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QCD and Yukawa corrections to single-top-quark production via qE—»tb_

Martin C. Smith and Scott S. Willenbrock
Department of Physics, University of Illinois, 1110 West Green Street, Urbana, lllinois 61801
(Received 4 April 1996

We calculate th@®(as) andO(antZ/M\ZN) corrections to the production of a single top quark via the weak
process]g— tb at the Fermilab Tevatron and the CERN Large Hadron Collider. An accurate calculation of the
cross section is necessary in order to extt®gf| from experiment[S0556-282(96)03121-9

PACS numbeis): 14.65.Ha, 12.15.Lk, 12.38.Bx

I. INTRODUCTION qg—tb cross section, coupled with an accurate theoretical
calculation, may provide the best direct measurement of

The recent discovery of the top quafk] has focused |v,,| [3]. Finally, in addition to being interesting in its own
attention on top-quark physics. With the advent of acceleraright, qq—tb is a significant background to other processes,

tors able to produce copious numbers of top quarks, a coms,,, ag|q—WH with H—bb, whereH is the Higgs boson
parison of the top quark’s observed properties with thos 5 '

predicted by the standard model promises to be an important
test of the model and may well provide insight into exciting W-
new physics.

In this paper we calculate the next-to-leading-order cros
section for the weak processq—tb, which produces a
single top quark via a virtuas-channelW boson(Fig. 1)
[2,3]. The most important corrections to thE a?,) leading-

In some ways,qgq—tb is similar to the more-studied
gluon fusion process$Fig. 2) [6]. However, where that
process involves a spacelik¥ boson withq?<0, the pro-
cess qg—tb proceeds via a timelikeW boson with
g°>(m,+my)?. Thus, these two processes, together with the
decay of the top quarki—Wb (where theW boson has

2,072 ,
X . g“~My,), probe complementary aspects of the top quark’s
order cross section are the QCD correctiorOxs) and the weak charged current. The kinematic distributions of the

: 2 2
\_(ukawa_ corrgctlon o (awm/ MV‘.’)' The Yukawa correc- final-state particles in the two processes also differ signifi-
tion, which arises from loops of Higgs bosons and the scala

X ) ) Eantly. There is an additional jet presentWhtgluon fusion,
components of virtual vector bosons, dominates the ordinar d theb Ki I duced at low t
O(ay) electroweak correction in the large; limit. For the nad theb quark Is_usually produced at fow transverse mo-

known value of the top-quark massy=175+6 GeV, the mentum, while inqg—tb, theb quark recoils against the

Yukawa correction is expected to be at least as large as tH##@rk with high transverse momentum.
ordinary electroweak correction. At the Fermilab Tevatron\(S = 2 TeV pp collider), the

A precise theoretical calculation of the cross section forsum of the cross sections fqg—tb andqg—tb is roughly
qg—tb is necessary for a number of reasons. The cross se@ factor of 7 smaller than the dominatitproduction cross
tion obviously determines the yield of single top quarks pro-Section [7], and about a factor of 2 smaller than the
duced via this process. More importantly, the coupling of theV-gluon-fusion cross sectiofi6]. Nevertheless, a recent
top quark to theéW boson ingg—tb is proportional to the study indicates that Wlt_h doubletaggl_ng, a signal is Qbse_rv—
Cabibbo-Kobayashi-MaskawéCKM) matrix elementV,,, ~ able at the Tevatron with 2-3 ftt of integrated Iuminosity
one of the few standard-model parameters not yet measurédl- Unfortunately, even though ttegg—th,tb cross section
experimentally. If there are only three generations, unitarityis larger at the CERN Large Hadron ColliddrHC, /S =
of the CKM matrix implies thatV,,| must be very close to 14 TeV pp collider), the signal will likely be obscured by
unity (0.9988<|V,,|<0.9995) [4]. However, if there is a backgrounds from the even larger and W-gluon-fusion
fourth generation|Vy,| could be anything betweefalmos) ~ processes, which are initiated by gludis3.
zero and unity, depending on the amount of mixing between An important feature ofqg—tb is the accuracy with
the third and fourth generations. Measurement of thewhich the cross section can be calculated. The top-quark
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FIG. 1. Single-top-quark production v'qaq_—>tE FIG. 2. Single-top-quark production vi&/-gluon fusion.
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7 7 . break up the procesgp—tb+ X into the production of a

¢ % ; ! o o virtual W boson of mass squaregf, followed by its propa-
z W gation and decay inttb.

\ s . The production cross section of the virtual boson is

formally identical to that of the Drell-Yan process, to all
orders in QCD. The modulus squared of the decay amplitude
of the virtualW boson, integrated over the phase space of all
final-state particles, is obtained by the application of Cutko-
sky’s rules[9] as twice the imaginary part of the self-energy
of the W boson due to &b loop, again to all orders in QCD.

(© (@ Furthermore, because the current to which iNeboson
couples in the initial state is conserved to all orders in QCD
(for massless quarkswe need only consider the g*” term

in the W-boson propagator and self-energy. Thus, we may
write the differential cross section as

FIG. 3. O(ag) correction toqqiﬂtE (a)—(c) initial state, (d)
final state.

mass is much larger thanocp, so calculations are per- q

formed in a regime where perturbative QCD is very reliable. Y9  — - . —

The correctiongto the initialpstate is identical to thatri/)ccurring W(ppﬂttﬁx) 7(Pp—W*+X)
in the ordinary Drell-Yan procesgg—W* — /v (W* de- (1)
notes a virtualW bosor), which has been calculated to

O(aﬁ) [8]. Furthermore, by experimentally measuring wherell is the coefficient of the—g*” term of the self-
qq—W* — /v, the initial quark-antiquark flux can be con- energy of aW boson with mass squaregf. The total cross
strained without recourse to perturbation thebifhis pro-  section is obtained by integrating ovaf. This equation is
vides a check of the parton distribution functions, and allowsvalid to O(«;), but not beyond, because it neglects the in-
the reduction of systematic errors. The parton distributiorierference between the QCD corrections to the initial and
functions are not expected to be a large source of unceffinal states.

tainty, as the dominant contribution to the cross section To demonstrate this procedure, we obtain the leading-
comes from quark and antiquark distribution functions evalu-order cross section fqup—tb using

ated at relatively high values of, where they are well

known. There is little sensitivity to the less-well-known . .

gluon distribution function, in contrast to the case of a(Pp—W* +X)=2, dxlf dXo[ 0i(Xq, mE)Qj (X2, i)
W-gluon fusion. The final-state correction to the inclusive H

cross section is straightforward, and involves no collinear or _

infrared singularities. The QCD corrections to the initial and +0i(X1, 1E) (X2, 6]

final states do not interfere at next-to-leading order because
the tb is in a color singlet if a gluon is emitted from the
initial state, but in a color octet if it is emitted from the final
state. There is, however, interference ca¢a§) from the

emission of two gluons. wherea = g?%/4m=2G, M3/, Sis the square of the total
This paper is organized as follows. In Sec. Il we presenhagronic center-of-mass energyand( are the parton dis-
the O(as) QCD corrections to both the initial and final tipytion functionsur is the factorization scale, and the sum
states, and discuss their dependence on the renormalizatigg andj runs over all contributing quark-antiquark combi-
and factorization scales. In Sec. Il we present thenations. At leading order, the coefficient of they”” term in

O(awm?/M3) Yukawa correction. In Sec. IV we present a the imaginary part of th&V-boson self-energy is
summary of our results. We give an analytic expression for

the Yukawa correction in an appendix. Ay A YV, |2
ImIT(g?,mZ,m2)= 5

ImIT(g? mZ,mg)
T 12 _pn12N\2
71'(qZ_MW)Z

T W S(x%25— ), @

2
n
X |V;i]2 3

II. QCD CORRECTION
mi+mp  (m—mp)?

The diagrams which contribute to tk&¥ «) correction to x| 1— 3
- Y 2 2q4 ] ( )

qg—tb are shown in Fig. 3. As mentioned in the Introduc- 29
tion, the QCD corrections to the initial and final states do not

interfere atO(ag). Therefore, we may consider the correc- where\ is the triangle function associated with two-particle
tions to the initial and final states separately. To this end, w¢hase space,

N=X\(q%m{,mg)

ISince the longitudinal momentum of the neutrino cannot be re- 4 4 4 0 2 o 2 > o
constructed, theg® of the W* cannot be determined, so =q"+m{+mpg—29°mg —29°“mg—2mgmy. (4)
qg—W* — /v yields only a constraint on the quark-antiquark flux,
rather than a direct measurement. Using Eq.(1), the differential cross section is thus
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do _ — _
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At leading order, the integration ovef to obtain the total
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FIG. 4. Factorization-scale dependence of the leading-order
(LO) _and next-to-leading-order(NLO) cross sections for

qq_—>tb,t_b at the Tevatron and the LHC. The NLO cross sections
include only the initial-state QCD correction, and not the final-state

cross section is trivial due to the delta function. At next-to-orrection. The LO cross sections are calculated with the CTEQ3L
leading order, however, it is necessary to perform the inter o parton distribution functions, and the NLO cross sections with

gration numerically.

The O(as) corrections to the Drell-Yan procef$0] and
the W-boson self-energj11,12 were both calculated many
years ago. We use the expression f@(pp—W* +X)
as given in Eqs(9.5 and (12.3 of Ref. [13], and ImII
as derived from Eq(3.3 of Ref.[12].2 We usem,=175
GeV, m,=5 GeV, My=80.33 GeV, |[Vy|=1, G,
=1.1663% 10 ° GeV ?, andag as given by the parton dis-
tribution functions.

the CTEQ3M NLO parton distribution functions.

The cross section at next-to-leading order also depends on
the renormalization scalpg at which a5 is evaluated. In
Fig. 5 we show the next-to-leading-order cross section, in-
cluding both initial- and final-state corrections, as a function
of ur/\/g?, at both the Tevatron and the LHC. The depen-
dence of the cross section on the renormalization scale first
appears at next-to-leading order and is, therefore, mild. In

The calculation of the initial-state correction includes di- what follows, we sejug= /. The final-state correction in-
vergences arising from collinear parton emission. These diereases the cross section #18% of the leading-order cross
vergences cancel with corresponding divergences present gection at the Tevatron and17% at the LHC.
the QCD correction to the parton distribution functions. The We show in Fig. 6 the leading-order and next-to-leading-
finite terms remaining depend on the factorization scalerder differential cross section as a function of the mass of
we, both through the parton distribution functions and ex-the virtual W bosony/g?, at both the Tevatron and the LHC.
plicitly in the partonic cross section. The variation of the Also shown are the separa® «,) corrections from the ini-
leading-order and next-to-leading-order cross sections witlial and final states. These corrections have different shapes

wr/o?, where /g? is the mass of the virtualV boson® is

from the leading-order cross section, and from each other. In

shown in Fig. 4 at both the Tevatron and the LHC. Theorder to observeb production experimentally, it is neces-

leading-order cross section is calculated with the CTEQ3Lsary to detect théd quark [3]. Thus, the measured cross

leading-order cross section with the CTEQ3M next-to-

leading-order parton distribution functiofs4]. The leading-
order cross section varies considerably with, while the

next-to-leading-order cross section is appreciably less sen
tive. The next-to-leading-order cross section shown in Fig. £
contains only the initial-state correction. We see that for

wr=/g? the initial-state correction is-36% at the Tevatron
and +33% at the LHC* In what follows, we sefur= /o>

°The exact correspondence between our notation and that of Ref. o7l

[12] is Im TT=3maw| V| 2Im(ITY +117).
3We have chosen to refer the scalg to the g? of the virtual

W boson because this is the quantity which appears in the factor-

ization logarithms. Thus, the factorization scale varies when
integrating overg? to obtain the total cross section.

SI-

b quark does not have sufficient transverse momentum to be
detected with high efficiency. Therefore, the measured cross
section, as well as the QCD correction, will depend on the

cceptance for thb quark.

Renormalization-scale dependence Renc lizati le d
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“If both the leading-order and next-to-leading-order cross sections FIG. 5. Renormalization-scale dependence of the leading-order
are calculated with the CTEQ3M next-to-leading-order parton dis{(LO) _and next-to-leading-order(NLO) cross sections for

tribution functions, the initial-state correction4s27% at the Teva-
tron and+ 15% at the LHC. Thus# 9% of the initial-state correc-

qg—tb,tb at the Tevatron and the LHC. The NLO cross sections
include both the initial-state and final-state corrections. The LO

tion at the Tevatron, and 18% at the LHC, is due to the increase cross sections are calculated with the CTEQ3L LO parton distribu-
in the leading-order cross section when it is calculated with nexttion functions, and the NLO cross sections with the CTEQ3M NLO

to-leading-order parton distribution functions.

parton distribution functions.
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FIG. 6. Differential cross section fajq—tb,tb vs the mass of

the virtuals-channelW boson, at the Tevatron and the LHC. Both
the leading-orde(LO) and next-to-leading-ordéNLO) cross sec- — igTA
tions are shown, as well as the separate contributions from thBJ(Pt)F”AU(Pb):
initial-state(IS) and final-statdFS) corrections. The LO cross sec- 2‘/5
tions are calculated with the CTEQ3L LO parton distribution func- 2
tions, and the NLO cross sections with the CTEQ3M NLO parton My GM u_(p )
distribution functions. 8272 t

(Pt —Pp)

YF1(g?) + TFZ(QZ)]

)[ u(p) ¥“(1=¥*)v(py)

If the top and bottom quarks were stable, they would form
quarkonium bound states just below threshdlf]. We esti- X
mate the distance below threshold that the ground state
would occur, by analogy with the hydrogen atom, to be
E~(4a43)’m,/2~50 MeV?® The formation time of the X (1—9®)v(pp) ] (6)
ground state is approximatelyEL/ This is much greater than
the top-quark Iifetime,l“t‘1~(1.5 GeVi %, so there is not

sufficient time for quarkonium bound states to fofh®]. wherep, andp,, are the outgoing four-momenta of thend

Because the top-quark width is small compared to itsy quarks, respectively; the form factdfs andF, are func-
mass, interference between the corrections to production anghys of 2= (p,+ p,)2 and the Higgs boson mass; anfl is

decay amplitudes has a negligible effect, of orderan SU3) matrix [Tr(TAT®) =1 52B]. The fractional change

agl'y/m¢, on the total cross sectidd7]. This interference . . ; . .
also has a negligible effect on differential cross sections!" the differential cross section as a function of gfeof the

such as the invariant-mass distribution of the decay product§rtual W boson is

of the top quar18].

Our final results for the cross section and uncertainty will 7 2

be presented in Sec. IV. AdUYld\/q—: MGy
doo/dVg? | 8272
. YUKAWA CORRECTION
(q2_mt2)2

The diagrams which contribute to th@(aymZ/ma) X[ 2F(@®)+F (@) 55 12"
Yukawa correction toqq—th are shown in Fig. 7. The 29 me— 2
dashed lines represent the Higgs boson and the unphysical (7)

scalarWW andZ bosons associated with the Higgs fiéild the
R; gauge. The effect of a top-quark loop in thé/-boson
propagator, which might be expected to contribute a ter
of Yukawa strength, is absorbed by the renormalized weal
coupling constant, which we express in terms @f,,
the Fermi constant measured in muon decay , .
Yukawa correction (%) Yukawa correction (%)
(aw=g%/4m=\2G,M{/ ). We use standard Feynman in- 0 0
tegral techniques with dimensional regularization to calcu- VS=2TeV | 0zl VS =14 Te |
late the loop diagramgl9], and work in the approximation
where the bottom quark is massless. Our other parameters,, P

mAnaIytic expressions for the form factofs; and F, are
inen in an appendix.

0.2

0.4 - b

Aoy /o, )
are m=175 GeV, My, =80.33 GeV, |Vy|=1, andG,, @ | @ |
=1.1663% 10 ° GeV 2.
__In the my,=0 approximation, the matrix element of the S 08
tb current may be written as I I N
0 200 400 600 800 1000 0 200 400 600 800 1000
My (GeV) My (GeV)

Here, m, is the approximate reduced mass of the system, and FIG. 8. Fractional change in the total cross section for
Cr=4/3 is the usual S(B) group theory factor associated with the gqg—tb,tb due to the Yukawa correction vs the Higgs boson mass
fundamental representation. at the Tevatron and the LHC.
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TABLE I. Leading-order(LO) and next-to-leading-ordéNLO) cross sectionépb) for qg—tb,tb at the Tevatron and the LHC for three
different sets of parton distribution functiofBDF’s). The NLO cross section including only the initial-st&i8) correction is also given.
The CTEQ LO cross section is computed with the CTEQ3L LO PDF's; all other cross sections are computed with NLO PDF's. The final
NLO cross section is the average of the CTEQ3M and MR$ cross sections, with an uncertainty ©%6%, as discussed in the text.

m=175 GeV,ur=pur= o’ CTEQ3L,3M MRSA') MRS(G)
Tl 0.578 0.601 0.602
Tevatron INLO(IS) 0.789 0.766 0.758
JS=2 TeVv oNLO 0.894 0.868 0.860
onwo (average = 0.88 = 0.05 pb
Tl 6.76 7.83 7.81
LHC O-NLO(IS) 902 901 903
JS=14 TeV Nl 10.19 10.17 10.21

ono (average = 10.2+ 0.6 pb

The fractional change in the total cross section,proves the outlook for observation of this process in Run Il
Aoylo o, is plotted in Fig. 8 vs the Higgs boson mass at the Tevatron.
My, at both the Tevatron and the LHC. For valueshbf, As shown in Fig. 4, varying the factorization scale be-
between 60 GeV and 1 TeV, the absolute value of thaween one-half and twicg/q? changes the cross section by
Yukawa correction is never more than one percent of theynly +294. Varying the renormalization scale over this same
leading-order cross section. Thus, the Yukawa correction is3nge yields a similar change in the cross section, as shown
negligible for this process, as has also been found to be thg Fig 5. Using these results to estimate the contribution
case fortt production[20,21. SinceW-gluon fusion also  ¢rom higher-order QCD corrections, we conclude that the
involves thetb weak charged current, our calculation SUg-uncertainty in the cross section is at the levetod%. This
gests that the Yukawa correction to that process is also negynclusion is supported by the known next-to-next-to-

ligible. As previously mentioned, the ordinary weak COITeC-1aading-order correction to the Drell-Yan process, which is
tion is expected to be comparable to the Yukawa correction

so it too should be negligib®The Yukawa correction could about 2% [in the modified minimal subtraction MS)
potentially be much larger in models with enhanced COU_SCngéd[i?f]i.cult to reliably ascertain the uncertainty in the
plings of Higgs bosons to top or bottom quafies, 22, cross section from the parton distribution functions at this
time. The small difference in the next-to-leading-order cross
sections using MR@&') and MRSG) supports the conten-
The cross section fajg—tb, tb at both the Tevatron and tion that the calculation is insensitive to the gluon distribu-
the LHC is given in Table I. The leading-order cross sectiontion function. The difference between the cross section using
next-to-leading-order cross section including only the initial-CTEQ3M and MR®A’) suggests that the uncertainty in the
state QCD correction, and the full next-to-leading order cros§"0Ss section from the parton distribution functions is on the
section are given. The factorization and renormalizatiorPrder of £2%. However, since each set of parton distribu-
scales are both set equal {@Z, the mass of the virtualv tion funptlons represents the best f|t_to some set of data, _the
boson. We give results for three different sets of neXt_to_uncertalnty_|s certainly larger than this. Thgreforg, we assign
leading-order parton distribution functions: CTEQJmM],  @n uncertainty of=4% from the parton distribution func-
Martin-Roberts-Stirling set A [MRS(A’)], and MR$G)  tons. _ _ _
[23].” The QCD correction to the cross section is significant; For our final estimate, we average the next-to-leading-
about+54% at the Tevatron and50% at the LHC, with  Order cross sections using the CTEQ3M and MRS par-
the leading-order cross section evaluated with leading-orddPn _distribution functions. We assign an uncertainty of
parton distribution functions, and the next-to-leading-order~ 6%, Wwhich reflects the uncertainties above, added in
cross section evaluated with next-to-leading-order partofluadrature. We quote as our final result fpg—tb,th a

distribution function€ The size of theD () correction im-  Cross section of 0.880.05 pb at the Tevatroh,and
10.2+0.6 pb at the LHC.

An additional source of uncertainty is the top-quark mass.

®The complete calculation of the ordinary weak correction would® Plot_of the next-to-leading-order cross section for
require a set of parton distribution functions which are extractedg—tb,tb as a function of the top-quark mass is show in
with weak corrections included. Such a set is not available at thigig. 9. It is anticipated that this uncertainty will be6 GeV
time. when the data from Run | at the Tevatron are fully analyzed.

"The leading-order CTEQ cross section is calculated with theThis yields an uncertainty of 15% in the cross section at
CTEQ3L leading-order parton distribution functions.

81f next-to-leading-order parton distribution functions are used af
both leading and next-to-leading order, the correction is about °For /S=1.8 TeV, the cross section at the Tevatron is
+45% at the Tevatron angt 32% at the LHC. 0.73+0.04 pb.

IV. CONCLUSIONS
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FIG. 9. Next-to-leading order cross section tm—tb,tb as a FIG. 10. Cross section fajg—W*H andqg— ZH at the Teva-
function of the top-quark mass. tron and the LHC, calculated at next-to-leading order using

CTEQ3M parton distribution functions.
the Tevatron. The uncertainty in the mass is expected to
decrease tat4 GeV in Run I1[24], corresponding to an FGO02-91ER40677. We gratefully acknowledge the support
uncertainty in the cross section #f10%. A high-luminosity ~©f GAANN under Grant No. DE-P200A40532 from the U.S.
Tevatron might be capable of reducing the uncertainty in théepartment of Education for M.C.S.
mass to*2 GeV [24], which would yield an uncertainty in
the cross section ot 5%. The uncertainty in the cross sec- APPENDIX

tion at the LHC is comparable. Below are the form factors for the Yukawa correction to
Much can be done to reduce the uncertainty in the calcu- -

lation. The next-to-next-to-leading-order correction to thetN® matrix element of théb charged current. These correc-

Drell-Yan process is already knowfi8]. The full next-to- tions arise from loops of Higgs bosons and the unphysical
next-to-leading-order QCD correction tq)q_—>tb_can and ScalarWandZ bosons associated with the Higgs field in the

should be completed in the near future. This should reducg'f gauges. T2he mzassesh squared_ Ofl th? lephysmal scalar
the uncertainty in the cross section from yet higher orders t§0S0nS ar&Miy,&Mz . In the numerical calculations, we set
below the 1% level. A reliable estimate of the uncertainty iné =0 (Landau gauge The integrals were reduced to the

the parton distribution functions requires a set with built-in Standard one-, two-, and three-point scalar loop integrals and
uncertainties, which we hope will be available in the nearthen evaluated with the aid of the coefe[26]. The notation

future. is adopted fronf19]; the arguments of the functions give the
It seems likelv that by the time the process—tb is internal masses squared followed by the external momenta
y y process squared.

observed in Run Il at the Tevatron, the theoretical uncer-
tainty in the cross section will be slightly larger than
+10%, due mostly to the uncertainty in the mass. This isF1=3[4Co4 €M M7, m? ;g% m?,0)
adequate in comparison with the anticipated experimental 5 2 2 5 s 5 o
errors. The statistical error on the measured cross section in ~ T4C24(§My, Mz, mi;q%,mg,0) + B, (M, mg ;mp)
Run Il will be about+20% [3]. This corresponds to a mea- 2 et san? 2. D 2 2. 9
surement of|V,,| with an accuracy of+10% (assuming +(M{—4mg)Bo(My,mg;mp) + By (EMz,mi;mp)
[Vip|=1). A high-luminosity Tevatron, which could poten-
tially deliver 30 fb™ ! over several years, would allow a mea-
surement of the cross section with a statistical uncertainty of 2 _ o 2vnt 2 A2 2 2.
about 6%, with a comparable theoretical uncertainty. Com- +(EMiy= M) Bo(éMiy,05mp) + B1(EMiy,mi’0)
bining t_he statistical and theoretical uncertainties .in quadra- +(§M\2N+ mf)B(’)(gM\zN,mf;O)],
ture, this corresponds to a measurement\4f| with an
accuracy of about-4%.

The process|g—tb is also important as a background to Fo=m{[Cos éM{,,MF, M7 ;6% m?,0)
the process|q— WH with H—bb at the Tevatron. We show
in Fig. 10 the next-to-leading-order cross sections for
qg—W=H, as well asqg—ZH, at both the Tevatron and
the LHC [25]. The significant increase in tteq—tb cross
section at next-to-leading order could have a negative impact +Cy(EM2Z,,EM2,m?:q2,m2,0)
on the ability to find an intermediate-mass Higgs boson at

the Tevatron. +2C1y(EME,, M3, mZ;g%,mZ,0)].

+EM2BY(EM2,m2:m?) + B, (¢€M2,0;m?)

+Coq EME,,EM2,m? ;g% m?,0)

+Cpy(EME,,ME ,mZ;g%,mZ,0)

In the reduction of the three-point integrals, a misprint
ACKNOWLEDGMENTS was discovered in Ref19]. On p. 199 in Appendix E, in an
We are grateful for conversations with S. Keller, B. un-numbered equation near the bottom of the p&e.and
Kniehl, S. Kuhimann, and T. Stelzer. This work was sup-C,3 were transposed. The correct equation ©,5C,,)
ported in part by Department of Energy Grant No. DE-=X 1(R4,R).
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