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QCD and Yukawa corrections to single-top-quark production viaqq̄˜tb̄

Martin C. Smith and Scott S. Willenbrock
Department of Physics, University of Illinois, 1110 West Green Street, Urbana, Illinois 61801

~Received 4 April 1996!

We calculate theO(as) andO(aWmt
2/MW

2 ) corrections to the production of a single top quark via the weak
processqq̄→tb̄ at the Fermilab Tevatron and the CERN Large Hadron Collider. An accurate calculation of the
cross section is necessary in order to extractuVtbu from experiment.@S0556-2821~96!03121-9#

PACS number~s!: 14.65.Ha, 12.15.Lk, 12.38.Bx
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I. INTRODUCTION

The recent discovery of the top quark@1# has focused
attention on top-quark physics. With the advent of accele
tors able to produce copious numbers of top quarks, a co
parison of the top quark’s observed properties with tho
predicted by the standard model promises to be an import
test of the model and may well provide insight into excitin
new physics.

In this paper we calculate the next-to-leading-order cro
section for the weak processqq̄→tb̄, which produces a
single top quark via a virtuals-channelW boson ~Fig. 1!
@2,3#. The most important corrections to theO(aW

2 ) leading-
order cross section are the QCD correction ofO(as) and the
Yukawa correction ofO(aWmt

2/MW
2 ). The Yukawa correc-

tion, which arises from loops of Higgs bosons and the sca
components of virtual vector bosons, dominates the ordina
O(aW) electroweak correction in the largemt limit. For the
known value of the top-quark mass,mt517566 GeV, the
Yukawa correction is expected to be at least as large as
ordinary electroweak correction.

A precise theoretical calculation of the cross section f
qq̄→tb̄ is necessary for a number of reasons. The cross s
tion obviously determines the yield of single top quarks pr
duced via this process. More importantly, the coupling of th
top quark to theW boson inqq̄→tb̄ is proportional to the
Cabibbo-Kobayashi-Maskawa~CKM! matrix elementVtb,
one of the few standard-model parameters not yet measu
experimentally. If there are only three generations, unitar
of the CKM matrix implies thatuVtbu must be very close to
unity (0.9988,uVtbu,0.9995) @4#. However, if there is a
fourth generation,uVtbu could be anything between~almost!
zero and unity, depending on the amount of mixing betwe
the third and fourth generations. Measurement of t

FIG. 1. Single-top-quark production viaqq̄→tb̄.
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qq̄→tb̄ cross section, coupled with an accurate theoretica
calculation, may provide the best direct measurement o
uVtbu @3#. Finally, in addition to being interesting in its own
right, qq̄→tb̄ is a significant background to other processes
such asqq̄→WH with H→bb̄, whereH is the Higgs boson
@5#.

In some ways,qq̄→tb̄ is similar to the more-studied
W-gluon fusion process~Fig. 2! @6#. However, where that
process involves a spacelikeW boson withq2,0, the pro-
cess qq̄→tb̄ proceeds via a timelikeW boson with
q2.(mt1mb)

2. Thus, these two processes, together with the
decay of the top quark,t→Wb ~where theW boson has
q2'MW

2 ), probe complementary aspects of the top quark’s
weak charged current. The kinematic distributions of the
final-state particles in the two processes also differ signifi-
cantly. There is an additional jet present inW-gluon fusion,
and theb̄ quark is usually produced at low transverse mo-
mentum, while inqq̄→tb̄, the b̄ quark recoils against thet
quark with high transverse momentum.

At the Fermilab Tevatron (AS 5 2 TeV pp̄ collider!, the
sum of the cross sections forqq̄→tb̄ andqq̄→ t̄b is roughly
a factor of 7 smaller than the dominantt t̄ production cross
section @7#, and about a factor of 2 smaller than the
W-gluon-fusion cross section@6#. Nevertheless, a recent
study indicates that with doubleb tagging, a signal is observ-
able at the Tevatron with 2–3 fb21 of integrated luminosity
@3#. Unfortunately, even though theqq̄→tb̄, t̄b cross section
is larger at the CERN Large Hadron Collider~LHC, AS 5
14 TeV pp collider!, the signal will likely be obscured by
backgrounds from the even largert t̄ and W-gluon-fusion
processes, which are initiated by gluons@3#.

An important feature ofqq̄→tb̄ is the accuracy with
which the cross section can be calculated. The top-quar

FIG. 2. Single-top-quark production viaW-gluon fusion.
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54 6697QCD AND YUKAWA CORRECTIONS TO SINGLE-TOP- . . .
mass is much larger thanLQCD, so calculations are per-
formed in a regime where perturbative QCD is very reliabl
The correction to the initial state is identical to that occurrin
in the ordinary Drell-Yan processqq̄→W*→l n (W* de-
notes a virtualW boson!, which has been calculated to
O(as

2) @8#. Furthermore, by experimentally measurin
qq̄→W*→l n, the initial quark-antiquark flux can be con
strained without recourse to perturbation theory.1 This pro-
vides a check of the parton distribution functions, and allow
the reduction of systematic errors. The parton distributio
functions are not expected to be a large source of unc
tainty, as the dominant contribution to the cross secti
comes from quark and antiquark distribution functions eval
ated at relatively high values ofx, where they are well
known. There is little sensitivity to the less-well-known
gluon distribution function, in contrast to the case o
W-gluon fusion. The final-state correction to the inclusiv
cross section is straightforward, and involves no collinear
infrared singularities. The QCD corrections to the initial an
final states do not interfere at next-to-leading order becau
the tb̄ 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 fina
state. There is, however, interference atO(as

2) from the
emission of two gluons.

This paper is organized as follows. In Sec. II we prese
the O(as) QCD corrections to both the initial and fina
states, and discuss their dependence on the renormaliza
and factorization scales. In Sec. III we present th
O(aWmt

2/MW
2 ) Yukawa correction. In Sec. IV we present

summary of our results. We give an analytic expression f
the Yukawa correction in an appendix.

II. QCD CORRECTION

The diagrams which contribute to theO(as) correction to
qq̄→tb̄ are shown in Fig. 3. As mentioned in the Introduc
tion, the QCD corrections to the initial and final states do n
interfere atO(as). Therefore, we may consider the correc
tions to the initial and final states separately. To this end,

1Since the longitudinal momentum of the neutrino cannot be r
constructed, theq2 of the W* cannot be determined, so
qq̄→W*→l n yields only a constraint on the quark-antiquark flux
rather than a direct measurement.

FIG. 3. O(as) correction toqq̄→tb̄: ~a!–~c! initial state, ~d!
final state.
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break up the processpp̄→tb̄1X into the production of a
virtual W boson of mass squaredq2, followed by its propa-
gation and decay intotb̄.

The production cross section of the virtualW boson is
formally identical to that of the Drell-Yan process, to all
orders in QCD. The modulus squared of the decay amplitud
of the virtualW boson, integrated over the phase space of a
final-state particles, is obtained by the application of Cutko
sky’s rules@9# as twice the imaginary part of the self-energy
of theW boson due to atb̄ loop, again to all orders in QCD.
Furthermore, because the current to which theW boson
couples in the initial state is conserved to all orders in QCD
~for massless quarks!, we need only consider the2gmn term
in theW-boson propagator and self-energy. Thus, we ma
write the differential cross section as

ds

dq2
~pp̄→tb̄1X!5s~pp̄→W*1X!

ImP~q2,mt
2 ,mb

2!

p~q22MW
2 !2

,

~1!

whereP is the coefficient of the2gmn term of the self-
energy of aW boson with mass squaredq2. The total cross
section is obtained by integrating overq2. This equation is
valid to O(as), but not beyond, because it neglects the in
terference between the QCD corrections to the initial an
final states.

To demonstrate this procedure, we obtain the leading
order cross section forpp̄→tb̄ using

s~pp̄→W*1X!5(
i , j

E dx1E dx2@qi~x1 ,mF!q̄ j~x2 ,mF!

1q̄i~x1 ,mF!qj~x2 ,mF!]

3uVi j u2
p2aW

3
d~x1x2S2q2!, ~2!

whereaW5g2/4p[A2GmMW
2 /p, S is the square of the total

hadronic center-of-mass energy,q and q̄ are the parton dis-
tribution functions,mF is the factorization scale, and the sum
on i and j runs over all contributing quark-antiquark combi-
nations. At leading order, the coefficient of the2gmn term in
the imaginary part of theW-boson self-energy is

ImP~q2,mt
2 ,mb

2!5
aWl1/2uVtbu2

2

3F12
mt
21mb

2

2q2
2

~mt
22mb

2!2

2q4 G , ~3!

wherel is the triangle function associated with two-particle
phase space,

l5l~q2,mt
2 ,mb

2!

5q41mt
41mb

422q2mt
222q2mb

222mt
2mb

2 . ~4!

Using Eq.~1!, the differential cross section is thus

e-

,
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ds

dq2
~pp̄→tb̄1X!5(

i , j
E dx1E dx2@qi~x1 ,mF!q̄ j~x2 ,mF!

1q̄i~x1 ,mF!qj~x2 ,mF!]

3uVi j u2
paW

2 l1/2uVtbu2

12~q22MW
2 !2

3F12
mt
21mb

2

2q2
2

~mt
22mb

2!2

2q4 G
3d~x1x2S2q2!. ~5!

At leading order, the integration overq2 to obtain the total
cross section is trivial due to the delta function. At next-t
leading order, however, it is necessary to perform the in
gration numerically.

TheO(as) corrections to the Drell-Yan process@10# and
theW-boson self-energy@11,12# were both calculated many
years ago. We use the expression fors(pp̄→W*1X)
as given in Eqs.~9.5! and ~12.3! of Ref. @13#, and ImP
as derived from Eq.~3.3! of Ref. @12#.2 We usemt5175
GeV, mb55 GeV, MW580.33 GeV, uVtbu51, Gm
51.1663931025 GeV22, andas as given by the parton dis-
tribution functions.

The calculation of the initial-state correction includes d
vergences arising from collinear parton emission. These
vergences cancel with corresponding divergences presen
the QCD correction to the parton distribution functions. T
finite terms remaining depend on the factorization sc
mF , both through the parton distribution functions and e
plicitly in the partonic cross section. The variation of th
leading-order and next-to-leading-order cross sections w
mF /Aq2, whereAq2 is the mass of the virtualW boson,3 is
shown in Fig. 4 at both the Tevatron and the LHC. Th
leading-order cross section is calculated with the CTEQ
leading-order parton distribution functions, and the next-
leading-order cross section with the CTEQ3M next-t
leading-order parton distribution functions@14#. The leading-
order cross section varies considerably withmF , while the
next-to-leading-order cross section is appreciably less se
tive. The next-to-leading-order cross section shown in Fig
contains only the initial-state correction. We see that
mF5Aq2 the initial-state correction is136% at the Tevatron
and133% at the LHC.4 In what follows, we setmF5Aq2.

2The exact correspondence between our notation and that of
@12# is Im P53paWuVtbu2Im(P1

V1P1
A).

3We have chosen to refer the scalemF to the q2 of the virtual
W boson because this is the quantity which appears in the fac
ization logarithms. Thus, the factorization scalemF varies when
integrating overq2 to obtain the total cross section.
4If both the leading-order and next-to-leading-order cross secti

are calculated with the CTEQ3M next-to-leading-order parton d
tribution functions, the initial-state correction is127% at the Teva-
tron and115% at the LHC. Thus,19% of the initial-state correc-
tion at the Tevatron, and118% at the LHC, is due to the increas
in the leading-order cross section when it is calculated with ne
to-leading-order parton distribution functions.
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The cross section at next-to-leading order also depends on
the renormalization scalemR at which as 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 mR /Aq2, 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
what follows, we setmR5Aq2. The final-state correction in-
creases the cross section by118% of the leading-order cross
section at the Tevatron and117% at the LHC.

We show in Fig. 6 the leading-order and next-to-leading-
order differential cross section as a function of the mass of
the virtualW bosonAq2, at both the Tevatron and the LHC.
Also shown are the separateO(as) corrections from the ini-
tial and final states. These corrections have different shapes
from the leading-order cross section, and from each other. In
order to observetb̄ production experimentally, it is neces-
sary to detect theb̄ quark @3#. Thus, the measured cross
section will exclude some region near threshold, where the
b̄ 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
acceptance for theb̄ quark.
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FIG. 4. Factorization-scale dependence of the leading-order
~LO! and next-to-leading-order~NLO! cross sections for
qq̄→tb̄, t̄b at the Tevatron and the LHC. The NLO cross sections
include only the initial-state QCD correction, and not the final-state
correction. The LO cross sections are calculated with the CTEQ3L
LO parton distribution functions, and the NLO cross sections with
the CTEQ3M NLO parton distribution functions.

FIG. 5. Renormalization-scale dependence of the leading-order
~LO! and next-to-leading-order~NLO! cross sections for
qq̄→tb̄, t̄b at the Tevatron and the LHC. The NLO cross sections
include both the initial-state and final-state corrections. The LO
cross sections are calculated with the CTEQ3L LO parton distribu-
tion functions, and the NLO cross sections with the CTEQ3M NLO
parton distribution functions.
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If the top and bottom quarks were stable, they would fo
quarkonium bound states just below threshold@15#. We esti-
mate the distance below threshold that the ground s
would occur, by analogy with the hydrogen atom, to b
E'(4as/3)

2mb/2'50 MeV.5 The formation time of the
ground state is approximately 1/E. This is much greater than
the top-quark lifetime,G t

21'(1.5 GeV!21, so there is not
sufficient time for quarkonium bound states to form@16#.

Because the top-quark width is small compared to
mass, interference between the corrections to production
decay amplitudes has a negligible effect, of ord
asG t /mt , on the total cross section@17#. This interference
also has a negligible effect on differential cross sectio
such as the invariant-mass distribution of the decay produ
of the top quark@18#.

Our final results for the cross section and uncertainty w
be presented in Sec. IV.

III. YUKAWA CORRECTION

The diagrams which contribute to theO(aWmt
2/mW

2 )
Yukawa correction toqq̄→tb̄ are shown in Fig. 7. The
dashed lines represent the Higgs boson and the unphys
scalarW andZ bosons associated with the Higgs field~in the
Rj gauge!. The effect of a top-quark loop in theW-boson
propagator, which might be expected to contribute a te
of Yukawa strength, is absorbed by the renormalized we
coupling constant, which we express in terms ofGm ,
the Fermi constant measured in muon dec
(aW5g2/4p[A2GmMW

2 /p). We use standard Feynman in
tegral techniques with dimensional regularization to calc
late the loop diagrams@19#, and work in the approximation
where the bottom quark is massless. Our other parame
are mt5175 GeV,MW580.33 GeV, uVtbu51, andGm
51.1663931025 GeV22.

In the mb50 approximation, the matrix element of th
tb̄ current may be written as

5Here,mb is the approximate reduced mass of the system, a
CF54/3 is the usual SU~3! group theory factor associated with th
fundamental representation.

FIG. 6. Differential cross section forqq̄→tb̄, t̄b vs the mass of
the virtuals-channelW boson, at the Tevatron and the LHC. Bot
the leading-order~LO! and next-to-leading-order~NLO! cross sec-
tions are shown, as well as the separate contributions from
initial-state~IS! and final-state~FS! corrections. The LO cross sec
tions are calculated with the CTEQ3L LO parton distribution fun
tions, and the NLO cross sections with the CTEQ3M NLO part
distribution functions.
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i ū~pt!G
mAv~pb!5S 2 igTA

2A2 D H ū~pt!g
m~12g5!v~pb!

1S mt
2Gm

8A2p2D ū~pt!

3FgmF1~q
2!1

~pt
m2pb

m!

mt
F2~q

2!G
3~12g5!v~pb! J , ~6!

wherept andpb are the outgoing four-momenta of thet and
b̄ quarks, respectively; the form factorsF1 andF2 are func-
tions ofq25(pt1pb)

2 and the Higgs boson mass; andTA is

an SU~3! matrix @Tr(TATB)5 1
2dAB#. The fractional change

in the differential cross section as a function of theq2 of the
virtualW boson is

DdsY /dAq2

dsLO /dAq2
5S mt

2Gm

8A2p2D
3F2F1~q

2!1F2~q
2!

~q22mt
2!2

q42 1
2q

2mt
22 1

2mt
4G .

~7!

Analytic expressions for the form factorsF1 and F2 are
given in an appendix.

nd

the

-
n

FIG. 7.O(aWmt
2/MW

2 ) corrections toqq̄→tb̄. The dashed lines
represent the Higgs boson and the unphysical scalarW and Z
bosons~in the Rj gauges!: ~a! wave function renormalization,~b!
vertex correction.

FIG. 8. Fractional change in the total cross section for
qq̄→tb̄, t̄b due to the Yukawa correction vs the Higgs boson mass
at the Tevatron and the LHC.
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TABLE I. Leading-order~LO! and next-to-leading-order~NLO! cross sections~pb! for qq̄→tb̄, t̄b at the Tevatron and the LHC for three
different sets of parton distribution functions~PDF’s!. The NLO cross section including only the initial-state~IS! 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. Th
NLO cross section is the average of the CTEQ3M and MRS~A 8) cross sections, with an uncertainty of66%, as discussed in the text.

mt5175 GeV,mR5mF5Aq2 CTEQ3L,3M MRS~A8! MRS~G!

sLO 0.578 0.601 0.602
Tevatron sNLO(IS) 0.789 0.766 0.758
AS52 TeV sNLO 0.894 0.868 0.860

sNLO „average… 5 0.886 0.05 pb
sLO 6.76 7.83 7.81

LHC sNLO(IS) 9.02 9.01 9.03
AS514 TeV sNLO 10.19 10.17 10.21

sNLO „average… 5 10.26 0.6 pb
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The fractional change in the total cross sectio
DsY /sLO , is plotted in Fig. 8 vs the Higgs boson mas
MH , at both the Tevatron and the LHC. For values ofMH
between 60 GeV and 1 TeV, the absolute value of t
Yukawa correction is never more than one percent of t
leading-order cross section. Thus, the Yukawa correction
negligible for this process, as has also been found to be
case fort t̄ production @20,21#. SinceW-gluon fusion also
involves thetb̄ weak charged current, our calculation sug
gests that the Yukawa correction to that process is also n
ligible. As previously mentioned, the ordinary weak corre
tion is expected to be comparable to the Yukawa correctio
so it too should be negligible.6 The Yukawa correction could
potentially be much larger in models with enhanced co
plings of Higgs bosons to top or bottom quarks@20,22#.

IV. CONCLUSIONS

The cross section forqq̄→tb̄, t̄b at both the Tevatron and
the LHC is given in Table I. The leading-order cross sectio
next-to-leading-order cross section including only the initia
state QCD correction, and the full next-to-leading order cro
section are given. The factorization and renormalizatio
scales are both set equal toAq2, the mass of the virtualW
boson. We give results for three different sets of next-t
leading-order parton distribution functions: CTEQ3M@14#,
Martin-Roberts-Stirling set A8, @MRS~A8!#, and MRS~G!
@23#.7 The QCD correction to the cross section is significan
about154% at the Tevatron and150% at the LHC, with
the leading-order cross section evaluated with leading-or
parton distribution functions, and the next-to-leading-ord
cross section evaluated with next-to-leading-order part
distribution functions.8 The size of theO(as) correction im-

6The complete calculation of the ordinary weak correction wou
require a set of parton distribution functions which are extract
with weak corrections included. Such a set is not available at t
time.
7The leading-order CTEQ cross section is calculated with t

CTEQ3L leading-order parton distribution functions.
8If next-to-leading-order parton distribution functions are used

both leading and next-to-leading order, the correction is abo
145% at the Tevatron and132% at the LHC.
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proves the outlook for observation of this process in Run
at the Tevatron.

As shown in Fig. 4, varying the factorization scale be
tween one-half and twiceAq2 changes the cross section by
only62%. Varying the renormalization scale over this sam
range yields a similar change in the cross section, as sho
in Fig. 5. Using these results to estimate the contributio
from higher-order QCD corrections, we conclude that th
uncertainty in the cross section is at the level of64%. This
conclusion is supported by the known next-to-next-to
leading-order correction to the Drell-Yan process, which i
about 2% @in the modified minimal subtraction (MS)
scheme# @8#.

It is difficult to reliably ascertain the uncertainty in the
cross section from the parton distribution functions at th
time. The small difference in the next-to-leading-order cros
sections using MRS~A8! and MRS~G! supports the conten-
tion that the calculation is insensitive to the gluon distribu
tion function. The difference between the cross section usi
CTEQ3M and MRS~A8! suggests that the uncertainty in the
cross section from the parton distribution functions is on th
order of62%. However, since each set of parton distribu
tion functions represents the best fit to some set of data, t
uncertainty is certainly larger than this. Therefore, we assig
an uncertainty of64% from the parton distribution func-
tions.

For our final estimate, we average the next-to-leading
order cross sections using the CTEQ3M and MRS~A8! par-
ton distribution functions. We assign an uncertainty o
66%, which reflects the uncertainties above, added
quadrature. We quote as our final result forqq̄→tb̄, t̄b a
cross section of 0.8860.05 pb at the Tevatron,9 and
10.260.6 pb at the LHC.

An additional source of uncertainty is the top-quark mas
A plot of the next-to-leading-order cross section fo
qq̄→tb̄, t̄b as a function of the top-quark mass is show in
Fig. 9. It is anticipated that this uncertainty will be66 GeV
when the data from Run I at the Tevatron are fully analyze
This yields an uncertainty of615% in the cross section at

ld
ed
his

he

at
ut 9For AS51.8 TeV, the cross section at the Tevatron is
0.7360.04 pb.
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the Tevatron. The uncertainty in the mass is expected
decrease to64 GeV in Run II @24#, corresponding to an
uncertainty in the cross section of610%. A high-luminosity
Tevatron might be capable of reducing the uncertainty in
mass to62 GeV @24#, which would yield an uncertainty in
the cross section of65%. The uncertainty in the cross sec
tion at the LHC is comparable.

Much can be done to reduce the uncertainty in the cal
lation. The next-to-next-to-leading-order correction to t
Drell-Yan process is already known@8#. The full next-to-
next-to-leading-order QCD correction toqq̄→tb̄ can and
should be completed in the near future. This should red
the uncertainty in the cross section from yet higher orders
below the 1% level. A reliable estimate of the uncertainty
the parton distribution functions requires a set with built-
uncertainties, which we hope will be available in the ne
future.

It seems likely that by the time the processqq̄→tb̄ is
observed in Run II at the Tevatron, the theoretical unc
tainty in the cross section will be slightly larger tha
610%, due mostly to the uncertainty in the mass. This
adequate in comparison with the anticipated experimen
errors. The statistical error on the measured cross sectio
Run II will be about620% @3#. This corresponds to a mea
surement ofuVtbu with an accuracy of610% ~assuming
uVtbu'1). A high-luminosity Tevatron, which could poten
tially deliver 30 fb21 over several years, would allow a mea
surement of the cross section with a statistical uncertainty
about 6%, with a comparable theoretical uncertainty. Co
bining the statistical and theoretical uncertainties in quad
ture, this corresponds to a measurement ofuVtbu with an
accuracy of about64%.

The processqq̄→tb̄ is also important as a background t
the processqq̄→WH with H→bb̄ at the Tevatron. We show
in Fig. 10 the next-to-leading-order cross sections
qq̄→W6H, as well asqq̄→ZH, at both the Tevatron and
the LHC @25#. The significant increase in theqq̄→tb̄ cross
section at next-to-leading order could have a negative imp
on the ability to find an intermediate-mass Higgs boson
the Tevatron.
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APPENDIX

Below are the form factors for the Yukawa correction to
the matrix element of thetb̄ charged current. These correc-
tions arise from loops of Higgs bosons and the unphysical
scalarW andZ bosons associated with the Higgs field in the
Rj gauges. The masses squared of the unphysical scala
bosons arejMW

2 ,jMZ
2 . In the numerical calculations, we set

j50 ~Landau gauge!. The integrals were reduced to the
standard one-, two-, and three-point scalar loop integrals and
then evaluated with the aid of the codeFF @26#. The notation
is adopted from@19#; the arguments of the functions give the
internal masses squared followed by the external momenta
squared.

F15
1
2 @4C24~jMW

2 ,MH
2 ,mt

2 ;q2,mt
2,0!

14C24~jMW
2 ,jMZ

2 ,mt
2 ;q2,mt

2,0!1B1~MH
2 ,mt

2 ;mt
2!

1~MH
2 24mt

2!B08~MH
2 ,mt

2 ;mt
2!1B1~jMZ

2 ,mt
2 ;mt

2!

1jMZ
2B08~jMZ

2 ,mt
2 ;mt

2!1B1~jMW
2 ,0;mt

2!

1~jMW
2 2mt

2!B08~jMW
2 ,0;mt

2!1B1~jMW
2 ,mt

2 ;0!

1~jMW
2 1mt

2!B08~jMW
2 ,mt

2 ;0!# ,

F25mt
2@C23~jMW

2 ,MH
2 ,mt

2 ;q2,mt
2,0!

1C23~jMW
2 ,jMZ

2 ,mt
2 ;q2,mt

2,0!

1C21~jMW
2 ,MH

2 ,mt
2 ;q2,mt

2,0!

1C21~jMW
2 ,jMZ

2 ,mt
2 ;q2,mt

2,0!

12C11~jMW
2 ,MH

2 ,mt
2 ;q2,mt

2,0!#.

In the reduction of the three-point integrals, a misprint
was discovered in Ref.@19#. On p. 199 in Appendix E, in an
un-numbered equation near the bottom of the page,C22 and
C23 were transposed. The correct equation is (C23,C22)
5X21(R4 ,R6).

FIG. 10. Cross section forqq̄→W6H andqq̄→ZH at the Teva-
tron and the LHC, calculated at next-to-leading order using
CTEQ3M parton distribution functions.
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