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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 elucidati 80rous|y confirmed

the weakly-coupled Higgs sector at future collider experiments:
The Higgs search consists of three phases: (i) discovery olNevertheless, the verification of the Standard Model is not
a Higgs candidate, (ii) verification of the Higgs interpretatioyet complete. Absent to date is any experimental signal that
of the signal, and (iii) precision measurements of Higgs se@leds 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 underlyiftetry breaking must generate Goldstone bosons which are ab-
structure of the electroweak symmetry breaking dynamics. SRrbed by théV= and Z gauge bosons, thereby generating
is critical to search for evidence for a non-minimal Higgs se#he gauge boson masses. The Standard Model posits that elec-
tor and/or new physics associated with electroweak symmetigweak symmetry breaking is due to the dynamics of a weakly-
breaking dynamics. An improvement in precision electrowegRupled complex doublet (with hypercharge one) of elementary
data at future colliders can play a useful role in confirming tt&galar 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
ordermy. 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 enePOsonS (of definite or indefinite CP depending on the model)

scale of order 100 GeV. Precision experiments at LEP, SLC a%%(.}},d charged Higgs bosons [4].

Tevatron (with some additional measurements at lower enerThe best motivated non-minimal Higgs sector is the two
gies) have measured more than twenty separate experimeHighgs 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 laousand [1,2]. A few (after three Goldstone bosons are absorbed to give mass to the
W* and Z) consisting of five states: a light CP-even Higgs
*This is the summary report of the Weakly-Coupled Higgs Boson and Preg’ea|ar’h0' a heavy CP-even scaIaHO, a CP-odd scalarzlo,

sion Electroweak Physics Working Group. The full list of working group mem; : crr4 . ;
bers can be found in the subgroup reports that follow this summary report. T |sd a charged Higgs paif/=. This is the Higgs sector of

work was supported in part by the U.S. Department of Energy and the NatioRaf Minimal supersymmetric extension of the Standard Model
Science Foundation. (MSSM) [4-6].




In the global fits of LEP, SLC, and Tevatron data based on tiéorking 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 corrdde 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 intdpr 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 nedd 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 stateBggs bosons with definite or indefinite CP quantum numbers
Therefore, there is a strong motivation to conduct a vigoroaed charged Higgs bosons) are expected to be heavier (perhaps
experimental search for weakly-coupled Higgs bosons at LERynificantly 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 dig Section IIIA! In this case, the discovery &f ~ hZ,, is not
covered, then one might naively conclude that the search for gficient to probe the underlying structure of the electroweak
model of the elementary particles has been completed. Hdgymmetry breaking sector. The essence of the decoupling limit
ever, theorists strongly believe that the Standard Model canisthat the existence of a light CP-even Higgs boson with proper-
be the fundamental model of particles. Apart from the mariigs closely approximating those bf,, is consistent with many
parameters of the Standard Model which must be inserted @ssible non-minimal Higgs sectors. Thus, the discovery of the
hand (with no explanation), there is a theoretical problem heavy 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 abbliggs scalars. The Higgs sector of the MSSM is a constrained
which gravitational interactions cannot be neglected relativetityo-Higgs-doubletmodel, 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, efighe CP-odd stated®, and the ratio of vacuum expectation
must explain how the scale of electroweak symmetry breakinglues,tan 8). The decoupling limit of the model corresponds
which is so small when expressed in units of the Planck sc&femo > mz; in this limit, the properties ok” become iden-
(mz ~ 10~*7Mpy,), could be generated by a fundamental théical to those of:,,. Extensions of the MSSM Higgs sector are
ory of particles that includes gravity. Related to this questionaso 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 ordern, < 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 masspd#x Higgs fields [10]. Thus, a detailed exploration of the scalar
an elementary scalar from being driven up\fgr, via radiative sector has the potential for probing both the electroweak sym-
corrections. These problems are intimately connected with tietry 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 tBe compatible with
the existence of new physics at the 1 TeV energy scale or be- () p=md /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 path na-  (iii) the absence of significant virtual charged Higgs
ture chooses can only be determined through experimentation. moedl;a(;[ed_ 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, ap¢en after imposing such model constraints, there is still sig-
to determine its implications for the structure of the Standafsficant freedom in the structure of the Higgs sector. Ex-
Model and the nature of physics that lies beyond the Standatit 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 weakdyraints. 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 approadthn a lepton number violating sectoe.(, in R-parity violat-
which invokes strong interaction dynamics as the source of elétg models of low-energy supersymmetry [11], in which there

troweak symmetry breaklng The phenomenOIOgy of the elecs 1|t could be that all scalar states are somewhat close in mass, with no state

troweak symmetry breaking sector in this latter case is explorggsessing 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 o
of the fundamental challenges for future collider experimentg

tion.

The Weakly-Coupled Higgs Boson and Precision Elec-
troweak Physics Working Group program consisted of the fol-

%%%Ie I: Approved and possible future collider facilities consid-
red in this study. LEP-2 is currently running, but has not yet
reached its design energy and luminosity [12]. Experimenta-
tion at the Tevatron Main Injector (M.l.) is often referred to in
e text as Run Il. Center of mass enetgy and design annual
integrated luminosity are specified.

lowing tasks:
o Name Type NG Annual [ £
1. Extend present day precision tests of the Standard Model
his il o ) et Approved:
This will serve to tighten constraints on the Higgs sector LEP-2 oFe- 192 GeV 170 pbt

. Evaluate the potential for direct detection of the no

and perhaps uncover deviations from the Standard Model

and provide evidence for new physics beyond the Standardevatron (M.L)  pp 2Tev 2fot
Model. LHC pp 14 TeV 100 fiot
. Evaluate the Higgs boson discovery reach of fututidzo Possible: ~ .
ors TeV-33 op 2 TeV 30 -
LCt ete” 0.5-15TeV 50-200 fo!

High energy colliders are needed to directly produce the b _ .
massive Higgs bosons. However, the cleanest decay chan- (T with ey, v, ¢™ 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, special features of the collider detectors (suchti, Section Il briefly summarizes the results of the Precision
the high resolution for the electromagnetic calorimeter f@lectroweak physics subgroup. Section Ill discusses some the-
2., — v+, and highb tagging efficiency) are also requiredoretical issues that are important for the considerations of the
in order to maximize the significance of the Higgs signaliggs discovery and properties subgroups. Section IV summa-
Thus, establishing the discovery reach for futurbiders rizes the essentials of Higgs phenomenology at future colliders.
is an important and non-trivial first step in the pursuit ofhe 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].

. Consider precision measurementsbproperties

The discovery of the Higgs boson will complete the experiJ |.  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 .
: : . . n the electroweak Standard Model, there are two coupling
possess couplings to particles proportional to their masses

; / .
One should quickly be able to verify that the properti SarameterSg and ', of SU.(Q)L x U(l)y gauge !nterac
ions. The vacuum expectation value of the scalar fieldets
of the scalar state roughly match those expected for the 4

: : € mass scale. At tree level, thE* and 7 boson masses
Standard Model Higgs boson. More precise measurements

. L my , mz, as well as the weak mixing anglen 6y, are deter-
may be required to detect deviations of the observed Higgs' ’ .
properties from that of the®_. The difficulty of this lat- Yined by these three parameters. Alternatively, one may use the

: . . precisely measured quantities—the electromagnetic couplin
ter task will depend on how close one is to the decoupllrg%nstané the muon (?eca constafit, andm —gs inoUts top 9
limit (see Section IlIA). ' y g b

evaluate the other electroweak parameters. When the radiative

gorrections are taken into account, the relations among these

minimal Higgs states and the measurement their properf§ameters become dependentron m,; ~as well as other
possible contributions from new physics. Therefore, precision

This is essential for probing the nature of the electrowegkectroweak measurements not only check the consistency of

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

minimal Higgs states may be sensitive to physics assoghysics [15,16]. M

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 supersymmetiigg| attention to the measurementsof, , i, andsin 6y 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, 1, are also discussed.

most stringent requirements on the collider facility. To ac- Curﬁéﬂnﬂy, the world average values fary 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 fof; andm; mea-
surements at different colliders is summarized in Table Il ad@ble IV: Anticipated precision fosin® 0" measurement at
Table IlI, respectively. Table entries are taken from Ref. [18jture colliders.
unless otherwise indicated.

. . le —
Collider dsin® g F" (x107%)
Table II: Expected? mass precision at future colliders. SLC2000 [20] 1.2
TeV-33 (10 fo ) 2
Collider dmy (MeV) LHC (10 fb~1) 3
NLC (10 fo~1) 0.6
NuTeV [17] 100
HERA (1000 pb ) 60
LEP-2 (4x25 pb~1) 144 _ _ _ _
LEP-2 (4500 pb~1) 40 My . As an illustration, Fig. 1 shows the mass correlation for
1 35 my Versusmy,o with m; = 176 & 2 GeV. A measurement of
Tevatron (2 fbl) themyu with a preC|S|0n obmpy = 10 MeV and ofm; with an
TeV-33 (10 fb") 20 accuracy of 2 GeV thus translates into an indirect determination
LHC (10 fb~1) 15 of the Higgs boson mass with a relative error of about
NLC (50 fb~1) [18] 15 Smpe [mpe ~ 20%. (5)
1 SM SM
FMC (10 fb~1) [19] 20

However, it should be noted that teach such a high precision,
other sources of uncertainty, suchegsn? ), «; and theoretical
uncertainties that arise when extractimgy [21] andm, [22],
must be kept under control.

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

8OU5 |1 u
Collider dmy (GeV)
Tevatron (2 flo ') 4 8045 |
TeV-33 (10 fo 1) 2 ' M,, = 80.330+ 0.010 GeV/t
LHC (10 fb~1) 2
NLC (50 fb—l) [18] 0.12 804 M,=176.0+ 2.0 GeV/e
FMC (10 fb~1) [19] 0.2 <
>
(\b'i 80.35
The weak mixing angle is conveniently defined by 2;
. 80.3
-2 plept ave
sin” 0 1 (1 gM) , (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 frorf leptonic decays [1,2] at 802 0" 300 400 500 a0 700800 960" 1000
LEP-I (forward-backward asymmetries) and at SLC (left-right M, (GeVié)

asymmetries). The relation betweeim” 92%’[” and the weak

.. . ~ 2 N . .
mixing angle in the\'s schemesin™ fy (M) is given by Figure 1:myy versusmyy form; = 176 + 2 GeV/c. The

lept . 2 24 theoretical predictions mcorporate the effects of higher order
sin geﬁ ~ sin” O (M) + 0.00028. 3) electroweak and QCD corrections.

A fit to the combined current LEP-I and SLD asymmetry data
yields [2] l
<2 ept
sin” 07 = 0.23165 + 0.00024. 4 1. THEORETICAL CONSIDERATIONS FOR

The anticipation for the measurement sin” 92%’[” at future THE WEAKLY-COUPLED HIGGS SECTOR
experiments is summarized in Table IV. . —

The high precision measurementsa@f(,, andmyz, along A.  The Decoupling Limit
with the improved measurements@fy , 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 interps#sSM, the decoupling regime is reached omego 2 2my.
tation. A Higgs state is predicted to couple to particles with colthe parametern 4o arises in the MSSM from the supersym-
pling strengths proportional to the particle masses. After its imietry 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 MolSM is correct, then the supersymmetry breaking scale is
Higgs bosonh?,,. somewhat higher thamy (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 expeat o to also be somewhat
pling limit [23,24]. First, consider the Standard Model Higgkigher thanmz. 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. Ifx is the quartic Higgs self-interaction strength, thepling limit. Although this argument is clearly not definitive, it
A= BmZgM/v2 (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&* mass:v = 2my /g). minimal Higgs sector is not discovered at LEP-2 or the Teva-
This means that one cannot takgo 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-minimi@gime are both disappointing and challenging. In this case,
Higgs sector, the situation is more complex. In some moddls (once discovered) will exhibit all the expected properties of
(with the Standard Model as one example), it is not possible/tau- The existence of the non-minimal Higgs sector will still
take any Higgs mass much larger th@fw) without finding at be unconfirmed. It will require precision measurements or the
least one strong Higgs self-coupling [23]. In other models, oféghest energies and luminosities at future colliders to either
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 arigéectly detect the non-minimal Higgs states and explore their
if the model possesses one (or more) additional independ@fftPerties. 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 také§ 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 froft,, properties. Ex-
< O(1)], the heavy Higgs states decouple, while both light arferiments that can discover the Higgs boson will have access to
heavy Higgs bosons remain weakly-coupled. In tisoupling 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 ~ hC , m, ~ Searches at future colliders spend much effort in designing a

O(myz), and all other non-minimal Higgs states are signiffearch for the Standard Model Higgs boson. However, the term

cantly heavier tham,.. Squared-mass splittings of the heavyStandard Model Higgs boson” is meaningless unless additional
Higgs states are aP(m%), which means that all heavy Higgsmformanon is provided. This is because the Standard Model
states are approximately degenerate, with mass differencedssif cannot be a fundamental theory of particle interactions. It
orderm? /m 4o (herem 40 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
H|ggs sector is Weak'y Coup'ed but far from the decoup“r%esent./\ can lie anyWhere between a few hundred GeV and
limit, then A° is not separated in mass from the other Higg§e Planck scalei(pr, ~ 10'* GeV).
states. In this case, the properfied 1° differ significantly =~ Theorists who study the phenomenology of the Standard
from those of:?, . Model usually do not need to know the value/of At energy

The decoupling limit arises naturally in many approaches. Fefales belowA, the new physics beyond the Standard Model
example, in models of Higgs doublets (and singlets), with fgcouples, leaving a low-energy effective theory which looks
artificial discrete symmetries imposed, the decoupling limit /imost exactly like the Standard Model. However, the discov-
reached when off-dgonal Higgs mass parameters are taked{y of the Higgs boson provides an opportunity to probe the
large. Naturalness properties suggest that all such parameYafge ofA. Consider the behavior of the quartic Higgs self cou-
should reflect the highest possible energy scale consistent viiiRg, A, as a function of the energy scale. At low-energies,
the model. In models that introduce new TeV scale physics fo= 37, /v*. If one solves the one-loop renormalization
explain the dynamics of electroweak symmetry breaking), theg@up equation foA(x), one finds thah increases with energy
mass parameters are expected to be associated with this ses¥e .. EventuallyX(u) becomes infinite at the so-called Lan-
physics. The paradigm for this discussion is the MSSM. In tlau pole. Although this behavior could have been an artifact of
2The basic property of the Higgs coupling strength proportional to masstlge one-loop approximation, lattice results confirm that the the-
maintained. But, the precise coupling strength patterns®oiill differ from  OFy breaks down at scales near the Landau pole [25]. That is, we
those ofn%,, 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 tife MSSM is boundedn;o < myz|cos28| < my. If this pre-

A, or equivalently to an upper bound on, . 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. Sirickad 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 enghanm; 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 aeached by ldice increased significantly. In the one-loop leading logarithmic ap-

computations [25]. proximation [31],
The stability of the Higgs potential alsogaesnon-trivial
constraints on the Higgs mass, due to the large value of the top 9 9 9 39%m} M£2
- ) : mio < my cos” F+ 3 — |, (6)
guark mass. (More refined limits require only a metastable po- 8m2myy, F

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

universe.) For example, recent computations of Refs. [28] antiere M; is the (approximate) common mass of the top-
[29] show that ifA = Mpy, 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 weitve to the top mass and depends logarithmically on the top-
discovered whose mass lies below this limit, then one woudduark masses. Although eq. (6) provides a rough guide to the
conclude that new physics beyond the Standard Model must Bggs mass upper bound, it is not sufficiently precise for LEP-
ist at some scale below/py,. As an example, if a Higgs boson2 phenomenology, whose Higgs mass reach depends delicately
of mass 100 GeV were discovered, then new physics beyond grethe MSSM parameters. In addition, in order to perform pre-
Standard Model must enter at or below an energy scale of ordsion Higgs measurements and make comparisons with theory,
A = 1000 TeV (based on the graphs presented in Ref. [29]). @fmore accurate result for the Higgs sector masses (and cou-
course, in this case, if all the new physics were confined to [i#ings) are required. The formula for the full one-loop radiative
in the vicinity of 1000 TeV, then LHC phenomenology woul@orrected 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 vietual contributions of the MSSM spectrum [32]. Moreover, if
wasting their time. In particular, evenAfis 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 agquires numerical integration of a coupled set of RG equa-
proximating those ok!,,) is perfectly consistent in the contexttions [33]. (The dominant two-loop next-to-leading logarith-
of the MSSM. In this case, the Standard Model breaks dowric results are also known [34].) Although this program has
at an energy scale far below 1000 TeV, due to the existertmeen 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® ~ AY,, in the MSSM as long cently, two groups have presented a simple analytic procedure
asmyo 2 2myz, as noted in Section IlIA. for accurately approximating,.. 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 Standargund 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 scalegg‘sumingnt =175 GeV andM; < 1 TeV: mpyo < 112 GeV if
low-energy supersymmetry breaking. In models of low-energyp-squark mixing is negligible, whiler,o < 125 GeV if top-
supersymmetryA is presumed to lie betweem; and about squark mixing is “maximal”. Maximal mixing corresponds to
1 TeV. The mass of the light CP-even neutral Higgs bo#6n, an off-diagonal squark squared-mass that produces the largest
in the MSSM can be calculated to arbitrary accuracy in termglue ofmy.. This mixing leads to an extremely large splitting
of two parameters of the Higgs secton40 andtan g [30], of top-squark mass eigenstates. Current state of the art calcula-
and other MSSM soft-supersymmetry-breaking parameters thighs can obtain a mass bound for the light CP-even Higgs bo-
affect the Higgs mass through virtual loops [31]. If the scalgyn of the MSSM that s 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 quark
logarithmic terms arise in the perturbation expansion. Theggiss, and depends crucially on the upper bound one chooses to
large logarithms can be resummed using renormalization grgslace 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 bosonmgiienomenological analysis.



The charged Higgs mass is also constrained in the MSSM.Aiggs 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 cre Standard Model Higgs bosoh®(,) and the Higgs bosons
rections modify the tree-level prediction, but the corrections anéthe MSSM ¢°, 7°, A°, and H*). At present, taking into
typically smaller than the neutral Higgs mass corrections disecount data from LEP-1 and the mostent LEP-2 data (at
cussed above. Althoughy+ > 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 apassmyy < 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, aregion 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 Standaggclude the mass ranges;. < 62.5 GeV (independent of the
Model. If additional Higgs singlet and/or triplet fields are introvalue oftan 3) andm 40 < 62.5 GeV (assumingan 7 > 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 masstshie 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 my over most
the physics of the TeV scale effective theory. For examplef the MSSM parameter space. The searchtfer bH™ at
in the simplest non-minimal supersymmetric extension of thiee 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 arbitrarilConsider 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 gamalyzing the discovery reach of futurdlaters 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. dfhe stan- more general unconstrained versions of the two Higgs doublet
dard assumption of theorists who construct low-energy superedel. In the decoupling limit, the discovery limits obtained
symmetric models is that all couplings stay perturbative up for 22,, also apply to the lightest CP-even neutral Higgs boson
the Planck scale. Choosidg~ Mp1,, 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 model [37]. The NMSSM also permits
a tree-level charged Higgs mass belawy . However, as in the Table V: ThehZ,, discovery reach of future daders. A 5¢ sig-
MSSM, the charged Higgs mass becomes large and roughly galabove background is required for discovery. Note that Run

generate withn 4. in the decoupling limit where 4o > my. |l & the Tevatron _com_plements the LEP Higgs search or_lly 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 jjar 1o that of the NLC for the same center-of-mass energy and

Higgs hunting at future colliders will consist of three phase'g?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 Luminosit Reach
not described by Standard Model background. Phase two will - y
address the question: should the signal be identified with Higgs “EP-2 &/5 = 192GeV) 150 pby 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 sectorTeV-33 25-30fp* 120 GeV
obser\(ables. Further details on the results of this section can bg ¢ 100 fio-! 800 GeV
found in Ref. [14] NLC-500 50 fiy L 350 GeV

NLC-1000 200 fot 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
0o . . .
3This should be contrasted with the MSSM, where all Higgs self-couplin The hSM dlscovery reach of future dalers is summarized

s . . :
are related by supersymmetry to gauge couplings. This is the origin of g‘ﬂa Table V. At LEP'Z running at its maximum energy of
MSSM boundn e & O(mz) discussed above. /5 = 192 GeV, the discovery reach mth ~ 95 GeV can be




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

luminosity [41]. With four LEP detectors running, the Higgghannelh?,, — bb has very large Standard Model two-jet back-
mass discovery reach can be achieweal®r (orimprove onthe grounds. Thus, in this regime, it i2cessary to consider rarer
significance of any candidate Higgs signal). Additional lumproduction and écay modes with more distjuishing charac-

nosity cannot significantly extend the Higgs masach unless teristics. 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 = by = 77,

luminosity is not sufficient to discover a Standard Model Higgs (i) qq— V* = VO, (V =W orZ2),

boson above background. However, two detectors running at -

design luminosity from three to five years can complement the (i) g9 — t{hSM'

LEP-2 Higgs search. In particular, the associated production of (iv) gg — bbh2,,, and

Wth with RS, — bb may be feasible at the Tevatron, given V) gg — B, — 7.

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 80100] GeV is attainable [42,43]. The Teva-discover an intermediate mass Higgs boson via its yarele-

tron Higgs search technique also applies at higher luminositgy mode (with a branching ratio of aboli=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 discoverkiljgs discovery as well as provide additional evidence for the

with an integrated luminosity of 25-30h [42,43]. The sig- expected Higgs-like properties of the Higgs boson candidate.

nificance of the Higgs signal could be enhanced by the detectdrsuccessful intermediate mass Higgs search vianthale-

of the associated production 82, ,, 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 sign&fso 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 mag&rrd Model Higgs search at the NLC in the intermediate mass

discovery reach significantly pend O(mz). Note that ac- regime is straightforward, due to the simplicity of the Higgs

cording to the discussion of Section B, 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 providéain 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™ — Zhd,, (7)

n;)sny [14.45,46]. Fomh%M R _QmZ' the “gold-plated mode to higher energies. In addition, a second process can also be
héy — ZZ — £+~ provides a nearly background freesignificant: the (virtualyy+ 1w~ fusion process
signature for Higgs boson production until the production rate

becomes too small near the upper end of the weakly-coupled ete™ S vW*IW* = ,,pth, (8)
Higgs mass regime. In this case, other signatwees (2, —

727 — (Ye-vv andh?, - WYW~= — (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 collRfocess at large/s/m,,q . For example, at/s = 500 GeV,
ers is the so-called “intermediate Higgs mass regime”, whigemplete coverage of the intermediate Higgs mass regime be-
roughly corresponds toi; < mye < 2my. For 130 Ge  1owmye < 2my requires only 5 fis' of data. The only lim-
myo < 2my, one can still make use of the gold platedtation of the NLC in the Higgs search is the center-of-mass
moijMe at the LHCRS,, — ZZ* — +(—(+(~ (wherez* is ©€Nergy of the machine which determines the upper limit of the

virtual). Standard Model backgrounds begin to be problerdi99s boson discovery reach. One would nggd ~ 1 TeV

atical when the branching ratBR(h%, — ZZ*) becomes to fully cover the weakly-coupled Standard Model Higgs mass
too small. This occurs fokmw < my < 2mz where range [48-50].

BR(h?,, — WHW~)is by far the dominant Higgs decay chan- The technlqu_es fof the Sta_ndar_d I\_/Iode_l ng_gs bosies:
; : . coveryat aptu~ collider are, in principle, identical to those
nel, and form,e < 140 GeV where the the virtuality of
) . 'sm . employed at the NLC [51,52]. However, one must demonstrate
begln;s to &gmﬂc;mtlygeduce thkg%*)e ng Ed_eﬁcay ra_lée. A that the extra background resulting from an environment of
complementary channst,, — W' — (*v(~v provides a decaying nuons can be tamed. It is believed that sufficient

viable Higgs S|g_nature for 155 G@mhéM S 2mz [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*7Z* —
+_—10 B . _ .

4t is possible to imagine theories of electroweak symmetry breaking whi€h © hs 1S suppressed by abouta factor of ten relatl\(/)e td/bh‘_éW fusion
produce scalar states heavier than 800 GeV. However, any such scalar is [brrcégess. Nevertheless, at Iarg’é/mth, the ZZ — hsy, fusion rate com-
sumably either strongly coupled, and/or composite on the scale of 1 TeV. Trees favorably to that aft e~ — ZA2,,. 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.




the same discovery reach as the NLC at the same center-ofd¥e summarize the MSSM Higgs boson discovery potential at

mass energy and luminosity. future colliders in Table VP. 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 thate < mz.

Suppose that this predicted bound were unmodified (or reduced)

Next, we turn to the discovery potential at future colligerdfter taking radiative corrections into account. Then the non-
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 /o to Standard {0 the mass range, < 95 GeV) would rule out the MSSM.
Model particles are identical to those fof, . Thus, unless’ 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 fak?,, apply without change t&°. In Consequently, the Higgs searches at LEP-2 (and the Tevatron)

general, one can consider two types of MSSM Higgs searctf@not completely rule out the MSSM. .

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 ca?@&"d ismye < 130 GeV, itwould appear that the LHC has ac-
discovered in a future collider Higgs search. If no Higgs stat&ss to the full MSSM Higgs sector parameter space. After all,
is discovered, then the corresponding region of MSSM paralfe argued above that the LHC will be able to completely cover
eter space would be excluded. (In some cases, the absendd@®intermediate Standard Model Higgs mass regime. However,
a Higgs discovery would be strong enough to completely rdfd€nmao ~ O(mz), the decoupling limit does not apply, and

out the MSSM!) Note that in this approach, one may simpl€ Properties oh? deviate from those ofZ,,. Thus, an inde-
discover one Higgs state—the light CP-even neuifak-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 prod‘fHC detector collaborations must demonstrate the feasibility
: o :

that low-energy supersymmetry underlies the Higgs sector &f-/ discovery in the mass range; < muo S 130 GeV.

namics. Second, one can examine the discovery potential [6S IS precisely the most difficult region for the LHC Higgs

specific states of the non-minimal Higgs sector. As emphasizegf'ch- At this time, one can argue that the LHC coverage of

in Section I11A, in the decoupling limit, the non-minimal HiggsiN® 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 obser-

and weakly-coupled. Discovery of these states at future coll¥gtion 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 center-of-mass
et — HYH- energy is above 300 GeV. In contrast to the LHC Higgs search,
the intermediate Higgs mass regime presents no particular dif-

ete” — ZAY . . . .
4 - 0 A0 ficulty for the high energy lepton colliders. The associated pro-
crem oA duction
TeV-33 Limited coverage, complements the LEP-2 search ete™ — BUAY 9)

LHC  (Nearly) complete coverage for the discovery of provides an addition discovery channel fago < +/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 regionously rule out the MSSM.
[mz < mpe < 2mg] 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 boson_ O_f the MSSM. Sensitivity to 6We have not considered the possibility of Higgsedy channels involving
FMC to heavier non-minimal states depends,4n supersymmetric particles. This is probably not an issue for the lightest CP-

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

associated production. the likely constraints on sup(_ersymmetric_ particle masses.in the absence.of ob-
served supersymmetric particle production at LEP-2. It is then very unlikely
\/E ~ my for u"’u‘ — HO, A® s-channel that there would be any open supersymmetric channel8 idecays. For the
resonance production. heavier Higgs statesH°, 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 mod®l be 42 fb [17 fb]. Such Higgs production rates are easily de-
of low-energy supersymmetry. Thus, it is important to cortected above background, assuming the NLC luminosity given
sider non-minimal extensions of the MSSM to see whether theTable 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 sdarch. As discussed earlier, the LHC search will provide nearly
a completely general two-Higgs doublet model. Suppose tl@mplete coverage of the MSSM Higgs sector parameter space.
the non-minimal Higgs states are heavy so that diilys ac- Nevertheless, the LHC search is operating “at the edge” of its
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 productidiygs 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 amiggs search. Ref. [56] examined this question in detail for
singlets (but with no higher Higgs multiplets), these couplingke case of the NMSSM, and concluded that although the re-
must satisfy a sum rule [54]: gion of inaccessility 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, imprawalgging)
may be able to significanly narrow the region of inacceksib
in the Higgs sector parameter space. Clearly, the supersym-

the Stand_ard Model Higgs boson ngM = 150 GeVatthe metric Higgs search remains a formidable challenge for future
NLC running at,/s = 500 GeV requires only about 2 fi of experimentation at LHC.

data (seeg.g, Fig. 2.18 of Ref. [49]), corresponding to about The above considerations can also be applied to more general

1.00 Higgs boson events befor_e cuts. Equiva_lentl_y, the NLC ryns minimal extensions of the MSSM. Although there is no
ningat,/s = 500 GeV with an integrated luminosity of 50 ompletely 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 corresponds f0,,o intermediate-Higgs-mass regime at the NLC would

) o :
gvvie 2 0.2gvypg, . Of course, if thel’V7h" coupling were o ¢ the low-energy supersymmetric model. Whether this

smaller than this, no Higgs state would be discovered in this eﬁ'o-go” theorem can be circumvented by some more exotic
periment. However, by raising the center-of-mass energy of 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)]
guoted above.

_The situation where the bulk of theV h} couplings are car- i only one Higgs boson is discovered, it may closely resem-
ried by the heavier Higgs states cannot arise in the MSSM 19k thep,? . In this case, one must address the detectability of
two reasons. First, the MSSM Higgs mass bound_ implie_s thak non-minimal Higgs statesiC, A%, H=, - ) at future col-
mpo S 130 GeV, and secondyyypo < 0.29vvp9, IS POSSI- iders, As emphasized above, all future colliders can provide
ble only if m40 < O(mg), in which case, the Higgs bosoronly 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 complerodel building. As an example, in low-energy supersymmet-
Higgs singlet field is added. This model introduces a new ifie 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 requingeakly-coupled and difficult to observe at any of the colliders
ment motivated by the unification of strong and electroweake have examined.
couplings near the Planck scale), then one finds that the lightedthe exploration of the non-minimal Higgs sector parameter
Higgs boson must satisfy,e < 150 GeV. Still, the lightest space at future colliders could be especially challenging. De-
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 sitult 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 analytsted via their heavy fermion decays. (At lartge 3, where
of Ref. [55] demonstrated that even fofs = 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 : Ivvae = 9vvag,,

K3

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

4. Observing More Than One Higgs Boson



the limit of the center-of-mass energy. For reasons connected tAt anet e~ 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 oglpunds and simple event structufeOne can directly mea-

if \/5 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 artaly. Spe-
NLC. In this mode of operation, the search foy — A" and cific Higgs decay modes can be separated and individually stud-
vy — H° 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* .

Finally, the FMC can produce the neutral Higgs states sindly this workshop, a breakthrough was reported demonstrating
via s-channelu* .~ annihilation, and would permit the discov-that the detection of” — cc is possible with appreciable ef-
ery of the heavy neutral Higgs states up\t6 = m.o [51]. ficiency and low mis-identification [58]. Thus, at the lepton
The viability of this discovery mode depends on the param‘é(?”'dersﬁ0 ~ h{,, can be confirmed with some precision.
ters of the Higgs sector. In the MSSM, the cross-section for

+,,— 0 03
prpT = H AT enohancedoforvalues m_fmﬁ above 1. For Table VII: Detectability of thehl , at future hadron collid-
mpgo, myo > my, H” and A” are approximately degenerate ; 0 sM
in mass. Given sufficient luminosity, one can det&étand A° ers as a function of thé.,, mass range. For the Tevatron
(if kinematically accessible) by scanning-ifis, assuming that Higgs search (Run Ii of the Main Injector and the TeV-33 up-

tan 3 is larger than a critical value (which depends on the tg_rade), the required integrated luminosity in units of ftis

tal luminosity and the Higgs mass). Detection is accomplishmadlcated in braces. For comparison, the LEP-2 discovery range

- _ +o— 0 Yis indi
via a resonant peak in the Higgs decayidandit if allowed). z\g:rf:hzs t—h>e{|]ilSMi I;e?;lcrit)e dde';r?\;()tnzgiex;t,?nrﬁgrL||-||ic s
Further details can be found in Ref. [14]. ' 99 Y P y g9

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? 60-80 GeV LEP-2, Tevatrd} (bb)

Suppose that the first candidate Higgs signal is detectedf.so_lo0 Gev LEP-2, Tevatrc{ﬂ(}}(bb), and LHC6)
What must one do to prove that the produced state is a Higgd00—-120 GeV  Tevatrd25-30 (bt) and LHC(7)
boson? We assume that after the initial discovery is made, furi20-130 GeV LHCA®)
ther collider running confirms the signal and establishes a usefu 30—155 GeV LHCZZ*)
statistical sample of events. The first step is to ascertain whethefgs 190 Gey  LHC 17 WHW-)
the observed state resembles the Standard Model Higgs bos%n 130 GeV. LHC (2 ’_) ¢ - 0+ o)
and/or if it is associated with a non-minimal Higgs sector. f~ ’
h° ~ RY,,, 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 workingugr.
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 upgr&lend 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) couplings proportional to the mass of the state g the range 60 Ge\K mjyo < 800 GeV, listed in Table VL.
which it couples. We then considered in detail a variety of possible Higgs signa-
tures at each dlider (see Table VIII) and evaluated the poten-

Eventually, one would like to make detailed measurements il of €ach channel forupporting the Higgs interpretation of

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

peCt%d thSM to_ Wlth_m SOme preC|S|o_n (Sma” deVIatIan from 7In principle, the remarks that follow also apply to the FMC. However, it

thehg,, _propertles V_V|” be addressed in th_e neXF SeCt|0n)-_ If th_\%s 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 ok, ,, then it is likely that other non-minimal ~ ®The Higgs discovery reach at the Tevatron depenidsally on the total

: ; : i rated luminosity processed and analyzed by the CDF and DO detectors.
Higgs states are |Ight and may have been produced in the S#?ﬁeél'evatron at the Main Injector design luminosity must run with one detector

exp_er_iment. Fi_nding ewdence_ 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.




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 treon of 12, followed byr?,, — v+. However, the Higgs can be
observed state as well as providing a phenomenological profil@duced via a number of different possible mechanisms:

that could be compared to the predicted properties of the Stan- (i) gg — A°

dard Model Higgs boson. Finally, we considered the limitations o - P

of the data from the Higgs searches at the hadron colliders, and () 49 = ¢qhs,, viat-channel* W= fusion,
examined the possible improvements in the determinationofthe (i) ¢¢ — Vh2,, vias-channelV’-exchange, and
Higgs properties with new data from the NLC and/or the FMC. (iv) gg — tth?,,.

Alist of the primary Higgs signals at future colliders considered
above is giv%n in 'Iyablg%/lll g The g9 — A2, mechanism dominates, and it will be an

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

Table VIII: Primary 4%, signatures at future colliders and thd” "W~ — thJreve?ts using a forward jet tag which would
corresponding Higgs mass range over which detection of a Stlect out theV "1/~ fusion events. It may also be possi-

icti i 0 _ + +h0
tistically significant signal is possible. Other Higgs signaturdd® to distinguish’hg,, (V' = W* or Z) andith;,, 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
information about relative couplings of the Higgs candidate to

Collider Signature Mass Range - g :

V'V andtt. Otherwise, one will be forced to rely on match-
LEP-2  ete™ — ZAZ, < 95 GeV ing o(h2,,)BR(AS,, — vv) to Standard Model expectations in
TeV-33 1% — WAL, — fubb 60120 GeV/ order to confirm the Higgs interpretation&f,,.

In some circumstances, it might be possible to observe the

+0-bb ol
Z* = Zhd, — { gig ,bb decaysh?,, — bb or b, — 7~ (after a formidable back-
vv bb ground subtraction), or identify the Higgs boson produced via
LHC W* — Who, — fvbb 80-100 GeV gg — bbhY . One could then extract the relative coupling

0 strengths ofh?,, to bb and/orr* 7~ final states. These could
how+ X 97+ X 90-140 GeVv be compared with the correspondilig” and¢¢ couplings (see
RS, — Z7* — ¢ti— (¢~ 130-180 GeV above), and confirm that the Higgs candidate couples to parti-
~ cles with coupling strengths proportional to the particle masses.
0 * + 0 -

how = WW?* = 507w 155-180 GeV The quantum numbers of the Higgs candidate may be difficult
Ry — 272 — re=+ i~ 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

how = 22 — vot™l 600-800 Gev theorem). This does not prove tha,, is spin-zero, although
RS, — WHW~ — (v+jets 600-800 GeY/ it would clearly be the most likely possibility. If the coupling
hY, V'V is seen at a tree-level strength, then this would confirm

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

ete™ = vwhl, <075 odd component of the state couplestd™ at the loop level, so
ete™ = eTe hl, one would not be able to rule oatpriori a significant CP-odd
o 0 component forh?,,.

FMC ﬂ+ “_ - %hSOM To summarize, Phase 2 consists of determining whether the
P T = vrhgy S0.7Vs Higgs candidate (discovered in Phase 1) can be identified as a
ptp= — ptp=hl, Higgs boson. In some Higgs mass ranges, LEP-2, the Tevatron,
wtps = RS upto/s < 2my and/or the LHC will discover the Higgs boson and make a con-

vincing case for the “expected” Higgs-like properties. Ratios
a 3 . . : f Higgs couplings to different final states may be measured to
The TeV-33 Higgs signatures listed above are also relevantfg[]ghly 20-30%. The NLC (and perhaps the FMC) can make

lower luminosity Tevatron searches over a more restricted range . . : .
i I ore precise measurements of branching ratios and can directly
of Higgs masses, as specified in Table VII.

; . check the spin and CP-quantum number of the Higgs candidate.

b Ref. [59] argues that thé/+2 jets signal can be de_tected f0|:|_he lepton pmachines (3\/“% > 300 GeV) can e%?sily han-

:?Gl)gbges 21ne:jstsheessl::p:) t(; (1);22 \(,%t:(?#ghrsotd; large Higgs masa?es the intermediate Higgs mass regime and can provide valu-
4 P g group). 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 wn_portant to be able to detect the I-_||ggS S|gnaIC_ 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

myo < 130 GeV. Higgs bosons in this mass range are notlLet us suppose that the Higgs candidate (with a mass no larger

accessible to LEP-2 or Run Il of the Tevatron. At the LHC, thiéhan a few times theZ mass) has been confirmed to have the




E;%?%ﬁisvfgaz(?ﬁ Snotj J%ﬁy(tcoomitdhelztt?ﬁ atefc(r? s r(;r;ne ;rtné}::srthgfble IX: Anticipated exp_erimental error in _the measured value
is responsible for electroweak symmetry breaking is weakly- the Standard Model Higgs massmfng'“In” u_nlts_ of MeV,
coupled. Unfortunately, the details of the underlying physi gr various ranges Ofnh%M'_ The hotation *? !nd|cates that ”
responsible for electroweak symmetry breaking would stil reliable simulation or estimate is not yet available, while “—

missing. As discussed in Section lll, it is not difficult to coneans that the corresponding Higgs mass range iaguatssi-

struct models of the scalar dynamics that produce a light sc %‘? The assumptlons underlying the various collider runs I|sj[ed
state with the properties of thd, . 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

my range (GeV)

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

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

hO differ (even if by a small amount) from those af, , or ~ T1€V-33 960 7 1500-2700 -

one must directly produce and detect the heavier Higgs statédiC 90 90 95-105 105-90
(H°, A°, H*, ..)). In general, precision measurements of both\LC (500) 370 264 200-120 120-70
light and heavy Higgs properties are essential for distinguishing ~ (\/52r) 36 38 4.1-4.8 4.8-6.1

among models of electroweak symmetry breaking dynamics. NLC (threshold) 40 20 55_65 65-100
A precision measurement of the lightest Higgs mass could bEMC (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 electroweak fits .
in the context of the Standard Model. This analysis would §&4d (ii), we assumé = 200 fb™" and employ the best track-
sensitive to one-loop (and some two-loop) virtual effects. Arjjg/calorimetry scenario outlined in I?lef. [14]. NLC threshold
significant discrepancy would indicate the need for new physf&SUlts [case (iii)] assumé = 50 fb™" and are quotedbe-
beyond the Standard Model. In this context, a Higgs mass m_g%{_e 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 pfg€ase the quoted errors by about 35%. The NLC results are
vides an additional opportunity. In Section IIC, it was note@!S0 applicable to the FMC, although with a 15% increase in
that the light Higgs mass in the MSSM at tree-level is a cefrror in the last case if all the cited effects were included. Fi-
culable function that depends on two Higgs sector parametdtd!ly; the most accurate mass measurements can be obtained by
When one-loop effects are included, the Higgs mass becorfig¥an at the FMC for thechannel Higgs resonance. The FMC
dependent upon additional MSSM parameters (the most impdfan results listed in Table IX assume that a total luminosity of
-1 -
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@fimportant role in the study of Higgs pheglomena. In the de-
provide a very sensitive test of the low-energy supersymmetfeupling limit, th_ese mass splittings are(@(mz_/on), which _
model. Theoretical calculations yield a prediction for the lighresents a formidable challenge to the design of future Higgs
CP-even neutral Higgs mass (which depends on the MSSM §garches. Here is one case where the mass resolution offered by
rameters), with an accuracy obaut 2 to 3 GeV [35,36]. The the FMC might be required. For example, it may be F:)OSS(!b'e to
anticipated experimental accuracy of the light Higgs mass mégsolve the two peaks in a resonance scapfor~ — H°, A°.
surement depends on the Higgs mass range and the colli@dneasurement of the corresponding mass difference of the two
Table IX lists the estimated errors in the measurement of tpi@t€s would probe the structure of the electroweak symmetry
Standard Model Higgs mass\m;,. , at future colliders for Preaking dynamics.
my < myo < 2mpy. Note that the numbers quoted in Ta- Precision measurements of Higgs properties also include

ble X 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 ffoduct of the two). More challenging will be the measure-
the various collider runs shown. TeV-33 results assume a {Bent of absolute partial WldthS, which reqUireS a determination
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 ILther strategies must be employeds an illustration, Table X
minosity. Three NLC scenarios are listed corresponding te . _ ,

9The width of h, can be measured directly viad,, — ZZ —

three choices of center-of-mass energy: \(§ = 500 GeV, £re=et 4= if mpo % 190 GeV. However, in models of non-minimal Higgs

(”) \/g =V SZ_ =mz+ Mgy, +20GeV, and (”I) \/g :_ sectors, the masssol\f[the Higgs scalar with appreciable coupligs tiypically
mz + mpg (i.e, threshold forete= — Zh%,,). In cases (i) lies below this bound.




presents the anticipated errors in the measurements of/ggme ) - . .
branching ratios, the partial decay rate fdt, — v, and the Table X: Anticipated experimental errors in the measured val-

total Higgs width, [t | for 80 < mye < 300GeV. The U€S of theh!,, branching ratios, the partial decay ratéh2,, —
! M — sSM — ’

he ; tot  j ;
. o L , and total width,I'!%" | in percent, for various ranges of
guoted errors are determined primarily by considering the dgt’é) hg P g

thatwould be collected by the NLC afs = 500 GeV withato- "2y The notation “?” indicates that a reliable simulation or
tal integrated luminosity of, = 200 fb‘l_For BRGL., — +7) estimate is not yet available or that the number indicated is a
- - SM !

the NLC analysis has been combined with results from an LHEY rough guess, Wh”_e —" means that the corresp(_)ndlng ob-
analysis; while the measurement Bfi%,, — +) relies on servable cannot be reliably measured. The results listed below
data tak::-)n from a 50 f9 run in thewséﬂollider mode of the &€ primarily derived from a multi-year run at the NLC. For

0 i -

NLC (with the correspondingte~ center-of-mass energy othM = data from LHC and they collider are also em

V5 ~ 1.2my0 ). These quantities also contribute to the ne[‘;Jtloyed to improve the quoted errors. The total Higgsal rate
SM

f the total Hi Attt following the indi can be obtained indirectly (by combining measurements of re-
accuracy of the fotal Higgs widthl, ;. Tollowing Ih€ INdi- | ated quantities); the comparison with the direct determination

rect procedur® discussed in Ref. [14]. Note thats' canbe vias-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 determinationigf' ,
the FMC scan results listed in Table X assume that a total lu- my 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 Whear*:e,LLgM ~ mg, the FMC would pro-

vide the most precise measurement of the total Higgs width faR.(h%,, — bb) 5-6% 6-9%  20%°? -
values of the Higgs mass beloyv tHet 1V - threshpl_d. BR(AS,, — c7) 9% 5 5 _

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 tiiag h°,,, 0 0 0 . B
thereby providing indirect evidence of the non-minimal Higgs Rihsy = 17) 15%  20-40% '
states. Once the non-minimal Higgs bosons are directly digy(22,, — ) 12-15% 15-31% ? 13-22%
c_ove_r::—:d, detailed measuremepts of their properties would y|elq%t (indirect) 10-13% 13-10% 10-11% 11-28%
significant clues to the underlying structure of electroweak sym-‘sm
metry breaking. For example, if the Higgs sector arises from B3 (FMC) 3%* 4-7% — —
two-doublet model, then precision studies of the heavy Higgs=—=
states can provide a dlrec_t measurement of thg important PRear the” peak, the expected FMC uncertainty it is
rametertan 3 (the ratio of Higgs vacuum expectation valu&s). sM

. . about 30%.
The measurement ofan 5 can also provide a critical self-
consistency test of the MSSM, since the parameterg also

governs the properties of the charginos and neutralinos (and gBtons, depends (through their one-loop contributions) on all
in principle be determined in precision measurements of SUPgfarged 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 insightsint@ngs to fermions are sensitive to other Higgs sector parame-
both the physics of electroweak symmetry breaking and thgg €.g, tan 3 and the neutral Higgs mixing parameteiin 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 brancfisitained if Higgs self-interactions could be directly measured.
ing ratios to supersymmetric partners can furnish an additioRis would in principle provide direct experimental access to
experimental tool for probing the Higgs boson—supersymmetfye 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 2myo for the NLC andy/s ~ mas  Fina|ly, one should also consider the possible effects of vir-
for the FMC) provide the most powerful set of tools for exg5| Higgs interactions [62]. In some models, flavor changing
tracting the mag_mtudes of_the nggs_coupllngs to fermion a%utral currents mediated by neutral Higgs bosons may be ob-
vector boson pairs. The Higgs couplings to vector boson pai§aple. The CP-properties of the heavy Higgs states could
directly probe the mechanism of electroweak symmetry bregls mixedi2 leading to Higgs mediated CP-violating effects that
ing [via the sum rule of eq. (10)]. The Higgs coupling to W, ;4 he observed in processes with heavy flavor. In some cases,
OForm . < 130 GeV, the indirect procedure relies on th,, — preci_s_ion measurements_of low-energy observab_les can be qui_te
sM sensitive to the heavy Higgs states. The canonical example is

measurements. Fon 2 130 GeV, one may also make use of the . .
"Sm the proces$ — sv, which can be significantly enhanced due

WW RY,, coupling strength extracted from data.

1INote that in the decoupling limit (where® cannot be distinguished from
rY,,), measurements of processes involviifgalone cannot yield any infor-  ?In the decoupling limit, the lightest neutral scalar must be (approximately)
mation on the value ofan 5. a pure CP-even state.




to charged Higgs boson exchange. If there are no other carnlliders of the highest energies and luminosities, considered in
peting non-Standard Model contributions (and this is ait)ig this report, are essential.

then present data excludes charged Higgs masses less than ab@é 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 suessful exploration will have a
V. CONCLUSIONS profound effect on our understanding of TeV-scale physics.
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