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QCD corrections to associated Higgs boson production
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We compute QCD corrections to the processese1e2→t t̄ h0 andpp→t t̄ h0 by treating the Higgs boson as
a parton which radiates off a heavy quark. This approximation is valid in the limitsMh,,Mt and Mh ,Mt

,,As. The corrections increase the rate forpp→t t̄ h0 at the CERN LHC by a factor of 1.2 to 1.5 over the
lowest order rate for an intermediate mass Higgs boson,Mh,180 GeV. The QCD corrections are small for

e1e2→t t̄ h0 at As51 TeV. @S0556-2821~98!01511-2#

PACS number~s!: 14.80.Bn, 12.38.Bx
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I. INTRODUCTION

The search for the Higgs boson is one of the most imp
tant objectives of present and future colliders. A Higgs bos
or some object like it is needed in order to give theW6 and
Z gauge bosons their observed masses and to cancel th
vergences which arise when radiative corrections to e
troweak observables are computed. However, we have
clues as to the expected mass of the Higgs boson, whia
priori is a free parameter of the theory. Direct experimen
searches for the standard model Higgs boson at CERNe1e2

colliders LEP and LEPII yield the limit@1#

Mh.77.5 GeV, ~1!

with no room for a very light Higgs boson. LEPII will even
tually extend this limit to aroundMh.95 GeV. Above the
LEPII limit and below the 2Z threshold is termed theinter-
mediate mass regionand is the most difficult Higgs mas
region to probe experimentally.

In the intermediate mass region, the Higgs boson dec
predominantly tobb̄ pairs. Since there is an overwhelmin
QCD background, it appears hopeless to discover the H
boson through thebb̄ channel alone. The associated produ
tion of the Higgs boson could offer a tag through the lepto
decay of the associatedW boson or top quark@2#:

pp→Wh0

pp→t t̄ h0. ~2!

Both of these production mechanisms produce a relativ
small number of events, making it important to have relia
predictions for the rates.

The QCD radiative corrections to the processpp→Wh0

have been computed and increase the rate significan
@;30240% at the CERN Large Hadron Collider~LHC!#
@3,4#. The QCD radiative corrections to the processese1e2

→t t̄ h0 andpp→t t̄ h0 do not yet exist and are the subject
this paper.
570556-2821/98/57~9!/5851~9!/$15.00
r-
n

di-
c-
w

l

ys

gs
-
c

ly
e

y

There is considerable expertise available concerning Q
corrections to Higgs boson production. The radiative corr
tions of O(as

3) to gg→h0 involve two-loop diagrams and
have been calculated with no approximations@5#. They have
also been computed in the limit in whichMh /Mt→0, where
an effective Lagrangian can be used and the problem red
to a one-loop calculation@6#. In the intermediate mass re
gion, one expects this to be a reasonable approximation.
QCD corrections to the processgg→h0 can be conveniently
described in terms of aK factor:

K~m!pp→h[
s~pp→h0X!NLO

s~pp→h0!LO
, ~3!

wherem is an arbitrary renormalization scale, which we ta
to bem5Mh . Figure 1 shows theK factor at the LHC com-
puted exactly and in theMh /Mt→0 limit. The important
point is that theMh /Mt→0 limit is extremely accurate and
reproduces the exact result for theK factor to within 10% for
all Mh,1 TeV @4#, although the smallMh /Mt limit does not

FIG. 1. Ratio of the radiatively corrected cross section to
lowest order result forpp→h0 at the LHC,As514 TeV, with m
5Mh . This figure uses the 2-loop value ofas(m) for both the
lowest order and the next-to-leading order~NLO! predictions.
5851 © 1998 The American Physical Society
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5852 57S. DAWSON AND L. REINA
accurately give the total cross section forMh.Mt . The rea-
son theK factor for this process is so accurately computed
the smallMh /Mt limit is that a significant portion of theK
factor comes from a constant rescaling of the lowest or
result, along with a universal contribution from the soft a
collinear gluon radiation which is independent of mas
@5,6#,

K~m!pp→h;11
as~m!

p S p21
11

2
1••• D . ~4!

Hence an accurate prediction for the rate toO(as
3) can be

obtained by calculating theK factor in the largeMt limit and
multiplying this by the lowest order rate computed using
full mass dependence.

Along this line, we compute the QCD corrections to t
processese1e2→t t̄ h0 and pp→t t̄ h0 in the Mh /Mt→0
and high energy limits, which we expect to be reasona
accurate from our experience with thegg→h0 process. In
these limits the Higgs boson can be treated as a pa
bremsstrahlung off a heavy quark. Section II computes
distribution of Higgs bosons in a heavy quark,f t→h , to lead-
ing order inMh /Mt , Mt /As, Mh /As and toO(as) in the
QCD coupling. In Sec. III, we use the results of Sec. II
compute the QCD corrections to the processe1e2→t t̄ h0.
We then combine theO(as

3) corrections topp→t t̄ @7,8#
with theO(as) corrections tof t→h to compute theK factor
for pp→t t̄ h0 in the high energy and largeMt limits. Just as
is the case for thegg→h0 process, thisK factor can be
combined with the lowest order result computed with the f
mass dependences to obtain an accurate estimate of th
diatively corrected cross section. Section IV contains so
conclusions.

II. HIGGS BOSON DISTRIBUTION FUNCTION:
THE EFFECTIVE HIGGS APPROXIMATION

A. Lowest order

For a Higgs boson which has a mass much lighter than
of the relevant energy scales in a given process,Mh!Mt ,
the Higgs boson can be treated as a parton which radiate
of the top quark. This approach was first proposed by E
Gaillard, and Nanopoulos@9#, and we will refer to it as to the
effective Higgs approximation~EHA!. The processqq̄(gg)
→t t̄ h0 can be thought of in this approximation asqq̄(gg)
→t t̄ , followed by the radiation of the Higgs boson from th
final state heavy quark line. This procedure is guarantee
correctly reproduce the collinear divergences associated
the emission of a massless Higgs boson. We expect
treating the Higgs boson as a massless parton should
good approximation for the purpose of computing radiat
corrections and theK factor.

The distribution function,f t→h , of a Higgs boson in a
heavy quark,t, can be found from the diagram of Fig.
using techniques which were originally derived to find t
distribution of photons in an electron@10#. This approach has
also been successfully used to compute the distribution oW
bosons in a light quark@11#.
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The spin- and color-averaged cross section for the sca
ing processte→tX throught-channel Higgs (h0) exchange
is

s~ te→tX!5
1

48EEe

1

uvW t2vW eu
E d3pW 8

~2p!3

1

2E8
~2p!4

3d~4!~k1pe2PX!uA~ te→tX!u2dGX, ~5!

where the kinematics are given in Fig. 2,vW t and vW e are the
velocities of the incoming particles, anddGX is the Lorentz
invariant phase space of the final stateX. We factorize the
amplitude as

uA~ te→tX!u25uA~eh0→X!u2S 1

k22Mh
2D 2

uA~ t→th0!u2.

~6!

This factorization is the crucial step in defining the Hig
distribution function and assumes that the dominant con
bution comes from an on-shell Higgs boson.

We define the energy carried by the Higgs boson to b

Eh[xhE, ~7!

and neglect all masses, except when they lead to a loga
mic singularity.1 Using

s~eh0→X!5
1

8EhEe
dGX~2p!4d4~k1pe2PX!

3uA~eh0→X!u2, ~8!

andd3pW 85(12xh)2E3dxhdV8 we find

s~ te→tX!5
E2

96p3E dxh xh~12xh!

3E dV8

k4 uA~ t→th0!u2s~eh0→X!. ~9!

We now define the Higgs boson structure function by
relation

s~ te→tX![E f t→h~xh!s~eh0→X!dxh. ~10!

1It is straightforward to include masses in the analysis. Howev
experience with the effectiveW approximation has shown that th
mass corrections are typically numerically unimportant.

FIG. 2. The scattering processte2→tX can be used to extrac
the Higgs boson structure functionf t→h(xh), assuming that the am
plitude is dominated by thet-channel Higgs pole.
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57 5853QCD CORRECTIONS TO ASSOCIATED HIGGS BOSON . . .
This is a Lorentz invariant definition which can be used b
yond the leading order. We use the notationf t→h

0 (xh) to
denote the lowest order result,

f t→h
0 ~xh!5

E2

96p3 xh~12xh!E dV8

k4 uA~ t→th0!u2, ~11!

whereA(t→th0)[2 igtd i j ū(p8)u(p).
We now consider a Higgs boson which couples to he

quarks with the Yukawa interaction,

L52gt t̄ th0. ~12!

In the standard model,gt5Mt /v, with v5246 GeV. Our
calculation is, however, valid in any model whereMh
!Mt , such as a supersymmetry~SUSY! model.

Performing the integral of Eq.~11!, we obtain our primary
result:

f t→h
0 ~xh!5

gt
2

16p2 H 4~12xh!

xh
1xhlogS 4E2~12xh!2

Mt
2xh

2 D J
1OS Mt

E
,
Mh

E
,
Mh

Mt
D . ~13!

The dominant numerical contribution comes from the
2xh)/xh term, i.e. from theinfrared part of the Higgs dis-
tribution function. In fact, we can also reproduce the fi
term in Eq.~13! if we calculate, in the eikonal approxima
tion, the bremsstrahlung of asoftHiggs boson from the fina
state of thee1e2→t t̄ process. This provides us with a
independent check of the leading behavior of the Hig
structure function we are going to use in the following.

It is instructive to compute the neglected mass depend
terms using a different approach. The cross section forqq

→t t̄ h0 has been computed many years ago@12#,

ds~qq̄→t t̄ h0!

dxh
5

as
2gt

2

27ps H Fxh12S 4Mt
22Mh

2

s D
1

2

xh

~4Mt
22Mh

2!~2Mt
22Mh

2!

s2

1
8Mt

2

sxh
G logS xh1b̂

xh2b̂
D 1

4b̂

xh
22b̂2

3S 11
2Mt

2

s D S 4Mt
22Mh

2

s D J , ~14!

where xh52Eh /As is the exact equivalent of the quanti
defined in Eq.~7! and varies in the range between

xh
min5

2Mh

As
and xh

max512
4Mt

2

s
1

Mh
2

s
,

~15!

while b̂ is defined to be
-

y

t

s

nt

b̂5F „xh
22~xh

min!2
…~xh

max2xh!

~xh
max2xh14Mt

2/s!
G 1/2

. ~16!

We can define the distribution of Higgs bosons in a hea
quark by the relation

s~qq̄→t t̄ h0!52E dxhs~qq̄→t t̄ ! f̂ t→h~xh!, ~17!

where the factor of 2 reflects the fact that the Higgs bos
can radiate from either quark. Using Eq.~17! we find an
alternate definition of the Higgs distribution function:

f̂ t→h~xh!5F 1

2s~qq̄→t t̄ !
Gds~qq̄→t t̄ h!

dxh
. ~18!

Taking the limits@Mt
2@Mh

2 of Eq. ~14!, we find

f̂ t→h~xh!5
gt

2

16p2H xhlogS s~12xh!

Mt
2 D 14S 12xh

xh
D J .

~19!

Except for the argument of the logarithm, this agrees w
Eq. ~13!. It is easy to convince ourselves that this discre
ancy can only introduce a difference of the same order
magnitude as the effects we are neglecting and is there
irrelevant in our approximation. We have explicitly check
that the use off t→h(xh) in the form of Eq.~13! or of Eq.~19!
is numerically irrelevant for an intermediate mass Higgs b
son and parton sub-energies above around 1 TeV.

B. QCD corrections

The utility of the results of the previous section is that it
straightforward to compute theO(as) corrections tof t→h .
The discussion here parallels that of Ref.@13#.

1. Virtual corrections

The virtual corrections include contributions from the ve
tex renormalization of Fig. 3a, from the top quark wa
function renormalization, and from the top quark mass ren
malization. The virtual correction from Fig. 3a is given by

FIG. 3. Virtual ~a! and real~b!, ~c! QCD corrections to be com
puted in order to obtain theO(as) corrections to the structure func
tion f t→h(xh) in the EHA.
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AV5A0~ t→th0!
as

4p
CFF S 4pm2

Mt
2 D e

4~112e!GUV~e!26

1S 4pm2

Mt
2 D e

~22r h!S G IR~e!1
r h

6
~12e!G IR~e!

1O~r h
2!D G , ~20!

where we definer h5Mh
2/Mt

2 andCF54/3.A0(t→th0) de-
notes the tree level amplitude fort→th0, and can be directly
read from Eq.~12!. We have explicitly separated the infrare
(e IR) and ultraviolet (eUV) divergences and we have define

G~e!5
1

e
2gE[

1

e8
. ~21!

The wave function renormalization (Z2) contributes to the
virtual amplitude,

Z2A0~ t→th0!52A0~ t→th0!
as

4p S 4pm2

Mt
2 D e

3CF@~112e!GUV~e!

12~11e!G IR~e!#

52A0~ t→th0!
as

4p S 4pm2

Mt
2 D e

3CFS 1

eUV8
1

2

e IR8
14D . ~22!

The sum of~22! and ~20! has both an UV pole and an IR
pole. The UV pole in fact is cancelled by the renormalizati
of the mass term in the Higgs-fermion coupling (gt
5Mt /v), while the IR pole will be cancelled by the so
gluon bremsstrahlung contribution~see Figs. 3b and 3c!. To
complete the calculation of the virtual part, we add to~22!
and ~20! the mass renormalization, i.e.

dMt52Mt

as

4p
CFS 4pm2

Mt
2 D e

GUV~e!~314e!, ~23!

and we obtain

Av irt [A0~ t→th0!
as

4p
CFF2

2

3
r hG IR~e!S 4pm2

Mt
2 D e

26

2
1

3
r h1O~r h

2!G . ~24!

Therefore, the virtual processes contribute to the QCD c
rected Higgs distribution function,

f t→h
v irt ~xh!5 f t→h

0 ~xh!H 11
as

2p
CFF2

2

3
r hG IR~e!S 4pm2

Mt
2 D e
r-

262
1

3
r h1O~r h

2!G J . ~25!

In the limit r h→0 we have

f t→h
v irt ~xh!→ f t→h

0 ~xh!H 12
3as

p
CFJ . ~26!

2. Real corrections

The gluon bremsstrahlung diagrams are shown in Figs
and 3c. In the soft gluon limit, the amplitude is given by

A~ t→th0g!so f t5gsTi j
aA0~ t→th0!S p8•eg

p8•pg
2

p•eg

p•pg
D .

~27!

The contribution to the Higgs distribution function is foun
by integrating over the gluon phase space,

~PS!g5
1

~4p!e

G~12e!

G~122e!
E

0

d
dEg

Eg
122e

~2p!322e

3E
0

p

sin122eu1du1E
0

p

sin22eu2du2, ~28!

whereEg is the gluon energy. The integral of Eq.~28! is cut
off at an arbitrary energy scale,d, and the dependence ond
must vanish when the hard gluon terms are included. P
forming the integrals of Eq.~28!, the soft gluon bremsstrah
lung term is given by

f t→h
brem~xh!5 f t→h

0 ~xh!
as

2p
CFH 2

3
r hG~e IR!S 4pm2

d2 D e

1D

1O~r h
2!J , ~29!

In Eq. ~29!, D is the sum of all the remaining finite contr
butions,

D52
2

3
r hlog~4!1

1

bp
logS 11bp

12bp
D 1

1

bp8

logS 11bp8

12bp8
D

2~22r h!E
0

1 du

bv~u!

logS 11bv~u!

12bv~u! D
@12u~12u!r h#

, ~30!

and we have denoted by

bp5S 12
Mt

2

E2 D 1/2

and bp85S 12
Mt

2

E82D 1/2

~31!

the velocities of the incoming (p) and of the outgoing (p8)
t-quark respectively, while

bv~u!5S 12
mv~u!2

Ev~u!2 D 1/2

~32!
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is the b-term velocity for the 4-vectorv[up1(12u)p8,
which we use in the integration of the interference term
tween the two real emission diagrams. In the limitr h→0 and
Mt!E,E8,

D→
1

2H 4S E1E8

E2E8D logS E8

E D18J . ~33!

We can see that in the sum of~25! and ~29! the residual IR
divergences cancel.

The final QCD corrected result is

f t→h~xh!5 f t→h
0 ~xh!H 11

as~m!

p
CFF211

22xh

xh

3 log~12xh!G J 1 f hard1O~r h!

[ f t→h
0 ~xh!H 11

as~m!

p
f t→h

1 ~xh!J . ~34!

The hard gluon terms cannot be reproduced in this appr
mation and they would require the full calculation of th
bremsstrahlung of a hard gluon in the final state ofe1e2

→t t̄ h0 or pp→t t̄ h0. Note that to leading order inr h there
is no dependence on the gluon energy cut-offd in the soft
bremsstrahlung contribution of Eq.~29! and so f hard can
contain only finite terms. In addition, there can be no 1xh
singularities inf hard and so we expect this term to be sma
The emission of a hard gluon should have a very distingu
able experimental signature and should not affect the st
of e1e2→t t̄ h0 or pp→t t̄ h0. Therefore we do not include
the study of hard gluon emission in this context and drop
f hard part of the structure functionf t→h(xh).

Figure 4 shows the lowest order and radiatively correc
results for 2 typical energy scales. It is clear that the do
nant contribution is from the (12xh)/xh term with little en-
ergy dependence and that the orderO(as) contributions are
small.

FIG. 4. The Higgs distribution functionf t→h(xh) in units of
gt

2/(4p)2.
-

i-

-
y

e

d
i-

III. CROSS SECTIONS

A. e1e2
˜t t̄ h0

As a first application of the formalism previously derive
we want now to estimate the impact of QCD corrections
the cross section fore1e2→t t̄ h0. This will require us to use
the QCD corrected distribution function derived in Eq.~34!
together with the NLO expression for the cross section
e1e2→t t̄ .

Let us start testing the validity of the EHA approach
the absence of QCD corrections. For this purpose, we ev
ate and compare the cross section fore1e2→t t̄ h0 in the
exact theory~i.e. the standard model! and in the EHA, for an
intermediate mass Higgs boson.

The cross section fore1e2→t t̄ h0 has been first calcu
lated in @14# ~photon-exchange contribution only! and then
completed in@15# ~both photon andZ-exchange contribu-
tions!. To make the comparison with the formalism e
plained in Sec. II easier, we will write the cross section in t
form

s~e1e2→t t̄ h0!5E
xh

min

xh
max

dxh

ds~e1e2→t t̄ h0!

dxh
, ~35!

where xh52Eh /As and the integration bounds have be
defined in Eq.~15!. The differential distribution in Eq.~35!
can be written as

ds~e1e2→t t̄ h0!

dxh

5Nc

s0

~4p!2 H FQe
2Qt

21
2QeQtVeVt

12MZ
2/s

1
~Ve

21Ae
2!~Vt

21At
2!

~12MZ
2/s!2 GG11

Ve
21Ae

2

~12MZ
2/s!2 FAt

2(
i 52

6

Gi

1Vt
2~G41G6!G1

QeQtVeVt

12MZ
2/s

G6J , ~36!

wheres054pae
2/3s, ae is the QED fine structure constan

andQi , Vi andAi ( i 5e, t) denote the electromagnetic an
weak couplings of the electron and of the top quark resp
tively,

Vi5
2I 3L

i 24QisW
2

4sWcW
, Ai5

2I 3L
i

4sWcW
, ~37!

with I 3L
i 561/2 being the weak isospin of the left-hande

fermions andsW
2 512cW

2 50.23. The coefficientsG1 andG2

describe the radiation of the Higgs boson off the top qu
~both photon andZ boson exchange!, while G3 , . . . ,G6 rep-
resent the radiation of the Higgs boson off theZ boson.
Explicit expressions for the coefficientsG1 , . . . ,G6 are
given in the Appendix.

As already observed in Ref.@15#, the most relevant con
tributions are those in which the Higgs boson is emitted fr
a top quark leg, i.e. those proportional toG1 andG2 in Eq.
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5856 57S. DAWSON AND L. REINA
~36!. This is further confirmed when we calculate the sa
process in the EHA and we see that it is numerically con
tent with the exact result to within a factor of 1.521.8 for
50<Mh<150 GeV andAs51 TeV ~the agreement is clearl
improved when we go to higher values ofAs).

In fact, according to Sec. II, the cross section fore1e2

→t t̄ h0 is evaluated in the EHA as the convolution of th
Higgs boson distribution function with the cross section
e1e2→t t̄ , i.e.

s~e1e2→t t̄ h0!EHA52E
xh

min

xh
max

dxhf t→h
0 ~xh!

3s~e1e2→t t̄ !, ~38!

and therefore only the emission of a Higgs boson from a
quark is taken into account.

In the absence of QCD corrections,f t→h
0 (xh) is given by

Eq. ~13!, while s(e1e2→t t̄ ) can be easily calculated an
reads@16,17#

s~e1e2→t t̄ !5b tS 11
1

2
m t

2DsVV1b t
3sAA, ~39!

wherem t52Mt /As, b t
25(12m t

2), andsVV andsAA corre-
spond respectively to the product of two vector or two ax
currents~the interference between the two gives zero up
angular integration!,

sVV5Ncs0FQe
2Qt

212QeQtVeVt

s

s2MZ
2

1Vt
2~Ve

21Ae
2!

3S s

s2MZ
2D 2G ,

sAA5Ncs0 At
2~Ve

21Ae
2!S s

s2MZ
2D 2

, ~40!

using the same notation we introduced before. We notice
s(e1e2→t t̄ ) does not depend onxh and the associate
Higgs boson production, in the EHA, is obtained by simp
multiplying s(e1e2→t t̄ ) by a prefactor, as can be see
from Eq. ~38!.

In Fig. 5 we compare the exact cross section of Eq.~35! to
the EHA one of Eq.~38!, in terms of their ratio

R5
s~e1e2→t t̄ h0!EHA

s~e1e2→t t̄ h0!EXACT

. ~41!

As we can see, the EHA reproduces the exact cross secti
a good level of approximation and we are entitled to use i
the estimate of the impact of QCD corrections on the as
ciated production of an intermediate mass Higgs boson int t̄
events.
e
-

r

p

l
n

at

to
n
o-

Within the EHA formalism, we can parameterize the e
fect of QCD corrections as

s~e1e2→t t̄ h0!52F E
xh

min

xh
max

dxhf t→h
0 ~xh!

3S 11
as~m!

p
f t→h

1 ~xh! D G
3S ŝ01

as~m!

p
ŝ1D , ~42!

where f t→h
0 is the Higgs boson distribution function withou

QCD corrections, as in Eq.~13!, while the exact expression
of f t→h

1 (xh) can be derived from Eq.~34!. Moreover, we
have schematically represented the QCD corrected cross
tion s(e1e2→t t̄ ) in the form

s~e1e2→t t̄ !5ŝ01
as~m!

p
ŝ1, ~43!

whereŝ0 is given in Eq.~39!.
Numerical expressions forŝ1 at various energies can b

found in the literature@17# and we refer to these numbers
our discussion. The impact of QCD corrections on the p
diction of the cross section fore1e2→t t̄ h0 is described by
the K-factor,

K~m!e1e2→t t̄ h5
s~e1e2→t t̄ h0!NLO

s~e1e2→t t̄ h0!LO
. ~44!

In the EHA, using Eq.~38! and Eq.~42!, theK-factor can be
written as

FIG. 5. Ratio of the lowest order cross section computed in

EHA for e1e2→t t̄ h0 to the same quantity computed exactly, f
intermediate mass Higgs bosons atAs51 TeV.
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p
f t→h

1 ~xh! D G S ŝ01
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ŝ1D

max
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F E
xh

min

xh dxhf t→h
0 ~xh!G ŝ0

511
as~m!

p S ŝ1

ŝ0
1

E
xh

min

xh
max

dxhf t→h
0 ~xh! f t→h

1 ~xh!

E
xh

min

xh
max

dxhf t→h
0 ~xh!

D . ~45!
m

ar-
he
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-

t
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a
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.
s
.

Using the results of Ref.@17#, we can estimate thatŝ1/ŝ0

.1.7 at As51 TeV @taking m5As and as(s)50.088],
while the second term in parenthesis is roughly24 for Mh
,180 GeV. ThereforeK(s)..94 and the impact of QCD
corrections is estimated in the EHA to be very mild fore1e2

initial states.

B. pp˜t t̄ h0

The QCD corrections to the processpp→t t̄ h0 can be
estimated using the EHA and the results of Refs.@7,8# for the
NLO corrections topp→t t̄ . The NLO cross section fort t̄
production at a hadron collider can be conveniently para
etrized at the parton level as

s~ i j→t t̄ X!5
as

2~m!

Mt
2 H f i j

0 ~ r̂ !14pas~m!

3F f i j
1 ~ r̂ !1 f̄ i j

1 ~ r̂ !logS m2

Mt
2D G J , ~46!

wherei j corresponds to thegg, qq̄, qg, andq̄g initial states
and

r̂5
4Mt

2

ŝ
, ~47!

with ŝ the parton sub-energy. Analytic results for thef i j
0 ( r̂)

and f̄ i j
1 ( r̂) and numerical parametrizations off i j

1 ( r̂) can be
found in Ref.@7#.

In the EHA, the cross section forpp→t t̄ h0 production at
lowest order is then

s0~pp→t t̄ h0!5
2as

2~m!

Mt
2 E dx1dx2(

i j
Fi~x1!F j~x2! f i j

0 ~ r̂ !

3E dxhf t→h
0 ~xh!, ~48!
-

whereFi(x) are the parton distribution functions andx1 and
x2 are the momentum fractions carried by the incoming p
tons. Again, the over-all factor of 2 reflects the fact that t
Higgs boson can be radiated off either top quark leg. T
parton sub-energy isŝ5x1x2s. Note that because of the de
pendence onŝ in f t→h(xh), the effect of the Higgs emission
is not a simple prefactor as was the case fore1e2 ~although
the energy dependence is very small!.

At lowest order, the processpp→t t̄ h0 includes both the
qq̄ and gg initial states. As was the case fore1e2, the
contribution from theqq̄ initial state is well approximated a
lowest order in the intermediate mass Higgs region by
EHA calculation. However, the processgg→t t̄ h0 also con-
tains thet-channel emission of a Higgs boson which is n
included in the EHA approximation and so the EHA is
much poorer approximation to the lowest order hadro
cross section than it is to thee1e2 cross section.2 We will
therefore use the EHA only to calculate theK factor. The
best estimate of the rate forpp→t t̄ h0 will then be obtained
by using the exact calculation for the lowest order rate a
then multiplying by theK factor obtained using the EHA.

The cross section to NLO can easily be found using
EHA,

s1~pp→t t̄ h0!

5
2as

2~m!

Mt
2 E dx1dx2(

i j
Fi~x1!F j~x2!E dxhf t→h

0 ~xh!

3H f i j
0 ~ r̂ !1

as~m!

p S f t→h
1 ~xh! f i j

0 ~ r̂ !1~4p2!

3F f i j
1 ~ r̂ !1 f̄ i j

1 ~ r̂ !logS m2

Mt
2D G D J . ~49!

The K factor is then given as usual by

2The agreement between the exact calculation and the EHA

culation of pp→t t̄ h0 at the LHC can be improved by using Eq
~19! instead of Eq.~13! for f t→h

0 . Even so, the EHA overestimate
the exact cross section forMh;150 GeV by about a factor of 2
The K factors obtained using Eq.~13! or Eq. ~19!, along with Eq.
~34!, are, however, almost identical.
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K~m!pp→t t̄ h[
s1~pp→t t̄ h0!

s0~pp→t t̄ h0!
. ~50!

In Fig. 6, we show theK factor using structure function
derived by Morfin and Tung@18#. It is clear from this figure
that using the lowest order cross section with the 2-lo
evolution ofas(m) overestimates the size of the correction
~This is also true for thepp→h0 process@4#.! The K factor
varies between around 1.2 and 1.5 for the intermediate m
Higgs boson. Since the dominant production mechanism
gluon fusion, the exact value of theK factor is sensitive to
the choice of structure functions. We have found that cha
ing the set of structure functions induces a 10–20% un
tainty in theK factor shown in Fig. 6.

IV. CONCLUSIONS

We have computed the next-to-leading order QCD corr
tions to e1e2→t t̄ h0 and to pp→t t̄ h0 in the high energy
limit and the limit in whichMh,,Mt . We expect this to be
a reasonable approximation in the intermediate mass reg
The corrections toe1e2→t t̄ h0 are small and can safely b
neglected. The corrections topp→t t̄ h0, however, increase
the rate at the LHC by a factor of between 1.2 to 1.5
Mh,180 GeV, although the numbers are sensitive to
choice of structure functions. Within the context of the EH
the bulk of these corrections can be identified with t
O(as

3) corrections to thepp→t t̄ sub-process. The signifi
cant size of the corrections underscores the need for a c
plete calculation.
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APPENDIX A: COEFFICIENTS FOR s„e1e2
˜t t̄ h0

…

As we have seen in Eq.~36!, the differential cross section
for e1e2→t t̄ h0 can be expressed in terms of six coef
cientsG1 , . . . ,G6. Two of them,G1 andG2 account for the
emission of a Higgs boson from a top quark and are exp
itly given by

G15
2 gt

2

s2~ b̂22xh
2!xh

S 24b̂ ~4Mt
22Mh

2! ~2Mt
21s!xh

1~ b̂22xh
2!„16Mt

412Mh
422Mh

2sxh1s2xh
224Mt

2

3~3Mh
222s22sxh!… logS xh1b̂

xh2b̂
D D ,

G25
22 gt

2

s2 ~ b̂22xh
2!xh

S b̂ xh„296Mt
4124Mt

2Mh
2

2s~2Mh
21s1sxh!~2b̂21xh

2!…12~ b̂22xh
2!

3(24Mt
412~Mh

42Mh
2sxh!

1Mt
2~214Mh

2112sxh1sxh
2!…logS xh1b̂

xh2b̂
D D ,

~A1!

while the other four coefficients,G3 , . . . ,G6 describe the
emission of a Higgs from theZ-boson and can be written in
the following form:

G35
22 b̂gZ

2Mt
2

MZ
2~Mh

22MZ
21s2sxh!2

@4Mh
4112MZ

412MZ
2sxh

2

1s2~211xh!xh
22Mh

2
„8MZ

21s~2414xh1xh
2!…#,

G45
b̂gZ

2MZ
2

6~Mh
22MZ

21s2sxh!2
„48Mt

2112Mh
22s~2241b̂2

124xh23xh
2!…, ~A2!
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G55
24 gt gZ Mt

MZ s„2Mh
21MZ

21s~211xh!…

3S b̂ s„6MZ
21xh~2Mh

22s1sxh!…

12„Mh
2~Mh

223MZ
21s2sxh!1Mt

2

3~24Mh
2112MZ

21sxh
2!… logS xh1b̂

xh2b̂
D D ,
-
,

v.
-

cl
s,

d

G65
8 gt gZ Mt MZ

s„2Mh
21MZ

21s ~211xh!…
S b̂ s1~4Mt

22Mh
2

12s2sxh!logS xh1b̂

xh2b̂
D D .

In both Eq.~A1! and Eq.~A2!, gt andgZ denote the Yukawa
couplings of the top quark (gt5Mt /v) and of theZboson

(gZ5MZ /v) respectively, while the quantityb̂ is defined in
Eq. ~16!. Reference@15# presents the result fords/dx1dx2,
wherex1 andx2 are the fractional energies of the top quark
After making a change of variables and integrating ov
ux12x2u, their expressions for theGi agree with ours.
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