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We examine the prospects for determining@drom heavy Higgs scalar production in the minimal super-
symmetric standard model at a futie&e ™ collider. Our analysis is independent of assumptions of parameter
unification, and we consider general radiative corrections in the Higgs sector. Bounds are presented for
Js=500 GeV and 1 TeV, several Higgs boson masses, a variety of integrated luminositi@stagging
efficiencies, and in scenarios with and without supersymmetric decays of the Higgs bosons. We find stringent
constraints for tan3<10 and, for some scenarios, also interesting bounds on high ttaoughtbH™*
production. These bounds imply that simple Yukawa unifications may be confirmed or excluded. Implications
for soft scalar mass determination and top squark parameters are also dist88586-282(197)00921-1

PACS numbsg(s): 14.80.Cp, 11.30.Pb, 12.60.Jv

I. INTRODUCTION dependent on other SUSY parameters. In contrast, almost all
other observables that depend ongaiso depend on many
Supersymmetr(SUSY) is currently a promising frame- additional unknown SUSY parameters, which weakens one’s
work for understanding the physics of electroweak symmetnability to determine ta@ precisely and in a model-
breaking, and its discovery at future collider experiments iSndependent way. In addition, heavy Higgs boson production
an exciting possibility. In addition to elucidating weak scaleresults in an excess of muli-quark events, which, given the
physics, however, the discovery of SUSY may also shegxcellentb-tagging efficiency and purity now expected to be
light on the mechanism of SUSY breaking and may everyyailaple at future colliders, allows it to be distinguished
provide our first glimpse of physics at the grand unifiedfom standard model backgrounds. This sector therefore
theory (GUT) and Planck scales. The program of extrapolat|qs the promise of an exceptionally clean and powerful

ing weak scale measurements to such high spales W.i" be termination of ta. We will see that Higgs processes may
extremely challenging one, and its success is certainly no rovide strong constraints on moderate and high3tam-

guaranteed. What is likely, however, is that such a program. . ) . . ;
will require a detailed understanding of the properties of thed'Ons which are par_tlcu_larly interesting for GUT's and soft
calar mass determination.

weak scale supersymmetric particles or, in other words, 3

precise determination of the various weak scale SUSY pa- In this study, we will consider the experimental setting of
rameters. a future e*e~ collider [5-7]. Such colliders have been

Of the many SUSY parameters, frthe ratio of Higgs shown to be p_romising for_ Higgs.boson discovery and study
vacuum expectation values, is important for a number of 7—10. In particular, we will consider two stages of the pro-
reasons. A measurement of Ballows one to determine Posed Next Linear Collider (NLC): the first with
Yukawa couplings, and thereby confirm or exclude the pos+/s=500 GeV and design luminosity 50 flfyr, and the
sibilities of my-m_. unification and SQLO)-like Yukawa uni-  second with Js=1TeV and luminosity 100—200 fi/yr
fication[1,2]. The parameter tghis also required to deter- [5,6]. We will display results for a variety of integrated lu-
mine soft SUSY-breaking scalar masses from the measuradinosities, detector parameters, and systematic uncertainties.
physical sfermion masses. Detailed knowledge of soft mass Our analysis is intended to estimate the power of particu-
parameters may allow us to distinguish various SUSY-arly promising processes for determining gaim a general
breaking mechanismg3]. Finally, because the parameter setting. We do not restrict our attention to specific models by
tang enters all(neutralino and chargino, sfermion, and Higgs assuming minimal supergravity boundary conditions or other
scalaj sectors of SUSY theories, a precise measurement giarameter unifications. Rather, we analyze a number of sce-
tanB from one sector allows one to check SUSY relations innarios by choosing various kinematically accessible heavy
other sectors and improves the bounds on many other pararhtiggs boson masses and consider scenarios with and without
eters. supersymmetric Higgs boson decays. In addition, we will

In this paper we consider the prospects for determiningliscuss what improvements can be expected if information
tang from the production of Higgs scalars in the generalfrom other experiments and processes is incorporated. It
setting of a supersymmetric model with minimal field con-should be stressed, however, that if SUSY is discovered, the
tent. (For recent studies in the framework of GUT scenariosanalysis should be optimized for the particular SUSY param-
see Ref.[4]). The branching ratios of the heavy Higgs eters realized in nature, and the SUSY parameters will best
bosons are strongly dependent ongaand may be weakly be determined by a global fit to all data.
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This paper is organized as follows. In Sec. I, we describe qur: mi+ m\ZN, (5)
the dependence of Higgs processes orBtalie explain our
general treatment of Higgs sector radiative corrections angnd theC P-even masses and are determined by Eq4)
discuss the relevant cross sections and branching ratiogith A AM2=0. However, the relations between Higgs boson
Higgs scalar production may be detected in a number ofnasses and mixings receive radiative corrections. These cor-
channels; we define the channels we will use and the cutgctions may be large in th€ P-even sectof12], and are
used to isolate these signals in Sec. Ill. We then describe oyependent on many additional SUSY parameters. Precise
Monte Carlo simulations, and discuss the backgrounds angheasurements of other SUSY parameters, for example, the
systematic errors entering our analysis. Section IV containfnasses and left-right mixing in the top squark sector, may
our results for tag bounds in a variety of scenarios without significantly constrain the size of these radiative corrections.
supersymmetric Higgs boson decays. The effects of such dgor most of this study, however, we make the conservative
cays are discussed in Sec. V. Readers who are primarilissumption that no estimates of their size may be obtained
interested in our results are referred to the G#&mg’) plots  from measurements outside the Higgs sector, and we also do
in Secs. IV and V. Interesting applications of these resultsiot assume that such effects are small.
are contained in Secs. VI and VII. In Sec. VIII, we briefly  Given this framework, the Higgs boson masses and inter-
compare our results to those that may be obtained with otheictions are all independent quantities, and must be deter-

processes and present our conclusions. mined experimentally. In this study, we will apply the results
of previous analyses to determine the Higgs boson masses
II. tan B AND THE SUSY HIGGS SECTOR [13], cog(B—a) from o(e"e”—Zh) [7], and B(H—hh)

from Hvv production[14]. The uncertainties in these mea-
surements will be incorporated in our study as systematic
We begin by reviewing the necessary details of the scalagrrors. Given these measurements, the only remaining un-
Higgs sectof11]. We consider a supersymmetric model with known parameter entering the processes we will study is
minimal Higgs content, that is, with two Higgs superfields tangs.
By appealing to experimental measurements of Higgs bo-

A. Definitions and radiative corrections

~ 9 ~ 3 son masses and interactions, we do not exploit theoretical
Hi= |:|I and Hp= |3|(2> ' 1) relations between Higgs boson masses and mixings to con-
strain tamB, and we do not restrict the applicability of our
These couple through the superpotential analysis to a specific set of parameters or radiative correc-

tions. Ultimately, however, we must choose some underlying
W=AgH,LE+\pH,OD—AyH,QU—uH H,, (2) Parameters to study so that we may present quantitative re-
sults. The choice of parameters is guided by the desire to
where the\ are Yukawa couplings ang is the supersym- Cchoose scenarios that share qualitative features with a large
metric Higgs mass parameter. The ratio of the two HiggsPortion of parameter space. In this study, we include the

scalar vacuum expectation values is qualitative features of radiative corrections by studying sce-
narios in which such effects are given by the Iead'mé
<Hg> one-loop contribution arising from a top-quark—top-squark
tang= —-. (3 loop without left-right top squark mixing. With this correc-
(HD) tion, the radiative correction to th€ P-even Higgs mass

. . , squared matrix12] becomes
There are four physical Higgs scalars in the theory: the

charged scalaH=, the CP-odd A, and the twoCP-even 0 O
scalarsh and H. The CP-even mass matrix is in general AM?P=e 0 m2) (6)
given by z

and theHhh vertex[14] becomes
, m3 sifB+ma cogB  —(mi+m3)sind coB (14

\ —(m2+m2)sinBcosB M2 codB+m3 sirtB

sin
FAM?, (4) +3e—— coda, (7)
sinB

Nuhh=2 SinZ sin(B+ a) —cos2x cog B+ «)

in the basis H3,H3), whereA M2 contains all the radiative

: L . o ) . where
corrections. The mixing angle diagonalizing this matx,
enters in Higgs scalar pair production ate™ colliders 5 4 [ m
through the vertice2 AH andZZh, which are proportional = 3 9 _1 ﬂln( t ®)
to sin(B—a), and the vertice Ah and ZZH, which are 872 cod Ow sin B mé th '
roportional to cogf—a). In the limit of large m,,
EOSF()B—a)HO. ) 9¢ M andmy= My, my, is the geometric mean of the two physi-

At the tree level, all Higgs scalar masses and interactionsal top squark masses. The other triple Higgs vertices also
are completely determined by t@rand one additional pa- receive corrections, but these will not enter our analysis. Fur-
rameter, which is conventionally taken to be tGd>-odd thermore, in this case, the tree level relation betwegp
massm, . The charged Higgs mass is then given by andm, given in Eq.(5) is not affected. There are additional
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possible sources dtypically smallej radiative corrections,
including the bottom squark sector, left-right squark mixing,
and the gaugino-Higgsino sectfit5,16. Our analysis pro-
cedure does not assume that these effects are absent, and s
could be applied to scenarios in which these effects are
present as well. Of course, to the extent that these effects
change the underlying physics, the quantitative results pre-
sented in the following sections will be modified.

Finally, aside from radiative corrections to the Higgs bo-
son masses and field compositions, there are corrections to ©
the specific processes we consider. These are one-loop cor-
rections to the cross sections and decay widths, which also
may depend on unknown SUSY parameters, such as squark 1
masses. We will include these effects as systematic errors,
and we discuss these errors more fully in Sec. Ill.
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The two-body production processes involving Higgs
bosons ae*e™ colliders aree*e™ —(y*,Z*)—=H"H™ and
ete”—Z*—Zh,ZH,Ah,AH. As noted in Sec. Il A, pro- FIG. 1. Production cross sections feffe " —H*H~ (solid
duction of ZH and Ah are suppressed by ¢§8—a). For  curves andAH (dashed curvesor my= =200, 300, and 400 GeV
m,=200 GeV, this is a large suppression, and, althougﬁfom left to right, andZh (dotted curve for my==200 GeV.(The
these processes have been included in our simulations, thé? cross sections fom;- =300 and 400 GeV are virtually identi-
are statistically insignificant for this analysis. cal) The one-Ioop radiative correction given in E¢8) and(8) has

In this study we will consider two energies for the NLC; Peen included withmy=1TeV, and we have set tgr-5; the de-
/5=500 GeV and 1 TeV. We choose typical heavy HiggsPE"dence on t@is very weak formy- =200 GeV.

boson masses within the kinematically accessible range for h h iy — imilarl
each of these two energies. For the 500 GeV collider, wetudy them here, we note thabA and bbH are similarly
considermy- =200 GeV, and for the 1 TeV collider, we enh_anced for large t#h and may also be useful if they can
considermy+=200, 300, and 400 GeMHere and in the be isolated from backgrounds.

following, we choose to fixng+ rather than the more con-

ventionalm,, as the charged Higgs boson will be seen to C. Branching ratios

play the central role in this analysis. Tl&P-odd masses
corresponding to the choices above arg=183, 289, and
392 GeV)

In Fig. 1, we plot the cross sections far"H~, AH, and
Zh as functions of the center of mass enexgyfor the three
values ofmy+ given above. We have set {@a5; the depen-

Although the two-body production cross sections are
nearly independent of t#h the heavy Higgs boson branch-
ing ratios are very sensitive to t&nThe decay width formu-
las are given in the Appendix and the branching ratios for
H*, A, andH are plotted as functions of t@rin Figs. 4, 5,
and 6, respectively(Insignificant modes with branching ra-

dence on tag@ is very weak formy+=200 GeV. For fixed
tanB and my,=, the Higgs boson masses and couplings are
determined by including the one-loop radiative correction
given in Egs(6) and(8) with my=1 TeV. We see that given
the NLC design luminosities of 50 fd/yr and
100—200 fb Y/yr for the two beam energies, and assuming
heavy Higgs boson masses sufficiently below threshold,
thousands of events per year will be produced through these
reactions.

We will also make use of the three-body processes
e"e —tbH ,tbH* [17]. This process takes place through
the Feynman diagrams of Fig. 2, and is greatly enhanced
through mytanB couplings for large tgf. The production
cross section is plotted in Fig. 3, where we have set
tanB=60. (In calculating the cross sections for this figure,
we have requiredE,+ E,,>1.02/s/2 to separate this mode
from the two-body production ofH H~ followed by
H* —tb; the detailed cuts we use in our analysis and experi-
mental simulation will be presented belgwVe will see that
for large tamB, this mode may be extracted from back-
grounds. Its sensitivity to large tgnwill then be useful for FIG. 2. The three Feynman diagrams contributing to the three-
placing tag8 constraints in this range. Although we will not body final statebH . Three similar diagrams contribute tbH ™" .
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FIG. 3. The three-body cross sectiono(e'e” : :

—tbH ) +o(ete” —tbH™) for my==200 GeV (solid curve,

300 GeV (dotted curveg and 400 GeV(dashed curve with 10" — —
tan3=60. We requireE,+E,>1.02/s/2 to separate this mode - -
from the two-body production ofi "H~ followed by H*—tb. " C ]
tios never greater than 18 are omitted. In these plots, we i |
fix my=. The other Higgs boson masses and mixings are 107 | —
then determined as functions of @nincluding the leading - I
m{‘ radiative correction of Eqg6) and(8) with m;=1 TeV. Z -
Note also that we usen,=175 GeV and the running mass " 7
m,= 3.2 GeV for the dynamical coupling. We have assumed B g N
that all SUSY decay modes are suppressed, either kinemati- 10° Lol o

cally or through mixing angles. SUSY decay modes and their 1 10
effect on our analysis will be discussed in detail in Sec. V. tan B
Several features of the branching ratios are important.
Throughout Ehls stL_de, We assunng, - =>m;+my, and so FIG. 4. The branching ratios fad~ to 7v (solid curves, tb
th_e decayH™—tb is always open. G.'VGn that the decay dashed curvgsandW™h (dotted curvesfor (a) my==200 GeV
Wldths.are govemed by Yukawa COUpI.mgS’ one might expec nd (b) my==400 GeV. The leadingn; radiative correction of
that this decay mode yvould be do.mlnant for all values o'qus. (6) and (8) is included withm7=1TeV in calculating the
tang. In fact, however, if charged Higgs bosons can be paifemaining Higgs boson masses and mixings. The running quark
produced at/s=500 GeV, the phase space suppression fofassm,=3.2 GeV has been used, and all SUSY decay modes are
this decay is large, and the branching ratio fbr — 7v can  assumed suppressed.
be substantial, as may be seen in Fige)4Charged Higgs
boson events with mixed decays;"H ™ —tbrv,tbrv, will
be very useful for determining t@n We will see that when
the branching rati®(H ~— 7v) depends strongly on tgh

100

nates for low tap, as we see in Figs.(B) and &b). How-
ever, as tag increases, this mode is suppressed bygan
while the bb mode is enhanced by t3& Ignoring phase
roughly for 3stan8=<10, we will be able to determine t8n space suppressions, the branching ratios cross roughly at
precisely from this channel. Fon,==400 GeV, as can be tan~(m/m,)"?>~7, and so again we expect a strong deter-
seen in Fig. 4), the tb phase space suppression is negli-mination of tag8 when its underlying value is in the middle
gible, and the ratid’(7v)/T'(tb) approachesn?3m2~0.1  range.
for large tarB.

For the neutral Higgs bosons, two features are particularly
noteworthy. Formy+=200 GeV,tt decays are closed, and
we see in Figs. @) and Ga) that decays to Higgs and gauge
bosons are substantial for low f@&nSuch modes will result As seen in Sec. Il, Higgs boson production leads to events
in 4b, 6b, and even 8 events fromAH production, leading with manyb quarks. We will exploit this feature in conjunc-
to distinct signals. These branching ratios decrease rapidly afn with the excellenb-tagging efficiencye,~60%, that is
tans increases through moderate values, and so again wexpected to be available at futued e colliders[18]. As
expect strong determinations of farin this region. For many decay channels may be open, Higgs boson production
my==400 GeV, thett mode is open and completely domi- contributes to many types of events. In this section, we first

IIl. EXPERIMENTAL SIMULATION

A. Signals and cuts
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FIG. 5. Same as in Fig. 4, but f@P-o@ scala’\ decays torr
(solid curves, bb (short dashed curvgstt (long dashed curves

andZh (dotted curveps

FIG. 6. Same as in Fig. 4, but for neutral Higgs scéladecays
to 77 (solid curve$, bb (short dashed cuvﬁstt_(long dashed
curves, hh (dotted curves WW~ (dot-short-dashed curvesand
ZZ (dot-long-dashed curvies

list the eight signal channels that we will consider. We then
return to them in detail, and explain our motivations for analysis, we assume that hadronically decayintgptons

choosing them.
We consider the following channels:

(1) 2b+1+q’'s+cuts(1a—(1e) below (* H"H~” channel;
(2) 2b+1+q's+cuts(2a—(2e) below (* tbH*” channe);

(3) 3b+1I(+q’'s);

(4) 3b+0,2,3,..,1(+Q’s);

(5) 4b;

(6) 4b+1I(+q's);

(7) 4b+0,2,3,..,1(+q’s) (but not 4);
(8) 5b(+1+q's).

In this list, b andq denote hadronic jets with and without a
b tag, respectivelyl, denotes an isolated, energeticu, or 7,

may be identified as leptons, ignoring the slight degradation
in statistics from multiprongr decays. Thus, for example,
channel(6) contains all events with four taggdads and ex-
actly onee, u, or 7, with or without untagged jets. We defer
the details of the implementation of these requirements in
our simulations to Sec. Il B.

We now discuss each channel in detail. Let us begin by
discussing channeld) and(2), which are intended to isolate
efe " —-H"H —tbrv and e*e” —tbH* —tb7v, respec-
tively. The cross sections for these events are strongly de-
pendent on tal: As seen in Fig. 4, thél ™ branching frac-
tions vary rapidly for moderate t@h and we will see below
that the cross section fobH™ grows rapidly for large taf.
These channels therefore allow us to boundBténwe can
reduce backgrounds to low levels. The event shapes of these
two channels and the largest backgrowite™ —tt—tblv
are given schematically in Fig. 7. We see that all three pro-
cesses have exactly the same final state particle content:

and particles enclosed in parentheses are optional. In o@&b+q’s, with an isolated single lepton. The cross section for
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’ TABLE I. The cut parameters for our simulation.

<l|
Q2

¢ " 7 Js=500 GeV Js=1TeV

- AE,. 30 GeV 30 GeV

H HY b AE,. 5GeV 10 GeV

AE{D 15 GeV 25 GeV

1 b AE® 20 GeV 35 GeV
Am; 30 GeV 40 GeV

Amy 5GeV 10 GeV

Amy 10 GeV 15 GeV

However, even in this casg, is less than 1.7 for about 90%
of the events. We therefore require that, for at least one of
the b jets, 0.9<r,<1.7. We then identify théb jet most
likely to have come fromt decay ash,; and the other ab,.
This is done as follows: If only one, is in the range
0.9<r,=<1.7, we define thé jet corresponding to this, as
b,, and the other ab,. If both ry’s are in this interval, we
identify theb with ry, closer to 1 ad,, and the other ab,.
The untagged hadronic system amdthen form the candi-
date top quark system.

Given these definitions afy,, ry,, by, andb,, we then
impose several kinematic cuts. For chan(ig] this is quite
simple. In theH*H ™~ pair production event, the untagged
hadronic system and the tws are all decay products of
oneH™*, and hence their total energy (i® principle) equal

__FIG. 7. Schematic pictures of signal eveht§H-—tbrv and o the beam energyy's. On the other hand, the total had-
tbH ™~ —tb7v, and backgrountt— bqq’bl». The crosses mark the ronic system of thét background has more energy, since the
interaction point. decay products of one top quark alone already have energy
equal to the beam energy. Thus, we require that the energy of

tt production is about one order of magnitude larger than thalhe total hadronic system be approximately the beam energy:
of H"H ™ production, and hence it is crucial that this back-3 ys—AE, . <rEnaqt I'o,Ep, + Ep,<3s+AE-. (The
ground(as well as otheﬂsbe' reduced by addltlona[ cuts. numerical values of the cut parameterEit and those that

To reduce backgrounds in both channels, we first attempft low d d onys: th . . HT ble ). Further-
to reconstruct thaV boson and top quark. Each candidate oflow depen Or? s, ey afrehglvenc;nd aple JL.Fur ker
event has an untagged hadronic system fidm decay, more, acut_ on the energy of the candidate t.op quar s_ystem
which we denote “had,” and twd jets, one of which comes also_effectively lreduces ltg]et backgrOL_md, we require
from t decay. Thus, we first rescape,qto obtain the correct "wEnadt o, En, =35~ AE{*”. We also impose a cut on

value of thew boson mass: the invariant mass of the bottom quark paif, 5, to elimi-
s 2 nate backgrounds in which the jets arise fromZ boson
(FwPhad “= My, ) decay (e.g., ete =W W 2): Mp,p,<Mz—Am; or

+ . . .
whereppoq is the four-momentum of the untagged hadronicmblbzBijLAmZ ' Fma!ly, we _requwe that the invariant
system measured in the detector, anglis the rescaling Mass of the untagged jets satigfyaq—my|<Amy, and
factor defined by this equation. In the signal every,is  thatthe single lepton have enery>5 GeV and be isolated
close to 1. Then, we try to reconstruct the top quark mas¥ith no hadronic activity within a cone of half-angle 20°. In
from the four-momentumyppagand one of thd momenta.  SUmmary, for channefl), we adopt the following cuts:
However, if theb from t decay decays semileptonically, the 1 - 1 +
neutrino carries away some );ractioz of the n?omentu);n. Wéla) 5T/E_AEHingEha‘belElerEbzg5‘/§+AEHi'
therefore also define, for eadh jet, a rescaling factor, with 0.9<sr, <17

iven b
g ' (1b) rwEpaqt rblEblgé\/g—AEgb);

2_ 2
(FoPo+ FwPhad ™= mM; (10 (10 mp p,<mz—Am; orm, , =Mmz+Am; ;
yvherepb is the four—momgntum of thb_jet. For theb COM- (1) | Mpag— M| <Amyy;
ing from thet decay,r, is almost 1 in an event without
semileptonic decay. If thd decays semileptonically, the (1) the single lepton must be energetk,>5 GeV, and
neutrino typically carries away about 25% of the total energy  isolated, with no hadronic activity within a cone of half-
in the b rest frame[19], andr, may become larger than 1. angle 20°.
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The situation for channel2) (the “tbH*" channe) is ply, we must simulate each of the signal events. Events were
more complicated, since on-shell productiontbfH ™ pairs  generated with a parton level Monte Carlo event generator,
is also a background. For this reason, we replace @#s using the helicity amplitude packaggLAs [20] and phase
and(1b) above. In order to make sure that we have only onespace sampleBAses[21]. For both cases, the spin correla-
“on-shell” H*, we impose a cut on the energy of the total tions present in the decays were not included. Semileptonic
hadronic systemtywEpagt rp, Ep, + Ebi%\/g_"AE;i . This  decays were simulated with branching fraction 24% and en-

cut does not effectively eliminate the background, in con-  €rgy distribution given in Re{.19]. As stated previously, we
trast to cut(1a), and we must thus rely on a cut on the energyuse the running quark mass values=175 GeV and
of the candidate top quark system to remove théack- m,= 3.2 GeV in branching fraction calculations.
ground. In order to reduce the background even if we Hadronization and detector effects were crudely simulated
misidentify theb jet, we modify cut(1b) and instead require by smearing the parton energies with detector resolutions
that rywEnaqt rblEblggﬁ_AEgzm and ryEnagt o, Ep, pr&‘?ctied :[)o \7_e a\(/)allable e?nt. fu_ture:e\/_collcl)ders [7]:
<1/s—AE®. In addition, we again use cutdo—(lg. CUE /E=40%/ I,E?Z/O’ o E /E=15%/NE®1%, and
The following is then the complete set of cuts applied top, /P+=5X10""p, 0.1% for muons, withE andp, in
channel(2): GeV. The efficiency of cut2a) is quite sensitive to the had-
ronic calorimeter resolution, but we assume that the charac-
(28 rwEnagt I, Ep, + Ebzaé\/§+AE;t ., with  0.9<ry, teristics of this calorimeter are well understood. For the pur-
<1.7: pose of imposing the cuts, an isolated lepton was defined to
be one with no hadronic parton within a cone of half-angle
(2b) rWEhaﬁrblEbls%\/g_AEgb) and  ryEpagt ,Ep, 20°. In addition, we assume thateptons may be identified

<1/s—AE®; as leptons. Finally, initial state radiation was not included.
2 vt For s=1 TeV, the effects of initial state radiation may be
(20 mblbzsmz—Amg or mblbzzszrAm;; substantial, and the cuts we have proposed may require
modification.
(20) [Mpag— My <Amy; The number of signal and background events in each

channel is heavily influenced by thetagging efficiency and
purity [22]. Recently, there have been great improvements in
this area. In this study, we assume that the probability of
tagging ab (c) quark as & quark ise,=60% (e.=2.6%)
[18]. (The possibility of tagging light quarks dsquarks is
negligible) Uncertainties in these parameters will contribute
to our systematic errorgsee Sec. Il D. In addition, we
present results for othdr-tagging efficiencies in Sec. IV.

With these assumptions, we can now present the expected
signal cross sections after cuts in each channel. In Figs. 8—
11, we display these cross sections as functions of a postu-
lated tams’ for fixed underlying values tg#=5 and
P\/E,mH:)= (500 GeV, 200 GeY, (1 TeV, 200 GeV, (1
TeV, 300 GeV, and (1 TeV, 400 GeV. These figures are
Cgenerated as follows: We first assume that the underlying
alues of ta and my- realized in nature are as given

(2e) the single lepton must be energetie,>5 GeV, and
isolated, with no hadronic activity within a cone of half-
angle 20°.

The choice of channel8)—(8) is motivated by a number
of considerations. To exploit the-rich events in Higgs sig-
nals, we require mani tags. For channel&3)—(8), the re-
quirement of three to fivd tags effectively removes most
standard model backgrounds. In fag&tH production may
result in events with as many as eightuarks, and so chan-
nels requiring more than fivie tags may also be considered.
However, once branching ratios amdtagging efficiencies
are included, such channels suffer from poor statistics and d
not improve our results.

In channels(3)—(7), events with exactly one lepton are
distinguished from the others. Charged Higgs boson interae{
tions are not plagued by large one-loop corrections, an .
therefore provide signals that are not subject to large syster'r?-bo.v.e' WPT then_calculate t.he. Higgs bos_on masses and com-
atic errors. On the other handH events may be subject to positions, including the radiative corrections of E(®. and

such uncertainties, in particular in the interaction vertex(8) with fixed my=1TeV, as discussed in Sec. Il A. In par-

Hhh. (See Sec. Ill D. To avoid contaminating the charged ticular, this determines the values of the physical Higgs bo-

: . ; : e on masses, c@—a), andB(H—hh) that would presum-
lli_'k'ggtso b:esggrastlgntil e\-llv J'rtn ,Sy;edm:lt_"c :\?:rirstal.rl].tr:?:’n\:\gvéoeumZbly be measured. With these quantities then held fixed to

achieved for some parameters by separatihgedents, as their measured values, we then consider a hypotheticgl tan

. o i
h Hi ; ; andijet_ermlne the contrlbutlons of the'H ™, AH, Zh, and .
fhr?)rfgek?H +||_|ggi t%_%ob—iub—%t\lﬁr\]/v[n %hgrrgiﬁ% :gf;; tbH= signals to the various channels after cuts as a function

g ) of tanB’. The contributions to channel8)—(8) are deter-
leptonically and the other hadronicallxH events generally minegﬁsimply by branching ratios and tagging efficiencies.
do not, unles#\,H—tt decays are open.

Zh events do not contribute to channé¢ls and (2), as they

. . . never have exactly one lepton. The contributions of the other
B. Signal simulation three processes to channély and (2) are determined by

We must now determine the size of the signal in eachMonte Carlo simulation. The signal efficiency of the cuts for

channel after all branching ratios, cuts, and tagging efficienchannel (1) are 48%-34%(31%-19%, 55%-62%, and

cies are included. The cross sections in chan(®ls(8) are ~ 60%-64% for \s=500GeV with my==200 GeV

completely determined by branching ratios andiiftagging  (v/s=1 TeV with m, =200, 300, and 400 Geyas we vary

efficiency. In channel$l) and(2), where kinematic cuts ap- tang’ from 1 to 100. For channdR), the efficiency is 33%
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FIG. 8. Signal cross sections fary-=200 GeV, taB=5, and FIG. 10. Signal cross sections as in Fig. 8, but for

Js=500 GeV, in each channell) 2b+I1+q’'s+cuts (1a—(1e my+=300 GeV andys=1 TeV.
(*H"H™” channe) (solid curve, (2) 2b+1+q’s+cuts (2a)—(2€)

(*tbH*” channe) (dotted curvg (3) 3b+11(+q’s) (short dashed . . _
cUNVe, (4) 3b+0.2,3,..1(+q's) (long dashed curve(5) 4b (dot- values of tap. The cross sections in these channels are en

short-dashed curye (6) 4b+1I1(+q’s) (dot-long-dashed curye Ihanced W.hetﬂ thA—>th alndH—>Ihh zzja.ltrjchlng fractl?rr]\statl;]e
(7) 4b+0,2,3,..,1(+Qq's) (but not 4) (short-dashed-long-dashed arge, as Is the case for low f@nin addition, we see that the

curve, and (8) 5b(+I1+q’s) (dash—double-dotted curpeAll CTOSS section in Channe,l) grows raE)idny_rom low tgﬁ io
branching fractions, tagging efficiencies, and cuts have been in2igh tarB, as the branching ratio fo4 ~— 7v grows. Finally,
cluded. the cross section fotbH™ is virtually nonexistent for low

tanB, but grows rapidly for ta=20. For taiB~60, we see

(49%, 79%, and 83% for s=500GeV with that the cross section is large enough to produce tens of
m +='200 GéV(JE= 1 TeV with mu==200. 300 and 400 events per year, allowing a promising determination for high
G(Ha\_/) and ta’' =60 H™ ’ ’ tang if the backgrounds are small.

We see in Figs. 8-11 the expected behavior, given th%v egsgrqe(c)jf ;2? ?aergz?:]enCIezsonmg/migtlosn:Sn a?i?s\{[e flosr
branching ratios shown in Figs. 4, 5, and 6. For i (I = —=
my==200 GeV, we see in Figs. 8 and 9 that chanigs: == 300 GeV in Fig. 10. Fomy;-=400 GeV, thett de-

; . . cay mode is now open. The branching fractionsAef:Zh
(8) are large for low tag, and drop rapidly for increasing andH—hh are thus not very large even for low {arand so

10 = T T T T TTTTH
E_ - -~ 3 10 T T T T T TTTTH
e T - e
= o ’ = 1= ‘\\\‘~\\_ =
) - F e I
© . ) - Tl .
b -—. ______ — - e e

107 = =
= - 107 = ,
102 Ll L B . 7]
1 10 100 102 L/l L0t

tan B’ 1 10 100

tan p’
FIG. 9. Signal cross sections as in Fig. 8, but for

my+=200 GeV andy/s=1 TeV. The cross section for chanr&) FIG. 11. Signal cross sections as in Fig. 8, but for
is less than 107 fb, and therefore does not appear. my==400 GeV andy/s=1TeV.
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TABLE Il. The standard model background for chann@dls-(8) (in fb). Here, we assume,=60% ande.=2.6%.

@ @ () 4 ® (6) @) ®)

Js=500 GeV 0.11 0.071 15 6.2 1.2 0.12 0.17 0.0053
Js=1TeV 0.36 0.35 1.0 3.0 0.47 0.22 0.30 0.0095

the dependence on tanof channels(3)—(8), though still  0.046 fb [channel (1)] and 0.012 fb[channel (2)]. For
present, is diluted. The cross section for chanfi@lalso  Vs=1TeV, the efficiencies for thet background are also
does not rise as much as fincreases, as the cross sectionvery small [1.7X 102 for channel(1) and 1.4<10 2 for
o(H"H™ —tb7v) is now no longer enhanced by the phasechannel(2)], and the background is again well suppressed
space suppression oH*—tb, as it was in the [0.045 fb for channe{l) and 0.036 fb for channdp)].
my==200 GeV case. Furthermore, because of the smaller Given the effectiveness of the cuts for thiebackground,
branching ratio foH = — 7v, as well as the phase space sup-we next consider other backgrounds. We begin with the
pression for the production processe” —tbH™, the cross backgrounds  for Js=500 GeV. The processes
section for channel2) at high targ is not as large as in the WWZ—1vq'gbb anderWZ—evq'qgbb (when thee does
other cases. not go down the beampipere possible backgrounds. They
are, however, effectively removed by the kinematic cuts, es-
C. Backgrounds pecially (1c) and(2c), which are designed to eliminate events
. . . in which both b quarks originate from the decay of &

In our analysis, we have mcl_uded _the following standardy, s, ~After the cuts, these backgrounds are negligible. The
model backgroundgcross sec_t|ons_ in fo before cuts at backgrounctt_g—>tb|yg generically fails cutg1d) and (2d),
Js= 500 GeV and 1 TeV are given in parentheseés (540, 5 the untagged hadronic system consists of the gluon jet and
189' YV W= (7000, 2700, ZZ (400, 150, ttZ (1.2, 4., also the hadronic decay products of th& and therefore
V\i V_V_Z (40, 60, 2ZZ (1.0, 0.85, ’i”t_t (0.01, 0.55, typically has invariant mass greater thawy,. For this back-
e+e7tt +(0-315' 6.0, vvZZ QGi 6.5, e ZZ (1.0, 23,  ground to pass the cuts, the gluon jet must mistakenly be
e e"W W~ (250, 1100, vvW"W" (2.0, 16, e#WZ (8.0,  included in one of the taggel jets, which greatly reduces
70), andtth (2.0, 3.5. The cross sections for_aII but the last {he background. Furthermore, even if c(ts) and (2d) fail
of these processes have been calculated in R, and (4 gliminate this background, it may be removed by consid-
cross sections for the last process may be found in[R&.  gring the invariant mass of the combined lepton and missing
The cross section fdth, in fact, depends on tghHowever,  momentum. In the signal, this is-my=, whereas in the
as this cross section is small, the influence of this depe”c')ackground it is~my,. We have not included this back-

dence is rather weak, and we treat it as constant. ground and this cut, but we expect the cut to degrade our
The contributions of these backgrounds to chan(@ls signal efficiency very slightly.

(8) are completely determined by their cross sections, Eventstt(h,Z)—blvbg'q(h,Z) may contribute to chan-

branching fractions, and, and .. The estimated back- nels (1) and (2) when (,Z) decays hadronically and only

ground cross sections for these channels, as well as those fQfq of the six jets aré tagged. However, as in the case of

channels1) and(2), are given in Table Il. For channel) 1 such events will fail cut$ld) and(2d), as the hadronic
and (2), the kinematic requirements of Sec. Ill A must be

system again consists of the hadronic decay products of the
imposed. By far the largest background to these channe 4 g cecay b —

4 . . . K and additional hadronic jets. EventsZ where Z— vy
before cuts idt production. To obtain an accurate estimate

i bution of this back o af Hoyemay pass the cuts, however. In additiefiett events may
of the contribution of this background after cuts, we havey o, hass the cuts when both electrons are lost in the beam

simulatectt events using the Monte Carlo program d'escribedgipe_ We have not simulated these processes, but rather as-
above, neglecting production-decay spin correlations. FOLme conservatively that the kinematic cuts do not further
Vs=500 GeV, the signal and background efficiencies agequce these backgrounds. After including branching ratios

each additional cut is applied are given in Tables Ill and IVanq tagging efficiencies, channdly and (2) combined re-
for channelg1) and(2). The cuts are seen to be excellent for cejve contributions frontt(Z— »v) and e*e tt of 0.038
removing thett background, reducing this background to

TABLE IV. Cumulative efficiency of cuts(2a—(2e) for

TABLE Ill. Cumulative efficiency of cuts(la—(1le) for \/§=500 GeV. Here, we taken,==200 GeV and taf=60. The
Js=500 GeV. Here, we taken,-=200 GeV and tafi=5. The  tbH* signal is normalized to 1 after cii2a). The b-tagging effi-
b-tagging efficiency is not included. ciency is not included.

Cut HYH- tt AH Cut thH™ tt AH

(18 0.90 1.210°3 45x10°8 (2a) 1.00 0.95 0.33
(1b) 0.82 1.1x 1078 45x10°3 (2b) 0.65 3.1x10°4 0.27
(10 0.51 5x%10°4 3.8x10°3 (20 0.38 2.%10°4 0.27
(1d) 0.51 5x10°4 3.8x10°3 (2d) 0.38 2.1x10°4 0.26

(19 0.45 5.6x107* 3.4x10°° (2e 0.33 1.5<10°4 0.24
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and 0.056 fb, respectively. We will conservatively assumesurement of this parameter that is relatively free of theoreti-

backgrounds of 0.06 fb in each channel. cal ambiguities from thébb potential and renormalization

For \s=1 TeV, tt(Z— vv) may again pass all cuts. After group equation evaluations is possible using the branching
including branching ratios and tagging efficiencies, this conratio of h. Referencd 7] estimates thaB(h— 77) may be
tributes 0.15 fb. The process e tt also contributes, and its measured at a future" e collider to ~0.5%, leading to a
cross section is now greatly increased, but nowttreystem 1o error onm, of 150 MeV, and we therefore taka, to be
is often not energetic enough to pass dui® and(2a). The in the rangem,=3.2+0.15 GeV.
E,; distribution for \/§= 1.5 TeV is presented in Ref23]. As noted in Sec. Il A, we do not assume tree level or
From this figure, we may extrapolate {&=1TeV to esti- specific one-loop relations in the Higgs sector, but instead
mate that roughly 40% of thee®e tt events have will assume these are all independently measured. The un-
E.;>\/s/2. (We have checked that reasonable deviationgertainties in these measurements then enter our analysis as
from this value do not significantly change the results pre-systematic errors. We consider the Higgs boson masses and
sented below. Including branching ratios and tagging effi- interactions in turn. Thé mass will be measured very pre-
ciencies and the 40% efficiency, this background is 0.38 flxisely, and errors arising from this measurement are negli-
after cuts. Finally, thevwvtt background is now non- giple for this study. The charged Higgs boson mass may be
Eegligki]ble, a“td givesdot.088. fb, c?fps_ervqtivelly including Onflymeasured through itbtb decay mode. Referen¢#3] finds

ranching ratios and tagging efficiencies. In summary, for, : ; L
Js=1 Teg\/, we estimateg?hegtotal backgrounds to chaﬁnel%nhai 1gfg%]e\/u nt(:]eerlzlr?gr masses o= =180 GeV aqd i
§ R , ged Higgs boson mass resolution is

(1) and(2) combined to be 0.62 fb. We assume backgrounds g Gev. This measurement is likely to be improved if

of 0.31 fb in each channel. . supplemented by information from thérv decay mode.
AH production may als+o contribute to channél$ and  ere  however, we adopt conservatively the error given in
(2) when the decayH ~W"W" is prominent. Although & Ref, [13] with appropriate rescaling; ie., we take
signal, this mode has a number of systematic errors tha<§mH+=16 GeV/\/N where N is the number oftbtb
. all O . x ,
would contaminate thél "H " contribution we are trying to charged Higgs boson events multiplied by the efficiency of

Lioltafte. I-:}oweve{, in ourt_MlT)ntem(f_'arlo S'thIat'o?’ yvetflgd 3.5% given in Ref[13]. Studies have not been conducted for
at for channe(1), essentially a events are eiminated o A and H masses. We will assume, however, that their

bi/lCUt(l? (S?e Tf?.blelm' I(:jo_r ctrrl]gnne{_Z), ort1rl]yAt:e be?gk\)/lor masses may be measured to the same accuracy as the
at large tag is critical, and in this region, contribu- charged Higgs bosons.

tion is eliminated byB(H—W*"W~)~0. Th -
. . . e parameter cd§3—a) may be determined by
Fmally, we note that we have not included possible super&(e+e—_)2h) to an accuracy of 2%7], and we take this as
symmetric backgrounds. If present, such backgrounds cefrg systematic uncertainty. As given in E€f), there may
tainly require more study. However, it is likely that slepton '

. X ) : ; 'also be large radiative corrections to tHah vertex. In Ref.
neutralino, and chargino pair production will be greatly re-[l4] the measurement of this vertex through the branching
duced by our demands for multiptetags and the accompa- !

nying cuts. Bottom and top squark pair production may beratio B(H—hh) has been considered using the process
o . e"e”—vvH, followed by H—hh. The cross section
the leading SUSY backgrounds, but motivated by the fact , ,+ — — B
that such particles carry SU(g)quantum numbers and so U.(e.? —Hvv) is suppressed py Cﬁ,‘ﬁ a.)’ but may be
are likely to be heavy, we also do not consider such pro_5|gn|f|cant for low tays, th? reglon in WhICh. an accurate
cesses in our analysis’ measurement oB(H—hh) is important for this study. For
' example, in Ref[14], the cross section for this process with
tand=1.5, my =200 GeV, and/s=500 GeV is shown to be
3 fb, leading to hundreds of events per year. Thus, when
In this study, a number of systematic errors must be inB(H—hh) is large enough to be important for this study, a
cluded. Two important sources are uncertainties in thdairly accurate measurement of its value may be obtained.
b-tagging efficiencye, and the running quark mass,. In  Without detailed studies of backgrounds, it is impossible to
addition, however, the determination of fatmay be de- determine exactly what bounds may be placed on
graded by uncertainties arising from the virtual effects ofB(H—hh); for this study, we simply estimate that
other SUSY particles on Higgs processes, which depend oB(H—hh) may be measured with an error of 10%, and in-
unknown SUSY parameters. We will incorporate all suchclude this in our systematic errors. It should be noted, how-
uncertainties in our analysis as systematic uncertainties, areler, that if thevvH cross section is suppressed, one must
in this section we describe them and give numerical valueturn to AH production, and perform a global fit oy,
for these errors. We note, however, that if other measuretang and possibly other parameters. Such a fit is beyond our
ments are available, these systematic uncertainties may Ipgesent analysis.
greatly reduced. In Sec. IV, we will consider the beneficial Finally, there are radiative corrections to the decay widths
effects that other measurements may have on our analysisand production cross sections. Those that depend on standard
As b tagging plays a central role in our analysis, it is clearmodel parameters are predictable, and so even if large may
that an accurate knowledge of thetagging efficiency is be incorporated in the analysis, once calculated. However,
important. We have included a systematic uncertainty othose that depend on unknown SUSY parameters are more
+2% for e, [24]. dangerous. SUSY QCD corrections to the hadronic decay
The runningb quark mass enters the branching ratio for-width of the charged Higgs have been calculdtsl. These
mulas of Eqs(Al) and(A2). As studied in Ref[7], a mea- studies have shown that the corrections may in general be

D. Systematic errors
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large and of order 40%. However, for 200 100
GeV=my+=<400 GeV and squark masses above 500 GeV, '
the SUSY QCD correction is reduced to 10-20 %. SUSY
QCD caorrections to neutral Higgs decay widths have been
studied in Ref[26], with similar results. We therefore in-
clude 20% systematic errors for the five decay widths
I(H*—tb), T(A—bb), T(A—tt), T'(H—bb), and
I'(H—tt).

The electroweak corrections to the cross section come
from diagrams involving squarks, neutralinos, charginos, and
sleptons. Such corrections have been studied for charged
Higgs boson productiof27], where effects are found to be
typically of order 10%, and may be as large as 25%. How-
ever, for a given range of t@h the bounds will be deter-
mined primarily by channels in which the cross sections
scale as taiB or some higher power of tgh The uncertainty

10

tanf’

Illllll

IIlllll | I I

induced in tag is then<5-12%, which will be seen to be 1 :
negligible relative to other errors in this study, and we there- 1 10 100
fore do not include this uncertainty. tanf

IV. RESULTS FIG. 12. 95% C.L. bounds on tanfor \s=500 GeV,

my+=200 GeV, €,=60%, and four integrated luminosities: 25,

In this section we present quantitative results for theso, 100, and 200 fb* (from outside to inside For a fixed under-
bounds on tad that may be achieved. For now, we assumelying value of tarB, the values of ta@’ determined by the appro-
that SUSY decay modes are absent—such decay modes witiate contours are the upper and lower bounds that may be set
be considered in Sec. V. We first discuss how we includeexperimentally.
statistical and systematic errors in our calculations of confi-

12 ’
dence level contours, and then present results for a variety of 2 D N AP ? (12
underlying parameters and experimental assumptions. ‘Tsys_j=l FI3 il

To bound tag, we must first select a set of underlying
SUSY parameters to determine the underlying physics scavhere the sum is over the systematic uncertainties in the 12
nario that we hope to constrain. In our framework, as disguantities Pj=e,, m,, my=, ma, my, cos(B—a),
cussed in Sec. ll, this requires us to choosgBtand my-, B(H—hh), I'(H*=—tb), I'(A—Dbb), I'(A—tt),
and alsomy to fix the radiative corrections. This then fixes I'(H—bb), andI'(H—tt). The deviations\ P; are the sys-
the number of events that will be observed in each channelematic uncertainties described for each quarfifyin Sec.
(We assume for simplicity that the number of observedi|| D. In the following, we will display A y?=3.84 contours
events is given by the central value corresponding to then the (tang,tand’) plane, which we will refer to as 95% C.L.
underlying parameteps. contours.

As described above, our analysis is general in that it does |n these plots, the underlying scenario is determined by
not assume any fixed form of the Higgs radiative correctionsfixing tans, my+, andm;=1 TeV. Note that the underlying
Thus, to determine tghexperimentally, we begin by taking value ofm, therefore varies with tgh Of course, oncen,, is
the Higgs boson masses é&-a), andB(H—hh), to be  known, one should consider only scenarios that predjcin
bounded experimentally through the methods describe¢he experimentally allowed range. However, without know-
above. Given these measurements, the only remaining Ufhg m,,, we prefer to display results for scenarios witf
known parameter is tgh To determine taf, we postulate a given by reasonable radiative correctidirsthis case, radia-
hypothetical value tg8', and determine if such a value is tive corrections that may be produced oy =1 TeV).
consistent with the observed numbers of events in each of e first consider the/s=500 GeV collider, and choose a
our eight channels. To quantify this consistency, we define &pijcal kinematically accessible charged Higgs mass of

simple A x* variable, my==200 GeV. In Fig. 12, we display 95% C.L. contours
. in the (tarB,tanB’) plane for four integrated luminosities: 25,

) (N;—N/)? 50, 100, and 200 b, or 0.5, 1, 2, and 4 yr at design lumi-

Ax T 77 1D nosity. For this plot, we assuneg=60%, and have included

=1 + K . .
Tstat” Tsys all the systematic errors of Sec. Il D. We expect in this case

o o to bound moderate t#hstringently through the strong de-
wherei is summed over all channels, aty (N;) is the  pendence of Higgs boson branching fractions orgtianthis
number of events in channeldetermined by the underlying range. In addition, we expect to be able to bound large values
(postulated value targ (tang’). The quantitiesrg andog,s  of tang through the processhH*. These characteristics are
are the statistical and systematic errors for channedspec-  evident in Fig. 12. As examples, we find that for an inte-
tively, and for simplicity, we add these in quadrature. Thegrated luminosity of 100 fb* and the underlying values of
statistical error iso,=N/. The systematic error is given tang listed below, the 95% C.L. bounds that may be obtained

by are
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FIG. 13. 95% C.L. bounds on t@n for \s=1TeV, FIG. 14. 95% C.L. bounds on tg@n for s=1TeV,
my+=200 GeV, €,=60%, and four integrated luminosities: 100, my+==300 GeV, ¢,=60%), and four integrated luminosities: 100,
200, 400, and 800 fi. 200, 400, and 800 ftt.

tang=2: tang’'<2.9, son decays tab are still considerably suppressed by phase

spaceB(H* — 7v) rises rapidly for increasing tgh This, in

tan3=3: 2.5<tanB’<3.6,

conjunction with the large luminosities that are expected to

be available at/s=1 TeV, implies that the statistical errors

tan3=5: 4.5<tanB’<5.5,

in channels(1) and (2) are greatly reduced. We see in this

case that the bounds are stringent throughout the range of

tang=10: 7.6<tans’<30,

tanB, and, for example, for an integrated luminosity of

100 fb ! and tagB=60, we may constrain t@ to the range

tang=60: 40<tan3’<90. (13)  50<tans’'<75.

For my+=2300 GeV, the bounds are slightly worse, as
Note that Yukawa coupling constants become nonperturbas(H=—tb) is now not highly suppressed by phase space,
tive below the GUT scale if tghis too close to 1 orif ta@  and the number of events in channél and(2) is therefore
is too large (ta=70-80). Thus, in much of the parameter reduced. In addition, the power of chanii®] is reduced by

space that is theoretically interesting, significant constraints
on tarB may be obtained.

The above results have interesting implications as tests of
Yukawa coupling constant unification. For exampig,-m,
unification based on GUT's prefers either large 3ar60)
or small (taB<2) values of tap [1]. Furthermore, if we
assume simple SQ@O)-like unification[2], tanB is approxi-
mately given bym;/my~50-60, since the Yukawa cou-
plings for top and bottom quarks are unified at the GUT
scale. As one can see in Fig. 12, the values oBtaredicted
by these scenarios can be easily distinguished. In addition,
the stringent constraints on t@ravailable in its moderate
range are very useful for soft scalar mass determination, as
will be seen in Sec. VI.

If the heavy Higgs bosons are not produced in the first
phase of a future™ e~ collider’s run, or even if they are, it
may be advantageous to increase the beam energy. We con-
sider next ays=1 TeV collider. In Figs. 13, 14, and 15, we
present results for scenarios with this higher beam energy
and my==200, 300, and 400 GeV, respectively. We plot
contours for integrated luminosities of 100, 200, 400, and

100

T T TTTT

!

I

T TTt ILELELRELR®
-

IIIIIIl

10 100
tanp

800 fb 1. Formy+=200 GeV, the result is dramatically im- FIG. 15. 95% C.L. bounds on tgn for \s=1TeV,
proved over the/s=500 GeV case. This is in many ways a my-=400 GeV, €,=60%), and four integrated luminosities: 100,

nearly ideal scenario for this analysis. As charged Higgs bo200, 400, and 800 ft.
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FIG. 16. 95% C.L. bounds on t@nfor ys=500 GeV, i )
my+=200 GeV, an integrated luminosity of 100fh ande,= 50,
60, and 70%from outside to inside -
the great increase ie*e tt background forys=1TeV, 2 0
©

relative to/s=500 GeV. Improved cuts may be able to re-
duce this background and improve the high garesults.
Nevertheless, the bounds are still quite strong for moderate
tang, and interesting determinations of high gaare pos-
sible for large integrated Iuminosities. Finally, for
my+==400 GeV, the bounds are again weaker, but we are
still able to distinguish low, moderate, and highgaand the

IIlII| | I .

measurement will be useful for soft scalar mass determina- 1 '
tions, as we will see below. 1 10 100
We next consider the dependence of our results on the tanp

assumed-tagging efficiency. In Fig. 16, we again consider

the Casa/gz 500 GeV andny+=200 GeV, but plot bounds FIG. 17. 95% C.L. bounds on tg@rfor (a) mH:=3QO GeV and
for a fixed luminosity of 100 b and threeb-tagging effi-  (?) Mn==400 GeV, Js=1TeV, &,=60%, and four integrated Iu-
cienciese,=50%), 60%, and 70%. We see that the effect ofg:zgzg'i;itltgg’ 200, 400, and 800 bwith all systematic uncer-
increasedk, is roughly to decrease the integrated luminosity '

required to achieve a certain bound. statistical error is also non-negligible.

We conclude this section with a discussion of the leading For large ta, tan3 is constrained only by channé®)
sources of systematic errors in the results displayed in Figgthe “tbH=" process. In this case, the primary source of
12-15. As can be seen in the figures, the weakest bounds ageror is statistical, and for typical luminosities, a reduction of
achieved in the small tghregion (tarB=2-3) and the large  the systematic errors does not substantially improve the re-
tang region. In the low tag region, and for then,==200  sult. However, formy-=200 GeV or 300 GeV and large
and 300 GeV cases, tgris mainly constrained by channel tang, the systematic uncertainty is not negligible if a high
(1) (the “H"H™" channe). The reason for this is that, al- |uminosity is obtained. In this case, the leading sources of
though channel$3)—(8) are sensitive to variations in t8n  systematic error areny=, m,, and I'(H*—tb), and the
as may be seen in Figs. 811, these channels require manyresults may be noticeably improved if these errors are re-
tags. The uncertainty i, thus significantly weakens the duced. In Fig. 17, we show the 95% C.L. contours with all
bounds from these channels and is, in fact, the leading sysystematic uncertainties omitted fiog, - = 300 GeV and 400
tematic error. However, if the systematic uncertaintgjris  GeV. Comparing these figures with Figs. 14 and 15, we see
reduced, these channels may improve the constraints. Fafat the results may be improved significantly if the system-
my==400 GeV, channel(1) loses its significance since atic errors are greatly reduced.

B(H*—7v) is highly suppressed, and chanr(8), which Throughout this analysis, we have assumed that no de-
has the largest cross section among the important processeailed knowledge of the radiative corrections to the Higgs
becomes the most sensitive one toBaAgain, the largest sector may be obtained, and we therefore rely on experimen-
systematic error is the uncertainty & . Thus, in the low tal measurements of the various Higgs boson masses and
tang region, for allmy+ considered, the results can be im- couplings. However, if these corrections are well understood,
proved if we can reduce the uncertainty ép, though the for example, through detailed measurements of top squark
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masses and left-right mixing, the results of this analysis may 1 T T T T T T
be improved significantly. For example, if the radiative cor-
rections are highly constrained, the triple Higgs vertex is
essentially a function of tg#only, and we need not rely on

a measurement @&(H—hh). There is then a strong depen-
dence of the multh cross sections on tgh We have ana-

lyzed this possibility, and find, in particular, that chan(®|

is then strongly dependent on @rand this leads to marked
improvements in the low tghregion. This is but one ex- o
ample of how information from other sectors may improve
these results. It is clear that other measurements from the
LHC or NLC may significantly improve the results presented 10°
here.

P11l

T |I|IHI
ol IIIIIII

V. SCENARIOS WITH SUSY DECAY MODES

-3 1 1 | I I |
Up to this point, we have assumed that Higgs scalars de- 10 1 10

cay only to standard model particles. For large Higgs boson
masses, however, decays to supersymmetric particles may be
allowed[28,29. In this section, we discuss the effects that FIG. 18. Branching ratiosB(H—I1%ls) (solid curvé and
decays to sleptons, neutralinos, and charginos have on Ogr(HHT*T )+B(H7*7,) (dashed Cur\g The H mass and cou-
analysis. Squarks are typically heavy, and so decays to theB?ings aLreL determinLedL for fixethy==300 GeV, and include the
will not be considered here. radiative correction of Eqg6) and (8) with m7=1 TeV. For the

In many models, the right-handed charged sleptons arg,jiy (dasheq curve, the three generations of riglfleft-) handed
the lightest sfermions, as their masses are not increased Q)éptons are assumed degenerate with mags=100 GeV
R

SU(3)c or SU(2). interactions in the renormalization to low - — 100 Gev), and all other sparticles decay modes are assumed
energies. We will therefore begin by considering the scenarlglosLed'
in which heavy Higgs boson decays to pdifdr are open

and all other SUSY decays are closed. The sc#laasdH *
may decay only toxl, , and so their branching fractions are

unchanged in the absence k-1, mizging. On the other ;55 case, as the SU(2yauge couplings now contribute to
hand, theH boson may decay intdzlr pairs throg%n @  the decay process, and decays to both charged sleptons and
D-term interaction. The important point is that thzlr  sneutrinos are now open. However, the branching ratios
vertex is completely fixed by the U(4)gauge coupling con-  again drop rapidly for increasing tgnin Fig. 19, we give
stant and tag; i.e., it does not depend on additional un- aqits for tag bounds withy/s=1 TeV, m,==300 GeV
known SUSY parameters. In addition, the slepton massegny 4| systematic errors included, and including the effects
will be very accurately measured at fu;yege colliders ¢ gysy decays to(a) right-handed sleptons with
[22,30. Therefore, in the case wheté—Iglg is the only  m= =100 Gev ‘and (b) left-handed sleptons  with

. My
relevant SUSY d'ecay mode, no new systematic uncertamu%T =100 GeV. As one can see, the loss in statistics is not
enter our analysis. The primary effect of this decay, then, is 't

only to decrease the number of the signal events ffdirh very significant in both cases, and Fig. 14 is almost un-

. hanged.
production. ¢ .
In Fig. 18 the branching ratio dﬂ—>T§TR is given by the If decays to both left- and right-handed sleptons are al-

. ) -~ lowed, the branching ratios ¢t~, A, andH are all altered.
solid curve for fixedmy- =300 GeV and three degenerate Decays to left-right pairs involve the parameter, as well as
generations of right-handed sleptons with masse

) . The trilinear scalar couplings. If these parameters are not
my =100 GeV. We see that the branching fraction NeVemeasured, they may coﬁtrit?ute large sysliematic errors to the
exceeds 0.3 and decreases rapidly for increasing &snthe  measurement of tah Of course, these parameters may also
width to b quarks becomes dominant. In particular, for he measured in different processes, for example, from
tan3=3, the range in which our analysis may give stringentchargino and neutralino masses forand left-right mixings
bounds, the branching ratio is less than 0.1. Furthermore, for the trilinear scalar coupling. A complete analysis would
the decay modéd —tt is open, the branching ratio for this therefore require a simultaneous fit to all of these parameters.
SUSY decay mode is suppressed even for the loys t&n Finally, we briefly consider decays to charginos and neu-
gion. tralinos. These decays have been considered in d&i8jil

If only decays to left-handed slepton pairs are possibleand have been shown to be dominant in some regions of
again only theH branching fractions are affected. In Fig. parameter space. However, if only decays to the lighter two
18, the solid curve gives the branching fraction neutralinos and the lighter chargino are available, and these
B(H—IFI)+B(H—77), again for fixed my- are either all gaugino like or all Higgsino like, as is often the
=300 GeV and assuming three degenerate generations wittase, these decays are suppressed by mixing angles. If we are
massesny =100 GeV anorn;L determined by the relevant in the mixed region, these decay rates may be large, but in

tanp

relations of Eq.(14), which is given in the next section. We
see that the branching ratio is enhanced relative to the pre-
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FIG. 19. 95% C.L. bounds on tgn for s=1TeV,
my+=300 GeV, ¢,=60%, and four integrated luminosities: 100,
200, 400, and 800 fi, with (a) only the right-handed slepton de-
cays open WithmTRzloo, and(b) only the left-handed slepton
decays open witrmTL=100 GeV. All systematic errors are in-
cluded.
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where mg, mg, mg, mg, and mg are the soft SUSY-
breaking scalar masses. In these relations, possible mixings
among sfermions are neglected. In fact, such mixings may be
large and lead to a variety of new phenomena that may be
probed at futuree*e™ colliders. Left-right mixing, which
may be large for third generation sfermions, has been ana-
lyzed for scalar tauf31], and intergenerational slepton mix-
ing has also been studied recerftB2]. For simplicity, how-
ever, we assume in this section that these effects are absent.
As emphasized in Ref 3], the pattern of soft SUSY-
breaking parameters is a reflection of the SUSY-breaking
mechanism, and so accurate determinations of the soft
SUSY-breaking masses may provide insights into the phys-
ics of SUSY-breaking. In addition, accurate measurements of
the sfermion masses may help determine the gauge and/or
flavor structures at higher energi&38,34]. As can be seen in
Eqg. (14), an accurate measurement of the soft scalar masses
requires precise measurements of both the physical sfermion
masses and t#h If tang is completely unknown, the uncer-
tainty in the soft scalar mass is considerably greater than the
expected uncertainty from measurements of the physical
masses. For example,rﬂgR:lOO GeV, the variation img

for 1<tanB<60 is 10 GeV. On the other hand, slepton and
squark masses may be measure@’a ™ colliders without

this case, all six charginos and neutralinos should be prosarameter unification assumptions with a fractional error of
duced, and the phenomenology is quite rich and compllcateci_z%[zzye’o,ga_ One might hope, therefore, that a mea-

VI. DETERMINING SOFT SCALAR MASSES

As mentioned in Sec. |, the parameter ggplays an im-

portant role in determining the masses and interactions of
many supersymmetric particles. A measurement ofBtan

surement of ta@ from the Higgs sector would reduce the
uncertainty from tag to a comparable level.
In Fig. 20, we plot contours of constant

Am=|mg(tanB) — mg(tang’)|, (15)

from the Higgs scalar sector is therefore valuable for confor fixed physical massng, =100 GeV. For other sfermion
straining other supersymmetric parameters of the theory Qfpecies and masses, the contour laléls, 1, 2, and 3

for testing SUSY relations in another sector. In this sectionGeV)

should be  multiplied approximately

by

we present one simple example, namely, the determinationF|/szew)(1oo GeViy), where F is the appropriate

of soft SUSY breaking scalar masses.
The physical masses of sleptons and squarks are g@iven
first generation notatigroy

Q

1 2
573 sinzew) cosB,

2 _ 2 2, 2
mg, =mg+my+mz| 5

function of sir?aw in parentheses in Eql14). (For example,

for the right-handed sleptorf = —sirf4,.) The soft mass
depends on tgh only through cos®. The dependence is
therefore very slight for large t#h and, as may be seen in
Fig. 20, a bound such as {@r6 is already very powerful for

the purposes of determining soft mass parameters. Compar-
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100 T
sible in the scalar sector if the masses of both sfermions of a

left-handed doublet are measuré8uch a measurement is
not necessarily easy, even if sfermions are kinematically
. accessible—in the slepton sector, sneutrinos may decay in-
visibly; in the squark sector, such a measurement requires a
determination of quark flavoriIn this case, a comparison of
the two tarB determinations constitutes a highly model-
independent test of SUSM8], without any assumptions of
GUT or SUGRA relations.

T T T TTTTO An independent measurement of gamay also be pos-

T T TTTT

10

tanp’

A2 VII. IMPLICATIONS FOR TOP SQUARKS

/// g In this section, we discuss another application of thggtan
Z2M T [ N measurement, namely, the application to the top squark sec-
1 10 100 tor. Top squarks are singled out by the large top Yukawa
tanp coupling, which implies that significant left-right stop mix-
ing is generic, and that radiative corrections from top-quark—
FIG. 20. Contours of constatm=0.5 GeV (solid curve$, 1 tgp_squark loops are highly significant in determining the
GeV (dotted curvels 2 GeV(short dashed C”r"}m”,d 3GeMlong  hronerties of the Higgs bosons. For these reasons, precise
dash_ed curvgs where Am=|mg(tang)—mg(tang’)|, for fixed measurements of the parameters in the Higgs sector may
physical massng_= 100 GeV. . .
allow us to constrain parameters in the top squark sector.

In the absence of left-right top squark mixing, the leading
ing this with the bounds that may be achieved from Higgsradiative corrections to thé P-even Higgs sector were given
scalars, we see that for tar3, the uncertainty img from  in Eq. (8). In general, however, all parameters of the top
tang is reduced below that from the physical mass measuresquark sector enter. The top squark mass matrix is
ment.

1 2
m%+ mZ+m3 573 sir? 0W) cosB my(A;— p COtB)
m(A,— w cotB) m%+ m?+m32 3 sinzew) cosB

wheremg and m7 are soft SUSY-breaking parameters dis- dependent assumption®lote that we have assumed the re-
cussed in the previous sectiop, is the supersymmetric lation mg=ms for simplicity. This relation may be relaxed if
Higgs mass parameter given in E@), and A, is the top  we also measuren;, and impose this as an additional con-
trilinear scalar coupling. The physical top squark masses argtraint) On the other hand, from the figure, we also see an
the eigenvalues of this matrix, and we denote the lighter andsymptotic behavior for largen; —if the soft SUSY-
heavier top squarks ds andt,, respectively. For low and  reaking parametersg andmy dominate the left-right mix-
moderate tad, where the bottom squark contributions may jng terms,m,, is simply a function of tag, m,, andmy .
be neglected, th€ P-even Higgs boson masses are then de—.l.h ing that this holds. even if top squarks allre t00
termined bym, and targ at the tree level, anthg, m7, u, us, assuming o ‘op sq
andA,, all of which enter through radiative cofrections heavy to be discovered at _e|ther a futeree™ collider or the
L . "~ o CERN Large Hadon CollidefLHC), we may be able to

In Fig. 21, we plotm, as a functlo_n ofmy, for various placeupperbounds on their masses by measuring, mx,
values of tapg and A;. Here, we fix =200 GeV and gang tagg. It is important to note, however, that &, and u
m,=300 GeV, and we takeng=m7 for simplicity. We see  may be arbitrarily large, one cannot draw such a conclusion.
that there is a strong dependencengf on the various top \we also note here that, while additional radiative corrections
squark parameters, implying that we may be able to cong the Higgs sector will not modify the qualitative features of
strain new parameters with a measurement optdfor ex-  oyr results, they can slightly change the masses and mixings
ample, if u is measured from the gaugino-Higgsino sector, &n the Higgs sectof16]. Therefore, a careful treatment of
measurement of tg) along with measurements ofy, My, radiative corrections will be needed in a real experimental
and m,,, may allow us to constraii;, a parameter that situation to obtain more accurate results. We leave such a
otherwise may be rather difficult to measure without modeltreatment for future consideration.
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140 —— effects of a nonminimal Higgs sector may also be detected
| by an analysis similar to this ori&6].
| tanp = 10, We have considered scenarios with a variety of beam en-
130 A ergies, Higgs boson masses, integrated luminosities,
7 b-tagging efficiencies, and assumptions about systematic er-
120 (— g rors, and have also considered the impact of SUSY decay
: modes. All of these factors may have important effects on
< 110 the results, which were discussed in Sec. IV and presented in
8 ...... el detail in Figs. 12-17 and 19. Very roughly, however, the
= et results may be summarized as follows. For this precision
g 100 =~ v study to be feasible, heavy Higgs boson pairs must be pro-
T p duced in sufficient numbers at the NLC. Given the slow
90 — growth of scalar pair production near threshold, the beam
energy must be significantly above the heavy Higgs boson
80 — . masses; we have seen that energj’éEZer+100 GeV
-7 are sufficient. For moderate values of gamoughly in the
70 | L1 i range 3<tanB=<10, the strong dependence of the heavy
102 10° Higgs boson branching ratios on famllows stringent con-
m; [GeV] straints. In a year at design luminositg0 fb~Y/yr and

100 fo Y yr for s=500 GeV and 1 TeV, respectively
FIG. 21. The lightest Higgs boson mass as a function of the ~tand may be determined to 10-20% in the central value of
mass of the lighter top squarkyy , for tand=3, 5, and 10. Here, this range. Increased luminosities do not improve this signifi-
we fix w=200 GeV, m,=300 GeV, andA,=0 (solid lines, cantly, as the errors are typically dominated by systematic
A,=200 GeV(dashed lines andA,= —200 GeV/(dotted line. uncertainties. For large t@ we have seen that the three-
body cross sectiotbH* grows rapidly, and is large enough
In this section, we have not considered quantitatively théor some scenarios to provide interesting constraints for large
results that may be achieved. Clearly, measurements of marigng. In this range, a year’s luminosity yields the bound
parameters enter the analyses suggested here, and an ovef@ili3=10; additional luminosity generally improves this
fit to the relevant parameters will be necessary in a completbound significantly.
analysis. However, the example of the top squark sector il- Detailed exploration of the properties of the heavy Higgs
lustrates at least qualitatively the possibility of applying anboson sector is therefore possible in a wide variety of sce-
accurate ta measurement to interesting determinations ofnarios at the NLC. It should be stressed that the heavy Higgs
parameters in other sectors of supersymmetric models.  boson sector appears to be the most challenging sector for
the LHC, and the detailed study, and even the discovery, of
VIIl. CONCLUSIONS heavy Higgs bosons there may be very diffid@7]. At the
same time, the properties of the heavy Higgs boson sector
In this study we have considered the prospects for meamay have several important implications. For g8, the
suring tarB through heavy Higgs scalar production and de-results obtained imply that the soft scalar mass parameter
cay at a futuree™e™ collider. The branching ratios of heavy determinations are likely to be limited by the precision of the
Higgs scalars are strongly dependent orgtdn addition, we  corresponding physical scalar mass measurements. In addi-
have seen that Higgs signals typically have mhmuarks in  tion, we have seen that bounds on largegtatiow one to
the final state, which, given the excelldntagging efficien-  confirm or exclude Yukawa unification assumptions.
cies and purities expected, allows them to be separated from The parameter tgimay also be constrained by other pro-
SM backgrounds in a number of different channels. Thecesses. For example, for low f&nchargino production at a
cross sections from these channels allow us to significantljinear e“ e~ collider may provide stringent constraints on
constrain the parameter space and, in particular, to placang [38]. This requires a sufficient Higgsino component in
bounds on taf. the chargino, and the bound deteriorates for moderate and
We have relied on experimental measurements wherevérigh values of tag. For high tarB, there are a number of
possible. The neutral Higgs sector is subject to large radigpossible probes. If staus are pair produced at a future linear
tive corrections, depending strongly, for example, on topcollider, 7, -7z mixing [31] may be able to measure {&n
squark masses and mixings. In our analysis, we have ndensitively in a range determined by the Higgsino component
assumed that such radiative corrections are small. Insteadf the lightest neutralino. Alternatively, the magnetic dipole
we treat the Higgs scalar masses, the parameté(@es), moment of the muon, g—-2),, may be sensitive to
and the vertexr,, as independent guantities, constrainedtan8=20 for slepton massaa] <300 GeV[39]. In addition,
only by experimental measurements. In addition, we havehe discovery oH,A— 77 at the LHC may be used to set the
avoided assumptions of SUSY parameter unification. Théower bound tag=10[40]. Of course, in the ideal case that
analysis method is therefore formally applicable to modelaneasurements confirm a particularly simple model, for ex-
with arbitrary radiative corrections. We have, however, asample, the so-called minimal supergravity model, in which
sumed a minimal Higgs sector throughout this analysis. lfall supersymmetric particle masses and interactions are de-
additional Higgs fields are present, determinations of3tan termined by only five additional parameters, studies have
from the various channels may not be consistent, and thehown that highly accurate measurements of3tamy be
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obtained both at the LH{A1] and NLC[42)]. Additional decay modes are H —Wh,

It is interesting to note, however, that the power of theseH -W*"W~,ZZ,hh,AA, andA—Zh, as well as SUSY de-
other methods is usually greatest for low or high values ottay modes involving squarks, sleptons, charginos, and neu-
tanB. In addition, these measurements all involve many othetralinos. All of these decay widths may be found in Appen-
SUSY parameters and require certain conditions to be appldix B of Ref.[11].
cable. In contrast, the heavy Higgs boson measurement is The charged Higgs boson decay width for fermion pairs
most sensitive in the range where these other measurementst , is

are weak, and is relatively free of other assumptions. It is )

clear, however, that no one process is powerful throughout - Ncg 2 2
the range of ta@ and for all scenarios. Of course, if more F(H"—ffe) = 327Tm\2N(mfd tanzﬁ+mfu cOt'B) My
than one test is available, their consistency will be an impor-
tant test of SUSY. ( m?u ) 2
X[ 1——| , (A1)
mHi

ACKNOWLEDGMENTS

We would like to thank J. Bagger, A. Djouadi, S. Dong, whereN, is the number of color, and we have approximated

K. Fujii, H. Haber, 1. Hinchliffe, D. Jackson, T. Kon, H. Mi,<Mu= in the phase space factor.
Murayama, M. Nojiri, and Y. Yamada for valuable discus- For A andH decays toff, the width is given by
sions and useful comments. The authors thank the organizers

2 2\p
of the Snowmass Workshop, and J.L.F gratefully acknowl- —  Neg© _Am;
edges the support of the JSPS and thanks the KEK, CERN, TAH—=11)= 3277m\2,\,mfcmA'H 1 Man) (A2)

and Rutgers Theory Groups for hospitality during the course
of this work. This work was supported in part by the Direc- Where the coefficien€ and exponenp are specified as fol-
tor, Office of Energy Research, Office of High Energy andlows:
Nuclear Physics, Division of High Energy Physics of the

U.S. Department of Energy under Contract No. DE-AC03- A—fyfy: C=cofp, p=1/2, (A3)
76SF00098 and in part by the NSF under Grant No. PHY- T o~ B
95-14797. J.F.L. is supported by Miller Institute for Basic A—fafa: C=tafg, p=1/2, (A4)
Research in Science. sir?
— o
Hﬁfufu: C:W, p:3/2, (AS)
APPENDIX: DECAY WIDTHS B
In this appendix we give formulas for the decay widths of Hof f.: C= coSa p=3/2 (A6)
the heavy Higgs scalars to quarks and leptons for reference. did co$B’ '
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