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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 (iii)
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-
ond the Standard Mode|I|[3], although no deviations havebee

We examine the prospects for discovering and elucidatiﬁgorously confirmed

the weakly-coupled Higgs sector at future collider experits.
The H|ggs search consists of three phases: (|) discovery ONevertheleSS, the verification of the Standard Model is not
a Higgs candidate, (ii) verification of the Higgs interptita  Yet complete. Absent to date is any experimental signal that
of the signal, and (iii) precision measurements of Higgs se¥heds light on the dynamics responsible for electroweak sym
tor properties. The discovery of one Higgs boson with Stafietry breaking. Any consistent theory of electroweak sym-
dard Model properties is not sufficient to expose the undtegly metry breaking must generate Goldstone bosons which are ab-
structure of the electroweak symmetry breaking dynamics. SPrbed by thelV= and Z gauge bosons, thereby generating
is critical to search for evidence for a non-minimal Higgs-sethe gauge boson masses. The Standard Model posits that elec-
tor and/or new physics associated with electroweak symymelioweak symmetry breaking is due to the dynamics of a weakly-
breaking dynamics. An improvement in precision electrdwe&oupled complex doublet (with hypercharge one) of elemgnta
data at future colliders can play a useful role in confirming t scalar fields. The physical consequence of this model isxthe e
theoretical interpretation of the Higgs search results. istence of a CP-even neutral Higgs boson with mass roughly of
orderm . Extensions of this model can easily be constructed,
in which the scalar sector is enlarged. The resulting mdudsi t
l.  INTRODUCTION contains amon-minimaHiggs sector consisting of neutral Higgs

b f definit indefinite CP d di th del
Present day colliders test the Standard Model at an eneﬁgocnhsafgedzilglgg k?(r)slgré [IZ]I © epending on the model)

scale of order 100 GeV. Precision experiments at LEP, SLC and

Tevatron (with some additional measurements at lower enerThe best motivated non-minimal Higgs sector is the two

gies) have measured more than twenty separate experimefligips 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 thousaﬂ [1,2]. A fe(@fter three Goldstone bosons are absorbed to give mass to th

W= and 2) consisting of five states: a light CP-even Higgs
*This is the summary report of the Weakly-Coupled Higgs BamuhPreci- scalar,h, a heavy CP-even scalakY, a CP-odd scalan?,

sion Electroweak Physics Working Group. The full list of wioig group mem- ; ; o ;

bers can be found in){he subgrougreporfs that follow thisma?ygrepoprt. This and a_ C.harged Higgs pau‘;_[i. ThIS_ Is the Higgs sector of

work was supported in part by the U.S. Department of Energytae National the€ minimal supersymmetric extension of the Standard Model

Science Foundation. (MSSM) [BBI]S]




In the global fits of LEP, SLC, and Tevatron data based on thiéorking Group [p]. The focus of this working group is the
Standard Model, there is weak (but non-trivial) sensifitdtthe weakly-coupled Higgs sector of the Standard Model, andiposs
Higgs boson mass by virtue of Higgs mediated radiative cerréble non-minimal Higgs sector extensions (including thedsig
tions. The most recent global fits find that,c < 550 GeV sector of the MSSM). Although there is considerable freedom
at95% CL [E], although some care needs to be taken in intefier the structure of the scalar sector (even after imposihg a
preting this limit []’]. The potential for improving this bad at known theoretical and phenomenological constraints), efsod
future colliders is discussed in Section Il. In the contexih@ of the scalar sector often exhibit the following structur@:
Standard Model, the Higgs boson in this mass range is nedds lightest scalari) is a CP-even neutral Higgs boson with
sarily weakly-coupled. Moreover, such fits also apply to-horouplings closely approximating those of the Standard Mode
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 vigeroand charged Higgs bosons) are expected to be heavier (jgerhap
experimental search for weakly-coupled Higgs bosons at LERjnificantly heavier) thak?, 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 1A} In this case, the discovery &f ~ h?,, is not
covered, then one might naively conclude that the seardhéor sufficient to probe the underlying structure of the electralw
model of the elementary particles has been completed. Hdymmetry breaking sector. The essence of the decoupling lim
ever, theorists strongly believe that the Standard Modeheg is that the existence of a light CP-even Higgs boson with @rop
be the fundamental model of particles. Apart from the martigs closely approximating those bf,, is consistent with many
parameters of the Standard Model which must be inserted @gssible non-minimal Higgs sectors. Thus, the discoveth®f
hand (with no explanation), there is a theoretical problem heavy non-minimal Higgs scalars is essential in order td@ro
the Standard Model associated with the very large hierangéhythe 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 scaleeabdliggs scalars. The Higgs sector of the MSSM is a constrained
which gravitational interactions cannot be neglectedtisadado two-Higgs-doublet model, whose tree-level propertiesiater-
the strong and electroweak interactions of the elementary pmined by two free parameter (typically chosen to be the mass
ticles. Given the existence of such a large energy scale, éfighe CP-odd stated”, and the ratio of vacuum expectation
must explain how the scale of electroweak symmetry breakinglues,tan 3). The decoupling limit of the model corresponds
which is so small when expressed in units of the Planck sc&lem 40 > my; in this limit, the properties ok’ become iden-
(mz ~ 10~17Mpy), could be generated by a fundamental thdical to those of:,,. Extensions of the MSSM Higgs sector are
ory of particles that includes gravity. Related to this dioesis also possible. For example, the simplest non-minimal super
the theoretical problem of generating a “naturally” lighiggls Symmetric extension of the Standard Model (NMSSM) consists
boson (with a mass of orden, < Mpy), 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 masspigx Higgs fields [10]. Thus, a detailed exploration of thalac
an elementary scalar from being driven up\fe;, via radiative sector has the potential for probing both the electroweak-sy
corrections. These problems are intimately connected thith metry 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 mus
problem of the unnaturally light Higgs boson inevitablydea e compatible with
the existence of new physics at the 1 TeV energy scale or be- () p=m2 /m%cos? by ~ 1;
low. Possible mechanisms invoke either supersymmﬁrya{S] (
symmetry that can protect the masses of elementary scalars)
dynamical electroweak symmetry breakiﬂg [8] (which tyfiica

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

eliminates elementary scalar fields completely). Which pat (iii) the absence of significant virtual charged Higgs
ture chooses can only be determined through experimentatio mediated effects (which can contribute.g, to
Thus the central goals of the future colliders program age: t B°-BY mixing, b — sy andZ — bb).

explore the dynamics of electroweak symmetry breaking, aggen after imposing such model constraints, there is $gH s
to determine its implications for the structure of the S&dd ificant freedom in the structure of the Higgs sector. Ex-
Model and the nature of physics that lies beyond the Standagsk Higgs sectors (beyond those mentioned above) areyeasil
Model. constructed that satisfy all present day phenomenologaa

In this report, we assume that nature chooses a weakdyraints. Such Higgs sectors could arise in models withnelee
coupled Higgs sector as the source of electroweak symmejaige groups, models with exotic scalar multiplets, or rteode
breaking dynamics. We do not address the alternative approgjith a lepton number violating sectoe.(, in R-parity violat-
which invokes strong interaction dynamics as the sourc&of e jng models of low-energy supersymmet[ll], in which there
troweak symmetry breaking. The phenomenology of the eI"_'l('-llt could be that all scalar states are somewhat close in métssno state

troweak symmetry break.ing sector in this latter case iscepl _ possessing couplings that match those predicted by thel@tiModel. This
by the Strongly Interacting Electroweak Symmetry Breakingse is actually simpler to address experimentally anddreetheoretically.




is no distinction between scalar lepton superpartners aggsH

bosons). Sorting out the details of the scalar sector withibe Table I: Approved and possible future collider facilitiemnsid-

ered in this study. LEP-2 is currently running, but has ndt ye

of the fundamental challenges for future collider experitae reached its design energy and Iuminos [12]. Experimenta

tion. . ) . ! .
The Weakly-Coupled Higgs Boson and Precision EIetl_on at the Tevatron Main Injector (M.1.) is often referrein

troweak Physics Working Group program consisted of the fo 1€ text as Rur_1 . C_:enter 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 Mode! A ]
o . . ) pproved:
This will serve to tighten constraints on the Higgs sector LEP-2 otem 192 GeV 170 pb!

and perhaps uncover deviations from the Standard Model

and provide evidence for new physics beyond the StandardTévatron (ML) pp 2Tev 2fp
Model. LHC pp 14 TeV 100 fbot
2. Evaluate the Higgs boson discovery reach of future collid Possible: B )
ers TeV-33 pp 2 TeV 30fb-
NLCT ete™ 0.5-1.5TeV 50-200 fo!

High energy colliders are needed to directly produce the
massive Higgs bosons. However, the cleanest decay chan-
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 Tabl& 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 (aschtion, Section Il brlefly summarizes the results of the Piieais
the high resolution for the electromagnetic calorimeter f@lectroweak physics subgroup. Section Ill discusses sbeie t
ho., — 7, and highb tagging efficiency) are also requiredPretical issues that are important for the consideratidrtbe®

in order to maximize the significance of the Higgs signalliggs discovery and properties subgroups. Section IV summa
Thus, establishing the discovery reach for future colldefizes the essentials of Higgs phenomenology at futuredzoti

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 reppri [18,14].

(" with ey, vy, e~e™ options)

3. Consider precision measurement&bdproperties

The discovery of the Higgs boson will complete the experi“- 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?l .
ossess couplings to particles proportional to their nsasse h the electroweak Standard Model, there are tW.O coupling
P arametersg and ¢’, of SU(2);, x U(1)y gauge interac-

One should quickly be able to verify that the properti Tons. The vacuum expectation value of the scalar fieldets
of the scalar state roughly match those expected for t

. : rfe mass scale. At tree level, thE* and Z boson masses

Standard Model Higgs boson. More precise measurements - .

. o mw,mgz, as well as the weak mixing angie 0y, are deter-

may be required to detect deviations of the observed H|gig]§” .

. o . : ined by these three parameters. Alternatively, one mathese
properties from that of thés,,. The d|ff|_culty of this lat- . precisely measured quantities—the electromagnetic oayipl
ter task will depend on how close one is to the decouphrg% .
limit (see Section IlIA) nstanty, the muon decay consta@t, andmz—as mput_s to_

' evaluate the other electroweak parameters. When the ikediat

4. Evaluate the potential for direct detection of the nofforrections are taken into account, the relations amonsethe
minimal Higgs states and the measurement their propertR@@meters become dependentron myg  as well as other

o _ . possible contributions from new physics. Therefore, [sieci

This is essential for probing the nature of the electrowe@fectroweak measurements not only check the consistency of

symmetry breaking dynamics. In addition, the nonte Standard Model, but also constrain,, and other new

minimal Higgs states may be sensitive to physics assoghysics [1H.Te). M

ated with the hierarchy problem (for example, the prop-The Precision Electroweak Physics subgrdu) [13] paid spe-

erties of the non-minimal Higgs states in supersymmetiiga| attention to the measurementsiof;, m, andsin fyy at fu-

models can provide important checks of the supersymmgire collider experiments. The implications for the coaistis

ric dynamics). The non-minimal Higgs sector imposes thg ,,, , are also discussed.

most stringent requirements on the collider facility. Te ac Currsé“nﬂy, the world average values fary andm, are

complish this task may require the highest energies and

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



The precision which can be achieved faf;; andm; mea-

surements at different colliders is summarized in T§Blend a Table IV: Anticipated precision fosin® 67" measurement at
Table(l], respectively. Table entries are taken from Rgg][ future colliders.

unless otherwise indicated.

H . lept _
Collider J sin? 9853 (x107%)
Table II: Expected? mass precision at future colliders. SLC2000 [2p] 1.2
TeVv-33 (10fb 1) 2
Collider omw (MeV) LHC (10 fb™1) 3
NLC (10 fb—1) 0.6
NuTeV [17] 100
HERA (1000 pb'!) 60
LEP-2 (4x25 pb1) 144 _ _ _ _
LEP-2 (4x500 pb~1) 40 myy, - As an |Ilustr§\tlon, F|g|:|1 shows the mass correlation for
1 35 myy Versusmpo with m; = 176 + 2 GeV. A measurement of
Tevatron (2 b ") themy with a precision ofmy, = 10 MeV and ofm,; with an
TeV-33 (10fb 1) 20 accuracy of 2 GeV thus translates into an indirect detertitina
LHC (10fb™ 1) 15 of the Higgs boson mass with a relative error of about
—1
NLC (50 fb~1) [Lg] 15 Sy Jmps A~ 20%. )
FMC (10 fo~ 1) [Ld] 20

However, it should be noted that to reach such a high pregisio
other sources of uncertainty, suchsn?% ), s and theoretical
uncertainties that arise when extractingy [R1] andm; [27],
must be kept under control.

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

_ 80.5 [T T T T T
Collider omy (GeV)
Tevatron (2 flo 1) 4 8045 |
TeV-33 (10 fb~ 1) 2 ' M,, = 80.330+ 0.010 GeV/t
LHC (10 fo~?) 2 .
NLC (50 fb—l) I} 0.12 804 M,=176.0% 2.0 GeV/ |
FMC (10 fb~1) [1L9] 0.2 <
>
[¢]
g 80.35
z
The weak mixing angle is conveniently defined by =
80.3
. 1 gve
sin2 glert — — (1 — —) , 2
“ff 4 gAe @

80.25
wheregy, andg 4, are the effective vector and axial vector cou-

pling constants of the leptons to tlieboson. They are mea-
sured with very high precision frorif leptonic decays[]fl,2] at 80-2 5500300400 500 800700 800 900" 1000
LEP-I (forward-backward asymmetries) and at SLC (leftitig M, (GeVié)

asymmetries). The relation betweeim? Hé?f’t and the weak

mixing angle in the\IS schemesin? Oy, (M) is given by

Figure 1: my, versusm,o for m; = 176 &+ 2 GeV/Z. The
. . .SM i
theoretical predictions incorporate the effects of higbeter
3) .
electroweak and QCD corrections.

A fit to the combined current LEP-I and SLD asymmetry data
yields [2]

sin® 0.%" ~ sin® Gy (M) + 0.00028.

.2 plept
sin f " = 0.23165 & 0.00024. ) 1. THEORETICAL CONSIDERATIONS FOR
The anticipation for the measurement in® 951?’5 at future THE WEAKLY-COUPLED HIGGS SECTOR
experiments is summarized in Tapld IV. . -
The high precision measurementsafG,, andmz, along A.  The Decoupling Limit
with the improved measurementsofy,, m; andsin 6y, may  In this section, we discuss the theoretical implicationghef
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 theoreticatpné- MSSM, the decoupling regime is reached omego > 2m .
tation. A Higgs state is predicted to couple to particledwitu- The parametem 4o arises in the MSSM from the supersym-
pling strengths proportional to the particle masses. Afsani- metry breaking sector. The success of the Standard Model in
tial discovery, it should be straightforward to verify whet its accounting for precision electroweak data suggests thiheif
properties roughly match those expected of the Standar®eMolISSM is correct, then the supersymmetry breaking scale is
Higgs bosonh?,,. somewhat higher tham z (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 [@,@]. First, consider the Standard Model Higghigher thanmz. Thus, in the MSSM, there is some expec-
boson. At tree-level, the Higgs self-coupling is relatedtso tation that the Higgs sector approximately satisfies theudec
mass. If\ is the quartic Higgs self-interaction strength, thepling limit. Although this argument is clearly not definigiyit
A= Smio /v? (Wherev ~ 246 GeV is the Higgs vacuum ex- will become more persuasive if supersymmetry and/or the non
pectationsgalue 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 take, _arbitrarily large without tron- _ _
the attendant growth ia. That is, the heavy Higgs limitin the The phenomenological consequences of the decoupling
Standard Model is non-decoupling. In models of a non-mihimggime are both disappointing and challenging. In this case
Higgs sector, the situation is more complex. In some modd1s (once discovered) will exhibit all the expected propertiés
(with the Standard Model as one example), it is not possible/tsw- The existence of the non-minimal Higgs sector will still
take any Higgs mass much larger th@tw) without finding at bg unconﬂrme_d. It will require precision measurements er th
least one strong Higgs self-couplirﬂ23]. In other modetse highest energies and luminosities at future colliders theei
finds that the non-minimal Higgs boson masses can be taki{ect a deviation from Standard Model Higgs physics or to
large at fixed Higgs self-couplings. Such behavior can aridé€ctly detect the non-minimal Higgs states and exploesrth
if the model possesses one (or more) additional independefftPerties. In contrast, in the non-decoupling regime gntioan
mass parameters beyond the diagonal scalar squared-ma8§&sHiggs state is expected to populate the mass region where
In the limit where the additional mass parameters are takéi§ first Higgs boson is found. The properties of the first idigg
large [keeping the dimensionless Higgs self-couplingsiied ~ State will show a marked deviation front,, properties. Ex-
< O(1)], the heavy Higgs states decouple, while both light arRgeriments that can discover the Higgs boson will have adoess
heavy Higgs bosons remain weakly-coupled. In tésoupling Many scalar sector observables.
limit, exactly one neutral CP-even Higgs scalar remains light,
and its properties are precisely those of the (weakly-aadjpl 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 ~ R0, ., myuo ~ searches at future colliders spend much effort in desigaing

sMm?

O(mz), and all other non-minimal Higgs states are signifé€arch for the Standard Model Higgs boson. However, the term
cantly heavier tham,0. Squared-mass splittings of the heavyStandard Model Higgs boson” is meaningless unless aditio
states are approximately degenerate, with mass diffesenfce itSelf cannot be a fundamental theory of particle inteai It
orderm? /m 40 (herem 4o is approximately equal to the com-must break down once the energy is raised beyond some tritica
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 decouplirRf®Sent.A can lie anywhere between a few hundred GeV and
limit, then h° is not separated in mass from the other Higg§® Planck scale)(pr, ~ 107" GeV).

states. In this case, the propelﬂieﬁ KO 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

SM* .
The decoupling limit arises naturally in many approaches. FScales belowd, the new physics beyond the Standard Model
example, in models of Higgs doublets (and singlets), with fcouples, leaving a low-energy effective theory whictkio
artificial discrete symmetries imposed, the decouplingtlim almost exactly like the Standard Model. However, the discov
reached when off-diagonal Higgs mass parameters are taRéh Of the Higgs boson provides an opportunity to probe the
large. Naturalness properties suggest that all such pm&mevalue ofA. Consider the behavior of the quartic Higgs self cou-
should reflect the highest possible energy scale consisiemt Pling, A, as a function of the energy scale. At low-energies,
the model. In models that introduce new TeV scale physics o= 3mpo /v*. If one solves the one-loop renormalization
explain the dynamics of electroweak symmetry breakings¢h group equation foA(u), one finds thah increases with energy
mass parameters are expected to be associated with this seale .. EventuallyA(x) becomes infinite at the so-called Lan-
physics. The paradigm for this discussion is the MSSM. In tliau pole. Although this behavior could have been an artd@bct
2The basic property of the Higgs coupling strength propogido mass is the one-loop approximation, lattice results confirm thatitre-

maintained. But, the precise coupling strength patternis®ofvil differ from Oy breaks QOwn at scales near the Landau @e [25]..T.haEiS, w
those ofh?,, in the non-decoupling limit. may associaté with the Landau pole. Conversely, fixing the




value of A leads to an upper bound on the low-energy value tfe MSSM is boundedn,o < myz|cos23| < my. If this pre-

A, or equivalently to an upper bound om0 . For example, if diction were exact, it would imply that the Higgs boson muest b
A = Mpr, thenmhgM < 200 GeV [@]. Lower values ol discovered at the LEP-2 collider (running at its projecteskm
imply a higher Higgs mass upper bound. Sirichad better be imum center-of-mass energy of 192 GeV, with an integrated
larger thanmth (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-eng¢hanm 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 boand i
about 700-800 GeV. Similar conclusions are reached bgdattincreased significantly. In the one-loop leading logarithap-

computations[[25]. proximation [31],

The stability of the Higgs potential also places non-tiivia
constraints on the Higgs mass, due to the large value of the to m2o < m? cos® 4 3g>m} %f (©)
quark mass. (More refined limits require only a metastable po o~z 8m2m3, m2 )’

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

universe.) For example, recent computations of REf$. [B€] awhere M; is the (approximate) common mass of the top-
[Rd] show that ifA = Mpr,, 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 welve to the top mass and depends logarithmically on the top
discovered whose mass lies below this limit, then one wouduark masses. Although eff. (6) provides a rough guide to the
conclude that new physics beyond the Standard Model must Biggs 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 beyonddtethe MSSM parameters. In addition, in order to perform pre-
Standard Model must enter at or below an energy scale of ordision Higgs measurements and make comparisons with theory
A = 1000 TeV (based on the graphs presented in ef. [29]). @ more accurate result for the Higgs sector masses (and cou-
course, in this case, if all the new physics were confinedeto [ylings) are required. The formula for the full one-loop &tilie

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 an th
who plan searches for the Standard Model Higgs boson are wietual contributions of the MSSM spectrmE[SZ]. Moreowiér,
wasting their time. In particular, evenAf is rather close to the the supersymmetry breaking scale is larger than a few hdndre
TeV scale, one would expect the lightest Higgs boson tonetageV, 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 af@quires numerical integration of a coupled set of RG equa-
proximating those oh!,,) is perfectly consistent in the contextions @]. (The dominant two-loop next-to-leading loglari
of the MSSM. In this case, the Standard Model breaks dowmic results are also knowrﬂ34].) Although this program has
at an energy scale far below 1000 TeV, due to the existerimeen carried out in the literature, the procedure is unwiatd
of supersymmetric partners whose masses are no heavier thaneasily amenable to large-scale Monte-Carlo analyses. R
(roughly) 1 TeV. In particularh® ~ K2, in the MSSM as long cently, two groups have presented a simple analytic praeedu
asm o0 2 2mz, as noted in Section IlIA. for accurately approximatingu,o. These methods can be eas-

ily implemented, and incorporate both the leading one- kg
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 threshold
Supersymmetric Models (the most important effects of this type are squark mixing ef

fects in the third generation). Details of the techniquesloa

If the minimal supersymmetric extension of the Standargdynd in Ref. ] and|E6], along with other references te th
Model (MSSM) is correct, then we should identify the scalgriginal literature. Here, we simply quote two specific bdsin
A at which the Standard Model breaks down as the scale gfsumingn, = 175 GeV andM; < 1 TeV:myo < 112 GeV if
low-energy supersymmetry breaking. In models of low-epergop-squark mixing is negligible, whilev,0 < 125 GeV if top-
supersymmetry\ 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 thesfarg
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 sectan,,o andtan 3 [Bd], of top-squark mass eigenstates. Current state of the attlaal
and other MSSM soft-supersymmetry-breaking parametets thons can obtain a mass bound for the light CP-even Higgs bo-
affect the Higgs mass through virtual loogs][31]. If the scakon of the MSSM that i reliable to within a few GeV. Of course,
of supersymmetry breaking is much larger thap, then large the bound one finally obtains is very sensitive to the top kjuar
logarithmic terms arise in the perturbation expansion. sehemass, and depends crucially on the upper bound one chooses to
large logarithms can be resummed using renormalizationmrglace on supersymmetric particle masses. In this repodna c
(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 bosonmifenomenological analysis.



The charged Higgs mass is also constrained in the MSSM. Aiggs signal can be unambiguously detected above the Sthnda
tree level,m? . = m¥, + m%,, which implies that charged Model background. In this discussion, we shall focus maimly
Higgs bosons cannot be pair produced at LEP-2. Radiative cthre Standard Model Higgs bosoh®(,) and the Higgs bosons
rections modify the tree-level prediction, but the con@ts are of the MSSM ¢°, H°, A°, and H*). At present, taking into
typically smaller than the neutral Higgs mass correctioiss daccount data from LEP-1 and the most recent LEP-2 data (at
cussed above. Althougly+ > myy 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 apassmyy < 70.7 GeV ]. The MSSM bounds are a little
proximately over most of MSSM parameter space (and can im@re complicated, since they depend primarily on two Higgs
significantly violated only wheman 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 appWrtual loop effects. The current MSSM Higgs mass bounds
to non-minimal supersymmetric extensions of the Standag®clude the mass ranges;o < 62.5 GeV (independent of the
Model. If additional Higgs singlet and/or triplet fields anéro- value oftan 8) andm 0 < 62.5 GeV (assumingan 5 > 1)
duced, then new Higgs self-couplings parameters appeahwHBg]. LEP-1 data also excludes charged Higgs masses with
are not significantly constrained by present data. Thesapar my+ < 44 GeV in a general two-Higgs-doublet modE[39].
ters can contribute to the light Higgs masgtsie upper bound (LEP-2 data does not yet improve this bound.) This bound is
on these contributions depends on an extra assumption dey@ss interesting in the MSSM, whereg+ > my over most
the physics of the TeV scale effective theory. For examplef the MSSM parameter space. The searchifer bH* at
in the simplest non-minimal supersymmetric extension ef tthe Tevatron can, in principle, extend the reach of the a¥hrg
Standard Model (NMSSM), the addition of a Higgs singlet sudiggs search. However, the quoted Iimi[40] apply only in a
perfield adds a new Higgs self-coupling paramexdfi,d]. The very narrow region of parameter space.
mass of the lightest neutral Higgs boson can be raised anibjtr ~ Consider the Higgs search at future colliders. The machines
by increasing the value of (analogous to the behavior of thewe have examined are summarized in Te[ble I. Most work on
Higgs mass in the Standard Model!). In this case, we must gemalyzing the discovery reach of future colliders has fedumn
eralize the analysis of Section IlIB and introduce a newescahe 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 double
dard assumption of theorists who construct low-energy supmodel. In the decoupling limit, the discovery limits obtagh
symmetric models is that all couplings stay perturbativeaip for 12, also apply to the lightest CP-even neutral Higgs boson
the Planck scale. Choosidg~ Mpr,, one finds in most casesof a more general non-minimal Higgs sector.
thatm;o < 150 GeV, independent of the details of the low-
energy supersymmetric modE[S?]. The NMSSM also permits . ] ]

a tree-level charged Higgs mass betomy,. However, as in the Table V. Thend,, d|scov¢ry rea_ch of futu_re colliders. %y sig-
MSSM, the Charged H|ggs mass becomes |arge and rough|y a%l.above baCkgrOUnd IS reqUIred for dlscovery. Note that Ru

generate withn 4o in the decoupling limit where 40 > my. | at the Tevatron _com_plements the LEP Higgs search or_lly for
an integrated luminosity well beyond one year at the design |

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 jjar to that of the NLC for the same center-of-mass energy and

Higgs hunting at future colliders will consist of three pbss integrated luminosity.

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

. . , ) Integrated Discovery
signal is fpund and confirmed as evidence for new phenomerja Collider Luminosity Reach
not described by Standard Model background. Phase two will L EP-2 — GV 150 o0 ! 95 Gav
address the question: should the signal be identified wigiy$li -2 (/s = 192 GeV) P . €
physics? Finally, phase three will consist of a detailecopro ~ Tevatron (M.1.) 5-10fb"  80-100 GeV
of the Higgs sector and precise measurements of Higgs sectoimeV-33 25-30 fb! 120 GeV
observables. Further details on the results of this secaorbe LHC 100 fo 1! 800 GeV
found in Ref. [1]. NLC-500 50 fir! 350 GeV

NLC-1000 200 fo! 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 a . . .
3This should be contrasted with the MSSM, where all Higgs-seliplings The kg, discovery reach of future colliders is summarized

are related by supersymmetry to gauge couplings. This iotign of the N Table[V. At LEI_D'Z running at its maximum energy of
MSSM boundm 0 < O(mz) discussed above. Vs = 192 GeV, the discovery reach mth ~ 95 GeV can be




attained by one detector taking data for about one year grdedHiggs mass range. F@;nhfs)M < 130 GeV, the dominant decay
luminosity [4]]. With four LEP detectors running, the Higgghanneh?,, — bb has very large Standard Model two-jet back-

. . . SM
mass discovery reach can be achieved sooner (orimproveongfounds. Thus, in this regime, it is necessary to consider ra
significance of any candidate Higgs signal). Additional umproduction and decay modes with more distinguishing charac

nosity cannot significantly extend the Higgs mass reachssnlgeristics. Among the signatures studied in the literatuee a
the LEP-2 center-of-mass energy were increased. At Run Il of

the Tevatron one year of data taking at the Main Injectorgiesi () 99 — hdu — 77,

luminosity is not sufficient to discover a Standard Modelg$ig (i) qq— V* — VRO, (V =W or 2),

boson above background. However, two detectors running at o

design luminosity from three to five years can complement the (ii)) gg — tths,,

LEP-2 Higgs search. In particular, the associated prodoct (iv) gg — bbhY,, and

WhS,, with h% . — bb may be feasible at the Tevatron, given

sufficient integrated luminosity. Assuming a total intdgch

luminosity of 5 [10] fb!, 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 1arele-

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

For example, initial studies indicate that at TeV-33, a 8tad signatures could be used to provide consistency check&éor t

Model Higgs boson with a mass of 120 GeV can be discovergiigs discovery as well as provide additional evidence lfier t

with an integrated luminosity of 25-30 1B [A3/43]. The sig- expected Higgs-like properties of the Higgs boson candidat

nificance of the Higgs signal could be enhanced by the detectA successful intermediate mass Higgs search viaytheale-

of the associated production gf2,,, h9,, — bb [B4]. Implicit cay mode at the LHC will require maximal luminosity and a

in these studies is the assumption that the Standard Model cgery fine electromagnetic calorimeter resolution (at akibat

tributions are sufficiently well understood that the Higaggal 1% 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 masisird Model Higgs search at the NLC in the intermediate mass

discovery reach significantly beyor@(mz). Note that ac- regime is straightforward, due to the simplicity of the Higg

cording to the discussion of Section IlIB, it only makes sensignals, and the relative ease in controlling the Standasde¥

to consider Standard Model Higgs bosons with mass beld®ackgrounds. Higgs production is detected at the NLC via two

800 Ge\/ﬂ Therefore, Tablﬂ\/ implies that the LHC can providenain signatures. The first involves the extension of the REP-

complete coverage of the (weakly-coupled) Standard Modssarch for

Higgs mass region, assuming that it achieves its desigrnlumi ete” — ZhY, @)

nosity [I4[4H.46]. Forn,s 2 2mz, the “gold-plated mode”

hS, — ZZ — (+¢~¢+¢~ provides a nearly background fre

signature for Higgs boson production until the productiater

becomes too small near the upper end of the weakly-coupled +om — LA — ik

Higgs mass regime. In this case, other signatueeg, (.0,, — ©r W Pl ®)

ZZ — (T vp andhl, — WHTW™ — (v + jets) provide The fusion cross-section grows logarithmically with thetes-

additional signatures for Higgs discovery. of-mass energy and becomes the dominant Higgs production
The most troublesome Higgs mass range for hadron colljgrocess at Iarge/E/mhg - For example, at/s = 500 GeV,

ers is the so-called “intermediate Higgs mass regime”, whicomplete coverage of the intermediate Higgs mass regime be-

roughly corresponds tov; < myg < 2my. For 130 Gels  low my,o < 2my requires only 5 fb* of data. The only lim-

mpo < 2mz, one can still make use of the gold platedation of the NLC in the Higgs sear_ch is the cente_r-o_f—mass

mode at the LHCRO,, — ZZ* — (+¢—¢+¢~ (wherez* is energy of the machine which determines the upper limit of the

virtual). Standard Model backgrounds begin to be problerhiggs boson discovery reach. One would negd ~ 1 TeV
atical when the branching ratiBR(h%,, — ZZ*) becomes 10 fully cover the weakly-coupled Standard Model Higgs mass
too small. This occurs fomy < mye < 2mz where range [4H,49.90].

BR(RQ,, — WHW ) is by far the dominant Higgs decay chan- The techniques for the Standard Model Higgs bosis:
coveryat aptp~ collider are, in principle, identical to those

nel, and formth < 140 GeV where the the virtuality of* loved at the NL 1 H q

begins to significantly reduce the),, — ZZ* decay rate. A employed at the C@DS ] OWEVET, one must .emonstrate

complementary channaf,, — WI/VR%*) Ry rovide'sa that the extra background resulting from an environment of
P Y M vevp decaying muons can be tamed. It is believed that sufficient

viable Higgs signature for 155 Geé/mhoM < 2myg [@], and o . )
closes a potential hole near the upperS end of the internmdig?Ckground rejection can be ach|ev@ [53]: thus the FMC has

(V) g9 — hy — 777,

to higher energies. In addition, a second process can also be
esignificant: the (virtual)¥ “W~ fusion procesﬂ;

5The correspondingZZ fusion processete” — ete Z*Z* —
ete~h3,, is suppressed by about a factor of ten relative tdtfit W — fusion
process. Nevertheless, at largé/m;0 ,theZZ — h3,, fusion rate com-
SM

4t is possible to imagine theories of electroweak symmeteaking which
produce scalar states heavier than 800 GeV. However, ahysaadar is pre-
sumably either strongly coupled, and/or composite on tiatesaf 1 TeV. The pares favorably to that effe~ — Zh3,,. As a result, theZ Z fusion process
consideration of such scalars lies outside the scope of otkimg group. can be used in some cases to study Higgs properties.



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

mass energy and luminosity. future collidersin Tablﬂ'ﬂ Consider first the discovery limits
for h° of the MSSM at future collider facilities. As described
2. Higgs Bosons of the MSSM in Section IlIC, the tree-level MSSM predicts thao < my.

Suppose that this predicted bound were unmodified (or retjuce

Next, we turn to the discovery potential at future colliderdfter taking radiative corrections into account. Then tbe-n
for the Higgs bosons of the MSSM. # 40 > my, then the observation of,? at LEP-2 (which will eventually be sensitive

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

decays appreciably to light supersymmetric particles,dise tive corrections significantlmcreasdhe tree-level bounclI.’pl].
cussion given above foi?,, apply without change t&°. In Consequently, the Higgs searches at LEP-2 (and the Teyatron
general, one can consider two types of MSSM Higgs searctf@§not 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 coeect
parameter space where at least one MSSM Higgs boson caPBéndism,e < 130 GeV, itwould appear that the LHC has ac-
discovered in a future collider Higgs search. If no HiggsestaCeSs to the full MSSM Higgs sector parameter space. After all
is discovered, then the corresponding region of MSSM parati€ argued above that the LHC will be able to completely cover
eter space would be excluded. (In some cases, the absendB%fntermediate Standard Model Higgs mass regime. However
a Higgs discovery would be strong enough to completely rifg1€nm.ao ~ O(mz), the decoupling limit does not apply, and

out the MSSM!) Note that in this approach, one may simpi€ Properties oh? deviate from those ofig,,. Thus, an inde-
discover one Higgs state—the light CP-even neutfal-with pendent analysis is required to ascertain the discovegngiat

properties resembling that &f,,, which would be consistent of the LHC search for MSSM Higgs bosons. In particul_ar., t_he
with MSSM expectations, but would provide no direct prodeCO d(_atector cc_)IIaborat|ons must demonstrate the fedsibil
that low-energy supersymmetry underlies the Higgs segtor @f /1 discovery in the mass range; 5 muo 5 130 GeV.
namics. Second, one can examine the discovery potential T&iS IS precisely the most difficult region for the LHC Higgs

specific states of the non-minimal Higgs sector. As emplasiZ¢arch. At this time, one can argue that the LHC coverage of
in Section I11A, in the decoupling limit, the non-minimal gtjs the MSSM Higgs sector parameter space is nearly complete,

states are heavy (compared to e nearly degenerate in massglthough the search strategies sometimes depend on the obse

and weakly-coupled. Discovery of these states at futurkdeol vation of small signals (above significant Standard Modekba
ers is far from being assured. grounds) in more than one channel. Moreover, the presdnt est

mates of the statistical significance of the Higgs signal ozl
theoretical determinations of both signal and backgroaelsr
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 diffi¢ul
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 center-of-mass
ete— — HYH- energy is ab(_)ve 3Q0 GeV.In cont_rast to the LHC Higg_s '_search,
ete— — 710 the mtermedla'Fe Higgs mass regime presents no par_Ucdlar d
ete— — 040 gcult.y for the high energy lepton colliders. The associgieat
uction
TeV-33 Limited coverage, complements the LEP-2 search ete™ — B9AY (9)

LHC  (Nearly) complete coverage for the discovery of provides an addition discovery channel faro < 1/5/2. 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 regiongysly 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 Higgs bOSOﬂ_ O_f the MSSM. Sensitivity to 6We have not considered the possibility of Higgs decay charineolving
FMC to heavier non-minimal states depends6n supersymmetric particles. This is probably not an issuetHerlightest CP-

V52 2my  for discovery ofH*, HO, A° via even scalarh?. Recall that in the MSSMin,0 < 130 GeV, and consider

associated production. the likely constraints on supgrsymmetric_ particle massebgi absence _of ob-
served supersymmetric particle production at LEP-2. Ihentvery unlikely
\/E ~ ma for ,u'"u_ — HO, A® s-channel that there would be any open supersymmetric channetd idecays. For the
resonance production. heavier Higgs statesH°, A° and H*), supersymmetric decay modes can be
significant and provide new signatures for Higgs productod 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 coriected above background, assuming the NLC luminosity given
sider non-minimal extensions of the MSSM to see whether theTable].
low-energy supersymmetric approach could be ruled outrin ge A similar question can be posed in the case of the LHC Higgs
eral. Consider the Higgs search at the NLC in the context sdarch. As discussed earlier, the LHC search will providelye
a completely general two-Higgs doublet model. Suppose thimplete 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’sof it
cessible at the NLC. The relevaht production processes arecapabilities. By relaxing some of the MSSM constraints to
listed in Egs. [[7) and]8). Note that in both cases, the priioluc Higgs sector parameters, we expect some holes to develep inr
cross-sections are governed by the strength of:itheoupling gion of supersymmetric parameter space accessible to tie LH
to vector boson pairs. But, in models with Higgs doublets amiggs search. Ref[[56] examined this question in detail for
singlets (but with no higher Higgs multiplets), these cingd the case of the NMSSM, and concluded that although the re-
must satisfy a sum rulé [p4]: gion of inaccessibility is not large, it is possible to findjiens
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 searchtstr
gies and detector capabilities (for example, improbsagging)
may be able to significanly narrow the region of inaccessjbil
the Standard Model Higgs boson withy,, = 150 GeV at the in th? Hi_ggs sector parameter space. Clearly, the supersym-
) M metric Higgs search remains a formidable challenge forréutu
NLC running at,/s = 500 GeV requires only about 2 fiJ of experimentation at LHC.
data (;eee.g, Fig. 2.18 of Ref. Mg]), correspondlng to about The above considerations can also be applied to more general
190 Higgs boson events_ bEfOFe cuts. Equwa_lentl_y, the NIre "hon-minimal extensions of the MSSM. Although there is no
hing aty/s = 500 GeV with an integrated luminosity of 50 ft ompletely general analysis yet available, under mostreas

permits the & discovery of a neutral CP-even Higgs boson wit ble model assumptions, the non-observation of a Higgsrboso
4% of the Standard Model cross section, which correspondsjo;,e intermediate-Higés-mass regime at the NLC would

; 0 .
9VV’|I|° 2h0'29r‘]/_‘/h2M 'H_Of course, if thlgvl')Vfé_ couplmg WET€ "1ule out the low-energy supersymmetric model. Whether this
smaller than this, no Higgs state would be discovered inetkis “no-go” theorem can be circumvented by some more exotic

periment. However, by raising the center-of-mass enerdlyef approach to low-energy supersymmetry remains to be seen.
NLC, one must eventually find evidence for at least one of thg

heavier neutral Higgs states, by virtue of the sum rule [fe@)](
quoted above.

_The situation where the bulk of tHeVn? couplings are car- it only one Higgs boson is discovered, it may closely resem-
ried by the heavier Higgs states cannot arise in the MSSM 9 thep? . In this case, one must address the detectability of
two reasons. First, the MSSM Higgs mass bound implies thak non-minimal Higgs statediC, A°, H=, -- ) at future col-
mpo < 130 GeV, and secondyyy e < 0.2gvypg 1S POSSI- Jigers. As emphasized above, all future colliders can glevi
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 oftee amis

We reviewed the case of the NMSSM in which one complgrodel 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 parametechvh
value. However, if one imposes the requirement of pertiwbatcould be as large as 1 TeV. Such heavy states would still be
ity of couplings at all scales below the Planck scale (a mequi weakly-coupled and difficult to observe at any of the coligle
ment motivated by the unification of strong and electroweatke have examined.
couplings near the Planck scale), then one finds that thiebggh The exploration of the non-minimal Higgs sector parameter
Higgs boson must satisfyr,0 < 150 GeV. Still, the lightest space at future colliders could be especially challenging-
CP-even Higgs scalar may be very weakly coupled to quarksction of heavy non-minimal Higgs states at the LHC is diffi-
leptons and gauge bosons if it is primarily composed of the sicult due to the very low signal-to-background ratio of theree
glet component. Thus, a detailed analysis is required to sgonding Higgs boson signals. In particular, heavy Higgtest
whether the Higgs search at the NLC is sensitive to all regjiooouple 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 larga 3, where
of Ref. ] demonstrated that even fofs = 300 GeV, the the Higgs couplings to down-type fermions is enhancedivelat
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 td7—.) 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 stéges

2 _ 2
Z Jvvne = Jvvng,,
K2

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 coedegot ~ Atane™e™ collider (LEP-2 and the NLC), many of the Higgs
the nature of the decoupling limit, the heavy Higgs statabef boson properties can be directly measured due to low back-
MSSM can be produced in sufficient number and detected oglsounds and simple event structuﬂe@ne can directly mea-

if /s 2 2m 4o [E]. 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 de&pe-
NLC. In this mode of operation, the search foy — A° and cific Higgs decay modes can be separated and individualll stu
vy — HY can extend the non-minimal Higgs mass discoveigd. Accurate measurements ofh°)BR(h° — X) can be
reach of the NLC|E7]. made for a number of final states, includig= bb andrt7~.

Finally, the FMC can produce the neutral Higgs states singdfy this workshop, a breakthrough was reported demonsgatin
via s-channel+ .~ annihilation, and would permit the discov-that the detection oi® — cc is possible with appreciable ef-
ery of the heavy neutral Higgs states up\f8 = m 4o [@]_ f|C|§ncy and low mls-ldennflcgtlormg]. Thus, at thg lepton
The viability of this discovery mode depends on the paramgRlliders,h? ~ h,, can be confirmed with some precision.
ters of the Higgs sector. In the MSSM, the cross-section for

+,,— — HO A0
Hm Iﬁ) ,onH>>7 /71nZ|s ?Oh:rr:g(jiofg:g z:;srsoifrﬁgt:@og e?gle.nl:r)er\te-r able VII: Detgctability oof then?,, at future hadron collid-
in mass. Given sufficient luminosity, one can detéétand4° €' as @ function of thés,, mass range. For the Tevatron
(if kinematically accessible) by scanningfs, assuming that Higgs search (Rl.m I .Of the Main Inj_ecto_r a_nd th(_a TeV—3_3 up-
tan 3 is larger than a critical value (which depends on the t _ra_de), th_e required mtegrated_ luminosity in un!ts of ftis
tal luminosity and the Higgs mass). Detection is accompﬁbh'nd'cated in braces. For comparison, the LEP-2 discovergea

1 i o P

via a resonant peak in the Higgs decayidandtt if allowed). (viaete™ — Z}.LSM) Is indicated. Eor the Tgvatron gnd LH.C

Further details can be found in Reﬂ14]. searches, the Higgs decay modes involved in the primaryHigg
discovery signals are shown in parentheses; further deded

given in Tablg VIIJ.

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

Suppose that the first candidate Higgs signal is detectedf.go_100 Gev LEP-2, Tevatr({ll(_)}(bb), and LHC{y)
What must one do to prove that the produced state is a Higgd00-120 GeV  Tevatrdi25-3G(bb) and LHC(y)
boson? We assume that after the initial discovery is made, fu 120-130GeV  LHCAH~)
ther collider running confirms the signal and establishesedll  130-155GeV ~ LHCZZ*)
statistical sample of events. The first step is to ascerthither - * TI+T1—
the observed state resembles the Standard Model Higgs bosoiw55 180 Gev LHC L2 ,W+I/If +) o
and/or if it is associated with a non-minimal Higgs sectdr. L~ 180 GeV LHC (ZZ - £747 4747, £7¢vp)
h° ~ n?,,, 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 stratfey
(i) spin zero, accomplishing this goal was developed by our working group.
We considered what was achievable on the basis of the Higgs
(iii) CP-even quantum number, searches at LEP-2, Run Il at the Tevatron (with some consid-

eration of a possible TeV-33 upgr@i&and the LHC. We elu-
cidated all the observables where a Higgs signal could be de-
) ) tected. We considered separately seven specific massdlsterv
(v) coqplmgs proportional to the mass of the state 1 the range 60 GeVK my0 < 800 GeV, listed in TabII.
which it couples. We then considered in detail a variety of possible Higgsasign
tures at each collider (see Taljle VII1) and evaluated therpot
Eventually, one would like to make detailed measuremerds il of each channel for supporting the Higgs interpretatid
verify that the Higgs candidate matches all the properties éhe signal. Taken one by one, each channel provides limited
peCt%d thgM to. With.in Some precisiop (Sma” deViati.Ons from “In principle, the remarks that follow also apply to the FMQovréver, it
the hg,, properties will be addressed in the next section). If thg,s ot yet been demonstrated that the severe backgrolisite drom the
properties of the discovered state are Higgs-like, buediiffi constantly decaying muons can be overcome to make precisi@surements.
detail from those o2, , then it is likely that other non-minimal ~ °The Higgs discovery reach at the Tevatron depends criticail the total

sSM?

: : : rated luminosity processed and analyzed by the CDFDxhdetectors.
Higgs states are |Ight and may have been pmduced in the_ S hegTevatron at the Main Injector design luminosity mustwith one detector

exp_er.iment. Fi.nding eVidence_ for these states will be @lugi 1o five years to attain a Higgs discovery reach up to 100 Gevestiend the
verifying the Higgs interpretation of the data. Higgs reach further before the start of LHC requires TeV-33.

(iv) electroweak strength couplings, and
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information. However, taken together, such an analysishinignost viable signatures in this mass range involve the produc
provide a strong confirmation of the Higgs-like propertiethe tion of h%,, followed byh?,, — ~+. However, the Higgs can be
observed state as well as providing a phenomenological@rofiroduced via a number of different possible mechanisms:

that could be compared to the predicted properties of the-Sta (i) gg — o

dard Model Higgs boson. Finally, we considered the limitasi N f“(’) ) e

of the data from the Higgs searches at the hadron collidacs, a (i) g — qqhs,, viat-channel "W fusion,
examined the possible improvements in the determinatitimeof (iiiy gg — VRS, vias-channel/-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 catesied

above is given in TabIII The gg — A2, mechanism dominates, and it will be an

SM

experimental challenge to separate out the other productio
mechanisms. It may be possible to separate— h2,, and
VTW~ — hl, events using a forward jet tag which would
§glect out thelW + W~ fusion events. It may also be possi-
ble to distinguishV’rl,, (V = W or Z) andtthl,, events
based on their event topologies. If these other productiecim
anisms can be identified, then it would be possible to extract

information about relative couplings of the Higgs candadiat

Table VIII: Primary h2,, signatures at future colliders and th
corresponding Higgs mass range over which detection of-a
tistically significant signal is possible. Other Higgs satures

not included in this table are discussed in R [14].

Collider Signature Mass Range . . :
V'V andtt. Otherwise, one will be forced to rely on match-
LEP-2  ete™ — ZRhJ, < 95 GeV ing o(hY,,)BR(hY,, — ~v) to Standard Model expectations in
TeV-33  W* — WhY,, — (ubb 60120 GeV order to conflrm the Higgs |r_1ter|_3retat|0nl®gM._
b In some circumstances, it might be p035|ble. to observe the
7% — ZhY,, — { _ decayshl,, — bb or h%, — 77~ (after a formidable back-
v bb ground subtraction), or identify the Higgs boson producied v

— Lubb 80—100 GeV gg — bbh?,. One could then extract the relative coupling

SM*

strengths ofh?,, to bb and/orr* 7~ final states. These could

LHC W* — Wh

SM

0 _ SM =
how + X =97+ X 90-140 Gev be compared with the corresponditig’ andtZ couplings (see
h, — ZZ* — ¢*4—¢t¢-  130-180 GeV above), and confirm that the Higgs candidate couples to-parti

L cles with coupling strengths proportional to the particksses.

0 * -+ _
how = WW* — £fvé"p - 155-180 GeV The quantum numbers of the Higgs candidate may be difficult
hd, — ZZ — ¢re=¢+te—  180-700 GeV to measure directly at a hadron collider. However, note ifhat

hd., — ~v is seen, then th&l cannot be spin-1 (by Yang's

0 —p+p— _ SM ' SM
how = 22 — vib™e 600-800 GeV theorem). This does not prove thdt, is spin-zero, although

), — WHtW~ — fv+jets 600-800 Ge¥/ it would clearly be the most likely possibility. If the couipd

SM

et — ZhO hY, V'V is seen at a tree-level strength, then this would confirm
NLC sM the presence of a CP-even component. Unfortunately, any CP-
ete” — vohd, < 0.7y/s odd component of the state couplest®” at the loop level, so
efe™ — ete™hl, one would not be able to rule oatpriori a significant CP-odd
component foh?, .
FMC W = Zha Topsummarizfah,dPhase 2 consists of determining whether the
ptps — vhd, S 0.7s Higgs candidate (discovered in Phase 1) can be identified as a
prp= — ptphl, 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. iBat
?f Higgs couplings to different final states may be measured t
roughly 20-30%. The NLC (and perhaps the FMC) can make
more precise measurements of branching ratios and cartlgirec
check the spin and CP-quantum number of the Higgs candidate.
[I'he lepton machines (with/s > 300 GeV) can easily han-
aFéSthe intermediate Higgs mass regime and can provide valu-
able information in some mass regions that present diffezult
] ] ] ) to hadron colliders.

In order to determine the true identity of the Higgs candi-
Qate, it is very important to be able to detect the Higgs digna C. Phase 3 - Precision Measurements of Higgs
in at least two different channels. As one can discern from .
Table, the most problematical mass range is 100 &eV Properties
mpg S 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

wtp= — hl, up to/s < 2myy

@ The TeV-33 Higgs signatures listed above are also relegant
lower luminosity Tevatron searches over a more restriciade
of Higgs masses, as specified in Taplg VII.

b Ref. [@] argues that thé/+2 jets signal can be detected fo
Higgs masses up to 1 TeV (although such large Higgs mas
lie beyond the scope of this working group).
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properties expected of the),, (to within the experimental er-
ror). One would then be fairly confident that the dynamics th
is responsible for electroweak symmetry breaking is weakl
coupled. Unfortunately, the details of the underlying pbys
responsible for electroweak symmetry breaking would bgll

missing. As discussed in Section lll, it is not difficult torco

struct models of the scalar dynamics that produce a lighasc
state with the properties of the),,. To distinguish among such
models, additional properties of the scalar sector mushbew:

ered. Itis the non-minimal Higgs states that encode thestru
ture of the electroweak symmetry breaking dynamics. Inorde  Collider 80 mz  100-120  120-150
to provide experimental proof of the existence of a non-mai

Iable IX: Anticipated experimental error in the measurddea
of the Standard Model Higgs massmth, in units of MeV,
for various ranges ofnth. The notation “?” indicates that
a reliable simulation or estimate is not yet available, /i’
means that the corresponding Higgs mass range is not accessi
le. The assumptions underlying the various collider rigted
elow are specified in the text. See R [14] for further ifleta

mpo range (GeV)

Higgs sector, one must either demonstrate that the prepgerti LEP-2 [69] 250 400 B B
1O differ (even if by a small amount) from those af,,, or ~ T€V-33 %60 7  1500-2700 -
one must directly produce and detect the heavier Higgssstaté HC 90 90 95-105 105-90
(H°, A% H* . ...). In general, precision measurements of bothNLC (500) 370 264 200-120 120—70
light and heavy Higgs properties are essential for disistyng | ¢ (\/527) 36 38 4.1-4.8 48-6.1

among models of electroweak symmetry breaking dynamics. NLC (threshold) 40 70 55-65 65-100

A precision measurement of the lightest Higgs mass could hEMC (scan) 0.025 035 0.1-006 0.06-0.49
useful. As noted in Section II, the Higgs mass measurement
can provide a non-trivial check of the precision electrokiéta B .
in the context of the Standard Model. This analysis would §&d (ii), we assumé = 200 fb~" and employ the best track-
sensitive to one-loop (and some two-loop) virtual effegtay  ing/calorimetry scenario outlined in Ref. [14]. NLC thredth
significant discrepancy would indicate the need for new fisysfesults [case (i)] assumé = 50 b~ and are quotede-
beyond the Standard Model. In this context, a Higgs mass mé@{€ initial state radiation and beam energy smearing effeets ar
surement with a relative error of about 20% is all that is rédcluded. In the latter case, including such effects wouald i
quired. In the MSSM, the light Higgs mass measurement prg€ase the quoted errors by about 35%. The NLC results are
vides an additional opportunity. In Section IIIC, it was edt /S0 applicable to the FMC, although with a 15% increase in
that the light Higgs mass in the MSSM at tree-level is a cdfTor In the last case if all the cited effects were mcludEd_.
culable function that depends on two Higgs sector parametdially, the most accurate mass measurements can be obtgined b
When one-loop effects are included, the Higgs mass becorei¢an atthe FMC for thechannel Higgs resonance. The FMC
dependent upon additional MSSM parameters (the most impefan rESU“Sl“_StGd in Tabe]IX assume that a total lumigasit
tant of which are the top-squark masses and mixing parame= 200 fb™ " is devoted to the scan.
ters). Since the radiative corrections to the Higgs massbean Precision measurements of heavy Higgs masses may also play
significant, a precision measurement of the Higgs mass cod@llimportant role in the study of Higgs phenomena. In the de-
provide a very sensitive test of the low-energy supersymimetcoupling limit, these mass splittings are®@fm? /m 40 ), which
model. Theoretical calculations yield a prediction for liglt Presents a formidable challenge to the design of future $ligg
CP-even neutral Higgs mass (which depends on the MSSM g&arches. Here is one case where the mass resolution dffered
rameters), with an accuracy of about 2 to 3 G¢\ [35,36]. Tiiee FMC might be required. For example, it may be possible to
anticipated experimental accuracy of the light Higgs masa-m resolve the two peaks in a resonance scapfgr— — H°, A°.
surement depends on the Higgs mass range and the collidgneasurement of the corresponding mass difference of the tw
Table[lX lists the estimated errors in the measurement of thi@tes would probe the structure of the electroweak synymetr
Standard Model Higgs mas&\my , at future colliders for bréaking dynamics.
mw_S myo < 2mwy. Note that the numbers quoted in Ta- Precision measurements of Higgs properties also include
ble [{ are considerablgmallerthan the theoretical uncertain-branching ratios, cross-sections, and quantum numbersas d
ties quoted above. cussed in Phase 2 above. One must be able to separate cross-

sections and branching ratios (instead of simply measuhiag

In Table[l}, the following assumptions have been made ffoduct 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 detertiona
tal integrated luminosity of. = 30 fb~!. LHC results as- of the total Higgs width. BelowZ Z threshold, the Standard
sumeL = 600 fb~', which corresponds to running two de-Model Higgs width is too small to be directly measured, and
tectors (ATLAS and CMS) for three years at LHC design Iwther strategies must be employfeds an illustration, Tablg[X
minosity. Three NLC scenarios are listed corresponding te

SM SM

three choices of center-of-mass energy: \@ = 500GeV, =0+ ¢=,if myo % 190 GeV. However, in models of non-minimal Higgs

(i) Vs=y SZ_ =mz +myg, +20 GeV, and (i) /s 2_ sectors, the mass of the Higgs scalar with appreciable cmsploZ Z typically
mz +mpy (i.e., threshold forete~ — Zh2,,). In cases (i) lies below this bound.

9The width of hQ,, can be measured directly vikS,, — ZZ —

13



presents the anticipated errors in the measurements ofggme
branching ratios, the partial decay rate fdr, — ~~, and the
total Higgs width, 't |, for 80 < mpg < 300GeV. The

0
h M

Table X: Anticipated experimental errors in the measurdd va
ues of theh?,, branching ratios, the partial decay ratéh?,, —

. . L , and total width,I"t%" | in percent, for various ranges of
quoted errors are determined primarily by considering tta d ) hg P 9

H “ MSM H 1 1 1
that would be collected by the NLC gfs = 500 GeV withato- "*hu Th_e notation ™2 indicates that a reliable S.'mglat'on or
tal integrated luminosity of, = 200 b~ . For BRG:C,, — ) estimate is not yet available or that the number indicates is
- : SM !

the NLC analysis has been combined with results from an LHE"Y rough guess, Wh'l_e —" means that the corresppndlng ob-
analysis; while the measurement B, — ) relies on servable cannot be reliably measured. The results listegvbe
l SM

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

0 1 -
NLC (with the corresponding*e~ center-of-mass energy of s — 77 data from LHC and the/y collider are also em

Vs ~ 1.2my0 ). These quantities also contribute to the né{]oyed to im.provef thg quoted errors._T.he total Higgs decty ra
sM _ ot _ . can be obtained indirectly (by combining measurements-of re

accuracy of the total Higgs W'dﬂfth' following the indi- lated quantities); the comparison with the direct deteatiim

rect procedufd discussed in Ref[[]4]. Note thats canbe 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 determinatiorigf' |

the FMC scan results listed in Tadl¢ X assume that a total Iu- myy,  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 whene,o ~ m, the FMC would pro-

of the lightest CP-even Higgs boson could prove tifag h?,,, 0 0 0 5 _
thereby providing indirect evidence of the non-minimal ¢8g BR(hsy = 77) 15%  20-40% '
states. Once the non-minimal Higgs bosons are directly di§(hd,, — ) 12-15% 15-31% ? 13-22%
cpvgr_ed, detailed measureme_nts of their properties waald y Ttet (indirect) 19-13% 13-10% 10-11% 11-28%
significant clues to the underlying structure of electroksan- hsm
metry breaking. For example, if the Higgs sector arises feom I'}%' (FMC) 3% 4-7% — —
two-doublet model, then precision studies of the heavy Bligg——
states can provide a direct measurement of the important pRear theZ peak, the expected FMC uncertainty T is
rametertan 3 (the ratio of Higgs vacuum expectation valu%). o fism

. " about 30%.
The measurement ofan 3 can also provide a critical self-
consistency test of the MSSM, since the parameters also

governs the properties of the charginos and neutralinakdan photons, depends (through their one-loop contributionsilb

in principle be determined in precision measurements 0ésUpcharged states whose masses are generated by their csupling

symmetric processes). Moreover, the couplings of Higgein®s 1, the Higgs sector. Precision measurements of the Higgs cou

to supersymmetric particles will provide invaluable irgiginto lings to fermions are sensitive to other Higgs sector param

both the physics of electroweak symmetry breaking and tjgg €.9, tan 3 and the neutral Higgs mixing parametein a

structure of low-energy supersymmetry. The possibiligithe  yo-Higgs-doublet model). Additional information can ke a

heavy non-minimal Higgs states have non-negligible brancfertained if Higgs self-interactions could be directly sd.

ing ratios to supersymmetric partners can furnish an aiféiti Thjs would in principle provide direct experimental access

experimental tool for probing the Higgs boson-supersymyneine Higgs potential. Unfortunately, there are very few sase

connection. where the measurement of Higgs self-couplings has beenmshow
As in the case of thé!,, discussed above, the lepton coltg pe viable @]_

liders (assuming/s 2 2m 4o for the NLC andy/s ~ m 4o

, Finally, one should also consider the possible effects Bf vi
for the FMC) provide the most powerful set of tools for exg, 5 Higgs interactiond [$2]. In some models, flavor chaggin

tracting the mag_nitudes of_the Higgs_couplings to fermiod aReutral currents mediated by neutral Higgs bosons may be ob-
v_ector boson pairs. The H_|ggs couplings to vector bosorspallyyaphle. The CP-properties of the heavy Higgs states could
directly probe the mechanism of electroweak symmetry bregjg mixedf} leading to Higgs mediated CP-violating effects that
ing [via the sum rule of eq[(10)]. The Higgs coupling to tWQ.;\, 4 he observed in processes with heavy flavor. In somsgcase

precision measurements of low-energy observables canitee qu
sensitive to the heavy Higgs states. The canonical exaraple i
the proces$ — s+, which can be significantly enhanced due

vide the most precise measurement of the total Higgs width fBR(RY,, — bb) 5-6% 6-9% 20%°? -
values of the Higgs m_as§ beloyv 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) deatgsr BR(h2,, — WW*) — 16-6% 6-5% 5-14%
(

OForm,o < 130 GeV, the indirect procedure relies on thg,, — vy
SM
measurements. Fam,o 2 130 GeV, one may also make use of the
SM
WW S, coupling strength extracted from data.
1INote that in the decoupling limit (where” cannot be distinguished from

hQ,,), measurements of processes involvify alone cannot yield any infor-  12In the decoupling limit, the lightest neutral scalar mus(dgproximately)
mation on the value ofan 3. 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 luminaosities, carsid in
peting non-Standard Model contributions (and this is aif)ig this report, are essential.

then present data excludes charged Higgs masses less than abWe have entered a new era in Higgs phenomenology. The
250 GeV [6B]. 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 consisgdme- well known and have been studied in great detail. However,
tween their properties as determined from direct obsematithe most outstanding challenge facing the future Higgschesr

and from their virtual effects. lies in identifying and exploring in detail the propertieistioe
non-minimal Higgs states. A successful exploration wilkda
\VV. CONCLUSIONS profound effect on our understanding of TeV-scale physics.
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