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We demonstrate that supersymmetric decays, as typified by the predictions of several grand unified theory
(GUT)-scale boundary condition choices, do not prevent detectiod*ef H’A°,H"H ™, at a 1-4 TeV
ete” or u"u~ collider operating at anticipated luminosity. For much of the parameter space the relative
branching ratios for various supersymmet(®JSY) and non-SUSY decays can be measured with sufficient
accuracy that different GUT-scale boundary condition choices can be distinguished from one another at a very

high confidence leve[.S0556-282(97)04415-9

PACS numbgs): 14.80.Cp, 12.10.Dm, 12.60.Jv, 13.2@

I. INTRODUCTION ing predicted by the GUT. For all scenarios considgmakn
those with myo well above a Tey, myo is below
The minimal supersymmetric standard mofdiSSM) is  ~130 GeV and, as reviewed in R¢8], will be discovered

widely regarded as the most attractive extension of the starwith relative ease at both the CERN Large Hadron Collider
dard model(SM). The approximate unification of coupling (LHC) and any e*e” or u*u~ collder with
constants that occurs in the MSSM at an energy scale of ds=500 GeV. However, because thé will be very SM-
few times 16° GeV [1] suggests the appropriateness oflike, it will be quite difficult to establish on the basis of
treating the MSSM in the context of a grand unified theoryprecision measurements that it is the MS®Rland not the
(GUT) model, in which the supersymmetry-breaking param-SM Higgs boson, especially ih,o=300-400 GeV([3].
eters have simple universal values at the unification scale (2) TheH®, A°, andH™ will be approximately degenerate
My. The GUT framework is especially compelling in that in mass and will decouple from the vector boson sector. The
electroweak symmetry breakifgWSB) is easily induced at coupling of the A to bb [tt] is given by ys times
a scale~m; as the soft mass squared of the Higgs field that—gmb/(ZmW)tanﬁ [—gm /(2my,)cotB]. For largem,o, the
couples to the top quark is driven to sm@bmetimes nega- o plings of theH® asymptote td times these same coeffi-
tive) values by the associated large Yukawa coupling durin%. t The H*—ib i . ional  t
evolution to low-energy scales. Thus, it is important to con-, 1ents. € - coupling 1S proportional 1o
sider the implications of GUT scenarios for the detection 01‘19/(‘/EmW)(mbPRtanBJr mP,coth). ,

. . (3) In most GUT scenarios, the high masses predicted for
the Higgs bosons of the MSSM and to determine the exter}the HO andA° imply that decays to pairs of supersymmetric
to which (and strategies by whighHiggs boson decay

branching fractions can be measured with accuracy sufficierf2rticles will be important when tghis not large andt

to constrain GUT models. ecays are not klnematlce%/ allowed. For small to moderate
The Higgs sector of the MSSM is reviewed in R¢®3].  fan8 and myo,mao=2m;, tt is the dominant mode unless

The MSSM contains exactly two Higgs doublets, leading tothe mass of the lightest stop squatrk is small enough that

two CP-even Higgs bOSOHSgle and H®, with mo<my0),  decays tot T, are kinematically allowed(This does not
one CP-odd Higgs bosonA"), and a charged Higgs pair happen in the GUT models we consideWhen taB is

(H™). Crumql parameters for the H|ggs sector aigo and large, the enhanceb coupling of theA® andH® imply that
tang (the ratio of the vacuum expectation values for the neu-bb—CI il b dominant h ¢
tral Higgs fields that give mass to up-type and down-type ecays will become dominant, even when supersymmet-
quarks, respectivelyA fundamentally important GUT result fic (SUSY) and/ortt decay modes are allowed. In the case
is that essentially all models with proper EWSB requireOf the H™, SUSY decays always compete with the larger
ma0>200 GeV, with much larger values being common.tb decay mode sincen,+>m;+m, for the GUT scenarios
This result has the following six important implications. considered(In the GUT models we considet,;b,; decays
(1) The h® will be very SM-like and, at fixed tg8, will are not kinematically alloweg.
have a mass near the upper bound predicted by including (4) For m,o=200 GeV it is entirely possible that none of
[two-loop or renormalization-group-equatiotRGE- im-  these heavy Higgs bosons could be detected at the (dd€
proved radiative corrections as computed for the knownthe review of Ref[3]), even assuming the absence of SUSY

value of m; and the values for stop-squark masses and mixeecays. In terms of thenf,o,tan3) parameter space plane,
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heavy Higgs boson discovery is not possible oncenosity, the relative Higgs branching fractions can be used to
mao=200 GeV if tagB=3 and if tarB lies below an upper cross check the consistency of the GUT model and confirm
limit that increases with increasing,o (reaching tag~15  the parameter space location with substantial precision. For
by mao~500 GeV, for example More than likely, the example, the relative branching fractions for tHE, A0 H™
tanB=3 discovery region would be diminished after includ- to decay to SUSY pair particle states vs standard model pair
ing the SUSY decays of the® andA° that are predicted to States provide a surprisingly accurate determination of tan

be important. Detection of thel® and A° via such SUSY 9iven a measured value fam,o. This targ value must agree
decays at the LHC appears to be very difficult except inW'th that determined from the masses. Other relative branch-

rather special situations. ing fractions provide cqmplementary information that can be
(5) The only large rate production modes for these heavy}lsed to fur_ther constrain the GUT. model, an_d can PFOV'de a
Higgs bosons at are*e or w'u~ collider will be determination of the sign of the Higgs superfield mixing pa-
Z*—H°A? andZ*—H*H . These modes are kinematically rameter. Thus, a relatlyely thoroqgh study qf the fgll Higgs
T , ) sector of the MSSM will be possible and will provide con-
"T'ted t0 Mpo~ Mo~ my,== \'s/2. In particular, at a first sistency checks and constraints that could single out the cor-
e"e™ collider with s=500 GeV and.=50 fb~* observa- rect GUT model.
tion is restricted to roughlys 220—230 GeV, implying that The organization of the paper is as follows. In the next
detection would not be possible in most GUT scenarios  section, we describe the six GUT models that we consider,
(6) Although singleH® andA° production is significant at  and delineate the allowed parameter space for each. Contours
a yy collider facility for masses=<0.8ys, i.e., about of constant Higgs boson, neutralino, and chargino masses are
400 GeV at a\/gz 500 GeVe'e~ collider, backgrounds are given within the allowed parameter space, and Higgs boson
such that very high luminosities are required for discoverydecay branching fractions are illustrated. In Sec. Ill, we dem-
[4] — L=200 fb ! is required when either SUSY decays Onstrate thgt, for expec.ted mtegrated Igm|n03|t|ee.5*af or
are significant or ta8 is large. ,u+,u__ colliders, detection of Higgs pair production will be
In combination, these results imply thef, A%, andH* possible in final state modes where both Higgs bosons decay

detection may very well require employing t&— HOA® to final states containing only or t quarks, even though the
and Z*—H"H~ production modes at aa*e~ or u* u" branching fractions for such final states are decreased due to

. . . : competition from the SUSY decay channels. Event rate con-
c%lhder W(:th Vs substantially above 500 G?V' EV?‘” if the tours as a function of parameter space location are presented
H” and A” are observed at the LHC, studying their decay:

_ _ ) ; Sfor the six GUT models. In Sec. IV, we determine the pros-
and couplings would be much simpler in the pair modes ot for measuring the branching fractions for various
Various aspects of Higgs pair production are discussed illiggs boson decays, including those for specific supersym-
Ref.[5], which appeared as we were completing the presenyetric (SUSY) sparticle pairs. The ability to discriminate
work. between different GUT models and to determine the param-

Our first goal is to determine the luminosity required to eter space location within the correct GUT model on the
guarantee observability of ti&*—H°A%,H"H™ modes re-  pasis of Higgs decays is delineated. Section V summarizes
gardless of the SUSY-GUT decay scenario. We will considebur results and conclusions.
collider energies of 1 and 4 Te¥the latter being actively
considered 6] for u*u~ colliders, with integrated lumi-
nosities_ up to 200 and 1000 TB,. respectively._ Qur second IIl. THE GUT MODELS, MASSES, AND HIGGS DECAYS
goal will be to develop strategies for organizing the rates
observed for physically distinct final states so as to yield In the simplest GUT treatments of the MSSM, soft super-
information regarding the relative branching fractions of dif- Symmetry breaking at the GUT scale is specified by three
ferent types of decay modes, and to assess the extent iversal parametersmg: the universal soft scalar mass;
which such information can determine the GUT scenario andM12: the universal soft gaugino mags;: the universal soft
its parameters given the expected experimental errors. ~ Yukawa coefficient. The absolute valuef(the Higgs mix-

We find that if the integrated luminosity at 1 Tev iNg parameter is determined by requiring that radiative
(4 TeV) is close to 200 fb* (1000 fb 1) then detection of EWSB gives the exact value ofi, for_ the experlmentally
the H°A® andH*H ™~ pair production processes will be pos- measured value ah,; however, the sign ofx remains un-

sible over almost all of the kinematicaly allowed parameterdaerm'ned' Thus, the remaining parameters required to com-

space in the models we consider, but that significant reduc%%toelya?:étze n%)d?/lvgr?;filnt;ig’:ii:rg;xt?gt?'?J?]i\\iglrlézl
tions in these luminosities will imply gaps in parameter ' ).

space coverage. A measurement of the masso gaugino mass at the GUT scale implies that
' . I . M3:M,:M;1~3:1:1/2 atscale ~m;. For models of this
Gm_lt'o deiI a_lllLeady pr:)v!desbcntmal cohr.13tra|nts on dth(; class one also finds thgt|>M;,. These two facts imply
UT model. The correlation between this mass and g, . o0 i mainly bino, whilex? and ¥; are mainl
masses of the charginos, neutralinos, and/or slepfass . 't)f(11h nainly bino, bei X2 4 | )I(—|l' i Thy
measured in direct productiprdetermines the GUT scale \rALIJIrr:rcl)i,nWI Iuir?gvrlr?a:s%;lg(grwf;sis (:(I)nug mal&?/eeltgi]r%]sels ais Ia? o
boundary conditiongprovided there is universality for the as m~09v%n~+ which i?\ tu%n is ofgorc)J/er twice as large %s
standard soft-SUSY-breaking parametensd a fairly unique X2 X . _ . 9
location in the parameter space of the GUT model so singled™x?- [The pole gluino mass is generally substantially larger

out. In particular, tag is determined. Assuming full lumi- thanmg(mg) when squark masses are larjge.
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FIG. 1. We show thert,,,tan3) parameter space regioftsld
outer perimeterwithin which we find a consistent EWSB solution FIG. 2. We show therf,,,tang3) parameter space regiofisld
for the no-scale model. Contours of constant mass are shown withiauter perimeterwithin which we find a consistent EWSB solution
the allowed region for the%, Y; , A%, andT. Results for both for the dilaton model. Corltouis of constanimass are shown within
signs of u are shown. the allowed region for thg?, x1 , A%, andTg. Results for both
signs ofu are shown.

We will consider three representative GUT scenarios
characterized by increasingly large valuesnaf relative to
my,, (which translates into increasingly large slepton massegot be chargeld(i.e., we requwem~ >m~o) Second, there is

as compared tmNO M and m~+) “no-scale” (NS) [8]: the lower bound on tgh required byt-quark Yukawa per-

AO— me=0; “dllaton (D) [9] my=—Ag=+3My;  turbativity. One finds that for large enoughy,, the upper
heavy scalar” (HS): my=my;,, Ag=0. Within any one of  bound drops below the lower bound.

these three scenarios, the model is completely specified by The upper bound on t#has a function oim,, in the D

values formy,, tang, and sgnft). We will present results in - scenario comes from demanding that the LSP not be

the (my,,tanB) parameter space for a given sg(and a  charged.

given choice of scenario. Our notation will be NSor the In the HS scenario, the upper bound ongaarises by
no-scale scenario with sgnj<0, and so forth. requiring that the SM-like light Higgs boson mass lie above

In Figs. 1, 2, and 3 we display the allowethy,,tanB) the current limit ofm,o=63 GeV. (In the HS scenario, for
parameter space for the NS, D, and HS scenarios, respefixed m,;,, myo becomes smaller and smaller as gaim-
tively. The boundaries of the allowed parameter space arereases until eventually it approaches zero foraimg to
fixed by experimental and theoretical constraints as followsdecline rapidly. In other scenarios, with lighter scalar masses

The left-hand boundary at lom,, derives from requiring and hence sleptons, the LSP becomes charged befgge tan
thatZ— SUSY decays not violate LEP1 limits. becomes so large that,o starts declining rapidly.

The low-tarB boundary is obtained by requiring that the  In the D and HS scenarios, there is no upper bound on
t-quark Yukawa coupling remain perturbative in evolving m,;, unless cosmological constraints are imposed. High
from scalem; to the GUT scale.

In the NS scenario, the allowed parameter space is finite———
by virtue of two competing requirements. First, there is an 1This bound is especially strong in the NS scenario due to the fact
upper bound on tgh as a function ofm,;, obtained by re- thatmo=0 implies very modest masses for the sleptons, in particu-

quiring that the LSRalways they! in the allowed region lar the 7,, at scalem, .
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Heavy Scalar Scenario Mass Contours (GeV) tion rates to determine rates for specific classes of final
states.
A°, 1. Masses %> Xi* Masses
= THS B9 e A. Sparticle and Higgs masses
| /— Also displayed in Figs. 1, 2, and 3 are contours of con-
wlfg : w b g o 8 stantmyo, my+, My, andmpo. These reveal the importance
@ |8 i L YRR of detecting the heavy Higgs bosons and measuring their
c i—g - % S masses accurately. The masses of the inos and the sleptons
S L /s - will presumably be measured quite accurately, and the fig-
2 |- [, 20 V1B o (g ures show that they will determine in large measure the val-
/ NS ~| = - .
- 8 /5 i Fl s Wl g ues of my, and my. But the rather vertical nature of the
- o % - [ E;s g myo, myx, andmy, contours implies that tgis likely to be
WA H | 2l . poorly determined from these masses alone. Fortunately, the
200 400 600 200 400 600 mao contours are not nearly so vertical, implying that a mea-

surement ofmpo can be combined with thm,,, determina-
tion from the ino masses to fix a value of anThe accuracy
of this determination depends upon the accuracy with which
mao (andm, o0, my+) can be measured. For discovery in the
A%—bb decay modgas possible for almost all model pa-
rameter choices at full luminosity, see latehis accuracy is
fixed by thebb mass resolution. At ar*e™ collider, a
resolution of= AMy,~ =10 GeV is probably attainable. For
P a large numbeN of events,mpo can be fixed to a value of
A order AM,,,/+/N, which for N=20 (our minimal discovery
= e S criterion) would imply Amao~2—3 GeV. Examination of
the figures shows that such mass uncertainty will lead to a
rather precise tgh determination within a given GUT
model, except at lowmo and high tag in the NS case.
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FIG. 3. We show therfi,,,tan8) parameter space regiofizold
outer perimeterwithin which we find a consistent EWSB solution

for the heavy-scalar model. Contours of constant mass are shown B. Higgs decays
within the allowed region for the?, X7 , A%, andT . Results for Let us now turn to the decays of the heavy Higgs bosons
both signs ofu are shown. of the MSSM. As already noted, our ultimate goal is to use

these to confirm or reenforce the correctness of both the
m,, values (roughly, m;,,=500 GeV [10]) are, however, model and the parameter choices within the model that has
disfavored by naturalness considerations. been singled out by the mass measurements. The mpst im-

portant common feature of the GUT models we consider is

Before proceeding, we provide a few technical notes:

First, we note that the evolution equations must be imple:[hat Squarks are always sufficiently heavy that decays of

mented very carefully when considering very larggo val- Higgs_ bosons to squark pairs are not kinematicall_y allow_ed.
ues. In order to avoid instabilitiésleriving from unnaturally Th'f OIS _trueh_e\r/]etnh folr the NS bkoundary cdonglltlofns Wlttr?
large (and hence unreliableone-loop correctiongfor going Mp="1, I which the large squark masses derive lrom the
from running masses to pole massase found it necessary sub_s_tantlal evolution of the colored soft-scalar masses to
to terminate evolution for soft masses at scales of order thBos't'IVe vgluesh as ;he scalek dgcr?ars]es ermht?wards ‘
associated final physical squark, slepton, and heavy Higg'g‘z.' n order t ‘."‘t t € squarks be lig t enougn for squar
boson masses. In this way, the one-loop corrections are ke |Irs to appear in Higgs decays,_ substantial breaking of the
small and the physical masses obtained are reliable. The evjjliversality of soft-SUSY-breaking scalar masses at the
lution program we employed is based on one developed b UT scale is requwgd. For gxamplle,.llght sbottom and stop
Chen[12]. Results at low mass scales were checked again uarks can be consistent with radiative EWSB via evolution
results obtained using the programs developed for the wor the I—!lggs S.Oft scalar masses are much larger than the
of Refs.[13] and [4]. Once the appropriate low-energy pa- Sduark(in particular, stop and sbottom squarleoft scalar
rameters were determined from the evolution, we then emmasses atMy. In this case,H%, A~ t;t;,b;b; and
ployed isasusy [11] to obtain the branching ratios for the H*—t ;b pair channels would dilute the SM decay modes
Higgs boson and subsequent chain decays.1$hsusyre-  of the Higgs bosons to a much greater extent than do the ino
sults were cross-checked with our own programs. The decagnd slepton decays in the models discussed here. Strategies
results were then combined with Higgs boson pair producfor detecting and studying®A® andH *H ~ pair production

would have to be reconsidered. In any case, there would be
no difficulty in distinguishing models with light stop and/or

2such instabilities are found, for example, in the versions ofsbottom squarks from the NS, D, and HS models considered

ISASUGRA available at this tim¢11]. here.
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In fact, the three models we consider are rather similar teessentially all of the allowed parameter space of the three
one another in most respects. Thus, they provide a gooscenarios. For the models considered in this paper, we find
testing ground for assessing the extent to which we can dighat discovery is always easiest by employing final states in
tinguish between models by using experimental informatiorwhich neither of the Higgs bosons of the pair decays to a
from the Higgs sector. We shall see that Higgs branchinginal state containing SUSY particles. The final state configu-
ratios depend substantially on the particular model choiceations we employ for discovery are listed below, along with
and on the precise location in parameter space within a giveféchniques for isolating them from backgrounds.
model. Figures @), 4(b), and 4c) illustrate the dependence () HOAC_, 4b: We demand observation of four jets which
of Higgs branching fractions upon parameter space locatioQgparate into two nearly equal mass two-jet pairs. Event rates
for the u<0 Dilaton (D ™) scenario. In these figures, we for this mode [labeled by N(4b)] include a factor of
give contours of constant branching fractionst, A°, and B(HO— bb)B(A’—bb)
H' decays. The decay channlb, tt, x1 X1, Xix2, @1d (1) 10AD with HO h%h®— 4b and A% X: it would be

E)hoethSl::; a\ée;r?cljl :OUS"T sc?c(i:i?i)énCh\?vr;nilr?(;v?rteh;]%E%Id;r:Sd fosrufﬁcient to observe the twa”’s by demanding two jet pairs

~= _ , . that reconstruct to the knowmyo recoiling against a recon-
vy (sum~m~ed over allv types branching fractions for the structed (from incoming energy and net®h® pair four-
H°. (The v branching fraction for th&® is very tiny) The  momentury “missing” mass that is the same as th8h°

A°—Zh° branching fraction is small but, as we shall S€€.pair mass. Event rates for this moflebeled byN(hh)]

measurable in some regions of parameter space. For trllr?clude a factor oB(H°—>h°h°)[B(h°—>bb_)]2.

H™ we display branching fraction contours fob, W*hO, (11l HOAO— 4t: We can simply demang 10 visible (and
Ly, T+V'0C_S, and the sum over all SUSY decays. moderately energetic or separatéeptons or jets. The pre-
[B(A"—Zh") is similar toB(H™ —W™"h").] Several impor-  dicted rate for such states on the basis of Q@iluding

tant featureso of thege plots deserve emphasis. 4t production is quite small. Because of inefficiencies asso-
For theH " and A", the net branching fraction for SUSY  iated with combinatorics, we would not require direct re-

decays declines rapidly with increasing fadue to the en-  qnsirction of thaw's or t's (implying that we would also
hancement of theb coupling and, hence, increasing relative not be able to require roughly equal Higgs boson masses

importance ofbb decays. Event rates for this mod@abeled byN(4t)] include the
SUSY decays of theH? and A° are also small when effective branching ratio foH°A°—=10 visible leptons

Myo,Ma0=>2m;, with the relative branching fraction - jets, given by B(H°—tt)B(A’—tt)B(tttt —
B(SUSY)/B(tt) saturating to a constant value below 0.1 for =10 visible).

largemao (equivalently largem, ;) at fixed targ. (IV) HTH™ —2t2b: We insist on eight jets or one lepton
For myo,ma0>2my, the ratio ofbb to tt branching frac-  plus six jets(in particular, fewer than ten visible leptons or

tions rises very rapidly as tghincreases. jets so as to discriminate from the abovefihal statek and
The SUSY decay branching fraction of th&" is rela-  possibly require that on®/ and the associatetibe recon-

tively independent of tgé for lower my, values. structed. Event rates for this modkabeled byN(tb)] in-

B(H*—W"h?) [as well asB(A°—ZhO)] is only signifi-
cant when tag andm;, are both small.

B(H°—h®nh%) is significant for a larger range of modest
tang and my;, values than the former two branching frac-
tions.

B(H*—7"v) remains significant®0.1) for a range of

clude a factor of B(H* —tb)]%2B(t—2jb)B(t—I"vb)
+[B(t—2jb)]%}.

There will also be an overall efficiency factor for detector
coverage and for experimentally isolating and detecting these
modes. This will be incorporated in our yearly event rate

tand values that becomes increasingly large rag, in- estimates by reducing t_hle total luminosity availalfpre-
creases. sumed to beL=200 fb'' per year atys=1TeV and

These figures show that a measurement of several ratids= 1000 fii'* per year at\s=4TeV) by an overall effi-

of branching fractionge.g., SUSY#b for the H?, A® and  Ciency falctor of 40% (to Ls=80 o™t and Lest
SUSYtb for the H*) would determine the values of tan :.400 fb k respectl\_/ely We have not perforr_m_ed a de_talled
andmgy,. Branching ratios in the other five scenarios displays'mUIat'On’ bUt_ believe that such an efficiency is r_10t
a more or less similar pattern to that found in the Dase unreasonable given the fact that backgrounds are relatively
although the numerical values at any given, f,tang) Io-, small for the above outlined signatures. In particular, since

cation can differ substantially. For any given GUT scenario !l the final states contain at least fdujets, we can require

definite predictions for all other experimental observables ar@"€ 0" twob t.ags(in_ orde.r to t_alirr_]i.nate any residgal QCD
then possible and could be checked for consistency with op2ackgroundiwithout incurring significant penalty, given that

servations. In particular, the predicted Higgs, neutralino, andhe ve_rtex ta@_lger 5_“9“'9' have efficiency of 6_0% or bgtter for
: gpy singleb jet within its acceptancd.Tagging ofb jets
would be desirable for cleanly separating®A° from
H*H™ final states. In the absence of abytagging there
would be a small number oH"H™ —4j (with j=c,s)
events that would combine with th¢°A°— 4b final states to
In this section, we determine the luminosity required inthe extent tham,+~myo~mpo.] After including branching
order that discovery dfi°’A° andH"H ™~ be guaranteed over fractions and the 40% efficiency, something like 20 events

the GUT scenario is the correct one.

Ill. DISCOVERING THE H° A% AND H*
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FIG. 4. (a) We show contours within the
(my,,tanB) parameter space of constant branch-
ing fraction for theH°—bb, tt, i x;, v,
h°h®, and’x9xJ decay channels. Results are for
the D™ scenario.(b) We show contours within
the (m,,,tanB) parameter space of constant
branching fraction for theA°—bb, tt, x; x1 ,
and x9xS decay channels, as well as for
H°—-SUSY andA%—SUSY, summed over all
SUSY channels. Results are for the Bcenario.
(c) We show contours within theng;,,tan3) pa-
rameter space of constant branching fraction for
theH"—tb, W h?, T*%, 77 v, cs, and SUSY,
summed over all SUSY channels. Results are for

the D™ scenario.
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FIG. 5. We show NS model 20, 50, and 200 event contours 12 ( © ) M2 (GeV)

within the kinematically accessible portion of the allowed
(my,,tanB) parameter space fdd®A° discovery modes I, 1, IlI,
andH*H~ discovery mode IV, assuminig.z=80 fo 1.

FIG. 6. We show D model 20, 50, and 200 event contours
within the kinematically accessible portion of the allowed
(my,,tanB) parameter space fdd°A° discovery modes I, I, lII,
andH"H ™ discovery mode IV, assuminig.;=80 fb 2.
should be adequate for detection. In our graphs, we will dis-

play 20, 50, and 200 event contours.
If the H°A°— 4t mode is dominant, we will wish to re-
construct the mass of either th&® or the H® from the

4j2b decay mode of one of the& pairs. This will be impor-
tant both as a means for measuring the mass and also a
means for triggering ok °A° pair production using just one
of the two members of the paisee Sec. Y. There will be a
further efficiency factor(on top of the above overall effi-
ciency factoy for isolating the relevant events and then re-
constructing the mass of th&® or H°. We estimate this
additional efficiency factor be of order 25%ach for the
A% and H?. This is the result that would be obtained from

[B(tHZjb)]zé, with e=0.55 for combinatoric and other
problems. The low net efficiency~0.2=2X~0.25<0.4)  iha D and HS scenarios.

for events in which eithemyo or mao could be fully recon- As noted earlier, 20 events are likely to be adequate for
structed implies that an accurate determination Ofdiscovery' the 50 event contour &f=80 fb % would
Myo~muo would require several years of running if o onany allow discovery at =32 fb~* and the 200 event

0p0 ; - :
HA"—A4t is the dominant final state. , contour would allow discovery at.z=8 fb~L. These fig-
There are several reasons why non-SUSY final states afges show that for all three GUT scenarios at least 20

best for discovery: As illustrated in Figs(@-4(c), branch-  0A0 eyents are present in one or more of the modes I—Ill
ing fractions for SM decays, e.gA%H%—bb or tt and  throughout almost the entire kinematically accessible portion
H* —tb, do not fall much below 0.1; unlike thgb channel, of the allowed (n,,,,tan3) parameter space. If the 50 event
mass reconstruction in SUSY modes is not possiblee to  contours are appropriatébecausel ¢ is a factor of 2.5
missing energy particle multiplicities in the 4 and Z2b smalley then one begins to see some, but not enormous,
final states are sufficiently large to be very distinctive andsections of parameter space such tH3A° detection would

free of background, unlike many of the final states associated
with SUSY decays.

In Figs. 5, 6, and 7for the NS, D, and HS scenarios,
respectively we give the 20, 50, and 200 event contours in
H& (my,,tanB) parameter plane fdr°A° discovery modes
[, I, and Il and H"H~ discovery mode IV at/s=1 TeV.

We assumelL=200 fb ! and e=40% efficiency, i.e.,
Les=Le=80 fb™ . Results are displayed for both signs of
. Also shown are the boundaries defined by the kinemati-
cally accessiblen,o+ muo=< /s or 2m,+=<+/s portion of the
allowed parameter spaddold solid lines. In comparing
scenarios, it will be important to note that the NS scenario
plots have greatly expanded axis scales relative to plots for
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FIG. 7. We show HS model 20, 50, and 200 event contours
within the kinematically accessible portion of the allowed FIG. 8. We show D model 20, 50, and 200 event contours

(my,,tang) parameter space fd°A° discovery modes I, II, lll,  within the kinematically accessible portion of the allowed

andH*H~ discovery mode IV, assuminigez=80 fo 1. (my,,tanB) parameter space fdd°A° discovery modes I, I, lII,
and H*H™ discovery mode IV, assumind..s=400 fo ! at
Js=4TeV.

not be possible. If efficiencies and integrated luminosity

were in combination a factor of 10 worse than anticipated¢hey would certainly be rather spectacular events at high
the 200 event contours might apply; they indicate thatHiggs boson massthen bothH®A® and H*H~ detection
0 . . .

H°A® detection would then be possible only in the part pa-yoyld be possible for nearly all of the constraint or kinemati-
rameter space characterized by small valuesgfand large  cqjly allowed parameter space for all three GUT scenarios.
values of ta. Dimunition in coverage due to poorer efficiency or lower

In these same figures, the 20, 50, and 200 event contoufgminosity follows much the same pattern as described for
for the H"H ™ discovery mode IV show that 20 events are the \s=1 TeV,L=200 fb ! case. To illustrate, we present
found for all of the constraint and kinematically allowed pa- e 20 50 arlld 200 event contours dPAC (f}nal states

rameter space except a small wedge at smgll values. The I-1I1) andH*H~ (final state I} in the D scenario, Fig. 8.
200 event contours (equivalent to 20 events at

Les=5 fb~1) cover nearly as a large section of parameter
space. Thus, even if efficiency and luminosity are in combi-
nation a factor of 10 worse than anticipatétl! H ™~ discov-
ery after just one year of running would be possible over the In this section we discuss the prospects for measuring the
bulk of parameter space. The somewhat better guarantees f@lative size of the various branching fractions for different
the H'H™ mode as compared to thd°A° mode derive decay modes of a given Higgs boson and for using such
simply from the largeH "H ™ cross section which is roughly measurements to pin down the GUT model and parameter
a factor of 3 larger than that fd°A°. choices within a given GUT model. Additional information

This same analysis can be repeated for 4 TeV ands contained in the absolute rates for different types of final
L=1000 fo ! (implying L=400 fb'! for e=0.4 effi- states. However, it is likely that greater uncertainty will be
ciency with very similar results. The kinematic range is associated with absolute rates than with ratios of rates, since
much greater, allowingd®A® andH"H~ production out to  some types of efficiencies will cancel out of the ratios.
massesn o~ Mmyo~my+=<2 TeV. (The limited NS param- The key to determining the relative magnitude of the
eter space implies that such energies are not needed were thisanching fractions for different final state decays is to first
the correct GUT scenariplf 20 events are adequatand identify and mass-reconstrucdt'tag” ) one of the Higgs

IV. MEASURING RATIOS OF BRANCHING FRACTIONS
AND DISCRIMINATING BETWEEN MODELS
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bosons in théd°A° or H*H ™ pair final state, and then com- {t reconstruction, and we will apply the exteyy, effi-
pare the relative rates for different types of decays of theiency penalty relative tbb decay. This might be somewhat
second Higgs boson. Identification and mass reconstructloH)0 conservative an approach, but does simplify our analysis
of the first Higgs boson requires using one of its fully recon- ' -

structable final states. As additional verification that theSince the event rates of interest involvirig+ bb decays will
event corresponds to Higgs pair production, we wouldthen be proportional to the effective branching fractions
require that the missing maéss computed using the incom- 0 A0 v o 0 A0 I
ing center-of-mass four-momentum and the four-momentum ~ Beri(H",A"—=Dbb+tt)=B(H",A"—bb)
of the reconstructed Higgs bosohe roughly equal to the 0 A0 T
mass of the identified Higgs boson. For identification and +ewppB(HLATT). (D)
mass-ge%onsfcructlog of the f|rsg H|gg's bosonb v(\)/e employ: Becausemuo~myo over much of parameter space, we
S()) H2A "A’gh 2H —2b orhA _>2Ibll< (Zrz :(f‘ With il presume that it is not possible to separate &feand
h—> tlor _)tt T not(fa tth ‘?ﬁ#n' € .t”eb ISCOVETY 140 from one another. We also stick to our simplifying as-
channe’, reconstruction ot thet dnass will b€ NECessary, o,mntion that the overall efficienay associated with detec-
and will be accompanied by an extra efficiency penalty. :

tor coverageb tagging, and so forth does not depend upon

relative to H°—2b or AY—2b tagging oOf ey i ) — ;
=[B(t—2jb)]2~0.25(for ¢=0.55), as discussed earlir; the final state, except that in the casdfdecay we include

(3) HOPA® with H°—h®h°—4b; and (4) HTH™ with an extrae in €w/ph, as discussed above and as incorporated
H*—tb—W2b—2j2b, or the reverse —tb mass recon- throughBey defined in Eq.(1). With these assumptions, the
struction will be necessary. In the caseHffA° pair produc-  following ratios of branching fractions can be extracted di-
tion, in determining that the secoridontaggefimember of rectly from experimental observations using the measured

the pair decays tott, we will again demand full values ofB(h°—bb) andB(t—2jb):

B(H%— SUSY)B¢(A°—bb+tt )+ B(A°— SUSY)Bgy(H’—bb +tt )

— — , 2
Be(HO—bb+tt )Bs(A°—bb+tt) @
B(H—tt)B(A%—bb)+B(A%—tt )B(H°—bb) @
B(H%—bb)B(A%—bb) ’
B(H°—h%h%)B(A%—bb)
o @
B(H°—bb)B(A%—bb)
B(A°—Zh%)B(H%—bb)
RO ®
B(H%—bb)B(A°—bb)
B(H*—=SUSY)B(H —bt)+B(H —SUSY)B(H*—th) ©
B(H*—tb)B(H —bt) '
BH*—=7"»)B(H —bt)+B(H —7 »)B(H"—th) @
B(H*—tb)B(H —bt) '
B(H"—h°W")B(H —bt)+B(H —h°W )B(H"—tb) @

B(H*—tb)B(H —bt)

3These details for thet final state are only relevant f@. defined in Eq(1) and the ratios of Eq$2) and(3) below, and then only when
B(H® A°—tt) are relatively large.
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As a shorthand, we will employ the notations €B(h°—bb)B(t—2jb)[B(H* —h°W")B(H™ —bt)

+B(H —=h°W™)B(H"—tb)].

<ZB(H°,A°—>SUSY)

2B(HO% A% tt) ©
Bei(H%,A%—bb,tt)/ '

B(H? A%~ bb)

The factors for the denominators are obtained by multi-
for the ratios of Eqs(2) and(3), respectively. The ratios of plying the indicated branching ratio product byn the case
Egs.(6)—(8) reduce to of the neutral Higgs ratios, and bs[B(t—2jb)]? in the
case of charged Higgs ratios.

When dividing the SUSY collection of final statéas
simply identified by missing energynto subcategories of a
certain number of leptons and/or jets, the full set of appro-
. priate branching ratios are included in all the chain decays
respectively. We retain bothb andtt final states in Eq2),  leading to the specified final state. As noted, the overall fac-
using the combination defined By, in order that we may tor of e common to all rates is incorporated by reducing the
assess the importance of SUSY decays both in regions whefgll luminosity to the effective luminosity. . Rates for the
bb decays of theH° A° are dominant and in regions where standardL =80 fb™! are thus obtained by computing the
tt_decays are important. pair production cross section, multiplying s and then

In estimating the accuracy with which these ratios can bdncluding all the above factors after removing the overall
measured experimentally, it is important to keep track of thenultiplicative e contained in each. The bottom line is that

actual final state in which the observation occurs and th&ven though we plot the ratios listed, the statistical errors we
effective efficiency for Observing that final state. We makesha" d|SCUSS W|” be based on the aCtUa.I number Of events as

this explicit below. obtained according to the above-outlined procedures.

The event rate for the numerator of E8) is obtained by The utility of the abo_ve rati_os derivgs fr_om t_he following
multiplying the rate foH°A° pair production bye (the over- general features. The first ratio, E(Q),_ is primarily a fur_1c-
all efficiency factoy times the indicated sum of branching tion of tan3. The second, Eq3), provides an almost direct
ratio products: [B(H%— SUSY)B.y(A’—bb+tt)+B(A°  determination of tad sincett /bb is roughly proportional to
—.SUSY)B ﬁ(H°—>bF+tt_)]. col“[g’.m the MSSM. The ratios of Eq96) a_nd_ (7) both
The nur%erator of Eq(4) must be measured in the final exhibit substantial and rather orthogonal variation as a func-

— tion of tanB andm;,,. The ratio of Eq(4) is proportional to
state in which botth®s decay tobb. Thus, the event rate B L2 q{4) is prop

. . - : _ the relative strength of thel®—h°h° trilinear coupling as
associated with determining the numerator is obtained by g - Ping

2B(H"—SUSY, 7" »,W"h?)
B(H*—tbh)

; (10

multiplying the H°A° pair production rate by a factor of
[B(h°—bb)]* times the overall efficiencye times
B(H°—h®h%B(A°—bb).

compared to thed°—bb coupling. This could be the first
direct probe of Higgs trilinear couplings. The ratios of Egs.
(5) and (8) would probe the very interesting Higgs-boson—
Higgs-boson—vector-boson couplings. These features will be

The event rate associated with measuring the numeitjystrated shortly.
ator of EqQ. (3) is obtained using a factor of
€€upn=€€[B(t—2jb)]? times B(H°—tt)B(A°—bb)
+B(A°—tt)B(H°—bb).

The event rate for the numerator of E&) is computed
using the factoeB(h®— bb)B(A°—Zh%)B(H°—bb). This
implicitly assumes that we can sum over Zlldecays, as
would be possible since th2 mass can be reconstructed
from the c.m.\/s value and the momenta of the fohis.

The event rate for the numerator of E®) is obtained
by multiplying theH*H~ event rate by the factor

A. Resolving ambiguities in identifying different final states

Since all SUSY final states will contain substantial miss-
ing energy, the ambiguities in separating SUSY decays from
others are limited. We discuss below the procedures for re-
moving the only ambiguities that appear to be of importance.

(A) A potential ambiguity arises ih" + E+ final states of

the H* to which the SUSYT *» and y*x° decay modes
and the SMH" — 7" v—1"3v decay modes all contribute.
TheH*— "y, —I1"3v decay can be identified using kine-
matic constraints. Consider the c.m. system of the decaying
H™* (as determined using incoming beam information and the
taggedH™ four-momentum To the extent tham, can be
neglected and, therefore, th@lecays collinearly tb* 2, all

of which move opposite the primary,., one must have
E=|E+|, whereE is the energy of the observdd SUSY
events of any type will normally violate this constraint. In
what follows, thel *» and’y * x° decays are both included
in the overall SUSY decay rate of thé*.

(B) In H® or A® decay, " r~ decays contribute to the
same | "1~ +E; final states to which the SUSY modes
T*T~ andy*x~ contribute. The procedure for eliminating
the ¥+~ decay is analogous to that discussed(4) for

eB(t—2jb)[B(H">SUSY)B(H —bt)
+B(H —SUSY)B(H*—tb)].

The event rate for the numerator of Hg) is computed
by multiplying the pair rate by

eB(t—2jb)[B(H =7 »)B(H —bt)
+B(H_*>T_V)B(H+—>tb_)].

The rate for the numerator of E€B) is computed using
the factor
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removingH ™ — 7" v, decays. We again note that, for most for a given (n,,,tang) choice within the allowed parameter
events, ther mass can be neglected relative to its momenspace of a given scenario, we first compute the expected
tum. In the(known) rest frame of the Higgs boson, the col- number of events available for determining the numerator or
linear approximation implies that the" and |~ and their  denominator of each ratio. The ingrediergsich as branch-
associated neutrinos travel in essentially the same directiongg ratios and efficiencigsn the event number computations
as the parent”™ and 7, respectively. As a result, such for each channel were given earlier. The expected number of
events must hav¢E , —E_|=[E¢|, whereE. are the ob- events in the numerator or denominator is taken as the mean
served energies of tHe in the Higgs boson rest frame. The value in determining a Poisson distribution for that event
very noncollinear SUSY modes would generally be far frompymper: if the mean number of eventss€0, then we use a
approximately satisfying this constraint. Kinematic con-gayssian approximation to the distribution. From the event
straints do not allow an event-by-event separation of the tWey,mper distributions we compute the probability for the nu-
SUSY modes,| "1~ and x"x~, in the I"I”+E final  merator and denominator of each ratio to take on given val-
state. These are lumped together as part of the overall SUSfes. (We fluctuate the event numbers and then correct for
decay branching fraction. . branching fractions and efficiencig&he probability of the

(C) Events in which the unreconstructed Higgs boson dezegyiting value for the ratio is then simply the product of
cay isH® or A%—tt—1v2j2b or H* —tb—lvbb can be these probabilities. The probabilities for different combina-
eliminated by using the momenta of the incoming beamsijons that yield the same value for the ratio are summed. In
subtracting the momenta of all visible final state leptons anghjg way, we obtain a probability for every possible value of

jets, and computing the invariant mass of the resulting difthe ratio. These probabilities are reordered so as to form a
ference four-vector. This would belong to then the above  yistribution. The lower(uppej limit for the ratio at this

cases. A cut requiring a substantial value would eliminate th%muz
above final states and be highly efficient in retaining tru ies, starting from zero, until the sum of is 15.984.19%. In
SUSY decays. For parameters such that the rates for sing her words, the confidence level that the true value of the
neutrino eventgas defined by the above procedure and re-

, . 3 j ratio is higher(lower) than the loweruppe) limit is 84.1%.
q_um_n.g a small value for the dlfferoencoe foﬂ vector+ —  These would be the- 1o upper or lower limits for the ratio
significant, we shall find that thel®,A*—tt, andH™ —tb

b hina fracti be directl d with bIin the limit where the distribution of the ratio is normal.
ranching fractions can be directly measured with reasonable |, computing the number of events available for deter-

accuracy(using all-jet modes The predicted single neutrino mining the numerator or denominat@r one of the indepen-

rate could then be compared to that observed as a furth?{ent contributions theretave include only fully reconstruc-

check. Events where the unreconstructed Higgs boson dec?gble final states for the tagged Higgs boson. The branching

is H” or A"—~tt —2|2v2b cannot be eliminated by the .iins ang efficiency factors were detailed below EEp).
above technique. However, the branching fracUonsWe presumel =80 fo ! at 1TeV (=400 fbo ! at
0 A0 .13 - I e e

B(H",A"—tt) measured in all-jet final states can be em-4 tev). The efficiency factoe included inL .4 should reflect
ployed to make an appropriate correction. The single neUagsiciencies associated with identifying a particular type of
trino rates, as defined above, may allow a double-check ofyant in such a way as to eliminate backgrounds, e.g., via
the all-jet final state determinations of thie branching frac-  p tagging, cuts or;, and so forth; the: appropriate to the
tions. o o current situation where one of the Higgs boson must be

. (D) Other amb|gU|_t|eOs |ncl%de evsnEs in which the Seco”dclearly “tagged” (as defined earligrwill probably be
Higgs boson decay i8"—Zh’—Z7" 7", where theZ de- gy qjier than that appropriate to simply discovering a signal,

cays invisibly or tor" 7 ; H*—=W*h’—W=7* 7~ where - : ,
+ : . 0 OO given the need to clearly separate different types of final
the W= decays leptonically; andi™—~h"h"—7"7 77" tates from one another. Thus, the abdvg=80 fb !

The common characteristic of all these is the presence o? _1 ;
missing energy fromr, W, and/orZ decays that is due to 400 fb *) values probably would only be achieved after

more than a single neutrino and that makes it impossible téevfgilmﬁ':ggi (t); gﬂ?gng}o\é\g :gi?ﬁgh?jﬁz ;Zar;:?oin;ﬁ“c't
either directly or indirectly reconstruct the mass of tife PP : pproact et .

W, and/orZ. However, the event rates for these processes art%e observat!onally or statistically mdepen_dent final states
so low that they can be included in SUSY decays Withoutt gt appgar in the numera.xtcA)r and denomujlator of_a given
any visible alteration of the effective SUSY branching frac-atio. [Aside from our speciak=0.55 correction foitt re-

tion. Further, whenever theH%—h%h® A%—zn? or construction, the only explicitly channel-dependent factors
H*—W=*h° decays are significant, we shall see that at leasthat have been included are the relevant branching fractions,

a rough measurement of the corresponding branching ratis detailed below Ed10).] Presumably, this will not be true
will be possible in all-iet modes. Given the knowhs vy in practice, but it is at least a reasonable first approximation.

0 P L J o . Full detector specification and simulation would be neces-
andh”— 777~ branching fractions, a correction could then

be made using a Monte Carlo simulation sary to_ do better.

) In Figs. 9—15 we plot contours of constant values for the
ratios of Eqgs.(2)—(8) within the Js=1TeV constraint or
kinematically allowed fn,,,,tanB) parameter space. Associ-

In order to determine how well we can measure the ratiogted with each such contour, we give two additional contours
of Egs.(2), (3), (4), (5), (6), (7), and(8), we have proceeded showing how much the tghvalue at a givertknown) value
as follows. For each of the six scenari@ , D", ...)and of m;;, would have to change in order to reproduce the val-

tanB) value is then found by adding up the probabili-

B. Ratio contours, error estimates, and model discrimination
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FIG. 9. We plot contours, along which the ratio of E8) has a FIG. 10. As in Fig. 9, but for the ratio of Eq3).

given constant value, within the constraint or kinematically allowed

(my),,tanB) parameter space of the D D", NS™, NS*, HS™,

and HS" models. Results are shown for the same three centrdian3<6. For such ta@ values, measurement of the ratio
values for all models. For each central value, three lines are drawrprovides an excellent tghdetermination. However, when

The central line is for the central value. The other two lines aretar}G is large ther" vItb ratio becomes independent of
contours for which the ratio deviates Rylo statistical error from tang and sensitivity is lost. Note also that the ratio becomes
the central value. Bold lines indicate the boundary beyond Whid]ndependent ofn.+ when m - is large. Thus, when both

i i H H . '
fewer than four events are found in the final states used to measur .+ and tarB are large, this ratio will provide little infor-

the numerator of the ratio. . . o
mation regarding location in parameter space.

Contours of constantB(H™—7"v)/B(H"—tb) in

ues obtained for deviations in the ratio at thd o statistical  (my,,tan8) parameter space are displayed in Fig. 14. It is
level. [As previously explained=1c is our short hand also useful to plot these same contours in,¢,tan3) pa-
phrase for deviations such that the ratio has 84.1% probabitameter space, as done in Fig. 17. In both figures, one ob-
ity of being lower(highen than the uppetlower) limit.] We  serves a change from horizontal to vertical contours as one
do not consider errors when there are fewer than four eventsioves from low tag and largem,;, (equivalent to large
that can be used to determine the numerator for one of thesa,+) to high tar8 and smallm,;, (implying small my-).
ratios. The four-event contours are indicated on the figuresThe horizontal nature of the contours at largg,,my+ and

Consider first the relative SUSY branching ratio contourssmall taB can be understood from Fig. 16. As already
of Egs.(2) and(6) displayed in Figs. 9 and 13, respectively. briefly noted, this figure shows that when gais small,
For most points in parameter space, a simultaneous measurgmall changes in tgh yield large changes in the ratio,
ment of the two ratios will determine a fairly small and whereas there is little sensitivity to changesnip+ at fixed
unigue region in the parameter space of a given model that i&in3 whenm,- is large. In contrast, for smath,,+ Fig. 16
simultaneously consistent with both measurements at thehows that small changes i+ produce large changes in
1o level. the ratio, whereas there is almost no sensitivity tgdtarhen

If tang is not large, then measuringB(H"  tangis large. As a result the contours in Figs. 14 and 17 are
—7'v)/B(H*—tb) via the ratio of Eq.7) can provide a vertical at smalim+ when targ is large. The wide separa-
second determination of t@n The dependence of this ratio tion between the central antl 1o contours whemm,,, and
on tarB for a selection ofmy+ values is illustrated in Fig. tanB are both large is a reflection of the constancy of this
16. There, the ratio is computed at tree level. We see that thetio (as displayed in Fig. J6when both tag andm,+ are
ratio depends sensitively on t@nat fixed my+ for  large. Outside the region where iandmy+ are both large,
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FIG. 11. As in Fig. 9, but for the ratio of E¢4).
FIG. 12. As in Fig. 9, but for the ratio of E¢5).

the 7+ v/tb contours are roughly “orthogonal” to those for
the two SUSY ratios discussed earlier. channels(i) or (ii) defined above. Rates wifte2l][=0j]

In general, it is apparent that the contours for the ratios ofre negligible. All SUSY final states will have large missing
Egs.(2), (6), and(7) in the (m,,,tanB) plane are all oriented energy. The five observable SUSY ratios so obtained are not
rather differently. This means that, in combination, thesesery closely correlated, and thus are unlikely to be consistent

three relative Higgs bra_nching fractiqns provide a fairly POW\yith one another and with the* v/tb ratio for any but the
erful check of the consistency of a given model, as well as a

very definite determination of the value of fanhat is re- corre_ct model _cho_lce_. . . .
quired for a particular value ahy;, in the model. We have Still more _dlscr|m|r_1at|on POWer can b_e achieved via the
already noted tham;,, will be accurately determined in a other branching fraction ratios defined in EES);(S) and
given model by the neutralino and chargino masses, and th&)- For example, we see from Fig. 10 that thebb ratio is
the measuredn,o will generally provide a taf determina- duite sensitive to tgB. This is even clearer by displaying
tion. This determination of tg® from the masses and the the contours in ifo,tan8) space, Fig. 18. The
value for tarB required for consistency with the above three HO—h°®h%H%—bb, A%~ Zh%A°—bb, and H* —W*h%

ratios of branching fractions are usually not consistent with+_ 177 atios plotted in Figs. 11, 12, and 15, respectively
one another for an incorrect model choice. S ’ ’

. C T are also sensitive to t@h However, even more interesting is
Additional discrimination power between the correct and

an incorrect model choice is possible if we resolve the SUS\}heIr sensitivity to the sign of the. parameter. All three

rates in Egs(2) and(6) into final states with a fixed number ratios are much ;maller fqn>Q than for,u<(_) [at a fixed
of leptons plus any number of jetmcluding O plus missing (my»,tanB) location]. These differences derive almost en-

energy. Thus, instead of the single ratio of EB), where t|r$Iy frof' a large decrease in twﬂhoho' AOH.ZhO* and
SUSY was defined to be the sum over all supersymmetriél —W"h" couplings, respectively, as the sign pf is
decay channels, it will prove useful to consider the threechanged from+ to —. (In the case of th¢i°—h°h® cou-
ratios obtained by dividing SUSY into th@® [01][=0j], (ii) pling, this decrease is largely due to the change of sign of a
[11][=0j], and (i) [2I][=0j] channels, where the radiative correction to the vertex associated with top, bottom,
[>0j] notation indates that states with any number of jetsstop, and sbottom squark loops. In t&—Zh® and
(including O are summed over. Rates wit31][=0j] are H™—W"h° cases, the large decrease is a tree-level effect.
negligible. Similarly, instead of the ratio of E¢G) we will Together, these three ratios will provide significant discrimi-
consider the two ratios obtained by separating SUSY into theation between scenarios with the opposite sigm of
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FIG. 13. As in Fig. 9, but for the ratio of Eq6). FIG. 14. As in Fig. 9, but for the ratio of Eq7).
C. Quantitative strategy for estimating We will see that very largd x? values are typically associ-
model discrimination power ated with an incorrect choice of model.

To determine the discrimination power achieved by all It is important to note that many other observables that

these ratios, we adopt an experimental point of view wdliscriminate between models will be available from other
R L i ) . . . . . g 2 - .
will choose a particular input boundary condition scenario€*Perimental observations. An additional“ contribution
and particular values ahy, and ta8 as “nature’s choice.” should be added for each observable in assessing the overall

The resulting model will predict certaimao andm; = values, improbability of a model other than the correct one. How-
1 ever, there are advantages to restricting oneself to the

which will be measured with small errors. The same_value%n,inchmg fraction ratios only. For exampter . (which will
for these two observable masses can only be obtained for R

very specificm;, and tar8 values in any other boundary e re_adily m_easured in slepton pair produclidiffers sub-
condition scenario. Once, then(,,tan3) location in each Stantially at fixedn,o,m,, as one moves between the NS, D,

scenario that yields the observerlo andm;lr is established. and HS scenarios, and would readily distinguish between the

o . . models. Howevernny _ is primarily sensitive to the value of
we compute the predictions for all the ratios of branchlngthe sleptorm- at M Rwhich could differ from tham. asso-
fractions. We use the notatioR;, with i specifying any P 0 U 0

particular ratio; the values of thg, for the input scenario ciated with the Higgs fields if the GUT boundary conditions

. : re nonuniversal. In contrast, the branching fraction rati
will be denoted b>R?. We also compute thed error in the are nonuniversa contrast, the branching fraction ratios

are primarily sensitive to the Higgs, value relative to
measurement of eaph of these rgtﬁdenote,dA Ri) as found m,,,. Different sets of observables will have maximal sensi-
assuming that the input model is nature’s choice. We m

a¥. - . .
2 ivity to different subsets of the GUT scale boundary condi-
then_compute Fhe expectedy” for any of the other models tions. The Higgs branching fraction ratios should be very
relative to the input model as

valuable in sorting out the correct relation betweep, and
the mq for the Higgs fields, and in determining {&n

Ax?*=2 Ax?,
I
D. A test case
with As a specific example, suppose the correct model is

02 D~ with m,,=201.7 GeV and tgB=7.50. This would
Ay2e (Ri—Ry) imply mao=349.7 GeV,m>==149.5 GeV. Them,,, and
Xi= ARz (11 1

1

tanB values required in order to reproduce these same
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FIG. 15. As in Fig. 9, but for the ratio of E¢8).
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FIG. 17. Contours of the ratiB(H"— 7" »)/B(H*—tb) and
its associated- 1o contours are plotted as a function of gaand

and e values in the other scenarios are listed in Table l.my: for L.s=80 fb™* at 1 TeV.

Also given in this table are the predicted valueswfo and

my, for each scenario. In order to get a first feeling for eventthe numerators and denominators of E(3—(5) and Egs.
numbers and for the errors that might be expected for th¢6)—(8), assumind_.+=80 fb~* at \/s=1 TeV. These num-
ratios of interest, we give in Table |l the numbers of eventsbers include the SUSY branching fractiof; of Eqg. (1),
N and D predicted in each scenario for use in determiningand so forth as listed explicitly following Eq10).*

-»tb)

B(H »7%v)/B(H"

FIG. 16. The rati®(H* — 7" »)/B(H* —tb) computed at tree
level for m;=175 GeV andm,=4 GeV as a function of tgh for

100

101

1072

my+=200, 300, 400, 600, 1000 GeV

IIIIIiI|I|I||IIIIIIIIIIIIII

200

LI IIIIII|
Lol |||||||

T llllllll

|

Lo11tin)

|III|IIII|IIII|IIII|III|

2.5 5 7.5 10 125 15

tang

my+=200, 300, 400, 600, and 1000 GeV.

From Table Il, we observe that thR,)_ (s event rates
for the x>0 scenarios are all rather small as compared to the
event rates for thes<<O scenarios(This happens because
them,,, and taB values required fom,o=349.7 GeV and
My = 149.5 GeV whernw>0 are very close to the scenario

boundary). For example, if the D model is nature’s choice,
the H°A%-pair denominator rates would be198, implying a
statistical error of only~ = 14. Assuming systematic error of
order 10%, the net error in event number would certainly be
=35, i.e., manyo away from any of theu>0 scenario
predictions. We also see significantly larger numerator rates
Ny and Nz for the <0 scenarios than for thg>0
scenarios. Thus, in this particular case, even before examin-
ing the branching fraction ratios, the>0 scenarios could

be excluded.

“BecauseB(A’—tt)=0 and B(H°—tt) is typically small for
the test case choice afy0=349.7 GeV(givenm,=175 GeV), the
ratio of Eq.(3) and its numerator event rate are both small. Note
thatBeg(A%—bb+tt ) = B(A°—bb) and thatB(H°—bb+tt) is
not very different fromB(H%— bb_) for this same reason.
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TABLE Il. We give the numbers of events predicted in each
scenario at the parameter space locations specified in Table | avail-

able for determining the numerators and denominators of ys.

e'e” > HA%, E,,=1 TeV, L,=80 fb™

(5) and Egs. (6)—(8).
Lo=80 fb~! at /s=1 TeV. They include all branching fractions.

These event

rates are

those for

LD vt .y L D* 44 Our notation isV(yo) andD(y,) for the event rates in the numerator
@ [ 24 w0 - e and denominator, respectively, of the ratio defined in &m.).
c I f D~ D' NS NS* HS  HS*
-+ 5 5 -
N [ & N(z) 97.0 92.3 88.3 49.2 76.1 124.0
T P e L |;“."| crrer S, '/\[(3) 0.1 0.7 3.8 1.02 0.0 0.2
350 400 450 350 400 450 Ny 16.4 2.7 46.6 1.47 3.8 2.4
[ r Nis 2.0 1.3 9.2 0.6 0.4 1.1
8 8 NS* ©)
- . D2 198 9.6 62.1 2.6 250 18.2
w 5L s b Da-sy 198 89 583 16 250 180
c : © 225 189 138 135 189 262
S «F 4 F ) 584 42 65 11 9.0 95
, ] : N 13.0 128 219 9.0 33 12.3
P I I A R R Die)-(9) 317 415 445 465 320 348
73 0 E values ofmyo and . In this plot, the errors as a function
@, 3 ,s E of scenario are those that are expected if the scenario listed
c T F T E on the horizontal axis is the correct one. Thus, if the correct
25k 5 model is D, the central value and- 1o upper and lower
b5 B b5 B limits for each ratio are those given above the Dscenario
' L ' L label on thex axis. The ability of each ratio to discriminate

350 400 450

m, (GeV)

350 400 450

m, (GeV)

between a given scenario on the horizontal axis and one of
the five alternatives is indicated by the extent to which the

+10 error bars for the given scenario do not overlap the

FIG. 18. Contour of the ratio (B(H% A%—tt)/B(H? A°

—>bb_)) its associatedt 1o contours are plotted as a function of
tan8 andmpyo for Lez=80 fb~! at 1 TeV.

The N andD event numbers of Table Il also make appar-
ent the accuracy with which the ratios of Eq8)—(5) and
Egs.(6)—(8) can be measured. For example, the event num-
bers N;) and D(,, show that good statistical precision,
~ *10-15%, can be expected for the ratio of E8) in the
u<0 scenarios. Such statistical precision implies that this
ratio will also clearly distinguish between the input ce-
nario and any of the.>0 model predictions.

To illustrate the value of the branching fraction ratios
more clearly, we present in Fig. 19 a plot which gives the
expected values and thelo errors as a function of scenario
for four of the ratios that will be useful in distinguishing
between the different scenarios at the given ifpugasuref

TABLE I. We tabulate the values ah,;, (in GeV) and tarB

2B(H*-8USY-[01)[20}])/B(H" »tb)

2(B(H.A~SUSY)/B(H.A-bb,tt)}

Scenario Overlap of Branching Fraction Ratios
Eyq = 1 TeV, Ly, = 80 fb™*

0.20

0.15

0.10

0.05

0.00

FIG.

R B

P S B P

D~ D* NS~ NS*H3 HS*

T T T T T T

T
FESRREIT|

T |v|u|\|
—
>

T
>
oo

X

D~ D* NS~ NS*HS™HS*

19. We plot

required in each of our six scenarios in order thatB(H*—»r*u)/B(H*etb_)

mao=349.7 GeV andn;lr= 149.5 GeV. Also given are the corre-
sponding values oo and m7 .. Masses are in GeV.

D™ D* NS~ NS* HS™ HS™*
my, 201.7 1744  210.6 168.2 203.9 180.0
tang 7.50 2.94 3.24 2.04 12.06 3.83
Mmyo 350.3 355.8 353.9 359.0 350.1 353.2
my . 146.7 1275 91.0 73.9 222.9 197.4

2B(H*-hW)/B(H* ~tb)

2B(H*~»7v)/B(H* »tb)

the

006 |- —
0.04 _—J[ % % )’(—
0.02 |- + -]
OOO C L |+ 1 |+ L L i
D™ D* NS”NS*HS™HS*
A
- 1
1071 = =
1077 >I< )]( —
i x ]
10-3 N
D™ D* NS”NS*HS™HS
branching fraction

ratios

B(H*—SUSY=[0I][=0j])/

B(H"—tb), B(H%A’-SUSY/B(H° A—bb,tt),
B(H"—h°W™)/B(H"—tb) with + 1o error bars as a function of
scenario, adjustingm,;, and tam8 in each scenario so that
Mao=349.7 GeV andn;==149.5 GeV are held fixed. Error bars
are forL =80 fo ! at ys=1 TeV, and are those that would arise

if the input(nature’s choicescenario is that listed on the horizontal
axis. No error bar is shown for the" v/tb ratio in the NS sce-
nario since the predicted rate is less than four events; a very large
error bar should be assumed.

and
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TABLE Ill. We tabulateAXiz, see Eq.(11), (relative to the D scenarig for the indicated branching
fraction ratios as a function of scenario, assuming the measm@dand my= values are 349.7 and
149.5 GeV, respectively. The SUSY channels have been resolved into final states involving a fixed number
of leptons. The error used in calculating ea‘cjaiz is the approximate & error(as defined in textwith which
the given ratioR; could be measured fdrz=80 fb~! at \'s=1 TeV assuming that th® ~ scenario is the
correct one

Ratio D~ D* NS~ NS* HS™ HS*

2(B(H% A’ - SUSY-[0I][=0j])/ 0 12878 1277 25243 0.77 10331
Ben(H®,A%—bb,tt))

2(B(H% A’ - SUSY=[11][=0j])/ 0 13081 2.41 5130 3.6 4783
Ben(H®,A%—bb,tt))

2(B(H% A’ - SUSY=[21][=0j])/ 0 4543 5.12 92395 26.6 116
Ben(H®,A%—bb, tt))

B(H%—h®h%)/B(H%—bb) 0 109 1130 1516 10.2 6.2

2B(HT—=SUSY=[0I][=0j])/ 0 12.2 36.5 43.2 0.04 0.2
B(H"—th)

2B(HT—=SUSY=[11][=0j])/ 0 15 0.3 0.1 5.6 0.06
B(H"—th)

2B(H* —h°W)/B(H* —tb) 0 0.8 0.5 3.6 7.3 0.3

2B(H* — r)/B(H* —tb) 0 43.7 415 47.7 13.7 35.5

S Ax? 0 30669 2493 124379 68 15272

central points for the other scenario. Referring to Fig. 19 wecorrect D™ scenarip for each of a selection of indepen-
observe the following. dently measurable ratios. Also given for each of the incorrect
The ratio B(H"—SUSY-[0I][=0j])/B(H"—tb)  scenarios is the sum of these contributions. This table shows
succeeds in distinguishing the Dscenario from all but the that the D~ scenario can be distinguished from the"D
HS~ and HS' scenarios. o NS~, NS*, and HS" scenarios at an extremely high statis-
The ratioB(H*— 7" v)/B(H* —bb) provides excellent tical level. Further, even though no one of the branching
discrimination between the D input scenario and the D, fraction ratios provides an absolutely clear discrimination be-
NS~, NS*, and HS" scenarios, all of which must have tweenthe D and the HS scenarios, the accumulated dis-
tan3<4 (in order to reproduce mao=349.7 GeV, crimination power obtained by considering all the ratios is
M= 149.5GeV) as compared to {@m7.5 for the very substantial. In particular, although the ratios of Eg.
D~ scenario. The much smaller arvalues imply much (5, and (8) are only poorly measured fdr =80 fo~*,
smaller 7" v/tb ratios, as was illustrated in Fig. 16. The their accumulateds = weight can be an important compo-

more limited ability of this ratio to discriminate between the nent in determining the likelihood of a given model and

: . thereby ruling out incorrect model choices.
high targ values of 7.5 for D vs 12 for HS is also ap- . . .
parent from Fig. 16. Thus, consistency of all the ratios with one another and

. PR 0 A0 . with the measuretho, neutralino, and chargino masses will
The ratio B(H",A"—SUSY/B(H",A"~bb,tt) will  generally restrict the allowed models to ones that are very
strongly rule outu>0 scenarios ifu<0 is nature’s choice. —¢josely related. The likelihood or probability associated with
Due to the small error bars, this ratio provides some diSthe pest fit to all these observables in a model that differs

crimination between the D and HS' scenarios even gjgnificantly from the correct model would be very small.
though the predicted central values are not very different.

The ratioB(H " —h°W")/B(H* —tb) is quite different E. Separating different SUSY decay modes
for the D~, NS™, and HS" scenarios as compared to the
D*, NS*, and HS scenarios. However, discrimination
power is limited by the relatively large error bars. Nonethe-
less, this ratio yields a bit more than &.®iscrimination

An important issue is the extent to which one can be
sensitive to the branching fractions for different types of
SUSY decays of the Higgs bosons, relative to one another
against the HS model if the D~ model is nature’s choice. and relative to the overall SUSY decay branching fraction.

The quite substantial dependence of the ratios on scenarlgteresting  SUSY  decay  rates include: (1)
and location in parameter space, as displayed in Figs. 9-18(H°A’—xx?+ ), leading to a totally invisible final
suggests that similar discrimination will be possible for moststate;(2) B(H?,A°—T *T7), whereT = —1* ¥ or vy ; (3)
input scenario and parameter space location choices. B(HO,A— 3 ¥1), wherexs — 1%, ji X0 or T (with

In Table Ill we more thoroughly quantify the process ofTi~ 1239%9): (4) B(HE—T*7 here T= | =30
excluding the D", NS™, NS*, HS™, and HS" scenarios v X1vxa); ( (+ :.,0 v), W ere~+ L ),(}o’
relative to the input D scenario. There we give the contri- ©F ¥x1; and (5) B(H™—x7 x1), where x1 —I"vxj,
bution to Ay? (computed relative to the assumed-to-be-jj x5 or T* v (with T=v—1*x2vx?). Predictions for such
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rates depend in a rather detailed fashion upon the SUS¥he number of leptons and jets presemgpically have mul-
parameters and would provide valuable information regardtiple sources. Still, a comparison between the rates for the
ing the SUSY scenario. For example, in going from NS to Dfinal states so defined might be quite revealing. For instance,
to HS the masses of the sneutrinos and sleptons increaifey; — 1~ 7 is not kinematically allowed, the; x; final
relative to those for the charginos and neutralinos. Thestates are expected to yield more+12j and d +4j events

HO, A°-T*T-, and H*—=T*% branching fractions than 2+0j events, whereas * T~ events will yield only
should decline in comparison t#1° A°—’;y;, and 2I+0j events. Further, thEs must be of the same type in

H*— X1 x, respectively. In small sections of the D and NSTLS.._'attei case. The effec,:uve branching fragtlon for
scenario parameter spaces, the sleptons and sneutrinos areX1 —! | +Er with bothI's of the same type is only
- . ~4 . —~ ~ 1/81. In addition, thé’s in the latter derive from three-body
sufficiently light thaty; decays almost exclusively tb~ v ~
e~ a0 .~ i ~ decays of the¢; , and would be much softer on average than
followed by 1°"v—=I"x1vx;, implying that y; decays . ¢ 0 T+T~ Even if this difference is difficult to see
would mainly yield leptons and not jets. - =ven s dl IS difficu

The difficulty is that several different SUSY channels Candlrectly via distributions, it will lead to higher efficiency for

. - . 1 ~+~_ i
contribute to any given final state. Two examples were notedicking up thel ™ | = events. Of course, if event numbers are

earlier: thel "I~ +E; channel receives contributions from Sufficiently large(which in general they are nothat detailed
both HO,A—T+T~ and ¥ %7 decays; and theé*+E kinematical distributions within each final state could be ob-
' 1XA1 ’ T

) o A ~i~0 tained, they would provide additional information. We do
channel receives contributions frofh™— | =v and x; x;. not pursue this latter possibility here.
Another example, is the purely invisible® or A° final Based on the above discussion, the following ratios would
state; it can arise from eithefix? or v (with v—v)?) appear to be potentially useful. For th¢® and A° we
production. Thus, the physically distinct channels, defined byonsider

B(H°—bb)B(A%—[01][0j])+B(A°—bb)B(H°—[0I][0j])

— — 12
B(H%—bb)B(A°— SUSY) + B(A°—-bb)B(H°—SUSY) 12
B(H°—bb)B(A%—[21][0j])+B(A°—bb)B(H°—[2I][0j]) 3
B(H%—bb)B(A%— SUSY)+ B(A%—bb)B(H°— SUSY)
B(H%—bb)B(A°—[=01][0j]) +B(A°—bb)B(H°—~[=01][0j]) 14
B(H°—bb)B(A%— SUSY) + B(A%—bb)B(H°— SUSY)
B(H%—bb)B(A°—[0I][=1j])+B(A°—bb)B(H°—[0I][=1]]) 9
B(H°—bb)B(A%— SUSY) + B(A°—bb)B(H°— SUSY) ’
B(H°—bb)B(A’—[11][=1j])+B(A°—bb)B(H°—[1I][=1j]) 18

B(H°—bb)B(A%— SUSY) + B(A°—bb)B(H°— SUSY)
(As before,mao~myo implies that we cannot separate tH8 and A° via the tagging proceduf®.Once again, we employ

shorthand notations for the quantities appearing in Etd—(16). For example, the ratio of E¢12) will be denoted by

(B(A%,H°—[01][0j])B(H®,A°~bb)) or B(H®,A°—[0I][0j])
(B(A% H°— SUSY)B(H? A%~ bb)) B(H®,A°—SUSY) |

17

5The totally invisible final state would b@l][0j], and so forth.

6The A°—T* T~ branching ratio turns out to be rather small in the three GUT scenarios studied — the rég&neixing is numerically
very small in the slepton sector.
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in what follows.
For theH* we consider the ratios

B(H+—>[l|][0j])B(H’—>bt_)+ B(H*—>[1I][0j])B(H+—>tb_)

— 18
B(H*—SUSY)B(H —bt)+B(H —SUSY)B(H" —tb) (18
B(H+—>[>1|][0j])B(H_Hbt_)+ B(H‘a[?ll][Oj])B(HJ’th_) 19
B(H*—SUSY)B(H —bt)+B(H —SUSY)B(H" —tb)
B(H+—>[0I][>1j])B(H*—>bt_)+ B(H’—>[0I][>1j])B(H*—>tb_) 20
B(H*—SUSY)B(H —bt)+B(H —SUSY)B(H"—tb)
The ratios of Eqs(18)—(20) reduce to
B(H"—[1I1][0j]) B(H"—[=1I][0j]) B(H"—[0I][=1]]) 21
B(H*—SUSY) ' B(H*—SUSY) B(H*—SUSY)
|
respectively. such that the different scenarios can be distinguished from

Also of interest are ratios of the different numerator termsone another at a substantial level of significance just on the
to one another within the above neutral and charged Higgbasis of these two ratios. Ratios other than the two plotted
boson sets. All the ratios that one can form have the potentigines can also provide good discrimination. We shall illus-
to provide important tests of the Higgs decays to the supertrate this for our standardmso=349.7 GeV, my-

symmetric particle pair final states. =149.5 GeV point discussed in association with Tables |
To illustrate, we present two figures. In Fig. 20 we presentand Il, Fig. 19, and Table IlI.
three-dimensional lego plots of the ratio of Ed4) as a Table | gives the ihy»,tanB) parameters required for

function of location in (ny,,tanB) parameter spacéBe- Myo=349.7 GeV, m;lr=149.5 GeV in each of the six

cause of the combination of slow variation and very SharmUT scenarios. In Table IV the event rates for the SUSY
changes, the contour plots similar to those presented earlighal states corresponding to the numerators of the ratios
are rather difficult to interpretin Fig. 21, we plot the nu- |Jisted in Eqgs.(12)—(16) and (18)—(20) are given for these
merator of Eq(19) divided by the numerator of EG20). In (m,,,tanB) values. We will follow the same notation in
both sets of lego plots, the ratio is set to zero if there areerms of Vg4 no) @s for Table Il. An examination of Table
fewer than 4 events in the numerator or denominator aftelV reveals event rates in the individual channels that vary
including the earlier-discussed tagging or reconstruction effrom a few events, implying poor statistics, to 50 or 60
ficiencies and assumings=1 TeV andLz=80 fb L. )

The most important feature apparent from these figures is TABLE IV. For the (my tans) values required for

. . . mao=349.7 GeV, m;==149.5 GeV, we tabulate the numbers of

the generally decreasing magnitude of these two ratios as one® , ! T , ,
moves from the NS to the D to the HS scenario. This is £Vents predicted in each scenario in the final states corresponding to

result of the decreasing importance of slepton-sneutrinot-he numerators and denominators of §(%)—(16) and (18)~(20).

related decays as compared to chargino-neutralino-based d%ese_ rates are those obtained fg=80 fo* at Vs=1TeV.
cays. When the latter types of decay are prevalent, a muc ey include all branching fractions.

larger fraction of the events will have jets than if the former
decays dominate. The decreasing importance of the slepton-

D™ D* NS~ NS* HS™ HS*

sneutrino class is to be expected due to the increasing masg, , 148 204 643 8.7 7.7 14.7
of these states amy increases in going from NS to D [y, 295 204 156 19.5 1.4 6.8
to HS. The occasionally very large values &(H™ Nagy 53.7 433 7958 30.2 9.1 21.7
—[=11][0j])/B(H*—[0I][=1]]) in Fig. 21 in the aq 108 98 3.1 30 305 372
D~ and NS*NpIotiogi:ur in the small wedges of parameter/\/(le) 10.8 193 1.8 3.4 5.6 221
space wherey; — | “v decays are kinematically allowed, Duy-ps 972 879 86.4 37.7 76.1 124
and final states containing only jets must arise from highen/,, 26.0 243 406 40.5 13.4 25.9
ino states and, thus, are very rare. NMag) 26.0 26.2 40.6 43.5 134 25.9

It should be apparent from these two figures that rathen,, 58.4 383 11.1 5.2 57.2 67.9

dramatic differences between the scenarios at a give@(lg)f(zo) 295 189 138 135 189 262
(my,,tanB) location are the norm. In general, statistics are:
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TABLE V. We tabulateA x?, see Eq.(11), (relative to the D' scenarid for the indicated ratios as a
function of scenario, assuming the measuned and my= values are 349.7 and 149.5 GeV, respectively.
The SUSY channels have been resolved into final states involving a restricted number of leptons and jets.
Only those ratios with substantial power for discriminating between scenarios are tabulated. The error used in
calculating eacm)(i2 is the approximate & error (as defined in textwith which the given ratidz; could be
measured fot =80 fb™! at y/s=1 TeV assuming that th® ~ scenario is the correct one

Ratio D~ D* NS~ NS* HS™ HS*
B(H%,A%—[0I][0j])/B(H® A°— SUSY)| s 0 35 193 3.4 1.4 0.6
B(H%,A°—[=011[0j])/B(H% A°— SUSY) ¢ 0 0.4 15.3 6.8 20.9 15.8
B(HC,A—[0I1[0j1)/B(H®,A°—[217[0j1)| et 0 9.6 503 0.1 928 105
B(HC,A%—[017[0j])/B(H® A~ [=011[0j1)|cf 0 5.8 41.9 0.03 48.4 24.5
B(H%,A°—[011[0j])/B(HO,A°=[0I[=1j1)| e 0 1.4 1074 6.4 35 2.7
B(H%,A—[0I7[0j1)/B(HO,A’ = [LI[=1j1)| e 0 0.3 3520 43 0 1.4
B(H*—[=1I1][0j])/B(H"—SUSY) 0 1.0 56.2 75.2 3.4 0.5
B(H*—[0I][=1j])/B(H"—SUSY) 0 2.1 21.7 33.4 1.3 0
B(H*—=[=1][0j])/B(H"—[0I][=1]j]) 0 5.2 930 5738 4.0 0.4

events, for which statistical accuracy would be quite reasonm,o=349.7 GeV andm;:=149.5 GeV, we assume that
1

X
able. L 2 .
Not surprisingly, the ratios of rates of the various SUSYthe correct scenario is D and compute the x* by which

hannel n contribute sianificantly t r ability to di  the prediction for a given ratio in the other scenarios deviates
channels can co ute signiicantly o our abiiity 10 diS- ¢, the p- prediction. Statistics are computed on the basis

criminate between different GUT scenarios. To illustrate, we . expected D rates, as given in Table IV. The result-
follow the same procedure as in Table lll. Taking

ing A x? values are given in Table V. Since these ratios are

not all statistically independent of one another, we do not

<B(H", AO?SOUSYQ[”I][OJPBO(AO,HOQbb)>/ sum their A x?’s to obtain an overall discrimination level.
<B(H®, A°—> SUSY)B(A®,H — bb) >

e'e” > HA’, E.,=1 TeV, L,=80 fb™ B(H* —> SUSY —> [ 11110j1) /B(H* —> SUSY = [011[= 11)

e'e” > H'H, E,,=1TeV, L,=80 fb™'

)

, m.‘.... !J.Il.l.l:".lmuuuull

|
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FIG. 21. We present lego plots of the numerator of Eif)

FIG. 20. We present lego plots of the ratio of Etd) in each of  divided by the numerator of E§20) in each of the six scenarios as
the six scenarios as a function of location in,(,,tanB) parameter a function of location in n,,,,tan3) parameter space. The value of
space. The value of the ratio is given by the height onzlais. the ratio is given by the height on tlzeaxis. Nonzero values of the
Nonzero values of the ratio are given only in regions where thereatio are given only in regions where there are at least four events in
are at least four events in the numerator after including tagging oboth the numerator and denominator after including tagging or re-
reconstruction efficiencies. construction efficiencies.
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However, a rough indication of the level at which any givenwill overconstrain and very strongly limit the possible
scenario can be ruled out relative to the Ds obtained SUSY-GUT models.

if we add the largesA x? from the neutral Higgs list and the ~ The specific SUSY-GUT models considered are moder-
largest from the charged Higgs list. The weakest dis-ately conservative in that they are characterized by universal
crimination level following this procedure idx?>~15 in  boundary conditions. In all, we delineated expectations for
the case of the D scenario. Note that this scenario is Six different models, requiring correct electroweak symmetry
highly unlikely on the basis of the earlieZiAXiz value breaking via evolution from the GUT scale @, . For each
listed in Table Ill. In Table Ill, the weakest discrimination model, there are only two parameters;, (the universal

was that for the HS scenario with S;Ax?~68. We 9auging mass and ta8 (the usual Higgs field vacuum ex-
observe from Table V that the ratioB(H°,AC  Pectation value ratjo Each modelis characterized by a defi-

—[OI[0j1)/B(HC,A°—[2I][0j1)| e hasA y2~ 928 for the nite relation of the universal soft-SUSY-breaking scalar mass
’ | . ..
HS~ case, which would certainly rule it out. my and the universal mixing parame#g to m;,, as well as

The above illustrations demonstrate that the ratios of rate@Y @ choice for the sign of. (the Higgs superfield mixing
for individual SUSY channels correlate strongly with the un- Coefficient. _ _ _
derlying physics of the different GUT scenaridlight vs The strategy for checking the consistency of a given GUT
heavy sleptons in particulaand add a powerful component Nypothesis is straightforward. First, the measuféd neu-
to our ability to determine the correct scenario. tralino and chargino masses are, in almost all cases, already
sufficient to determine theny;, and taB8 values required in
the given GUT scenario with good precision. The value of
tanB so obtained should agree with that determined from
V. SUMMARY AND CONCLUSIONS chargino pair production rates. The Higgs sector branching
fractions can then be predicted and become an important
In this paper, we have considered detecting and studyingesting ground for the consistency of the proposed GUT hy-

the heavy Higgs bosons of the minimal supersymmetrigyothesis as well as for testing the MSSM two-doublet Higgs
model when pair produced &"e” or u" " collisions. We  sector structure per se.

have shown that, in the SUSY GUT models studied, the within the list of ratios of branching fractions given in
target luminosities of. =200 andL=1000 fo ! at \s=1 Egs. (2)—(5) and (6)—(8), the averageH% A°— SUSY, the

and 4 TeV, respectively, will allow detection 6f°A° and  H*—SUSY, and theH* —7*» branching fractions typi-
H"H™ pair production throughout essentially all of the cally fix a relatively precise location inngy/»,tanB) param-
model parameter space which is allowed by theoretical andter space. These values can be compared to those required
kinematic constraints, despite the presence of SUSY decayy them,o andm;lt mass measurements. Consistency within

modes of the4?,A% H™ at a significant level. The all-jet and experimental errors is typically only possible for a small set
high-multiplicity final states coming fronH®, A°—bb,tt  of closely related models. In the sample situation detailed in
andH* —tb,H —bt are essentially background free and Sec. IV, where we assumed that one of the six GUT models
provide appropriate and efficient signals with rates that arevas correct and computed statistical errors on that basis,
adequate even when SUSY decays are present. In the all-jetily one of the remaining five models could possibly be
channels, the individual Higgs boson masses, m, 0, and  confused with the input model after measuring the above
my+ can be measured and the approximate degeneradfiree branching fractions relative to that for the final state
(mao~myo~my=) predicted by the MSSM can be checked. used for tagging. By subdividing the SUSY signal into final
Once the Higgs bosons are detected and their masses d#ates with a definite number of leptons and any number of
termined, the relative branching fractions for the decay of dets, and considering as well th#°—h%h® A°—Zh° and
single Higgs boson can be measured by “tagginge., H™—W"h® branching fractions, we found it possible to dis-
identifying) one member of thé1°A° or H*H™ pair in an  tinguish between these two choices at a very substantial sta-
all-jiet mode, and then looking at the ratios of the numbers ofistical level. Thus, a unigue model among the six rather
events in different event classes on the opposing side. In thigimilar models is singled out by combining measurements
way, the relative branching ratios of Eq®)—(5), Eqs.(6)—  from the Higgs sector with those from conventional SUSY
(8), Egs. (12—(16), and Egs.(18)—(15) can be measured pair production. In short, measurements deriving from pair
with reasonable accuracy whenever parameters are such thapduction of Higgs particles can have a great impact upon
the final states in the numerator and denominator both haveur ability to experimentally determine the correct SUSY-
significant event raté.We find that the measured Higgs GUT model.
masses and relative branching fractions, in combination with The above discussion has left aside the fact that for uni-
direct measurements of the chargino and neutralino masseggrsal soft-scalar masses the measured value of the slepton
mass would determine the relative magnitude ngf and
m,,,. Of the two models mentioned just above, one has a
"We focus on event rate ratios rather than the absolute rates in tHarge mg/my,, value and the other a much smaller value.
many different channels since the possibly large systematic errorEhey could be easily distinguished on the basisngfalone.
of the absolute rates will tend to cancel in the ratios. In some cases,
absolute event rates are so different that they would also provide
substantial discrimination between different models, despite the 8Only the average can be determined given that typically
possibly large systematic errors. M0~ Myo.
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However, if the soft-scalar slepton mass is not the same assing various of these ratios of branching fractions. Excellent
the soft-scalar Higgs field masses at the GUT scale, thdiscrimination between models on this basis is found.
branching fraction ratios would give the best indication of In conclusion, our study shows that not only will detec-
the relative size of the soft-scalar Higgs mass as compared ton of Higgs pair production ire*e™ or u™ ™~ collisions
mys. (at planned luminositigsbe possible for most of the kine-
More information regarding the slepton-sneutrino massmnatically accessible portion of parameter space in a typical
scale and additional ability to discrminate between model$&GUT model, but also the detailed rates for and ratios of
are both realized by subdividing the SUSY decays of thdifferent neutral and charged Higgs decay final states will
Higgs bosons in a way that is sensitive to the relative branchvery strongly constrain the choice of GUT-scale boundary
ing fractions for slepton-sneutrino versus chargino-neutraline@onditions. In estimating experimental sensitivity for Higgs
decays. Slepton-sneutrino channels essentially only produgmir detection and for measuring Higgs masses and branch-
leptons in the final state, whereas the jet component is typiing fractions, we included substantial inefficiencies and all
cally larger than the leptonic component for chargino-relevant branching fractions. Although we believe that our
neutralino decays(other than the totally invisibley$y? estimates are relatively conservative, it will be important to
mode. Thus, we are able to define individual SUSY chan-reVisit this analysis using a full Monte Carlo detector simu-
nels, characterized by a certain number of leptons and/or jet$tion.
which display a strong correlation with the slepton-sneutrino
decay component. We find that these individual channels
have sufficiently large event rates that the ratios of the
branching fractions for these channels can typically be deter- This work was supported in part by the U.S. Department
mined with reasonable statistical precision. For the earlierof Energy under grant No. DE-FG03-91ER40674 and by the
mentioned input model, we can compute the statistical leveDavis Institute for High Energy Physics. We wish to thank
at which the other five GUT scenarios would be ruled outC.H. Chen for making his evolution program available to us.
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