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Chapter 3 Higgs Bosons at the Linear Collider

1 Introduction

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

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

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

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

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

Finally, we turn to the program of Higgs measurements that can be carried out
at the LC, focusing on ete™ collisions at higher energy, but also including material
on the impact of Giga-Z operation and 77y collisions. The measurement of Higgs
boson properties in ete™ collisions is outlined in Section 8. This includes a survey of
the measurements that can be made for a SM-like Higgs boson for all masses up to
500 GeV. We also discuss measurements of the extra Higgs bosons that appear in the
MSSM. Because the phenomenology of decoupling limit mimics, by definition, the
SM Higgs boson, we emphasize how the precision that stems from high luminosity
helps to diagnose the underlying dynamics. In Section 9, we outline the impact of
Giga-Z operation on constraining and exploring various scenarios. In Section 10, the
most important gains from vy collisions are reviewed. Finally, in Section 11, we
briefly discuss the case of a Higgs sector containing triplet Higgs representations and
also consider the Higgs-like particles that can arise if the underlying assumption of a
weakly coupled elementary Higgs sector is not realized in Nature.
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2 Expectations for electroweak symmetry breaking

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

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

The global analysis of electroweak observables provides a superb fit to the Stan-
dard Model predictions. Such analyses take the Higgs mass as a free parameter. The
electroweak observables depend logarithmically on the Higgs mass through its one-
loop effects. The accuracy of the current data (and the reliability of the corresponding
theoretical computations) already provides a significant constraint on the value of the
Higgs mass. In [8,9], the non-observation of the Higgs boson is combined with the
constraints of the global precision electroweak analysis to yield my,, < 205230 GeV
at 95% CL (the quoted range reflects various theoretical choices in the analysis).
Meanwhile, direct searches for the Higgs mass at LEP achieved a 95% CL limit of
Mpgy > 113.5 GeV.*

One can question the significance of these results. After all, the self-interacting
scalar field is only one model of electroweak symmetry breaking; other approaches,
based on very different dynamics, are also possible. For example, one can introduce

*The LEP experiments presented evidence for a Higgs mass signal at a mass of mpg, =
115.031):3 GeV, with an assigned significance of 2.90 [10]. Although suggestive, the data are not
significant enough to warrant a claim of a Higgs discovery.
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new fermions and new forces, in which the Goldstone bosons are a consequence of the
strong binding of the new fermion fields [11]. Present experimental data are not suffi-
cient to identify with certainty the nature of the dynamics responsible for electroweak
symmetry breaking. Nevertheless, one can attempt to classify alternative scenarios
and study the constraints of the global precision electroweak fits and the implications
for phenomenology at future colliders. Since electroweak symmetry dynamics must
affect the one-loop corrections to electroweak observables, the constraints on alter-
native approaches can be obtained by generalizing the global precision electroweak
fits to allow for new contributions at one-loop. These enter primarily through cor-
rections to the self-energies of the gauge bosons (the so-called “oblique” corrections).
Under the assumption that any new physics is characterized by a new mass scale
M > my, one can parameterize the leading oblique corrections by three constants,
S, T, and U, first introduced by Peskin and Takeuchi [12]. In almost all theories of
electroweak symmetry breaking dynamics, U < .S, T', so it is sufficient to consider a
global electroweak fit in which my,,, S and T are free parameters. (The zero of the
S—T plane must be defined relative to some fixed value of the Higgs mass, usually
taken to be 100 GeV.) New electroweak symmetry breaking dynamics could generate
non-zero values of S and T', while allowing for a much heavier Higgs mass (or equiva-
lent). Various possibilities have been recently classified by Peskin and Wells [13], who
argue that any dynamics that results in a significantly heavier Higgs boson should
also generate new experimental signatures at the TeV scale that can be studied at the
LC, either directly by producing new particles or indirectly by improving precision
measurements of electroweak observables.

In this chapter, we mainly consider the simplest possible interpretation of the pre-
cision electroweak data, namely, that there exists a light weakly coupled Higgs boson.
Nevertheless, this still does not fix the theory of electroweak symmetry breaking. It is
easy to construct extensions of the scalar boson dynamics and generate non-minimal
Higgs sectors. Such theories can contain charged Higgs bosons and neutral Higgs
bosons of opposite (or indefinite) CP-quantum numbers. Although some theoretical
constraints exist, there is still considerable freedom in constructing models which sat-
isfy all known experimental constraints. Moreover, in most extensions of the Standard
Model, there exists a large range of parameter space in which the properties of the
lightest Higgs scalar are virtually indistinguishable from those of the Standard Model
Higgs boson. One of the challenges of experiments at future colliders, once the Higgs
boson is discovered, is to see whether there are any deviations from the properties
expected for the Standard Model Higgs boson.

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

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

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

2

cg
my = (mj)o + 167T2A2’ (3.1)

where (m? ) is a parameter of the fundamental theory and c is a constant, presumably
of O(1), that depends on the physics of the low-energy effective theory. The “natural”
value for the scalar squared-mass is g2A?/167%. Thus, the expectation for A is

47rmh

g
If A is significantly larger than 1 TeV then the only way for the Higgs mass to
be of order the scale of electroweak symmetry breaking is to have an “unnatural”

A~

~ O(1 TeV). (3.2)
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Figure 3.1: The upper [15] and the lower [16] Higgs mass bounds as a function of the energy
scale A at which the Standard Model breaks down, assuming m; = 175 GeV and ags(myz) =
0.118. The shaded areas above reflect the theoretical uncertainties in the calculations of
the Higgs mass bounds. This figure is taken from [18].

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

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

3 The Standard Model Higgs boson—theory

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

3.1 Standard Model Higgs boson decay modes

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

For my, < 135 GeV, the main Higgs decay mode is hgyy — bb, while the decays
hsy — 7777 and ¢ can also be phenomenologically relevant. In addition, although
one-loop suppressed, the decay hgyi — gg is competitive with other decays for my,, <
2my, because of the large top Yukawa coupling and the color factor. As the Higgs
mass increases above 135 GeV, the branching ratio to vector boson pairs becomes
dominant. In particular, the main Higgs decay mode is hgy — WW ™ where one
of the W’s must be off-shell (indicated by the star superscript) if myg,, < 2my . For
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Higgs bosons with my,,, 2 2m;, the decay hgy — tf begins to increase until it reaches
its maximal value of about 20%.

Branching Ratio

100 150 200 250 300 350 400
Higgs Mass (GeV)

Figure 3.2: Branching ratios of the dominant decay modes of the Standard Model Higgs
boson. These results have been obtained with the program HDECAY [22], and include
QCD corrections beyond the leading order.

Rare Higgs decay modes can also play an important role. The one-loop decay
hsm — 7y is a suppressed mode. For my, < mpg, < 2mw, BR(hsy — 77) is above
1073, This decay channel provides an important Higgs discovery mode at the LHC
for 100 GeV < myg,, < 150 GeV. At the LC, the direct observation of hgy — vy
is difficult because of its suppressed branching ratio. Perhaps more relevant is the
partial width I'(h® — ~7), which controls the Higgs production rate at a v collider.

3.2 Standard Model Higgs boson production at the LC

In the Standard Model there are two main processes to produce the Higgs boson
in ete” annihilation. These processes are also relevant in many extensions of the
Standard Model, particularly in nearly-decoupled extensions, in which the lightest
CP-even Higgs boson possesses properties nearly identical to those of the SM Higgs
boson. In the “Higgsstrahlung” process, a virtual Z boson decays to an on-shell 7
and the hgy, depicted in Fig. 3.3(a).  The cross section for Higgsstrahlung rises
sharply at threshold to a maximum a few tens of GeV above mj, + myz, and then
falls off as s7!, as shown in Fig. 3.4. The associated production of the Z provides an
important trigger for Higgsstrahlung events. In particular, in some theories beyond
the Standard Model, in which the Higgs boson decays into invisible modes, the Higgs
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@)

et

Figure 3.3: Main production processes for Higgs production in eTe™ annihilation. (a)
Higgsstrahlung. (b) WW fusion.
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Figure 3.4: Cross sections for Higgsstrahlung (ete™ — Zhgy) and Higgs production via
WHW~ fusion (ete™ — vwhgm) and ZZ fusion (eTe™ — ete hgy) as a function of my,,
for two center-of-mass energies, 1/s = 500 and 800 GeV [5].

boson mass peak can be reconstructed in the spectrum of the missing mass recoiling
against the Z. The other production process is called “vector boson fusion”, where
the incoming e™ and e~ each emit a virtual vector boson, followed by vector boson
fusion to the hgy. Figure 3.3(b) depicts the W~ fusion process. Similarly, the
7 7 fusion process corresponds to ete™ — eTe hgy. In contrast to Higgsstrahlung,
the vector boson fusion cross section grows as Ins, and thus is the dominant Higgs
production mechanism for /s > my,,,. The cross section for WW fusion is about ten
times larger than that for ZZ fusion. Nevertheless, the latter provides complementary
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information on the ZZhgy vertex. Note that at an e”e™ collider, the Higgsstrahlung
and W~ fusion processes are absent, so that ZZ fusion is the dominant Higgs
production process.

10:\\\\\\\\\‘\\\‘_\\\‘\\\
- o(e’e - ttH+X)[fb]

L —— NLO

Vs=2TeV

80 100 120 140 160 180 200
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Figure 3.5: Cross-sections for eTe™ — tfhgy in fb for three choices of center-of-mass energy.
The dashed lines correspond to the tree-level result [23], and the solid lines include the next-
to-leading order QCD corrections [24].

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

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

4.1 Direct search limits from LEP

The LEP collider completed its final run in 2000, and presented tantalizing hints
for the possible observation of the Higgs boson. Combining data from all four LEP
collaborations [10], one could interpret their observations as corresponding to the
production of a Higgs boson with a mass of my0 = 115.073 GeV with a significance
of 2.90. This is clearly not sufficient to announce a discovery or even an “observation”.
A more conservative interpretation of the data then places a 95% CL lower limit of
Mpgy > 113.5 GeV.

4.2 Implications of precision electroweak measurements

Indirect constraints on the Higgs boson mass within the SM can be obtained from
confronting the SM predictions with results of electroweak precision measurements.
In the case of the top quark mass, the indirect determination turned out to be in
remarkable agreement with the actual experimental value. In comparison, to obtain
constraints on myg,, of similar precision, much higher accuracy is required for both
the experimental results and the theory predictions. This is due to the fact that the
leading dependence of the precision observables on my,,, is only logarithmic, while
the dominant effects of the top-quark mass enter quadratically.

Mvv [GeV}
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Figure 3.6: The prediction for my as a function of myg,, is compared with the experimental
value of myy for the current experimental accuracies of myy and my (left plot) and for the
prospective future accuracies at a LC with Giga-Z option (right plot, the present experi-
mental central values are assumed) [25]. In the left plot also the present experimental 95%
CL lower bound on the Higgs-boson mass, myg,, = 113.5 GeV, is indicated.
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The left plot of Fig. 3.6 shows the currently most precise result for my as func-
tion of myg,, in the SM, and compares it with the present experimental value of myy .
The calculation incorporates the complete electroweak fermion-loop contributions at
O(a?) [25]. Based on this result, the remaining theoretical uncertainty from unknown
higher-order corrections has been estimated to be about 6 MeV [25]. It is about a
factor five smaller than the uncertainty induced by the current experimental error on
the top-quark mass, Am;*® = 5.1 GeV, which presently dominates the theoretical
uncertainty. The right plot of Fig. 3.6 shows the prospective situation at a future ete™
linear collider after Giga-Z operation and a threshold measurement of the W mass
(keeping the present experimental central values for simplicity), which are expected
to reduce the experimental errors to Amy” = 6 MeV and Am;™ = 200 MeV. This
program is described in Chapter 8. The plot clearly shows the considerable improve-
ment in the sensitivity to myg,, achievable at the LC via very precise measurements
of my and my,. Since furthermore the experimental error of sin? 05 is expected to be
reduced by almost a factor of 20 at Giga-Z, the accuracy in the indirect determination
of the Higgs-boson mass from all data will improve by about a factor of 10 compared
to the present situation [26].

4.3 Expectations for Tevatron searches

The upgraded Tevatron began taking data in the spring of 2001. This is the
only collider at which the Higgs boson can be produced for the next five years, until
the LHC begins operation in 2006. The Tevatron Higgs working group presented a
detailed analysis of the Higgs discovery reach at the upgraded Tevatron [27]. Here,
we summarize the main results. Two Higgs mass ranges were considered separately:
(1) 100 GeVE mpgy, < 135 GeV and (ii) 135 GeVE myg, < 190 GeV, corresponding
to the two different dominant Higgs decay modes: hgy — bb for the lighter mass
range and hgy — WIW® for the heavier mass range.

In mass range (i), the relevant production mechanisms are qiq; — Vhsm, where
V =W or Z. In all cases, the dominant hgy; — bb decay was employed. The most
relevant final-state signatures correspond to events in which the vector boson decays
leptonically (W — (v, Z — £t~ and Z — vD, where { = e or p), resulting in (vbb,
vbb and (¢~ bb final states. In mass range (ii), the relevant production mechanisms
include gg — hsm, V*V* — hgy and ¢;q; — Vhsu, with decays hgy — Ww ),
ZZ® . The most relevant phenomenological signals are those in which two of the
final-state vector bosons decay leptonically, resulting in ¢T¢~v7 or {*¢*jj X, where j
is a hadronic jet and X consists of two additional leptons (either charged or neutral).
For example, the latter can arise from W hgy production followed by hgy — WW &),
where the two like-sign W bosons decay leptonically, and the third W decays into
hadronic jets. In this case X is a pair of neutrinos.

Figure 3.7 summarizes the Higgs discovery reach versus the total integrated lu-
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Figure 3.7: The integrated luminosity required per experiment, to either exclude a SM Higgs
boson at 95% CL or discover it at the 30 or 50 level, as a function of the Higgs mass. These
results are based on the combined statistical power of both experiments. The curves shown
are obtained by combining the ¢vbb, vbb and ¢T¢~bb channels using the neural network
selection in the low-mass Higgs region (90 GeV < myg,, < 130 GeV), and the (*F¢*j5X and
{0~y channels in the high-mass Higgs region (130 GeV < myg,, < 190 GeV). The lower
edge of the bands is the calculated threshold; the bands extend upward from these nominal
thresholds by 30% as an indication of the uncertainties in b-tagging efficiency, background
rate, mass resolution, and other effects.

minosity delivered to the Tevatron (and by assumption, delivered to each detector).
As the plot shows, the required integrated luminosity increases rapidly with Higgs
mass to 140 GeV, beyond which the high-mass channels play the dominant role. With
2 fb~! per detector (which is expected after one year of running at design luminosity),
the 95% CL limits will barely extend the expected LEP2 limits, but with 10 fb~!, the
SM Higgs boson can be excluded up to 180 GeV if the Higgs boson does not exist in
that mass range.

Current projections envision that the Tevatron, with further machine improve-
ments, will provide an integrated luminosity of 15 fb=! after six years of running. If
Mgy =~ 115 GeV, as suggested by LEP data, then the Tevatron experiments will be
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able to achieve a bo discovery of the Higgs boson. If no Higgs events are detected,
the LEP limits will be significantly extended, with a 95% CL exclusion possible up to
about myg,, ~ 185 GeV. Moreover, evidence for a Higgs boson at the 3o level could
be achieved up to about myg,, >~ 175 GeV. (The Higgs mass region around 140 GeV
might require more luminosity, depending on the magnitude of systematic errors due
to uncertainties in b-tagging efficiency, background rate, the bb mass resolution, etc.)
Evidence for or discovery of a Higgs boson at the Tevatron would be a landmark in
high energy physics. However, even if a Higgs boson is seen, the Tevatron data would
only provide a very rough phenomenological profile. In contrast, the LC, and to a
lesser extent, the LHC could measure enough of its properties with sufficient precision
to verify that the observed Higgs is truly SM-like. The LHC is also certain to yield
> bHo discovery of a SM Higgs boson over the full range of possible masses, up to
1 TeV.

4.4 Expectations for LHC searches

At the LHC, the ATLAS and CMS detectors have been specifically designed so as
to guarantee discovery of a SM Higgs boson, regardless of mass. The most important
production processes for the hgy are the gluon fusion process, gg — hgy, and the
vector boson fusion process, WW — hgy. In particular, for myg,, < 130 GeV the
important discovery modes are gg, WW — hgy — 77y, 7777. At high luminosity,
¢q; — W*hgm and gg — tthgy with hgy — 7y and hgy — bb should also be visible.
Once myg,, > 130GeV, gg — hsy — ZZ¥) — 44 is extremely robust except for
the small mass region with myg,, just above 2my in which hgyy — WW is allowed
and B(hgy — ZZ*) drops sharply. In this region, gg, WW — hgy — WW — (vly
provides a strong Higgs signal. Once myg,, > 300 GeV (400 GeV), the final states
hsmy — WW — (lvjj and hgy — ZZ — (lvv, where the hgy is produced by a
combination of gg and WW fusion, provide excellent discovery channels. These latter
allow discovery even for myg,, = 1TeV, i.e., well beyond the myg,, ~ 800 GeV limit
of viability for the hgyy — 4¢ mode. These results are summarized in Fig. 3.8, from
which we observe that the net statistical significance for the hgy, after combining
channels, exceeds 100 for all myg,, > 80 GeV, assuming accumulated luminosity of
L =100 fb™! at the ATLAS detector [29]. Similar results are obtained by the CMS
group [30], the 7y mode being even stronger in the lower mass region.

Precision measurements for a certain number of quantities will be possible, de-
pending upon the exact value of myg,,. For instance, in [29] it is estimated that myg,,
can be measured to < 0.1% for myg,, < 400GeV and to 0.1-1% for 400 < my,, <
700 GeV. Using the 4¢ final state, I'}_ =~ can determined for myg, > 250 GeV from
the shape of the 4¢ mass peak. Various ratios of branching ratios and a selection
of partial widths times branching ratios can be measured in any given mass region.
Some early estimates of possibilities and achievable accuracies appear in [2]. A more
recent, but probably rather optimistic parton-level theoretical study [31] finds that
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50 Higgs Signals (statistical errors only)
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Figure 3.8: Expected 50 SM Higgs discovery luminosity requirements at the LHC, for one
experiment, statistical errors only [28]. The study was performed with CMS fast detector

simulation.

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

5 Higgs bosons in low-energy supersymmetry

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

After electroweak symmetry breaking, one finds five physical Higgs particles: a
charged Higgs pair (H*), two CP-even neutral Higgs bosons (denoted by h® and H°
where mpuo < myo) and one CP-odd neutral Higgs boson (A%)." Two other relevant

tThe tree-level MSSM Higgs sector automatically conserves CP. Hence, the two neutral Higgs
vacuum expectation values can be chosen to be real and positive, and the neutral Higgs eigenstates
possess definite CP quantum numbers.

88



Higgs Bosons at the Linear Collider

parameters are the ratio of neutral Higgs vacuum expectation values, tan 3, and an
angle o that measures the component of the original Y = +1 Higgs doublet states in
the physical CP-even neutral scalars.

5.1 MSSM Higgs sector at tree-level

The supersymmetric structure of the theory imposes constraints on the Higgs
sector of the model [35]. As a result, all Higgs sector parameters at tree-level are
determined by two free parameters: tan($ and one Higgs mass, conveniently chosen
to be m 0. There is an upper bound to the tree-level mass of the light CP-even Higgs
boson: m2, < m% cos 28 < m%. However, radiative corrections can significantly alter
this upper bound as described in Section 5.2.

The limit of m 40 > my is of particular interest, with two key consequences. First,
Mo =~ mpyo =~ Mg+, up to corrections of O(m%/m40). Second, cos(3 — a) =0 up to
corrections of O(m%/m?o). This limit is known as the decoupling limit [36] because
when m 4o is large, the effective low-energy theory below the scale of m 40 contains a
single CP-even Higgs boson, h", whose properties are nearly identical to those of the
Standard Model Higgs boson, hgy;.

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

3 by

grovy = gyvmny Sin(/@ - 04)
grovy = gvmy cos(f —a), (3.3)
where
_ 9, V=W,

= g/cosby, V=2 (3.4)

There are no tree-level couplings of A° or H* to VV. The couplings of one gauge
boson to two neutral Higgs bosons are given by:

_ gcos(f — )
o4z = 2 cos Oy
—gsin(f — «)
= 4 7 3.5
gH0AYZ 2 cos Oy ( )

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

017 0 4+ — B sin o o N B
h°bb  (or h't7717) o5 sin(f — a) — tan Fcos(ff — ),
0us cosa o B
hott g sin(8 — «) + cot fcos(B — «) ,
HOb (or H7%77) s _ cos(8 — a) + tan Bsin(B — a),
cos 3
0.4 sin o B _ _ . _
H°tt g cos(ff — a) — cot Bsin(f — ),
A%b  (or A7) vstan 3,
A% vs cot (3. (3.6)

In these expressions, 75 indicates a pseudoscalar coupling.

The neutral Higgs boson couplings to fermion pairs (3.6) have been written in
such a way that their behavior can be immediately ascertained in the decoupling
limit (m 40 > my) by setting cos(f — a) = 0. In particular, in the decoupling limit,
the couplings of h° to vector bosons and fermion pairs are equal to the corresponding
couplings of the Standard Model Higgs boson.

The region of MSSM Higgs sector parameter space in which the decoupling limit
applies is large, because sin( — «) approaches 1 quite rapidly once m o is larger
than about 200 GeV, as shown in Fig. 3.10. As a result, over a significant region
of the MSSM parameter space, the search for the lightest CP-even Higgs boson of
the MSSM is equivalent to the search for the Standard Model Higgs boson. This
result is more general; in many theories of non-minimal Higgs sectors, there is a
significant portion of the parameter space that approximates the decoupling limit.
Consequently, simulations of the Standard Model Higgs signal are also relevant for
exploring the more general Higgs sector.

5.2 The radiatively corrected MSSM Higgs sector

When one-loop radiative corrections are incorporated, the Higgs masses and cou-
plings depend on additional parameters of the supersymmetric model that enter via
the virtual loops. One of the most striking effects of the radiative corrections to
the MSSM Higgs sector is the modification of the upper bound of the light CP-even
Higgs mass, as first noted in [38]. When tan > 1 and mao > my, the tree-
level prediction for myo corresponds to its theoretical upper bound, mp™* = my.
Including radiative corrections, the theoretical upper bound is increased, primarily
because of an incomplete cancellation of the top-quark and top-squark (stop) loops.
(These contributions would cancel if supersymmetry were exact.) The relevant para-

meters that govern the stop sector are the average of the two stop squared-masses:
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Figure 3.10: The value of sin?(3 — a) is shown as a function of m 40 for two choices of
tan (G = 3 and tan3 = 30. When radiative corrections are included, one can define an
approximate loop-corrected angle o as a function of m 40, tan § and the MSSM parameters.
In the figures above, we have incorporated radiative corrections, assuming that Mgysy =
1 TeV. In addition, two extreme cases for the squark mixing parameters are shown (see
Section 5.2 for further discussion of the radiative corrections and their dependence on the
supersymmetric parameters). The decoupling effect expected when sin?(3 — ) ~ 1 for
m o0 > my, continues to hold even when radiative corrections are included.

MS2USY )

trix: my Xy = my(A; — peot 3), where A, is a soft supersymmetry-breaking trilinear
scalar interaction term, and g is the supersymmetric Higgs mass parameter. The
qualitative behavior of the radiative corrections can be most easily seen in the large
top squark mass limit, where, in addition, the splitting of the two diagonal entries
and the off-diagonal entry of the stop squared-mass matrix are both small in com-
parison to M&;gy. In this case, the upper bound on the lightest CP-even Higgs mass
is approximately given by

392m4 M2 X2 X2
mio < me + . [m( ;}LJ%SY + MSZJSY 1— T Ms;USY . (3.7)

= L(M2 + M2), and the off-diagonal element of the stop squared-mass ma-
t1 to

More complete treatments of the radiative corrections include the effects of stop
mixing, renormalization group improvement, and the leading two-loop contributions,
and imply that these corrections somewhat overestimate the true upper bound of
mpo (see [39] for the most recent results). Nevertheless, Eq. (3.7) correctly illustrates
some noteworthy features of the more precise result. First, the increase of the light
CP-even Higgs mass bound beyond my can be significant. This is a consequence of
the m} enhancement of the one-loop radiative correction. Second, the dependence of
the light Higgs mass on the stop mixing parameter X, implies that (for a given value
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of Msysy) the upper bound of the light Higgs mass initially increases with X; and
reaches its mazimal value at X; ~ v/6Msysy. This point is referred to as the mazimal
mizing case (whereas X; = 0 corresponds to the minimal mizing case).
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Figure 3.11: The radiatively corrected light CP-even Higgs mass is plotted as a function
of tan 3, for the maximal mixing [upper band] and minimal mixing cases. The impact
of the top quark mass is exhibited by the shaded bands; the central value corresponds
to m; = 175 GeV, while the upper [lower] edge of the bands correspond to increasing
[decreasing] m; by 5 GeV.

Taking m o large, Fig. 3.11 illustrates that the maximal value of the lightest
CP-even Higgs mass bound is realized at large tan 3 in the case of maximal mixing.
Allowing for the uncertainty in the measured value of m; and the uncertainty inherent
in the theoretical analysis, one finds for Mgysy < 2 TeV that mpo < mp®*, where

mp, ~ 122 GeV, minimal stop mixing,

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

The h° mass bound in the MSSM quoted above does not apply to non-minimal
supersymmetric extensions of the Standard Model. If additional Higgs singlet and/or
triplet fields are introduced, then new Higgs self-coupling parameters appear, which
are not significantly constrained by present data. For example, in the simplest non-
minimal supersymmetric extension of the Standard Model (NMSSM), the addition
of a complex Higgs singlet field S adds a new Higgs self-coupling parameter, Ag [40].
The mass of the lightest neutral Higgs boson can be raised arbitrarily by increasing
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the value of \g, analogous to the behavior of the Higgs mass in the Standard Model.
Under the assumption that all couplings stay perturbative up to the Planck scale,
one finds in essentially all cases that myo < 200 GeV, independent of the details of
the low-energy supersymmetric model [41].
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Figure 3.12: Lightest CP-even Higgs mass (my0), heaviest CP-even Higgs mass (mpo)
and charged Higgs mass (mpy+) as a function of m o for two choices of tan 3 = 3 and
tan 8 = 30. The slight increase in the charged Higgs mass as tan 3 is increased from 3 to
30 is a consequence of the radiative corrections.

In Fig. 3.12, we exhibit the masses of the CP-even neutral and the charged Higgs
masses as a function of m4o0. Note that myo > m;®* for all values of m 40 and tan 3,
where m}'** is to be evaluated depending on the top-squark mixing, as indicated in
Eq. (3.8).

Radiative corrections also significantly modify the tree-level values of the Higgs
boson couplings to fermion pairs and to vector boson pairs. As discussed above,
the tree-level Higgs couplings depend crucially on the value of sin(5 — «). In the
first approximation, when radiative corrections of the Higgs squared-mass matrix are
computed, the diagonalizing angle « is modified. This provides one important source
of the radiative corrections of the Higgs couplings. In Fig. 3.10, we show the effect
of radiative corrections on the value of sin(3 — «) as a function of m 4o for different
values of the squark mixing parameters and tan 3. One can then simply insert the
radiatively corrected value of « into eqgs. (3.3), (3.5), and (3.6) to obtain radiatively
improved couplings of Higgs bosons to vector bosons and to fermions.

At large tan (3, there is another potentially important class of radiative corrections

93



Chapter 3

in addition to those that enter through the modified . These corrections arise in
the relation between my, and tan 3 and depend on the details of the MSSM spectrum
(which enter via loop-effects). At tree-level, the Higgs couplings to bb are proportional
to the Higgs—bottom-quark Yukawa coupling. Deviations from the tree-level relation
due to radiative corrections are calculable and finite [42-46]. One of the fascinating
properties of such corrections is that in certain cases the corrections do not vanish in
the limit of large supersymmetric mass parameters. These corrections grow with tan (3
and therefore can be significant in the large tan § limit. In the supersymmetric limit,
bb couples only to the neutral component of the Y = —1 Higgs doublet. However,
when supersymmetry is broken there will be a small coupling of bb to the neutral
component of the Y = +1 Higgs doublet resulting from radiative corrections. From
this result, one can compute the couplings of the physical Higgs bosons to bb pairs.
A useful approximation at large tan 3 yields the following corrections to Eq. (3.6):

017 sinae 1 Ay cot v
_ R B it
hbb COSﬂl+Ab[ tan (3 ] ’
_ 1 Ay tan o
O cosa 1 [, Aptana
cos 81+ Ay tanf3 |’
- tan (3
A° : S )
bb B A (3.9)

where A, o< tan 3. The explicit form of A, at one-loop in the limit of Mgygy > my, is
given in [43-45]. The correction A, arises from a bottom-squark-gluino loop, which
depends on the gluino mass and the supersymmetric Higgs mass parameter p, and
the top-squark—chargino loop, which depends on the top-squark masses and the top-
squark mixing parameters p and A;. Contributions proportional to the electroweak
gauge couplings have been neglected.

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

One consequence of the above results is that the neutral Higgs coupling to bb
(which is expected to be the dominant decay mode over nearly all of the MSSM Higgs
parameter space), can be significantly suppressed at large tan 3 [49-51] if A, ~ O(1).
Typically |A;| < |Apl, since the correction proportional to oy in the latter is absent
in the former. For this reason, the 777~ decay mode can be the dominant Higgs
decay channel for the CP-even Higgs boson with SM-like couplings to gauge bosons.

In the decoupling limit, one can show that cotacot 8 = —1 4+ O(m%/m?%.). In-
serting this result into Eq. (3.9), one can check that the h°bb coupling does indeed
approach its Standard Model value. However, because A, o tan 3, the deviation of
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the h9b coupling from the corresponding SM result is of O(m?% tan 3/m?%,). That is,
at large tan 3, the approach to decoupling may be “delayed” [52], depending on the
values of other MSSM parameters that enter the radiative corrections.

5.3 MSSM Higgs boson decay modes

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

The heavier Higgs states, H°, A° and H*, are roughly mass-degenerate and have
negligible couplings to vector boson pairs. In particular, T(HY — VV) < T'(hgy —
VV), while the couplings of A° and H* to the gauge bosons are loop-suppressed.
The couplings of H°, A° and H* to down-type (up-type) fermions are significantly
enhanced (suppressed) relative to those of hgy if tan 5 > 1. Consequently, the decay
modes H°, A — bb, 777~ dominate the neutral Higgs decay modes for moderate-to-
large values of tan 3 below the tf threshold, while H* — 77 dominates the charged
Higgs decay below the tb threshold.

For values of m 4o of order my, all Higgs boson states lie below 200 GeV in mass,
and would all be accessible at the LC. In this parameter regime, there is a significant
area of the parameter space in which none of the neutral Higgs boson decay proper-
ties approximates those of hgy. For example, when tan ( is large, supersymmetry-
breaking effects can significantly modify the bb and/or the 777~ decay rates with
respect to those of hgy. Additionally, the heavier Higgs bosons can decay into lighter
Higgs bosons. Examples of such decay modes are: H® — hYAh%, A°A° and ZA°,
and H* — W=*h?, W*A® (although in the MSSM, the Higgs branching ratio into
vector boson—Higgs boson final states, if kinematically allowed, rarely exceeds a few
percent). The decay of the heavier Higgs boson into two lighter Higgs bosons can pro-
vide information about Higgs self-couplings. For values of tan 3 < 5, the branching
ratio of H® — hOh° is dominant for a Higgs mass range of 200 GeV < mpo < 2my.
The dominant radiative corrections to this decay arise from the corrections to the
self-interaction Agopop0 in the MSSM and are large [53].

The phenomenology of charged Higgs bosons is less model-dependent, and is gov-
erned by the values of tan3 and mpy+. Because charged Higgs couplings are pro-
portional to fermion masses, the decays to third-generation quarks and leptons are
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dominant. In particular, for my+ < m; +my, (so that the channel H+ — tb is closed),
H* — 77, is favored if tan 8 2 1, while HT — ¢5 is favored only if tan 3 is small.
Indeed, BR(HT — 77v,) ~ 1 if tan 8 2 5. These results apply generally to Type-II
two-Higgs doublet models. For my+ > 180 GeV, the decay Ht — tb — WThb is the
dominant decay mode.

In addition to the above decay modes, there exist new Higgs decay channels that
involve supersymmetric final states. Higgs decays into charginos, neutralinos and
third-generation squarks and sleptons can become important, once they are kinemat-
ically allowed [54]. For Higgs masses below 130 GeV, the range of supersymmetric
parameter space in which supersymmetric decays are dominant is rather narrow when
the current bounds on supersymmetric particle masses are taken into account. One
interesting possibility is a significant branching ratio of h® — Y¥°x°, which could arise
for values of myo near its upper theoretical limit. Such an invisible decay mode could

be detected at the LC by searching for the missing mass recoiling against the Z in
ete™ — hZ.

5.4 MSSM Higgs boson production at the LC

For m o 2 150 GeV, Fig. 3.10 shows that the MSSM Higgs sector quickly ap-
proaches the decoupling limit, where the properties of h' approximately coincide
with those of hgy. Thus, the Higgsstrahlung and vector-boson-fusion cross-sections
for hgy production also apply to h° production. In contrast, the H°VV and A°VV
couplings are highly suppressed, since |cos(f — a)| < 1. Equation (3.3) illustrates
this for the H°W coupling. Thus, these mechanisms are no longer useful for H° and
A® production. The most robust production mechanism is ete™ — Z* — H?A°,
which is not suppressed since the ZHYA® coupling is proportional to sin(3 — «), as
indicated in Eq. (3.5). Radiatively corrected cross-sections for Zh®, ZH°, H°A° and
hY A® have been recently obtained in [55]. The charged Higgs boson is also produced
in pairs via s-channel photon and Z exchange. However, since mpgo >~ mgo >~ mpy+
in the decoupling limit, H°A° and H*H~ production are kinematically allowed only
when m 0 < v/5/2.% In 47 collisions, one can extend the Higgs mass reach for the
neutral Higgs bosons. As described in Section 10, the s-channel resonant produc-
tion of HY and A° (due primarily to the top and bottom-quark loops in the one-loop
Higgs—y~y triangle) can be detected for some choices of m 0 and tan /3 if the heavy
Higgs masses are less than about 80% of the initial /s of the primary ete™ system.
The corresponding cross sections are a few fb [56,57].

If mgo < 150 GeV, deviations from the decoupling limit become more apparent,
and H° can now be produced via Higgsstrahlung and vector boson fusion at an
observable rate. In addition, the factor of cos(3—a) in the Zh°A° coupling no longer

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

The associated production of a single Higgs boson and a fermion-antifermion pair
can also be considered. Here, the new feature is the possibility of enhanced Higgs—
fermion Yukawa couplings. Consider the behavior of the Higgs couplings at large
tan (3, where some of the Higgs couplings to down type fermion pairs (denoted generi-
cally by bb) can be significantly enhanced.® Let us examine two particular large tan 3
regions of interest. In the decoupling limit (where m 40 > my and | cos(f — a)| < 1),
it follows from Eq. (3.6) that the bbH and bbA° couplings have equal strength and are
significantly enhanced by a factor of tan 3 relative to the bbhgy coupling, while the
bbh? coupling is given by the corresponding Standard Model value. If m40 < my and
tan > 1, then |sin(f—«)| < 1, as shown in Fig. 3.10, and my0 ~ m 0. In this case,
the bbh° and bbA® couplings have equal strength and are significantly enhanced (by a
factor of tan 3) relative to the bbhgy coupling.¥ Note that in both cases above, only
two of the three neutral Higgs bosons have enhanced couplings to bb. If ¢ is one of
the two neutral Higgs bosons with enhanced bb¢ couplings, then the cross-section for
ete™ — ffo (f = bor ) will be significantly enhanced relative to the corresponding
Standard Model cross-section by a factor of tan? 3. The phase-space suppression is
not as severe as in ete~ — tt¢ (see Fig. 3.5), so this process could extend the mass
reach of the heavier neutral Higgs states at the LC given sufficient luminosity. The
production of the charged Higgs boson via ete™ — tbH ™~ is also enhanced by tan? 3,
although this process has a more significant phase-space suppression because of the
final state top quark. If any of these processes can be observed, it would provide a
direct measurement of the corresponding Higgs—fermion Yukawa coupling.

6 MSSM Higgs boson searches before the LC

6.1 Review of direct search limits

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

$We do not consider the possibility of tan 3 < 1, which would lead to enhanced Higgs couplings
to up-type fermions. In models of low-energy supersymmetry, there is some theoretical prejudice
that suggests that 1 < tan 8 < my/my, with the fermion masses evaluated at the electroweak scale.
For example, tan § < 1 is disfavored since in this case, the Higgs—top quark Yukawa coupling blows
up at an energy scale significantly below the Planck scale. The Higgs-bottom quark Yukawa coupling
has a similar problem if tan 3 2 m;/m;. As noted in Section 6.1, some of the low tan 3 region is
already ruled out by the MSSM Higgs search.

YHowever in this case, the value of the bbH coupling can differ from the corresponding bbhsn
coupling when tan 8 > 1, since in case (ii), where |sin(8 — «)| < 1, the product tan Ssin(8 — «)
need not be particularly small.
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Higgs sector. Experimental limits on the charged and neutral Higgs masses have been
obtained at LEP. For the charged Higgs boson, my+ > 78.7 GeV [58]. This is the
most model-independent bound. It is valid for more general non-supersymmetric two-
Higgs doublet models and assumes only that the H™ decays dominantly into 7 v,
and/or ¢s. The LEP limits on the masses of h° and A° are obtained by searching
simultaneously for ete™ — Z — Zh" and ete™ — Z — hYA°. Radiative corrections
can be significant, as shown in Section 5.2, so the final limits depend on the choice
of MSSM parameters that govern the radiative corrections. The third generation
squark parameters are the most important of these. The LEP Higgs working group
[59] quotes limits for the case of Msysy = 1 TeV in the maximal-mixing scenario,
which corresponds to the choice of third generation squark parameters that yields the
largest corrections to myo. The present LEP 95% CL lower limits are m 40 > 91.9 GeV
and mypo > 91.0 GeV. The theoretical upper bound on myo as a function of tan/j3,
exhibited in Fig. 3.11, can then be used to exclude a region of tan (3 in which the
predicted value of myo lies below the experimental bound. Under the same MSSM
Higgs parameter assumptions stated above, the LEP Higgs search excludes the region
0.5 < tan( < 2.4 at 95% CL.

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

6.2 MSSM Higgs searches at the Tevatron

At the Tevatron, the SM Higgs search can be reinterpreted in terms of the search
for the CP-even Higgs boson of the MSSM. Since the theoretical upper bound was
found to be myo < 135 GeV (for Msysy < 2 TeV), only the Higgs search of the
low-mass region, 100 GeV < mpo < 135 GeV, applies. In the MSSM at large tan 3,
the enhancement of the A%b coupling (and a similar enhancement of either the h°bb
or H%b coupling) provides a new search channel: ¢g, gg — bbp, where ¢ is a neu-
tral Higgs boson with enhanced couplings to bb. Combining both sets of analyses,
the Tevatron Higgs Working Group obtained the anticipated 95% CL exclusion and
50 Higgs discovery contours for the maximal mixing scenario as a function of total
integrated luminosity per detector (combining both CDF and DO data sets) shown in
Fig. 3.13 [27].

From these results, one sees that 5 fb~! of integrated luminosity per experiment
will allow one to test nearly all of the MSSM Higgs parameter space at 95% CL. To
assure discovery of a CP-even Higgs boson at the 50 level, the luminosity requirement
becomes very important. Figure 3.13(b) shows that a total integrated luminosity of
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Figure 3.13: (a) 95% CL exclusion region and (b) 50 discovery region on the m 4o—tan (3
plane, for the maximal mixing scenario and two different search channels: qg — V¢ (¢ = h°,
H?), ¢ — bb (shaded regions) and gg, qg — bbp (¢ = h¥, HY, A®), ¢ — bb (region in the
upper left-hand corner bounded by the solid lines). Different integrated luminosities are
explicitly shown by the color coding. The two sets of lines (for a given color) correspond to
the CDF and D@ simulations, respectively. The region below the solid black line near the
bottom of the plot is excluded by the absence of observed ete™ — Z¢ events at LEP2.

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

6.3 MSSM Higgs searches at the LHC

The potential of the LHC to discover one or more of the MSSM Higgs bosons has
been exhaustively studied for the minimal and maximal mixing scenarios described
above. One of the primary goals of these studies has been to demonstrate that at
least one of the MSSM Higgs bosons will be observed by ATLAS and CMS for any
possible choice of tan 8 and m o consistent with bounds coming from current LEP
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data. In order to establish such a ‘no-lose’ theorem, an important issue is whether or
not the Higgs bosons have substantial decays to supersymmetric particle pairs. It is
reasonable to suppose that these decays will be absent or relatively insignificant for
the light kY. Current mass limits on SUSY particles are such that only h® — Y9x?9
might possibly be kinematically allowed and this possibility arises only in a very
limited class of models. For m4o = 200GeV, decays of the A°, H°, H* to SUSY
pair states (especially pairs of light charginos/neutralinos) are certainly a possibility,
but the branching ratios are generally not all that large. The discovery limits we
discuss below would be weakened, but not dramatically. Further, at high tan g the
enhancement of the bb and 77~ couplings of the heavy A° and H° imply that SUSY
decay modes will not be important even for quite high m 0 ~ mgo ~ my+. We will
summarize the LHC discovery prospects for the MSSM Higgs bosons assuming that
SUSY decays are not significant.

One of the primary Higgs discovery modes is detection of the relatively SM-like
hY using the same modes as employed for a light hgy. Based on Fig. 3.14 (which
assumes L = 300 fb™!) [60], we see that for m 0 2 180 GeV, the h° will be detected
via gg, WW — h® and WhO, tth° with h® — ~~, while the Zh? with h® — bb mode
is viable down to m4o0 2 100 — 120 GeV, depending on tan 3. There are also many
possibilities for detecting the other MSSM Higgs bosons. We give a descriptive list.
First, there is a small domain in which m4o < 130 GeV, but yet m 4o is still large
enough for consistency with LEP limits, in which ¢ — bH* discovery will be possible.
However, the most interesting alternative detection modes are based on gg — A°, H°
and gb — H*t production. We focus first on the former. For low-to-moderate tan 3
values, the channels H® — ZZ®*) — 4¢, H* — h°h° — bbyy and A° — Zh® — 00bb
are viable when m 40 < 2m,, whereas the A%, H° — tf modes are viable for m 40 > 2m;.
For large enough tan 3 the gg — A°, H® — 7+7= pu*p~ discovery modes become
viable. For the gb — H*t process, the H* — tb decays provide a 50 signal both
for low-to-moderate tan 3 < 2-3 and for high tan § 2 15-25, depending upon mass.
In addition, the H* — 7%v decay mode yields a viable signal for tan3 > 7-12. Of
course, if the plot were extended to higher m 40, the minimum tan 3 value required
for H°, A or H* detection would gradually increase.

It is important to notice that current LEP constraints exclude all of the low-to-
moderate tan 3 regime in the case of maximal mixing (and, of course, even more
in the case of minimal mixing). Thus, it is very likely that tan3 and m o will
be in one of two regions: (a) the increasingly large (as m o increases) wedge of
moderate tan 3 > 3 in which only the h° will be detected; or, (b) the high tan 3
region for which the gg — HY A — 7+ u*tu~ and gb — H*t — 7Fvt, tbt modes
are viable as well. If the H°, A°, H* are heavy and cannot be detected either at the
LHC (because tan (3 is not large enough) or at the LC (because they are too heavy
to be pair-produced), precision measurements of the h° branching ratios and other
properties will be particularly crucial. The precision measurements might provide
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the only means for constraining or approximately determining the value of m 40 aside
from possible direct detection in vy — H°, A° production. Expected LC precisions
are such that deviations of h® branching ratios from the predicted SM values can be
detected for m o < 700 GeV [2,61].

At the LHC there is another important possibility for h° detection. Provided that
the mass of the second-lightest neutralino exceeds that of the lightest neutralino (the
LSP) by at least my,o, gluino and squark production will lead to chain decays in which
X5 — hUX? occurs with substantial probability. In this way, an enormous number of
h%’s can be produced, and the h® — bb decay mode will produce a dramatic signal.
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Figure 3.14: 50 discovery contours for MSSM Higgs boson detection in various channels are
shown in the [m 4o, tan 3] parameter space, assuming maximal mixing and an integrated
luminosity of L = 300 fb~! for the ATLAS detector. This figure is preliminary [60].
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7 Non-exotic extended Higgs sectors

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

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

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

When considering Higgs representations in the context of a dynamical model with
strong couplings at scale A, restrictions on Higgs self-couplings and Yukawa couplings
that would arise by requiring perturbativity for such couplings up to some large GUT
scale do not apply. At most, one should only demand perturbativity up to the scale A
at which the new (non-perturbative) dynamics enters and the effective theory breaks
down.
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The minimal Higgs sector of the MSSM is a Type-II two-doublet model, where one
Higgs doublet (Hy) couples at tree-level only to down quarks and leptons while the
other (H,) couples only to up quarks. Non-minimal extended Higgs sectors are also
possible in low-energy supersymmetric models. Indeed, string theory realizations of
low-energy supersymmetry often contain many extra singlet, doublet and even higher
representations, some of which can yield light Higgs bosons (see, e.g., [64]). However,
non-singlet Higgs representations spoil gauge coupling unification, unless additional
intermediate-scale matter fields are added to restore it. A particularly well-motivated
extension is the inclusion of a single extra complex singlet Higgs field, often denoted S.
Including S, the superpotential for the theory can contain the term AgH, H4S, which
can then provide a natural source of a weak scale value for the p parameter appearing
in the bilinear superpotential form pH, H,; required in the MSSM. A weak-scale value
for s = (S%), where S° is the scalar component of the superfield S, is natural and
yields an effective p = Ags. This extension of the MSSM is referred to as the next-to-
minimal supersymmetric model, or NMSSM, and has received considerable attention.
For an early review and references, see [1].

7.1 The decoupling limit

In many extended Higgs sector models, the most natural parameter possibilities
correspond to a decoupling limit in which there is only one light Higgs boson, with
Yukawa and vector boson couplings close to those of the SM Higgs boson. In contrast,
all the other Higgs bosons are substantially heavier (than the Z) with negligibly small
relative mass differences, and with suppressed vector boson couplings (which vanish
in the exact limit of decoupling). By assumption, the decoupling limit assumes that
all Higgs self-couplings are kept fixed and perturbative in size. | In the MSSM, such a
decoupling limit arises for large m 40, and quickly becomes a very good approximation
for m o 2 150 GeV.

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

7.2 Constraints from precision electroweak data and LC implications

In the minimal SM, precision electroweak constraints require myg,, < 230GeV at
90% CL. This is precisely the mass region preferred in the MSSM and its extensions.

IMn the decoupling limit, the heavier Higgs bosons may have enhanced couplings to fermions (e.g.,
at large tan 4 in the 2HDM). We assume that these couplings also remain perturbative.
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However, in the context of general doublets + singlets extensions of the Higgs sector
there are many more complicated possibilities. First, it could be that there are
several, or even many, Higgs bosons that couple to vector bosons and it is only their
average mass weighted by the square of their V'V coupling strength (relative to the
SM strength) that must obey this limit. Second, there can be weak isospin violations
either within the Higgs sector itself or involving extra dynamics (for example related
to the composite Higgs approach) that can compensate for the excessive deviations
predicted if there is a SM-like Higgs with mass substantially above ~ 230 GeV.

A particularly simple example of this latter situation arises in the context of the
2HDM [65]. Consider a 2HDM in which one of the CP-even neutral Higgs bosons has
SM-like couplings but has mass just above a particular presumed value of /s (500 or
800 GeV) for the linear collider. In addition, focus on cases in which there is a lighter
AY or h° with no V'V coupling (for either, we use the notation iAz) and in which all
other Higgs bosons have mass larger than /s. Next, isolate mass and tan 3 choices
for which detection of the h will also be impossible at the LC. Finally, scan over
masses of the heavy Higgs bosons so as to achieve the smallest precision electroweak
Ax? relative to that found in the minimal SM for myg,, = 115GeV. The blobs of
overlapping points in Fig. 3.15 indicate the S, T" values for the optimal choices and lie
well within the current 90% CL ellipse. The heavy Higgs boson with SM couplings
gives a large positive contribution to S and large negative contribution to 7', and in
the absence of the other Higgs bosons would give the S, T location indicated by the
star. However, there is an additional positive contribution to 7" arising from a slight
mass non-degeneracy among the heavier Higgs bosons. For instance, for the case of
a light h = A°, the h° is heavy and SM-like and

a cZ, m2. —m? mi; 1 m?

Ap = aAT = W H H_3 log — —1 My
p=a 167Tm%Vc%V{s%V 2 iy &m +6+ °8 m?
(3.1

can be adjusted to place the S, T prediction at the location of the blob in Fig. 3.15
by an appropriate choice of m2.. —m?,. Indeed, even if the “light” decoupled Higgs
boson is not so light, but rather has mass equal to /s (and is therefore unobservable),
one can still obtain entirely adequate agreement with current precision electroweak
data. Fortunately, one can only push this scenario so far. To avoid moving beyond the
current 90% ellipse (and also to maintain perturbativity for the Higgs self-couplings),
the Higgs with SM-like V'V coupling must have mass < 1 TeV.

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

7.3 Constraints on Higgs bosons with V'V coupling

In the MSSM, we know that the Higgs boson(s) that carry the V'V coupling
must be light: if m 4o is large (the decoupling limit) then it is the mass-bounded A"
that has all the V'V coupling strength; if m40 < 2my, then the H° can share the
V'V coupling with the h°, but then myo cannot be larger than about 2my . In the
NMSSM, assuming Higgs-sector CP conservation, there are 3 neutral CP-even Higgs
bosons, hia3 (m; < my < mg), which can share the V'V coupling strength. One
can show (see [67] for a recent update) that the masses of the h; with substantial
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V'V coupling are strongly bounded from above. This result generalizes to the most
general supersymmetric Higgs sector as follows. Labeling the neutral Higgs bosons
by ¢ with masses my, and denoting the ZZ squared-coupling relative to the SM by
K;, it can be shown that

SNK;>1, Y Kimj <(200GeV)*. (3.11)

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

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

In the case of extended Higgs sectors, all of the same processes as discussed for the
SM and MSSM will again be relevant. However, we can no longer guarantee Higgs
discovery at the Tevatron and/or LHC. In particular, if there are many Higgs bosons
sharing the WW, ZZ coupling, Higgs boson discovery based on processes that rely
on the V'V coupling could be much more difficult than in models with just a few
light Higgs bosons with substantial V'V coupling. This is true even if the sum rule
of Eq. (3.11) applies. For example, at the LHC even the NMSSM addition of a sin-
gle singlet to the minimal two-doublet structure in the perturbative supersymmetric
context allows for parameter choices such that no Higgs boson can be discovered [68]
using any of the processes considered for SM Higgs and MSSM Higgs detection. The
v7 decay channel signals are all weak (because of decreased W-loop contribution to
the coupling). Further, if a moderate value of tan 3 is chosen then tt+Higgs processes
are small and bb+Higgs processes are insufficiently enhanced. In short, the equivalent
to the wedge of Fig. 3.14 enlarges. The h° signal is divided among the three light
neutral CP-even Higgs bosons and diluted to too low a statistical significance.

However, in other cases, the Tevatron and LHC could observe signals not expected
in an approximate decoupling limit. For example, in the 2HDM model discussed
earlier the light A with no V'V couplings decays via h — bb, 777~ and discovery in
{th, bbh and even gg — h [69] is possible, though certainly not guaranteed. Further,
in these models there is a heavy neutral Higgs boson having the bulk of the V'V
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coupling and (for consistency with current precision electroweak constraints or with
perturbativity) mass < 1 TeV. This latter Higgs boson would be detected at the LHC
using gg, WW fusion production and ZZ — 44, WW — 2jlv, ... decay modes, just
like a heavy minimal SM Higgs boson.

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

Any physical Higgs eigenstate with substantial WW and ZZ coupling will be
produced in Higgsstrahlung and W fusion at the LC. Although there could be con-
siderable cross section dilution and/or resonance peak overlap, the LC will nonetheless
always detect a signal. This has been discussed for the MSSM in Section 5.4. In the
NMSSM, if one of the heavier CP-even h; has most of the V'V coupling, the strong
bound on its mass [67] noted earlier implies that it will be detected at any LC with
/s > 350 GeV within a small fraction of a year when running at planned luminosi-
ties. The worst possible case is that in which there are many Higgs bosons with V'V
coupling with masses spread out over a large interval with separation smaller than
the mass resolution. In this case, the Higgs signal becomes a kind of continuum dis-
tribution. Still, in [70] it is shown that the sum rule of Eq. (3.11) guarantees that
the Higgs continuum signal will still be detectable for sufficient integrated luminosity,
L > 200 fb™!, as a broad excess in the recoil mass spectrum of the ete™ — ZX
process. (In this case, WW fusion events do not allow for the reconstruction of Higgs
events independently of the final state Higgs decay channel.) As already noted, the
value of 200 GeV appearing in Eq. (3.11) can be derived from perturbative RGE
constraints for the most general Higgs sector in supersymmetric theories and is also
required by precision electroweak data for general SM Higgs sector extensions, at least
in theories that do not have a large positive contribution to 71" from a non-decoupling
structure in the Higgs sector or from new physics not associated with the Higgs sector.

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

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

We should particularly consider what production processes are most relevant for
those Higgs bosons (denoted ?L) that do not have substantial V'V coupling. Such
processes have particular relevance in the non-decoupling scenario for the general
2HDM model discussed earlier. There, such a h is the only Higgs boson light enough
to be produced at an LC with /s < 1TeV and it cannot be produced and detected

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

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

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

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

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

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

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

8.1 Mass

In the Standard Model, the Higgs mass determines all its other properties. Thus,
the precision of the mass measurement affects the comparison of theory and exper-
iment, for example, in a global fit of cross sections, branching ratios, and precision
electroweak data. Similarly, in the MSSM or other models with extended Higgs sec-
tors, the masses of all the Higgs bosons are an important input in determining the
underlying model parameters.

For this fundamental mass measurement, a LC can reconstruct the system re-
coiling against a Z (independent of Higgs decay). Full event reconstruction, plus
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kinematic constraints, can improve resolution and clean up mass tails. For a light or
intermediate mass Higgs boson, the optimal running conditions would have a smaller
center-of-mass energy such as /s = 350 GeV, to allow better momentum resolution
and to minimize the beamstrahlung. Under such conditions, one can precisely mea-
sure the recoil mass in ete~ — Zh events opposite to the reconstructed leptonic
decay Z — ete” or putp~. This measurement is independent of the Higgs decay
mode. Accuracy can be improved by reconstructing specific decay modes, leading,
for example, to a four-jet topology where effective (5-C) kinematic constrained fits
can be employed.
Figure 3.17 shows the distribution of the recoil mass,

Mrecoil = \/S - 2\/g . Efrﬁ* + Mgzvﬂf ; (312>

in a simulation of the L linear collider detector [77] described in Chapter 15 for Higgs
masses between 115 and 160 GeV [78]. Using Monte Carlo shape templates and an
integrated luminosity of 500 fb™!, precisions of Amyg,, ~ 80 MeV at /s = 350 GeV
and Amyg,, ~ 140 MeV at /s = 500 GeV have been estimated for either the ete”
or utu~ mode.

NLC at 350 GeV (u'u'X) NLC at 500 GeV (u'uX)
350 i
] @ — 115 GeV| 1007 (b) — 115 GeVj
300 |
S 1 — 140GeV| < 801 — 140 GeV|
D 250 ©
AN o
o a
< 200 N
2 ] 2 ]
5 - § a0
> > 1
W 100 e ]
1 20
50 1
0 T T 07“‘\“‘\“‘\“‘\“‘
100 120 140 160 180 200 100 120 140 160 180 200
Z0 Recoil Mass (GeV) Z0 Recoil Mass (GeV)

Figure 3.17: Recoil mass from a pair of leptons for different Higgs masses at (a) /s =
350 GeV and (b) 500 GeV simulated in the L detector described in Chapter 15.

Realistic simulations have also been made with the L detector for the process
Zh — qgh resulting in four jets. Figure 3.18(a) shows the jet-jet invariant mass
distribution for pairs of jets for Higgs with myg,, = 115 GeV recoiling against a Z
reconstructed from its hadronic decay mode [79]. A clean Higgs signal with a mass
resolution of approximately 2 GeV is observed. The central Higgs mass is shifted
down by the loss of low-energy charged and neutral particles in the simulated event
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reconstruction. A low-mass tail of the Higgs signal arises from missing neutrinos
in semi-leptonic b and ¢ quark decays. Using neural net tags and full kinematic
fitting [80], the mass peak shown in Fig. 3.18(b) is obtained for myg,, = 120 GeV,
Vs =500 GeV, and 500 fb~! resulting in Amy,,, ~ 50 MeV. If a second lower-energy
IR is available, it might be attractive to perform a scan across the Zh threshold. With
a total integrated luminosity of 100 fb™t, Amyg,, ~ 100 MeV at myg,, = 150 GeV is
achievable [81], competitive with the methods above.
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Figure 3.18: (a) Jet-jet invariant mass of the jets recoiling from a Z reconstructed hadron-
ically simulated in the LCD Large detector, myg,, = 115 GeV. (b) Direct reconstruction
of the four-jet qghgy state simulated in the L detector after fitting with full kinematic
constraints, myg,, = 120 GeV.

Further work is necessary to confirm analogous precisions for heavier Higgs bosons
and MSSM Higgs bosons with different decay modes and possible close mass-degenera-
cies. The number of Zh events with Z — ¢*¢~ for an intermediate-mass (my, > 2my)
or heavy Higgs (my, > 2m;) with SM coupling falls quickly [82]. In this case, and for
the decays h — ZZ, hadronic decays of the Z would have to be considered to gain
sufficient statistics. For the heavier MSSM Higgs boson states, European studies [83]
have shown typical mass precisions of Ampy+ and Amo go of around 1 GeV for
500 fb~1, but at /s = 800 GeV. The MSSM H° and A may be studied separately
using vy — H/A with different states of ~ linear polarization, thus helping to refine
mass determinations in the nearly degenerate case.
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8.2 Coupling determinations—Ilight Higgs bosons

8.2.1 Cross sections

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

Measurement of the cross section o(Z* — Zh) is best addressed via the recoil
mass method outlined above [78]. Again, in this case, to reduce the contribution from
the WW fusion process, it may be preferrable to run at a lower energy, i.e., \/s =
350 GeV, and to examine recoil against utu~ to avoid large Bhabha backgrounds.
The study with the L detector described above finds Ao /o ~ 4% at /s = 350 GeV
and ~6.5% at 500 GeV with 500 fb~! as shown in Fig. 3.19(a). These agree roughly
with estimates from European studies [84].
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Figure 3.19: (a) Cross section measurement for 500 fb~! and (b) separation of Hig-
gsstrahlung and WW fusion (/s = 350 GeV) through a fit (after background subtraction),
both simulated in the L detector.

With efficient and pure b-jet tagging, events due to ete™ — WTW vv — voh —
vobb can be separated from those due to Higgsstrahlung, Zh — voh — vwbb by
examining the missing mass distribution and fitting to the expected shapes of a
peak at my from Higgsstrahlung and the higher missing masses from WW fusion.
This technique has been confirmed with simulations of the L detector as shown in
Fig. 3.19(b) [85]. With 500 fb~! and a precision BR(hsy — bb) =~ 3% (see below), the
fusion-process cross section with this analysis can be found with a precision Ao /o =
3.5% for my,,, = 120 GeV.

112



Higgs Bosons at the Linear Collider

Mpgy = 120 GeV Mpgy, = 140 GeV
BR dBR/BR BR dBR/BR
hsy — bb (69 £2.0)% 2.9% (34 +£1.3)% 4.1%
hem — WW* | (14 +1.3)% 9.3% (51 £1.8)% 3.7%
hem — CE (2.8 £1.1)% 39% (14+0.64)% | 45%
hsv — g (5.2+0.93)% | 18% (3.5+0.79% | 23%
hem — 7877 | (7.1£056)% | 7.9% || (3.6 £0.38)% | 10%

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

8.2.2 Branching ratios

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

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

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

These results scale approximately as (o [ Ldt) when taken together with other
studies [89-91], but the results of [91] (shown in Fig. 3.20(b)) are noticeably more
precise for the ¢¢ and gg modes. These branching ratio measurements can then be
used to either distinguish a SM Higgs boson from an MSSM Higgs boson, or to probe
higher-mass states and extract MSSM parameters such as m 4o even if the CP-odd
A® is not accessible. That analysis is described in more detail below.

An accessible decay mode for lighter Higgs bosons is h — 7, which requires ex-
cellent electromagnetic calorimetry. As shown in Fig. 3.21, for a SM Higgs boson in a
typical LC detector, this is a difficult measurement requiring a large luminosity, which
is best optimized for masses around 120 GeV [92]. A higher-luminosity study [93]
with 1000 tb~! and myg,, = 120 GeV for the TESLA detector finds 6BR/BR = 14%.
A ~~ collider, discussed in Section 10, would be a more powerful tool for determining
the Higgs coupling to photons.

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

A set of difficult decay channels for the LHC is invisible decays of the Higgs boson
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Figure 3.20: (a) For the simulated L detector with CCD vertex detector, neural net hgyy —
ce output for hgy — c€ events (dark) compared to output for hgy — bb events (gray).
(b) Variation of branching ratios with SM Higgs mass (bands are 1o uncertainties on the
theoretical predictions) and measurement precisions in the TESLA detector (points with
error bars).
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into, e.g., neutralinos, majorans or heavy neutrinos. The LC can close this loophole
and measure the branching ratio easily, even for branching ratios as small as 5% for
a relatively narrow Higgs state, by using the recoil mass method and demanding no
detector activity opposite the Z, or by comparing the number of events tagged with
Z — (¢~ with the total number of observed Higgs decays into known states.

8.2.3 Radiative production and tth coupling

For a light Higgs boson, production through radiation off a top quark is feasible,
resulting in a final state of tth . This allows a determination of the Yukawa top quark
coupling gy [23,24]. For a SM-like Higgs boson with m;, = 120 GeV, the tth cross
section is roughly 10 times larger at /s = 700-800 GeV than at 500 GeV. At /s =
800 GeV, a statistical error of dgpn/gni ~ 5% was estimated [94] for L = 500 fb~!
on the basis of an optimal observable analysis. At /s = 500 GeV, a statistical error
of gnst/ gt == 21% is estimated [95] using 1000 fb~!. A more sophisticated analysis
using neural net selections, full simulation, and the same integrated luminosity at
Vs = 800 GeV finds a total error of 6% on the coupling [96]. More details on this
process can be found in Chapter 6, Section 3.1.

8.2.4 Higgs self-coupling

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

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

The cross section for SM triple Higgs production is very low, o(Zhh) < 1073 fb,
so measurement of the quartic coupling gpnnn is hopeless with currently envisioned
luminosities.

8.2.5 Implications for the MSSM Higgs sector

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

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

_ BRmssmv — BRsm
BRgm '

For the MSSM Higgs boson decay, both mjo and the corresponding branching ratios
were computed including the radiative corrections due to the virtual exchange of
Standard Model and supersymmetric particles, as described in Section 5.2. Thus,
the h° branching ratios depend on m4o and tan 3 (which fix the tree-level MSSM
Higgs sector properties) and a variety of MSSM parameters that govern the loop
corrections. Four scenarios were considered: the minimal and maximal top-squark
mixing cases [see Eq. (3.8) and surrounding text], and two additional cases with large
|| = |A¢| (for uA; < 0 and two possible sign choices of 1), where p and A; control
the top-squark mixing. In the latter two scenarios, significant renormalization of the
CP-even Higgs mixing angle o and A, [see Eq. (3.9)] can arise.

In Fig. 3.22, contours of éBR are plotted for three h° decay modes: bb, WWW*
and gg. The contours shown correspond roughly to the 1o and 20 measurements
claimed by [91], rescaled for the LC at /s = 500 GeV (see also the bb and WW*
branching ratio precisions given in Table 3.1). In the minimal and maximal scenarios,
the dependence on m 4o is nearly independent of tan 3, and demonstrates that one can
achieve sensitivity to values of m 4o that lie significantly beyond +/s/2 where direct
production at the LC via efe”™ — HAY is kinematically forbidden. However, the
cases with large |u| = |A;| exhibit the possibility of “premature” decoupling, that
is, relatively low values of m o (at a particular large value of tan(3) at which the
properties of A’ and hgy cannot be distinguished by the decay modes considered
above.** Thus, a measured deviation of Higgs branching ratios that distinguishes h°

0BR

(3.13)

**The premature decoupling is a consequence of the renormalization of the mixing angle o which
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Figure 3.22: Contours of 6BR(bb) = 3 and 6% (solid), SBR(WW?*) = 8 and 16% (dashed)
and 0BR(gg) = 8 and 16% (dotted) [BR deviations defined in Eq. (3.13)] in the no (i.e.
minimal) mixing scenario (top left), the maximal mixing scenario (top right), and the large
w and A; scenario with u = —A; = 1.2 TeV (bottom left) and p = —A; = —1.2 TeV (bottom
right). Taken from [101].

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

8.3 Coupling determinations—intermediate mass Higgs bosons

For mj, < 2my, the measurement of branching ratios is extremely rich, yielding
couplings to both many of the fermions and bosons. For larger masses, decays to ff

just happens to yield cos(3—a) = 0, in which case the h° couplings reduce to those of hgy as shown
in Section 5.1.
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become rarer until the threshold for decays into top is crossed. In this intermediate
mass range, a LC can measure the W and Z couplings more precisely than the LHC
both through Higgs production rates and via branching ratios for decays into these
bosons. Whether the observed Higgs boson fully generates the W and Z mass can
then be checked.

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

8.3.1 Cross sections

Techniques described earlier [78,85] for cross section measurements of both the Hig-
gsstrahlung and W-fusion processes, with subsequent Higgs decays into bb, can still
be used for the lower portion of the intermediate mass range, i.e., mj, ~ 160 GeV.
Even in this intermediate mass range, it is beneficial to run at the peak of the cross
section at roughly my,+mz+50 GeV. The typical precisions that can be obtained are
AO’(Z}LSM)/U(Z}LSM) ~ 5% and AO’(VﬁhSM)/U(VvhSM) ~ 17% for Mpgyy = 160 GeV,
at /s = 350 GeV with 500 fb~!.

For heavier Higgs bosons in this mass range, cross sections for both Higgsstrahlung
and W-fusion will need to be extracted from using the decay h — WW™*, for example,
as described in [90]. Couplings determined from ¢th and Zhh production would clearly
need higher /s.

8.3.2 Branching ratios

Using Higgsstrahlung events at an optimal /s, the statistical error on BR(hgy —
bb) is still only 6.5% at myug, = 160 GeV [91]. At /s = 500GeV, with leptonic
decays of the Z only, the statistical error on this branching ratio reaches 25% at
Mhgy, = 165 GeV with 250 fb~! and remains below 30% for myg,, < 200 GeV with
2000 fb~! [82]. However, in addition to the leptonic decays of the Z, hadronic decays
can also be used to tag the associated Z. Extrapolating from full LCD detector
simulations, it is conservatively estimated that including the hadronic decays of the
Z results in an increase in signal statistics above background by a factor of four. With
these assumptions and 500 fb™!, again with the optimal /s ~ 350 GeV, the error
on the bb branching ratio can then be estimated to reach 25% at myg,, ~ 200 GeV.
Measurement of branching ratios to ¢¢, 7777, gg, and vy does not seem feasible in
this mass range.

Branching ratios into vector bosons can be measured with good precision in the
intermediate mass range. For myg,, = 160 GeV and 500 fb™', a predicted excellent
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precision of 2.1% on BR(hsyy — WW), has been reported [90], with extrapolated
estimated precision of better than 7% over the mass range of 150 to 200 GeV [82].

To measure BR(h — ZZ), it will be necessary to distinguish hadronic Z decays
from hadronic W decays. This serves as an important benchmark for electromagnetic
and hadronic calorimetry. With 500 fb~!, and assuming that this separation allows
one to identify one of the two Z’s in the Higgs decays (through leptons or bb) 40% of
the time, the statistical uncertainty of this branching ratio would be approximately
8% for mpg,, =~ 210 GeV [82], degrading to 17% for my,, = 160 GeV [76] where the
branching ratio into Z’s is still small.

8.4 Coupling determinations—heavy Higgs bosons

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

8.4.1 Cross sections

As a specific case, for m;, = 500 GeV, a SM-like Higgs boson would have a width of
70 GeV and dominant decay modes into WTW~ (55%), ZZ (25%), and tt (20%).
The production cross section at /s = 800 GeV for Zh would be 6 fb, but Higgs
production would be dominated by the W-fusion process, whose cross section would
be 10 fb. With 1000 fb~!, one would expect 400 Zh events where the Z decays to
electrons or muons. With reasonable selection and acceptance cuts, a measurement
of o(Zh) to better than 7% should be feasible.

8.4.2 Branching ratios

The LHC will have great difficulty distinguishing h — ¢ decays from the huge QCD
tt backgrounds. On the other hand, this mode should be observable at a LC. In
the SM, the important coupling g7, =~ =~ 0.5 can be compared to g, =~ 4 X
10~*. If the Higgs boson is heavier than 350 GeV, it will be possible obtain a good
determination of the top-Higgs Yukawa coupling. Full simulations are needed for
heavy Higgs decays into top, but with reasonable assumptions, one can expect a
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statistical error of §BR/BR ~ 14% with 500 fb~* [82]. Simulations using the TESLA
detector of the WTW = — hgy — tf process with 1000 fb~! and 6-jet final states show
impressive signal significance for /s = 1000 GeV and reasonably good significance at
Vs = 800 GeV [102]. These studies find that a relative error of better than 10% in
the top quark Yukawa coupling measurement can be achieved for Higgs masses in the
350-500 GeV and 350-650 GeV ranges at /s = 800 GeV and 1000 GeV, respectively.

Assuming that detector performance allows separation of hadronic W and Z de-
cays, and using production through W-fusion, the WW and ZZ coupling of the Higgs
boson can be studied by using methods similar to those for ¢£. This gives the estimates
on BR(hgy — WTW ™) and BR(hsy — ZZ) shown in Table 3.2.

8.5 Summary of couplings

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

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

Amy, ~ 140 MeV (recoil against leptons from Z)
~ 50 MeV (direct reconstruction)
my, (GeV) 120 | 140 | 160 | 200 | 400-500
Vs (GeV) 500 800
Ac(Zh)/o(Zh) 6.5% 6.5% | 6% | ™% 10%
Ac(vvh)BR(bb) /o BR 3.5% 6% | 17% | - -
dGhzz/ Ghee (from BR'S) H ‘ ‘ ‘ ‘
tt 7T-20% 1| - - - 10%
bb 1.5% 2% | 3.5% | 12.5% -
ce 20% 225% | - - -
T 4% 5% - - -
WWw &) 4.5% 2% | 1.5% | 3.5% | 8.5%
AAS - - | 85% | 4% 10%
gg 10% 125% | - - -
vy 7% 10% - - -
Ghhh 23% § - - - -

Table 3.2: Summary of measurement precisions for the properties of a SM-like Higgs boson,
h, and couplings for a range of Higgs boson masses for 500 fb~!, unless otherwise indicated.
t radiative ¢th production, 1000 fb~!, /s = 800 — 1000 GeV; § 1000 b1
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tries and branching ratios to make global fits for Z couplings, a program HFITTER [104]
is now available that performs a global fit taking into account correlations between
measurements of Higgs boson properties. Individual couplings of the Higgs boson can
then be extracted optimally, for example through the correct combination of cross sec-
tion and branching ratio measurements for such couplings as g,ww and gnzz. Such
precision fits can be used to probe for indirect evidence of higher-mass states.

8.6 Total width

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

Tt = ['(h — X)/BR(h — X). (3.14)

For my,, < 115 GeV, the total width measurement would very likely require a 7y
collider, an ete™ LC, and input from the LHC [2]. However, limits from LEP2 indicate
My = 115 GeV and therefore a significant branching ratio to WW*. This gives the
attractive prospect of a model-independent measurement of the total width using LC
measurements alone.

First, measurements of o(hvv) - BR(h — bb) and BR(h — bb), through recoil
Higgsstrahlung measurements, give I'(h — WW?*). Then, a similar independent
measurement of BR(h — WW*) gives the total width, through the relation I';,; =
I'(h - WW*)/BR(h — WW?*). For example, from Table 3.2, even with as little as
200 b~ T4t can be found to approximately 10% for myg,, = 120 GeV, improving to
a few percent for myg,, = 150 GeV. Even better precision can be attained with the
introduction of some model assumptions in the value used for I'(hspg — WW?), e.g.,
assuming the SU(2) relation between W and Z couplings along with ¢,,cqs(Zhsn)-

For myg,, 2 205 GeV, T'yi(hsm) exceeds 2 GeV, and the physical width would
be directly resolvable with typical LC detector resolutions. References [2,105] track
these variations of precision for indirect and direct measurements for different values
of mpg, and inputs from different machines. The jet-jet mass resolution assumed
in [2] has been verified by full simulations [79] in the L detector with 200 fb=! of
data, resulting in estimated direct measurements of the total width whose accuracy
reaches a minimum value of 6% in the mass range of 240-280 GeV. The indirect
determination described above can also be pursued, and the combination would allow
even better precision.

8.7 Quantum numbers

The spin, parity, and charge conjugation quantum numbers J¥'¢ of a Higgs boson,
generically denoted by ¢ in this subsection, can potentially be determined in a model-
independent way. Useful ingredients include the following:
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e A Higgs boson produced in vy collisions cannot have J = 1 and must have
positive C' [106].

e The behavior of the Z¢ Higgsstrahlung cross section at threshold constrains the
possible values of JC of the state. If the spin of the ¢ is 2 or less, a cross section
growing as 3 indicates a CP-even object, whereas a cross section growing as 3%
signals a CP-odd state [107], as shown in Fig. 3.23(a).

Fitsof 2 dimensional angular distributionsof ZH

] 60 F
] T (b) 07" hypathesis
15 50 |
1 0" hypothesis \L
40}

B

cross section, fb
=
<

20}
| 10
210 220 230 240 250 0 0.4 0.8 1.2 1.6 2.0

chisquared/df
Vs, GeV

Figure 3.23: (a) Behavior of Higgsstrahlung threshold for various spin states along with typ-
ical measurement precisions on the cross section. (b) Fit to the double-differential angular
distribution in Z¢ events (see text) to distinguish CP-even and CP-odd states.

e The angular dependence of the et e~ — Z¢ cross section depends upon whether
the ¢ is CP-even, CP-odd, or a mixture [107-110]. Following [110] we parame-
terize the ZZ¢ vertex as

al.B
kluk2u - guykl : k2 + Beuyaﬁ];l k2 ’

I'(ki, k) =agu, +b
(K1, k2) = agu, + m% mZ

(3.15)
where k; and ko are the momenta of the two Zs. The first term arises from a
Standard-Model-like ZZ¢ coupling, and the last two from effective interactions
that could be induced by high-mass virtual particles. With this vertex the
Higgsstrahlung cross section becomes

- <2
do Py . o bl wvea. p./s b|” p3s )
1+ —= 0;—4Im | = 0 — £ (1 0
dcosfy > +mZZ S vz M vZ+ a2 m’ cosbz+ a Qm‘é( Fo0s™07).

(3.16)
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where 65, pz, and E5 are the scattering angle, momentum, and energy of the
final-state Z boson; v, and a,. are the vector and axial-vector couplings at the
ete™Z vertex; and @ = a — bEz\/s/m%. The term in Eq. (3.16) proportional
to cosflz arises from interference between the CP-even and CP-odd couplings
in Eq. (3.15). If the CP-odd coupling b is large enough, it can be extracted
from the forward-backward asymmetry. Even upper limits on this asymmetry
would be interesting. Note that the CP-even component of a Higgs boson will
typically couple at tree-level whereas the CP-odd component will only couple
via one-loop diagrams (typically dominated by the ¢ quark loop). As a result the
coupling strength b is typically proportional to m?%/s times a loop suppression
factor. Thus, an asymmetry measurement may be able to provide a crude
determination of the b/a term. If ¢ is a purely CP-odd state with one-loop
coupling, the resulting ZA° cross section will simply be too small to provide a
useful measurement of the asymmetry.

The angular distribution of the fermions in the Z — f f decays in Z¢ production
also reflects the CP nature of the state ¢ [108,109]. For the decay Z — ete™ or
i~ the following angles can be defined: the angle between the initial e~ and
the Z; the angle between the final state e~ or ;= and the direction of motion of
the Z, in the rest frame of the Z; and the angle between the Z production plane
and Z decay plane. Correlations between these angles can be exploited, e.g., a
fit to the double-differential angular distribution of the first two of these angles
results in a 140 separation between the 07* (CP-even, scalar) and the 0~
(CP-odd, pseudoscalar) [82], assuming that the Z¢ cross section is independent
of the CP nature of ¢ (see Fig. 3.23(b)). Even more powerful are fits to the
triple-differential angular distribution, where sufficient luminosity can uncover
non-standard ZZ¢ couplings. However, this technique again suffers from the
difficulty described in the previous item; namely, the CP-odd part of the state
¢ is typically so weakly coupled to ZZ that there is little sensitivity to the
CP-odd component if there is any significant CP-even component in ¢), or a
very small cross section, if ¢ is almost purely CP-odd.

If ¢ has significant branching ratios to either 777~ or ¢t, the polarization of the
decay fermions can be measured. This can provide a direct determination of
the ratio by/ay in the y; f(ap+ibsys) f¢ (f = 7 or t) Yukawa coupling structure
of ¢ [111-113].

The angular distributions in the tf¢ final state, which has adequate cross section
for /s 2 800 GeV for modest values of my < 200 GeV, assuming Yukawa cou-
pling y,t(a; + ibyys)t¢ comparable to SM values, appear to provide an excellent
means for determining the CP nature of ¢ by allowing one to probe the ratio
by /a, [114,94].
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e [t is likely that the CP properties of the ¢ can be well determined using photon
polarization asymmetries in vy — ¢ collisions [115,116,113]. This is discussed
in Section 10.

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

8.8 Precision studies of non-SM-like Higgs bosons

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

Masses m 40 and mpgo in excess of 500 GeV to 1 TeV are certainly possible. In
such cases, very substantial energy for the LC will be required to observe these states
directly, either in association with bb (at large tan 3) or via H°A° production. Mea-
suring the former will provide a crucial determination of the bb couplings, which in the
given model context will provide a determination of tan 3, with accuracy determined
by the production rates. Moreover, if the H° and A° can be produced at a high rate
(by whatever process), a detailed study of their branching ratios has the potential for
providing very vital information regarding model parameters. In the supersymmetric
context, the heavy H?, A and H* would generally decay to various pairs of super-
symmetric particles as well as to b’s and t’s. A study of the relative branching ratios
would provide powerful determinations of tan 3 and many of the soft-SUSY-breaking
parameters [118-120].

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

Measurements of the effective leptonic mixing angle and the W boson mass to
precisions of § sin? ¢ ~ 1075 and dmy ~ 6 MeV at Giga-Z can be exploited in many
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ways. The size of the Giga-Z 90% CL ellipses is illustrated in Fig. 3.15. Potential
implications include the following.

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

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

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

9.1 The MSSM context

In the case of the MSSM, the relation between my, and sin® 0% is affected by the
parameters of the supersymmetric sector, especially the ¢ sector. At a LC, the mass
of the light t, my,, and the t mixing angle, 6;, should be measurable very well if the
process et e~ — #t; is accessible [121].

In Fig. 3.24 (from [26]), it is demonstrated how upper bounds on m4o and mg,
can be derived from measurements of myo, my and sin? 0T, supplemented by precise
determinations of m;, and ¢;. The analysis assumes a lower bound, tan 3 > 10, which
can be expected from measurements in the gaugino sector (see, e.g., [122]). The other
parameters values are assumed to have the uncertainties as expected from LHC [123]
and a LC [76].

For low tan 3 (where the prediction for myo depends sensitively on tan3) the
heavier ¢ mass, mg,, can be restricted to 760 GeV < m;, < 930 GeV from the myo,
my and sin® 6 precision measurements. The mass m4o varies between 200 GeV
and 1600 GeV. If tan § > 10 (where myo has only a mild dependence on tan (), the
allowed region for the ¢, turns out to be much smaller, 660 GeV < m;, < 680GeV,
and the mass m 4o is restricted to m4o < 800 GeV.

In deriving the bounds on the heavier ¢ mass, m;,, the constraints from mjo and
from sin? ¢ and myy play an important role. For the bounds on m 40, the main effect
comes from sin? 6. The assumed value of sin? 9T = 0.23140 differs slightly from
the corresponding value obtained in the SM limit. For this value the (logarithmic)
dependence on m o is still large enough (see [124]) so that from the high precision
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Figure 3.24: The region in the m 40 — mg, plane, allowed by 10 errors obtained from the
Giga-Z measurements of my and sin? Hfuff: my = 80.400 £ 0.006 GeV, sin? Hfuﬁ = 0.23140 +
0.00001, and from the LC measurement of myo: myo = 1154 0.05 (exp.) £0.5 (theo.) GeV.
tan 8 is assumed to be tan( = 3 £+ 0.5 or tan > 10. The other parameters are given
by m;, = 500 £ 2GeV, sinf; = —0.69 + 0.014, 4, = A; + 10%, mg = 500 + 10 GeV,
= —200+1GeV and My =400 + 2 GeV.

in sin? < at Giga-Z an upper limit on m 40 can be set. For the error of sin® 6% that
could be obtained at an LC without the Giga-Z mode (which is at least ten times
larger), no bound on m 4o could be inferred.

9.2 Non-exotic extended Higgs sector context

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

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

The v coupling of a SM-like Higgs boson hgy; of relatively light mass receives con-
tributions from loops containing any particle whose mass arises in whole or part from
the vacuum expectation value of the corresponding neutral Higgs field. A measure-
ment of I'(hgyy — 7y) provides the possibility of revealing the presence of arbitrarily
heavy particles that acquire mass via the Higgs mechanism.™ However, since such
masses are basically proportional to some coupling times v, if the coupling is perturba-
tive the masses of these heavy particles are unlikely to be much larger than 0.5—1 TeV.
Since B(hsy — X)) is entirely determined by the spectrum of light particles, and is
thus not affected by heavy states, N(yy — hgy — X) o I'(hsm — 7y)B(hsy — X)
will provide an extraordinary probe for such heavy states. Even if there are no new
particles that acquire mass via the Higgs mechanism, a precision measurement of
N(vy — h — X) for specific final states X (X = bb, WW*,...) can allow one to
distinguish between a I that is part of a larger Higgs sector and the SM hgy. The
deviations from the SM predictions typically exceed 5% if the other heavier Higgs
bosons have masses below about 400 GeV.

The predicted rate for Higgs boson production followed by decay to final state
X can be found in [56]. This rate depends strongly on dL.,/dy, the differential v~y
collider luminosity, where y = mz//s and /s is the ee collider center-of-mass energy.
An important parameter to maximize peak luminosity is (A\’), the average value of
the product of the helicities of the two colliding photons after integration over their
momentum fractions z and z’. Larger values of this parameter also suppress the
dominant .J, = 42, vy — bbg background, which is proportional to (1 — (AX')). The
computation of dL.,/dy was first considered in [125,126]. More realistic determina-
tions [127] including beamstrahlung, secondary collisions between scattered electrons
and photons from the laser beam, and other non-linear effects result in a substantial
enhancement of the luminosity in the low-E., region as shown in Fig. 3.25.

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

tLoop contributions from particles that acquire a large mass from some other mechanism will
decouple as (mass)~2 and I'(hgm — 77y) will not be sensitive to their presence.
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Mpg,, = 160 GeV, primarily due to the decrease of the Higgs di-jet branching fraction
by a factor of 18.

In many scenarios, it is possible that by combining this result with other types of
precision measurements for the SM-like Higgs boson, small deviations can be observed
indicating the possible presence of heavier Higgs bosons. For a 2HDM (either the
MSSM or a two-Higgs-doublet model with partial decoupling), if mgo ~ m 0 > /s/2
then ete™ — H°AY is not possible and vy — H°, A° may be the only option allowing
their discovery (other than implementing higher 1/s). The alternatives of bbH and
bbA production will only allow H and A detection if tan 3 is large [71]. A LC for
which the maximum energy is /s = 630 GeV can potentially probe Higgs masses as
high as 500 GeV. If myo and m 4o are known to within roughly 50 GeV on the basis
of precision h° data, then there is an excellent chance of detecting them by scanning,
i.e. stepping in /s, using a peaked v spectrum [57,128]. If no constraints have been
placed on the H, A° masses (other than m o ~ mpgo > /s/2), it is best to employ a
broad v spectrum, which would yield a visible signal for H°, A° production for only
some parameter choices of m 40 and tan 5 [128].

In the non-decoupling 2HDM model with a light decoupled h and all other Higgs
bosons heavier than /s, 7y — h — bb might allow detection of the h for some of
the tan 8 values in the wedge where the bbh and tTh production processes both yield
fewer than 20 events for an integrated luminosity of 1000 fb~! [128].

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

The CP properties can be determined for any spin-0 Higgs h produced in ~yvy
collisions. Since vy — h is of one-loop order, whether h is CP-even, CP-odd or
a mixture, the CP-even and CP-odd parts of h have 7y couplings of similar size.
However, the structure of the couplings is very different:

Acp—y €16, Acp—— (€1 X €) - Dpeam - (3.17)

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

One measure of the CP nature of a Higgs is the asymmetry for parallel vs. per-
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yy Luminosity and Polarization from CAIN
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Figure 3.25: Left:

CAIN [127] predictions for the 4y luminosity distribution for circu-

larly polarized (A\c = A, = 0.4, P = P/ = —1) and linearly polarized photons assuming
107 sec/year, /s = 206 GeV, 80% electron beam polarization, and a 1.054 micron laser
wavelength, after including beamstrahlung and other effects, from [128]. Right: The corre-
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Figure 3.26: Higgs signal and heavy quark background in vy — h for a Higgs mass of

120 GeV [128].
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pendicular orientation of the linear polarizations of the initial laser beams,

_N - Ny

= , 3.18
N|| + N, ( )

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

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

11 Exotic Higgs sectors and other possibilities

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

11.1 A triplet Higgs sector

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

The resulting Higgs sector phenomenology can be very complex. We focus on the
most unequivocal signal for a triplet representation, namely observation of a doubly-
charged Higgs boson. Pair production, Z* — HTTH~~, has limited mass reach,
mpy++ < /s/2. Fortunately, single production is also generally possible. Most in-
terestingly, the generically-allowed lepton-number-violating Majorana coupling leads
to an ee” — H~~ coupling and the possibility of s-channel resonance production
of the H™~ in e~ e~ collisions. Observation of this process would provide a dramatic
confirmation of the presence of the Majorana coupling and, in many cases, the abil-
ity to actually measure its magnitude. For a discussion and review, see [135] (and
also [136,137]). If the H~~ is heavy and has significant W =W~ coupling (requiring
vy # 0), then it can become broad and the s-channel resonant production cross sec-
tion is suppressed (see, e.g., [138]) and might not be observable. Another production
mechanism sensitive to the e"e™ — H~~ coupling that might be useful in such an
instance is e"e” — H~~Z, and e e~ — H~ W~ will be sensitive to the e"1v, — H~
coupling that would be present for the H~ member of the triplet representation [139].
Using just the Majorana coupling, doubly-charged Higgs bosons can also be produced
viae"y — et H™~ and ete” — eTet H™~ [140] and the singly-charged members of
the same representation can be produced in e”e™ — H~ W~ [139].

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

11.2 Pseudo Nambu Goldstone bosons

In the context of technicolor and related theories, the lowest-mass states are typ-
ically a collection of pseudo-Nambu-Goldstone bosons, of which the lightest is very
possibly a state P° which can have mass below 200 GeV and couplings and other
properties not unlike those of a light SM-like Higgs boson. Typically, its WW, ZZ
coupling is very small (arising via loops or anomalies), while its bb coupling can be
larger. The phenomenology of such a P® was studied in [142]. The best modes for
detection of the P° at an LC are eTe™ — yP® — ~bb and vy — P° — bb. Since the
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P is likely to be discovered at the LHC in the v final state, we will know ahead of
time of its existence, and precision measurements of its properties would be a primary
goal of the LC.

References

1]
2]

[4]

[5]

[6]

[7]

8]
[9]
[10]

J. F. Gunion, H. E. Haber, G. Kane and S. Dawson, The Higgs Hunter’s Guide
(Perseus Publishing, Reading, MA, 2000).

J. F. Gunion, L. Poggioli, R. Van Kooten, C. Kao, P. Rowson et al., “Higgs
boson discovery and properties,” in New Directions for High Energy Physics,
Proceedings of the 1996 DPF/DPB Summer Study on High Energy Physics,
Snowmass '96, edited by D. G. Cassel, L. T. Gennari and R. H. Siemann
(Stanford Linear Accelerator Center, Stanford, CA, 1997) pp. 541-587 [hep-
ph/9703330].

H. E. Haber, T. Han, F. S. Merritt, J. Womersley et al., “Weakly coupled Higgs
bosons and precision electroweak physics,” in New Directions for High Energy
Physics, Proceedings of the 1996 DPF/DPB Summer Study on High Energy
Physics, Snowmass 96, edited by D. G. Cassel, L. T. Gennari and R. H. Siemann
(Stanford Linear Accelerator Center, Stanford, CA, 1997) pp. 482-498 [hep-
ph/9703391].

H. Murayama and M. E. Peskin, Ann. Rev. Nucl. Part. Sci. 46, 533 (1996)
[hep-ex/9606003].

E. Accomando et al. [ECFA/DESY LC Physics Working Group], Phys. Rep.
299, 1 (1998) [hep-ph/9705442].

For a recent review, see R. N. Mohapatra, “Supersymmetric grand unification:
An update,” in Supersymmetry, Supersymmetry and Supercolliders, edited by
J. Bagger (World Scientific, 1998) [hep-ph/9911272].

D. Abbaneo et al. [ALEPH, DELPHI, L3 and OPAL Collaborations, LEP Elec-
troweak Working Group, and SLD Heavy Flavor and Electroweak Groups],
CERN-EP-2000-016.

J. Erler, hep-ph/0102143.
G. Degrassi, hep-ph/0102137.

R. Barate et al. [ALEPH Collaboration|, Phys. Lett. B495, 1 (2000) [hep-
ex/0011045]; P. Abreu et al. [DELPHI Collaboration], Phys. Lett. B499, 23
(2001) [hep-ex/0102036]; M. Acciarri et al. [L3 Collaboration], hep-ex/0012019;
G. Abbiendi et al. [OPAL Collaboration|, Phys. Lett. B499, 38 (2001) [hep-
ex/0101014].

132



Higgs Bosons at the Linear Collider

[11] E. Farhi and L. Susskind, Phys. Rep. 74, 277 (1981); R.K. Kaul, Rev. Mod.
Phys. 55, 449 (1983); K. Lane, in The Building Blocks of Creation— From Mi-
crofermis to Megaparsecs, Proceedings of the Theoretical Advanced Study In-
stitute (TASI 93) in Elementary Particle Physics, Boulder, CO, 6 June—2 July
1993, edited by S. Raby and T. Walker (World Scientific, Singapore, 1994)
[hep-ph/9401324].

[12] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990); Phys. Rev.
D46, 381 (1992).

[13] M. E. Peskin and J. D. Wells, hep-ph/0101342.

[14] A. G. Cohen, in The Building Blocks of Creation—From Microfermis to Mega-
parsecs, Proceedings of the Theoretical Advanced Study Institute (TASI 93)
in Elementary Particle Physics, Boulder, CO, 6 June—2 July 1993, edited by
S. Raby and T. Walker (World Scientific, Singapore, 1994).

[15] The most recent analysis of this type can be found in: T. Hambye and K. Ries-
selmann, Phys. Rev. D55, 7255 (1997) [hep-ph/9610272].

[16] The most recent analyses of this type can be found in: G. Altarelli and
G. Isidori, Phys. Lett. B337, 141 (1994); J. A. Casas, J. R. Espinosa and
M. Quirés, Phys. Lett. B342, 171 (1995) [hep-ph/9409458]; B382, 374 (1996)
[hep-ph/9603227].

[17] R. Dashen and H. Neuberger, Phys. Rev. Lett. 50, 1897 (1983); M. Liischer
and P. Weisz, Phys. Lett. B212, 472 (1988), Nucl. Phys. B318, 705 (1989);
U. M. Heller, M. Klomfass, H. Neuberger and P. Vranas, Nucl. Phys. B405,
555 (1993).

[18] K. Riesselmann, hep-ph/9711456.

[19] G. ’t Hooft, in Recent Developments in Gauge Theories, Proceedings of the
NATO Advanced Summer Institute, Cargese, 1979, edited by G. 't Hooft et al.
(Plenum, New York, 1980) p. 135; E. Witten, Nucl. Phys. B188, 513 (1981);
L. Susskind, Phys. Rep. 104, 181 (1984).

[20] H. P. Nilles, Phys. Rep. 110, 1 (1984).

[21] H. E. Haber and G. L. Kane, Phys. Rep. 117, 75 (1985); S. P. Martin, hep-
ph/9709356.

[22] A. Djouadi, J. Kalinowski and M. Spira, Comput. Phys. Commun.
108, 56 (1998) [hep-ph/9704448]. The HDECAY program is available at
http://home.cern.ch/ mspira/proglist.html.

(23] A. Djouadi, J. Kalinowski and P. M. Zerwas, Z. Phys. C54, 155 (1992).

[24] S. Dittmaier, M. Kramer, Y. Liao, M. Spira and P. M. Zerwas, Phys. Lett.
B441, 383 (1998) [hep-ph/9808433].

[25] A. Freitas, W. Hollik, W. Walter and G. Weiglein, Phys. Lett. B495, 338
(2000) [hep-ph/0007091]; A. Freitas, S. Heinemeyer, W. Hollik, W. Walter and

133



Chapter 3

G. Weiglein, Nucl. Phys. Proc. Suppl. 89, 82 (2000) |[hep-ph/0007129]; hep-
ph/0101260.

[26] J. Erler, S. Heinemeyer, W. Hollik, G. Weiglein and P. M. Zerwas, Phys. Lett.
B486, 125 (2000) [hep-ph/0005024].

[27] M. Carena, J. S. Conway, H. E. Haber and J. D. Hobbs et al., FERMILAB-
CONF-00/270-T [hep-ph/0010338].

[28] M. Dittmar, “LHC luminosity requirements to observe HO and measure its
couplings,” presented at Workshop on the Future of Higgs Physics, Fermilab,
Chicago, May 3-5 2001.

[29] For a recent review, see V. A. Mitsou, ATLAS-CONF-2000-002.

[30] K. Lassila-Perini, ETH Dissertation thesis No. 12961 (1998).

[31] D. Zeppenfeld, R. Kinnunen, A. Nikitenko and E. Richter-Was, Phys. Rev.
D62, 013009 (2000) [hep-ph/0002036].

[32] O.J. Eboli and D. Zeppenfeld, Phys. Lett. B495, 147 (2000) [hep-ph/0009158].

[33] K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Prog. Theor. Phys. 68,
927 (1982) [E: 70, 330 (1983)]; 71, 413 (1984); R. Flores and M. Sher, Ann.
Phys. (NY) 148, 95 (1983).

[34] J. F. Gunion and H. E. Haber, Nucl. Phys. B272, 1 (1986); B278, 449 (1986)
[E: B402, 567 (1993)].

[35] For a review of the two-Higgs-doublet model (both non-supersymmetric and
supersymmetric), see Chapter 4 of [1].

[36] H. E. Haber and Y. Nir, Phys. Lett. B306, 327 (1993) [hep-ph/9302228|; H. E.
Haber, in Physics From the Planck Scale to the Electroweak Scale, Proceedings
of the US—Polish Workshop, Warsaw, Poland, September 21-24, 1994, edited
by P. Nath, T. Taylor, and S. Pokorski (World Scientific, Singapore, 1995)
pp. 49-63 [hep-ph/9501320].

[37] L. J. Hall and M. B. Wise, Nucl. Phys. B187, 397 (1981).

[38] H. E. Haber and R. Hempfling, Phys. Rev. Lett. 66, 1815 (1991); Y. Okada,
M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85, 1 (1991); J. Ellis,
G. Ridolfi and F. Zwirner, Phys. Lett. B257, 83 (1991).

[39] S. Heinemeyer, W. Hollik and G. Weiglein, Phys. Rev. D58, 091701 (1998)
[hep-ph/9803277]; Phys. Lett. B440, 296 (1998) [hep-ph/9807423]; Eur. Phys.
J. C9, 343 (1999) [hep-ph/9812472]; M. Carena, H. E. Haber, S. Heinemeyer,
W. Hollik, C. E. M. Wagner and G. Weiglein, Nucl. Phys. B580, 29 (2000)
[hep-ph/0001002]; R.-J. Zhang, Phys. Lett. B447, 89 (1999) [hep-ph/9808299];
J. R. Espinosa and R.-J. Zhang, JHEP 0003, 026 (2000) [hep-ph/9912236];
Nucl. Phys. B586, 3 (2000) [hep-ph/0003246]. The computer programs Feyn-
Higgs and FeynHiggsFast are described respectively in S. Heinemeyer, W. Hollik
and G. Weiglein, Comput. Phys. Commun. 124, 76 (2000) |[hep-ph/9812320];
CERN-TH-2000-055 [hep-ph/0002213].

134



Higgs Bosons at the Linear Collider

[40] J. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski and F. Zwirner, Phys.
Rev. D39, 844 (1989). For a recent treatment and guide to the literature see:
C. Panagiotakopoulos and A. Pilaftsis, Phys. Rev. D 63, 055003 (2001) [hep-
ph/0008268]. A detailed discussion of NMSSM phenomenology can be found in
U. Ellwanger, M. Rausch de Traubenberg and C. A. Savoy, Nucl. Phys. B492,
21 (1997) [hep-ph/9611251].

[41] J. R. Espinosa and M. Quirés, Phys. Rev. Lett. 81, 516 (1998) [hep-
ph/9804235].

[42] J. A. Coarasa, R. A. Jiménez and J. Sola, Phys. Lett. B389, 312 (1996) [hep-
ph/9511402]; R. A. Jiménez and J. Sola, Phys. Lett. B389, 53 (1996) [hep-
ph/9511292]; A. Bartl ef al., Phys. Lett. B378, 167 (1996) [hep-ph/9511385].

[43] L. Hall, R. Rattazzi and U. Sarid, Phys. Rev. D50, 7048 (1994) [hep-
ph/9306309]; R. Hempfling, Phys. Rev. D49, 6168 (1994).

[44] M. Carena, M. Olechowski, S. Pokorski and C. E. M. Wagner, Nucl. Phys.
B426, 269 (1994) [hep-ph/9402253].

[45] D. Pierce, J. Bagger, K. Matchev, and R. Zhang, Nucl. Phys. B491, 3 (1997)
[hep-ph/9606211].

[46] S. Heinemeyer, W. Hollik and G. Weiglein, Eur. Phys. J. C16, 139 (2000)
[hep-ph/0003022].

[47] M. Carena, D. Garcia, U. Nierste and C. E. M. Wagner, Nucl. Phys. B577, 88
(2000) [hep-ph/9912516].

[48] H. Eberl, K. Hidaka, S. Kraml, W. Majerotto and Y. Yamada, Phys. Rev. D62,
055006 (2000) [hep-ph/9912463).

[49] M. Carena, S. Mrenna and C.E.M. Wagner, Phys. Rev. D60, 075010 (1999)
lhep-ph/9808312]; Phys. Rev. D62, 055008 (2000) [hep-ph/9907422].

[50] H. Baer and J. D. Wells, Phys. Rev. D57, 4446 (1998) [hep-ph/9710368];
W. Loinaz and J. D. Wells, Phys. Lett. B445, 178 (1998) [hep-ph/9808287].

[51] J. L. Diaz-Cruz, H.-J. He, T. Tait and C. P. Yuan, Phys. Rev. Lett. 80, 4641
(1998) [hep-ph/9802294]; C. Baldzs, J. L. Diaz-Cruz, H.-J. He, T. Tait and
C. P. Yuan, Phys. Rev. D59, 055016 (1999) [hep-ph/9807349].

[52] H. E. Haber et al., Phys. Rev. D63, 055004 (2001) [hep-ph/0007006].

[53] P. H. Chankowski, S. Pokorski and J. Rosiek, Nucl. Phys. B423, 497 (1994).

[54] A. Djouadi, P. Janot, J. Kalinowski and P. M. Zerwas, Phys. Lett. B376,
220 (1996) [hep-ph/9603368]; A. Djouadi, J. Kalinowski, P. Ohmann and P.
M. Zerwas, Z. Phys. C74, 93 (1997) [hep-ph/9605339].

[55] S. Heinemeyer, W. Hollik, J. Rosiek and G. Weiglein, Eur. Phys. J. C19, 535
(2001) [hep-ph/0102081].

[56] J. F. Gunion and H. E. Haber, Phys. Rev. D48, 5109 (1993).

[57] M. M. Miihlleitner, M. Kramer, M. Spira and P. M. Zerwas, hep-ph/0101083.

135



Chapter 3

[58] The LEP working group for Higgs boson searches, LHWG note 2001-1 (3 April
2001).

[59] The ALEPH, DELPHI, L3 and OPAL Collaborations and the LEP Higgs Work-
ing Group, LHWG note 2001-2 (26 March 2001).

[60] The results of Fig. 3.14 were provided by F. Gianotti on behalf of the ATLAS
collaboration. They are the preliminary results available as of March 3, 2001.

[61] See, for example, J. F. Gunion, hep-ph/9705282.

[62] S. L. Glashow and S. Weinberg, Phys. Rev. D15, 1958 (1977); E. A. Paschos,
Phys. Rev. D15, 1966 (1977).

[63] B. A. Dobrescu, hep-ph/9903407 and hep-ph/0103038.

[64] M. Cvetic, H. Lu, C. N. Pope, A. Sadrzadeh and T. A. Tran, Nucl. Phys. B586,
275 (2000) [hep-th/0003103)].

P. Chankowski et al., Phys. Lett. B496, 195 (2000) [hep-ph/0009271].
J. F. Gunion and H. E. Haber, in preparation.
U. Ellwanger and C. Hugonie, hep-ph/9909260.

J. F. Gunion, H. E. Haber and T. Moroi, “Will at least one of the Higgs bosons
of the next-to-minimal supersymmetric extension of the Standard Model be
observable at LEP2 or the LHC?” in New Directions for High Energy Physics,
Proceedings of the 1996 DPF/DPB Summer Study on High Energy Physics,
Snowmass '96, edited by D. G. Cassel, L. T. Gennari and R. H. Siemann (Stan-
ford Linear Accelerator Center, Stanford, CA, 1997) [hep-ph/9610337].

[69] J. F. Gunion and B. Grzadkowski, work in progress.

[70] J. R. Espinosa and J. F. Gunion, Phys. Rev. Lett. 82, 1084 (1999) [hep-
ph/9807275).

[71] B. Grzadkowski, J. F. Gunion and J. Kalinowski, Phys. Lett. B480, 287 (2000)
[hep-ph/0001093].

[72] H. E. Haber and Y. Nir, Phys. Lett. B306, 327 (1993) [hep-ph/9302228].

[73] A. Djouadi, P. M. Zerwas and H. E. Haber, Phys. Lett. B375, 203 (1996)
[hep-ph/9602234].

[74] J. F. Gunion and T. Farris, LC note in preparation.

[75] M. Battaglia and K. Desch, hep-ph/0101165.

[76] TESLA Technical Design Report, R. Heuer, D. Miller, F. Richard, A. Wagner
and P. M. Zerwas (editors), obtainable from www.desy.de/~1cnotes/tdr/ .

[77] See also http://www-sldnt.slac.stanford.edu/nld/.

[78] H. Yang and K. Riles, “Measurement of Higgs Mass and Cross Section at NLC”,
presented at Workshop on Physics and Detectors for Future ee™ Linear Col-
liders, Johns Hopkins University, Baltimore, 19-21 March 2001.

136



Higgs Bosons at the Linear Collider

[79]

M. Ronan, “Jet-Jet Reconstruction in Full Detector Simulations”, presented at
Workshop on Physics and Detectors for Future ete™ Linear Colliders, Johns
Hopkins University, Baltimore, 19-21 March 2001.

A. Juste, hep-ex/9912041.

V. Barger, M. S. Berger, J. F. Gunion and T. Han, Phys. Rev. Lett. 78, 3991
(1997) [hep-ph/9612279].

P. F. Derwent et al., FERMILAB-FN-701, report in preparation.

A. Kiiskinen, M. Battaglia, P. Poyhoonen, “Study of ete™ — HYH™ at a 800
GeV Linear Collider”, to appear in the Proc. of the Fifth Int. Workshop on
Linear Colliders - LCSW2000, Fermilab, October 2000, LC-PHSM-2001-041;
A. Andreazza, C. Troncon, “Study of HA Production in eTe— Collisions at
/s =800 GeV, DESY-123-E, p. 417.

P. Garcia-Abia and W. Lohmann, hep-ex/9908065.

R. Van Kooten, “Separation of the Higgsstrahlung and WW-fusion process”,
presented at Workshop on Physics and Detectors for Future ete™ Linear Col-
liders, Johns Hopkins University, Baltimore, 19-21 March 2001.

J. Brau, C. Potter, and M. Iwasaki, “Higgs Branching Ratio Measurements at
a Future Linear Collider”, presented at Workshop on Physics and Detectors
for Future ete~ Linear Colliders, Johns Hopkins University, Baltimore, 19-21
March 2001.

J. Brau, C. Potter, and M. Iwasaki, “Linear Collider Vertex Detector Opti-
mization for Higgs Branching Ratio Measurements”, LCWS 2000 Proceedings,
session D3.

D. J. Jackson, Nucl. Instrum. Meth. A388, 247 (1997).

M. D. Hildreth, T. L. Barklow, and D. L. Burke, Phys. Rev. D49, 3441 (1994);
K. Kawagoe, UT-ICEPP-93-10, contributed to the 2nd International Workshop
on Physics and Ezxperiments with Linear ete~ Colliders, Waikoloa, HI, 26-30
April 1993.

G. Borisov and F. Richard, hep-ph/9905413.

M. Battaglia, hep-ex/0012021; hep-ph/9910271.

J. F. Gunion and P. C. Martin, hep-ph/9610417; J. F. Gunion and P. C. Martin,
Phys. Rev. Lett. 78, 4541 (1997) [hep-ph/9607360].

E. Boos, J. C. Brient, D. W. Reid, H. J. Schreiber and R. Shanidze, hep-
ph/0011366.

J. F. Gunion, B. Grzadkowski and X. He, Phys. Rev. Lett. 77, 5172 (1996)
[hep-ph/9605326].

S. Dawson and L. Reina, Phys. Rev. D57, 5851 (1998); D59, 054012 (1999);
D60, 015003 (1999); H. Baer, S. Dawson, and L. Reina, Phys. Rev. D61,
0113002 (2000).

137



Chapter 3

96] A. Juste and G. Merino, hep-ph/9910301.

97] D. J. Miller and S. Moretti, hep-ph/0001194.

| C. Castanier, P. Gay, P. Lutz and J. Orloff, hep-ex/0101028.

99] R. Lafaye, D. J. Miller, M. Miihlleitner and S. Moretti, hep-ph/0002238.

[100] A. Djouadi, W. Kilian, M. Miihlleitner and P. M. Zerwas, hep-ph/0001169.

[101] M. Carena, H. E. Haber, H. E. Logan and S. Mrenna, FERMILAB-Pub-00/334-
T, in preparation.

[102] J. Alcaraz and E. Ruiz Morales, hep-ph/0012109.

[103] D. Bardin, P. Christova, M. Jack, L. Kalinovskaya, A. Olchevski, S. Riemann
and T. Riemann, Comput. Phys. Commun. 133, 229 (2001) [hep-ph/9908433].

[104] M. Battaglia and K. Desch, hep-ph/0101165.
[105] V. Drollinger and A. Sopczak, hep-ph/0102342.

[106] L. D. Landau, Dokl. Akad. Nauk Ser. Fiz. 60, 207 (1948); C. N. Yang, Phys.
Rev. 77, 242 (1950); J.J. Sakurai, Invariance Principles and Elementary Par-
ticles (Princeton University Press, 1964).

[107] D. J. Miller, S. Y. Choi, B. Eberle, M. M. Muhlleitner and P. M. Zerwas, Phys.
Lett. B 505, 149 (2001) [hep-ph/0102023].

[108] K. Hagiwara and M. L. Stong, Z. Phys. C62, 99 (1994) [hep-ph/9309248].

[109] V. Barger, K. Cheung, A. Djouadi, B. A. Kniehl and P. M. Zerwas, Phys. Rev.
D49, 79 (1994) [Lep-ph/9306270].

[110] T. Han and J. Jiang, Phys. Rev. D63, 096007 (2001) [hep-ph/0011271].

[111] B. Grzadkowski and J. F. Gunion, Phys. Lett. B350, 218 (1995) [hep-
ph/9501339).

[112] B. Grzadkowski and J. F. Gunion, hep-ph/9503409.

[113] M. Kramer, J. Kiithn, M. L. Stong and P. M. Zerwas, Z. Phys. C64, 21 (1994)
[hep-ph,/9404280)].

[114] J. F. Gunion and X. G. He, hep-ph/9609453.

[115] B. Grzadkowski and J. F. Gunion, Phys. Lett. B294, 361 (1992) [hep-
ph/9206262).

[116] J. F. Gunion and J. G. Kelly, Phys. Lett. B333, 110 (1994) [hep-ph/9404343].
[117] C. A. Boe, O. M. Ogreid, P. Osland and J. Zhang, Eur. Phys. J. C9, 413 (1999)
[hep-ph/9811505].

[118] J. F. Gunion and J. Kelly, Phys. Rev. D56, 1730 (1997) [hep-ph/9610495].
[119] J. F. Gunion and J. Kelly, hep-ph/9610421.

[120] J. L. Feng and T. Moroi, Phys. Rev. D56, 5962 (1997) [hep-ph/9612333].
[121]

A. Bartl et al., Z. Phys. C76, 549 (1997) [hep-ph/9701336]; hep-ph/9909378,;
M. Berggren, R. Kerdnen, H. Nowak and A. Sopczak, hep-ph/9911345.

138



Higgs Bosons at the Linear Collider

[122] S. Y. Choi, A. Djouadi, M. Guchait, J. Kalinowski and P. M. Zerwas, Eur.
Phys. J. C14, 535 (2000) [hep-ph/0002033].

[123] ATLAS Collaboration, “Detector and Physics Performance Technical Design
Report”, CERN/LHCC/99-15 (1999); CMS Collaboration, Technical Design
Reports, CMS TDR 1-5 (1997/98).

[124] J. Erler and S. Heinemeyer, hep-ph/0102083.

[125] I. F. Ginzburg, G. L. Kotkin, V. G. Serbo and V. I. Telnov, Nucl. Instrum.
Meth. A205, 47 (1983).

[126] I. F. Ginzburg, G. L. Kotkin, S. L. Panfil, V. G. Serbo and V. I. Telnov, Nucl.
Instrum. Meth. A219, 5 (1984).

[127) P. Chen, G. Horton-Smith, T Ohgaki, A. W. Weidemann and
K. Yokoya, Nucl. Instrum. Meth. A355, 107 (1995). See http://www-
acc-theory.kek. jp/members/cain/cain21b.manual/main.html.

[128] D. Asner, J. Gronberg, J. Gunion and T. Hill, UCRL-ID-143967.
[129] S. Soldner-Rembold and G. Jikia, hep-ex/0101056.

[130] J. F. Gunion, J. G. Kelly and J. Ohnemus, Phys. Rev. D51, 2101 (1995) [hep-
ph/9409357].

[131] J. F. Gunion, R. Vega and J. Wudka, Phys. Rev. D43, 2322 (1991).

[132] R. N. Mohapatra, Fortsch. Phys. 31, 185 (1983); J. F. Gunion, J. Grifols,
A. Mendez, B. Kayser and F. Olness, Phys. Rev. D40, 1546 (1989); N. G. Desh-
pande, J. F. Gunion, B. Kayser and F. Olness, Phys. Rev. D44, 837 (1991).

[133] H. Georgi and M. Machacek, Nucl. Phys. B262, 463 (1985).
[134] M. S. Chanowitz and M. Golden, Phys. Lett. B165, 105 (1985).

[135] J. F. Gunion, Int. J. Mod. Phys. A11, 1551 (1996) [hep-ph/9510350]; A13,
2277 (1998) [hep-ph/9803222].

[136] P. H. Frampton, Int. J. Mod. Phys. A15, 2455 (2000) [hep-ph/0002017].

[137] F. Cuypers and M. Raidal, Nucl. Phys. B501, 3 (1997) [hep-ph/9704224].

[138] J. Gluza, Phys. Lett. B403, 304 (1997) [hep-ph/9704202].

[139] R. A. Alanakian, Phys. Lett. B436, 139 (1998) [hep-ph/9706383).

[140] G. Barenboim, K. Huitu, J. Maalampi and M. Raidal, Phys. Lett. B394, 132
(1997) [hep-ph/9611362).

[141] V. Barger, J. F. Beacom, K. Cheung and T. Han, Phys. Rev. D50, 6704 (1994)
[hep-ph/9404335].

[142] R. Casalbuoni, A. Deandrea, S. De Curtis, D. Dominici, R. Gatto and J. F. Gu-
nion, Nucl. Phys. B555, 3 (1999) [hep-ph/9809523].

139



140



Chapter 4 Supersymmetry Studies at the Linear Collider

1 Introduction

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

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

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

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

The signatures of supersymmetry are many, ranging from the well-known missing
energy in supergravity with R-parity conservation [19,20] to exotic signatures appear-
ing in models with gauge-mediated [21] and anomaly-mediated [22,23] supersymmetry
breaking. Space constraints prevent a complete review of the considerable work done

141



Chapter 4

in each of these, and other, frameworks. Instead, this review focuses on supergravity
frameworks leading to the conventional signature of missing energy. R-parity viola-
tion and alternative supersymmetry-breaking mechanisms are treated as variations,
and are discussed where they are especially pertinent.

2 The scale of supersymmetry

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

2.1 Naturalness

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

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

My ~ M, RS (4.1)
tan? 3 — 1 ’ ’

1

2" =
where m% ”» m%]u are the mass parameters of the two Higgs doublets of the model
and tan 8 = (H,)/(Hg). Naturalness is then often imposed by demanding that
the weak scale be insensitive to variations in some set of parameters a;, which are
assumed to be continuously variable, independent, and fundamental. The a; may be
scalar masses, gaugino masses, and other parameters, but are not necessarily input
parameters. The sensitivity is typically quantified by defining coefficients [24,25]
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¢i = |(a;/mz)(0mz/da;)| for each parameter a; and taking some simple combination
of the ¢;, often ¢ = max{c;}, as an overall measure of naturalness. A naturalness
criterion ¢ < cpae then implies upper bounds on supersymmetry parameters and
superpartner masses.

Following the early studies [24,25], the authors of [27] stressed the importance
of including one-loop corrections to Eq. (4.1). They also noted that it is possible
in principle for a given ¢; to be large for all possible choices of a;. In the latter
case, the authors of [28-30] argued that, to avoid misleading results, only unusu-
ally large sensitivity should be considered unnatural and proposed replacing ¢ by
7 = max{c;/¢;}, with ¢; an average sensitivity. More recently, another alternative
prescription has been proposed [34-38] in which the sensitivity coefficients are re-
placed by |(Aa;/mz)(0myz/0a;)|, where Aa; is the experimentally allowed range of
a;. This definition implies that arbitrarily large but well-measured supersymmetry
parameters are natural, and has been argued to differ sharply from conventional no-
tions of naturalness [46].

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

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

Naturalness bounds may be very different in other frameworks, however, especially
for scalars. For squark and slepton masses, if no correlations are assumed, the bounds
are highly generation-dependent. At one-loop, the weak scale is sensitive to sfermion
masses only through renormalization group terms proportional to Yukawa couplings.
Thus, while the scalar masses of the third generation are still usefully constrained
by naturalness criteria, first- and second-generation scalars may have masses above
10 TeV without requiring large fine-tuning [31,32], putting them far beyond the
kinematic reaches of both the LHC and future linear colliders. ‘Superheavy’ first and
second generation scalars ameliorate the supersymmetric flavor and CP problems and
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Figure 4.1: Natural ranges of superpartner masses in minimal supergravity. The upper
limits are set by the requirement 4 < 10 and the diamonds indicate upper bounds corre-
sponding to ¥ < 5. The lower limits are roughly those from current collider constraints.
Updated from [29].

are found in many models [47-63].

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

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

2.2 Neutralino relic abundance

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

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

In general, neutralinos may annihilate through ¢-channel sfermions to ff , through
s-channel Z and Higgs bosons to f f, and through ¢-channel charginos and neutralinos
to WW and ZZ. For Bino dark matter, only the sfermion-mediated amplitudes are
non-vanishing. An upper bound on Q, k% then leads to an upper bound on at least
one sfermion mass. This, together with the requirement that x be the LSP, implies
an upper bound on m,. Such reasoning has led to claims of cosmological upper
bounds on superpartner masses with optimistic implications for supersymmetry at
linear colliders [79-89].

These claims must be viewed cautiously, however, as they are true only in the
X = B limit and are violated even in the simplest scenarios. In minimal super-
gravity, for example, multi-TeV LSPs are possible for large mq [94], where the LSP
has a significant Higgsino admixture, leading to large annihilation cross sections to
gauge bosons. Useful upper bounds are also absent in minimal supergravity at large
tan 5 [94-97], where the importance of a small Higgsino admixture in x is amplified
and leads to large Higgs boson-mediated annihilation. More generally, no guarantee
of light superpartners is possible for Wino- [98-100] and Higgsino-like [75,90] LSPs,
which annihilate very efficiently to negligible relic densities. Finally, it is worth re-
calling that these upper bounds are also inapplicable in theories with low-energy
supersymmetry breaking or R-parity violation, where the lightest neutralino is no
longer stable.
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2.3 Higgs mass and precision electroweak constraints

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

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

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

2.4 Evidence for new physics

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

As an example, we consider the recently reported 2.60 deviation in the anomalous
magnetic moment of the muon [136]: aZ® — aS™ = (43 + 16) x 107'°. Supersym-
metric contributions to a, are well known [137-141], and the measured deviation is
naturally explained by supersymmetry [142-153]. If a supersymmetric interpretation
is adopted, the result restricts the masses of some superpartners. Highly model-
independent upper bounds on the mass of the lightest observable supersymmetric
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Figure 4.2: Possible values of the mass of the lightest observable supersymmetric particle,
Mi,0sp, and the supersymmetric contribution to the muon’s anomalous magnetic moment,
aEUSY, assuming a stable LSP (left) and a visibly decaying LSP (right). Crosses (circles)
have smuon (chargino/neutralino) LOSPs and satisfy the parameter constraints My = 2Mj,
A, =0, and tan 8 = 50. Relaxing the gaugino unification assumption leads to the solid
envelope curve, and further allowing arbitrary A, leads to the dashed curve. The envelope
contours scale linearly with tan 3. The shaded regions are the 1o and 20 experimentally

preferred regions. From [144].

particle are given in Fig. 4.2. If theory and experiment are required to agree within
1o, at least one observable superpartner must be lighter than 490 GeV if the LSP
is stable, and lighter than 410 GeV if the LSP decays visibly in the detector. If
agreement only within 20 is required, these limits weaken to 800 GeV and 640 GeV,
respectively. The bounds are for the case tan § < 50 and scale linearly with tan (.

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

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

3.1 Measurement of superpartner masses

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

ee” — €l per g (4.2)

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

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

E FEo i
M~2 _ E2 e,max‘~e,min
€ o { (Ee,max + Ee,min)2 }

Ee max Ee min
M2, = M2{1—2 max 7 B, }
X1 c Ecm

If several different combinations of selectrons are produced, the electron and positron
energy spectra will show a superposition of several box-like distributions. Each set of
endpoints gives the associated selectron masses and an independent determination of
the ¥ mass.

Figure 4.3 shows the electron and positron spectra for a particular set of MSUGRA
parameters constructed for the Snowmass ‘96 summer study [156], assuming 50 fb~! of
data at y/s = 500 GeV [157]. The simulations use the event generator ISAJET [158].
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Figure 4.3: Electron and positron energy distributions for selectron pair production, with
the indicated beam polarizations and integrated luminosity 50 fb=! [157].

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

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

Many similar analyses of the determination of slepton masses have been carried
out using fast Monte Carlo techniques [160-163]. Some of the results are summarized
in Table 4.1. One can see from the table that we expect to be able to measure these
masses with an accuracy of a few percent or less in most cases. The determination of
the mass of the lighter chargino Y5 has been studied by many groups. Measurements
based on an analysis using background cuts [154,163,164] indicate that this mass can
be measured with accuracies of 1% or less by this method. An interesting signal
thast may be background-free is the case where one Yi decays into a lepton and a
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Figure 4.4: Input and calorimeter-reconstructed e® energy distributions from selectron pair
production for 80% left-polarized (left) and 80% right-polarized (right) electron beams [159].
The effect of calorimeter resolution is evident at high cluster energies.

Reference | Particle | Input Measured | Particle | Input Measured
[157] & 238.2 2394 XY 1287  129.0
[157] &% 157.0  158.0 % 128.7  129.0
[173] fE | 1571 1432 XY 1287  117.3
[162] 7, 206.6  199.4 i 96.4 96.5
[154] XE| 2190 2120 XY 118.0  116.5
[165] Xt 238.0 2398 Uy 220.0  221.2
[163] X5 175.2  176.5 i 85.9 86.1
[166] Xi | 2904 2827 X 96.0 97.9

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

Uy, with the 7, decaying to a vxX?, while the other ¥i decays into ¢gx}. In this case,
it should be possible to remove the WW background completely without affecting
the signal [165]. The mass measurement for the heavier chargino Y5 has also been
studied, assuming a CM energy of 750 GeV. By using the decay of the Y3 into yi Z°,
where the Z decays into leptons and the Yi decays into hadrons, one is able to get
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Figure 4.5: Input and tracker-reconstructed muon energy spectra from smuon pair produc-
tion with an 80% left-polarized electron beam [173].

quite accurate results [166]. The conclusions of all these analyses are also shown in
Table 4.1.

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

To examine the supersymmetry signals, it is necessary to remove backgrounds
events efficiently. The major sources of SM backgrounds are the two-photon (y*7*)
process, which gives rise to lepton and quark pairs in the detector, e*e™ annihilation
to the WHW =, Z°Z° and Z°h°, and single-W production (ey* — vW). Methods for
removing the annihilation and single W backgrounds from the supersymmetry sample
are explained in [154,167,168]. The two-photon background is a problem in reactions
whose signatures involve missing energy, but it can be controlled by also requiring
missing transverse momentum. Methods for measuring the two-photon background
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have been studied in [169,168,170-172]. There may also be backgrounds from the
decays of other supersymmetric particles but, in most cases, these are either small or
have distinctive signals that allow one to identify them.
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Figure 4.6: Kinematic distributions of muons from fip pair production (solid), fiz, pair pro-
duction (dotted), and WHW ™~ background (crossed) [173]. An electron beam polarization
of 80% is assumed.

One case in which W pair production is a serious background is the study of the
muon energy spectrum ﬁﬁ - The cross section for i pair production is small, and the
W pair production process leads to muon pairs with missing transverse momentum
from neutrinos. Figure 4.6 shows the effect of the W pair background after appropri-
ate cuts [173]. The figure also shows that electron polarization can be used to remove
this background. The fig signal is most clearly seen with a right-handed polarized
electron beam, since the W W~ production is strongly reduced in this case. Observ-
ing the signal for jiy, is difficult with either polarization. If the model parameters are
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such that the ¢ r.1 is heavier than the X3, this problem can be avoided by studying the
decay Z}iz . — {5 + X3, with the ¥y decaying to a lepton pair and ¥!. Then, because
of the large lepton multiplicity, there are no important SM backgrounds [174].

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

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

A special case of spectrum parameters for which SUSY detection and mass mea-
surement are especially difficult is that of an almost-degenerate chargino and neu-
tralino. This situation can occur in the Higgsino limit of gaugino-Higgsino mixing, and
in anomaly-mediated supersymmetry breaking (AMSB). A recent analysis [179] shows
how to extract the chargino signal in this limit using the reaction ete™ — vx{x7. In
some cases, in particular, those from AMSB, the Y7 has a long enough lifetime that,
at the linear collider, one can see the chargino’s track in the vertex detector before
it decays. One then observes a stiff track turning into a very soft track, which would
be a dramatic signal.

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

3.2 Measurement of supersymmetry parameters

Once superpartners are identified and their masses are measured, it is important to
convert the mass and cross section information into determinations of the parameters
of the SUSY theory. For the example of the MSSM with R-parity conservation, studies
have been done to determine how well one can measure the fundamental parameters.
By studying the production and subsequent decays of Yi and Y3, the masses and
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the gaugino-higgsino mixing angles of these states can be measured and hence the
values of the MSSM parameters My, p, and tanS can be determined to about 1%
accuracy [155,181,182]. This is illustrated in Fig. 4.7, where it is shown that the
value of the chargino production cross section from a right-handed polarized beam
allows one to map out whether the lighter chargino is mainly gaugino or Higgsino.
A measurement of both the cross section and the angular distribution allows one to
measure all of the terms in the chargino mass matrix. It should be noted that the
figure shows the tree-level cross section. A true determination of parameters to 1%
accuracy should take account of electroweak and SUSY radiative corrections.
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Figure 4.7: The dependence of the chargino production cross section o(ezet — ﬁ'%l_), in
fb, on My and g [155]. The value tan 3 = 4 is used for this plot, but the result is only
weakly dependent on this parameter.

Another method for determining whether the lightest neutralinos and chargino
are mostly gaugino or Higgsino is to study slepton pair production with left-handed
and right-handed beam polarization. This is done by measuring the magnitude of the
cross section and the shape of the production angular distribution [154]. Similarly,
measuring the cross sections of t, 5, 7i- and 75~ and 7, with polarized beams allows
one to determine their mixing angles [183-185]. Additional measurements associated
with polarization in 7 reactions are discussed in [154,186].

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

We should recall that the parameter tan § can be determined not only from su-
persymmetry reactions but also by direct experimental studies of the extended Higgs
sector. For tan # < 30, one can obtain an accurate value of this parameter by measur-
ing the branching ratios for the various possible decays of the SUSY Higgs particles:
H~ into 7v, bt, and W~h, and A° and H into 777, bb, tf, and Zh [188,189]. If the
Higgs sector is heavy enough, one can include decays into lighter supersymmetric par-
ticles. These can provide quite sensitive measurements in the high-tan( region [189].

Finally, it is important to verify the spin of each supersymmetric partner ex-
perimentally. This can be done at a linear collider, because the simplicity of the
production reactions often makes the spin obvious from the angular distributions.
For example, the jir signal in Fig. 4.6 exhibits a sin?# distribution that is a clear
indication that the spin of the fig is 0. The spin of supersymmetric particles can also
be determined by measuring the pair-production cross section near threshold, which
rises as 3 and (33, where (3 is the particle velocity, for spin-% and spin-0 particles,
respectively.

4 Tests of supersymmetry

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

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

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

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

gi = hi , (4.3)

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

4.2 Super-oblique corrections

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

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

2
Y (m) Ab; ln% : (4.4)
gi(m) 1672 m

where Ab; is the one-loop (-function coefficient contribution from all light particles
whose superpartners are heavy. Equation (4.4) is the leading logarithm contribution
to U;. The super-oblique parameters for some representative models are given in
Table 4.2. The super-oblique parameters may also receive contributions from split
exotic supermultiplets, such as the messengers of gauge-mediation [193,196).
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Uy Us U3

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

Table 4.2: The super-oblique parameters [7, in two representative models: ‘2-1 Models,’
with all first and second generation sfermions at the heavy scale M, and ‘Heavy QCD
Models,” with all squarks and gluinos at the heavy scale.

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

4.3 Measurements at linear colliders

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

The experimental observables that are dependent on super-oblique parameters
have been exhaustively categorized in [194] for both lepton and hadron colliders. The
most promising observables at colliders are cross sections and branching ratios involv-
ing gauginos, and several of these possibilities have been examined in detailed studies.
The potential of linear colliders is, of course, highly dependent on the supersymmetry
scenario realized in nature, but we present a brief synopsis below.

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

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

o Measurements of Uy. Selectron pair production at electron colliders includes
a contribution from ¢-channel gaugino exchange. In particular, in the reaction
ete” — éLég, its dependence upon the Beé coupling h; has been studied
in [183]. Under the assumption that the selectrons decay through é — eB, the
selectron and gaugino masses may be measured through kinematic endpoints.
Combining this information with measurements of the differential cross section,
U, may be determined to ~ 1% with 20 fb~" of data at /s = 500 GeV.

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

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

The process ete™ — .0, also depends on U, through the ¢-channel chargino
exchange amplitude. With a data sample of 100 fb™*, U, may be determined
to ~ 0.6% [195].

e Measurements of Us. The strong super-oblique parameter may be measured
through processes involving squarks. The squark pair-production cross sec-
tions at lepton colliders are independent of super-oblique corrections, but the
three-body production processes, such as tt§ and bbg, have been suggested as a
probe [194,196].
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Squark branching ratios are also sensitive to super-oblique corrections if there
are two or more competing modes [190]. In [194], parameters were studied
in which the two decays b, — bg and b, — bW were open. For parameters
where the gluino decay is suppressed by phase space, these modes may be
competitive, and measurements of the branching ratios yield constraints on Us.
For example, for m; = 300 GeV, by, pair production at a Vs =1 TeV collider

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

o Measurements of Wino-Higgsino mizing. The presence of the W boson mass
in the tree-level chargino mixing matrix is also a consequence of supersymme-
try (relating the WWh and Whh couplings). Wino-Higgsino mixing receives
non-decoupling corrections, and may be constrained through chargino pair pro-
duction [155,197].

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

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

5 Symmetry violating phenomena

5.1 R-parity violation

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

Rp — (_1>BB+L+2S (45)

where B is baryon number, L is lepton number, and S is the particle’s spin. This
symmetry is not automatic in the MSSM as it is in the SM. We now consider the
possibility that the symmetry is not respected [207].

159



Chapter 4

Without R, conservation, the most general gauge-invariant and Lorentz-invariant
superpotential is

W = pH,Hq+y§HoLje;, + y& HaQ ds, + yl HuQjuj,

J

The A- and N- terms do not respect lepton number and the A”-terms do not respect
baryon number. Proton decay is unacceptably rapid if all terms are allowed without
extreme suppressions; this requires M\’ < 10735, But, since proton decay requires
both lepton and baryon number violation, it is possible to escape this constraint by
forbidding one or the other of lepton number violation or baryon number violation.
That is, the constraint on A’\” can be accomodated by setting A = 0 (lepton number
conservation) or A” = 0 (baryon number conservation). The pu; terms also violate
lepton number conservation, although these terms can be defined away at tree level.

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

When applicable, we will illustrate phenomena with model E of [208], which
is the heaviest superpartner model considered in this paper. This model assumes
My = 2M; = 200 GeV, p = —250 GeV, tan 8 = 20, and me, = me, = 200 GeV.
The chargino masses are then 173.4 and 292.1 GeV, and the neutralino masses are
97.7,173.6,260.8, and 290.1 GeV.

51.1 Appec 20

In these theories the LSP always decays into two charged leptons and a neutrino
(missing energy):
W=t 0+ B (4.7)

When superpartners are produced in pairs, they will cascade-decay down to two LSPs
(plus SM jets or leptons), and the LSPs will then decay into two leptons plus missing
energy. Therefore, the signal always includes at least four leptons plus missing energy,
and quite often contains more leptons and additional jets from the cascades. This
is a spectacular signature that will not go unnoticed. For example, the cross section
for the 41 + Hr signature for our considered example model is approximately 274 fb,
much higher than the expected 0.4 fb background rate [208].
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512 Npgge #0

In these theories the LSP always decays into two jets with an accompanying charged
lepton or neutrino:
Xy — 15q7 or vqg. (4.8)

All supersymmetry signals must pass through y9%? + Xgu, where Xgy represents
SM states (jets, leptons, or neutrinos) arising from the cascade decays of the pro-
duced parent superpartners. In this case the final-state signatures of all superpartner
production processes will be

(0,1, or2 leptons) + 4 jets + Xg. (4.9)

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

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

51.3 N ijeqe 0
In these theories the LSP always decays into three jets:
X1 — d'qq. (4.10)

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

Perhaps the most important signature for discovery in these theories comes from
chargino pair production, where each chargino decays as Yi — (Tvx?. The final state
will then be 2 leptons plus many jets. Unfortunately the lepton often finds itself inside
one of the many hadronic jets and fails the isolation requirements. Nevertheless, the
rate is sufficiently large that it is a viable signal for our example model. According

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

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

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

5.2 Lepton flavor violation

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

Direct production of sleptons and close scrutiny of their decays allow probing of
these flavor angles at more sensitive levels [221-226]. The nearly degenerate sleptons
will undergo flavor oscillation after being produced and then decay quickly. Analogous
to neutrino oscillations, the detectability of slepton oscillations is best characterized
in the (sin 20, Am?) plane, where 6 is the angle between the weak eigenstates |é), |ji)
and the mass eigenstates |1), |2):

|€) = + cosf|1) + sin 6]2) (4.11)
|ft) = —sin 6]1) 4 cos 0]2).
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Figure 4.8: Contours of constant o(ete™ — eFuT{Ix?) in fb at a /s = 500 GeV etep
collider. The signal arises from right-slepton production and subsequent decay to lepton plus
lightest neutralino. The l, Rr masses are approximately 200 GeV and the lightest neutralino
is a Bino with mass 100 GeV. The thick gray contour represents optimal experimental
reach with 50 fb~! integrated luminosity. The straight lines (dotted and dashed) represent
contours of constant B(u — e7y). These depend on additional parameters such as the 0
mass and the off-diagonal entries of the slepton mass matrix. See [221] for more details.

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

5.3 CP violation

The new mass parameters associated with supersymmetry may not all be real,
and could lead to CP violation effects [227] at high-energy colliders. The parameters
i, M7 and M, can in general be complex. By rotating the phases of the gauginos we
are free to choose Ms real, leaving us with

po=|ule® and M — |Mle”". (4.12)

163



Chapter 4

In addition to these phases, each of the tri-scalar A terms connecting the Higgs bosons
with left and right scalar superpartners of the fermions can in principle have its own
independent phase.

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

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

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

1
m = [ M3+ [n* + 2m3y, F Ac], (4.13)
where

Ac = [(M3—|pl?)* + 4miy, cos® 28 + 4my, (M + |uf?)

+ 8m2y Ma|p| s V2
v g,u\sm2ﬁcos<l>“} :

(4.14)

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

Motivated by the EDM constraints on the phases of supersymmetric mass para-
meters, the authors of [236] set ¢, = 0 and simulated how evidence for a small but
non-zero ¢; phase would be extracted at a linear collider. They generated 10000
data sets, smeared with respect to the true values by experimental resolution. The
input data included three cross sections ({0%3, Y9x5, and XiX7) and three masses
(mﬁ), mg, and mﬁ). Figure 4.10 demonstrates the extraction of several different
parameters, and their interdependence. For example, the bottom figures show the
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Figure 4.9: The effects on supersymmetry observables obtained by varying the phases ¢
and ¢, in the example model discussed in the text [236].
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Figure 4.10: Demonstration of the interdependence of parameters in the extraction of CP-

violating phases from linear collider SUSY observables [236].
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systematic error one would encounter by having a wrong input for |u| given a known
tan 3. Perhaps the most interesting conclusion one can draw from this exercise is
that ¢; = 0 is strongly disfavored, incicating that the linear collider measurements of
CP-conserving observables can give a strong signal for nonzero CP-violating phases
if they are present.

6 Supersymmetry and e e, e 7, and vy colliders

6.1 Supersymmetry and e" e~ colliders

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

6.1.1 Masses

As reviewed in Section 2, masses at linear colliders are most accurately determined
through kinematic endpoints and threshold scans. In ete™ mode, the threshold cross
section for pair production of identical scalars rises as 3%, where 3 is the velocity of
the produced particles. Threshold studies for identical scalars are therefore far less
effective than for fermions, and consequently require large investments of integrated
luminosity [174].

At e"e” colliders, however, the same-helicity selectron pair production cross sec-
tion has a [ dependence at threshold [238]. This is easily understood: the initial
state in epep — €pé€p has angular momentum J = 0, and so the selectrons may be
produced in the S wave state. Cross sections for €z pair production in e~ e~ and eTe™
modes are compared in Fig. 4.11. For round beams, the increased beamstrahlung
and decreased luminosity of the e”e™ mode compromise this advantage. However,
beamstrahlung is reduced for flat beams [239], and mass measurements of order 100
MeV can be achieved with two orders of magnitude less luminosity than required
in ete™ collisions [240,241]. Incidentally, the full arsenal of linear collider modes al-
lows one to extend this mass measurement to the rest of the first-generation sleptons
through a series of 3 threshold scans: e~e™ — éRég yields me,; eTe™ — €57 yields
mes,; ete” — Xix; yields mge; and e7y — vexy yields my, [242]. The process
e"e” — €pep may also be used to determine the Bino mass M, with high accuracy
even for very large M, [238,241].
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Figure 4.11: Threshold behavior for o(e”e™ — €z€éx) (upper two contours) and o(ete™ —
€4€xn) (lower two contours) for mg, = 150 GeV and M; = 100 GeV [240]. In each pair,
the dotted curve neglects all beam effects, and the solid curve includes the initial state
radiation, beamstrahlung, and beam energy spread for flat beams. Results for e”e™ round
beams (dashed) are also shown. The selectron width is included, and beam polarizations
P.- =08 and P+ =0 are assumed.

6.1.2 Mixings

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

At eTe™ colliders, the signal is ete™ — e*uTxIxY, eErTxI%?. The backgrounds
are efe” — WHW =, ete™ — vwWHW—, efe” — efvWT, and vy — WHW~. The
first two backgrounds may be reduced by e beam polarization; however, the last two
are irreducible.

In the e~e™ case, the signal is e"e™ — e XX}, e 77 X{x}. Among potential
backgrounds, e"e~ — W~W™ is forbidden by total lepton number conservation,
e"e” = vvW "W~ and e"e” — e vW ™ may be suppressed by right-polarizing both
e~ beams, and vy — WTW ™ does not yield two like-sign leptons. As a result,
the sensitivity of e"e™ colliders to slepton flavor violation is much greater than at
ete™ colliders, and probes regions of parameter space beyond current and near-future
low-energy experiments searching for u-e and 7-e transitions [221,222].
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6.1.3 Couplings

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

6.2 Supersymmetry and e~ colliders

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

This reaction was studied in [243,244,242]. For example, the parameters chosen
in [242] lead to the masses: myo = 65 GeV, my + = 136 GeV, mg, = 320 GeV,
me, = 307 GeV, and m;, = 315 GeV With these Values pair production of charginos
is accessible at a 500 GeV linear collider but slepton pair production is not.

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

6.3 Supersymmetry at vy colliders

One of the main motivations for the vy collider option is to study direct single
Higgs production through the yyh coupling. This motivation is especially power-
ful in supersymmetry since most versions of the theory predict a Higgs boson below
about 135 GeV. The motivation is further strengthened by the realization that addi-
tional Higgs states exist in supersymmetry that may not be accessible at the LHC or
ete™ annihilation but may be visible in single production from ~~. These issues are
discussed in more detail in Chapters 3 and 13.

For direct superpartner pair production, 77 collisions also have an important
advantage: the unambiguous production mode for superpartners through photons
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Figure 4.12: Cross sections for e~y — éx° processes, from [242]. The upper two curves
show the total cross section (in fb) for e~y — éx" versus B/@ (in GeV) for the SUSY and
machine parameters given in the text: (a) é,%}; (b) €.X%; (¢) €rXYy; (d) érX3. The solid
curves represent e, v helicities (—, —) for (a), (b) and (+, +) for (c), (d). The dashed curves
represent helicities (—,+) for (a), (b) and (+,—) for (c), (d). The lower two curves are
corresponding results, convoluted with the backscattered photon spectrum, versus ,/see.

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

7 Comparison with LHC

If SUSY is relevant to electroweak symmetry breaking, then the arguments sum-
marized in Section 2 suggest that in many models the gluino and some squark masses
are less than O(1 TeV). This is also true in most models with SUSY particles visible
at a 500 GeV LC. Gluinos and squarks then dominate the LHC SUSY cross section,
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Figure 4.13: Plot of 50 reach with multiple jets plus 7 plus leptons in minimal SUGRA
model at LHC for 10 fb~! (left) and 100 fb—! (right) [248]. Also shown are contours of the
squark and gluino masses and of the cold dark matter density QAhZ.

which is of order 10 pb. Since they are strongly produced, it is easy to separate SUSY
from SM backgrounds provided only that the SUSY decays are distinctive. In the
MSUGRA model, these decays produce multiple jets and Fr plus varying numbers
of leptons [247]. Figure 4.13 shows the 50 reach in this model at the LHC for an
integrated luminosity of 10 fb=! and 100 fb~! [248]. The reach is comfortably more
than the expected mass range.

While the reach in Fig. 4.13 has been calculated for a specific SUSY model, the
multiple jet plus £ signature is generic in most R-parity-conserving models. GMSB
models can give additional photons or leptons or long-lived sleptons with high py but
B < 1, making the search easier [249,250]. R-parity-violating models with leptonic
XY decays also give extra leptons and very likely violate e-y universality. R-parity-
violating models with Y9 — qqq give signals at the LHC with very large jet multi-
plicity, for which the SM background is not well known. For such models, it may be
necessary to rely on leptons produced in the cascade decay of the gluinos and squarks.
In AMSB models, cascade decays of gluinos and squarks again lead to a substantial
reach for SUSY by the LHC [251]. In all cases, it seems likely that SUSY can be
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discovered at the LHC if the masses are in the expected range [252-254].
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Figure 4.14: Plot of the eTe™ + utpu~ — e*u™ mass distribution for LHC SUGRA Point 4
with direct X3 — X{¢¢ decay (left) and for LHC SUGRA Point 5 with X3 — E0F Xt e
(right) [252]. The event generator ISAJET is used. The shape of the peak on the left plot
below 70 GeV should be compared to the shape of the peak in the right plot. The left plot
also contains a Z — T/~ signal that comes from heavier gauginos.

The main problem at the LHC is not to observe a signal that deviates from the SM
but to separate the many different channels produced by all the SUSY cascade decays
from the produced squarks [255] and gluinos. One promising approach is to try to
identify particular decay chains and to measure kinematic endpoints for combinations
of the visible particles in these [256]. For example, the ¢7¢~ mass distribution from
X5 — X1¢*¢" has an endpoint that measures Mz — Mo [257], while the distribution

from Y9 — (£0F¥ — Y0¢t¢~ has a different shape and measures

2 2 2 2
M3
¢

max __
My™ =

The flavor-subtraction combination ete™ + utu~ — e*u¥ removes backgrounds from
two independent decays. Dilepton mass distributions [252] after cuts for an example
of each decay are shown in Fig. 4.14.

If a longer decay chain can be identified, then more combinations of masses can
be measured. Consider, for example, the decay chain

dr — Xoq — (E0Fq — XU g .
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For this decay chain, kinematics gives ¢T¢~, ¢*{q, and two fq endpoints in terms
of the masses. If a lower limit is imposed on the ¢¢~ mass, there is also a {t¢ ¢
lower edge. With suitable cuts all of these can be measured [252,258] for the cases
considered. The statistical errors on the measured endpoints are typically comparable
to the systematic limits, 0(0.1%) for leptons and O(1%) for jets. Figure 4.15 shows
a scatter plot of the resulting {z and Y masses for LHC SUGRA Point 5 and for
a similar point in another SUSY model with this decay chain [259]. The relations
between masses are determined with good precision, so these two models are easily
distinguished. However, the LSP mass is only measured to O(10%).
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Figure 4.15: Left: Scatter plot of reconstructed values of the /, r and YV masses for LHC
Point 5 (S5) and for a different model (O1) using the decay chain g, — X3¢ — ¢rlq — X1 {q.
Right: Projection of M;(l) for LHC Point 5 [259].

Analyses such as these have proved useful for a number of SUSY points in a variety
of SUSY models [252]. The method seems fairly general: there is usually at least one
distinctive mode — typically X9 — X207, X3 — (57, or Xy — X0h — Xbb — from
which to start. But some points are much more difficult than others. For example,
in MSUGRA with tan # > 1 it is possible to choose parameters such that the only
allowed 2-body decays of YJ and Yi are 777 and 7i v, [260] respectively.* These
modes then have branching ratios in excess of 99%. While it is possible to identify
and to measure hadronic 7 decays [252], the measurements are much less precise than
those involving leptons. Even if 7 decays are not dominant, they may be important,
since they can provide information on 7, — 7g and gaugino-Higgsino mixing.

*The simple class of such models considered in [252], however, gives an excessively large contri-
bution to g, — 2 [136].
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If SUSY is found at the LHC, the SUSY events will contain much more infor-
mation than just endpoints like those described above. For example, while it is not
possible to reconstruct i decays in the same way because of the missing neutrino,
one can get information about the chargino mass by studying My, and other distribu-
tions for 1-lepton events. Cross sections and branching ratios can also be measured;
interpretation of these will be limited by the theoretical errors on the calculation
of cross sections and acceptances. Without real experimental data, it is difficult to
assess such theoretical systematic errors.

SUSY signatures at the LHC typically come from a combination of many SUSY
particles, so the analysis is considerably more complicated than that at a LC. However,
the initial steps at the LHC are fairly clear. First, one will look for a deviation from
the SM in inclusive distributions such as multiple jets plus Fr, perhaps accompanied
by leptons and/or photons. If a signal consistent with SUSY is found, it should
determine both the mass scale [252,261] and the qualitative nature of the signal. (As
a simple example, in a GMSB model with a long-lived slepton NLSP, SUSY events
would contain two high-pr particles with 5 < 1.) Next, one will look for various
kinematic endpoints like those described above and use them further to constrain the
SUSY masses. After this, one will look at more model-dependent quantities such as
kinematic distributions, cross sections, and branching ratios. These seem difficult to
assess without real data.

This program is likely to provide considerable information about gluinos, squarks,
and their primary decay products, including Y9, X3, =, and any sleptons that occur
in their decays. It is more dangerous to predict what cannot be done, but there are
measurements that appear difficult at the LHC and that could be done at a 500 GeV
LC. For example:

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

e Sleptons that are not produced in X3 or i decays are difficult to study at the
LHC: both the Drell-Yan process and decays of heavier gauginos typically give
very small rates [262]. They can be precisely measured at a LC.

e Distinguishing ¢, from (5 appears very difficult at the LHC except perhaps for
7’s, but this is straightforward at a LC using the polarized beam.

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

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

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