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Abstract

We examine the prospects for discovering and elucidating the weakly-coupled Higgs sec-
tor at future collider experiments. The Higgs search consists of three phases: (i) discovery
of a Higgs candidate, (ii) verification of the Higgs interpretation of the signal, and (i)
precision measurements of Higgs sector properties. The discovery of one Higgs boson
with Standard Model properties is not sufficient to expose the underlying structure of the
electroweak symmetry breaking dynamics. It is critical to search for evidence for a non-
minimal Higgs sector and/or new physics associated with electroweak symmetry breaking
dynamics. An improvement in precision electroweak data at future colliders can play a
useful role in confirming the theoretical interpretation of the Higgs search results.
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ABSTRACT anomalies in the data could suggest hints of new physics be-

. . . ., _..yond the Standard Model [3], although no deviations have been
We examine the prospects for discovering and eluc'dat'ﬁgorously confirmed

the weakly-coupled Higgs sector at future collider experiments.
The Higgs search consists of three phases: (i) discovery oNevertheless, the verification of the Standard Model is not
a Higgs candidate, (ii) verification of the Higgs interpretatioyi€t complete. Absent to date is any experimental signal that
of the signal, and (iii) precision measurements of Higgs se&1€ds light on the dynamics responsible for electroweak sym-
tor properties. The discovery of one Higgs boson with Stafetry breaking. Any consistent theory of electroweak sym-
dard Model properties is not sufficient to expose the underlyifiggtry breaking must generate Goldstone bosons which are ab-
structure of the electroweak symmetry breaking dynamics. SRrbed by thel¥* and Z gauge bosons, thereby generating

is critical to search for evidence for a non-minimal Higgs seth€ gauge boson masses. The Standard Model posits that elec-
tor and/or new physics associated with electroweak symmetigiveak symmetry breaking is due to the dynamics of a weakly-
breaking dynamics. An improvement in precision electrowe&Rupled complex doublet (with hypercharge one) of elementary
data at future colliders can play a useful role in confirming tif€alar fields. The physical consequence of this model is the ex-

theoretical interpretation of the Higgs search results. istence of a CP-even neutral Higgs boson with mass roughly of
ordermyz. Extensions of this model can easily be constructed,

in which the scalar sector is enlarged. The resulting model then
l. INTRODUCTION contains amon-minimaHiggs sector consisting of neutral Higgs

Present day colliders test the Standard Model at an enePOSOI’]S (of def,mte or indefinite CP depending on the model)
eﬁgﬁ charged Higgs bosons [4].

scale of order 100 GeV. Precision experiments at LEP, SLC a
Tevatron (with some additional measurements at lower enerThe best motivated non-minimal Higgs sector is the two
gies) have measured more than twenty separate experimeidighys doublet model. Starting with two complex scalar dou-
observables, and have confirmed the Standard Model preditets of hypercharge-1 respectively, one finds a Higgs sector
tions with an accuracy of one part in a thousand [1,2]. A fe(after three Goldstone bosons are absorbed to give mass to the
W#* and Z) consisting of five states: a light CP-even Higgs

o Elcrone Pt s o, s ooy oA & heavy CP-cven Scalall, 3 CPodd scalat
Zfrr;'(z:;ncbrgvaci?nd in);he subgrougrepourfs- that féjllow this summga?y rzgort. T lsd a. gharged Higgs paﬂi. ThIS. Is the Higgs sector of
work was supported in part by the U.S. Department of Energy and the NatioHaf Minimal supersymmetric extension of the Standard Model
Science Foundation. (MSSM) [4-6].




In the global fits of LEP, SLC, and Tevatron data based on tiiéorking Group [9]. The focus of this working group is the
Standard Model, there is weak (but non-trivial) sensitivity to theeakly-coupled Higgs sector of the Standard Model, and possi-
Higgs boson mass by virtue of Higgs mediated radiative corrdide non-minimal Higgs sector extensions (including the Higgs
tions. The most recent global fits find that,c < 550 GeV sector of the MSSM). Although there is considerable freedom
at95% CL [2], although some care needs to be taken in intefor the structure of the scalar sector (even after imposing all
preting this limit [7]. The potential for improving this bound aknown theoretical and phenomenological constraints), models
future colliders is discussed in Section Il. In the context of thef the scalar sector often exhibit the following structure: (i)
Standard Model, the Higgs boson in this mass range is nede lightest scalari) is a CP-even neutral Higgs boson with
sarily weakly-coupled. Moreover, such fits also apply to nogeuplings closely approximating those of the Standard Model
minimal Higgs sectors in which the lightest Higgs scalat)( Higgs boson £°,,), and (ii) additional Higgs scalars (neutral
is separated in mass from heavier non-minimal Higgs stateiggs bosons with definite or indefinite CP quantum numbers
Therefore, there is a strong motivation to conduct a vigoroaad charged Higgs bosons) are expected to be heavier (perhaps
experimental search for weakly-coupled Higgs bosons at LERnificantly heavier) tham?, although still weakly-coupled.
and future colliders. This is the so-callediecoupling limitwhich will be discussed

If a Higgs boson with Standard Model properties were di# Section IlIA! In this case, the discovery f ~ hJ, is not
covered, then one might naively conclude that the search for gdficient to probe the underlying structure of the electroweak
model of the elementary particles has been completed. Hdymmetry breaking sector. The essence of the decoupling limit
ever, theorists strongly believe that the Standard Model canifothat the existence of a light CP-even Higgs boson with proper-
be the fundamental model of particles. Apart from the martigs closely approximating those b, is consistent with many
parameters of the Standard Model which must be inserted fgssible non-minimal Higgs sectors. Thus, the discovery of the
hand (with no explanation), there is a theoretical problem ireavy non-minimal Higgs scalars is essential in order to probe
the Standard Model associated with the very large hierarchytbe details of the electroweak symmetry breaking dynamics.
energy scales. We know that the Planck scalg;, ~ 10'° The MSSM provides a natural framework for light elementary
GeV, exists in nature; it characterizes the energy scale abdliggs scalars. The Higgs sector of the MSSM is a constrained
which gravitational interactions cannot be neglected relativetwo-Higgs-doublet model, whose tree-level properties are deter-
the strong and electroweak interactions of the elementary pained by two free parameter (typically chosen to be the mass
ticles. Given the existence of such a large energy scale, éighe CP-odd stated”, and the ratio of vacuum expectation
must explain how the scale of electroweak symmetry breakingluestan 3). The decoupling limit of the model corresponds
which is so small when expressed in units of the Planck scéem 40 >> m; in this limit, the properties ok® become iden-
(mz ~ 1017 Mpy), could be generated by a fundamental thdical to those of:2,,. Extensions of the MSSM Higgs sector are
ory of particles that includes gravity. Related to this question#@so possible. For example, the simplest non-minimal super-
the theoretical problem of generating a “naturally” light Higgsymmetric extension of the Standard Model (NMSSM) consists
boson (with a mass of orden,; < Mpr,), since in the Stan- of a Higgs sector with two doublets and one singlet of com-
dard Model, there is no symmetry that can protect the masspi#x Higgs fields [10]. Thus, a detailed exploration of the scalar
an elementary scalar from being driven up\fgy, via radiative sector has the potential for probing both the electroweak sym-
corrections. These problems are intimately connected with thetry breaking dynamics and the underlying supersymmetric
dynamics that generates electroweak symmetry breaking. structure of the theory.

Attempts to solve the problem of hierarchy and the relatedPresent experimental data tells us that the Higgs sector must
problem of the unnaturally light Higgs boson inevitably lead t8e compatible with
the existence of new physics at the 1 TeV energy scale or be- () p=m /m% cos® Oy ~ 1;
low. Possible mechanisms invoke either supersymmetry [5] (a
symmetry that can protect the masses of elementary scalars) or
dynamical electroweak symmetry breaking [8] (which typically

(i) the absence of significant Higgs mediated flavor
changing neutral currents;

eliminates elementary scalar fields completely). Which pathna- ~ (iii) the absence of significant virtual charged Higgs
ture chooses can only be determined through experimentation. mgdl;ated' effects (which can contribute.g, to
Thus the central goals of the future colliders program are: to B"-B° mixing, b — sy andZ — bb).

explore the dynamics of electroweak symmetry breaking, aggen after imposing such model constraints, there is still sig-
to determine its implications for the structure of the Standagfficant freedom in the structure of the Higgs sector. Ex-
Model and the nature of physics that lies beyond the Standafit Higgs sectors (beyond those mentioned above) are easily
Model. constructed that satisfy all present day phenomenological con-
In this report, we assume that nature chooses a wealdyraints. Such Higgs sectors could arise in models with extended
coupled Higgs sector as the source of electroweak symmegguge groups, models with exotic scalar multiplets, or models
breaking dynamics. We do not address the alternative approadth a lepton number violating sectoe.g, in R-parity violat-
which invokes strong interaction dynamics as the source of eléng models of low-energy supersymmetry [11], in which there
troweak symmetry breaking. The phenomenology of the eIl_'I(’_llt could be that all scalar states are somewhat close in mass, with no state

troweak symmetry break_ing sector in this latter case is eXpIQrﬁdisessing couplings that match those predicted by the Standard Model. This
by the Strongly Interacting Electroweak Symmetry Breakingse is actually simpler to address experimentally and interpret theoretically.




is no distinction between scalar lepton superpartners and Hi ] . . - .
bosons). Sorting out the details of the scalar sector will be og'r%%Ie. I Approved and pos§|ble future coIhdgr facilities consid-
red in this study. LEP-2 is currently running, but has not yet

of the fundamental challenges for future collider experiment . . MU .
tion g P reached its design energy and luminosity [12]. Experimenta-

ion at the Tevatron Main Injector (M.1.) is often referred to in

. - i
The Weakly-Coupled Higgs Boson and Precision Ele{:‘;I .
troweak Physics Working Group program consisted of the fo e text as Run l. Center of mass enexgy and design annual

Integrated luminosity are specified.

lowing tasks:
o Name Type NG Annual [ £
1. Extend present day precision tests of the Standard Model A g
L . . . pproved:
This will serve to tighten constraints on the Higgs sector LEP-2 ete- 192 GeV 170 pb'

and perhaps uncover deviations from the Standard Model

and provide evidence for new physics beyond the StandardTévatron (M.l)  pp 2TeV 2fo!
Model. LHC pp 14 TeV 100 fo!
. . ., Possible:
2. Evaluate the Higgs boson discovery reach of future collid- ossible ~
ers TeV-33 pp 2 TeV 30!
NLCT efe” 0.5-1.5TeV 50-200 fi!

High energy colliders are needed to directly produce the Fo .
massive Higgs bosons. However, the cleanest decay chan- ( with e, vy, e”e™ options)

nels of the Higgs boson usually have rather small branch-FMC ptp~  0.5-4TeV  50-1000 fb*
ing ratios. Thus, high luminosity is critical to insure that
Higgs signals can be extracted from the Standard model

backgrounds. In Table I, we list the approved and possi-

ble future collider facilities considered in our study. Fur- This report consists of four parts. Following this Introduc-
thermore, specia| features of the collider detectors (Suchtw, Section I brlefly summarizes the results of the Precision
the high resolution for the electromagnetic calorimeter félectroweak physics subgroup. Section Ill discusses some the-
hY . — ~v, and highb tagging efficiency) are also requirecPretical issues that are important for the considerations of the
in order to maximize the significance of the Higgs signalliggs discovery and properties subgroups. Section IV summa-

Thus, establishing the discovery reach for future collidefiges the essentials of Higgs phenomenology at future colliders.
is an important and non-trivial first step in the pursuit of he conclusions and some final thoughts are given in Section V.

the Higgs boson. The details underlying Sections Il and IV can be found in the
subgroup reports that follow this summary report [13,14].

3. Consider precision measurement&bproperties
The discovery of the Higgs boson will complete the experiJ l. PRECISION ELECTROWEAK PHYSICS AT
mental verification of the Standard Model. Once the Higgs FUTURE COLLIDERS

boson is discovered, one must check that it does indee .

. . . . n the electroweak Standard Model, there are two coupling
possess couplings to particles proportional to their masses. ) :

. ) ~parametersg and ¢’, of SU(2);, x U(1)y gauge interac-
One should quickly be able to verify that the properti€s . .

ions. The vacuum expectation value of the scalar fieldets
of the scalar state roughly match those expected for the +
. . e mass scale. At tree level, thE= and Z boson masses

Standard Model Higgs boson. More precise measurements - .
,mz, as well as the weak mixing angiia 6y, are deter-

may be required to detect deviations of the observed Higg:

royertiesqfrom that of tha® . The difficulty of this lat- 9ined by these three parameters. Alternatively, one may use the
prop . SM* Uity . r;|3recisely measured quantities—the electromagnetic coupling
ter task will depend on how close one is to the decoupli 9 stanty. the muon decay const andm ;—as inputs to

. . ’ aﬁlﬁ Z—
limit (see Section H1IA). evaluate the other electroweak parameters. When the radiative

4. Evaluate the potential for direct detection of the nofforrections are taken into account, the relations among these
ameters become dependentrop m,o as well as other

minimal Higgs states and the measurement their propertf&& &' S s .
possible contributions from new physics. Therefore, precision

This is essential for probing the nature of the electroweglectroweak measurements not only check the consistency of
symmetry breaking dynamics. In addition, the nonrhe Standard Model, but also constrain,, and other new
minimal Higgs states may be sensitive to physics assoghysics [15,16]. S

ated with the hierarchy problem (for example, the prop-The Precision Electroweak Physics subgroup [13] paid spe-
erties of the non-minimal Higgs states in supersymmetiigy| attention to the measurementsiofy, m; andsin fyy at fu-
models can provide important checks of the supersymmgire collider experiments. The implications for the constraints
ric dynamics). The non-minimal Higgs sector imposes thg ., , are also discussed.

most stringent requirements on the collider facility. To ac- Curfé‘nﬂy, the world average values fafy andm; are

complish this task may require the highest energies and

luminosities now being considered. mw = 80.356 £ 0.125 GeV, m; =175+6 GeV. (1)



The precision which can be achieved fagy andm; mea- o o o et
surements at different colliders is summarized in Table Il ad@ble IV: Anticipated precision fosin® 62" measurement at

Table IIl, respectively. Table entries are taken from Ref. [1&}ture colliders.

unless otherwise indicated.
Collider §sin® 67" (x1074)
Table II: ExpectedV mass precision at future colliders. SLC2000 [20] 1.2
TeV-33 (10 fo 1) 2
Collider omw (MeV) LHC (10 fb—1) 3
NLC (10 fb—1) 0.6
NuTeV [17] 100
HERA (1000 pi'!) 60
LEP-2 (4x25 pb™1) 144 _ . _ _
LEP-2 (4x500 pb-1) 40 My - As an |IIustr§1t|on, Fig. 1 shows the mass correlation for
! 35 myy Versusmpg with m; = 176 £+ 2 GeV. A measurement of
Tevatron (2 ) themyy with a precision obmy = 10 MeV and ofm,; with an
TeV-33 (10fb ") 20 accuracy of 2 GeV thus translates into an indirect determination
LHC (10fb™ 1) 15 of the Higgs boson mass with a relative error of about
NLC (50 fb=1) [18] 15 5mth/mth ~ 20%. (5)
FMC (10 fo—') [19] 20

However, it should be noted that to reach such a high precision,
other sources of uncertainty, suchcgsn? ), as and theoretical
uncertainties that arise when extractingy [21] andm; [22],
must be kept under control.

Table Ill: Expected top quark mass precision at future colliders.

80.5\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
Collider om; (GeV)
Tevatron (2 fio!) 4 80.45
TeV-33(10fb 1) 2 ' M,, = 80.330+ 0.010 GeVft
LHC (10 fb™1) 2
NLC (50 fbo—1) [18] 0.12 604 M, = 176.0+ 2.0 GeV/¢ B
FMC (10 fb~1) [19] 0.2 <
>
@ 80.35
The weak mixing angle is conveniently defined by s
1 80.3
. 2 plept gve
sin® 0, 1 (1 gAZ> , (2)
80.25
wheregy, andg 4, are the effective vector and axial vector cou-
pling constants of the leptons to ttieboson. They are mea-
sured with very high precision frorff leptonic decays [1,2] at 802 o 300 400 506 800700 806 900" 1000
LEP-I (forward-backward asymmetries) and at SLC (left-right M, (GeVié)

asymmetries). The relation betweein? afgjg;t and the weak

.. . —_— .2 I~ . .
mixing angle in the\S schemesin” Ow (M7) is given by Figure 1:my versusmy,o for m; = 176 + 2 GeV/Z. The

theoretical predictions iﬁcorporate the effects of higher order
electroweak and QCD corrections.

A fit to the combined current LEP-I and SLD asymmetry data

sin 002" ~ sin” Gy (Mz) + 0.00028. (3)

yields [2]
. le
sin” 0" = 0.23165 +0.00024. 4 l. THEORETICAL CONSIDERATIONS FOR
The anticipation for the measurementgn® 6'%* at future THE WEAKLY-COUPLED HIGGS SECTOR
experiments is summarized in Table IV. A. The Decoupling Limit

The high precision measurementsaafG, andmz, along
with the improved measurements:afy, m; andsin fy,, may In this section, we discuss the theoretical implications of the
indirect shed light on the Standard Model Higgs boson madiscovery of the first neutral Higgs boson, denoted:byOnce



this state is discovered, one must check its theoretical interpk#SSM, the decoupling regime is reached omggo > 2m .
tation. A Higgs state is predicted to couple to particles with colthe parametem 40 arises in the MSSM from the supersym-
pling strengths proportional to the particle masses. After its iniaetry breaking sector. The success of the Standard Model in
tial discovery, it should be straightforward to verify whether itaccounting for precision electroweak data suggests that if the
properties roughly match those expected of the Standard Mo SM is correct, then the supersymmetry breaking scale is
Higgs bosonh?,,. somewhat higher tham ; (though it must not be much higher

In order to interpret the significance of the first Higgs dighan 1 TeV if it is to explain the origin of the electroweak
covery, it is important to appreciate the concept of deeou- scale). Likewise, one might expeet,o to also be somewhat
pling limit [23,24]. First, consider the Standard Model Higgkigher thanm . Thus, in the MSSM, there is some expec-
boson. At tree-level, the Higgs self-coupling is related to itation that the Higgs sector approximately satisfies the decou-
mass. If\ is the quartic Higgs self-interaction strength, thepling limit. Although this argument is clearly not definitive, it
A= 3migM /v? (Wherev ~ 246 GeV is the Higgs vacuum ex- will become more persuasive if supersymmetry and/or the non-
pectation value which is fixed by tH&* massw = 2my /g). Minimal Higgs sector is not discovered at LEP-2 or the Teva-
This means that one cannot takg, arbitrarily large without o
the attendant growth id. That is, the heavy Higgs limit in the The phenomenological consequences of the decoupling
Standard Model is non-decoupling. In models of a non-minimgime are both disappointing and challenging. In this case,
Higgs sector, the situation is more complex. In some modéls (once discovered) will exhibit all the expected properties of
(with the Standard Model as one example), it is not possible/téu- The existence of the non-minimal Higgs sector will still
take any Higgs mass much larger th@fw) without finding at b€ unconfirmed. It will require precision measurements or the
|east one Strong H|ggs Se|f-coup|ing [23] In Other mode'sy oH&heSt energies and Iuminosities at future CO||ideI’S to either
finds that the non-minimal Higgs boson masses can be taki&iect a deviation from Standard Model Higgs physics or to
large at fixed Higgs self-couplings. Such behavior can aridéectly detect the non-minimal Higgs states and explore their
if the model possesses one (or more) additional independ@fPerties. In contrast, in the non-decoupling regime, more than
mass parameters beyond the diagonal scalar squared-ma§§@sHiggs state is expected to populate the mass region where
In the limit where the additional mass parameters are tak&§ first Higgs boson is found. The properties of the first Higgs
large [keeping the dimensionless Higgs self-couplings fixed afi@te will show a marked deviation froht,, properties. Ex-
< O(1)], the heavy Higgs states decouple, while both light arRgriments that can discover the Higgs boson will have access to
heavy Higgs bosons remain weakly-coupled. In tiisoupling Many scalar sector observables.
limit, exactly one neutral CP-even Higgs scalar remains light,
and its properties are precisely those of the (weakly-coupled) B. Implications of a Higgs Discovery
Standard Model Higgs boson. . for New High Energy Scales

In this report, we shall always assume that all Higgs scalars

are weakly-coupled (hence the name of this working group) Phenomenologists and experimentalists who plan the Higgs
Then, the decoupling limit is one whetd ~ KO, m,0 ~ searches at future colliders spend much effort in designing a

sm?

O(mz), and all other non-minimal Higgs states are signif§€arch for the Standard Model Higgs boson. However, the term

cantly heavier tham,0. Squared-mass splittings of the heav‘)‘,Standard Model Higgs boson” is meaningless unless additional
H|ggs states are (I'D(mzz)' which means that all heavy Higgsinformation is prOVided. This is because the Standard Model
states are approximately degenerate, with mass differencedssiif cannot be a fundamental theory of particle interactions. It
orderm? /m 4o (herem 4o is approximately equal to the com-must break down once the energy is raised beyond some critical
mon heavy Higgs mass scale). In contrast, if the non-mininfgaleA. What is the value oA? Of course, this is unknown at
Higgs sector is weakly coupled but far from the decoupliﬁgese”t-/\ can lie anywhere between a few hundred GeV and
limit, then A0 is not separated in mass from the other Higghe Planck scalel(pr, ~ 10" GeV).
states. In this case, the properfies 10 differ significantly =~ Theorists who study the phenomenology of the Standard
from those ofh?, . Model usually do not need to know the value/of At energy

The decoupling limit arises naturally in many approaches. Fegales below\, the new physics beyond the Standard Model
example, in models of Higgs doublets (and singlets), with rftgcouples, leaving a low-energy effective theory which looks
artificial discrete symmetries imposed, the decoupling limit @most exactly like the Standard Model. However, the discov-
reached when off-diagonal Higgs mass parameters are taRén Of the Higgs boson provides an opportunity to probe the
large. Naturalness properties suggest that all such parametafde ofA. Consider the behavior of the quartic Higgs self cou-
should reflect the highest possible energy scale consistent iilRg, A, as a function of the energy scale. At low-energies,
the model. In models that introduce new TeV scale physics fo= 3migM/U2- If one solves the one-loop renormalization
explain the dynamics of electroweak symmetry breaking), theg@up equation foA(u), one finds thad increases with energy
mass parameters are expected to be associated with this seste .. Eventually\(x) becomes infinite at the so-called Lan-
physics. The paradigm for this discussion is the MSSM. In thiau pole. Although this behavior could have been an artifact of
2The basic property of the Higgs coupling strength proportional to masstlrge one-loop approximation, lattice results confirm that the the-
maintained. But, the precise coupling strength patterns®ofiill differ from  OTy breaks down at scales near the Landau pole [25]. Thatis, we
those ofhd,, in the non-decoupling limit. may associatd with the Landau pole. Conversely, fixing the




value of A leads to an upper bound on the low-energy value tife MSSM is boundedn o < myz|cos28| < mz. If this pre-

A, or equivalently to an upper bound ony,o . For example, if diction were exact, it would imply that the Higgs boson must be
A = Mpy, thenmhgM < 200 GeV [26,27]. Lower values ok discovered at the LEP-2 collider (running at its projected max-
imply a higher Higgs mass upper bound. Sirichad better be imum center-of-mass energy of 192 GeV, with an integrated
larger thanmhgM (since we are assuming the Standard ModkIminosity of 150pb~"'). Absence of a Higgs boson lighter
is a valid low-energy effective theory over some range of en¢éhanm would apparently rule out the MSSM. When radiative
gies), one can deduce an absolute Higgs mass upper boundoofections are included, the light Higgs mass upper bound is
about 700-800 GeV. Similar conclusions are reached by lattioereased significantly. In the one-loop leading logarithmic ap-

computations [25]. proximation [31],
The stability of the Higgs potential also places non-trivial A
constraints on the Higgs mass, due to the large value of the top 9 9 9 39°m} M£2
! T . mio < My cos” §+ 5 — |, (6)
quark mass. (More refined limits require only a metastable po- 8m2m3y, m;

tential with a lifetime that is long compared to the age of the

universe.) For example, recent computations of Refs. [28] antlere M; is the (approximate) common mass of the top-
[29] show that ifA = Mpry,, then form; = 175 GeV the Higgs squarks. Observe that the Higgs mass upper bound is very sen-
mass must be larger than about 120 GeV. If a Higgs boson weiive to the top mass and depends logarithmically on the top-
discovered whose mass lies below this limit, then one wouwduark masses. Although eq. (6) provides a rough guide to the
conclude that new physics beyond the Standard Model must Bliggs mass upper bound, it is not sufficiently precise for LEP-
ist at some scale below/pr,. As an example, if a Higgs boson2 phenomenology, whose Higgs mass reach depends delicately
of mass 100 GeV were discovered, then new physics beyondgpethe MSSM parameters. In addition, in order to perform pre-
Standard Model must enter at or below an energy scale of or@gion Higgs measurements and make comparisons with theory,
A =1000 TeV (based on the graphs presented in Ref. [29]). @ more accurate result for the Higgs sector masses (and cou-
course, in this case, if all the new physics were confined to fiings) are required. The formula for the full one-loop radiative
in the vicinity of 1000 TeV, then LHC phenomenology wouldorrected Higgs mass has been obtained in the literature, al-
find no deviations from the Standard Model. Thus, physicistsough it is very complicated since it depends in detail on the
who plan searches for the Standard Model Higgs boson are vigual contributions of the MSSM spectrum [32]. Moreover, if
wasting their time. In particular, evenf is rather close to the the supersymmetry breaking scale is larger than a few hundred
TeV scale, one would expect the lightest Higgs boson to retaeV, then RG methods are essential for summing up the effects
all the properties of the Standard Model Higgs boson. of large logarithms and obtaining an accurate prediction.

The MSSM provides a nice illustration of these considera-The computation of the RG-improved one-loop corrections
tions. A Higgs boson of mass 100 GeV (and with properties aquires numerical integration of a coupled set of RG equa-
proximating those oh?,,) is perfectly consistent in the contextions [33]. (The dominant two-loop next-to-leading logarith-
of the MSSM. In this case, the Standard Model breaks dowmic results are also known [34].) Although this program has
at an energy scale far below 1000 TeV, due to the existeriimen carried out in the literature, the procedure is unwieldy and
of supersymmetric partners whose masses are no heavier thaineasily amenable to large-scale Monte-Carlo analyses. Re-
(roughly) 1 TeV. In particularh® ~ K2, in the MSSM as long cently, two groups have presented a simple analytic procedure
asm 40 2 2mz, as noted in Section IlIA. for accurately approximating.,o. These methods can be eas-

ily implemented, and incorporate both the leading one-loop and
two-loop effects and the RG-improvement. Also included are
C. Higgs Mass Bounds in Low-energy the leading effects at one loop of supersymmetric thresholds
Supersymmetric Models (the most important effects of this type are squark mixing ef-
fects in the third generation). Details of the techniques can be

If the minimal supersymmetric extension of the Standafgund in Ref. [35] and [36], along with other references to the
Model (MSSM) is correct, then we should identify the scalgriginal literature. Here, we simply quote two specific bounds,
A at which the Standard Model breaks down as the scalegfsumingn, = 175 GeV andM; < 1 TeV:myo < 112 GeV if
low-energy supersymmetry breaking. In models of low-energyp-squark mixing is negligible, whilev,0 < 125 GeV if top-
supersymmetryA is presumed to lie between, and about squark mixing is “maximal”. Maximal mixing corresponds to
1 TeV. The mass of the light CP-even neutral Higgs bo#dn, an off-diagonal squark squared-mass that produces the largest
in the MSSM can be calculated to arbitrary accuracy in termglue ofm,o. This mixing leads to an extremely large splitting
of two parameters of the Higgs sectam 0 andtan 3 [30], of top-squark mass eigenstates. Current state of the art calcula-
and other MSSM soft-supersymmetry-breaking parameters thghs can obtain a mass bound for the light CP-even Higgs bo-
affect the Higgs mass through virtual loops [31]. If the scalkn of the MSSM that is reliable to within a few GeV. Of course,
of supersymmetry breaking is much larger thag, then large the bound one finally obtains is very sensitive to the top quark
logarithmic terms arise in the perturbation expansion. Thesgiss, and depends crucially on the upper bound one chooses to
large logarithms can be resummed using renormalization grglace on supersymmetric particle masses. In this report, a con-
(RG) methods. servative bound ofn,0 < 130 GeV was used as input to the

At tree level, the mass of the lightest CP-even Higgs bosongienomenological analysis.



The charged Higgs mass is also constrained in the MSSM. Kiggs signal can be unambiguously detected above the Standard
tree level,m?,. = mj, + m%,, which implies that charged Model background. In this discussion, we shall focus mainly on
Higgs bosons cannot be pair produced at LEP-2. Radiative citre Standard Model Higgs bosoh?(,) and the Higgs bosons
rections modify the tree-level prediction, but the corrections anéthe MSSM ¢°, H°, A°, and H*). At present, taking into
typically smaller than the neutral Higgs mass corrections desecount data from LEP-1 and the most recent LEP-2 data (at
cussed above. Althouglugz+ > my is not a strict bound /s = 161 and 172 GeV), one can exclude a Higgs boson of
when one-loop corrections are included, the bound holds apassinyy < 70.7 GeV [38]. The MSSM bounds are a little
proximately over most of MSSM parameter space (and canimere complicated, since they depend primarily on two Higgs
significantly violated only whenan 3 is well below 1, a region sector parameters, but with some dependence on the MSSM
of parameter space that is theoretically disfavored). spectrum which affects Higgs masses and couplings through

The MSSM Higgs mass bounds do not in general apphrtual loop effects. The current MSSM Higgs mass bounds
to non-minimal supersymmetric extensions of the Standaz®clude the massranges;o. < 62.5 GeV (independent of the
Model. If additional Higgs singlet and/or triplet fields are introvalue oftan 5) andm 40 < 62.5 GeV (assumingan 8 > 1)
duced, then new Higgs self-couplings parameters appear, wHig8]. LEP-1 data also excludes charged Higgs masses with
are not significantly constrained by present data. These paramgr+ < 44 GeV in a general two-Higgs-doublet model [39].
ters can contribute to the light Higgs massetie upper bound (LEP-2 data does not yet improve this bound.) This bound is
on these contributions depends on an extra assumption beylasd interesting in the MSSM, wherey+ 2 myu over most
the physics of the TeV scale effective theory. For examplef the MSSM parameter space. The searchtfer bH™T at
in the simplest non-minimal supersymmetric extension of tllee Tevatron can, in principle, extend the reach of the charged
Standard Model (NMSSM), the addition of a Higgs singlet sudiggs search. However, the quoted limits [40] apply only in a
perfield adds a new Higgs self-coupling parametdd,0]. The very narrow region of parameter space.
mass of the lightest neutral Higgs boson can be raised arbitrarilfConsider the Higgs search at future colliders. The machines
by increasing the value of (analogous to the behavior of thewe have examined are summarized in Table I. Most work on
Higgs mass in the Standard Model!). In this case, we must gemalyzing the discovery reach of future colliders has focused on
eralize the analysis of Section IlIB and introduce a new scdlee Standard Model Higgs boson and the Higgs bosons of the
A beyond which the NMSSM breaks down. The upper bouMdSSM. In the latter case, some of the analyses also apply to
on the Higgs mass then depends on the choick. ofhe stan- more general unconstrained versions of the two Higgs doublet
dard assumption of theorists who construct low-energy suparedel. In the decoupling limit, the discovery limits obtained
symmetric models is that all couplings stay perturbative up for 12, also apply to the lightest CP-even neutral Higgs boson
the Planck scale. Choosing~ Mpy,, one finds in most casesof a more general non-minimal Higgs sector.
thatmgpe < 150 GeV, independent of the details of the low-
energy supersymmetric model [37]. The NMSSM also permits ] ) ]

a tree-level charged Higgs mass bebasy,. However, as in the Table V: Theh?,, discovery reach of future colliders. # sig-
MSSM, the charged Higgs mass becomes large and roughly galabove background is required for discqvery. Note that Run
generate withn 4o in the decoupling limit wheren 4o > m . Il at the Tevatron complements the LEP Higgs search only for
an integrated luminosity well beyond one year at the design lu-
minosity of the Main Injector. For NLC, botlys = 500 GeV

IV. 'ESSENTIALS OF HIGGS and 1 TeV cases are shown. The FMC discovery reach is sim-
PHENOMENOLOGY AT FUTURE COLLIDERS jj4r 1o that of the NLC for the same center-of-mass energy and

Higgs hunting at future colliders will consist of three phase!?.tegrated luminosity.

Phase one is the initial Higgs boson search in which a Higgs

. . : . Integrated Discovery
signal is found and confirmed as evidence for new phenomena Collider Luminosity Reach
not described by Standard Model background. Phase two will
address the question: should the signal be identified with Higgs "EP-2 (/s = 192GeV) 150 pbt 95 GeV
physics? Finally, phase three will consist of a detailed probe Tevatron (M.1.) 5-10fb'  80-100 GeV
of the Higgs sector and precise measurements of Higgs sectommeV-33 25-30 fi! 120 GeV
obser\{ables. Further details on the results of this section can bg yc 100 fio-? 800 GeV
found in Ref. [14]. NLC-500 50 fiy ! 350 GeV

NLC-1000 200 flo'! 800 GeV

A. Phase 1 - Demonstrate the Observability
of a Higgs Signal

As we plan for future collider facilities, the machine and de- 1. The Standard Model Higgs Boson
tector characteristics must be developed in such a way that a
0 . . .
3This should be contrasted with the MSSM, where all Higgs self-couplin The hsa discovery reach of future colliders is summarized

s . . .
are related by supersymmetry to gauge couplings. This is the origin of iﬂe Table V. At LEP'Z running at its maximum energy of
MSSM boundmo < O(mz) discussed above. Vs = 192 GeV, the discovery reach @ith ~ 95 GeV can be




attained by one detector taking data for about one year at deditiggs mass range. F'MhSM < 130 GeV, the dominant decay

luminosity [41]. With four LEP detectors running, the Higgghanneh,, — bb has very large Standard Model two-jet back-
mass discovery reach can be achieved sooner (orimprove orgftinds. Thus, in this regime, it is necessary to consider rarer
significance of any candidate Higgs signal). Additional lumproduction and decay modes with more distinguishing charac-

nosity cannot significantly extend the Higgs mass reach unlesfistics. Among the signatures studied in the literature are:
the LEP-2 center-of-mass energy were increased. At Run Il of

the Tevatron one year of data taking at the Main Injector design () 99 = b2y = 77,

luminosity is not sufficient to discover a Standard Model Higgs (i) q7 — V* = VRO, (V =W or2),
boson above background. However, two detectors running at
design luminosity from three to five years can complement the X
LEP-2 Higgs search. In particular, the associated production of (iv) gg — bbRY,, and

WhS, with b, — bb may be feasible at the Tevatron, given (V) gg = hQ, — 77

sufficient integrated luminosity. Assuming a total integrated

luminosity of 5 [10] fo~!, a Standard Model Higgs mass disThe LHC detectors are being optimized in order to be able to
covery reach of 80 [100] GeV is attainable [42,43]. The Tevaiscover an intermediate mass Higgs boson via its yarde-

tron Higgs search technique also applies at higher luminositay mode (with a branching ratio of abol@—3). The other

For example, initial studies indicate that at TeV-33, a Standasiginatures could be used to provide consistency checks for the
Model Higgs boson with a mass of 120 GeV can be discoverdiygs discovery as well as provide additional evidence for the
with an integrated luminosity of 25-30fh [42,43]. The sig- expected Higgs-like properties of the Higgs boson candidate.
nificance of the Higgs signal could be enhanced by the detectidrsuccessful intermediate mass Higgs search vianthale-

of the associated production g2, ,, h2,, — bb [44]. Implicit cay mode at the LHC will require maximal luminosity and a
in these studies is the assumption that the Standard Model ceery fine electromagnetic calorimeter resolution (at about the
tributions are sufficiently well understood that the Higgs signabsb level).

can be detected as a small excess above background. In contrast to the Tevatron and LHC Higgs searches, the Stan-

The LHC is required if one wants to extend the Higgs magérd Model Higgs search at the NLC in the intermediate mass
discovery reach significantly beyor@(m ). Note that ac- regime is straightforward, due to the simplicity of the Higgs
cording to the discussion of Section IlIB, it only makes senségnals, and the relative ease in controlling the Standard Model
to consider Standard Model Higgs bosons with mass bel®&ckgrounds. Higgs production is detected at the NLC via two
800 GeV* Therefore, Table V implies that the LHC can providéhain signatures. The first involves the extension of the LEP-2
complete coverage of the (weakly-coupled) Standard Modgarch for
Higgs mass region, assuming that it achieves its design lumi- ete”™ = ZhY, 7)

nosity [14,45,46]. Fomh‘éM R _QmZ’ the “gold-plated mode to higher energies. In addition, a second process can also be
hl, — ZZ — (T¢~¢+¢~ provides a nearly background freesignificant: the (virtualy¥ + T~ fusion process

signature for Higgs boson production until the production rate

becomes too small near the upper end of the weakly-coupled ete™ = voW*W* — vih,,. (8)
Higgs mass regime. In this case, other signatueeg, (.2, —

Z7Z — (t0~vv andhl, - WHTW~ — (v + jets) provide The fusion cross-section grows logarithmically with the center-
additional signatures for Higgs discovery. of-mass energy and becomes the dominant Higgs production

The most troublesome Higgs mass range for hadron colligrocess at largg/s/my,o . For example, at/s = 500 GeV,
ers is the so-called “intermediate Higgs mass regime”, whige@mplete coverage of the intermediate Higgs mass regime be-
roughly corresponds tov; < myg < 2my. For 130 Gels,  low my,g < 2my requires only 5 fo* of data. The only lim-
Mg < 2my, one can still make use of the gold platedfation of the NLC in the Higgs search is the center-of-mass

mode at the LHCRY,, — ZZ* — (+0—(+(~ (whereZ* is ©€Nergy of the machine which determines the upper limit of the

virtual). Standard Model backgrounds begin to be problerffiggs boson discovery reach. One would negd = 1 Tev
atical when the branching ratBR(%,, — ZZ*) becomes © fully cover the weakly-coupled Standard Model Higgs mass
too small. This occurs fokmw < mys < 2mz where @N9¢ [48-50]. _ _
BR(h2,, — WTW ™) is by far the dominant Higgs decay chan- The tecthu?s fo'r the Standarq MOde.I ng'gs bosiis:
nel, and form,o < 140 GeV where the the virtuality o * coveryat ap™u~ collider are, in principle, identical to those

. sm ™ . employed at the NLC [51,52]. However, one must demonstrate
begins to significantly reduce tm%v(l*)_) Zf cieicay rgte. A that the extra background resulting from an environment of
complementary channéf,, — W) — (*v(~v provides a decaying muons can be tamed. It is believed that sufficient

viable Higgs S|g_nature for 155 G%/mh‘éM S 2my [4_7]’ and background rejection can be achieved [53]; thus the FMC has
closes a potential hole near the upper end of the intermediate
5The correspondingZZ fusion processete” — ete Z*Z* —
+o—h0 i ; P

“It is possible to imagine theories of electroweak symmetry breaking whi€h © hSM’\'IS supﬁr(lessed b3|/ about afactorr?f ten relatl\{)e tcfi/thfeW fusion
produce scalar states heavier than 800 GeV. However, any such scalar is ;brr%(;ess. evertheless, at large/ MR theZZ — hsy fusion rate com-
sumably either strongly coupled, and/or composite on the scale of 1 TeV. Ties favorably to that afte~ — Zh2,,. As aresult, theZ Z fusion process
consideration of such scalars lies outside the scope of our working group. can be used in some cases to study Higgs properties.

(iiiy gg — tth?,,




the same discovery reach as the NLC at the same center-ofde summarize the MSSM Higgs boson discovery potential at

mass energy and luminosity. future colliders in Table V. Consider first the discovery limits
for h° of the MSSM at future collider facilities. As described
2. Higgs Bosons of the MSSM in Section lIC, the tree-level MSSM predicts thaf,o < m .

Suppose that this predicted bound were unmodified (or reduced)

Next, we turn to the discovery potential at future colliderfter taking radiative corrections into account. Then the non-
for the Higgs bosons of the MSSM. #i 4o > m, then the observation of,® at LEP-2 (which will eventually be sensitive

decoupling limit applies, and the couplings idf to Standard 0 the mass range,e < 95 GeV) would rule out the MSSM.
Model particles are identical to those bf,,. Thus, unlesg’ However, for some choices of MSSM parameters, the radia-

decays appreciably to light supersymmetric particles, the dtive corrections significantlmcreasethe tree-level bound [31].
cussion given above foi?,, apply without change t@°. In Consequently, the Higgs searches at LEP-2 (and the Tevatron)

general, one can consider two types of MSSM Higgs searclf@gnot completely rule out the MSSM. o
at future colliders. First, one can map out the region of MssmOn the other hand, considering that the radiatively corrected

parameter space where at least one MSSM Higgs boson caf?®nd isme S 130 GeV, itwould appear that the LHC has ac-
discovered in a future collider Higgs search. If no Higgs sta&Ss to the full MSSM Higgs sector parameter space. After all,
is discovered, then the corresponding region of MSSM paral}f€ @rgued above that the LHC will be able to completely cover
eter space would be excluded. (In some cases, the absend@%fntermediate Standard Model Higgs mass regime. However,
a Higgs discovery would be strong enough to completely rifd€nm.as ~ O(mz), the decoupling limit does not apply, and

out the MSSM!) Note that in this approach, one may simpH}€ Properties O_hO, deviate from those cﬁgM. Thus, an inde-
discover one Higgs state—the light CP-even netfal-with pendent analysis is required to ascertain the discovery potential

properties resembling that @f,,, which would be consistent of the LHC search for MSSM Higgs bosons. In particular, the

with MSSM expectations, but would provide no direct prodeC detector collaborations must demonstrate the feasibility

1 0 . -
that low-energy supersymmetry underlies the Higgs sector @f-*~ discovery in the mass range; < myo 5 130 GeV.
namics. Second, one can examine the discovery potential f6¥S iS Precisely the most difficult region for the LHC Higgs
specific states of the non-minimal Higgs sector. As emphasiZRRCh- At this time, one can argue that the LHC coverage of
in Section IlIA, in the decoupling limit, the non-minimal Higgst"® MSSM Higgs sector parameter space is nearly complete,
states are heavy (compared to e nearly degenerate in mass:although the search strategies sometimes depend on the obser-

and weakly-coupled. Discovery of these states at future colligtion of small signals (above significant Standard Model back-
ers is far from being assured. grounds) in more than one channel. Moreover, the present esti-

mates of the statistical significance of the Higgs signal rely on
theoretical determinations of both signal and background rates
Table VI: MSSM Higgs boson discovery potential as well as simulations of detector performance. Thus, if no
Higgs signal is confirmed by the LHC, it might still be difficult
to definitively rule out the MSSM.
Collider Comments The NLC (and FMC) provide complete coverage of the
LEP-2  Significant but not complete coverage, via MSSM Higgs sector parameter space once the cgnter-of—mass
ete— — H+H- energy is above 300 GeV. In contrast to the LHC Higgs search,
the intermediate Higgs mass regime presents no particular dif-

ete” — Zh° . . ; .
+ o 0 40 ficulty for the high energy lepton colliders. The associated pro-
erem > hid duction
TeV-33 Limited coverage, complements the LEP-2 search ete”™ — K0A° 9)

LHC  (Nearly) complete coverage for the discovery of provides an addition discovery channel faro < /s5/2. If no
at least one Higgs boson of the MSSM. Main Higgs signal is seen, then the lepton colliders can unambigu-
challenge: the intermediate Higgs mass regionously rule out the MSSM.
[mz < mpo < 2mz] which requires different

search strategies depending on the value:pf. 3. Higgs Bosons in non-minimal extensions of the MSSM

Some sensitivity to heavier non-minimal Higgs

states. If no Higgs state is discovered at the LHC and NLC, then
NLC Complete coverage for the discovery of at least the MSSM would cease to be a viable candidate for a theory of
and one H'Q_gs bOSOQ qf the MSSM. Sensitivity to 6We have not considered the possibility of Higgs decay channels involving
FMC to heavier non-minimal states depends,6n supersymmetric particles. This is probably not an issue for the lightest CP-

Vs 2 2my, fordiscovery ofH*, H?, A° via even scalarh®. Recall that in the MSSMin,0 < 130 GeV, and consider

associated production. the likely constraints on supgrsymmetric_ particle masses_in the absence‘of ob-
served supersymmetric particle production at LEP-2. It is then very unlikely
Vs ~ma for utp— — HO, A% s-channel that there would be any open supersymmetric channetd idecays. For the
resonance production. heavier Higgs states{?, A? and H*), supersymmetric decay modes can be
significant and provide new signatures for Higgs production and decay. This
possibility merits further study.




electroweak physics. However, the MSSM is just one model be 42 fb [17 fb]. Such Higgs production rates are easily de-
of low-energy supersymmetry. Thus, it is important to corlected above background, assuming the NLC luminosity given
sider non-minimal extensions of the MSSM to see whether threTable I.
low-energy supersymmetric approach could be ruled out in genA similar question can be posed in the case of the LHC Higgs
eral. Consider the Higgs search at the NLC in the context séarch. As discussed earlier, the LHC search will provide nearly
a completely general two-Higgs doublet model. Suppose thwaimplete coverage of the MSSM Higgs sector parameter space.
the non-minimal Higgs states are heavy so that diflys ac- Nevertheless, the LHC search is operating “at the edge” of its
cessible at the NLC. The relevahit production processes arecapabilities. By relaxing some of the MSSM constraints to
listed in Egs. (7) and (8). Note that in both cases, the productidiyygs sector parameters, we expect some holes to develop in re-
cross-sections are governed by the strength ofitheoupling gion of supersymmetric parameter space accessible to the LHC
to vector boson pairs. But, in models with Higgs doublets amfiggs search. Ref. [56] examined this question in detail for
singlets (but with no higher Higgs multiplets), these couplingse case of the NMSSM, and concluded that although the re-
must satisfy a sum rule [54]: gion of inaccessibility is not large, it is possible to find regions
of NMSSM Higgs parameter space in which no Higgs boson
(10) state could be discovered at the LHC. This analysis does sug-
gest the possibility that future improvements in search strate-
gies and detector capabilities (for example, imprabaaigging)
may be able to significanly narrow the region of inaccessibility

the Standard Model Higgs boson withy,o = 150 GeV at the n the Hl_ggs sector parameter space. Clearly, the supersym-
) Y metric Higgs search remains a formidable challenge for future
NLC running at,/s = 500 GeV requires only about 2 ft} of experimentation at LHC.

data (geee.g, Fig. 2.18 of Ref. [49]), corresponding to about The above considerations can also be applied to more general
100 Higgs boson events before cuts. Equivalently, the NLC "Y6n-minimal extensions of the MSSM. Although there is no

ning ‘.it\/g N 50.0 GeV withan integrated Iuminqsity of S0 _completely general analysis yet available, under most reason-
permits the & discovery of a neutral CP-even Higgs boson wit ble model assumptions, the non-observation of a Higgs boson
4% of the Standard Model cross section, which correspondg{o;,e intermediate—HigE;s-mass regime at the NLC would

. o .
gvvne R 0.2gyypg, . Of course, if the’Vh™ coupling were 1o ot the low-energy supersymmetric model. Whether this
smaller than this, no Higgs state would be discovered in this ex;

: 2 0-go” theorem can be circumvented by some more exotic
periment. However, by raising the center-of-mass energy of tg broach to low-energy supersymmetry remains to be seen.
NLC, one must eventually find evidence for at least one of th
heavier neutral Higgs states, by virtue of the sum rule [eq. (10)]
quoted above.

_The situation where the bulk of tHéV'? couplings are car- ¢ oniy one Higgs boson is discovered, it may closely resem-
ried by the heavier Higgs states cannot arise in the MSSM 1k thes? . In this case, one must address the detectability of
two reasons. First, the MSSM Higgs mass bound implies that on-minimal Higgs statesiC, A%, H=,--.) at future col-
mpo S 130 GeV, and secondjyvie < 0-2gyvhg 1S POSSI- iders, As emphasized above, all future colliders can provide
ble only if ma0 < O(mz), in which case, the Higgs bosononly incomplete probes of the non-minimal Higgs sector pa-
would be discovered via®A® production [eq. (9)]. In non- rameter space. Naively, one would expect the masses of all
minimal extensions of the MSSM Higgs sector, these two optiggs sector states to be of order the electroweak scale. How-
jections must be reconsidered. ever, somewhat heavier non-minimal Higgs states often arise in

We reviewed the case of the NMSSM in which one complegrodel building. As an example, in low-energy supersymmet-
Higgs singlet field is added. This model introduces a new iric models, the mass scale of the non-minimal Higgs states is
dependent Higgs self-coupling whiehpriori can take on any controlled by a soft-supersymmetry-breaking parameter which
value. However, if one imposes the requirement of perturbatieuld be as large as 1 TeV. Such heavy states would still be
ity of couplings at all scales below the Planck scale (a requisgeakly-coupled and difficult to observe at any of the colliders
ment motivated by the unification of strong and electrowestke have examined.
couplings near the Planck scale), then one finds that the lighte§the exploration of the non-minimal Higgs sector parameter
Higgs boson must satisfy,0 < 150 GeV. Still, the lightest space at future colliders could be especially challenging. De-
CP-even Higgs scalar may be very weakly coupled to quarksgtion of heavy non-minimal Higgs states at the LHC is diffi-
leptons and gauge bosons if it is primarily composed of the situilt due to the very low signal-to-background ratio of the corre-
glet component. Thus, a detailed analysis is required to sgmnding Higgs boson signals. In particular, heavy Higgs states
whether the Higgs search at the NLC is sensitive to all regioosuple very weakly to gauge bosons, and would have to be de-
of the NMSSM Higgs sector parameter space. The analyssted via their heavy fermion decays. (At latge 3, where
of Ref. [55] demonstrated that even fgfs = 300 GeV, the the Higgs couplings to down-type fermions is enhanced relative
NLC search would easily detect at least one Higgs state of tioethe Standard Model, it may be possible to observe a heavy
NMSSM. Specifically, the minimum Higgs production crossaeutral Higgs boson via its decay tdr—.) At the NLC, the
section in the NMSSM ay/s = 300 GeV [500 GeV] was found main obstacle for the discovery of non-minimal Higgs states is

2 _ 2
2 : Jvvee = 9vval,,
(2

whereV = W= or Z. As an example, théo discovery of

4. Observing More Than One Higgs Boson
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the limit of the center-of-mass energy. For reasons connected tAt anete~ collider (LEP-2 and the NLC), many of the Higgs
the nature of the decoupling limit, the heavy Higgs states of theson properties can be directly measured due to low back-
MSSM can be produced in sufficient number and detected ogisounds and simple event structufe®ne can directly mea-

if \/s 2 2m 40 [24]. The discovery reach could in principle besure the spin and CP-quantum numbers of the Higgs candidate
somewhat extended by employing the collider mode of the through the angular distributions of production and decay. Spe-
NLC. In this mode of operation, the search foy — A° and cific Higgs decay modes can be separated and individually stud-
vy — HP can extend the non-minimal Higgs mass discoveigd. Accurate measurements ®fh°)BR(h° — X) can be
reach of the NLC [57]. made for a number of final states, includikig= bb andr+7~.

Finally, the FMC can produce the neutral Higgs states sindfy this workshop, a greaktf]ff)ugh was reported demonstrating
via s-channel* u— annihilation, and would permit the discov-that the detection ok” — cc is possible with appreciable ef-
ery of the heavy neutral Higgs states up\fe = m o [51]. ficiéncy and low mis-identification [58]. Thus, at the lepton
The viability of this discovery mode depends on the param‘éQ"'derS’ho ~ hg,, can be confirmed with some precision.
ters of the Higgs sector. In the MSSM, the cross-section for

+,,— 0 A0 ;
prpT = HO, ATIS er:)hancedoforvalues %nﬂ above 1. For Table VII: Detectability of theh?, at future hadron collid-
mgo,myo > my, H® and AY are approximately degenerate : o M
. : gy - o ers as a function of thég,, mass range. For the Tevatron
in mass. Given sufficient luminosity, one can det@€tand A . S A

e . . L : Higgs search (Run Il of the Main Injector and the TeV-33 up-
(if kinematically accessible) by scanningjfis, assuming that

tan 3 is larger than a critical value (which depends on the tg_rgde), the required mtegrated- luminosity in units of ftis
LS . o . |n(§i|cated in braces. For comparison, the LEP-2 discovery range
tal luminosity and the Higgs mass). Detection is accomplish

! ) : = - ?wa ete™ — ZhY)) is indicated. For the Tevatron and LHC
via a resonant peak in the Higgs decaphiqandt? if allowed). searches, the Hi SMS decay modes involved in the primary Higgs
Further details can be found in Ref. [14]. ' 99 y P yHigg

discovery signals are shown in parentheses; further details are
given in Table VIII.

B. Phase 2 — After Discovery: Is It a Higgs Mass Range Observability at Future Colliders
Boson? 60-80GeV  LEP-2, Tevatrds}(bb)

Suppose that the first candidate Higgs signal is detecte .0_100 Gev LEP-2, Tevatrqa0}(bb), and LHCG)

What must one do to prove that the produced state is a Higgd00-120GeV  Tevatrgi25-3Q(bb) and LHC(/7)
boson? We assume that after the initial discovery is made, furd20-130 GeV ~ LHC+~)

ther collider running confirms the signal and establishes auseful30-155 Gev ~ LHC ¥ Z*)

statistical sample of events. The first step is to ascertain whethejss_1g0 ey LHC 2z WHW-)

the observed state resembles the Standard Model Higgs boscgn 180 GeV LHC (22 ’_) e e D)
and/or if it is associated with a non-minimal Higgs sector. [~ ’
h® ~ h2,,, then one must demonstrate that the discovered state
has

The initial Higgs discovery is most likely to occur at either
LEP-2 or LHC. Thus, it is important to examine whether it
(i) zero electric and color charge, is possible to verify the Higgs interpretation of a Higgs sig-
nal discovered at the approved future facilities. A strategy for
(ii) spin zero, accomplishing this goal was developed by our working group.
We considered what was achievable on the basis of the Higgs
(iif) CP-even quantum number, searches at LEP-2, Run Il at the Tevatron (with some consid-
eration of a possible TeV-33 upgraii@nd the LHC. We elu-
(iv) electroweak strength couplings, and cidated all the observables where a Higgs signal could be de-
) . tected. We considered separately seven specific mass intervals
v) cogphr_]gs proportional to the mass of the state {g the range 60 Ge\K mpo < 800 GeV, listed in Table VII.
which it couples. We then considered in detail a variety of possible Higgs signa-
tures at each collider (see Table VIII) and evaluated the poten-

Eventually, one would like to make detailed measurements &l of each channel for supporting the Higgs interpretation of

verify that the Higgs candidate matches all the properties dRe signal. Taken one by one, each channel provides limited
0 = e -

peCt%d thSM to. Wlth.m some preCISIO.n (small deV|at|pns from 7In principle, the remarks that follow also apply to the FMC. However, it

the hg,, 'propertles W'” be addressed in th'e nexf[ SeCtIOI’l).' If thﬁs not yet been demonstrated that the severe backgrounds arising from the

properties of the discovered state are Higgs-like, but differ #anstantly decaying muons can be overcome to make precision measurements.

detail from those of%. . thenitis likely that other non-minimal 8The Higgs discovery reach at the Tevatron depends critically on the total

sMm?

: ; ; rated luminosity processed and analyzed by the CDF and DO detectors.
Higgs states are light and may have been produced in the S%Te evatron at the Main Injector design luminosity must run with one detector

exp'er.iment. Fi.nding eVidence' for these states will be crucialf) five years to attain a Higgs discovery reach up to 100 GeV. To extend the
verifying the Higgs interpretation of the data. Higgs reach further before the start of LHC requires TeV-33.

11



information. However, taken together, such an analysis mighbst viable signatures in this mass range involve the produc-
provide a strong confirmation of the Higgs-like properties of theon of 42, followed byh?,, — ~+. However, the Higgs can be
observed state as well as providing a phenomenological profiteduced via a number of different possible mechanisms:

that could be compared to the predicted properties of the Stan- i) gg — O

dard Model Higgs boson. Finally, we considered the limitations N fM(; ] P

of the data from the Higgs searches at the hadron colliders, and () 97 = ¢dhs,, viat-channelV* W fusion,
examined the possible improvements in the determination ofthe (i) gg — Vh2,, via s-channell’-exchange, and
Higgs properties with new data from the NLC and/or the FMC. (iv) gg — tthY,,.

A list of the primary Higgs signals at future colliders considere o . . N
above is given in Table VIII. The gg — hJ,, mechanism dominates, and it will be an

experimental challenge to separate out the other production
mechanisms. It may be possible to separgte— h2,, and

- 0 . . .
Table VIII: Primary h%,, signatures at future colliders and thdV W™ — hSvaeftS using a forward jet tag which would
corresponding Higgs mass range over which detection of a S¥§I€ct out theV "W fusion events. It may also be possi-

. B . _ :t s
tistically significant signal is possible. Other Higgs signaturdd® to distinguishVsg,, (V' = W= or Z) andithg,, events
not included in this table are discussed in Ref. [14]. based on their event topologies. If these other production mech-

anisms can be identified, then it would be possible to extract

Collider Signature Mass Range information about relative couplings of the Higgs candidate to
V'V andtt. Otherwise, one will be forced to rely on match-
LEP-2  efe” — ZhY, < 95 GeV ing o(hS,,)BR(hS,, — vv) to Standard Model expectations in
TeV-33  W* = WhY,, — (vbb 60120 GeV order to conflrm the Higgs |nterpretat|onI®§fM._
Ry In some circumstances, it might be possmlg to observe the
7 = Zh, - { _ decaysh?, — bbor h?, — 77~ (after a formidable back-
v bb ground subtraction), or identify the Higgs boson produced via
LHC W* — WhO, — (vbb 80-100 GeV gg — bbhY,. One could then extract the relative coupling
strengths ofh?,, to bb and/orr* 7~ final states. These could
RO 4 X s yy 4 X 90-140 GeV g s T "

be compared with the correspondivi§¢” andtz couplings (see
R, — ZZ* — ¢+¢=¢t¢-  130-180 GeV above), and confirm that the Higgs candidate couples to parti-
o cles with coupling strengths proportional to the particle masses.
0 * + o
hswe = WW™ = Evly 155-180 Gev The quantum numbers of the Higgs candidate may be difficult
Wy = ZZ — 0000 180-700 GeV to measure directly at a hadron collider. However, note that if
hd,, — v is seen, then th&? . cannot be spin-1 (by Yang's
0 — 0+ p— _ SM ! SM
hsw = 22 = vol™t 600-800 Gev theorem). This does not prove thet, is spin-zero, although
ho,, —» WTW~= — (v+jets 600-800 Ge¥/ it would clearly be the most likely possibility. If the coupling
RO, V'V is seen at a tree-level strength, then this would confirm

+o— 0
NLC ere” = Zhay the presence of a CP-even component. Unfortunately, any CP-

ete” — vihd, <0.7s odd component of the state coupledtd’ at the loop level, so
ete” —ete hl, one would not be able to rule oatpriori a significant CP-odd
b 0 component for2,,.
FMC “+ “_ - Zﬁ%“” To summarize, Phase 2 consists of determining whether the
prpT = vohgy, S 0.7y Higgs candidate (discovered in Phase 1) can be identified as a
prp= — ptp=hl, Higgs boson. In some Higgs mass ranges, LEP-2, the Tevatron,

and/or the LHC will discover the Higgs boson and make a con-
vincing case for the “expected” Higgs-like properties. Ratios

* The TeV-33 Higgs signatures listed above are also relevant ?(;rH'ggS couplings to different final states may be measured to

—. 0,
lower luminosity Tevatron searches over a more restricted rarﬁggehIyrezgsg’?n/gé;ruhrir’:}':ﬁéi?ggﬁg?ﬁs :gt?ozl\a/l\rfd) g:: C:Riléﬁ
of Higgs masses, as specified in Table VII. P 9 y

b Ref. [59] argues that thé,+2 jets signal can be detected fogheck the spin and CP-quantum number of the Higgs candidate.

Higgs masses up to 1 TeV (although such large Higgs mas Fg trLepitr?tn rTnacérinrt\ezi(Wlth/ri < ?;ooir(;ev)n(éan ﬁasr")(/irc]ian\; lu-
lie beyond the scope of this working group). € the Intermediate Higgs mass regime and can provide vaiu

able information in some mass regions that present difficulties
] ] ) . to hadron colliders.

In order to determine the true identity of the Higgs candi-
date, it is very important to be able to detect the Higgs signaIC_ Phase 3 — Precision Measurements of Higgs
in at least two different channels. As one can discern from Properties
Table VII, the most problematical mass range is 100 &eV P
mpo < 130 GeV. Higgs bosons in this mass range are notLet us suppose that the Higgs candidate (with a mass no larger
accessible to LEP-2 or Run Il of the Tevatron. At the LHC, théhan a few times th& mass) has been confirmed to have the

pwrp= — hl, up to\/s < 2mw
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properties expected of the),, (to within the experimental er- ) - . :
ror). One would then be fairly confident that the dynamics thgrtt)rl]e Iét Ar(;tlc:jpa'vﬁeg (—:-ley_)lgrlmentaslﬁerror n Fhe mfaslylr\id\\//alue
is responsible for electroweak symmetry breaking is weakly- € standar Oo;fi |gg_sH:‘na tmth%M',? u.n'ds. Ot eth, t
coupled. Unfortunately, the details of the underlying physi Qr various ranges oinyg, . € notation == Indicates tha

responsible for electroweak symmetry breaking would still rellabiﬁ s;rtl;ulatlon or es':jlr.nata.ls not yet avallabl'e, wrtule .
missing. As discussed in Section IlI, it is not difficult to conlheans that In€ corresponaing Higgs mass range IS not accessi-
Jﬁ. The assumptions underlying the various collider runs listed

struct models of the scalar dynamics that produce a light scag o .
state with the properties of tH&,,.. To distinguish among such elow are specified in the text. See Ref. [14] for further details.

models, additional properties of the scalar sector must be uncov-
ered. It is the non-minimal Higgs states that encode the struc- _
ture of the electroweak symmetry breaking dynamics. In order ~ Collider 80 mz 100-120  120-150

myy range (GeV)

to provide experimental proof of the existence of a non-minima

Higgs sector, one must either demonstrate that the properties IGFP'Z [60] 250 400 B B

K" differ (even if by a small amount) from those af,,, or ~ 1€V-33 960 7 1500-2700 -

one must directly produce and detect the heavier Higgs statéd1C 90 90 95-105 105-90
(H°, A%, H*, ...). In general, precision measurements of bothyLC (500) 370 264 200—-120 120-70
light and heavy Higgs properties are essential for distinguishing (\/527) 3.6 3.8 4.1-4.8 48-6.1

among models of electroweak symmetry breaking dynamics. NLC (threshold) 40 70 5565 65-100

A precision measurement of the lightest Higgs mass could bEMC (scan) 0.025 0.35 0.1-0.06 0.06-0.49

useful. As noted in Section II, the Higgs mass measurement
can provide a non-trivial check of the precision electroweak fits .
in the context of the Standard Model. This analysis would #&d (i), we assumé = 200 fb™" and employ the best track-
sensitive to one-loop (and some two-loop) virtual effects. Ardjg/calorimetry scenario outlined in Blef- [14]. NLC threshold
significant discrepancy would indicate the need for new physf&Ults [case (ii)] assumé = 50 fb " and are quotedbe-
beyond the Standard Model. In this context, a Higgs mass mé%(g initial state radiation and peam energy smearing effects are
surement with a relative error of about 20% is all that is ré2cluded. In the latter case, including such effects would in-
quired. In the MSSM, the light Higgs mass measurement pig€ase the quoted errors by about 35%. The NLC results are
vides an additional opportunity. In Section IIIC, it was note@l!SC applicable to the FMC, although with a 15% increase in
that the light Higgs mass in the MSSM at tree-level is a cdf!Tor in the last case if all the cited effects were included. Fi-
culable function that depends on two Higgs sector parametdidlly, the most accurate mass measurements can be obtained by
When one-loop effects are included, the Higgs mass becorf&an atthe FMC for thechannel Higgs resonance. The FMC
dependent upon additional MSSM parameters (the most impefan results listed in Table IX assume that a total luminosity of
71 .
tant of which are the top-squark masses and mixing parante= 200 fb~" is devoted to the scan.
ters). Since the radiative corrections to the Higgs mass can bBrecision measurements of heavy Higgs masses may also play
significant, a precision measurement of the Higgs mass co@fiimportant role in the study of Higgs phegomena. In the de-
provide a very sensitive test of the low-energy supersymmetfiUpling limit, these mass splittings are@{m /m 40), which
model. Theoretical calculations yield a prediction for the lightrésents a formidable challenge to the design of future Higgs
CP-even neutral Higgs mass (which depends on the MSSM ggarches. Here is one case where the mass resolution offered by
rameters), with an accuracy of about 2 to 3 GeV [35,36]. Ttige FMC might be required. For example, it may be possible to
anticipated experimental accuracy of the light Higgs mass mé@solve the two peaks in a resonance scapfqr— — H°, A°.
surement depends on the Higgs mass range and the colli@gneasurement of the corresponding mass difference of the two
Table IX lists the estimated errors in the measurement of th&tes would probe the structure of the electroweak symmetry
Standard Model Higgs mass\i,s , at future colliders for breaking dynamics.
mw < myo < 2myy. Note that the numbers quoted in Ta- Precision measurements of Higgs properties also include
ble IX are considerablgmallerthan the theoretical uncertain-branching ratios, cross-sections, and quantum numbers as dis-
ties quoted above. cussed in Phase 2 above. One must be able to separate cross-
sections and branching ratios (instead of simply measuring the

In Table IX, the following assumptions have been made f@foduct of the two). More challenging will be the measure-
the various collider runs shown. TeV-33 results assume a fgent of absolute partial widths, which requires a determination
tal integrated luminosity of. = 30 fb~'. LHC results as- Of the total Higgs width. BelowZZ threshold, the Standard
sumeL = 600 fb!, which corresponds to running two deModel Higgs width is too small to be directly measured, and
tectors (ATLAS and CMS) for three years at LHC design ILather strategies must be employeds an illustration, Table X
minosity. Three NLC scenarios are listed corresponding te . _ ,

9The width of hY,, can be measured directly viad,, — Z2Z —

three choices of center-of-mass energy: (§ = 500 GeV, L=t e~, if myo % 190 GeV. However, in models of non-minimal Higgs

(i) Vs=y SZ =mz +myg +20 GeV, and (iii) /s :_ sectors, the mass of the Higgs scalar with appreciable couplifg typically
mz + myg  (i.e, threshold forete™ — ZhQ,,). In cases (i) lies below this bound.
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presents the anticipated errors in the measurements ofisgme

branching ratios, the partial decay rate — 77, and the . . ;
total Higgs width, [t | for 80 < myo h@g 300GeV. The uesof then?,, branching ratios, the partial decay ratéh®,, —
! - SM '

han' , and total width,I't%t , in percent, for various ranges of
guoted errors are determined primarily by considering the thZ? R P 9

that would be collected by the NLC gfs = 500 GeV withato- g The notation 7 indicates that a reliable s.iml'JIation or
tal integrated luminosity of. = 200 fb—*. For BRE,, — v7) estimate is not yet available or that the number indicated is a
- " SM !

the NLC analysis has been combined with results from an LHE"Y rough guess, wh|!e " means that the corresppndlng ob-
analysis: while the measurement Bf:%,, — ~7) relies on servable cannot be reliably measured. The results listed below
’ SM

data taken from a 50 fi run in they~ collider mode of the are primarily derived from a multi-year run at the NLC. For

0 i -
NLC (with the corresponding™e— center-of-mass energy of/su —* 77, data from LHC and theyy collider are also em

/5 ~ 1.2my ). These quantities also contribute to the rl‘Bloyed to improve the quoted errors. The total Higgs decay rate
SM

. ot . .. can be obtained indirectly (by combining measurements of re-
accuracy of the total Higgs W'dtmth' following the ind lated quantities); the comparison with the direct determination

rect procedur¥ discussed in Ref. [14]. Note thﬁtl‘)gtM can be via s-channel Higgs resonance production at the FMC is shown.
measured directly only in thechannel Higgs production at theSee the text and Ref. [14] for further details.

FMC. For comparison with the indirect determinatioridf' |
the FMC scan results listed in Table X assume that a total lu- myo,  range (Gev)

minosity of L = 200 fb ! is devoted to the scan. With the Observable 80-130 130-150 150-170 170-300
exception of the case wheng,o ~ mz, the FMC would pro-

Table X: Anticipated experimental errors in the measured val-

vide the most precise measurement of the total Higgs width f@R (12, — bb) 5-6% 6-9% 20%°? -
. + —
values of the Higgs m§1§s belqw tHeT W threshplq. BR(RY,, — c7) ~ 9%, " " _
In models of non-minimal Higgs sectors, precision measure-
ments of the branching ratios and partial (and total) decay rat&R (h2,, - WW*) — 16-6% 6-5% 5-14%

of the lightest CP-even Higgs boson could prove ti¥ag h9,,, 0 0 00 " B
thereby providing indirect evidence of the non-minimal HiggsBR(hSM = 77) 15%  20-40% '
states. Once the non-minimal Higgs bosons are directly di§(h2,, — v7) 12-15% 15-31% ? 13-22%

cpvgr_ed, detailed measureme_nts of their properties would y|e{t;it%t (indirect) 19-13% 13-10% 10-11% 11-28%
significant clues to the underlying structure of electroweak sym-su
metry breaking. For example, if the Higgs sector arises from Bt%¢ (FMC) 3% 4-7% — —

h
two-doublet model, then precision studies of the heavy Higgs=——=

states can provide a direct measurement of the important pRear thez peak, the expected FMC uncertainty ¥} is
rametertan 3 (the ratio of Higgs vacuum expectation valués). o fsm
) " about 30%.
The measurement ofan 5 can also provide a critical self-
consistency test of the MSSM, since the parametars also

governs the properties of the charginos and neutralinos (and gaBtons, depends (through their one-loop contributions) on all
in principle be determined in precision measurements of SUPgarged states whose masses are generated by their couplings
symmetric processes). Moreover, the couplings of Higgs bosqgshe Higgs sector. Precision measurements of the Higgs cou-
to supersymmetric particles will provide invaluable insights im&ngs to fermions are sensitive to other Higgs sector parame-
both the physics of electroweak symmetry breaking and tfgg €.9, tan 8 and the neutral Higgs mixing parametein a
structure of low-energy supersymmetry. The possibility that thgo-Higgs-doublet model). Additional information can be as-
heavy non-minimal Higgs states have non-negligible branchsitained if Higgs self-interactions could be directly measured.
ing ratios to supersymmetric partners can furnish an additioR®is would in principle provide direct experimental access to
experimental tool for probing the Higgs boson-supersymmeife Higgs potential. Unfortunately, there are very few cases
connection. where the measurement of Higgs self-couplings has been shown
As in the case of thé!,, discussed above, the lepton coltg pe viable [61].
liders (assuming/s 2 2m 4o for the NLC andy/s ~ mao  Finajly, one should also consider the possible effects of vir-
for the FMC) provide the most powerful set of tools for exg,q| Higgs interactions [62]. In some models, flavor changing

tracting the magnitudes of the Higgs couplings to fermion angd 4| currents mediated by neutral Higgs bosons may be ob-

vector boson pairs. The Higgs couplings to vector boson pali§aple. The CP-properties of the heavy Higgs states could
directly probe the mechanism of electroweak symmetry bregfs mixe 12 leading to Higgs mediated CP-violating effects that
ing [via the sum rule of eq. (10)]. The Higgs coupling o W, 4 he observed in processes with heavy flavor. In some cases,
precision measurements of low-energy observables can be quite
sensitive to the heavy Higgs states. The canonical example is
the proces$ — s+, which can be significantly enhanced due

WForm,o < 130 GeV, the indirect procedure relies on thg,, — v
SM
measurements. Fam,o % 130 GeV, one may also make use of the
sSM

~

WW h,, coupling strength extracted from data.

1INote that in the decoupling limit (where? cannot be distinguished from
hQ,,), measurements of processes involvicfy alone cannot yield any infor-  12In the decoupling limit, the lightest neutral scalar must be (approximately)
mation on the value dfan S. a pure CP-even state.
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to charged Higgs boson exchange. If there are no other carolliders of the highest energies and luminosities, considered in
peting non-Standard Model contributions (and this is aif)ig this report, are essential.

then present data excludes charged Higgs masses less than ab@dig have entered a new era in Higgs phenomenology. The
250 GeV [63]. Eventually, when non-minimal Higgs states araethods by which the first Higgs signal will be identified are
directly probed, it is essential to check for the consistency beell known and have been studied in great detail. However,
tween their properties as determined from direct observatithe most outstanding challenge facing the future Higgs searches

and from their virtual effects. lies in identifying and exploring in detail the properties of the
non-minimal Higgs states. A successful exploration will have a
V. CONCLUSIONS profound effect on our understanding of TeV-scale physics.
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