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Electroweak radiative corrections to associatedWH and ZH production at hadron colliders
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Higgs-boson production in association withW or Z bosons,pp̄→WH/ZH1X, is the most promising
discovery channel for a light standard model Higgs particle at the Fermilab Tevatron. We present the calcula-
tion of the electroweakO(a) corrections to these processes. The corrections decrease the theoretical prediction
by up to 5%–10%, depending in detail on the Higgs-boson mass and the input-parameter scheme. We update
the cross-section prediction for associatedWH and ZH production at the Tevatron and at the CERN LHC,
including the next-to-leading order electroweak and QCD corrections, and study the theoretical uncertainties
induced by factorization and renormalization scale dependences and by the parton distribution functions.
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I. INTRODUCTION

The search for Higgs particles@1# is one of the most im-
portant endeavors for future high-energy collider expe
ments. Direct searches at the CERNe1e2 collider LEP have
set a lower limit on the standard model~SM! Higgs-boson
mass ofMH.114.4 GeV at the 95% confidence level~C.L.!
@2#. SM analyses of electroweak precision data, on the o
hand, result in an upper limit ofMH,211 GeV at 95% C.L.
@3#. The search for the Higgs boson continues at the
graded Fermilab proton–antiproton collider Tevatron@4#
with a center-of-mass~c.m.! energy of 1.96 TeV, followed in
the near future by the CERN Large Hadron Collider~LHC!
@6# with 14 TeV c.m. energy. Various channels can be
ploited at hadron colliders to search for a Higgs boson.
the Tevatron, Higgs-boson production in association withW
or Z bosons,

pp̄→WH1X and pp̄→ZH1X, ~1.1!

is the most promising discovery channel for a SM Hig
particle with a mass below about 135 GeV, where dec
into bb̄ final states are dominant@4,5#.

At leading order, the production of a Higgs boson in a
sociation with a vector boson,pp̄→VH1X(V5W,Z) pro-
ceeds throughqq̄ annihilation@7#,

qq̄8→V* →V1H. ~1.2!

The next-to-leading order~NLO! QCD corrections coincide
with those for the Drell-Yan process and increase the cr
section by about 30%@8#.1 Beyond NLO, the QCD correc
tions for VH production differ from those for the Drell-Yan

1QCD corrections to the background processespp/pp̄→W/Z

1bb̄1X have been calculated in@9#.
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process by contributions where the Higgs boson couples
heavy fermion loop. The impact of these additional terms
however, expected to be small in general@10#, and next-to-
next-to-leading order~NLO! QCD corrections should not in
crease theVH cross section at the Tevatron significant
similar to the Drell–Yan cross section@11#. As described in
more detail in Sec. IV, the renormalization and factorizati
scale dependence is reduced to about 10% atO(as), while
the uncertainty due to the parton luminosity is less th
about 5%. At this level of accuracy, the electroweakO(a)
corrections become significant and need to be included
further improve the theoretical prediction. Moreover, t
QCD uncertainties may be reduced by forming the ratios
the associated Higgs-production cross section with the co
sponding Drell–Yan-likeW- and Z-boson production chan
nels, i.e. by inspectingspp̄→VH1X /spp̄→V1X . In these ra-
tios, higher-order electroweak effects should be significa
For the Drell–Yan-likeW- andZ-boson production the elec
troweak corrections have been calculated in Refs.@12,13#
and @14#, respectively.

In this paper we present the calculation of the electrow
O(a) corrections to the processespp̄/pp→W1H1X and
pp̄/pp→ZH1X.2 We update the cross-section predictio
for associatedWH andZH production at the Tevatron and a
the LHC, including the NLO electroweak and QCD corre
tions, and we quantify the residual theoretical uncertai
due to scale variation and the parton distribution function

The paper is organized as follows. In Sec. II we outli
the computation of theO(a) electroweak corrections. Th
calculation of the hadronic cross section and the treatmen
the initial-state mass singularities are described in Sec. III
Sec. IV we present numerical results for associatedWH and
ZH production at the Tevatron and at the LHC. Our conc
sions are given in Sec. V.

2The electroweakO(a) corrections to associatedZH production
at e1e2 colliders have been presented in Ref.@15#.
©2003 The American Physical Society03-1
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II. THE PARTON CROSS SECTION

A. Conventions and lowest-order cross section

We consider the parton process

q~pq ,tq!1q̄8~pq̄8 ,t q̄8!→V~pV ,lV!1H~pH!@1g~k,l!#,
~2.1!

where V5W1,Z. The light up- and down-type quarks a
denoted byq and q8, whereq5u,c andq85d,s for W1H
production andq5q85u,d,s,c,b forZH production. The
variables within parentheses refer to the momenta and he
ties of the respective particles. The Mandelstam variables
defined by

ŝ5~pq1pq̄8!
2, t̂5~pq2pV!2, û5~pq̄82pV!2,

sVH5~pH1pV!2. ~2.2!

Obviously, we haveŝ5sVH for the nonradiative proces
qq̄8→VH. We neglect the fermion massesmq , mq̄8 when-
ever possible, i.e. we keep these masses only as regulato
the logarithmic mass singularities originating from colline
photon emission or exchange. As a consequence, the fer
helicitiestq andt q̄8 are conserved in lowest order and in t
virtual one-loop corrections, i.e. the matrix elements van
unlesstq52t q̄8[t561/2. For brevity the value oft is
sometimes indicated by its sign.

In lowest order only the Feynman diagram shown in F
1 contributes to the scattering amplitude, and the correspo
ing Born matrix element is given by

M 0
t5

e2gqq8V
t gVVH

ŝ2MV
2 v̄~pq̄8!«” V* ~lV!vtu~pq!, ~2.3!

FIG. 1. Lowest-order diagram for qq̄8→V* →VH
(V5W,Z).
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where «V* (lV) is the polarization vector of the bosonV,

v̄(pq̄8) and u(pq) are the Dirac spinors of the quarks, an
v65 1

2 (16g5) denote the chirality projectors. The couplin
factors are given by

gudW
t 5

Vud*

A2sW

dt2 , gWWH5
MW

sW
,

gqqZ
t 52

sW

cW
Qq1

I q
3

cWsW
dt2 , gZZH5

MZ

cWsW
, ~2.4!

whereQq andI q
3561/2 are the relative charge and the thi

component of the weak isospin of quarkq, respectively. The
weak mixing angle is fixed by the mass ratioMW /MZ , ac-
cording to the on-shell condition sin2uW[sW

2 512cW
2 51

2MW
2 /MZ

2 . Note that the CKM matrix element for theud
transition,Vud , appears only as global factoruVudu2 in the
cross section forWH production, since corrections to flavo
mixing are negligible in the considered process. This me
that the CKM matrix is set to unity in the relative correctio
and, in particular, that the parameterVud need not be renor-
malized. The same procedure was already adopted for Dr
Yan-like W production@12,13#.

The differential lowest-order cross section is easily o
tained by squaring the lowest-order matrix elementM 0

t of
Eq. ~2.3!,

S dŝ0

dV̂
D 5

1

12

1

64p2

l1/2~MV
2 ,MH

2 ,ŝ!

ŝ2 (
spins

uM 0
t u2

5
a2

48MV
2 ŝ2

gVVH
2 @~gqq8V

1
!21~gqq8V

2
!2#

3l1/2~MV
2 ,MH

2 ,ŝ!
~ t̂2MV

2 !~ û2MV
2 !1MV

2 ŝ

~ ŝ2MV
2 !2

, ~2.5!
FIG. 2. Contributions of different vertex functions toud̄→WH.
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FIG. 3. Contributions of different vertex functions toqq̄→ZH.
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where the explicit factor 1/12 results from the average o
the quark spins and colors, andV̂ is the solid angle of the
vector bosonV in the parton c.m. frame. The total parto
cross section is given by

ŝ0~qq̄8→VH!5
a2p

72MV
2 ŝ2

gVVH
2 @~gqq8V

1
!21~gqq8V

2
!2#

3l1/2~MV
2 ,MH

2 ,ŝ!

3
l~MV

2 ,MH
2 ,ŝ!112MV

2 ŝ

~ ŝ2MV
2 !2

, ~2.6!

where l is the two-body phase space functionl(x,y,z)
5x21y21z222xy22xz22yz. The electromagnetic cou
pling a5e2/(4p) can be set to different values according
different input-parameter schemes. It can be directly ide
fied with the fine-structure constanta(0) or the running
electromagnetic couplinga(k2) at a high-energy scalek. For
instance, it is possible to make use of the value ofa(MZ

2)
that is obtained by analyzing@16# the experimental ratioR
5s(e1e2→hadrons)/s(e1e2→m1m2). These choices
are calleda(0)-schemeanda(MZ

2)-scheme, respectively, in
the following. Another value fora can be deduced from th
Fermi constantGm , yielding aGm

5A2GmMW
2 sW

2 /p; this

choice is referred to asGm-scheme. The differences betwee
these schemes will become apparent in the discussion o
correspondingO(a) corrections.

B. Virtual corrections

1. One-loop diagrams and calculational framework

The virtual corrections can be classified into self-ener
vertex, and box corrections. The generic contributions of
07300
r
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different vertex functions are shown in Figs. 2 and 3. Expli
results for the transverse parts of theWW, ZZ, andgZ self-
energies~in the ‘t Hooft–Feynman gauge! can, e.g., be found
in @17#. The diagrams for the gauge-boson–fermion ver
corrections are shown in Figs. 4, 5, and 6. The diagrams
the corrections to theWWH, ZZH, and gZH vertices can,
e.g., be found in Figs. 8 and 9 of@18#. The box diagrams are
depicted in Figs. 7 and 8, wherew is the would-be Goldstone
partner of theW boson.

The actual calculation of the one-loop diagrams has b
carried out in the ’t Hooft–Feynman gauge using stand
techniques. The Feynman graphs have been generated
FEYNARTS @19,20# and are evaluated in two completely ind
pendent ways, leading to two independent computer co
The results of the two codes are in good numerical agr
ment~i.e. within approximately 12 digits for nonexception
phase-space points!. In both calculations ultraviolet diver
gences are regulated dimensionally and IR divergences
an infinitesimal photon massmg and small quark masses
The renormalization is carried out in the on-shell renorm
ization scheme, as e.g. described in@17#.

In the first calculation, the Feynman graphs are genera
with FEYNARTS version 1.0@19#. With the help ofMATH-

EMATICA routines the amplitudes are expressed in terms
standard matrix elements, which contain the Dirac spin
and polarization vectors, and coefficients of tensor integr
The tensor coefficients are numerically reduced to scalar
tegrals using the Passarino–Veltman algorithm@21#. The sca-
lar integrals are evaluated using the methods and result
@17,22#.

The second calculation has been made usingFEYNARTS

version 3 @20# for the diagram generation andFEYNCALC

version 4.1.0.3b@23# for the algebraic manipulations of th
amplitudes, including the Passarino–Veltman reduction
scalar integrals. The latter have been numerically evalua
using theLOOPTOOLSpackage@24# version 2.
e
FIG. 4. Diagrams for the corrections to th

ud̄W vertex.
3-3
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FIG. 5. Diagrams for the corrections to th
qq̄Z vertices.
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2. Renormalization and input-parameter schemes

Denoting the one-loop matrix elementM 1
t , in O(a) the

squared matrix element reads

uM 0
t1M 1

t u25uM 0
t u212 Re$~M 0

t !* M 1
t%1•••

5~112 Re$dvirt
t %!uM 0

t u21•••. ~2.7!

Substituting the right-hand side of this equation foruM 0
t u2 in

Eq. ~2.5! includes the virtual corrections to the differenti
parton cross section. The full one-loop corrections are
lengthy and untransparent to be reported completely. Ins
we list the relevant counterterms, all of which lead to con
butions toM 1

t that are proportional to the lowest-order m
trix elementM 0

t , Mct
t 5dct

t M 0
t . Explicitly the counterterm

factorsdct
t for the individual vertex functions read

dct
WW52dZW1

dMW
2

ŝ2MW
2

,

dct
udW,t5S dZe2

dsW

sW
1

1

2
dZW1

1

2
dZu

21
1

2
dZd

2D dt2 ,

dct
WWH5dZe2

dsW

sW
1

dMW
2

2MW
2

1dZW1
1

2
dZH ,

dct
ZZ52dZZZ1

dMZ
2

ŝ2MZ
2

,

dct
gZ,t5

Qq

2gqqZ
t F dZZAS 12

MZ
2

ŝ
D 1dZAZG ,
07300
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dct
qqZ,t5dZe1

dgqqZ
t

gqqZ
t

1
1

2
dZZZ1dZq

t2
Qq

2gqqZ
t

dZAZ ,

dct
gZH,t5

Qq

2gqqZ
t

dZZAS MZ
2

ŝ
21D ,

dct
ZZH5dZe1

2sW
2 2cW

2

cW
2

dsW

sW
1

dMW
2

2MW
2

1dZZZ1
1

2
dZH .

~2.8!

The indext has been suppressed for those counterterms
do not depend on the chirality. The explicit expressions
the renormalization constants can, e.g., be found in Ref.@17#.
We merely focus on the charge renormalization constantdZe
in the following. In thea(0)-scheme~i.e. the usual on-shel
scheme! the electromagnetic couplinge is deduced from the
fine-structure constanta(0), as defined in the Thomson
limit. This fixesdZe to

dZeua(0)5
1

2

]ST
AA~k2!

]k2 U
k250

2
sW

cW

ST
AZ~0!

MZ
2

, ~2.9!

with ST
VV8(k2) denoting the transverse part of theVV8

gauge-boson self-energy with momentum transferk. In this
scheme the charge renormalization constantdZe contains
logarithms of the light-fermion masses, inducing large c
rections proportional toa ln(mf

2/ŝ), which are related to the
running of the electromagnetic couplinga(k2) from k50 to
a high-energy scale. In order to render these quark-m
logarithms meaningful, it is necessary to adjust these ma
to the asymptotic tail of the hadronic contribution to th
vacuum polarizationPAA(k2)[ST

AA(k2)/k2 of the photon.
FIG. 6. Diagrams for the corrections to theqq̄H vertices.
3-4
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FIG. 7. Diagrams for box cor-

rections toud̄→WH.
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Using a(MZ
2), as defined in@16#, as input this adjustment i

implicitly incorporated, and the charge renormalization co
stant is modified to

dZeua(M
Z
2)5dZeua(0)2

1

2
Da~MZ

2!, ~2.10!

where

Da~k2!5P f Þt
AA ~0!2Re$P f Þt

AA ~k2!%, ~2.11!

with P f Þt
AA denoting the photonic vacuum polarization i

duced by all fermions other than the top quark~see also Ref.
@17#!. In contrast to thea(0)-scheme the counterterm
dZeua(M

Z
2) , and thus the whole relativeO(a) correction in

the a(MZ
2)-scheme, does not involve logarithms of lig
07300
-
quark masses, since all corrections of the formanlnn(mf

2/ŝ)
are absorbed in the lowest-order cross section parametr
by a(MZ

2)5a(0)/@12Da(MZ
2)#. In the Gm-scheme, the

transition from a(0) to Gm is ruled by the quantityDr
@17,25#, which is deduced from muon decay,

aGm
5

A2GmMW
2 sW

2

p
5a~0!~11Dr !1O~a3!. ~2.12!

Therefore, the charge renormalization constant reads

dZeuGm
5dZeua(0)2

1

2
Dr . ~2.13!
FIG. 8. Diagrams for box cor-
rections toqq̄→ZH.
3-5
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FIG. 9. Bremsstrahlung diagrams forud̄→WH1g.
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Since Da(MZ
2) is explicitly contained inDr , the large

fermion-mass logarithms are also resummed in
Gm-scheme. Moreover, the lowest-order cross section
Gm-parametrization absorbs large universal corrections to
SU~2! gauge couplinge/sW induced by ther-parameter.

Finally, we consider the universal corrections related
the r-parameter, or more generally, the leading correcti
induced by heavy top quarks in the loops. To this end,
have extracted all terms in the corrections that are enhan
by a factormt

2/MW
2 . These contributions are convenient

expressed in terms of

Dr t5
3a

16psW
2

mt
2

MW
2

, ~2.14!

which is the leading contribution to ther parameter. For the
various channels we obtain the following correction fact
to the cross sections in theGm-scheme:

dqq̄8→WH
top uGm

52dWWH
top uGm

,

dqq̄→ZH
top uGm

52dZZH
top uGm

1Dr tF12
2QqcW~gqqZ

1 1gqqZ
2 !

sW@~gqqZ
1 !21~gqqZ

2 !2#
G ,

~2.15!

with

dWWH
top uGm

5dZZH
top uGm

52
5

6
Dr t , ~2.16!

in agreement with the results of Ref.@26#. As mentioned
before, forWH production the only effect ofDr t is related to
the WWH vertex correction in theGm-scheme, while such
corrections to theqq̄8W coupling are entirely absorbed int
the renormalized couplinge/sW .

C. Real-photon emission

Real-photonic corrections are induced by the diagra
shown in Figs. 9 and 10. Helicity amplitudes for the pr
cessesqq̄8→VH1g (V5W,Z) have been generated an
evaluated using the program packagesMADGRAPH @27# and
07300
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HELAS @28#. The result has been verified by an independ
calculation based on standard trace techniques. The cont

tion ŝg of the radiative process to the parton cross sectio
given by

ŝg5
1

12

1

2ŝ
E dGg (

spins
uM gu2, ~2.17!

where the phase-space integral is defined by

E dGg5E d3pH

~2p!32pH,0
E d3pV

~2p!32pV,0
E d3k

~2p!32k0

3~2p!4d~pq1pq̄82pH2pV2k!. ~2.18!

D. Treatment of soft and collinear singularities

The phase-space integral~2.17! diverges in the soft (k0

→0) and collinear (pqk,pq̄8k→0) regions logarithmically if
the photon and fermion masses are set to zero. For the t
ment of the soft and collinear singularities we have appl
the phase-space slicing method. For associatedZH produc-
tion we have additionally applied the dipole subtracti
method. In the following we briefly sketch these two a
proaches.

1. Phase-space slicing

Firstly, we made use of phase-space slicing, excluding
soft-photon and collinear regions in the integral~2.17!.

FIG. 10. Bremsstrahlung diagrams forqq̄→ZH1g.
3-6
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In the soft-photon regionmg,k0,DE!Aŝ the brems-
strahlung cross section factorizes into the lowest-order c
section and a universal eikonal factor that depends on
photon momentumk ~see e.g. Refs.@17,29#!. Integration over
k in the partonic c.m. frame yields a simple correction fac

dsoft to the partonic Born cross section dŝ0. For ZH produc-
tion this factor is
r-

e-

la

s
th

07300
ss
e

r

dsoft52
a

p
Qq

2H 2 lnS 2DE

mg
D lnS mq

2

ŝ
D 12 lnS 2DE

mg
D

1
1

2
ln2S mq

2

ŝ
D 1 lnS mq

2

ŝ
D 1

p2

3 J . ~2.19!

For WH production the soft factor is
dsoft52
a

2p H Qq
2F2 lnS 2DE

mg
D lnS mq

2

ŝ
D 12 lnS 2DE

mg
D1

1

2
ln2S mq

2

ŝ
D 1 lnS mq

2

ŝ
D 1

p2

3 G1Qq8
2 F2 lnS 2DE

mg
D lnS mq8

2

ŝ
D

12 lnS 2DE

mg
D1

1

2
ln2S mq8

2

ŝ
D 1 lnS mq8

2

ŝ
D 1

p2

3 G1F2 lnS 2DE

mg
D lnS MW

2

ŝ
D 12 lnS 2DE

mg
D1

1

2
ln2S MW

2

~pW
0 1upWu!2D

1
pW

0

upWu
lnS MW

2

~pW
0 1upWu!2D G12QqF2 lnS ŝ

MW
2 2 t̂

D lnS 2DE

mg
D1Li2S 11

Aŝ

t̂2MW
2 ~pW

0 2upWu!D
1Li2S 11

Aŝ

t̂2MW
2 ~pW

0 1upWu!D G22Qq8F2 lnS ŝ

MW
2 2û

D lnS 2DE

mg
D1Li2S 11

Aŝ

û2MW
2 ~pW

0 2upWu!D
1Li2S 11

Aŝ

û2MW
2 ~pW

0 1upWu!D G J , ~2.20!
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whereQq2Qq8511. The difference betweenZH and WH
production is due to the soft photons emitted by theW boson.

The factordsoft can be added directly to the virtual co
rection factor 2 Re$dvirt

t % defined in Eq. ~2.7!. We have
checked that the photon massmg cancels in the sum
2 Re$dvirt

t %1dsoft.
The remaining phase-space integration in Eq.~2.17! with

k0.DE still contains the collinear singularities in the r
gions in which (pqk) or (pq̄8k) is small. Defining u f g
5/(pf ,k) as the angle of the photon emission offf
5q,q̄8, the collinear regions are excluded by the angu
cutsu f g,Du!1 in the integral~2.17!.

In the collinear cones the photon emission anglesu f g can
be integrated out. The resulting contribution to the brem
strahlung cross section has the form of a convolution of
lowest-order cross section,

ŝcoll5ŝcoll,q1ŝcoll,q̄8 ,

ŝcoll, f~pf !5
Qf

2a

2p E
0

122DE/Aŝ
dzF lnS Du2ŝ

4mf
2 D 2

2z

11z2G
3Pf f~z!ŝ0~zpf !, f 5q,q̄8 ~2.21!

with the splitting function
r

-
e

Pf f~z!5
11z2

12z
. ~2.22!

Note that the quark momentumpf is reduced by the factorz
so that the partonic c.m. frame for the hard scattering
ceives a boost.

2. Subtraction method

Alternatively, forZH production, we applied the subtrac
tion method presented in@30#, where the so-called ‘‘dipole
formalism,’’ originally introduced by Catani and Seymou
@31# within massless QCD, was applied to photon radiat
and generalized to massive fermions. The general idea
subtraction method is to subtract and to add a simple au
iary function from the singular integrand. This auxiliar
function has to be chosen such that it cancels all singular
of the original integrand so that the phase-space integra
of the difference can be performed numerically. Moreov
the auxiliary function has to be simple enough so that it c
be integrated over the singular regions analytically, when
subtracted contribution is added again.

The dipole subtraction function consists of contributio
labeled by all ordered pairs of charged external particles,
of which is calledemitter, the other onespectator. For qq̄
→ZH we, thus, have two different emitter/spectator ca
f f 8: qq̄, q̄q. The subtraction function that is subtracted fro
(spinsuM gu2 is given by
3-7
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uMsubu25Qq
2e2Fgqq̄~pq ,pq̄ ,k!(

spins
uM 0

t~xqq̄pq ,pq̄ ,kZ,qq̄!u2

1gq̄q~pq̄ ,pq ,k!(
spins

uM 0
t~pq ,xqq̄pq̄ ,kZ,q̄q!u2G

~2.23!

with the functions

gqq̄~pq ,pq̄ ,k!5
1

~pqk!xqq̄
F 2

12xqq̄

212xqq̄G ,

gq̄q~pq̄ ,pq ,k!5
1

~pq̄k!xqq̄
F 2

12xqq̄

212xqq̄G ,

~2.24!

and the auxiliary variable

xqq̄5
pqpq̄2pqk2pq̄k

pqpq̄

. ~2.25!
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FIG. 11. Relative electroweak correctiond as a function of the
Higgs-boson mass for the total cross sectionpp̄→W1H1X (As
51.96 TeV). Results are presented for thea(0)-, a(MZ

2)-, and
Gm-schemes.
07300
For the evaluation ofuMsubu2 in Eq. ~2.23! the Z-boson mo-
mentakZ, f f 8 still have to be specified. They are given by

kZ,qq̄
m 5L~pq ,pq̄!m

nkZ
n , kZ,q̄q

m 5L~pq̄ ,pq!m
nkZ

n ,
~2.26!

with the Lorentz transformation matrix

L~p1 ,p2!m
n5gm

n2
~P1 P̃!m~P1 P̃!n

P21PP̃
1

2P̃mPn

P2
,

Pm5kZ
m1kH

m , P̃m5xqq̄ p1
m1p2

m . ~2.27!

The modifiedZ-boson momentakZ, f f 8 still obey the on-shell
condition kZ, f f 8

2
5MZ

2 , and the same is true for the corre
sponding Higgs-boson momenta that result from momen
conservation. It is straightforward to check that all colline
and soft singularities cancel in(spinsuM gu22uMsubu2 so that
this difference can be integrated numerically over the en
phase space~2.18!.

The contribution ofuMsubu2, which has been subtracte
by hand, has to be added again. This is done after the si
lar degrees of freedom in the phase space~2.18! are inte-
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FIG. 12. Relative electroweak correctiond as a function of the
Higgs-boson mass for the total cross sectionpp̄→ZH1X (As
51.96 TeV!.
-
TABLE I. Total lowest-order hadronic cross sections0(pp̄→W1H1X) and corresponding relative elec
troweak correctiond (As51.96 TeV). Results are presented for thea(0)-, a(MZ

2)-, andGm-schemes. The
integration error is given in parentheses.

MH /GeV s0ua(0) /pb dua(0) /% s0ua(M
Z
2) /pb dua(M

Z
2) /% s0uGm

/pb duGm
/%

80.00 0.1926~1! 0.57~1! 0.2175~1! 211.99~1! 0.2058~1! 25.17~1!

100.00 0.09614~1! 0.25~1! 0.1086~1! 212.29~1! 0.1028~1! 25.61~1!

120.00 0.05176~1! 20.17~1! 0.05846~1! 212.75~1! 0.05532~1! 26.19~1!

140.00 0.02945~1! 20.89~1! 0.03327~1! 213.53~1! 0.03149~1! 27.05~1!

170.00 0.01367~1! 22.55~1! 0.01544~1! 215.30~1! 0.01461~1! 28.90~1!

190.00 0.008517~1! 21.97~1! 0.009624~1! 214.66~1! 0.009106~1! 28.38~1!
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TABLE II. Total lowest-order hadronic cross sections0(pp̄→ZH1X) and corresponding relative elec
troweak correctiond (As51.96 TeV).

MH /GeV s0ua(0) /pb dua(0) /% s0ua(M
Z
2) /pb dua(M

Z
2) /% s0uGm

/pb duGm
/%

80.00 0.2199~1! 0.99~1! 0.2484~1! 211.52~1! 0.2350~1! 24.73~1!

100.00 0.1142~1! 0.95~1! 0.1290~1! 211.57~1! 0.1221~1! 24.91~1!

120.00 0.06358~1! 0.97~1! 0.07182~1! 211.55~1! 0.06796~1! 25.01~1!

140.00 0.03727~1! 0.91~1! 0.04211~1! 211.61~1! 0.03984~1! 25.18~1!

170.00 0.01799~1! 1.12~1! 0.02032~1! 211.38~1! 0.01922~1! 25.10~1!

190.00 0.01148~1! 1.26~1! 0.01297~1! 211.24~1! 0.01227~1! 25.04~1!
as

r-
t

on
l-
in
grated out analytically, keeping an infinitesimal photon m
mg and small fermion massesmf as regulators@30#. The
resulting contribution is split into two parts: one that facto
izes from the lowest-order cross sectionŝ0 and another par
that has the form of a convolution integral overŝ0 with
reduced c.m. energy. The first part is given by

ŝsub,15Qq
2 a

2p F2L~ ŝ,mq
2!132

2p2

3 G ŝ0 ~2.28!

with the auxiliary function

L~r ,mq
2!5 lnS mq

2

r D lnS mg
2

r D 1 lnS mg
2

r D 2
1

2
ln2S mq

2

r D
1

1

2
lnS mq

2

r D . ~2.29!

The IR and fermion-mass singularities contained in dŝsub,1
exactly cancel those of the virtual corrections. The sec
integrated subtraction contribution is given by
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FIG. 13. Relative electroweak correctiond as a function of the
Higgs-boson mass for the total cross sectionpp→W1H1X (As
514 TeV).
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s

d

ŝsub,2~pq ,pq̄!5Qq
2 a

2pE0

1

dx$@Gqq̄~ ŝ,x!#1ŝ0~xpq ,pq̄!

1@Gq̄q~ ŝ,x!#1ŝ0~pq ,xpq̄!%u ŝ5(pq1pq̄)2

1Qq
2 a

2pE0

1

dx~12x!$ŝ0~xpq ,pq̄!utq→2tq

1ŝ0~pq ,xpq̄!ut q̄→2t q̄
%, ~2.30!

where the usual@ . . . #1 prescription,

E
0

1

dx@ f ~x!#1g~x!5E
0

1

dx f~x!@g~x!2g~1!#, ~2.31!

is applied to the integration kernels

Gqq̄~r ,x!5Gq̄q~r ,x!5Pf f~x!F lnS r

mq
2D 21G . ~2.32!

In Eq. ~2.30! we have indicated explicitly how the Mande
stam variabler has to be chosen in terms of the momenta
the evaluation of the part containing@Gf f 8(r ,x)#1 . Note,
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FIG. 14. Relative electroweak correctiond as a function of the
Higgs-boson mass for the total cross sectionpp→ZH1X (As
514 TeV).
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TABLE III. Total lowest-order hadronic cross sections0(pp→W1H1X) and corresponding relative
electroweak correctiond (As514 TeV!.

MH /GeV s0ua(0) /pb dua(0) /% s0ua(M
Z
2) /pb dua(M

Z
2) /% s0uGm

/pb duGm
/%

80.00 2.660~1! 0.31~1! 3.005~1! 212.22~2! 2.844~1! 25.43~1!

100.00 1.410~1! 20.11~1! 1.594~1! 212.67~2! 1.508~1! 25.99~1!

120.00 0.8114~2! 20.65~1! 0.9166~2! 213.24~2! 0.8673~2! 26.67~1!

140.00 0.4967~1! 21.49~1! 0.5610~1! 214.16~2! 0.5309~1! 27.68~1!

170.00 0.2605~1! 23.33~1! 0.2942~1! 216.12~2! 0.2784~1! 29.72~2!

190.00 0.1776~1! 22.92~1! 0.2007~1! 215.67~2! 0.1899~1! 29.36~1!
o

t
ul
ob
a

b

-
-
ear
by

ft-
however, that in Eq.~2.30! the variableŝ that is implicitly
used in the calculation ofŝ0( . . . ) is reduced to 2xpqpq̄

5xŝ.
In summary, within the subtraction approach the real c

rection reads

ŝg5
1

12

1

2ŝ
E dGgF (

spins
uM gu22uMsubu2G1ŝsub,11ŝsub,2.

~2.33!

It should be realized that inŝsub,1andŝsub,2the full photonic
phase space is integrated over. This does, however, no
strict the subtraction approach to observables that are f
inclusive with respect to emitted photons, but rather to
servables that are inclusive with respect to photons that
soft or collinear to any charged external fermion~see discus-
sions in Sec. 6.2 of@30# and Sec. 7 of@31#!.

III. THE HADRON CROSS SECTION

The proton–~anti-!proton cross sections is obtained from
the parton cross sectionsŝ (q1q2) by convolution with the
corresponding parton distribution functionsq1,2(x),

ds~s!5 (
q1q2

E
0

1

dx1E
0

1

dx2q1~x1!q2~x2!dŝ (q1q2)~pq1
,pq2

!,

~3.1!

wherex1,2 are the respective momentum fractions carried
the partonsq1,2. In the sum(q1q2

the quark pairsq1q2 run

over all possible combinationsqq̄8 and q̄8q whereq5u,c
andq85d,s forWH production andq5q85u,d,s,c,b forZH

production. The squared c.m. energysof thepp (pp̄) system
is related to the squared parton c.m. energyŝ by ŝ5x1x2s.
07300
r-

re-
ly
-
re

y

The O(a)-corrected parton cross sectionŝ (q1q2) contains
mass singularities of the forma ln(mq), which are due to
collinear photon radiation off the initial-state quarks. In com
plete analogy to theMS factorization scheme for next-to
leading order QCD corrections, we absorb these collin
singularities into the quark distributions. This is achieved
replacingq(x) in Eq. ~3.1! according to

q~x!→q~x,M2!2E
x

1dz

z
qS x

z
,M2D a

2p
Qq

2H lnS M2

mq
2 D

3@Pf f~z!#12@Pf f~z!~2 ln~12z!11!#1J , ~3.2!

whereM is the factorization scale~see Ref.@13#!. This re-
placement defines the same finite parts in theO(a) correc-
tion as the usualMS factorization inD-dimensional regular-
ization for exactly massless partons, where the ln(mq) terms
appear as 1/(D24) poles. In Eq.~3.2! we have regularized
the soft-photon pole by using the@ . . . #1 prescription. This
procedure is fully equivalent to the application of a so
photon cutoffDE ~see Ref.@12#! where

q~x!→q~x,M2!F12
a

p
Qq

2H 12 ln~2DE/Aŝ!

2 ln2~2DE/Aŝ!1S ln~2DE/Aŝ!1
3

4D lnS M2

mq
2 D J G

2E
x

122DE/Aŝ dz

z
qS x

z
,M2D a

2p
Qq

2Pf f~z!

3H lnS M2

mq
2

1

~12z!2D 21J . ~3.3!
-
TABLE IV. Total lowest-order hadronic cross sections0(pp→ZH1X) and corresponding relative elec
troweak correctiond (As514 TeV!.

MH /GeV s0ua(0) /pb dua(0) /% s0ua(M
Z
2) /pb dua(M

Z
2) /% s0uGm

/pb duGm
/%

80.00 2.299~1! 0.95~1! 2.595~1! 211.56~1! 2.457~1! 24.77~1!

100.00 1.232~1! 0.83~1! 1.392~1! 211.68~1! 1.317~1! 25.03~1!

120.00 0.7134~1! 0.76~1! 0.8058~1! 211.77~1! 0.7630~1! 25.22~1!

140.00 0.4381~1! 0.54~1! 0.4950~1! 212.01~1! 0.4684~1! 25.56~1!

170.00 0.2297~1! 0.37~1! 0.2595~1! 212.18~1! 0.2456~1! 25.88~1!

190.00 0.1563~1! 0.32~1! 0.1765~1! 212.23~1! 0.1670~1! 26.01~1!
3-10



in

ta

e

to
i-

of

or
s

or
s

r-
ss

r-
ss

ELECTROWEAK RADIATIVE CORRECTIONS TO . . . PHYSICAL REVIEW D68, 073003 ~2003!
The absorption of the collinear singularities ofO(a) into
quark distributions, as a matter of fact, requires also the
clusion of the correspondingO(a) corrections into the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi~DGLAP! evolu-
tion of these distributions and into their fit to experimen
data. At present, this full incorporation ofO(a) effects in the
determination of the quark distributions has not yet be
performed. However, an approximate inclusion of theO(a)
corrections to the DGLAP evolution shows@32# that the im-
pact of these corrections on the quark distributions in theMS
factorization scheme is well below 1%, at least in thex range
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FIG. 15. Different contributions to the relative electroweak c
rectiond in the Gm-scheme as a function of the Higgs-boson ma
for the total cross sectionpp̄→W1H1X (As51.96 TeV).
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FIG. 16. Different contributions to the relative electroweak c
rectiond in the Gm-scheme as a function of the Higgs-boson ma
for the total cross sectionpp̄→ZH1X (As51.96 TeV).
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that is relevant for associatedVH production at the Tevatron
and the LHC. Therefore, the neglect of these corrections
the parton distributions is justified for the following numer
cal study.

IV. NUMERICAL RESULTS

A. Input parameters

For the numerical evaluation we used the following set
input parameters@33#:

-
s

-
s
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FIG. 17. Different contributions to the relative electroweak co
rectiond in the Gm-scheme as a function of the Higgs-boson ma
for the total cross sectionpp→W1H1X (As514 TeV).
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FIG. 18. Different contributions to the relative electroweak co
rectiond in the Gm-scheme as a function of the Higgs-boson ma
for the total cross sectionpp→ZH1X (As514 TeV).
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Gm 5 1.1663931025 GeV22, a~0! 5 1/137.03599976, a~MZ! 5 1/128.930,

MW 5 80.423 GeV, MZ 5 91.1876 GeV,

me 5 0.510998902 MeV, mm 5 105.658357 MeV, mt 5 1.77699 GeV,

mu 5 66 MeV, mc 5 1.2 GeV, mt 5 174.3 GeV,

md 5 66 MeV, ms 5 150 MeV, mb 5 4.3 GeV

uV u 5 0.975, uV u 5 0.222,

CICCOLINI, DITTMAIER, AND KRÄ MER PHYSICAL REVIEW D 68, 073003 ~2003!
ud us

uVcdu 5 0.222, uVcsu 5 0.975. ~4.1!
p
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The masses of the light quarks are adjusted such as to re
duce the hadronic contribution to the photonic vacuum
larization of @16#. They are relevant only for the evaluatio
of the charge renormalization constantdZe in the
a(0)-scheme. For the calculation of thepp and pp̄ cross
sections we have adopted the CTEQ6L1 and CTEQ6M@34#
parton distribution functions at LO andO(as), correspond-

ing to L5
LO5165 MeV andL5

MS̄5226 MeV at the one- and
two-loop level of the strong couplingas(m), respectively.
The top quark is decoupled from the running ofas(m). If not
stated otherwise the factorization scaleM is set to the invari-
ant mass of the Higgs–vector-boson pair,M5AsVH. For the
treatment of the soft and collinear singularities we have
plied the phase-space slicing method as described in
II D. We have verified that the results are independent of

slicing parameters 2DE/Aŝ and Du when these parameter
are varied within the range 102221024. In the case of as-
sociatedZH production we have, in addition, applied th

80 100 120 140 160 180 200
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H
 / GeV

0.1

σ 
/ p
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NLO QCD
NLO QCD + EW
LO

FIG. 19. Total cross section forpp̄→W6H1X ~sum of W1H
andW2H) at the Tevatron (As51.96 TeV) in LO, NLO QCD, and
including NLO QCD and electroweak corrections in th
Gm-scheme. The renormalization and factorization scales have
set to the invariant mass of the Higgs–vector-boson pair,m
5AsVH. CTEQ6L1 and CTEQ6M@34# parton distribution func-
tions have been adopted at LO andO(as), respectively.
07300
ro-
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dipole subtraction method. The results agree with those
tained using phase-space slicing. We observe that the
gration error of the subtraction method is smaller than tha
the slicing method by at least a factor of 2.

B. Electroweak corrections

In this section we present the impact of the electrowe
O(a) corrections on the cross section predictions for
processespp̄/pp→W1H1X and pp̄/pp→ZH1X at the
Tevatron and the LHC. Figures 11 and 12 show the rela
size of theO(a) corrections as a function of the Higgs
boson mass forpp̄→W1H1X and pp̄→ZH1X at the
Tevatron. Results are presented for the three different in
parameter schemes. The corrections in theGm- and
a(MZ

2)-schemes are significant and reduce the cross sec
by 5%–9% and by 10%–15%, respectively. The correctio
in the a(0)-scheme differ from those in theGm-scheme by
2Dr'6% and from those in thea(MZ

2)-scheme by
2Da(MZ

2)'12%. The fact that the relative corrections
the a(0)-scheme are rather small results from acciden
cancellations between the running of the electromagn
coupling, which leads to a contribution of about 2Da(MZ

2)

en
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FIG. 20. Total cross section forpp̄→ZH1X at the Tevatron
(As51.96 TeV! in LO, NLO QCD, and including NLO QCD and
electroweak corrections in theGm-scheme.
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ELECTROWEAK RADIATIVE CORRECTIONS TO . . . PHYSICAL REVIEW D68, 073003 ~2003!
'112%, and other~negative! corrections of nonuniversa
origin. Thus, corrections beyondO(a) in the a(0)-scheme
cannot be expected to be suppressed as well. In all sche
the size of the corrections does not depend strongly on
Higgs-boson mass. The unphysical singularities at the thr
olds MH52MW and 2MZ can be removed by taking int
account the finite widths of the unstable particles, see
Ref. @35#. Representative results for the leading-order cr
section and the electroweakO(a) corrections are collected
in Tables I and II.

Figures 13 and 14 and Tables III and IV show the cor
sponding results forpp→W1H1X andpp→ZH1X at the
LHC. The corrections are similar in size to those at the Te
tron and reduce the cross section by 5%–10% in
Gm-scheme and by 12%–17% in thea(MZ

2)-scheme. We
note that the electroweak corrections topp→W2H1X at
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FIG. 21. Total cross section forpp→W6H1X at the LHC
(As514 TeV! in LO, NLO QCD, and including NLO QCD and
electroweak corrections in theGm-scheme.
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the LHC differ from those topp→W1H1X by less than
about 2%.

In order to unravel the origin of the electroweak corre
tions we display the contributions of individual gaug
invariant building blocks. Figure 15 separates the fermio
corrections~comprising all diagrams with closed fermio
loops! from the remaining bosonic contributions topp̄
→W1H1X at the Tevatron in theGm-scheme. We observe
that the bosonic corrections are dominant and that bos
and fermionic contributions partly compensate each othe
similar result is found for thepp̄→ZH1X cross section,
where we display the gauge-invariant contributions fro
~photonic! QED corrections, fermionic corrections, and we
bosonic corrections in Fig. 16. Note that large logarithm
corrections from initial-state photon radiation have been
sorbed into the quark distribution functions. The remaind
of the QED corrections turns out to be strongly suppres
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FIG. 22. Total cross section forpp→ZH1X at the LHC (As
514 TeV) in LO, NLO QCD, and including NLO QCD and elec
troweak corrections in theGm-scheme.
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TABLE V. Total cross section forpp̄→W6H1X ~sum of W1H and W2H) at the Tevatron (As
51.96 TeV) in LO, NLO QCD, and including NLO QCD and electroweak corrections in theGm-scheme.
The renormalization scale (mR) and the factorization scale (mF) have been set to the invariant mass of t
Higgs–vector-boson pair,m5m05AsVH. CTEQ6L1 and CTEQ6M@34# parton distribution functions have
been adopted at LO andO(as), respectively. The last two columns show the minimal and maximal c
section prediction obtained from varying the QCD renormalization and factorization scales independe
the rangem0/5,m,5m0.

MH /GeV s0uGm
/pb sNLO

QCD/pb sNLO
QCD1EW/pb sNLO

QCD1EW/pb

mR55m0 mR5m0/5
mF55m0 mF5m0/5

80.00 0.4117~1! 0.5616~2! 0.5404~2! 0.5033~1! 0.5838~1!

100.00 0.2056~1! 0.2801~1! 0.2685~1! 0.2482~1! 0.2911~1!

120.00 0.1106~1! 0.1504~1! 0.1436~1! 0.1318~1! 0.1562~1!

140.00 0.06297~1! 0.08536~1! 0.08092~1! 0.07377~1! 0.08833~1!

170.00 0.02921~1! 0.03940~1! 0.03679~1! 0.03318~1! 0.04037~1!

190.00 0.01821~1! 0.02446~1! 0.02294~1! 0.02056~1! 0.02525~1!
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CICCOLINI, DITTMAIER, AND KRÄ MER PHYSICAL REVIEW D 68, 073003 ~2003!
TABLE VI. Total cross section forpp̄→ZH1X at the Tevatron (As51.96 TeV) in LO, NLO QCD, and
including NLO QCD and electroweak corrections in theGm-scheme.

MH /GeV s0uGm
/pb sNLO

QCD/pb sNLO
QCD1EW/pb sNLO

QCD1EW/pb

mR55m0 mR5m0/5
mF55m0 mF5m0/5

80.00 0.2350~1! 0.3181~1! 0.3070~1! 0.2858~1! 0.3317~1!

100.00 0.1221~1! 0.1649~1! 0.1589~1! 0.1470~1! 0.1722~1!

120.00 0.06796~1! 0.09160~1! 0.08820~1! 0.08111~2! 0.09575~1!

140.00 0.03984~1! 0.05354~1! 0.05148~1! 0.04706~2! 0.05604~1!

170.00 0.01922~1! 0.02570~1! 0.02472~1! 0.02242~1! 0.02701~1!

190.00 0.01227~1! 0.01635~1! 0.01573~1! 0.01418~1! 0.01722~1!

TABLE VII. Total cross section forpp→W6H1X at the LHC (As514 TeV) in LO, NLO QCD, and
including NLO QCD and electroweak corrections in theGm-scheme.

MH /GeV s0uGm
/pb sNLO

QCD/pb sNLO
QCD1EW/pb sNLO

QCD1EW/pb

mR55m0 mR5m0/5
mF5m0/5 mF55m0

80.00 4.679~2! 5.676~2! 5.423~2! 4.875~2! 5.749~5!

100.00 2.462~1! 3.005~1! 2.859~1! 2.606~2! 3.033~2!

120.00 1.405~1! 1.726~1! 1.633~1! 1.505~1! 1.731~1!

140.00 0.8537~2! 1.054~1! 0.9892~3! 0.9204~3! 1.050~1!

170.00 0.4434~1! 0.5504~1! 0.5078~1! 0.4782~1! 0.5388~3!

190.00 0.3003~1! 0.3745~1! 0.3466~1! 0.3285~1! 0.3675~2!

TABLE VIII. Total cross section forpp→ZH1X at the LHC (As514 TeV) in LO, NLO QCD, and
including NLO QCD and electroweak corrections in theGm-scheme.

MH /GeV s0uGm
/pb sNLO

QCD/pb sNLO
QCD1EW/pb sNLO

QCD1EW/pb

mR55m0 mR5m0/5

mF5m0/5 mF55m0

80.00 2.457~1! 2.974~1! 2.857~1! 2.578~2! 3.018~3!

100.00 1.317~1! 1.605~1! 1.539~1! 1.407~1! 1.629~1!

120.00 0.7630~1! 0.9346~3! 0.8947~3! 0.8271~2! 0.9462~6!

140.00 0.4684~2! 0.5768~2! 0.5508~2! 0.5138~1! 0.5830~3!

170.00 0.2456~1! 0.3045~1! 0.2900~1! 0.2736~1! 0.3068~2!

190.00 0.1670~1! 0.2078~1! 0.1978~1! 0.1879~1! 0.2094~1!
073003-14
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with respect to the fermionic and weak bosonic correctio
A similar pattern is observed for thepp→W1H1X and
pp→ZH1X cross sections at the LHC, see Figs. 17 and

At first sight, the large size of the nonuniversal corre
tions, i.e. corrections that are not due to the running
a(k2), photon radiation, or other universal effects, might
surprising. However, a similar pattern has already been
served in the electroweak corrections to the proces
e1e2→ZH @15# and e1e2→Z* H→nn̄H @18,36#. Also
there large nonuniversal fermionic and bosonic correcti
of opposite sign occur. It was also observed that the cor
tions cannot be approximated by simple formulas result
from appropriate asymptotic limits.3 For instance, taking the
large top-mass limit (mt→`) in the fermionic corrections to
WH production in theGm-scheme~see Sec. II B 2!, the lead-
ing term in the relative correction is given bydqq̄8→WH

top uGm

'21.6%, which even differs in sign from the full result~see
Fig. 15!. The reason for this failure is that the relevant sc
in the WWHvertex, from which the leadingmt

2 term in the

limit mt→` results, is set by the variableŝ which is not
much smaller than but rather of the same order asmt

2. For
the ZH channel, we getduū→ZH

top uGm
'ddd̄→ZH

top uGm
'21%,

again reflecting the failure of the heavy-top limit as a su
able approximation. Concerning the weak bosonic corr
tions, large negative contributions are expected in the h
energy limit owing to the occurrence of Sudakov logarith
of the form 2a/p log2(ŝ/MW

2 ). However, the relevant par

3In Ref. @37# the part of the fermion-loop correction that is e
hanced by an explicit factoramt

2/MW
2 was calculated. Moreover, in

the second paper of@37# also diagrams with internal Higgs boson
were taken into account. Usinga51/128, which roughly corre-
sponds to thea(MZ

2)-scheme, these authors find about21% to
22% for the sum of these corrections, which were assumed to
the leading ones. This has to be compared with our result of a
212% for the fullO(a) corrections in thea(MZ

2)-scheme.

TABLE IX. Parton distribution function~PDF! uncertainties:
Total cross section in pb forpp̄→W6H1X at the Tevatron (As
51.96 TeV) including NLO QCD and electroweak corrections
the Gm-scheme for different sets of parton distribution function
The results include an estimate of the uncertainty due to the pa
etrization of the parton densities as obtained with the CTEQ6@34#
and MRST2001@38# eigenvector sets~columns 2 and 3, respec
tively!. The renormalization and the factorization scales have b
set to the invariant mass of the Higgs–vector-boson pair,m5m0

5AsVH.

MH /GeV CTEQ6M@34# MRST2001@38#

80.00 0.5404(2)60.021 0.5448(2)60.0097

100.00 0.2685(1)60.011 0.2698(1)60.0052

120.00 0.1436(1)60.0060 0.1437(1)60.0030

140.00 0.08092(1)60.0035 0.08065(1)60.0018

170.00 0.03679(1)60.0017 0.03644(1)60.00091

190.00 0.02294(1)60.0011 0.02262(1)60.00060
07300
s.

.
-
f

b-
es

s
c-
g

e

-
c-
h-
s

tonic c.m. energiesAŝ are not yet large enough for the Sud
kov logarithms to provide a good approximation for the fu
corrections.

C. The cross section at NLO

In this section we present the cross section prediction
associatedWH andZH production at the Tevatron and at th
LHC, including the NLO electroweak and QCD correction
and we quantify the residual theoretical uncertainty due
scale variation and the parton distribution functions. The
tal cross sections for the processespp̄/pp→W6H1X ~sum
of W1H and W2H) and pp̄/pp→ZH1X at the Tevatron
and the LHC are displayed in Figs. 19–22. Representa
results are listed in Tables V–VIII. For the central renorm
ization and factorization scalem5m05AsVH the NLO QCD
corrections increase the LO cross section by typically 20%
25%. As discussed in detail in Sec. IV B, the NLO ele
troweak corrections are sizeable and decrease the cross
tion by 5%–10% in theGm-scheme. The size of theO(as)
and O(a) corrections does not depend strongly on t
Higgs-boson mass.

The NLO prediction is very stable under variation of th
QCD renormalization and factorization scales. We have v
ied both scales independently in the rangem0/5,m,5m0.
For both the Tevatron and the LHC, the cross section
creases monotonically with decreasing renormalization sc
At the Tevatron, the maximal~minimal! cross section is ob-
tained choosing both the renormalization and factorizat

e
ut

.
m-

n

TABLE X. PDF uncertainties: Total cross section in pb forpp̄
→ZH1X at the Tevatron (As51.96 TeV) including NLO QCD
and electroweak corrections in theGm-scheme for different sets o
parton distribution functions.

MH /GeV CTEQ6M@34# MRST2001@38#

80.00 0.3070(1)60.012 0.3090(1)60.0039

100.00 0.1589(1)60.0064 0.1596(1)60.0020

120.00 0.08820(1)60.0036 0.08840(1)60.0011

140.00 0.05148(1)60.0021 0.05151(1)60.00066

170.00 0.02472(1)60.0010 0.02469(1)60.00033

190.00 0.01573(1)60.00068 0.01568(1)60.00021

TABLE XI. PDF uncertainties: Total cross section in pb fo
pp→W6H1X at the LHC (As514 TeV) including NLO QCD
and electroweak corrections in theGm-scheme for different sets o
parton distribution functions.

MH /GeV CTEQ6M@34# MRST2001@38#

80.00 5.423(2)60.18 5.509(2)60.071

100.00 2.859(1)60.096 2.910(1)60.035

120.00 1.633(1)60.055 1.664(1)60.021

140.00 0.9892(3)60.034 1.010(1)60.012

170.00 0.5078(1)60.018 0.5193(1)60.0063

190.00 0.3466(1)60.012 0.3547(2)60.0043
3-15
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CICCOLINI, DITTMAIER, AND KRÄ MER PHYSICAL REVIEW D 68, 073003 ~2003!
scales small~large!. At the LHC, in contrast, the maxima
~minimal! cross section corresponds to choosing
large ~small! factorization scale. From the numbers listed
Tables V–VIII one can conclude that the theoretical unc
tainty introduced by varying the QCD scales in the ran
m0/5,m,5m0 is less than approximately 10%. We ha
verified that the QED factorization-scale dependence of
O(a)-corrected cross section is below 1% and thus ne
gible compared to the other theoretical uncertainties. T
QED scale dependence should be reduced further when u
QED-improved parton densities.

We have also studied the uncertainty in the cross-sec
prediction due to the error in the parametrization of t
parton densities. To this end we have compared the N
cross section evaluated using the default CTEQ6@34# param-
etrization with the cross section evaluated using
MRST2001@38# parametrization. The results are collected
Tables IX–XII. Both the CTEQ and MRST parametrizatio
include parton-distribution-error packages which provide
quantitative estimate of the corresponding uncertainties

TABLE XII. PDF uncertainties: Total cross section in pb fo
pp→ZH1X at the LHC (As514 TeV) including NLO QCD and
electroweak corrections in theGm-scheme for different sets of par
ton distribution functions.

MH /GeV CTEQ6M@34# MRST2001@38#

80.00 2.857(1)60.095 2.936(1)60.036

100.00 1.539(1)60.051 1.583(1)60.019

120.00 0.8947(3)60.030 0.9217(3)60.011

140.00 0.5508(2)60.019 0.5681(2)60.0067

170.00 0.2900(1)60.010 0.2994(1)60.0036

190.00 0.1978(1)60.0069 0.2045(1)60.0025
G

vy

. D

2
l-

D

07300
a
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e

e
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e
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n

O

e

a
in

the cross sections.4 Using the parton-distribution-error pack
ages and comparing the CTEQ and MRST2001 parametr
tions, we find that the uncertainty in predicting the proces
pp̄/pp→W6H1X andpp̄/pp→ZH1X at the Tevatron and
the LHC due to the parametrization of the parton densitie
less than approximately 5%.

V. CONCLUSIONS

We have calculated the electroweakO(a) corrections to
Higgs-boson production in association withW or Z bosons at
hadron colliders. These corrections decrease the theore
prediction by up to 5%–10%, depending in detail on t
Higgs-boson mass and the input-parameter scheme. We
updated the cross section prediction for associatedWH and
ZH production at the Tevatron and at the LHC, including t
next-to-leading order electroweak and QCD corrections.
nally, the remaining theoretical uncertainty has been stud
by varying the renormalization and factorization scales a
by taking into account the uncertainties in the parton dis
bution functions. We find that the scale dependence is
duced to about 10% at next-to-leading order, while the
certainty due to the parton densities is less than about 5
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4In addition, the MRST@39# parametrization allows one to stud
the uncertainty of the NLO cross section due to the variation ofas.
For associatedWH and ZH hadroproduction, the sensitivity of th
theoretical prediction to the variation ofas @as(MZ

2)50.119
60.02# turns out to be below 2%.
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