa [88]. In addition, this analysis requires good forward coverage for high-energy
electrons and positrons, to remove background from the processes e+e~ —»• e+e~W+W~ and
e+e~ —* evWZ which are induced by virtual photons.



Finally, we note that the study of the top quark threshold is affected by the energy spread
of the e+e~ collisions, which is determined by the accelerator design. For this study to be
carried out optimally, the beam energy spread from beamstrahlung should be kept to the level
of initial state radation, about 3%, and the intrinsic beam energy spread of the accelerator
should be kept to 0.1%. These requirements are quite reasonable for the machine design
discussed in Chapter 3. In addition, since the differential luminosity spectrum depends on
the beam parameters, it is necessary to measure this directly. This requires the measurement
of acollinearity angles in small-angle Bhabha scattering to better than 1 mrad for 0 ~ 200-
500 mrad. The detector design in Section 11 includes an appropriate electromagnetic shower
detector placed inside the synchrotron radiation mask.
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0.13 Conclusions

The Standard Model of strong and electroweak interactions represents a tremendous scientific
achievement. It provides an elegant and well tested description of fundamental forces based
on underlying local symmetry concepts. However, despite those successes, some basic ques-
tions remain unanswered. Addressing those issues should guide us to a deeper understanding
and better appreciation of Nature's laws.

What is the origin of electroweak symmetry breaking and mass generation? That out-
standing problem drives high energy physics and establishes its experimental goals. Fortu-
nately, resolution of that puzzle appears to be within reach of the next generation of hadron
and lepton colliders, the LHC and the NLC.

In this report, we have described some of the physics goals and capabilities of the NLC,
emphasizing both its unique features and complementarity to the LHC program planned at
CERN. The envisioned project would start with an initial variable center-of-mass energy up
to about 500 GeV and be upgradable to 1-1.5 TeV. It would feature a highly polarized e~
beam as well as e~e~, je~ and 77 collider options.

The first phase of the NLC guarantees extensive physics capabilities and interesting
discovery potential. Sitting at and above the it threshold will allow unprecedented precision
measurements of the top quark's mass, partial decay widths, gauge and Higgs boson couplings
etc. Its very large mass may be a signal of the top quark's special role in elementary particle
physics and electroweak symmetry breaking. We must, therefore, explore its properties
and search for additional anomalous features. In that endeavor, the LHC will be a top
quark factory, capable of producing and studying samples of order 107 tops in a number of
characteristic signatures. The NLC will complement such studies as a precision instrument
which is sensitive to the broad range of top couplings to strong and weak gauge bosons.
Similarly, studies of gauge boson pair production at the NLC will provide high precision
measurements of triple-gauge boson couplings at the level of 1-0.1% (with increasing center-
of-mass energy). At that level of sensitivity anomalous properties could become unveiled,
particularly if there is new strong dynamics at ~ 1 TeV.

If a fundamental Higgs scalar exists and has mass below 350 GeV, it will be found and
studied in the first phase of the NLC via e+e~ —» ZH. That mass reach is extremely
broad and encompasses a most important domain. If the Standard Model is perturbative up
to grand-unification energies, then mjj ;$ 200 GeV. If supersymmetry is manifested at the
electroweak scale, then the lightest scalar satisfies rrih < 150 GeV. The first stage of the NLC
•will be definitive in confirming or negating those expectations. A higher mass Higgs (> 350
GeV) would be easily accessed at the LHC or higher energy phases of NLC. Additional Higgs
scalars of SUSY scenarios, or pseudo-Goldstone bosons of dynamical symmetry breaking
schemes, would be unveiled in pair-production unveiled as their thresholds are passed at
the NLC. The clean environment of that facility would allow detailed studies of their decay
patterns. A compelling feature of e+e~ colliders is the ability to not only produce new
particles, but to thoroughly explore their properties.
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If supersymmetry manifests itself near the electroweak scale, a plethora of new particles,
the supersymmetric partners of quark, leptons, and gauge bosons, awaits discovery. Un-
folding that entire spectrum and its properties will require the full capabilities of the LHC
and NLC. The first direct evidence for production of gluinos and squarks should be found
at LHC, if not already at the Tevatron. On the other hand, the study of color-singlet su-
perpartners is best carried out at e+e~ colliders. Since these particles are typically lighter,
they determine the decay patterns of the particles produced in strong interactions. Thus,
the NLC will be essential for unraveling the entire spectrum and precisely measuring the
new particle properties. The study of superpartners will be greatly facilitated by use of the
high e~ polarization both for suppressing backgrounds and enhancing signals. High precision
determinations of SUSY parameters will provide important insight and constraints on the
mechanism of SUSY breaking and as well as a potential new window to the physics of grand
unification and superstrings.

If new strong dynamics is responsible for electroweak symmetry breaking, it may be
difficult to uncover and fully explore. In such a scenario, the NLC will be an extremely
valuable instrument. It will probe the new dynamics via W^+PF~ —> W+W~ and W+W~ —>
it scattering, and through anomalous gauge boson couplings and other probes in e+e~ —>
W+W~. Such studies will become ever more revealing as the higher energy upgrades are
attained. In addition, new strong dynamics is likely to imply a wealth of spectroscopy at very
high energies. The NLC, particularly its highest energy phase, should be a very important
facility for discovering and studying such states.

The new energy domain opened up by the NLC will also allow systematic searches for
new particles such as Z' bosons, heavy fermions, leptoquarks, etc. If such particles are found,
the e~ polarization will be extremely useful for deciphering their properties.

The physics capabilities of the NLC can be greatly expanded by the e~e~, /ye~, and
77 collider options possible at such an accelerator. Those collision modes will complement
e+e~ studies and could prove particularly useful to provide new observables of supersym-
metric particles, to study the Higgs boson as an s-channel resonance, and to explore W~W~
scattering.

During the twentieth century, elementary particle physics emerged as a scientific dis-
cipline. Since its inception, progress and advancement have followed our ability to probe
shorter distances via high energy collisions. By pushing to even higher energies, we should
be able to continue the advancement. In this report, we have reviewed the questions that
are now at the frontier of particle physics, and we have shown that the NLC has a central
role is answering every one. We thus view the NLC as a forefront facility for particle physics,
an essential tool for probing the hidden symmetries of Nature, a well tuned instrument for
the start of our next millennium.
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