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In this summary report of the 2001 Snowmass Electroweak Symmetry Breaking Working Group,
the main candidates for theories of electroweak symmetry breaking are surveyed, and the criteria for
distinguishing among the di [erent approaches are discussed. The potential for observing electroweak
symmetry breaking phenomena at the upgraded Tevatron and the LHC is described. We emphasize
the importance of a high-luminosity €* e linear collider for precision measurements to clarify the
underlying electroweak symmetry breaking dynamics. Finally, we note the possible roles of the

+

collider and VLHC for further elucidating the physics of electroweak symmetry breaking.

I.  THE ORIGIN OF ELECTROWEAK SYMMETRY BREAKING

A. Introduction

Deciphering the mechanism that breaks the electroweak symetry and generates the masses of the known
fundamental particles is one of the central problems of paiicle physics [H:P] This mechanism will be explored
by experiments now underway at the upgraded proton-antiprdon Tevatron collider and in the near future at
the Large Hadron Collider (LHC). Once evidence for electroeak symmetry breaking (EWSB) dynamics is
obtained, a more complete understanding of the mechanismswolved will require experimentation at future
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e" e linear colliders now under development. In certain scenads, a * collider or the next generation of
very large hadron colliders after LHC (VLHC) can play an important role in establishing the nature of the mass
generation mechanism for the fundamental particles.

The dynamics of electroweak symmetry breaking requires thexistence of at least one new particle beyond the
presently observed spectrum of the Standard Model. The engly scale associated with electroweak symmetry
breaking dynamics must be of order 1 TeV or below in order to peserve the unitarity of the scattering matrix
for electroweak gauge bosonsﬂ[3], a principle guaranteed byuantum mechanics. The speci ¢ details of the
mechanism realized in nature to break the electroweak symmigy have far-reaching consequences for possible
new physics beyond the Standard Model.

The generation of masses for theN and Z gauge bosons is associated with the dynamics of electroweak
symmetry breaking. Goldstone bosons, which are masslessadar degrees of freedom, are generated by the
symmetry-breaking mechanism and transformed into the longudinal spin components of the W and Z. At
present, the underlying nature of this dynamics is unknown. Two broad classes of electroweak symmetry
breaking mechanisms have been pursued theoretically. In anclass of theories, electroweak symmetry breaking
dynamics is weakly-coupled, while in the second class of tloeies the dynamics is strongly-coupled.

In theories of weak electroweak symmetry breaking, the symmtry is broken by the dynamics of a weakly-
coupled sector of self-interacting elementary scalar eld. These self-interactions give rise to a non-vanishing
scalar eld in the vacuum. Interactions of the Standard Model elds with this vacuum eld generate the masses
of the gauge bosons, quarks and leptons. In addition, the phsical particle spectrum also contains massive
scalars|the Higgs bosons [, H]. All elds remain weakly int eracting at energies up to the grand uni cation
scale which is close to the Planck scale. At energies at and ppend the Planck scale, gravitational interactions
become as important as the strong and electroweak interaatins, and must be incorporated in the theory in a
consistent quantum mechanical way. In the weakly-coupled pproach to electroweak symmetry breaking, the
Standard Model is very likely embedded in a supersymmetric heory [E] in order to stabilize the large gap
between the electroweak and the grand uni cation (and Plan&k) scales in a natural way [(]5]. These theories
predict a spectrum of Higgs scalars[[?], with the lightest Hggs scalar mass below about 135 Ge\[|[8] in the
model's minimal realization.

Alternatively, strong breaking of electroweak symmetry is accomplished by new strong interactions near the
TeV scale @ﬂ)] In most realizations of this approach, condnsates of fermion-antifermion pairs are generated
in the vacuum. The interactions of the electroweak gauge bams with the associated Goldstone modes generate
the masses of the gauge bosons. These models typically poss@o elementary scalar elds. In some approaches,
composite scalar elds, which may resemble physical Higgs dsons, exist in the spectrum and are composed of
fermionic constituents. These constituents may be new matr fermions, as in the case of technicolor modelﬂ[Z,
@, ], or a combination of new heavy quarks and the heavy Stalard Model top and bottom quarks, as in the
case of top-color modelsﬂﬂ:%]. Quark and lepton masseseagenerated by introducing either e ective Yukawa
couplings between the composite scalar elds and the fermio elds or by extending the system by adding new
additional gauge interactions that mediate the interactions between the Standard-Model fermions and the new
fermions. These theoretical approaches are quite complited constructs; the simplest realizations are generally
in con ict with experimental constraints such as precision electroweak data and avor changing neutral current
bounds.

A new approach to electroweak symmetry breaking has recengl been under intense investigation, in which
extra space dimensions beyond the usual 3 + 1 dimensional spatime are introduced ,,|j|6] with char-



acteristic sizes of order (TeV) ®. In such scenarios, the mechanisms for electroweak symmgtibreaking are
inherently extra-dimensional, and can result in a phenomenlogy signi cantly di erent from the usual ap-
proaches mentioned above. For example, the mass of the Higdmson may be generated through interactions
with Kaluza-Klein states in the bulk of multi-dimensional s pace-time. In some cases, the Higgs couplings to
quarks and leptons may be drastically altered compared withthe predictions of the Standard Model ]. Some
models exhibit new scalar elds .g., radions) which mix with the Higgs bosons and can result in gni cant
shifts in the Higgs couplings ,D|9]. In all such apprazhes, new physics must be revealed at the TeV scale
or below. Clearly, in order to understand any theory of electroweak symmetry breaking dynamics, it is criical
to explore and interpret the attendant new TeV-scale physics beyond the Standard Model.

B. Criteria for Distinguishing among Models of EWSB

Although there is as yet no direct evidence for the nature of &ectroweak symmetry breaking dynamics,
present data can be used to discriminate among the di erent @proaches. For example, precision electroweak
data, accumulated in the past decade at LEP, SLC, the Tevatra, and elsewhere, strongly supports the Standard
Model with a weakly-coupled Higgs boson@OBl]. Moreovethe contribution of new physics, which can enter
through W and Z boson vacuum polarization corrections, is severely consained. This fact has already served
to rule out several models of strongly-coupled electrowealsymmetry breaking dynamics. The Higgs boson
contributes to the W and Z boson vacuum polarization through loop e ects, and so a Stadard Model t to
the electroweak data yields information about the Higgs mas. Present ts indicate that the Higgs mass should
be around 100 GeV [with a fractional 1 uncertainty of about 50%], comparable to the direct search pper
limit, and must be less than about 200 GeV at 95% CL, as shown irFigure fla. The electroweak data have
improved signi cantly over the past decade, as shown in Figue ﬂb, to the extent that the conclusions of the
2001 Snowmass Workshop are considerably sharper than whatas possible at the end of the 1996 Snowmass
Workshop.

There are some loopholes that can be exploited to circumventhis conclusion. It is possible to construct
models of new physics where the goodness of the global StandaViodel t to precision electroweak data is not
compromised while the strong upper limit on the Higgs mass iselaxed. In particular, one can construct e ective
operators ] or speci ¢ models@3|jq33] of new physicshere the Higgs mass is signi cantly heavier, but the
new physics contribution to the W and Z vacuum polarizations is still consistent with the experimental data.
In addition, some have argued that the global Standard Modelt exhibits possible internal inconsistencies ],
which would suggest that systematic uncertainties have bee underestimated and/or new physics beyond the
Standard Model is required. Thus, although weakly-coupledelectroweak symmetry breaking models seem to be
favored by the strong upper limit on the Higgs mass, one canntode nitively rule out all other approaches.

Nevertheless, one additional piece of data is very suggesé. Within the supersymmetric extension of the
Standard Model, grand uni cation of the electromagnetic, the weak and the strong gauge interactions can be
achieved in a consistent way, strongly supported by the pretttion of the electroweak mixing angle at low energy
scales with an accuracy at the percent IeveI|E5DZG]. The sigcance of this prediction is not easily matched
by other approaches. For example, in strongly-coupled elémweak symmetry breaking models, uni cation of
couplings is not addressecper se, whereas in extra-dimensional models it is often achievedybintroducing new
structures at intermediate energy scales. Unless one is Wilg to regard the apparent gauge coupling uni cation
as a coincidence, it is tempting to conclude that weak elecoweak symmetry breaking is the preferred mechanism,
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FIG. 1: (a) The “blueband plot” shows A 2 2 2, asa function of the Standard Model Higgs mass [Bd, p1]. The
solid line is a result of a global fit using all data; the band represents the theoretical error due to missing higher order
corrections. The rectangular shaded region shows the 95% CL exclusion limit on the Higgs mass from direct searches.
(b) The evolution of the bounds on the Standard Model Higgs mass from 1996-2001. The upper boundary corresponds
to the 95% CL upper bound on the Higgs mass derived from the global fit to electroweak data, and the lower boundary
corresponds to the 95% CL lower bound on the Higgs mass from direct searches.

leading to an expected mass of the lightest Higgs boson belo®00 GeV (less than 135 GeV in the simplest
supersymmetric models), and a spectrum of additional neutal and charged Higgs bosons with masses up to of
order 1 TeV.

IIl. EWSB PHYSICS AT PRESENT AND NEAR-FUTURE HADRON COLLIDER S:
TEVATRON AND LHC

A. Standard Model Higgs Boson

After a decade long search for the Standard Model (SM) Higgs bson (hsy) at LEP, Higgs masses up to 114
GeV have been excludedE?]. The next step in the search for ggs bosons will take place at the Tevatron].
In the Higgs mass range below 135 GeV, the most promising sigis can be extracted fromWhgy and Zhgy
Higgs-strahlung, in which the gauge bosons decay leptonitlg and the Higgs boson decays into thebb nal
state. For Higgs masses above 135 Ge\Whsy !| WW () becomes the dominant decay mode (the asterisk
indicates a virtual W). The anticipated Tevatron Higgs discovery reach is illustated in Figure Ea, and is based
on the combined statistical power of the CDF and D experiments @]. The curves shown are obtained by
combining the “bb, bband """ bb channels using a neural network selectionm9] in the low-nss Higgs
region (90 GeV< mp,, < 130 GeV), andthe’ ~ jjX and *" channels [3p] in the high-mass Higgs region
(130 GeV < mp,, < 190 GeV). The lower edge of the bands is the calculated thregitd; the bands extend upward
from these nominal thresholds by 30% as an indication of the ncertainties in b-tagging e ciency, background
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FIG. 2: (a) The integrated luminosity required per Tevatron experiment, to either exclude a Standard Model Higgs
boson at 95% CL or observe it at the 3 or 5 level, as a function of the Higgs mass [@]. (b) Higgs significance levels as
a function of the Higgs mass for the ATLAS experiment at the LHC, assuming an integrated luminosity of 100 fb * [@].

rate, mass resolution, and other e ects. Combining all the ndicated channels, the integrated luminosities
necessary to rule out the Higgs boson of the Standard Model foa mass below 200 GeV at the 95% CL limit,
or to establish the observation of the Higgs boson at the 3 or 5 level are displayed in Figurel]Za. Evidently,
large integrated luminosities (10 to 30 fb 1) are needed to reach a de nite conclusion on the observationf the
Higgs boson at the Tevatron.

Production rates for the Higgs boson in the Standard Model ae signi cantly larger at the LHC. The dominant
Higgs production process, gluon fusion, can be exploited itonjunction with a variety of other channels, e.g.,
WW=2Z fusion of the Higgs boson and Higgs radiation o top quarks @ , ]. Integrated luminosities
between 30 and 100 fb', achievable within the rst few years of LHC operation, will be su cient to cover the
entire canonical Higgs mass range of the Standard Model up tealues close to 1 TeV with a signi cance greater
than 5 as shown in FigureDZb. Thus, there is no escape route for the SMiggs boson at the LHC.

If a SM Higgs boson is discovered at the Tevatron, the Higgs mss can be measured with an accuracy of order
2 GeV ], whereas the determination of Higgs couplings t&W and Z bosons and to bottom quarks will be
model-dependent and fairly crude. More precise measurem&nof the properties of the Higgs boson mass in the
Standard Model can be performed at the LHC. Thehgy ! Zzz ()1 **> ***  channel allows for an accurate
Higgs mass determination of about 01% for 120 GeV< my,, < 400 GeV, assuming an integrated luminosity
of 300 fb * [@]. For larger Higgs masses, the precision in the Higgs masneasurement deteriorates due to the
e ect of the increasing Higgs width; nevertheless a 1% Higgmass measurement is possible fanp,,, ' 700 GeV.
The Higgs width can be extracted with a precision of 5 to 6% ovethe mass range 300|700 GeV from the
Breit-Wigner shape of the Higgs resonancel__[_135]. Below 300 ®e¢ the instrumental resolution becomes larger
than the Higgs width, and the accuracy of the Higgs width measirement degrades. For example, the four-lepton
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invariant mass spectrum fromhsy ! ZZ yields a precision of about 25% atmpg, =240 GeV [B4]. For lower
Higgs masses, indirect methods must be employed to measurbd Higgs width.

For Higgs masses below 200 GeV, a number of di erent Higgs dey channels can be studied at the LHC.
The relevant processes are[[$4, B6]:

gg! hsu!
gg! hsy! VVO):
aq! qqV\vO 1 qghem; hsw! ; * vV,

gg;q! tthsw; hsy! bo; ;ww ()

whereV = W or Z. The gluon-gluon fusion mechanism is the dominant Higgs prduction mechanism at the
LHC, yielding a total cross section of about 30 pb [15 pb] fomp,,, =120 GeV [mp,,, =200 GeV]. One also has
appreciable Higgs production viaV V electroweak gauge boson fusion, with a total cross sectionf @bout 6 pb
[3 pb] for the Higgs masses quoted above. The electroweak ggel boson fusion mechanism can be separated
from the gluon fusion process by employing a forward jet tag ad central jet vetoing techniques. The cross
section for tthgy production can be signi cant for Higgs masses in the intermeliate mass range |E7], 0.8 pb
[0.2 pb] at my, = 120 GeV [mp,, = 200 GeV], although this cross section falls faster with Higgs mass as
compared to the gluon and gauge boson fusion mechanisms.

The measurements of various relations between Higgs decaydnching ratios can be used to infer the ratios of
various Higgs couplings, and provide an important rst step in clarifying the nature of the Higgs boson. These
can be extracted from a variety of Higgs signals which are olesvable over a limited range of Higgs masses. In
the mass range 110 Ge\X my,, < 150 GeV, the Higgs boson can be detected [with 100 fi3 of data] in the

and the *  channels indicated above. Formy,, > 130 GeV, the Higgs boson can also be detected in
gluon-gluon fusion through its decay toWW (), with both nal gauge bosons decaying leptonically ], am to
Z2Z () in the four-lepton decay mode EIlZ]. There is additional snsitivity to Higgs production via V'V fusion
followed by its decay toWW () for my,, > 120 GeV. These data can be used to extract the ratios of the Higs
partial widths to gluon pairs, photon pairs, * ,andW*W [@,]. The expected accuracies in Higgs width
ratios, partial widths, and the total Higgs width are exhibi ted in Figure E These results are obtained under the
assumption that the partial Higgs widths to W*W and ZZ are xed by electroweak gauge invariance, and the
ratio of the partial Higgs widths to bband * are xed by the universality of Higgs couplings to down-type
fermions. One can then extract the total Higgs width under the assumption that all other unobserved modes, in
the Standard Model and beyond, possess small branching rais of order 1%. Finally, we note that the specic
Lorentz structure predicted for the hsyW*W  coupling by the Higgs mechanism can be tested in angular
correlations between the spectator jets inWW fusion of the Higgs boson at the LHC ].

With an integrated luminosity of 100 fb ! per experiment, the relative accuracy expected at the LHC fo
various ratios of Higgs partial widths ; range from 10% to 30%, as shown in Figurﬂ 3. These correspond 5%
to 15% measurements of various ratios of Higgs couplings. Thratio = \y measures the coupling of down-type
fermions relative to the Higgs couplings to gauge bosons. Tthe extent that the one-loop hsy  amplitude
is dominated by the W-loop, the partial width ratio = probes the same relationship. In contrast, under
the usual assumption that the one-loophsy gg amplitude is dominated by the top-quark loop, the ratio = w
probes the coupling of up-type fermions relative to thehsy WW coupling. Additional information about Higgs
couplings can be ascertained by making use of thithgy production mode at the LHC, followed by hsy ! bb.
Recent studies EIIZ] by the ATLAS and CMS collaborations gggest that for an integrated luminosity of
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FIG. 3: Relative accuracy expected at the LHC with 200 fb ! of data for (a) various ratios of Higgs boson partial widths
and (b) the indirect determination of partial and total widths. Expectations for width ratios assume W, Z universality;
indirect width measurements also assume b, universality and a small branching ratio for unobserved modes. Taken
from the parton-level analysis of Ref. [@]

100 fb 1, this signal is viable if m,,, < 130 GeV. Including the tthsy mode allows for an independent check
of the Higgs-top quark Yukawa coupling. Moreover, if combired with information obtained from 4, one can
test, through the decayhgy ! bb, the assumption of universality of Higgs couplings to downtype fermions.

Finally, one can check the consistency of the Standard Modeby comparing the observed Higgs mass to
the value deduced from precision electroweak ts. With improvements expected both for the precision in
the measured values ofmy, m; and the electroweak mixing angle, one can anticipate an impvement in
the fractional 1 uncertainty in the Higgs mass at future colliders ]. After 2 fb ! [15 fb ] of integrated
luminosity at the Tevatron, the anticipated fractional Hig gs mass uncertainty will decrease to about 35% [25%].
Further improvements at the LHC with 100 fo ! of data can reduce this uncertainty to about 18%. This will
yield strong constraints on the Standard Model and could praide evidence for new physics if a disagreement is
found between the inferred Higgs mass from precision measeiments and the actual Higgs mass, or if no Higgs
boson is discovered.

B. Higgs Bosons in Supersymmetric Extensions of the Standar d Model

In supersymmetric extensions of the Standard Model, theres one neutral Higgs state which often exhibits
properties similar to those of the SM Higgs boson. In additim, new neutral and charged scalar states arise
whose properties encode the physics of the electroweak synetny breaking dynamics. In the absence of CP
violation, the neutral Higgs bosons carry de nite CP quantum numbers.

In the minimal supersymmetric extension of the Standard Model (MSSM), the tree-level Higgs sector is



automatically CP conserving. CP-violating e ects can enter via loop corrections, and can be signi cant in
certain regions of MSSM parameter space. However, unlesstarwise noted, we will neglect CP-violating Higgs
sector e ects in what follows. The mass of the lightest CP-een neutral Higgs boson ) of the MSSM is less
than about 135 GeV @]. This prediction incorporates signi cant radiative corrections, which shift the maximal
Higgs mass from its tree-level value oim; [@]. This maximal mass is achieved when the top-squark mixig
parameters are such that the contribution from the radiative corrections associated with loops of top-squarks
is maximal (this is the maximal mixing scenario). In addition, the Higgs spectrum contains a heawr CP-even
neutral Higgs boson {H), a CP-odd neutral Higgs boson @) and a charged Higgs pair H ). In contrast to the

h mass, the masses of théd, A and H Higgs bosons are not similarly constrained and can be signcantly
larger than the Z mass. In the MSSM, the tree-level Higgs sector is xed by the alues ofm and the ratio of
Higgs vacuum expectation values, tan . When radiative corrections are included, additional MSSM parameters
enter and determine the size of the loop corrections. For exaple, in the maximal mixing scenario (with other
MSSM parameters speci ed according to Table 53 of Ref.|B8])most of the ma{tan parameter space can be
covered at the Tevatron given su cient luminosity [shaded areas in FigureHla] by the search for CP-even Higgs
bosons with signi cant couplings to the W and Z. The remaining unexplored regions will be covered at the
LHC [Figure b]. That is, at least one of the Higgs bosons of tk MSSM is guaranteed to be discovered at either
the Tevatron and/or the LHC. The coverage in the ma{tan plane by di erent Higgs production and decay
channels can vary signi cantly, depending on the choice of MBSM parameters. For example, if the CP-even
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FIG. 4: (a) 5 discovery region on the ma—tan plane @], for the maximal mixing scenario and two di[erknt search
channels: gqq! V ( =h,H), ! bb (shaded regions) and gg, qq! bb ( =h,H,A), ! bb (region in the upper
left-hand corner bounded by the solid lines). Dilerknt 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
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discovery contours for MSSM Higgs boson detection in various channels are shown in the ma—tan parameter space, in
the maximal mixing scenario, assuming an integrated luminosity of L = 300 fb ! for the ATLAS detector [@, @]



Higgs boson with the larger coupling to theW and Z has a strongly suppressed coupling to bottom quarks,
the Higgs searches at the Tevatron will become more problentaal, while the LHC search for Higgs production
followed by its decay into photons becomes more favorabl@q.

In some regions of MSSM parameter space, more than one Higgo$on can be discovered at the LHC.
However, there is a sizable wedge-shaped region of the parater space at moderate values of tan opening up
from about ma = 200 GeV to higher values in which the heavier Higgs bosons amot be discovered at the LHC
[see Figure|]4b]. In this region of the MSSM parameter space,nly the lightest CP-even Higgs boson can be
discovered, and its properties are nearly indistinguishale from those of the SM Higgs boson. Deviations from
SM properties can also occur if the Higgs decay into supersymetric particles is kinematically allowed, or if
light supersymmetric particles contribute signi cantly t o Higgs loop amplitudes. High precision measurements
of Higgs branching ratios and other properties will be requied in order to detect deviations from SM Higgs
predictions and demonstrate the existence of a non-minimaHiggs sector.

The phenomenology of the MSSM Higgs sector is closely tied tearious MSSM parameters that arise as
a consequence of low-energy supersymmetry breaking. A prip one can parameterize this breaking in terms
of the most general set of soft supersymmetry-breaking terms ]. Alternatively, one can propose models of
fundamental supersymmetry breaking, which constrain manyof these terms. TheSnowmass points and slopes
(SPS), developed in Ref. ], are a consensus of benchmark poirgsd model lines (\slopes") within various
theoretical approaches to supersymmetry breaking, which arrespond to di erent scenarios in the search for
supersymmetry at future colliders. One expects a signi cam interplay between the study of supersymmetric
phenomena and the observation of Higgs bosons and their prapties. Ultimately, one hopes to learn if (and
how) the origin of electroweak breaking depends fundamentdy on the physics of supersymmetry breaking.

C. Strong Electroweak Symmetry Breaking Dynamics

If strong electroweak symmetry breaking with no Higgs bosonn the mass range below 1 TeV is realized in
nature, the Tevatron may provide the rst hints of new physic s, while LHC can provide some insight into the
domain of the new strong interactions ]. The top quark mayplay a critical role in this enterprise, due to the
fact that its large mass implies the strongest coupling to the electroweak symmetry breaking sector, compared
to the other known particles of the Standard Model. At the Tevatron, hints of new physics associated with the
top quark can emerge in a number of ways. Anomalous top quark duction and/or new particles that decay
into tt pairs would be a possible signal of strong electroweak symrtrg-breaking dynamics.

At the LHC, deviations from the perturbative predictions fo r W*W production in quark-antiquark collisions
shed light on the onset of the new interactions between th&V bosons below 3 TeV. This range is also expected
to be covered in strongWW quasi-elastic scattering. Access to this new domain can aisbe provided by
observing pseudo-Goldstone bosons associated with the sganeous breaking of global symmetries of the new
strong interactions I@]. In addition, the observation of genuine new resonances (made up of techniquarks or
other new fundamental strongly-interacting particles) is possible for masses below 2 to 3 TeVE[|32]. Evidence
for new substructure can also be detected indirectly via deiations in jet-jet and Drell-Yan cross sections. For
example, with 300 fb ! of data, the measurement of the dijet cross section is sensie to a compositeness scale
of about 40 TeV. However, the energy of the LHC and the resolubn of the experiments fall short of a detailed
analysis of the new strong interactions.
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. EWSB PHYSICS AT FUTURE e"e LINEAR COLLIDERS

A. Standard Model Higgs Boson

The next generation of high energye” e linear colliders is expected to operate at energies from 30GeV
up to about 1 TeV (JLC, NLC, TESLA), henceforth referred to as the LC [pd, 1, [52]. The possibility of a
multi-TeV linear collider operating in an energy range of 3{5 TeV (CLIC) is also under study [E]. With the
expected high luminosities, up to 1 ab !, accumulated within a few years in a clean experimental envbnment,
these colliders are ideal instruments for reconstructing he mechanism of electroweak symmetry breaking in a
comprehensive and conclusive form.

If weakly-coupled electroweak symmetry breaking dynamicginvolving an elementary scalar Higgs eld) is
realized in nature, then it can be established experimentdy in three steps:

1. The Higgs boson must be observed clearly and unambiguoysland its basic properties|mass, width, spin
and C and P quantum numbers|must be determined.

2. The couplings of the Higgs boson to thelV  and Z bosons and to leptons and quarks must be measured.
Demonstrating that these couplings scale with the mass of te corresponding particle would provide a
critical veri cation of the Higgs mechanism as the respondble agent for generating the masses of the
fundamental particles.

3. The Higgs potential must be reconstructed by measuring tle self-coupling of the Higgs eld. The specic
form of the potential shifts the ground state to a non-zero vdue, thereby providing the mechanism for
electroweak symmetry breaking based on the self-interactins of scalar elds.

Essential elements of this program can be realized at a highiminosity e*e linear collider @ , ].
With an accumulated luminosity of 500 fb *, about 10° Higgs bosons can be produced by Higgs-strahlung
e"e | Zhgy inthe theoretically preferred intermediate mass range bedw 200 GeV. Given the low background,
as illustrated in Figure Ea ], high-precision analyses fothe Higgs boson are possible in these machines. The
Higgs mass will be measured to an accuracy of order 100 MeV (thi an achievable fractional precision of 5 10 4
for mp,, = 120 GeV). The Higgs width can be inferred, in a model-indep@adent way, to an accuracy up to
5 %, by combining the partial width to W*W , accessible in the vector boson fusion process, with the/ * W
decay branching ratio. Spin and parity can be determined unanbiguously from the steep onset of the excitation
curve in Higgs-strahlung near the threshold (see FigureﬂS@]) and the angular correlations in this process.

Higgs decay branching ratios can be measured very preciselg the intermediate mass range (as shown in
Figure Ec ]). When these measurements are combined with @surements of Higgs production cross sections,
the absolute values of the Higgs couplings to th&V and Z gauge bosons and the Yukawa couplings to leptons
and quarks can be determined to a few percent in a model-indegndent way. In addition, the Higgs-top Yukawa
coupling can be inferred from the cross section for Higgs erséion o top-antitop quark pairs [ @] The
exected accuracies for the measurements of Higgs couplingsgiven in Table |] These observations are essential
for establishing weakly-coupled scalar dynamics and the a®ciated Yukawa interactions as the mechanism
generating the masses of the fundamental particles in the Sindard Model.

The measurement of the self-couplings of the Higgs eld is a ery ambitious task that requires the highest
luminosities possible ate™ e linear colliders, which possess unique capabilities for attessing this question. The
trilinear Higgs self-coupling can be measured in double Higs-strahlung, in which a virtual Higgs boson splits
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FIG. 5. (a) The Higgs boson mass peak reconstructed in the channel e"e ! Zhgy ! b_bcﬁ for mpg,, = 120 GeV [@];
(b) Simulated measurement of the e* e | Zhgw cross section for mp,, = 120 GeV with 20 fb '/point at three
center of mass energies compared to the predictions for spin-0 (full line) and typical examples of spin-1 particles (dashed
line) and spin-2 particles (dotted line) [@]; (c) The predicted SM Higgs boson branching ratios. Points with error bars
show the expected experimental accuracy, while the lines indicate the theoretical uncertainties on SM predictions [E].
(d) Cross section for the double Higgs-strahlung process e e ! Zhsmhsu at P s =500 GeV (solid line) and 800 GeV
(dashed line) [@]. The data points show the accuracy for 1 ab *.

into two real Higgs particles in the nal state [ @] A simulation based on 1 ab ! of data is exhibited in
Figure Ed @]. In this way, the cubic term of the scalar potertial can be established at a precision of about 20%.
Such a measurement is a prerequisite for developing the forrof the Higgs potential speci c for spontaneous
electroweak symmetry breaking in the scalar sector.

If the SM Higgs mass is above 200 GeV, then the precision detatination of Higgs couplings will have to be
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‘CouplingHmhsm =120 GeV|mpg, = 140 GeV

hsw WW 1.3% 2.0%
hsw ZZ 1.2% 1.3%
hsmtt 3.0% 6.1%
hsw bb 2.2% 2.2%
hsw CC 3.7% 10.2%
hsw 3.3% 4.8%

TABLE I: Expected accuracies for measurements of Higgs couplings at an " e linear collider for Higgs masses of 120
and 140 GeV in the Standard Model, from Ref. [E]. For the WW and ZZ couplings, 500 fb ! at P s = 500 GeV are
assumed. For bb, cC, and , the study assumes 500 fo ! at Ps =350 GeV; for tt, 1ab ! at P'5 =800 Gev.
reconsidered. The SM Higgs discovery reach at the LC is maximed by considering both the Higgs-strahlung
process,e*e ! Zhgy, and the vector boson fusion processe*e ! h sw. For example, the analysis of
Ref. [@] suggests that for an integrated luminosity of 5006 *, a Higgs boson with mass up to about 650 GeV
will be observable at the LC with P s = 800 GeV. For Higgs masses abovét threshold, one can measure the
tthsy Yukawa coupling by observing Higgs bosons produced by vectdoson fusion which subsequently decay
to tt. The analysis of Ref. @5] nds that at the LC with P 5=2800 GeV and 1 ab ! of data, the tthsy Yukawa
coupling can be determined with an accuracy of about 10% for aliggs mass in the range 350|500 GeV.

The e" e linear collider with center-of-mass energyp§ can also be designed to operate in a collision
mode. This is achieved by using Compton backscattered photus in the scattering of intense laser photons on
the initial polarized e beams @@] The resulting  center of mass energy is peaked for proper choices
of machine parameters at about 08p s. The luminosity achievable as a function of the photon beam mergy
depends strongly on the machine parameters (in particularthe choice of laser polarizations). The photon collider
provides additional opportunities for Higgs physics [6¥,[@, [9.[70,[7]L]. The Higgs boson can be produced as an
s-channel resonance in  collisions, and one can perform independent measurements$ warious Higgs couplings.
For example, the product ( hgy ! )BR(hgy ! bb) can be measured with a statistical accuracy of about
2|10% for 120 GeV < my,, < 160 GeV with about 50 fb * of data [69, [70,[7]L]. Using values for BRifsw ! bb)
and BR(hgpy ! ) measured at thee™ e linear collider, one can obtain a value for the total Higgs with with
an error dominated by the expected error in BRhgy ! ). For heavier Higgs bosonsmy,,, > 200 GeV, the
total Higgs width can in principle be measureddirectly by tuning the collider to scan across the Higgs resonance.
One can also use the polarization of the photon beams to mease various asymmetries in Higgs production
and decay, which are sensitive to the CP quantum number of theHiggs boson |EO].

Finally, we note that substantial improvements are possibke for precision measurements ofny, m; and
electroweak mixing angle measurements at the LC|E3]. But, lhe most signi cant improvements can be achieved
at the Gigaz [@], where the linear collider operates aP s=mz and P s' 2my . With an integrated luminosity
of 50 fb 1, one can collect 15 10° Z events and about 16 W*W pairs in the threshold region. Employing
a global t to the precision electroweak data in the Standard Model, the anticipated fractional Higgs mass
uncertainty achievable would be about 8%. This would provice a stringent test for the theory of the Higgs
boson, as well as very strong constraints on any new physicselyond the Standard Model that couples to the
W and Z gauge bosons.
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B. Higgs Bosons in Supersymmetric Extensions of the Standar d Model

We rst focus on the production of h, H, A and H of the MSSM. The main production mechanisms are
(i) single Higgs production (e"e ! Zh, ZH) via Higgs-strahlung, (ii) associated neutral Higgs pair production
(ete ! hA, HA) via s-channel Z exchange, and (iii) charged Higgs pair production €'e ! H*H ).
Processes (i) and (ii) are complementary to each other as a osequence of unitarity sum rules for tree-level
Higgs couplings [7B]. In particular, g%, +4m3g%, = g?mi=cod w (for = h, H), which shows that both
92ZZ and ngz cannot simultaneously vanish. Forma > 200 GeV, one nds that my  my my Mmn
and guzz Ohaz 0, as a consequence of the decoupling limit in which the propges of h are nearly
indistinguishable from those of the SM Higgs boson|E4]. Ths, at the LC with center-of-mass energyp s, the
Higgs-strahlung of the lightest Higgs bosonzh and pair production of the heavy Higgs bosondHA and H* H
are dominant if mpy < P s=2. In this case, the heavy Higgs states can be cleanly recomstted at the linear
collider, as seen in Figure|]6a ancl]6b. On the other hand, since, < 135 GeV, a center-of-mass energy of 300
GeV is more than su cient to cover the entire MSSM parameter space with certainty. Thus, the light Higgs
boson, h, is accessible at the LC while the observation oH, A and H is possible only ifp S is su ciently
large. The heavier Higgs states could lie beyond the discowe reach of the LC (p s 1 TeV), and require a
multi-TeV linear collider for discovery and study. In this c ase, the precision measurements of the light Higgs
decay branching ratios and couplings achievable at ae* e linear collider are critical for distinguishing between
hsy and h of a non-minimal Higgs sector with properties close to that d the SM Higgs boson.

To illustrate the challenge of probing the decoupling limit, suppose thatmpa > P s=2 so that only the light
Higgs boson,h, can be observed directly at the LC. However, in this region & decoupling the deviation of
the couplings of h from those of the SM Higgs boson approach zero. In particularthe fractional deviation
scales agnZ =m3, so that if precision measurements reveal a non-zero deviamn, one could in principle derive a
constraint on the heavy Higgs masses of the model. In the MSSMhe constraint can be sensitive to the MSSM
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FIG. 6: Heavy MSSM Higgs states at the LC for p§ = 800 GeV [E]: (a) Reconstructed H and A mass peak from

e'e | HA | bblbfor 50 fo * of data; and (b) the dijet invariant mass distribution for e"e ! H*H | thib
candidates after applying the intermediate t and W mass and the equal final state mass constraints for 500 fb * of data.
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FIG. 7: Contours of 2 for Higgs boson decay observables for the maximal mixing scenario [left panel] and for a di [erent
choice of MSSM parameters for which the one-loop shift to the hbb coupling is large [right panel]. See Ref. [@] for
additional details. The contours correspond to 68, 90, 95, 98 and 99% confidence levels (right to left) for the three
observables gZy,, 0, and gy, -

parameters which control the radiative corrections to the Hggs couplings. This is illustrated in Figurel], where
the constraints onmp are derived for two di erent sets of MSSM parameter choicesE]. Here, a simulation of a
global t of measured hbh h  and hgg couplings is made and ? contours are plotted indicating the constraints
in the ma{tan plane assuming a deviation from SM Higgs couplings is seenn the maximal mixing scenario,
the constraints on mu are signi cant and rather insensitive to the value of tan . However in some cases, as
shown in Figure |]b, a region of tan may yield almost no constraint on ma. Of course, if supersymmetric
particles are discovered prior to the precision Higgs measements, additional information about the MSSM
spectrum can be employed to further re ne the analysis.

The e€" e collider running in the collider mode presents additional opportunities for the sudy of the
MSSM Higgs sector. Resonance production ! H and A can be used to extend the reach in Higgs masses
beyond the limit set by HA pair production in the €"e mode ,,EG]. Typically, one can probe the heavy
Higgs masses out tama 0:8p s (where P s is the center of mass energy of the LC). This extends the MSSM
Higgs search to regions of thema{tan parameter space for which the LHC is not sensitive in genera(the
so-called \blind wedge" of largema and moderate values of tan ).

As noted above, at least one Higgs boson must be observable #te LC in the MSSM. In non-minimal
supersymmetric models, additional Higgs bosons appear inhe spectrum, and the \no-lose" theorem of the
MSSM must be reconsidered. For example, in the non-minimal gpersymmetric extension of the Standard
Model (the so-called NMSSM where a Higgs singlet is added tohe model ]), the lightest Higgs boson
decouples from theZ boson if its wave function is dominated by the Higgs singlet omponent. However, in this
case the second lightest Higgs boson usually plays the rold o of the MSSM. That is, the mass of the second
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lightest neutral CP-even Higgs boson is light (typically below 150 GeV) with signi cant couplings to the Z,
so that it can be produced by the Higgs-strahlung process wi an observable cross sectiori__[VB]. If the second
lightest Higgs boson also decouples from th&, then the third lightest will play the role of the lightest CP -even
Higgs boson of the MSSM for which the observation is ensuredind so on. Even in bizarre scenarios where all
the neutral Higgs boson share equally in the coupling tazZ (with the sum of all squared couplings constrained
to equal the square of thehsyZZ coupling ]), the \no-lose" theorem still applies|Higgs production at the
LC must be observable EQ]. In contrast, despite signi cantprogress, there is no complete guarantee that at least
one Higgs boson of the NMSSM must be discovered at the LHC forllachoices of the model parameters@O].

One of the key parameters of the MSSM Higgs sector is the valuef the ratio of Higgs vacuum expectation
values, tan . In addition to providing information about the structure o f the non-minimal Higgs sector,
the measurement of this parameter also provides an importancheck of supersymmetric structure, since this
parameter also enters the chargino, neutralino and third geeration squark mass matrices and couplings. Thus,
tan can be measured independently using supersymmetric procgss and compared to the value obtained from
studying the Higgs sector. Near the decoupling limit, the properties of h are almost indistinguishable from
those ofhgy, and thus no information can be extracted on the value of tan . However, the properties of the
heavier Higgs bosons are tan-dependent. Far from the decoupling limit, all Higgs bosonsof the MSSM will be
observable at the LC and exhibit strong tan -dependence in their couplings. Thus, to extract a value of &n
from Higgs processes, one must observe the e ects of the hdav Higgs bosons of the MSSM at the LC.

The ultimate accuracy of the tan measurement at the LC depends on the value of tan. In Ref. [@], it
is argued that one must use a number of processes, includiriptb nal states arising from bbH, bbA, and HA
production, and ttbb nal states arising from tbH*, btH and H*H production. One subtlety that arises
here is that in certain processes, the determination of tan may be sensitive to loop corrections that depend
on the values of other supersymmetric parameters. One musteitle on a consistent de nition of tan  when
loop corrections are included [analogous to the ambiguityn the de nition of the one-loop electroweak mixing
angle]. A comprehensive analysis of the extraction of tan from collider data, which incorporates loop e ects,
has not yet been given.

The study of the properties of the heavier MSSM Higgs bosonsnfass, width, branching ratios, quantum
numbers, etc.) provides a number of additional challenges. For example,n the absence of CP-violation, the
heavy CP-even and CP-odd Higgs bosonsd and A, are expected to be nearly mass-degenerate. Their CP
guantum numbers and their separation can be investigated atthe same time in the photon-photon collider
mode of the LC. If linearly polarized photons are used in par#lel polarization states, only the CP-even Higgs
bosonH will be produced, while in perpendicular polarization states only the CP-odd Higgs bosom will be
produced. Thus, the CP quantum numbers and the separation ofhe two di erent states can be achieved. So far,
we have implicitly assumed that the neutral Higgs bosons areCP eigenstates. In the MSSM, the Higgs-sector
is CP-conserving at tree-level. But, in supersymmetric moels with explicit CP violation, radiative corrections
can induce nontrivial CP-mixing among the neutral Higgs states @]. In the decoupling limit, the lightest Higgs
boson, h, remains CP-even, while the two heavier Higgs states mix anaxhibit CP-violating interactions with
fermions ]. In non-minimal supersymmetric extensions bthe Standard Model, the more complicated Higgs
sectors can also exhibit CP-violating properties. In the cae of a CP-violating Higgs sector, the observation and
measurement of the Higgs bosons become much more challengjrand ane* e collider can uniquely test the
nature of the couplings of the Higgs neutral eigenstates of med CP parity to gauge bosons and fermions.
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C. Strong Electroweak Symmetry Breaking Dynamics

Important steps in exploring strong electroweak symmetry kreaking can be taken already at the LC with

P s 500 GeV and an integrated luminosity of 500 fb ! and above. Even if the masses of new heavy resonances
associated with the symmetry breaking sector are in the TeV ange, their e ects can be indirectly observed at the

N

LC with " s

can be covered up to scales of 3 Te\L_[B4]. Strong quasi-elastiVW scattering, the W bosons emitted from the

1TeV.Inete ! W*W | the entire threshold region for the onset of the new strongteractions

high-energy electron and positron beams, can be studied dictly up to scales of the same size}__LBS]. Isospin-zero
resonance channels as well as isospin-two exotic channeleaccessible in this way. New -type resonances can
be studied as virtual states for masses up to several TeV, adlustrated in Figure . Pseudo-Goldstone bosons
may be accessible ire* e annihilation and collisions up to a few hundred GeV @6].

Strong gauge boson interactions also can induce anomalousle and quartic gauge couplings at tree-level.
Both CP-conserving and CP-violating couplings are possit#. For example, precision measurements of the
processete ! W*W are sensitive to anomalous contributions to the static magmtic and electric dipole and
guadrupole moments. The expected errors in the anomalous cplings, relative to the Standard Model triple
gauge boson coupling, range from 10* to 10 3 at the LC with p§ =500 GeV to 1 TeV and an integrated
luminosity of 0:5 to 1 ab . At these accuracies, one can begin to probe the contributios to the anomalous
couplings from Standard Model (or MSSM) perturbative one-loop corrections. Corrections due to the strong
electroweak symmetry breaking sector are likely to be of thesame order of magnitude, or perhaps somewhat
larger, and they can provide independent evidence for the astence of new TeV-scale physics.

A multi-TeV €"e collider is an excellent tool to study new strong interaction resonances in great detail.
Since W bosons can be reconstructed in the jet decay channels, the dgmics of the new resonances can be
explored in a more comprehensive way than at hadron collides. Such a machine is the appropriate instrument
for fully developing the picture of the new strong forces in he electroweak sector.
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FIG. 8: The W W, scattering form factor Fr, for various masses M of a new vector resonance ine*e ! W*W . The
strong threshold e [edts in WW scattering, based on taking the WW amplitude to be exactly given by the amplitude as
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attainable with 500 fb * at © 5 =500 GeV. Taken from [@].
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IV. EWSB PHYSICS AT FAR-FUTURE COLLIDER FACILITIES

A. Probing EWSB at a * Collider

In contrast to Higgs production at electron-positron colliders, the Higgs boson can be produced as as
channel resonance ina*  collider [B7, [83,[8D.[9p[ 91[ 92] with an appreciable rate, ste the Higgs coupling
to muons is su ciently large to generate a sizeable productbn cross section. For a Higgs boson mass in the
lower part of the intermediate mass range, roughly 16 particles can be produced in a few years, with the same
number of background events in thebb channel. Given the expected energy resolution, the Higgs nss can be
measured in such a machine with the accuracy of a few MeV, as slwn in Figure Ea, similar to the precision
of the Z mass measurement at LEP. The Higgs width can be measured diclly from a scan of the Higgs
lineshape, with an accuracy of order 20%. Since the Higgs-son width becomes rapidly wider at the upper
end of the intermediate mass range, the Higgs resonance-sigl is no longer observable at the * collider for
Mpg, ~ 160 to 180 GeV. Anticipating the discovery of a fundamental elation between the Higgs mass and the
Z mass in a future comprehensive theory of particle physics,he high precision with which the Higgs boson
mass can be measured at a muon collider could turn out to be a dical aspect in testing such a theory, in
analogy to the relation between theZ; W masses and the electroweak mixing angle in the Standard Modle

The sharp energy of a muon collider can be exploited to resoésthe nearly mass-degenerate CP-even Higgs
bosonH and the CP-odd Higgs bosonA in supersymmetric theories, as shown in Figure[|9b. Clearlymany
other aspects of the Higgs sector can be studied at a* collider [@, @]. In particular, if polarized beams
are available, one could explore the CP quantum numbers of ta Higgs boson(s) or probe CP-violation in the
Higgs sector. There are several CP-violating observablesyhich are unique to s-channel Higgs production at
the * collider, that can be constructed using muon polarization \ectors ,@] and/or three-momenta and
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spins of the nal particles [@]. These asymmetries are degded for partially polarized muon beams and by
the e ects of the precession of the spins of the colliding beas. Nevertheless, in some cases, the CP quantum
number of the SM Higgs boson or of the neutral Higgs bosons ofraextended Higgs sector can be extracted
with reasonable accuracy@ZES]e(.g., for the MSSM Higgs sector with large radiatively-induced CP-violating
Higgs couplings [8R)).

Of course, the Higgs boson is also produced via the same Higggahlung and vector-boson fusion processes
that operate at e* e colliders. Thus, much of the LC program for Higgs physics is o possible at a *
collider. However, (presumably) reduced luminosities athe *  collider and backgrounds due to the decaying
muons will degrade some of the LC precision Higgs measuremsrpreviously discussed.

B. Probing EWSB at a Very Large Hadron Collider (VLHC)

If strong electroweak symmetry breaking, characterized bya scale of several TeV, is realized in nature, a
proton collider with energies far above that of the LHC ] will be a crucial instrument, complementary to
multi-TeV lepton colliders, to study the dynamics of the system. The signi cance of quasi-elasticW W scattering
signaling either the onset of the new strong interactions otthe formation of new resonances, is greatly enhanced
compared to the LHC, and it provides a motivation for detailed experimental studies.

If the Higgs boson is a composite particle, a proton collidewith very high energies may be a unique instrument
to search for its constituents. Examples include technicadr and top-color theories in which the new quarks may
have masses of several TeV and above. For example, a condetesaf Q¢ Qrc may be responsible for electroweak
symmetry breaking, where Qrc are techniquarks which make up the fundamental representabn of an SU(4)
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FIG. 10: The cross section for technicolor Qtc pair production (solid line) and pair production of SU(2). singlet top-
quark partners, | and g, in top-color models (dashed line) at the VLHC. The calculation assumes one degenerate
isodoublet of techniquarks, and | and  are taken degenerate in mass. The right vertical scale shows the number of
events per year, assuming a total yearly integrated luminosity of 100 fb ®. Taken from Ref. [@].
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technicolor group ]. In the top-seesaw model of Ref|__[j.31he top quark and a novel weak SU(2) singlet
quark are responsible for the dynamical breaking of electroweakysnmetry. The cross sections for production
of these new particles at the VLHC are shown in Figure@@?]However, detailed experimental studies of the
signals and backgrounds in the hadronic environment are neked before rm conclusions can be drawn.

V. CONCLUSIONS

The physical origin of electroweak symmetry breaking is notyet known. In all theoretical approaches and
models, the dynamics of electroweak symmetry breaking musbe revealed at the TeV-scale or below. This
energy scale will be thoroughly explored by hadron collides, starting with the Tevatron and followed later in
this decade by the LHC. Even though the various theoretical dternatives can only be con rmed or ruled out
by future collider experiments, a straightforward interpr etation of the electroweak precision data suggests that
electroweak symmetry breaking dynamics is weakly-coupledand a Higgs boson with mass between 100 and
200 GeV must exist. With the supersymmetric extension of theStandard Model, this interpretation opens the
route to grand uni cation of all the fundamental forces, wit h the eventual incorporation of gravity in particle
physics. The observation of a light Higgs boson at the Tevaton or the LHC is the crucial rst step. However,
a high-luminosity e" e collider, now under development, is needed to clarify the nture of the Higgs boson in
a comprehensive form and to establish scalar sector dynangcas the mechanisnsui generis for generating the
masses of the fundamental particles. If strong electroweakymmetry breaking dynamics is realized in nature,
supporting evidence can initially be extracted from experiments at the LHC and at an €" e linear collider with

s =500 GeV|1 TeV, but the new strong interaction sector can onl y be fully explored at multi-TeV lepton
and proton facilities.

In summary, discovering and interpreting new phenomena reqire energy frontier facilities and high precision
capabilities. The search for the dynamics of electroweak symetry breaking calls for colliders that probe energy
scales from a few hundred GeV up to a TeV. Theoretical explangons of the mechanism of electroweak symmetry
breaking demand new physics beyond the Standard Model at or @ar the TeV scale. There are fundamental
guestions concerning electroweak symmetry breaking and pisics beyond the Standard Model that cannot be
answered without a high energy physics program at are* e linear collider overlapping that of the LHC.
Discoveries at these machines will elucidate the TeV scaleand they will pave the way for facilities that will
explore new and higher energy frontiers at the multi-TeV scée.
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