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The small mass of the bottom quark, relative to its weak isospin partner, the top quark, makes the bottom an
effective probe of new physics in Higgs and top sectors. We study the Higgs boson production associated with
bottom quarkspp/pp— ¢bb—bbbb, at the Fermilab Tevatron and the CERN LHC. We find that strong and
model-independent constraints on the size ofdﬁhb-Hcoupling can be obtained for a wide range of Higgs
boson masses. Their implications for the composite Higgs models with strong dynamics associated with the
third family quarks(such as the top-quark condensate or top-color models with naturally large bottom Yukawa
couplings, and for the supersymmetric models with large@aare analyzed. We conclude that the Tevatron
and the LHC can put stringent bounds on these models, ifptbﬁsignal is not found.
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PACS numbes): 14.80.Cp, 12.38.Bx, 12.60.Jv, 14.65.Fy

[. INTRODUCTION two Higgs doublets, whose mass spectrum includes two neu-
tral scalars (° andH®), a pseudoscalarA®) and a pair of
A major task for all future high energy colliders is to charged scalard{*). The MSSM Higgs sector contains two
determine the electroweak symmetry breakifWSB) free parameters which are traditionally chosen as the ratio of
mechanism for generating theM",Z°% masses and the the two Higgs VEV's (ta = v,/vg) and the pseudoscalar
mechanism for the fermion mass generafibh Whether the mass (n,). A distinct feature of the MSSM is that in the
two mechanisms are correlated or not is an interesting ankirge tang region the Higgs Yukawa couplings to all the
yet to be determined issue. Given the large top quark masgown-type fermions are enhanced by eithergaor 1/cos.
(m;=175.6-5.5 GeV[2]), as high as the EWSB scale, it has Among the down-type fermions, the bottom quark has the
been speculated that the top quark may play a special role iargest mass and so the largest Yukawa coupling. Thus, it
the EWSB. One of such ideas is that some new strong dyrepresents a likely place where new physics could reveal
namics may involve a composite Higgs sector to generate thigself experimentally. This common feature, the large bottom
EWSB and to provide a dynamical origin for the top quark Yukawa coupling relative to that of the SM, present in both
mass generatiofe.qg., the top-quark condensate or top-colortypes of the(conceptually quite distingtmodels discussed
models[3]). Another idea is realized in the supersymmetricabove, serves as the theoretical motivation for our analysis.
theories in which the EWSB is driven radiatively by the  Since the third familyp quark, as the weak isospin partner
large top quark Yukawa couplingt]. of the top quark, can have large Yukawa coupling with the
In the minimal standard mod€SM) there is only one Higgs scalais) in both composite and supersymmetric mod-
Higgs doublet, which leaves a physical neutral scalar bosoerls, we recently proposdd] to use theb quark as a probe of
as the remnant of the spontaneous EWSB. The Yukawa coypossible non-standard dynamics in Higgs and top sectors. In
plings of the SM Higgs boson are determined from the relfact, because of the light mass &5 GeV) relative to that
evant SM fermion masses divided by the vacuum expectasf the top quark €175 GeV), the production of Higgs bo-
tion value (VEV), v=246GeV. Thus, aside from the son associated with quarks @p/pp— ¢bb—bbbb) may
coupling to the heavy top quark, all the other SM Yukawape experimentally accessible at the Fermilab Tevatoorthe
couplings are highly suppressed, independent of the HiggeERN Large Hadron CollidefLHC),2 even though the large
boson mass. For the top-quark condensate or top-color typep mass could render associated Higgs boson production
of modg:ls[S], Wit.h a composite Higgs sector, the new strong, it top quarks pp/pp— ¢tt) infeasible. As we will show,
dynamics associated with the top sector plays a crucial rolg,is makes it possible for the run Ii of the Tevatron and the
for generating the large t_op mass a(pbsgbl)the W’Z. LHC to confirm the various models in which thequark
pct)son {passesf. ﬁ‘]s tot bet()jli[c:ussed Eelow,'tlr? ttnls scenano.,tt%kawa coupling is naturally enhanced relative to the SM
Inieractons of the op-bottom secior Wi e composite rediction. However, if thepbb signal is not found, the

Higgs bosons are different from that in the SM. Because ofl)_ 1 d the LHC ' stri i traint h
the infrared quasi-fixed-point structufg] and the particular ' €Vatron and the can put stningent constraints on the

boundary conditions at the compositeness scale, the bottom

Yukawa coupling to the relevant Higgs scalar is naturally as

large as that of the top quark in such models. In the minimal A pp collider with \'s=2 TeV.
supersymmetric extension of the SIMISSM) [6], there are 2A pp collider with \/s=14 TeV.

0556-2821/99/5%)/05501621)/$15.00 59 055016-1 ©1999 The American Physical Society



BALA ZS, DIAZ-CRUZ, HE, TAIT, AND YUAN PHYSICAL REVIEW D 59 055016

q b SO q b gfamﬁ»—:g b
\\\ ¢ \\\

G001 L0 G001 z z

a b Oue—<— q b eoeet——®

FIG. 1. Representative leading order Feynman diagrams for EIG. 2. Representative Feynman diagrams for leading order

qﬁbH production at a hadron collider. The deca‘,y—>b5 is not  Zbb production at a hadron collider. The decZy—>bE is not
shown. shown.

models with either a composite or a supersymmetric Higgsletection strategy relies upon observing the printaguarks
sector, in which the Yukawa coupling of the Higgs bogpn in the final state(and thus demands that they_have large
and bottom quark is expected to be large. In R8f, this  transverse momentumour calculation of thepbb signal
reaction was explored at the LHC and the Tevattorprobe  rate from diagrams such as those shown in Fig. 1 is expected
the supersymmetrySUSY) parameters of the MSSM. The to be reliable. This is in contrast to theclusiverate of ¢
conclusion was that, with efficiebttagging, useful informa- production at a hadron collider, in which one does not re-
tion concerning the MSSM could be extracted from eitherquire a final state topology with four distinct jets. In this case
the LHC or a high luminosity Tevatron. In this work, we a calculation based upon Feynman diagrams such as those
expand upon earlier resulf§] in which it was concluded shown in Fig. 1 may not be reliable. It would be better to
that even the much lower integrated luminosity of the Teva-consider the Higgs boson production via bottom quark fu-

tron run Il can provide useful information through this reac-gjon, such ashb— ¢ and gb— ¢b, with cares to avoid
tion, provided an optimized search strategy is employed. Wejoyple counting its production rafd5]. (This calculation
begin with a model-independent analysis in Sec. I, considyou|d resum some large logarithms which are included in
ering relevant backgrounds and determining an effectivghe definition of the bottom parton distribution function
search strategy to extract a signal from the backgrounds. Wjthin the proton) We have chosen to search in the four jet
then apply these results to constrain both composite and Sking| topology because the QCD background for 3 jets is
persymmetric models in Secs. lll and IV. In Sec. Ill, we first ;ych larger than that for 4 jets, and thus it would be more
analyze the constraints on the two Higgs doublet extensiogjfficult to extrac a 3 jet signal. Since the signal consists of
of top-quark condensate modél] and the top—cqlor mOdel four b (including b) jets, the dominant backgrounds at a
[10], and then remark upon the recent dynamical left-right ) ) — S ——
model[11] (as a natural extension of the minimal top-quark @dron collider come from production @bb—bbbb (cf.
condensate model12]) which also generically predict a Fig. 2), purely QCD production dbbbb (cf. Fig. 3 [16] and
large bottom Yukawa coupling. In Sec. IV, after deriving the bbjj, wherej indicates a light quark or a glude.f. Fig. 4
exclusion contours on the,-tan8 plane of the MSSM, we  which can occasionally producebajet like signature in the
further analyze its implication on the supergraVifyd] and  detector.

gauge-mediated14] models of soft SUSY breaking that In order to derive model-independent bounds on the cou-
naturally predict a large tgh The comparison of our Teva- plings of the scalar particles with the bottom quark, we con-
tron run Il results with the CERNete™ collider LEP I sider K, the square-root of the enhancement factor for the
bounds(from the Zh and hA channels is also presented, production of¢bb— bbbb over the SM prediction. By defi-
illustrating the complementarity of our analysis to other ex-pitjon,

isting Higgs search strategies. Final conclusions are given in

Sec. V. Vi
K= , 1
(Yb)sm @)

1. SIGNAL AND BACKGROUND
) ) ) — in which (yp)sm=Vv2m,/v is the SM bottom Yukawa cou-

We are interested in studying production a@fbb  pjing andy, is the bottom Yukawa coupling in the new
—bbbb at the run Il of the Tevatron and the LHC. The physics model under the consideratfbfihe decay branch-
signal events result from QCD production of a primdny  ing ratio of ¢ to bb is model-dependent, and is not included
pair, with a Higgs bosolig) radiated from one of the bottom in the calculations of this sectior{Namely, the decay
quark lines(cf. Fig. 1). The Higgs boson then decays into a pranching ratio Br¢— bb) is set to be orie We will prop-
secondanbb pair to form abbbb final state. Because our

“4For simplicity, we ignore running effects iny§)sy in this sec-
3In [8], a 1.8 TeVpp Tevatron was assumed with an integrated tion, treating the bottom quark mass as 5 GeV at all scales. We will
luminosity of 30 fb%, and the squark mixings of the MSSM were comment on the running effects of the Yukawa coupling in the
neglected. context of specific models of new physics in Secs. Ill and IV.
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FIG;S; Representative leading order Feynman diagrams for -TO'(!‘<
QCD bbbb production at a hadron collider. d b
erly take it into account for the specific models to be dis- 1
cussed in the following sections. TS €
We compute the signal and the backgrounds at the parton
level, using leading ordei.O) results from theMADGRAPH FIG. 4. Representative leading order Feynman diagrams for

package 17] for the signal and the backgrounds, including QCD bbjj production at a hadron collider.
the sub-processes initiated by andgg (and in the case of

bbjj, qg andﬁg). While the complete ne_xt-to—leading qrder corresponding to a scalar mass mf,=100GeV, and an
(NLO) calculations are not currently available for the signalgnhancement factor ¢€= m,/m,~40. We will consider the

or background cross sections, we draw upon existing resultgyperimental limits which may be placed &nas a function

for high prbb production at hadron collidefs8] and thus ~ m,, below.

estimate the NLO effects by includingkafactor of 2 for all In order to simulate the detector acceptance, we require
of the signal and background rat¢blLO effects to thepp  thepy of all four of the final state jets to hg=15 GeV, and

— ¢tt cross section in the limis> m2s> mfb were explored that they lie in the central region of the detector, with rapid-
in [19]. It was found that QCIx-factor is on the order of 1.5, ity |7|<2. We also demand that the jets are resolvable as
but this limit is not expected to provide a very good estimateSeparate objects, requiring a cone separatiol B&0.4,

to the ¢bb rate at the Tevatron since the corresponding conWhereAR= yA@+A 7% (A¢ is the separation in the azi-
muthal angles.In the second column of Table | we present

dition my>m? no longer holds. Furthermore, because the : \
mass of the bottom quark is much less than that of the toﬁhe number of events in the signal and background processes

— . at the Tevatron run Il which satisfy these acceptance cuts,
quark, we expect that thi-factor for the bb production assuming 2 fb® of integrated luminosity. As can be seen,

rate to be larger than that for thgtt rate) In the end of this  the |arge background makes it difficult to observe a signal in
S.eCtiOI’], we W|” a|SO eStimate the Uncertainty. in the CaICUIa‘[he absence of a Carefu”y tuned search Strategy to enhance
tion of the signal and background cross sections based upqRe signal-to-background ratio. In presenting these numbers,
the above prescription. We use the CTEQZD0] parton dis- e have assumed that it will be possible to trigger on events
tribution functions(PDF9 and set the factorization scale, containing highpy jets (and thus retain all of the signal and
mo, to the average of the transverse masses of the prinary packground events This capability is essential for our
quarks, and the bosd or Z) transverse massor the bb  analysis.
and Zbb processes, and use a factorization scaleugf The typical topology of the bottom quarks in the signal
= /8, wheres is the square of the partonic center of mass€Vents is a “lop-sided” structure in which one of the bottom
- quarks from the Higgs boson decay has a rather piglof
about m,/2, whereas the other three are typically much
softer. Thus, the signal events typically have one bottom

energy, for thebbbb and bbjj background processes. It is

expected that a large part of the total Q@bbb andbbjj
rates at the Tevatron or LHC energies will come from frag-
mentation effects, which we have neglected in our matrix
element calculation. However, due to the strgrrgand iso-
lation cuts which we will impose for improving the signal-
to-background ratidexplained beloyw we expect that these
effects will be suppressed, and thus will only have a smaIE
effect on our results. Similarly, we expect that after imposing
the necessary kinematic cuts, the signal and the backgrouns}ocess Acceptance Cuts py Cuts ARCut  AM Cut
rates are less sensitive to the above choice of the factoriza

TABLE I. The signal and background events for 2 Hof Teva-
tron data, assumingn,=100GeV, 2Am,=26 GeV, andK=40
after imposing the acceptance cups, cuts, and reconstructed,,
uts described in the textA k-factor of 2 is included in both the
ignal and the background rates.

tion scale. In this section, unless otherwise noted, we willpbb 4923 1936 1389 1389
restrict our discussion of numerical results to a signal rate 1432 580 357 357
bbbb 5.1x10* 3760 1368 1284
bbjj 1.2x10 1510 6.3x10°  5.9x10°

®The transverse mass of partiglés given bym{)=mZ+ p{2,
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TABLE Il. The optimalp{ andp{? cuts for isolating a Higgs
i boson of massn, from the QCDbbbb background.
) 15 |
s - m, (GeV) pt Cut p{? Cut
Z 75 35 25
° iy 100 50 30
K 125 60 35
B i 150 70 45
05 175 85 55
I 200 90 60
250 125 80
0 - ‘ 300 150 105
0 20 40 60 80 100 350 175 190
@ o (Gev) 400 190 120
500 245 160
800 390 260
s 1000 500 320
g with respect top{? after thep{*) cut for the signal and the
£ 02 |- QCD bbbb background at the Tevatron run Il. These plots
g illustrate the advantage in isolating the signal from the back-
5 ground provided by the asymmetric cuts on the final state
s . quarks outlined above. In the third column of Table | we
o show the effect of these cuts on the signal and backgrounds.
As can be seen, these cuts reduce the signal by about 60%,
while drastically reducing the QCbbbb background by
o - about 90%.
0 Since thept spectrum of the leading jets is determined by
) @ (Gev) the mass of the scalar boson produced, the leagdinguts
pr )

can be optimized to search for a particutay . The results
FIG. 5. Figure(a) shows the distribution of the QCbbbb for several values ofm, are presented in Table II. As ex-

background(solid curvé and K=40¢bb signal (dashed curve P€cted from the discussion abpve, the opgi)mal cup@n s
cross sections ip{® at the Tevatron run Il after the acceptance Cl0Se tom,,/2 whereas the optimal cut qok” is somewhat
cuts.[K=Y,/(Ys)sm, cf. EqQ.(1).] Figure (b) presents the distribu- lower (generally closer tan,/3). We adopt these optimized

tion of p{?’ at the Tevatron run Il after applying the cut p§®, p- cuts for each mass considered, when estimating the search
illustrating the utility of asymmetric cuts gk andp{® in extract-  reach of the Tevatron or LHC.
ing the ¢bb signal from the QCD background. Another effective method for reducing the QCD back-

ground is to tighten the isolation cut on the bottom quarks. In
quark which is much more energetic than the other three. Othe QCDbbbb background, one of thieb pairs is preferen-
the other hand, the QClbbbb (or bbjj) background is tially produced from gluon splitting. Because of the collinear
typically much more symmetrical, with pairs of bottom enhancement, the invariant mass of this pair tends to be
quarks(or fakeb’s) with comparablept. In order to exploit  small, and theAR separation of these twi's prefers to be
this, we order thé quarks by their transverse momentum, as small as possible. On the contrary, in the signal events, the
invariant mass of théb pair from the ¢-decay is on the
order of m,, and theAR separation is large because the

. . . angular distribution ob in the rest frame of the scalaf is
and require that the bottom quark with highest transvers@.+ Thus by increasing the cut aYR to AR=0.9 we can

(1) (2) . L . .
m((s)g;entum hag/spT =50GeV, and thapy'=30GeV and  jnprove the significance of the signal. As shown in column
pr=20GeV> In Fig. 5, we show the differential cross foyr of Table I, this cut further decreases the signal by about

sections with respect tp(Tl) after the acceptance cuts and 30%, and the QCI])Ebeackground by about 65%. In the
end, their event rates are about the same.
One can further improve the significance of the signal by
SHere, we have corrected the values given in R&f.due to a  attempting to reconstruct the mass of the scalar resonance.
Fortran error in evaluating the signal distribution. We thank S.This can be difficult in principle, because one does not know
Mrenna for cooperation in checking the Monte Carlo simulationa priori what this mass is, or which bottom quarks resulted
and for his help in detecting this numerical error. from the ¢ decay in a given event. It may be possible to

1 2 3 4
p=pP=p'=pf", )
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locate the peak in the invariant mass distribution of the sec- TABLE IIl. The signal and background events for 2 foof
ondary b quarks resulting from thep decay, though with ~Tevatron data, assuming,=100GeV, 2Am,=26 GeV, andK
limited statistics and a poor mass resolution this may prove" 40 for two or more, three or more, or fobrtags, and the result-
impractical. However, one can also scan through a set df9 significance of the signal.

masses, and provide 95% C.L. limits on the presence of &

Higgs bosor(with a given enhancement to the cross section) "0€SS 2 or morb-tags 3 or mordo-tags  4b-tags
K) in thebbbb data sample for each value wf, in the set.  gpp 1139 660 180

In order to do this, we assume a Higgs boson mass, and fing, o 203 170 46
the pair qu quarks with invariant mass which b(_est r_ec‘f)n— sngg 1054 610 166
structs this assumed mass. We reject the event if this “best—

reconstructed” mass is more thad gh, away from our as- b_bll_ ] 1210 2141 4
sumed mass, whereAZn,, is the maximum of either twice Significance 3.3 12.21 12.25
the natural width of the scalar under study,) or the twice
experimental mass resolutidrs shown in the fifth column _
of Table I, this cut has virtually no effect on the signal or shell gluon decays into lab pair, as opposed to interference
ZbEbackgrounc{for a 100 GeV Higgs bosomwhile remov- pf many producno_n diagrams, which dominates the lower
ing about another 10% of tI‘leEbEbackground. invariant mass region. Thus, fon, greater tha_n about 100
As will be discussed below, the natural width of the HiggsGeV’ the background event produdeguarks with the char-

bosons in both the MSSM and the models of strong EWSgac,tteristic angular distribution of a vectoLdecaying in.to. fer-
that we wish to probe in this paper are generally muchmions, 1+cos 6, in the rest frame of theb system. This is
smaller than our estimated experimental mass resolution, arfiiStinct from the signal distribution, which comes from a
thus one might think that an improved experimental mas$calar decay, and is flat in csThus, for masses above 100
resolution could considerably improve the limits one mayGeV, we further requirg¢cos¢|<0.7 after boosting back to
place on a scalar particle with a strobgnteraction. How- the rest frame of thdb pair which we have identified as
ever, the models in which we are interested generally haveoming from the scalar bosap.
one or more nearly mass-degenerate bosons with similarly |n order to deal with the large QCBbjj background, it
enhanced bottom Yukawa couplings. If the extra scalars arg important to be able to distinguish jets initiated by
much closer in mass than the experimental mass resolutiofuarks from those resulting from light quarks or gluons. We
(and the natural width of the bosgnshe signal can thus estimate the probability to successfully identifybaquark
include separate signals from more than one of them. Thugassing the acceptance cuts outlined above to be 60%, with a
there is potentially a trade-off in thaM cut (cf. Table ) probability of 0.5% to misidentify a jet coming from a light
between reduction of the background and acceptance of thfuark or gluon as & jet [21]. In Table Il we show the
signal from more than one scalar resonance. In order to egesulting number of signal and background events passing
timate the potential improvement for discovering a singleour optimized cuts at the Tevatron, assuming 2 bf inte-
Higgs boson, we have examined the effect on the signifigrated luminosity, after demanding that two or more, three or
cance one obtains if the cut on the invariant mass which be$‘h0re’ or fourb-tags be present in the events, and the result-
reconstructsn,, is reduced taAmy, as opposed to2my as  ing significance of the signacomputed as the number of
was considered above. We findihit this improved mass rese@ignal events divided by the square root of the number of
lution further reduces the QCbbbb background by about background eventsWe find that requiring 3 or more-tags
another 40%. Assuming fous tags (as discussed belgw results in about the same significance of b2a® requiring 4
this improved mass resolution increases the significance df-tags. However, we see that for the chosen parameters
the signal from about 12.2 to 14.6, which will improve the (m,=100GeV andK=m;/m,~40), even with only 2 or
model-independent lower bound #hby about 10%. Thus, more b-tags, one arrives at a significance of about and
an improved mass resolution would most likely be helpful inthus has some ability to probe a limited region of parameters.
this analysis. From the large significance, we see that the Tevatron may be
Another method to further suppress background rate is tosed to place strong constraints on Higgs particles with en-
observe that in the background events, thquarks whose hanced bottom quark Yukawa couplings, and that the ability
invariant mass best reconstruatg, come from the same to tag 3 or more of the bottom quarks present in the signal
gluon. This is because, after imposing all the kinematicakan probe a larger class of modéds parameter space of the
cuts discussed abouef. Table ), the matrix elements are modelg as compared to what is possible if only 2 or more of
dominated by Feynman diagrams in which one very far off-the bottom quarks are tagged. In the analysis below, to allow
for the possibility that théobjj background may be some-
what larger than our estimates, we requirb-fags, though
"We estimate the experimental mass resolution for an object ofS We have demonstrated above, we do not expect a large
massm,, to be Am,=0.13m,,/100 GeVin,. Under this assump- Cchange in the results if 3 or #-tags were required instead.
tion, the natural width of the bosons in the specific models of new This analysis can be repeated for any valuengf, using
physics considered in Secs. Il and IV is usually smaller than thighe correspondingy cuts shown in Table Il. It is interesting
experimental mass resolution. to note that the signal composition in terms of thgor qq
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TABLE IV. Event numbers of signalNs), for one Higgs bo- 120
son, and backgroundNg) for a 2 fo™! of Tevatron data and a
100 fb ! of LHC data, for various values oh,, after applying the
cuts described in the text, and requirindp4ags. An enhancement 100
of K=40 is assumed for the signal, though the numbers may beg
simply scaled for any e, by multiplying by (K e,/40)2.

ent

80

Tevatron LHC

m, (GeV) Ng Ng Ng Ng 60

75 583 640 3.410° 4.8x10°
100 180 216 2.810° 3.0x 10°
150 58 92 9.X10° 1.2x10°
200 17 31 4.X10° 5.6X 10°
250 4.8 8.8 1.%10° 2.0x10° 20
300 1.3 2.1 83000 70000
500 12000 5700
800 1500 406 100 200 300 400

1000 407 70 (@) Higgs Mass (deV)

40

Minimum Enhancem

FT R T

25......|....|....

initial state depends on the collider type and the mass of the
produced boson, which controls the type of PDF and the
typical region ofx~ mi/S at which it is evaluated. At the
Tevatron, form,=100GeV, the signal is 99%g initial
state before cuts, and 87% after cuts, while fary,
=200GeV, it is 99%gg initial state before cuts, and 85%
after cuts. Thus, at the Tevatron, one ignores about 15% O¢
the signal if one relies on a calculation employing only the &
gg initial state. At the LHC, fom,= 100, the signal is very 5
close to 100%gqg initial state before cuts and 99% after cuts, g
and form,=500 GeV, it is 99%gg initial state before cuts, 2
and 99% after cuts. This indicates that at the LHC, very g
accurate results are possible from a calculation considerin&
only thegg initial state. The resulting numbers of signal and
(total) background events after cuts for various boson masse
are shown in Table IV.

From these results, one may derive the minimum value - |

\|||||

20 —

ancement
~
1

; : 0
of K, Knin, for a scalar boson with mass,, to be discov- 200 400 600 800 1000

ered at the Tevatron or the LHC via the production mode
bb¢(—bb). Similarly, if signal is not found, one can ex-
clude models which predict the enhancement faktdo be FIG. 6. (8). The model-independent minimum enhancement fac-
larger thanK,. To give a model-independent result, we tor, Kyi,, excluded at 95% C.L. as a function of scalar masg)(
assume that the width of the is much less than the esti- for the Tevatron run Il with 2 fb* (solid curve, 10 fb~* (dashed
mated experimental mass resolution defined above, which igirve and 30 fbi* (dotted curvg (b). The same factorK py,

the case for the models studied in this paper. We determinexcluded at 95% C.L(solid curve and discovered at (dashed
Kmin by noting that in the presence of a Higgs boson withcurve as a function ofm, for the LHC with 100 fb'*. In the
enhanced bottom Yukawa couplings, the number of expecteabove, the natural width of the scaldr f) is assumed to be much
signal events passing our selection criterion is giverNgy  smaller than the experimental mass resolution.

=K2NEW | whereN$™ is the number of signal events ex-

pected for a scalar of mass, with SM coupling to theb  where 1.96 is the 95% C.L. in Gaussian statistics. In Fig. 6,

quark [assuming Br¢p—bb)=1], whereas the number of We show the resulting 95% C.L. limits one may impose on
background events expected to pass our dits, is inde-  Kmin as a function ofm, from the Tevatrlon with 2, 10, and
pendent oK. Thus, requiring that no 95% C.L. deviation is 30 fo™* and from the LHC with 100fb", as well as the

observed in thébbb data sampléand assuming Gaussian discovery reach of the LHC at therBeveI. Our conclusions
statistics determines concerning the LHC'’s ability to probe a Higgs boson with an

enhanced Yukawa coupling are very similar to those drawn
1.96VNg in [8], but are considerably more optimistic than those in
K min= W (3) [22], where the conclusion was that théjj background is
S

considerably larger than our estimdthough there are ele-

Higgs Mags (QeV)
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ments of the search strategy which differ between those adtrong dynamics associated with the top quark sector plays a
[22] and ours as well, and their simulation of the ATLAS crucial role in the generation of the top quark and WeZ
detector is certainly more sophisticateth [22] the back- boson masses. As we have emphasized, since the bottom
grounds were simulated usimyTHIA [23] to generate two to quark is the weak isospin partner of the top quark, its inter-
two hard scatterings and then generating the additional jetaction to the Higgs sector can be closely related to that of the
from a parton showering algorithm. As noted above, in thetop quark. In the top-quark condensate or top-color scenario
light of the strongordering oj p; and isolation cuts applied to be analyzed below, the quark Yukawa couplingto the
to select the signal events, we feel that a genuine four bodgelevant scalaris naturally large of the same order as the
matrix element calculation such as was used in our analysi®p Yukawa coupling ~O(1)], due to the quasi-infrared
provides a more reliable estimate of this background. fixed point structurd5] and the proper boundary conditions
We have examined the scale and PDF dependence of oat the compositeness scale. This can give distinct experimen-
calculation for the signal and background rates at the Tevaal signatures at the Tevatron and the LHC. In the following,
tron, and find that in varying the scale between one half andve shall analyze two specific models in this scenario, and
twice its default choicedefined above u=puqy/2 and u derive the constraintgor discovery reachexpected at the

=24, the ¢pbb signal andZbb background rates both vary Tevatron and the LHC based upon the model—indepen_dent
from the result aju= o by about 30%, while thébbb and results in Sec. Il. Finally, we shall analyze the dynamical

— . left-right symmetric extensiofil1] of the minimal top-quark
bbjj backgrounds vary by about 45%. This strong scale de- gnt sy 1] P-q

R et . condensate mod¢lL2].
pendence is indicative of the possibility of large higher order
corrections to the leading order rate. Thus, in order to better , | .~ Higgs doublet extension of the minimal top-quark
understand the true signal and background rates, it would be

- . condensate model

useful to pursue these calculations to next leading order o
(NLO). We have also compared the difference in the results Since the minimal top-quark condensate modeith
from  the  Martin-Roberts-Ryskin-Stirling ~ set ~ R1 three familie3 [12] was ruled out due to predicting a too
[MRRS(R1)] PDF [24] and the CTEQ4L PDF, and find a large top mass£220—_250 GeV) t_o_reconcne Wlth experi-
variation of about 10% in the resulting signal and back-mental data, we consider the minimal two Higgs doublet
ground rates. Since these separate sources of uncertairgittension(2HDE) of the top-condensate model proposed in
(from PDF and scale dependehare non-Gaussianly dis- R_ef. [9], which predicts a smaller value of,. Though the
tributed, there is no way to rigorously combine them. Thussimplest 2HDE of the top-quark condensate model may not
we conservatively choose to add them linearly, finding a toprovide enough reduction of thm; value to match the Teva-
tal uncertainty of about 40% in the signal ram(sf’\/')), and tron measurement, it is possible to incorporate some further
50% in the background rateNg). From the derivation of improvements[3], e.g. including the recently proposed
Kmin above, we see that these uncertainties in signal angiéesaw-type top-quark condensatj@s], to achieve a real-

background ratéwhich we assume to be uncorrelatedm-  istic m;. In the supersymmetrized version of the top-quark

bine to give a fractional uncertainty i, condensate modgR9], it is possible to derive the correct top

mass while keeping the similar boundary conditions and the
SK i NSV 2 5N\ 2 quasi-infrared fixed point structure which ensures the large
. <2N(SM)) +(4N , (4) quark (and alsor lepton Yukawa couplings. In this subsec-

min S B tion we analyze the simplest 2HDE of the top-quark conden-
SM ... . sate model constructed in R¢€], for illustration.

where SN and Ng are the absolute uncertainties in = o starting point of the model is to consider the SM

NE™ andNg, respectively. From this result, we see that inithout an elementary Higgs boson, but with Nambu—Jona-

terms of a more precise theoretical determinatiorkaf,,  Lasinio(NJL) type of four-Fermi interactiong30] generated

one gains much more from a better understanding of th@t the cut-off scale\, where the new physics takes place. For

signal rate than a better determination of the backgroundshe third generation quarks, tH8U(2), ® U(1)y invariant

Applying our estimation of the uncertainty from PDF and 4-Fermi couplings can be written §3]

scale dependence to E@), we find an over-all theoretical

uncertainty inK ,;, of about 25%. Lar=G(V tR) (tg¥ )+ GL(V br)(bg¥)

.
l1l. CONSTRAINTS AND IMPLICATIONS ON + Gy (W br) (1P ) +H.cl], 5)
DYNAMICAL MODELS WITH STRONGLY COUPLED

ELECTROWEAK SECTOR where the summation over color indices is implied in the

round parentheses afdl=(—b¢,t%)T. Then, just below the
The observed large top mass, of the order of the elecscaleA, two composite Higgs doubletd, and®,,, can be

troweak scale, singles out top quark from all the other lightintroduced via the auxiliary field methd81] with the inter-

fermions. This makes the top-quark condensate or top-colagiction Lagrangian

scenario particularly attractivgs]. In this section, we ana-

lyze the strongly interacting scenario of the EWSB with a Lop=— pl®] O+ (¥ O tg+H.c)— uld d,
composite Higgs sector. We consider top-quark condensate _ ’ 1
or top-color type of model§9—12,25-28 in which new (¥ PpbrtH.C)— puy(PiPp+He). (6
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To diagonalize thed; and ®, mass terms, one needs to 8 L A A
introduce the mixing anglex defined by a=2u3/(u? |y, (solid) and Y (dotted)
—u?). In Egs.(5) and(6), the mixing term proportional to .

Gy, Or wuy, IS important to break the Peccei-Quitth(1) 6 TCATC 2HDE §
symmetry and to generate a nonzero mass for the pseudc y . 4 )
scalar. The low energy Lagrangian at the sga{e<A) can

be deduced from Ed6) via the renormalization groufRG)
evolution[32] which defines the effective low energy cou-
plings. Thus, at the scale,

Yo Yo

LE=Z5(V D tptH.c)+Z3%y(¥ PpbgtH.C) 2 ’ 7

+Z¢ (D*®) (D, 1) +Zg, (D ®y) (D, Pp)

+HV(ZG0 257Dy, (@) 0 5 10 15

whereV is the renormalized Higgs potential fdr, and®,,. Logis(u/CeV)

As u approaches ta\, Eq. (7) should match with the bare FIG. 7. Renormalization group running gf andy, in the
Lagrangian(6) to result in the proper boundary conditions to 2HDE of top-quark condensate model and the TCATC model. For
be used in the renormalization group analy8ik It turns out  the 2HDE of top-quark condensate model, two sets of curves are
that the compositeness of bodh, and ®,, can be achieved shown: the upper two curvésolid fory, and dotted foryy) are for
only for the boundary conditiony,(A)=y,(A)=y,>1 the typical boundary conditiory,(10"GeV)=y,(10"*GeV)=6

[9,3]. Hence, >1 and they are too close to be distinguishable; the lower two
curves are for the boundary conditiony,(10'°GeV)
yi(w)=~yp(w), (for any w<A). (8)  =4Y(10°GeV)=1. In both casesy; andy, have very similar

infrared values, ofD(1), at theweak scale.
This is due to the fact thay, andy, satisfy similar RG

equations except for a small differenge theg? term) origi- The two composite Higgs doublets develop VEVs from
nating from the different hyper-charges of thandb quarks  the condensation oftt) and(bb) (determined by the gap
[32,3: equationy so that (®)=(v,,0)"/v2 and (D)

=(0p,)"/v2. Since the masses of theand b quarks are

dyi(u) 1 ’ 1, given bym, (1) = Vi p(@)ve p(1)/v2, and the Yukawa cou-

ding 1672 5 N Jyi(m) + 5¥h(k) plingsy, andy, are about the same, of ti(1) at the weak
scale[cf. Eq.(8) and Fig. 7, this model naturallyredictsa
large tang:

1), 9,
~3| Nem | 6300~ 703w
_ vi(my) _ m(m)

vp(my)  mp(my)

tang ~55>1, (10

17
- ngl(u)}yt(u),
Here,my,(m,) is the running bottonttop) mass at the scale

3 ) 1, m;. The running values ofm,(x) and m(w) are derived
(§+N°)yb(“)+ ZYi(u) [33] from the measured physical pole masse'=5 GeV
[34] and mf®=175GeV, and are dominated by the QCD
evolution at scalessO(My;gqd). At the one-loop level, the
relation between the pole quark man§°' and theMS QCD
running mass at the scale= mg"' is

dyp(p) 1
ding 1672

1 2 9 2
-3 Nc—N— g3(u —Zgz(,u)
C

S 2
— 13918 [Yo(p), €) SanmEh ]2
mg(mE®) =mg® 1+ 3—‘*} (11)

whereN.=3 for the QCD theory, ang=m;~M jqqs. Be- ™
cause of the infrared quasi-fixed point struct[Be82] of the .
two Higgs doublet mo%el, the relaptiQB) holds well as long When running upward to any scale
asyp(A),yi(A)=1. This is true even for the case whefg C[ag( )/ 7]
is chosen to be significantly lower thap at the composite- Mg (1) = Mg(mP) s '“o , (12)
ness scale\. This running behavior is shown in Fig. 7, I T clag(mp®)/ 7]

which confirms the large value gf, at the weak scale. We

have also examined possible threshold effects due to diffeivhere c[x]=(23x/6)'22]1+1.175] for mp®<u<mp®,
ent values of the Higgs masses and found the above concland c(x)=(7x/2)4/7[1+ 1.39&] for ,u>m{’°' [35]. Numeri-
sion unchanged. cally, m(mP°) =166 GeV andm,(mf®)=3 GeV.
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[ (a) (6) |

| Theor. Upper Limit

(A=10"GeV) | /\/=1Te\’///'
%i

—
P A=10Tev
tang=m,/m, /

5.0 FIG. 8. 95% C.L. discovery
Q reach of the Tevatron run Il and
P the LHC for (a) the 2HDE of top-
> quark condensate model ar{t)

the TCATC model. Regions above
the curves can be discovered. The

10 top curves in(b) indicate y,(u
=m,) values for various topcolor
breaking scale\, which are based
on the RG running analysigcf.
Fig. 7).

Tevatron

1 |

100 200 200 400
Ma(GeV) My (GeV)

b -

Analyzing the mass spectrum of the Higgs sector, we findhe running Yukawa coupling at the scdle-. Note that at
that the lightest scalar particle with the large Yukawa cou-the weak scale the running effects of the VEMsainly due
pling to the bottom quark is the pseudoscal& to the electroweak correctiohare negligible[33], and for
(=v2[sinBIm ®+cosBIm ®Y]~v2 Im dP) with a mass w=Mp, my(u)=Yyp()vp,=yg"(u)v, so that yl(u)

=sinBy,(u) =tanB8v2my(w)/v. We can thus derive a minimal
v 1o tanT—2p) tangB value for a givenMp to discover such a model at
Mp= 5|7\4| Ttan2a 13 hadron colliders. The result of 95% C.L. exclusion contours
is given in Fig. 8 for various colliders. As shown in Fig. 8,

1
Sincev = o2+ v2=246 GeV,Mp can be as low a®(my), the 2 fo = Tevatron run Il data can exclude models with

depending on the Higgs mixing angieand the Higgs self- P ~190 GeY’ if no s?gnal is found. The entire mass
coSpIingsg)]M [9]. For%gstance,gfow\gieloweev, tgg mass 'ange of P predicted in this mode{less than 233 GeV for

— 5
M, is less than about 233 GeV, and the decay branchin =10'GeV) can already be explored at the Tevatron run Il

. 1 T

ratio of P to bb is about one. Hence, this model predicts a ith & 10b " luminosity.

light pseudoscalar that couples to the bottom quark strongly

through Yukawa interaction. B. In top-color assisted technicolor model
To discover or exclude this model at the Tevatron and the

LHC via measuring the production rate of fohrjets, we

need to make use of the model-independent results obtain

in Sec. I Nam'ely, Vge need to' compare the predicted bottom ;) value, but do not address the dynamical origin of the
Yukawa coupling[y, =yy(x)sing] of the pseudoscalaP  oftective couplings) at the energy scale above The top-
with the model-independent bound-Kminyy') derived in  color assisted technicolor modelSCATC) [10] were pro-
Sec. II, where the reference valyg)' is arbitrarily chosen to  posed to overcome such difficulties. These models postulate
beygo'=v2ZmE®/v with m{®=5 GeV andv=246 GeV. This a gauge structureG=SU(3),®SU(3),@U(1);®U(1),

is equivalent to comparingl/ygy with K, whereyl is @ SU(2),, at the scales above=O(1 TeV). The third fam-

-1/2

The minimal top-quark condensate modé&P] and its
two-Higgs-doublet extensidr®] require fine-tuning the four-
rmi couplings) at the scaleA to be very close to the
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ily fermions couple t&5U(3),® U (1), gauge sector with the

same quantum numbers as those under the SM QCD an
U(1)y interactions, while the first two family fermions

couple toSU(3),®U (1), in a similar way. At the scalé
=0(1TeV), SU(3),®U(1), is strong but not confining,
and G is spontaneously broken down tGgy=SU(3),

®U(1)y®SU(2)y due to an unspecified mechanism which
may or may not be related to the EWSB. In consequence

massive gauge bosons of the color o®&t(colorong and
the singletZ’ are generated. Below this breaking scale

=min(Mg,Mz/), 4-Fermi interactions are generated as fol-

lows:
4 2Ky — —
L“F:XZ K+9T(\IILtR)(tR\PL)
C
K1 — —
k= o [(PLbr)(brW) (. (14
oN,

After the fermions condense, an effective Lagrangian with

two composite Higgs doubletsd; and ®,) can be intro-
duced as

Lsp=[yV P itr+ypV Ppbr+H.c]
~ A DD+ DDy, (15)

with

Vo= Va4m(k— k1/9N;).

(16)

Vi=VAm(k+2k1/9N,),

Here k and k, originate from the stron®U(3); andU (1),
dynamics, respectively. Thg(1), force is attractive in the

(tt) channel but repulsive in thgob) channel, such that the

PHYSICAL REVIEW D 59 055016

102 T e T

LHC (100fb™")

50 Discovery

95%C.L. Exclusion

(For TCATC Mode!)

o b b b
200 400 600 800 1000

Mps(GeV)

FIG. 9. The % discovery and 95% C.L. exclusion contours for
yb(,u)/yg'\"(,u) as a function ofM hy in the TCATC model, at the
LHC with 100 fb! luminosity.

yp(my) =2.7—2.1 andy,(m;) =2.9-2.2 for A=1-10TeV,
with the typical boundary conditionsy;(A)=5.5 and
Yp(A)=4.5. The precise boundary values wf,(A) de-
pends on the detailed dynamics of top-color breaking via the
parameters £,k;). But for (k,x;) not much larger than
O(1), yp(A) should be reasonably close to the critical
valuey,,; at the scale\. Furthermore, as shown in Fig. 7, the
infrared behavior of, ,(u) at the weak scale is not sensitive
to the possible variations of their boundary values at the
scaleA. Therefore, this model generically predicts a layge

of O(2-3) at the weak scale.

top but not the bottom acquires dynamical mass under the aApother essential feature of the TCATC modéb] is

condition

8
Yo < Yeir= \ 3~ < Vt- (17)
Equivalently, this implies that the composite Higds but
not®, develops a VEV, i.ey,#0 andv,=0, in contrast to

that the top-color interaction must not be responsible for the
whole EWSB, but is mainly responsible for the top quark
mass generation. As a result, the dynamical scale can be as
low as A=0(1) TeV (which avoids the severe fine-tuning
needed in the minimal mode[9,12]) and correspondingly,
v1=64-97GeV (for A=1-10TeV) according to the
Pagels-Stokar formulg86]:

the simplest 2HDE of top-quark condensate model analyzed

in the previous subsectiofwherev, ,#0). For u<A, the
composite Higgs doublet®, and®,, develop the gauge in-
variant kinetic terms

LE}=24 (DD (D, D) +Zg, (D Dp) (D, Dy),

. CNe 5, A
with  Zg, = 2—5¥{pIn o (18
as well as a potential terM(Zé,’fd)t ,Z}If?bb).

From Eq.(16), we note that unless, is unnaturally large
(compared tac), bothy, andy, should be close to the criti-

cal valuey, ;= J/872/3=5.13 at the scalé\. At the lower
energy scale.(<A), vy, is still close toy,, based on the RG

(19

N 2

2__ 2

Ut_Sﬂ_zllt(In_Z‘{‘Co
I 't

wherec,=0(1) is a constant. Thie quark gets large portion
of its mass from top-color instanton effe¢id]. The EWSB

is mainly driven by the usual extended technicol&TC)
[37,38 (or the equivalent Higgsinteraction which gives
small masse§<O(GeV)] to all fermions(includingt and
b). In addition, this model predicts three physical top-pions
with masses aroun®(150—-300 GeV. The smaller vacuum
expectation value, [estimated by Eq(19) in TCATC mod-
els|, as compared to the full VEVu(=246 GeV), makes the
Yukawa coupling of the top td; stronger than that in the
SM, which is consistent with the predictions from the RG

analysis shown in Fig. 7. From the RG evolution, we findanalysis in Fig. 7. The largh. calculation39] suggests that
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the neutral componentdy, A,) of &, are degenerate and x2+v

can be the lightest Higgs bosons with masse® @00) GeV R_R

to a few hundred GeV. Hence, this model also predicts light ~ Xr=| V2 [, O, (20)
scalars which couple to the bottom quark strongly via Xr

Yukawa interaction.

To illustrate how Tevatron(run 1) and LHC can test where the vacuum expectation valug is much larger than
this model via the reactionpp/pp—bbh(—bb)+X, the other VEVs ¢, ; andv, ) and is responsible for the first
we comparey(u) (predicted in Fig. Y with the model-  step breaking of the left-right symmetry. The true VEV (
independent bound oK iyis' derived in Sec. Il. Or, =246GeV) for the EWSB is determined by
equivalently, ~we compare yp(u)/ygM(n)  with
K iVl /yeM(1) [=KminmE%my()]. The result is shown
in Fig. 8b. It is clear that the Tevatron run Il can already
provide important information on this type of models. The 5 2. o
LHC data can further extend the coverage of the mass range V1T U2t vL, (21)
up toO(1) TeV. In Fig. 9, we present the exclusion curve at . .
the 95% C.L. and the discovery reach at thelével for the where the approximate rel_atlon holds, becgussvllz, L -

LHC with 100fb ! of luminosity. If we relax the mass de- 'NOte that a nonzero, (which may be relatively smalim-
generacy conditiorfas suggested by the larg- analysis pliesv,= \/v12+022<v:246 GeV. Furthermore, the singlet
and assume that the degeneracyhgfand A, does not hold ~ Scalaro does not develop VEV.

well enough to be within the mass resolution of the detector 1he relevant Yukawa interactions and mass terms for the
(cf. Sec. 1), then the contours in Figs. 8 and 9 will move up toP-bottom sector can be written Bl]:

by an overall factor o2 for most of the mass region. Figure

9 shows that even in this non-degeneracy case, the LHC
(with a 100fb ! luminosity) can discover the Higgs boson
h, or A, with a mass up to 1 TeV at thesHevel, since the

1
v2=(vi+v3)+ 5L (0R+vD) ~VwR—v))*+(4v12)°]

th_ 7T = 1= 0
‘CSF_mttt+mbbb+ﬁt(yl¢1+y2¢2)t

theory curves always lie abovg,/yy"'=100 for My, (a) 1— o — -
=50 GeV (cf. Fig. 8b. + Eb(y1¢2+)’2¢1)b+[b|_()’1¢1 —Yaé )R
C. In dynamical left-right symmetric extension of the top- +t (Y1 — Yo7 )br+H.Cl,

quark condensate model

Finally, we consider the left-right symmetric extension my=(Yv1+Yo02)/V2, mMy=(Yva+Yov1)/v2, (22)
[11] of the top-quark condensate model, which postulates the
gauge structure G r=SU(3).®SU(2), ®SU(2)g which only involve the scalars in the bi-doublét To give
®U(1)g_, at a high energy scald. This model has many the correct top mass, tgh(=v,/v,) is constrained to be in
attractive features. For example, parity violation can appeaihe range of 1.3—4.0. The formation of dynamical conden-
naturally via the spontaneous symmetry breaking and th&ates or the VEVs of the composite Higgs scalars requires
known quarks and leptons fit economically into fundamentathe Yukawa couplingy, , to be above their critical value at
representations of the gauge group. A dynamical see-saffi€ compositeness scale. Consequently,at the weak scale
mechanism can also be realized in this scenario, which natgan be naturally larg¢of ~O(1)]. The RG analysig11]
rally yields the small neutrino masses. indeed shows that forA to be in the range of fOto

At the compositeness scalk, a set of NJL-type four- 10°GeV, the Yukawa coupling;(u) varies from about 2.1
Fermi interactions are generated, which produce a compositeé 1.2 at the scaleu=0(100-1000) GeV. Since the
Higgs sector at the lower scalg(<A). The symmetry Yukawa couplingy,(u) satisfies the same RG equation as
breaking pattern occurs via two steps: fiGits breaks down that ofy,(u) (after interchanging, andy,) [11], the infra-
t0 Geu=SU(3).®SU(2), ®U(1)y at a scaleu=Ag; sec- red value ofy,(u) is also naturally larg¢of O(1)], and is
ond, the remaining standard model groggy is broken not sensitive to the boundary condition at the compositeness
down to SU(3).®U(1)y at the electroweak scale of scale® Furthermore, the mass of the neut@P-even and
O(100 GeV). The composite Higgs sector of this model con-CP-odd scalars Ref) and Im($3) may be as light as about
tains a scalar bi-doubleb, two scalar doublety, and xg, 0(100) GeV[11]. We thus expect that measuring the pro-
and a singlet scalar, with the quantum number assignments duction rate of these light scalar bosons via ¢t mode at
(1,2,2,0,(1,2,1-1), (1,1,2-1) and(1,1,1,0, respectively.  the Tevatron and the LHC can effectively test this model.
They are defined as Before concluding this section, we note that in the three

types of dynamical models discussed above, the relevant

0 . . ; )
$1tug bF o composite Higgs scalafkaving large Yukawa coupling,)
2 XLTUL
V2 L
(I) = O+ 1 XL: \/2 1
b1 $2tv2 XL ®Here, the compositeness scalecan be as low as 100 TeV and
V2 the left-right breaking scald g=vg is around ofO(10 TeV) [11].
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TABLE V. Comparison of the neutral MSSM Higgs couplings shall also discuss the implication of this result on various
to up-type U=u,c,t) and down-type D=d,s,b;e,u,7) fermions  supergravity and gauge-mediated models of soft SUSY
and to the gauge-bosoVEW,Z) pairs. The ratios to the corre- breaking.
sponding SM couplings are shown, which are determined by angles

B and « at the tree level. ) )
A. Bottom Yukawa couplings and the MSSM Higgs sector

Higgs A h H In the MSSM, the Higgs couplings to the SM fermions
-, . . . and gauge bosons involve two new free parameters at the

yulyg cotp cosa/sin sina/sinB tree level, which are the vacuum anglé=arctarv,/vy) and

yp /yM tang —sinalcosp cosalcosf the Higgs mixing anglea. These couplings are shown in

oY 0 sin@—a) cos(B—a) Table V. We see that the MSSM Higgs couplings to the

gauge boson pairs are always suppressed relative to that of
the SM, while their couplings to the doup)-type fermions

are enhanced in the largemal) tan3 region. These en-
hanced Yukawa couplings are of great phenomenological
do not couple tor~ 7 mode at the tree level. This is in importance for the Higgs detection and especially for prob-
contrast to the case of MSSM where the lepton-Higgdnd the associated new dynamics in the top-bottom sector.
Yukawa couplings(such asA-7*-7~ etQ are enhanced in Alternatively, we can choose tgrand the pseudoscalar mass
the same way as that for the down-type quarks in the larg8a &S two free parameters. Then, at the one-loop levegn

tanB region. Therefore, further combining thequb be calculated from

(=7~ 7") channel into our analysis would be useful to dis-

criminate the above dynamical models from the MS%M, tan 2x=tan 28 (M3 +m3)
should a signal be observed.

-1

* @23

Ccos

mi—mz+

with e (— /2, 0). Here the parametes; represents the
dominant top and stop loop corrections which depend on the
fourth power of the top masg, and the logarithm of the stop

2
massM; :

IV. CONSTRAINTS ON MSSM PARAMETERS
AND IMPLICATIONS FOR MODELS
OF SOFT-BREAKING OF SUSY
M
—1+1.
m;

SupersymmetrySUSY) is one of the most natural exten-
sions of the SM, mainly because of its ability to solve the eg=————10
hierarchy problem, as well as for its capacity to imitate the Vam? s’ B
current experimental success of the SM, despite the plethora
of the introduced new particles and free paramdteBs The  Note that for large tg8, the bottom and sbottom loop cor-
minimal supersymmetric SMMSSM) [6] requires a two rections can also be important. Hence, in our numerical
Higgs doublet extension of the S§I] together with the analysis below(cf. Sec. IV B, we have included the com-
corresponding supersymmetric partners. The model includggete radiative corrections with full mixing in the stop and
all renormalizable interactions that respect the standargbottom sectors, and the renormalization group improve-
gauge grouis U(3)c® SU(2), ®U(1)y and supersymmetry. ments are also adoptét As shown in Table V, the\-b-b
In order to prevent potentially dangerous baryon and leptorcoupling has no explicite dependence. The bottom Yukawa
number violating interactions, invariance under a discreteouplingsyy,, andyy,y are a- and g-dependent, their mag-
R-parity'® is also required. To be compatible with data, su-hitudes relative to the SM prediction are displayed in Fig.
persymmetry has to be broken. The breaking of SUSY isl0(@) as a function oim, for various tag values. It shows
parametrized by the general set of soft-breaking termsthat for m, above~110 GeV, theh-b-b coupling quickly
which, in principle, should be deduced from a specific un-decreases, approaching to the SM value for alBtamhile
derlying model for SUSY breaking, such as the supergravitthe H-b-b coupling increases for large tdnTherefore, we
[13] and gauge-mediatefdl4] models. In this section, we expect that in the large tg@nregion, the production rate of
discuss Fhe potent.lal of the Tevgtron and @e LHC to teSh b or hbb can be large for smalin,, while the rate of
MSSM via measuring the production ratesbb mode. We Abbor Hbb are enhanced for larga, . Whether the signals

of the two Higgs scalarsA and h, or A and H) can be
experimentally resolved as two separate sigrely., two
The = Yukawa couplings to other possible composite scalars argumps in thebb invariant mass distributiondepends on
not yet well specified in the top-quark condensate or top-color modthejr mass degeneracy.
els, while for the dynamical left-right model the Yukawa cou-
plings are expected to be naturally small, not much different from——

the SM valug11,40Q.
he R-parity is defined in such a way that SM particles are even 'We have used thapecay program[35] to compute the Higgs

underR and their superpartners are odd. masses, couplings and decay branching ratios.

3G m?
Fiih (24)
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The MSSM Higgs boson mass spectrum can be detem,<my, m,=ma<my, and my<my+. However, these
mined by taking the second derivative on Higgs effectiverelations are substantially modified by radiative corrections
potential with respect to the Higgs fields. At tree-level, the[41]. Including the important contributions from top and stop
resulting Higgs masses obey the relations,<m; cos 23, loops, the masses &f andH can be written as

107 10%
32 10
>
N
2
r-}
>
1 FIG. 11. The same as the pre-
vious figure, but in(a),(b), we
80 change the right-handed stop mass
i to 200 GeV, and ir(c),(d), we use
= R the “LEP Il Scan A2" set of
| 60 ™ SUSY parameters.
: -
= i
“ 40
Q -
2‘ L
[ 20
<
=
0 e
50 100 150 2060 100 150 200
Ma Ma

055016-13



BALA ZS, DIAZ-CRUZ, HE, TAIT, AND YUAN PHYSICAL REVIEW D 59 055016

60

0 |- Mg = 500 GeV

LHC 100fb™
40

tanpg

20
95%C.L.

FIG. 13. Discovery and exclusion contours in thg-tang
plane of the MSSM for the LHC with an integrated luminosity of
100fb L. The area above the lower boundary is excluded at 95%
C.L., while the upper boundary is thes5discovery contour. The
soft SUSY breaking parameters were chosen uniformly to be 500

40 GeV.

tang

Finally, we note that in Fig. 10, all soft-breaking mass
parameters were chosen to be 500 GeV. Various choices of
SUSY soft-breaking parameters typically affect these quan-
tities by about 10—30%. To illustrate these effects, we plot in
Fig. 11 the same quantities, but changing the right-handed
stop mass tavi;=200 GeV in(a,b), and in(c,d) we use the
“LEP2 Il Scan A2” set of SUSY parametefsfor compari-
son.

FIG. 12. 95% C.L. exclusion contours in the,-tang plane of Because the MSSM predicts a large bottom guark

the MSSM. The areas above the four boundaries are excluded chUKawa coupling for large tg# and the mass of the lightest
the Tevatron run Il with the indicated luminosities, and for the LHC N€utral scalar has to be less thar130 GeV, we expect that

with an integrated luminosity of 100T8. The soft SUSY breaking the Tevatron and the LHC can test this model via measuring

parameters were chosen uniformly to be 500 GeValnwhile the  the ¢bb production rate. In the following, we shall discuss

inputs of the “LEP Il Scan A2” are used for thi) in which LEP the range of then,-tang plane that can be explored at vari-

Il excludes the left area of the solid curve. ous colliders. Some models of SUSY soft-breaking predict a
large tanB with light Higgs scalas), and thus predict a large

20

(b) Mo(GeV)

, 1 ) _ ) ) ) ¢bb rate. Without observing such a signal, one can put a
mh,H=§{(M +e) F[(M?+ €)%~ 4e(m3 cos’ B stringent constrain on the model. This will also be discussed
below.

+m3 sir? B) —4mama cos 281Y3, (25)

B. Constraints on MSSM from ¢bb production at Tevatron
whereM?=m2+m2 and the parametes, is defined in Eq. and LHC
(24). To analyze the Higgs mass degeneracies, we plot the To use the model-independent resultkgf,;,, obtained in
mass differencem,-m, andmy-m, in Fig. 10b) using the  Sec. Il to constrain then,-tang plane in the MSSM, one
complete radiative corrections to the Higgs mass spectrumeeds to calculate the SUSY Higgs boson masses, decay
[35]. We see that for the large tgrvalues, the pseudoscalar
A is about degenerate in mass with the lighter neutral scalar——
h below ~120 GeV and with the heavier neutrll above 12The parametens), andM, are fixed at 1 TeVy is chosen to be

~120GeV. This degeneracy indicates that thieb signal 100 GeVv andm,=175GeV. The scalar trilinear couplingy; is
from the MSSM generally contains two mass-degeneratfixed at 6 TeV, corresponding to the maximal left- and right-
scalars with similar couplings, and thus results in a strongekanded top-squark mixing. Detailed prescription about this set of
bound on tap by about a factor of/2. parameter scan can be found in Ré#2,43.
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FIG. 14. 95% C.L. exclusion contours in thg,-tan3 plane of FIG. 15. 95% C.L. exclusion contours in time,-m;, plane of

the MSSM. The areas above the four boundaries are excluded fahe MSSM. The shaded areas indicate the excluded regions for the

the Tevatron run Il with the indicated luminosities, and for the LHC Tevatron run Il with integrated luminosities, 2, 10, 30tband for

with an integrated luminosity of 10078. LEP Il can exclude the the LHC with an integrated luminosity of 100th as those in the

area on the left-hand side of the solid curve in the lower plot. previous figures. LEP Il can exclude the area on the left-hand side
of the solid curve in the lower plot.

branching ratios, and their couplings to the bottom quark foicluded can be derived from that dk,;, (for a single scalar
a given set of the soft breaking parameters. In the followinddy requiring
numerical analysis, we use tR®ECAY code to include the
full mixings in the stop-shottom sector with QCD and elec- tarf8 BR(A—bb)+ >,  6(AMgyy—|AMay|)
. . . .. £ exp Ad
troweak radiative correctior85]. For simplicity, we assume $=hH
that the superpartners are all heavy enough so that the decays
of the Higgs bosons into them are forbidden. Under this as- <

sumption, we find that the decay branching ratidetbb is
close to one for the relevant region of the parameter space.
As explained above, we combine signals from more tharwhereybs’M and yﬁf denote theb quark Yukawa coupling in
one scalar boson provided their masses differ by less thathe SM and the MSSMwith ¢=h or H), respectively. In-
Amg,,, which is the maximum of the experimental massside the argument of thé-function, AM » is the mass dif-
resolution(cf. footnote 7 and the natural decay width of the ference betweem and ¢. Thus, the equality sign in the
scalar boson. Since the results of Sec. Il are given in terms afbove relation determines the minimal value Bap, for
the minimal enhancement factr,;, defined in Eq(1), we  each giverK .
need to convert them into exclusion bounds in the tanB To estimate the exclusion regions in timg-tang plane, a
plane of the MSSM, in case that a signal is not found. Theset of soft breaking parameters has to be chosen, which
bound on tarmB,, (with the possible mass degeneracy in-should be compatible with the current data from the LEP Il

yi\? —
W) BR(¢—bb) = K2, (26)
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level for the LHC with an integrated luminosity of 100th

s L QCD running alone (solid) - and the area above the lower curve can be excluded at 95%
" QCD running + MSSM, x = 500 (dash) | C.L., if a signal is not found.
[ QcD running + MSSM, & = =500 (dot) | For completeness, we also present the exclusion contours

in the my,-tanB andm,-m;, planes for both the “default” and

L . the “LEP Il Scan A2” sets of SUSY parameters. They are

] shown in Figs. 14 and 15. Again, we see that the Tevatron
| run Il and the LHC bounds sensitively and complementarily
cover the MSSM parameter space in contrast to the LEP I
results. We have also studied the bounds with the “LEP I
- ] Scan Al” inputs[42,43 and found that the exclusion con-

. , tours from the@bb production are similar to those with
o s s “LEP Il Scan A2” inputs. The most noticeable difference is
0 100 200 300 400 500 that the theoretically allowed range fox, becomes smaller

pr (GeV) by about 10 GeV in the “Scan Al” set, as compared to the
“Scan A2” inputs.

o
I
]

m,(1e) (GeV)

:

FIG. 16, The running of _the bottom quark ”?“WR) as a Even though our analyses, described above and in Sec. Il,
function of the renormalization scajeg. The solid curve shows

the QCD evolution alone. The dashed curve further includes th&r® quite different f“’”_‘ that qf Re[8], the final bounds at
supersymmetric corrections to the “effective” running mass, for the LHC happen to be in qualitative agreement. We also note

tan8=30. All soft SUSY breaking parameters have been fixed aghat our bounds on the,-tang plane improve considerably
500 GeV. The dotted curve includes the SUSY corrections but witthe one obtained in Refi44], in which the pp— ¢bb

the sign of the Higgs-mixing parameterflipped. — 7" 7~ bb production rate at the Tevatron run | data was
compared to the MSSM prediction. Though, we do not
and the Tevatron experiments, while not much larger than thoose to explicitly present projected results for the Tevatron
TeV. For simplicity, we choose all the soft SUSY breaking run | data, we encourage our experimental colleagues to pur-
parametergand the Higgs mixing parametgs} to be 500 sue this analysis on the existing run | data sample, as it
GeV as our “default” values, i.e.M4=500GeV. In Fig. seems likely that one could obtain useful information even
12(a), we show the 95% C.L. exclusion contours in thewith the lower luminosity and collider energy of run | as well
ma-tang plane derived from the measurement pp/pp  as a somewhat lowds-tagging efficiency.
_)d,bE_)beE using this “default” set of SUSY param- Before concluding this subsection, we remark upon the
eters. The areas above the four boundaries are excluded fgffects on our bounds from the possible radiative corrections
the Tevatron run Il with the indicated luminosities, and forto the ¢bb production procesS As mentioned earlier in
the LHC with an integrated luminosity of 100fh Needless Sec. II, one of the dominant correction is from the next-to-
to say, different choice of SUSY parameters, such as théeading order(NLO) QCD loops, which are not currently

mass and the mixing of the top squarks and the vémel  5yailable for thegbb signal and background cross sections.

sign) of the paramete, would modify this result. To com- However, aside from the QCD corrections to tblegvertex
!oare the potential of the Te\{atron ind the LHC in constraln-(paLt of that can be simply included into the running of the
ing the MSSM parameters via thhb (¢=h,A,H) produc- ¢bb Yukawa coupling or the runningp-mass, there are

tion to that of the LEP Il experiments vid¢ and hA rpentagon loops formed by the virtual gluons radiated from an

production, we consider one of the “benchmark” parameter. - . ) :
scans discussed [#2,43, which is called the “LEP Il Scan initial state quarKg_Iuon) and re-absorbed by the final stéte

A2" 12 set. For this set of SUSY parameters, the LEP jjquark vyith thegbb vertex. included in the Ioop: Such_ QCD
exclusion contouf42,43 at the 95% C.L. is displayed in corrections are not fe}ctqnzableT so that a consistent improve-
Fig. 12b), for a center-of-mass energy of 200 GeV and anMent of our results is impossible before a full NLO QCD
integrated luminosity of 100 pid per LEP 11 experiment. As analysis is complete’cf._Puttmg a5|ple the complexity of the
shown in Fig. 120), the Tevatron run Il result, in compari- full NLO QCD corrections, we briefly comment upon how
son with the LEP Il result, can already cover a substantiathe radiative corrections to the runninrgpbb Yukawa cou-
region of the parameter space with only a 2%tuminosity. ~ Pling affect our final bounds. The well-known QCD correc-
Thus, detecting thebb signal at hadron colliders can effec- 0N Ea.(12), alone will reduce the running mass,(x.) by
tively probe the MSSM Higgs sector, especially for models2Pout 40% from the scalg =mb>*~5 GeV up to the weak
with large ta8 values. Furthermore, foma=100 GeV, scale ofO(200) GeV/(cf. the solid curve o_f Fig. 26 This is
Tevatron run Il is complementary with LEP 11, because thehowever not the full story. The complexity comes from the
latter is not sensitive to that region of parameter space. The

LHC can further probe the MSSM down to t8n- 7(15) for

m,<<400(1000) GeV. This is also shown in Fig. 13 using the 3This point has also been recently discussed in R].

“default” set of SUSY parameters, in which the region 4Such a full NLO QCD calculation is beyond the scope of our
above the upper curve is the discovery contour at the 5 current study. A systematic calculation for this is in progress].
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finite SUSY threshold correction in the large famegion  trates that due to the SUSY correction the “effective” run-
which are potentially largb47—-49. In this case, as shown in ning b mass at the weak scale can be either larger or smaller
Ref. [48], the dominant one-loop SUSY correction contrib- than the SM QCD running value~3 GeV), depending on
utes to runningo-mass a finite term so than,(x) at the the choice of the sign of. parameterand also other soft-
SUSY scalgu= ugr= M is multiplied by a constant factor breaking parameters such as the trilinear couphkqgand
111+ A, (SUSY)], which appears as a common factor in themasses of the gluino, gaugino, stop and sbojtdfor the
bottom Yukawa couplings of all three neutral Higgs bosons.‘default” set of SUSY parameters used in our analysis, all
For large tam, A,(SUSY) contains the following the soft-breaking parameters are set to 500 GeV for simplic-
tang-enhanced terms from sbottom-gluino and stop-chargindty. It happens to be the case that the SM QCD and SUSY

loops?®® corrections nearly cancel each other so that the “effective”
_ _ running massm,, is very close to the pole mass value
Am, bg Amy tx (~5 GeV) for the scale above 100 GeV(cf. upper curve of
Ab(SUSY):(m— (T) Fig. 16. For comparison, in our analysis using the “LEP I
b b Scan A2” set of SUSY parameters, the SM QCD and SUSY
—utand (8 o corrections do not cancel and tend to reduce the “effective”
= 16,2 |3 %M (Ms,Mp,mg) runningb-mass or the Yukawa coupling,(x) which results

in a weaker bound for the Tevatron run Il and the LHC, as
) shown in Fig. 12).1® The difference in the exclusion con-
LY AF (T, iy, w) — goMoF (i, ma, w) ] 1, tours shown in Figs. 12) and 12b), derived from the mea-

surement of the;SbE production rate at hadron colliders, is

@7 mainly due to the difference in the “effective” running cou-
with the functionF defined as pling or masgincluding the QCD and SUSY correctiongas
described abov¥. We therefore conclude that a full NLO
xyInx/y+yzlny/z+zxInz/x QCD calculation is important for a consistent improvement

F(VX,\y,\z)=—

= (y—-2)(z—x) of our current analysis.
In these equations, the MSSM Higgs parameteshould not

be confused with the usual renormalization sgaje In Eq.
(27), we have assumed, for simplicity, mass degeneracy for
the top and bottom squarks, respectively. Equati@i) The MSSM allows for a very general set of soft SUSY-
shows that the SUSY correction to the runnimgis propor-  breaking terms and thus is specified by a large number of
tional to tarB and u. Thus, this correction is enhanced for free parameters=£124[6]), though only a complicated sub-
large ta@ and non-negligible in comparison with the QCD set of this parameter space is consistent with all current ex-
corrections. Also changing the sign @fwill vary the sign of  perimental results. It is therefore important to understand the
the whole correctiol\,(SUSY) and implies that the SUSY mechanism of supersymmetry breakitwhich presumably
correction can either increase or decrease the rurimimgiss  occurs at a high energy scdlBl]) and to predict the soft

at the energy scale around O M¢,;). Normally, when de- parameters at the weak scale from an underlying model.
fining the running coupling using the Collins-Wilczek-Zee Many alternative ideas about how supersymmetry might be
(CWZ) scheme[50], only the ug-dependent contributions broken, and how this will result in the low energy soft break-
are included while all theug-independent terms are ab- ing parameters exist in the literature, including the super-
sorbed into the corresponding Wilson coefficient functionsgravity inspired (SUGRA models and gauge-mediated
However, since thewz-independent contribution,(SUSY)  SUSY breaking GMSB) models. In this section we examine
is not small for large taf and a full NLO SUSY calculation  the sensitivity of thepbb process to probe a few models of
is not yet available, we includ&,(SUSY) to define an “ef-  SUSY breaking, concentrating for the most part on the popu-
fective” running coupling-mass db-quark even below the lar SUGRA and GMSB models. However, there are also

SUSY threshold scalélsor. This could give a rough esti- other interesting ideas to which thgbb process may pro-
mate on the large SUSY loop corrections from #eb-b  vide interesting information, because these models naturally
vertex. Obviously, whemg is much smaller thaM ¢, the  prefer a large taB. A few examples include the S@0)
CWZ scheme should be used. Hence, in Fig. 16, we onlgrand unification theoriefs2] [SO(10) GUTS]; the infrared
show the “effective” running massn,(x) down to about fixed-point scenarig53]; and also a scenario with compos-
100 GeV which is the relevant energy scale and the masgeness, the “more minimal supersymmetric SNI54].

scale (~My;gq9) considered in this paper. Figure 16 illus-

C. Interpretation of results for models
of soft breaking parameters

18A detailed analysis of these effects at the Tevatron run Il is
Swe thank K. Matchev for discussing his published results incurrently underway45).
Ref.[48], and to him and W. A. Bardeen for discussing the issue of Erom Fig. 12, it is also clear that, for the LHC bounds, the
the runningb-mass. Our convention of the MSSM Higgs parameterSUSY correction has much less impact since the relevang tan
w differs from that of Ref[48] by a minus sign. values become much lower, around®f2—-15).
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1. Supergravity models with large tgh number of multiplets in the theoyyand the scale at which
The supergravity inspire(SUGRA models[55] incorpo- ~ SUSY is broken in the hidden sector. . -
rate gravity in a natural manner, and solve the problem of The minimal GMSB models can also result in a radiative

SUSY breaking through the introduction of a hidden sectorPréaking of the EWSB, through the renormalization group

which breaks SUSY at a very high scdle O(10') GeV] evolution of the Higgs masse@lriven by the large top

and interacts with the MSSM fields only gravitationally. This Y ukawa coupling from the effective SUSY breaking scale

model offers an exciting glimpse into the possible conneclo the weak scale. As in the SUGRA model case, this evo-

tion between the heavy top quark and the EWSB by allowindmion can drive the mass term of the up-type Higgs negative
radiative breaking of the electroweak symmetry, in which thet the weak scale, thus breaking the electroweak symmetry.
large top quark Yukawa coupling can drive one of the Higgsn fact, because the effective SUSY breaking scale in a
masses negative at energy scate®, . In the limit of large GMSB model is typically much lower than in the SUGRA

tanB the bottom and tau Yukawa couplings can also pla aﬂ“Odel (@and thus closer .to the weak scaltn o_rder for the
im?JBortant role[56]. Ping Py proper EWSB to occur, it was demonstrated in R6€] that

Under the assumption that the gravitational interactiond !arge tag is required to be about 30-40. However, be-
are flavor-blind, this model determines the entire SUSYC3US€ the effective SUSY breaking scale is typically much

spectrum in terms of five free parametéasthe high energy |OWer than in the SUGRA model, the large effects of the
scale of the SUSY breakingncluding a common scalar @"d 7 on the Higgs mass running do not reduce the Higgs
mass ff,), a common gaugino masdM(), a common scalar spectrum to the degree that occurs in the SUGRA model
tri-linear interaction term &), tang, and the sign of the with large tarB, and thus result in a heaviér with mass of

Higgs mixing parameter (sign(). The weak scale particle about 400 GeV. So, this particular model would only be

spectrum can then be determined by using the renormaliz&xplored through thepbb process at the LHC. However,

tion group analysis to run the sparticle masses from the higinore general analyses of the GMSB scengsib-64, intro-

scale to the weak scale. ducing more degrees of freedom in the messenger sector than
Though |arge ta'a is not required by the minimal the minimal mOdel, can allow for Iarge tﬁmnd rﬂaXTnA to

SUGRA model, it can naturally be accommodated, as dembe as low as about 200 GeV. Thus, through ¢heb produc-

onstrated in[56,57], where it was found that a large {#&n tion these more general models can be first probed at the

also generally requires that the pseudoscalar Higgs mass bBevatron for the relevant mass range, and then largely ex-

light (m,<200 GeV for ta = 30), because the enhanded plored at the LHC.

and 7 Yukawa couplings act through the renormalization

group equations to reduce the down-type Higgs mass term at

the weak scale, thus resulting in a light Higgs spectrum.

Since the importance of theand 7 effects in the RG analy- |t remains a challenging task to determine the underlying
sis increases with larger t@nas tarB increases the resulting gynamics of the electroweak symmetry breaking and the fla-
ma decreases, making the large gascenario in the SUGRA  yor symmetry breaking. Either fundamental or composite
model particularly easy to probe through tiéb process. Higgs bosofs) may play a central role in the mass genera-
From the limits on then,-tanB plane derived above in Sec. tion of the weak gauge bosons and the fermions. The heavy
IV B, it thus seems likely that from the data of the Tevatrontop quark, with a mass on the same order as the scale of the
run Il with 2 fb~! of integrated luminosity, a large portion of electroweak symmetry breaking, suggests that the top quark
the minimal SUGRA model with taf=20 may be ex- may play a special role in the mechanism of mass generation.
cluded. In this work, we have shown that in the typical models of
this type, the bottom quark, as the weak isospin partner of
2. Gauge-mediated SUSY breaking models with large f&n the top quark, can also participate in the dynamics of mass
. generation, and serves as an effective probe of the possible

Models with GMSB break SUSY at a scale which is typi- new phvsics associated with the Higas boson and to ark
cally much lower than that present in the SUGRA models.segoes_y ! I w 99 pqu

The supersymmetry is generally broken in a hidden sector We have presented a model-independent analysis on

V.VhiCh dir_ec_tly Couples_to a set_of messenger chiral SUp_erHiggs boson production in association with bottom quarks,
fields. This induces a difference in mass between the fermion, he reactiorpp/pp ¢b€ bbbb. at the Tevatron run
— — s

and scalar components of the messenger fields, which in ufa t gt
generates masses for the gauginos and sfermions of theand the LHC. We have computed the QQibbb and
MSSM fields via loops involving the ordinary gauge interac-bbjj backgrounds, and the electroweakb background to
tions [58,59. A generic feature of this scenario is that be-illustrate that it is possible to extract the signal from these
cause of the relatively low scale of SUSY breaking, the gravdarge backgrounds by employing a suitable search strategy.
itino acquires a much smaller mass than in the SUGRAThe scale and the PDF dependencies in our signal and back-
scenarios, and is generally the lightest supersymmetric parground calculations are also examined and they indicate that
ner (LSP). While specific models of GMSB vary as to their the NLO QCD corrections to the production rate could be
assumptions and relevant parameters, generally what must kerge, and thus including the complete NLO QCD correc-
assumed is the field content of the messenger sécidud-  tions in future improvements will be very useful. Using the
ing transformation properties under the gauge group andomplete tree level calculation with an estimated QCD

V. CONCLUSIONS
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k-factor of 2, we derive the exclusion contour for the en-ing models are further discussed. We find thatﬂtﬂ?pro-
hancement factofin the coupling ofébb relative to that of ~ cess can effectively test the models with either scheme of the
the SM versus the Higgs mass, at the 95% C.L., assum- SUSY soft-breaking in the large tArscenario.
ing a signal is not found. In conclusion, the stringent constraints obtained by study-
We apply these results to analyze the constraints on thig the associatedpbb production at hadron colliders for
parameter space of both the composite models and theoth the composite and the supersymmetric models show the
MSSM (in the large tag region with naturally large bottom  utility of this search mode. However, much work remains to
Yukawa couplings. For the composite Higgs scenario, wede done. For example,katrigger would be essential for this
first consider the two-Higgs-doublet extension of top-quarkanalysis. The CDF group at the Fermilab has demonstrated
condensate model and then analyze the top-color modelhat it is possible to detect events with four or more jets and
where theb quark Yukawa couplings are naturally large duetwo or more b-tags [70], which can be significantly im-
to the infrared quasi-fixed-point structure and the particulaPproved with the implementation df-trigger at the run II
boundary conditions fory,, y;) at the compositeness scale. of the Tevatron71]. However, the large QCD 4-jet back-
Our analysis shows that the Tevatron run Il with a 2%fiof ~ ground rate at the LHC can potentially make triggering on
luminosity can exclude the entire parameter space of the sinthe bb¢(— bb) events difficult, though it is expected that a
plest two-Higgs-doublet extension of the top-quark condenb-trigger would become more efficient for a heavier
sate model, if a signal is not found. For the top-color model(pseudo)scalare. (This is because thie-jets from the decay
the Tevatron run Il is able to detect the composite Higgs of a heavier¢ are more energetic, and its QCD background
or A, up to ~400 GeV and the LHC can extend the massrate drops rapidly as a function of the transverse momentum
range up to~1 TeV. Similarly, this production mechanism of the triggered jei. We hope that the interesting results
can be used to effectively test the dynamical left-right sym-afforded by studying this channel will stimulate interest of
metric model. our experimental colleagues in working on these problems.

To confirm the MSSM, it is necessary to detect all the e have found that th¢bgprocess complements Higgs
predicted neutral Higgs bosonk%H® A% and the charged searches in other channels, and thus it is expected that ex-
scalars H*). From LEP Il, depending on the choice of the perimental searches for this signature at the Tevatron run |I
MSSM soft-breaking parameters, the current 95% C.L(and possibly beyondand the CERN LHC will provide in-
bounds on the masses of the MSSM Higgs bosons are abot#resting and important information about the mechanism of
70 GeV for both theCP-even scalah® and theCP-odd  the electroweak symmetry breaking and the fermion mass
scalarA® [65]. It can be improved at LEP Il with higher generation.
luminosity and maximal energy, but the bounds on the Higgs
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