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Measuring the top-quark Yukawa coupling at hadron colliders viatth,h->w+tw-
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We study the signal and backgrounds for the pro¢tessh—W*W~ at the CERN Large Hadron Collider
(LHC) and a 100 TeV Very Large Hadron CollideéfLHC). Signals are studied in two-, three-, and four-lepton
final states. We find a statistical uncertainty in the top-quark Yukawa coupling at the LH@®0B26,12% for
m;,= 130,160,190 GeV, respectively. The statistical uncertainty at the VLHC is likely to be negligible in
comparison with the systematic uncertainty.
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. INTRODUCTION also consider a/s=100 TeV Very Large Hadron Collider
(VLHC) in order to judge the merits of increased energy. We

One of the primary quests of present and future collidergmit a study at the Tevatron since, even with 30 flof
is the search for the Higgs boson. Precision electroweak daiategrated luminosity and before the application of any cuts,
[1] and direct searches at the CERNe™ collider LEP[2]  the number of signal events is less than unity once branching
indicate that the mass of the standard-model Higgs boson liegtios are included.
in the range 114 GeW<m,,< 200 GeV. Such a Higgs boson Let us compare the measurement of the top-quark Yukawa
may be discovered in Run Il of the Fermilab Tevati@),  coupling viatth,h—W" W~ with other methods for measur-
and it cannot escape the CERN Large Hadron Collideing this Yukawa coupling. A less direct way to measure the
(LHC) [4,5]. top-quark Yukawa coupling at a hadron collider is to produce

Once a Higgs boson is discovered, it will be important tothe Higgs boson via gluon fusidd5]. In the standard model
measure its couplings to other particles to establish whethéhis process is dominated by a top-quark loop, but if there are
these couplings are those of a standard-model Higgs boso@ther heavy colored particles that couple to the Higgs boson
or those of a Higgs boson from an extended Higgs sectofsuch as squarksthey too contribute to the amplitude, com-
such as a two-Higgs-doublet model. For example, the miniplicating the extraction of the top-quark Yukawa coupling.
mal supersymmetric standard model requires the presence he processgg—h,h—W"W", will be accessible at the
two Higgs doublets to cancel gauge anomalies and to genekHC [4,16-1§, and perhaps also at the Tevatfds,2(, for
ate masses for both up- and down-type qu@B§sThere are some range of Higgs-boson masses. The ratig®f:h,h
many other models that employ an extended Higgs sector assW*W~ andtth,h—W*"W~ is potentially a good probe
well [6]. The coupling of the Higgs boson to other particlesof additional contributions to thgg—h amplitude beyond
will be measured by studying the various production pro-that of the top quark, aBBR(h—W*"W~) and many system-
cesses and decay modes of the Higgs bddgon. atic uncertainties cancel.

In this paper we study the feasibility of measuring the Ane*e™ linear collider of sufficient energy and luminos-
Yukawa coupling of the Higgs boson to the top quark via theity could also measure the top-quark Yukawa coupling via
associated production of the Higgs boson with a top-quark
pair (tth) [8,9], followed by the decayh—W*w~
[10-12,! as shown in Fig. £.In the standard model, this
decay mode has a branching ratio in excess of 10%mipr
=120 GeV, and is the dominant decay mode of the Higgs
boson form, =135 GeV[3]. We study this process at the ¢ ~
LHC  (Js=14 TeV) with  low-luminosity ¢
=10 cm ?s 1), high-luminosity (=10 cm ?s™ %), (a) (b
and super-high-luminosity 4=10* cm ?s™1) [14]. We

t t

FIG. 1. Representative Feynman diagrams for associated pro-
duction of the Higgs boson andta pair, followed by the decai

1For my=<2M,y, one or both of thaV bosons is virtual. —W*W~™: (a) gg—tth (eight diagramg (b) qg—tth (two dia-
°This process was first considered in R@f3]. grams.
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TABLE |. Total cross sectior(fb) for tth,h—W*W~ at the
LHC and a VLHC of /s=100 TeV.

o(tth)BR(h—W*"W")
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TABLE II. Cuts applied to simulate the acceptance of the detec-
tor at the LHC at low luminosity and at high luminositiyn paren-
theses The high-luminosity cuts are also used for the VLHC.

m,(GeV) 130 160 190 j pr>15(30) Gev |7 <4.5

b pr >15(30) GeV |n|<2.5
LHC 110 180 90 [ pr>10 GeV |9|<2.5
VLHC 6800 12200 6700 ;

Trigger lepton:p; >20(30) GeV
AR;; >0.4

tth,h—W*W~. A machine of energy somewhat greater than
my+2m; would be required in order to overcome the phase _ — o _
space suppression near threshold. In particular,y/s The total cross section forth,n—W*"W™ is given in

=500 GeV machine would not be adequate for Higgs-bosorf@ble | for a variety of Higgs-boson masses. In the standard
masses above 130 GeV. We are not aware of any studies 8fodel, the top quark decays via>W"b with a branching
this process at a linear collider. ratio of almost unity, so the final state \ "W~ W*"Wbb.

For a Higgs boson of mass135 GeV, the dominant This can be divided into different cases, depending on how
decay mode ifi—bb. Such is the case for the lightest Higgs Mmany W bosons Qecay leptonically. To_reduce backgrounds
boson of the minimal supersymmetric standard model, whicfihat do not contain top quarks_, we require that Hojéts are
has a mass less than about 130 G&)\21—23. The measure- tagged, with a singlé-tag efficiencye,=60% (50% at high
ment of the top-quark Yukawa coupling vigh in this decay |umII’IOSIt)'O.4 We qlso include a lepton |dent|f|cat_|on and re-
mode at the LHC has been studied elsewtidra4—26.3 If construction efficiency;=85%. We do not require that_ ei-
the Higgs-boson mass lies in the range of approximatel her of the top quarks are reconstructed, since the principal

i h anifi hi ) ackgrounds also contain top quarks. For a similar reason,
125-145 GeV, it has a significant branching ratio to Hoth e 45 not require any missing transverse momentum. We

S :
angW W, so both decays are potermally ot?servable. Theyso do not require that the Higgs boson be reconstructed,
ratio oftth,h—bb andtth,h—W*W~ is potentially a good  which would be difficult due to the loss of neutrinos from

measure of the ratio of the Yukawa coupling of thejuark
and the coupling of the Higgs bosonWébosons, agr(tth)

leptonic W decays. A trigger lepton opr>20 GeV (30
GeV at high luminosityis required. The cuts made to simu-

and many systematic uncertainties cancel. The measuremdate the acceptance of the detector are given in Table II.

of the top-quark Yukawa coupling viath,h—bb at an
e*e” linear collider has been studied elsewhf28,29.

We consider three different cases for the final state, de-
pending on whether there are two, three, or four leptonic

In Sec. Il we discuss the signal foth,h—W*w~, as decays of theW bosons in the signaW "W~ W*W bb.

well as the backgrounds. We consider final states with twoE@ch case is discussed separately in Secs. IIA-IIC, along
three, and four leptons. In Sec. Ill we discuss the details ofvith the dominant backgrounds, which are shown in Fig. 2.
the calculations. In Sec. IV we present the numerical result? Sec. IID we argue that nonresonant backgrounds are
for the number of signal and background events and discusymall.

uncertainties. We draw conclusions in Sec. V.

A 1E=

Il. SIGNAL AND BACKGROUNDS First consider the case where tWd bosons decay lep-

tonically. The signal consists 821 + 2b+4j. To eliminate

The extraction of the top-quark Yukawa coupling from a
iy the backgroundt +4j, we require that the leptons have the

measurement of the cross section foh,h—W* W~ re- . .
quires knowledge oBR(h—W*"W"). Unfortunately, there same sign. The dominant backgrounds are as follows.

is no known way to extract this branching ratio from mea- ttW=jj, where theW decays leptonically and the top
surements at the LHC in a model-independent way. Howduark of the same sign decays semileptonically. The two jets
ever, by making a set of mild assumption&R(h are producgd vi{a Q(_:D_. We require that the invariant mass of
—W*W") can be extracted from measurements at the LH@hese two jets lie within 25 GeV of th&v mass(there are
with an accuracy of about 10—20 %, depending on the HiggsalSo two jets fromW decay, which automatically satisfy this
boson mas§7]. Alternatively, one could simply assume that 'equirement This captures most of the signal events.

this branching ratio equals its standard-model value. This is ttI™17jj, where one lepton is missed, and the top quark
internally consistent, since this branching ratio is insensitiveof the same sign as the detected lepton decays semileptoni-

to the top-quark Yukawa couplindor m,<2m).

3This process might also be accessible at the Tevd2ah but

cally. A lepton is considered missed if it hpg <10 GeV or

“Since we require twi tags, any improvement in thetagging

only a crude measurement of the Yukawa coupling could potentiallyefficiency would be magnified.

be made.

SWe use the symbglto denote a gluon or a light quarkid,s,c).
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q t t C. 4l
g . .
w g 7 - Finally, consider the case where all foif bosons decay
ie leptonically. The signal is K+2b. The same backgrounds
g o+ are present as in the three-lepton case, with the exception of
7 B g _ ttW=jj.
4 ¢ ttI*1~, where both leptons are detected and both top
(a) (b) quarks decay semileptonically. We suppress this background
by requiring that there are no same-flavor, opposite-sign
dileptons within 10 GeV of th& mass.
t t — .
g g ttW™W™, where bothW's decay leptonically and both
w- t top quarks decay semileptonically.
tttt, where all four top quarks decay semileptonically. We
w+ t demand that two and only two jets dbeagged. We accept
g ; g : events with zero or more ndmtagged jets.
(¢) (d) D. Non-resonant backgrounds

FIG. 2. Representative Feynman diagrams for the dominant There will also be backgrounds from ErOEESSFj'S not in-
backgrounds totth,h—W*W™: (@) ttW*jj; (b) ttI1~; (0) voI+V|?gitop_qua.rks, such as non-resonWtV\(—+6j i’in+d
W W~ () tit, W71+ 6] (with one of the leptons missgdh the | =1~

final state, andVv=1"1~+4j in the 3 final state. We expect
6 ) ) such backgrounds to be small due to the requirement of
|7|>2.5" The two jets are produced via QCD, and areqqoupleb tagging. This either forces two of the jets to be
treaied in the same way as in the previous background. quarks(which suppresses the cross sedtjan two jets to be
ttW*W~, where oneW decays leptonically and a top mistagged a® quarks. A light quark or gluon will fake &
quark of the same sign decays semileptonically. with a probability of less than 1%, so this latter possibility is

tttt, where the leptons come from the semileptonic decaylso suppressed. To support this argument, considero-
of same-sign top quarks. We demand that two and only twaluction with one hadronic and one semileptonic top decay.
jets areb tagged. We accept events with four or more non-With double b tagging, there is no significant background
b-tagged jets. (including W= +4j) [25]. We conclude that the dominant

source of events with leptons and tlvdagged jets are those
B. 3l containing top quarks.

Requiring one or moré tags instead of two yields a
: ) i e significant increase in the number of signal events. However,
tonically. The signal is B+ 2b+2]. Similar backgrounds are nc?n-resonant backgrounds such as tghose described above

present as in the two-lepton case. ~ may become significant. We refrain from pursuing such an
ttW=jj, where thew and both top quarks decay semilep- gnalysis in this paper.

tonically. The two jets are produced via QCD. We require
that the invariant mass of these two jets lie within 25 G_eV of IIl. CALCULATIONS
the W mass(there are also two jets froV decay, which
automatically satisfy this requiremenThis captures most of All calculations are performed at leading order with the
the signal events. codeMADGRAPH [30], using the CTEQA4L parton distribution
£t1*1~, where both leptons are detected and one of thdunctions[31] and ag(M)=0.119 with one-loop running.
top quarks decays semileptonically. We suppress this backVe use a top-quark mass of 175 GeV. The cemteECAY
ground by requiring that there are no same-flavor, oppositetversion 2.0 [32] is used to calculatB R(h—W*™W"), ex-
sign dileptons within 10 GeV of th& mass. cept formy, >2M,,, whereHDECAY uses the narrow-_width
ttW™ W™, where bothW's decay leptonically and one top approximation for theV bosons. We find thak'(h—1vlv)
quark decays semileptonically, or both top quarks decays less than the  narrow-width  approximation
semileptonically and on®/ decays leptonically.
tttt, where three of the top quarks decay semileptoni- ., o o
cally. We demand that two and only two jets dreagged. The factorization and renormalization scales are chosen as fol-

We accept events with two or more nbrtagged jets. lows: (i) for tth, we=pp=(2m+my)/2; (i) for ttW*jj, ue
=(2m;+My)/2, ug= ue for two factors of wg and p; of each

radiated jet for each of the other two factofi) for ttl |~ up
%I the missed lepton has 1 Ge¥ p; <10GeV and is within a = xr=(2mg+my)/2; (iv) for ttW W™, pp=pug=m+My; (V)
cone of AR<0.2 from a detected lepton, then the detected leptorfor tttt, ur=pugr=2m;. Fortth, the one-loop running top-quark
does not pass the isolation criteria and the event is rejected. Yukawa coupling is evaluated atg=m,,.

Next consider the case where thAdebosons decay lep-
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TABLE Ill. The number of signal and background events in 30 Yfbf integrated luminosity at the LHC
for tth,n—W*W~ in the two-, three-, and four-lepton final states. The low-luminosity cuts of Table Il are

applied. The backgrountﬂ*l’ has two additional jets in the dilepton case only. Throughout the table,
denotes a summation overand x. B is the total number of background events.

tth Backgrounds
m,(GeV) 130 160 190 ttw*jj tt I (jj)  ttwrwe tttt B
2 6.4 15 8.3 10 1.9 0.86 1.6 14
3l 3.8 8.8 4.7 2.4 4.9 0.49 0.75 8.5
4] 0.38 0.67 0.34 — 0.67 0.036 0.009 0.72

F(h*)W-FW_)BR(W_*)I;)BR(W+—>I_V), by as much as =130,160,190 GeV. The low-luminosity cuts of Table II
9% near threshold. Formy=130,160,190 GeVBR(h have been applied. The two-, three-, and four-lepton final
—W*"W~™)=30,92,79%, respectively. states are considered individually. In each case, the signal-
Spin correlations between production and decay processas-background ratio is of order unity, but the number of sig-
are maintained in all calculations. The top quarks are genemal events is not large. The dominant backgrounds are

ated on-shell, but thw b_osons can be.off shell. ftW*jj andttl*1~; the backgroundtW*W~ is compara-
There are subtleties in the calculation of the background. 9 — L
ively small; andtttt is negligible.

— =
AL where one lepton is missed, and the top quarl§ of “we give in Table IV the number of signal and background
the same sign as the detected lepton decays semlleptomcalg/\./ems with 300 fb* of integrated luminositythree years at

First, one must take care to implement the top-quark width in

a manner than ensures gauge invariance of the amplitude. Vﬁé: 10*cm ?s 1) at the L.HC' The high-luminosity CUtS. Of.
use the “overall factor scheme[33]. Second, the lepton able 1l have been applied. Th? number_ O.f events is n-
mass must be maintained in the calculation to regulate thgree_lsed due t_o 'Fhe fac_tor of ten increase in integrated lumi-
divergence when the missed lepton is collinear with an obM0Sity, but this is partially compensated by the decreased
served leptoff.We used the muon mass to perform the cal-acceptance. Another factor of ten increase is potentially
culation; to obtain the result for electrons, we scale the crosvailable at a super-high-luminosity LHC (3000 fbof in-
rithmic. This avoids problems with gauge invariance at very _Table V gives the number of events at a 100 TeV VLHC
low dilepton invariant mass. Third, we approximateWith 300fb™* of integrated Iuminosity” The high-
Tl ~ij by calculatingtﬁﬂ - with all particles decaying to luminosity cuts_of Table Il have been applied. The mcre_ased-
final-state quarks and leptons, and then multiplying by theeNer9y results in many more events than at the LHC with the
= ) i i same integrated luminosity. The signal-to-background ratio
ratio ttl "1~ jj/ttl "I~ Rather than calculating this ratio, we \emaing of order unity. All four sources of background are
approximate it as being equal to the ratibW=jj/ttW=  comparable at the VLHC.
(which we calculate with all particles decaying to final-state  There are three sources of uncertainty in the extraction of
quarks and leptonssince these two ratios entail QCD radia- the top-quark Yukawa coupling from the measured cross sec-
tion from very similar subprocesses. tion: statistical, systematic, and theoretical. The statistical
In the tttt background we demand two and only two uncertainty in the measured cross sectiog$s- B/S, where
b-tagged jets. This helps reduce this background, which haS and B are the number of signal and background events,
respectively. Since the cross section is proportional to the
are within the acceptance of the detector, we multiply bysquare of the Yukawa coupling, the stat'istic;al uncertainty in-
2. it three are within the acceptance. we multioly b the measurement of the_Yuk_awa coupling is hal_f that of the
by ! _ _ °P : PY BY cross section. We show in Figs. 3 and 4 the statistical uncer-
3ep(1—ep); ar21d if all 2four are within the acceptance, We y,inty sy /v, at the low- and high-luminosity LHC, respec-
multiply by 6ep(1— €p)”. tively. The statistical uncertainty from the two- and three-
lepton final states are given separately, as well as the
statistical uncertainty from the sum of the two channels,
combined in quadrature. The statistical uncertainty in the
The number of signal and background events withfour-lepton final state is much greater due to the dearth of

30 fbr! of integrated luminosity (three years atfl signal events. Combining the low- and high-luminosity runs
=10%cm 2s 1) at the LHC are given in Table Ill fom, at the LHC in quadrature yields a statistical uncertainty in

four b quarks in the final state. If only two of thebeguarks

IV. RESULTS

8This is only relevant if the missed lepton has<1 GeV; oth- %The backgroundTWIZ is less than or comparable tow* W,
erwise, the observed lepton does not pass the isolation cut meso we neglect it.
tioned in a previous footnote. preliminary results for the VLHC were reported in Rgg4].
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TABLE IV. Same as Table IlI, except the high-luminosity cuts of Table Il are applied, and 300 ofb
integrated luminosity are collected at the LHC.

tth Backgrounds
my(GeV) 130 160 190 ttWjj tt1 1 (jj) ttWrw- tttt B
2l 8.1 24 16 19 3.2 2.1 4.2 29
3l 12 27 16 4.6 17 1.8 3.6 27
4| 2.1 3.8 2.0 — 3.9 0.21 0.20 4.3

the measurement of the Yukawa coupling oP48%,12%  =ue=(2m+m,)/2. The largest uncertainty in the parton dis-
for my=130,160,190 GeV, respectively. tribution functions is from the gluons. The gluon-gluon lu-
The dominant systematic uncertainty arises from our abilminosity is known to about 10% accuracy at the LIFZ],
ity to measure and calculate the backgrounds. Since the sigmd will be measured Vigg_y[f Hence the total theoretical
nal is not separated from the backgrounds by kinematics, afincertainty in the cross section is about 15%. This is ad-
accurate knowledge of the backgrounds is essential. It is b%quate in comparison with the statistical uncertainty.
yond the scope of this work to attempt to estimate the sys- The statistical uncertainty at the super-high-luminosity
tematic uncertainty in the measurement of the backgrounds;yc (SLHO) is a factor 1{/10 less than at the high-
an L_Jn(_:ertainty of 20% or less is desired in order to match th?uminosity LHC, assuming the same cuts can be used.
statistical uncertainty. _ This yields a statistical uncertainty in the measurement of
The domlrEnt background in the three- and four-leptonne  ~yukawa coupling of 7%,3%,5% for m;,
final states igtl "1 ~. This background could be estimated by =130,160,190 GeV, respectively. This is small compared
measuring:t_z,zﬂl *1~, and extrapolating away from tie  with the likely systematic uncertainty. Thus the measurement
resonance. This background is absent altogether if alf the top-quark Yukawa coupling at the SLHC would be
opposite-sign leptons are of different flav@.g., u* u*e” limited almost entirely by the systematic uncertainty.
or u*uTe e”), but the number of events of this type is  The statistical uncertainty idly;/y; at the VLHC from the
sufficiently small that the statistical uncertainty in the crosssum of the two- and three-lepton final states is
section increases when one considers only these events. 3.3%,1.6%,2.2% form,=130,160,190 GeV, respectively.
The dominant background in the two-lepton final state isThis is negligible compared with the likely systematic uncer-

ttW*jj. It is likely that our calculation overestimates this &Nty _
background because, using the cuts of Table I, each of the The backgroundttt is negligible at the LHC, but it is
two jets can lie near the soft and collinear regions of phaséignificant at the VLHC; it is the largest background in the
space where perturbation theory overshoots the true crog@o-lepton final state, and one of the two largest back-
section[35]. This background could be estimated by measurgrounds in the three-lepton final state. This background has
ing the cross section faN~jj invariant masses far from the two additional jets in the final state compared with the signal,
Higgs boson mass, and then extrapolating. This is nontrivial$o it could be reduced by vetoing events with extra jets. For
as it assumes that one can correctly identify Wéjj sys- example, vetoing events with two extra jetsut not ong
tem with good efficiency. reduces thettt background at the VLHC to 500, 170, 21 in
The theoretical uncertainty stems from the uncertainty inthe two-, three, and four-lepton final states, respectively.
the subprocess cross sectipg, qE_>tt_h and the uncertainty While this does not decrease the statistical uncertainty
in the parton distribution functions. The subprocess croséwhich is negligible in any cageit may be relevant to con-
section has been calculated at next-to-leading order in th&ol the systematic uncertainty.
strong interactioff36]. The dependence of the cross section The processth,h—ZZ may also be accessible at the
on the common factorization and renormalization scales i&LHC. If both Z bosons decay leptonically, the Higgs-boson
relatively mild at the LHC, varying by about 10% as the mass could be reconstructed, which would reduce the back-
scale is varied from half to twice its central value @  grounds.

TABLE V. Same as Table 1V, except at the VLHG/§= 100 TeV). The high-luminosity cuts of Table Il
are applied, and 300 i of integrated luminosity are collected.

tth Backgrounds
m,(GeV) 130 160 190 ttwHjj tt 117 (jj) ttWHW- tttt B
2 370 1100 840 440 360 140 1065 2005
3l 500 1200 780 100 640 130 640 1510
4] 85 160 91 — 140 15 72 227
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FIG. 3. The statistical uncertainty in the top-quark Yukawa cou- FIG. 4. Same as Fig. 3, but at the high-luminosity LHC
pling, 8y, /y,, from tth,n—W*W" at the low-luminosity LHC (300 fb~* of integrated luminosity
(30 fb™! of integrated luminosity Results for the two- and three-

lepton final states, as well as their sum, are shown. be negligible at a 100 TeV VLHC. Thus the uncertainty in
the Yukawa coupling would be dominated by the systematic
V. CONCLUSIONS uncertainty.

We have studied the measurement of the top-quark

Yukawa coupling to the Higgs boson vigh,h—W*"W~ at
the LHC. A signal is available in the two- and three-lepton We are grateful to T. Stelzer for extensive assistance and
final states, and the signal to background ratio is of ordeadvice. We are also grateful for conversations and correspon-
unity. Combining both channels, and assuming 30 flof dence with U. Baur, M. Dittmar, K. Jacobs, T. Liss, S. Ni-
integrated luminosity at low luminosity and 300fbat high  kitenko, K. Pitts, J. Strologas, and G.-P. Yeh. We thank the
luminosity, we find a statistical uncertainty in the measure-organizers of the Snowmass workshop and the Aspen Center
ment of the Yukawa couplin@y;/y; of 16%,8%,12% for for Physics, where part of this work was conducted. This
mp= 130,160,190 GeV, respectively. work was supported in part by the U.S. Department of En-
The statistical uncertainty in the Yukawa coupling would ergy under contract No. DOE DE-FG02-91ER40677.

ACKNOWLEDGMENTS

[1] ALEPH Collaboration, D. Abbaneet al., hep-ex/0112021. [14] F. Gianottiet al, hep-ph/0204087.
[2] LEP Higgs Working Group for Higgs boson searches Collabo-[15] H.M. Georgi, S.L. Glashow, M.E. Machacek, and D.V. Nan-

ration, LHWG-NOTE-2001-03, hep-ex/0107029. opoulos, Phys. Rev. Lettl0, 692 (1978.

[3] M. Carenaet al,, “Report of the Tevatron Higgs working [16] E.W. Glover, J. Ohnemus, and S.S. Willenbrock, Phys. Rev. D
group,” hep-ph/0010338. 37, 3193(1988.

[4] ATLAS Technical Design Report, CERN/LHCC/99-15, 1999, [17] V.D. Barger, G. Bhattacharya, T. Han, and B.A. Kniehl, Phys.
vol. Il. Rev. D43, 779(1991).

[5] CMS Collaboration, Technical Proposal, CERN/LHCC/94-38,[18] M. Dittmar and H. Dreiner, Phys. Rev. 85, 167 (1997.
1994. [19] T. Han and R.J. Zhang, Phys. Rev. L&®, 25 (1999.

[6] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawsbhe [20] T. Han, A.S. Turcot, and R.J. Zhang, Phys. Re\x6$ 093001
Higgs Hunter's GuidgAddison-Wesley, Reading, MA, 1990 (1999.

[7] D. Zeppenfeld, R. Kinnunen, A. Nikitenko, and E. Richter- [21] H.E. Haber and R. Hempfling, Phys. Rev. Le®6, 1815
Was, Phys. Rev. B2, 013009(2000. (199).

[8] J.N. Ng and P. Zakarauskas, Phys. Re\x29) 876 (1984). [22] Y. Okada, M. Yamaguchi, and T. Yanagida, Prog. Theor. Phys.

[9] Z. Kunszt, Nucl. PhysB247, 339(1984). 85, 1 (1991).

[10] B.W. Lee, C. Quigg, and H.B. Thacker, Phys. Rev. L8R8, [23] J. Ellis, G. Ridolfi, and F. Zwirner, Phys. Lett. B57, 83
883(1977. (1991.

[11] T.G. Rizzo, Phys. Rev. @2, 722(1980. [24] J. Dai, J.F. Gunion, and R. Vega, Phys. Rev. L&ft. 2699

[12] W.Y. Keung and W.J. Marciano, Phys. Rev.3D, 248 (1984). (1993.

[13] A. Ballestrero and E. Maina, Phys. Lett. 287, 231(1992. [25] M. Benekeet al, in “Proceedings of the Workshop on Stan-

034022-6



MEASURING THE TOP-QUARK YUKAWA COUPLING A . .. PHYSICAL REVIEW D 66, 034022 (2002

dard Model Physics at the LHC, " edited by G. Altarelli and [31] H.L. Lai et al, Phys. Rev. D65, 1280(1997).

M. Mangano, CERN 2000-004, hep-ph/0003033. [32] A. Djouadi, J. Kalinowski, and M. Spira, Comput. Phys. Com-
[26] V. Drollinger, T. Muller, and D. Denegri, CMS NOTE 2001/ mun. 108 56 (1998.

054, hep-ph/0111312. [33] N. Kauer and D. Zeppenfeld, Phys. Rev6b, 014021(2002.
[27] J. Goldstein, C.S. Hill, J. Incandela, S. Parke, D. Rainwater[34] U. Bauret al, hep-ph/0201227.

and D. Stuart, Phys. Rev. LeB6, 1694 (200J. [35] D. Rainwater, D. Summers, and D. Zeppenfeld, Phys. Rev. D
[28] H. Baer, S. Dawson, and L. Reina, Phys. Rev6D) 013002 55, 5681(1997).

(2000. [36] W. Beenakker, S. Dittmaier, M. Kramer, B. Plumper, M. Spira,
[29] A. Juste and G. Merino, hep-ph/9910301. and P.M. Zerwas, Phys. Rev. Le®&7, 201805(2001).
[30] T. Stelzer and W.F. Long, Comput. Phys. Comm@8f, 357 [37] J. Huston, S. Kuhlmann, H.L. Lai, F.I. Olness, J.F. Owens,

(1994). D.E. Soper, and W.K. Tung, Phys. Rev.538, 114034(1998.

034022-7



