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Gluon induced contributions to WZ and Wg production at NNLO
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We calculate the contribution of the partonic processesgg→WZqq̄ andgg→Wgqq̄ to WZ andWg pair
production at hadron colliders, including anomalous triple gauge-boson couplings. We use the helicity method
and include the decay of theW and Z bosons into leptons in the narrow-width approximation. In order to

integrate over theqq̄ final state phase space we use an extended version of the subtraction method to NNLO
and remove collinear singularities explicitly. Because of the large gluon density at lowx, the gluon induced
terms of vector-boson pair production are expected to be the dominant NNLO QCD correction, relevant at
CERN LHC energies. However, we show that due to a cancellation they turn out to provide a rather small
contribution, anticipating good stability for the perturbative expansion.
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I. INTRODUCTION

A direct test of the non-Abelian nature of the weak inte
actions can be made through the study of vector-boson
production. These processes already involve triple gau
boson couplings at the tree level and, therefore, offer a pr
ising framework for their study. In the standard model, t
triple gauge-boson couplings are completely fixed by ga
symmetry. However, these couplings can be modified by n
physics occurring at a higher energy scale. Given that
triple gauge-boson couplings have been much less prec
measured than, for example, the couplings of gauge bo
to fermions, it is natural to search for new physics by looki
for anomalous triple gauge-boson couplings.

Trilinear gauge-boson couplings have been studied at
CERN e1e2 collider LEP2 @1# and the Fermilab Tevatron
@2#. It should be emphasized that the studies at hadron
liders are complementary to studies at electron-positron
liders. While bounds on anomalous couplings obtained fr
LEP2 data are more stringent than those from hadron co
ers, the latter offer the possibility to study these couplings
a higher center of mass energy, where the effects of ano
lous couplings are enhanced. The amount of available
from hadron colliders will dramatically increase with run
at the Tevatron and even more so with the CERN La
Hadron Collider~LHC!. This will allow the study of triple
gauge-boson couplings to be taken one step further.
course, all possible vector-boson pair production proces
will be analyzed. However, in this paper we concentrate
W6g andW6Z pair production.

In order to get reliable theoretical predictions for vecto
boson pair production it is important to include higher-ord
corrections. One-loop QCD corrections, treating the vec
bosons as stable particles, were computed forW6g produc-
tion @3# andW6Z production@4# ten years ago. Since vecto
0556-2821/2002/65~9!/094041~7!/$20.00 65 0940
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bosons are identified through their decay products it is es
tial to include the decay of the bosons into fermions. T
allows arbitrary cuts to be added to the kinematics of
final states and therefore facilitates the comparison of th
retical predictions with experimental measurements. The
culation of these processes in the narrow-width approxim
tion but retaining spin information via decay-ang
correlations only in the real part of the amplitudes has b
published in@5#. Anomalous couplings for theW6g @6# and
W6Z @7# processes have also been included. Finally, anal
results of the one-loop amplitudes for vector-boson pair p
duction with the subsequent decay into lepton pairs in
narrow-width approximation have been presented in@8#. In
@9,10# these amplitudes have been used to obtain nume
results including all decay-angle correlations. Steps bey
the inclusion ofO(as) corrections in the narrow-width ap
proximation have been made in@11#, where nondoubly reso
nant diagrams have been included and in@12#, where one-
loop logarithmic electroweak corrections have be
calculated.

The size of the one-loop QCD corrections depends c
cially on the physical quantity under investigation. Usua
they are of the order of a few 10%, but in some particula
interesting cases, for example the highpT tail of transverse
momentum distributions they can increase the leading o
cross section by several 100%. The reason for such h
corrections is that the next-to-leading order correction
vector-boson pair production consists of two parts. Fi
there is the one-loop correction to the leading order parto
processqq̄→VV. Second, there are new partonic channe
qg→VVq, that contribute to the cross section at NLO. Ev
though these processes are suppressed with respect t
leading order partonic processqq̄→VV by the strong cou-
pling constantas , they can easily be more important nu
merically, since they are enhanced by the gluonic parton
©2002 The American Physical Society41-1
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tribution function. This is particularly the case for the LH
@or even a much higher energy Very Large Hadron Collid
or ~VLHC!#, where gluon induced processes become incre
ingly dominant. Unfortunately, the kinematical regim
where these contributions are largest are exactly those w
effects from anomalous couplings are expected to man
themselves. Therefore, it is important to gain a better con
of the theoretical predictions in these kinematical regime

One way to improve the situation is to impose a jet ve
This suppresses the effect of the new partonic channels
are opened at higher order@7,9,10#. On the other hand, suc
a veto also reduces the amount of data considerably. Ano
possibility is to include even higher order terms. Of course
full next-to-next-to-leading-order~NNLO! calculation of
vector-boson pair production is not to be expected in the n
future. In @13# a prescription to approximately evalua
higher-order QCD corrections toW1g production has been
proposed. Based on this approximation the orderas

2 correc-
tions have been calculated. A full NNLO calculation wou
have to include two-loop corrections to the partonic subp
cessesqq̄→VV, one-loop corrections toqg→VVq and, fi-
nally, ~amongst others! processes withgg in the initial state.
Motivated by the observation that loop corrections to p
tonic processes tend to be of the expected moderate size
huge corrections are mainly due to the opening of new ch
nels, in this paper we include all NNLO terms that are ma
mally enhanced by the gluon distribution functions.

In general, there are two classes of such contributio
First, there is the processgg→VV. These processes hav
been studied previously@14#. The amplitude for this proces
vanishes at the tree level but may be nonzero at one loop
the case ofW6g and W6Z pair production, however, the
amplitude for this process vanishes at all orders, due
charge conservation. Second, there are the processegg

→VVqq̄. The amplitudes for these processes have been
culated in@15# and have been used to compute cross sect
for the production of a vector boson pair together with tw
jets. We extend this work by not requiring any jets to
observed in the final state. Hence, the amplitudesgg

→VVqq̄ have to be integrated over theqq̄ final state phase
space. This results in infrared singularities that will have
be absorbed in the parton distribution functions. Furth
more, we also extend the previous work by adding anom
lous couplings.

We find that the contribution of the gluon induced pr
cesses toWZ andWg production is smaller than may hav
been anticipated, due to a sign change in the hard scatte
part. We also find that this NNLO term is affected less
anomalous couplings than the corresponding LO and N
terms.

II. CALCULATION

Vector boson pair production has been calculated up
NLO in the helicity method. However, in an NLO calculatio
for pp→WZ, whilst the processq̄q→WZ is included at
NLO, the processqg→WZq is only calculated at LO. This
means that we only have a leading order calculation in
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circumstances where gluon-induced subprocesses are im
tant, as they are expected to be at the LHC due to the la
gluon density at lowx. Therefore we want to include the nex
order inas , the processgg→WZqq̄~and similarly forWg).

For WZ production we will use the labelling
g1g2l 3n̄4 l̄ 58l 68q7q̄8, whereg1 andg2 are the incoming gluons
leptons 3 and 4 are the decay products of theW and 5 and 6
are from theZ. Clearly, Wg will have one less particle bu
this is a trivial modification. It is also straightforward t
transform the calculation for other vector bosons.

In calculatinggg→WZ, we use a version of the subtrac
tion method@16# to cancel the infrared singularities analyt
cally and evaluate the finite remainders numerically. W
show the finite parts of the cross section in Eqs.~8!, ~11! and
~15!.

A generic differential cross section is written as

dsAB~pA ,pB!5(
ab

E dx1dx2f a/A~xA! f b/B~xB!

3dŝab~xApA ,xBpB!, ~1!

whereA and B are hadrons whilea and b are partons and
f a/A and f b/B are the parton distribution functions. The su
tracted partonic cross section,dŝ, is finite for any infrared
safe observable.

In a general case, in order to obtaindŝ, soft and final
state collinear singularities have to be cancelled with the
gularities coming from virtual corrections. The remainin
initial state collinear singularities have to be factored out in
the parton distribution functions. In an extension of the su
traction method to NNLO, this demands the subtraction
all possible singularities as well as their analytical integ
tion in the corresponding limits. Up to now, such a gene
framework has not been developed. Only a limited num
of analytical calculations to NNLO accuracy have been p
formed.

The main difficulty for the implementation of a subtra
tion procedure at NNLO is the appearance of several n
~multiple parton! kinematical configurations where so
and/or collinear singularities arise. These are: the triple c
linear case~three partons become collinear!, the double soft
case~two partons are soft!, the soft-collinear case~one par-
ton is soft and the other collinear! and the double collinea
case~two pairs of partons are independently collinear!. The
single soft and collinear singularities, which appear also
NLO, have to be added to that list.

Even though the behavior of tree and one-loop amplitu
in those limits has been recently obtained@17#, it is not yet
clear how to unify all singularities in a single subtractio
term, or how to subtract all of them independently wh
avoiding double counting and allowing the analytical int
gration of the subtracted terms to be performed.

Our case, however, is particularly simple. Since we
clude onlygg induced processes at NNLO there are no fin
state collinear singularities~see below about final state sin
gularities in theWg case!. There are also no soft singular
ties, since there are no gluons~or qq̄ pairs! in the final state.
Therefore, the only singularities that arise are the single c
linear ones, which can be treated in a similar way as a typ
1-2
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NLO calculation, and the double collinear ones, i.e., the c
linear splitting of each initial state gluon into aqq̄ pair, a
‘‘genuine’’ NNLO contribution.

In order to absorb the remaining initial state collinear s
gularities we use

f a/d5dadd~12x!2
as

2p

1

ē
Pad~x,0!2S as

2p D 2

Qad~x!.

~2!
nd

u
nc
-

i-
ra

e

09404
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This is the NNLO expression in the modified numerical su

straction scheme (MS) and as usual we define 1/ē[1/e
2gE1 log 4p. Pad(x,0) is the one-loop Altarelli-Parisi split-
ting function for«50 ~4 dimensions!. TheO(as

2) termQad ,
including contributions from the two-loop splitting function
does not actually contribute in our case.

Comparing subtracted and unsubtracted terms and u
Eq. ~2!, we obtain the relation
dŝgg
(2)~k1 ,k2!5dsgg

(2)~k1 ,k2!1
as

2pE dx1S 1

ē
Pqg~x1!D dsqg

(1)~x1k1 ,k2!1
as

2pE dx1S 1

ē
Pq̄g~x1!D ds q̄g

(1)
~x1k1 ,k2!

1
as

2pE dx2S 1

ē
Pqg~x2!D dsgq

(1)~k1 ,x2k2!1
as

2pE dx2S 1

ē
Pq̄g~x2!D dsgq̄

(1)
~k1 ,x2k2!

1S as

2p D 2E dx1dx2S 1

ē
Pqg~x1!D S 1

ē
Pq̄g~x2!D dsqq̄

(0)
~x1k1 ,x2k2!1S as

2p D 2E dx1dx2S 1

ē
Pq̄g~x1!D

3S 1

ē
Pqg~x2!D ds q̄q

(0)
~x1k1 ,x2k2!, ~3!
the
-

f
-

wherek1 ,k2 are the momenta of the incoming gluons 1 a
2. The superscript~2! denotes the NNLO term, while~1! is
NLO and~0! is leading order. In Eq.~3! all terms on the right
hand side are separately divergent but the sum is finite.

Once we have this expression, we can write out the co
terterms in terms of energy and angle variables and ca
the poles explicitly. Following@16# we use the parametriza
tion

k15
As12

2
~1,0W ,1! ~4!

k25
As12

2
~1,0W ,21! ~5!

ki5
As12

2
j i~1,A12yi

2eWT ,yi !, ~6!

whereki is the momentum of an outgoing~anti!quark,eWT is
a unit vector in transverse momentum space,yi5cosui is the
angle variable21<yi<1 andj i is the rescaled energy var
able 0<j i<1. Performing part of the phase-space integ
tion analytically we can rewrite Eq.~3! as a sum of three
separately finite pieces

dŝgg
(2)5ds (fin,8)1ds (fin,7)1ds (fin,6), ~7!

with terms ds (fin,8,7,6) denoting the 8,7 and 6-parton finit
parts. The explicit form ofds (fin,8) is given by
n-
el

-

ds (fin,8)5~12y7
2!~12y8

2!M gg
(8)

3~k1 ,k2 ,$ki%3,6,k7 ,k8!

3
s12

2

64~2p!6
j7j8P~y7!P~y8!

3dj7dj8dy7dy8dw7dw8dF (326) , ~8!

wheredF (326) denotes the phase-space integration over
vector-boson decay products.M gg

(8) denotes the squared am
plitude summed~averaged! over helicities, including the flux
factor 1/(2s12). P(yi) is given by

P~yi ![
1

2 F S 1

12yi
D

d I

1S 1

11yi
D

d I

G . ~9!

The distributions (1/(16yi))d I
have been introduced in@16#

and are defined for an arbitrary test functionf (yi) through

K S 1

16yi
D

d I

, f ~yi !L
5E

21

1

dyi

f ~yi !2 f ~71!u~7yi211d I !

16yi
. ~10!

The twoP distributions in Eq.~8! perform the subtraction o
both double and single collinear singularities of NNLO am
plitudes, leaving a~numerically! integrable remnant.

The 7-parton finite part reads
1-3
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ds (fin,7)5
as

2p
„L7Pqg

, ~12j7!2Pqg8 ,~12j7!…~12y8
2!$M q̄g

(7)
„~12j7!k1 ,k2 ,$ki%3,6,k8…1M gq̄

(7)
„k1 ,~12j7!k2 ,$ki%3,6,k8…%

3
s12

8~2p!3
j8P~y8!dj7dj8dy8dw8dF (326)1

as

2p
„L8Pq̄g

,
~12j8!2Pq̄g

8 ,~12j8!…~12y7
2!

3$M qg
(7)
„~12j8!k1 ,k2 ,$ki%3,6,k7…1M gq

(7)
„k1 ,~12j8!k2 ,$ki%3,6,k7…%

3
s12

8~2p!3
j7P~y7!dj7dj8dy7dw7dF (326) , ~11!
to
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where we introduced

L75 log
s12d Ij7

2

2m2
, L85 log

s12d Ij8
2

2m2
, ~12!

and split up the unregularized Altarelli-Parisi function in
the 4-dimensional piece,Pad

, , and the piece proportional t
«, Pad8 ,. For completeness we give the explicit form

Pqg
, ~12j i !5

1

2
~122j i12j i

2! ~13!

Pqg8 ,~12j i !5j i~j i21!. ~14!

In this case, the single collinear singularities of the NL
amplitudes are subtracted by the appearance of a singP
distribution.

Finally, the 6-parton finite piece is given by

ds (fin,6)5S as

2p D 2

„L7Pqg
, ~12j7!2Pqg8 ,~12j7!…

3„L8Pq̄g
,

~12j8!2Pq̄g
8 ,~12j8!…

3$M q̄q
(6)
„~12j7!k1 ,~12j8!k2 ,$ki%(3,6)…

1M qq̄
(6)
„~12j8!k1 ,~12j7!k2 ,$ki%(3,6)…%

3dj7dj8dF (326) . ~15!

We note thatd I is an arbitrary quantity and even thoug
ds (fin,8),ds (fin,7) and ds (fin,6) depend on it, this dependenc
cancels exactly indŝgg

(2) . Hence, making sure that the nu
merical results are independent ofd I is a useful check for our
Monte Carlo program.

In calculating the cross section as above, we use 6 pa
and 7 parton amplitudes as given in@8#. We also require the
8 and 7 parton amplitudes forgg→qq̄WZ andgg→qq̄Wg
respectively. These amplitudes have been calculated p
ously @15#. We recalculated these amplitudes using the he
ity method and including anomalous couplings. For the tri
gauge vertex forWa

1(p1)W2(p2)bVm(q), including the
anomalous terms, we use
09404
on

vi-
-

e

GWWV
abm ~p1 ,p2 ,q!5X~p12q!agbm

1

2 S g1
V1kV1lV

p2
2

MW
2 D

1~q2p2!bgam
1

2 S g1
V1kV1lV

p1
2

MW
2 D

1~p12p2!mS 2gab
1

2
q2

lV

MW
2

1
lV

MW
2

qaqbD C, ~16!

where V can beZ or g and all momenta are taken to b
outgoing. In the standard model,g1

V5kV51 andlV50. In
order to preserve electromagnetic gauge invariance we
ways setg1

g to the standard model value 1.
We also make use of form factors to avoid the violation

unitarity that would otherwise result from this vertex at hig
energies. The form factors used are the conventional on

Dg1
V→

Dg1
V

~11 ŝ/L2!2
, DkV→ DkV

~11 ŝ/L2!2
,

DlV→ DlV

~11 ŝ/L2!2
~17!

where L is the scale of the new physics that causes
anomalous couplings.

Photons with large transverse momentum can be produ
in hadronic collisions not only directly, but also, and signi
cantly, from the fragmentation of a final state parton. A f
perturbative calculation of a process involving the produ
tion of photons should in principle include the calculation
both direct and fragmentation components, since only th
sum is physically well defined beyond LO. A calculation
the fragmentation part is not even available at NLO for t
process of interest in this paper. Fortunately there is a wa
suppress the fragmentation contribution, which actually c
stitutes a background to the search of anomalous coupli
by requiring the photons to be isolated from the hadrons. T
usual way to perform the isolation is to require the transve
hadronic momentum in a cone around the photon to
1-4
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GLUON INDUCED CONTRIBUTIONS TOWZ AND Wg . . . PHYSICAL REVIEW D 65 094041
smaller than a fraction of the transverse momentum of
photon. In this way, the contribution of the fragmentati
component can be reduced to the percent level. In this pa
we will use the isolation procedure introduced by Frixio
@18# which allows us to completely suppress the fragmen
tion component. Therefore, we reject all events unless
transverse hadronic momentum deposited in a cone of
R0 around the momentum of the photon satisfies the follo
ing condition

(
i

pTiu~R2Rig!<pTgS 12cosR

12cosR0
D , ~18!

for all R<R0, where the ‘‘distance’’ in pseudorapidity an
azimuthal angle is defined by Rig

5A(h i2hg)21(f i2fg)2. In this way, only soft partons
can be emitted collinearly to the photon in the direct con
bution and, therefore, no final state quark-photon collin
singularity arises. For the purposes of our computation
allows us to perform the calculation of thegg initiated con-
tribution at NNLO without needing to do any subtraction
the corresponding singularity. While the possibility of pe
forming such isolation at the experimental level is under
vestigation, the choice of this particular method will not al
at all the conclusions of our calculation in theWg channel.
Particularly, we have checked that the results at NLO us
the procedure in Eq.~18! are very close to the ones obtaine
performing the usual ‘‘cone’’ isolation procedure@10,19#.

In this calculation, contributions fromb andt quarks have
been neglected. It is assumed that these will be suppre
by the large top quark mass. This might not be a particula
good approximation for large energies, but in view of t
smallness of the gluon induced corrections a more deta
treatment does not seem to be justified.

III. NUMERICAL RESULTS

For the numerical results presented in this section we
the Martin-Roberts-Stirling-Thorne 2001~MRST 2001! par-
ton distribution functions@20# with the one-loop expressio
for the coupling constant@as(MZ)50.119#. The factoriza-

tion and renormalization scales are fixed tomF5Aŝ,mR

5A 1
2 (MW

2 1MZ
2)1 1

2 (pTW
2 1pTZ

2 ) in the case ofW2Z pro-

duction and tomF5mR5AMW
2 1pTg

2 in the W2g case. No-
tice that in order to compute thegg induced contribution we
also use the same NLO combination of parton distribut
function and coupling constant. The effect of changing
NNLO parton distributions, not fully available yet, is ex
pected to be small and will not alter the conclusion of o
analysis.

The masses of the vector bosons have been set toMZ
591.187 GeV andMW580.41 GeV. We do not include
any electroweak corrections, but choose the coupling c
stantsa and sin2uW in the spirit of the improved Born ap
proximation @21#. For the couplings of the vector boson
with the quarks we usea5a(MZ)51/128 whereas for the
photon coupling we usea51/137. We neglect contribution
from initial state top quarks and use the following values
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the Cabibbo-Kobayashi-Maskawa matrix elements:uVudu
5uVcsu50.975 anduVusu5uVcdu50.222. Note that we do no
include the branching ratios for the decay of the vec
bosons into leptons.

For all plots we use a set of standard cuts. For char
leptons we requirepT.20 GeV andh,2.5. In addition, we
require a missing transverse momentumpT

miss.20 GeV. The
photon transverse momentum cut we use ispT

g.20 GeV,
while for the isolation prescription in Eq.~18! we setR0
51.

In Figs. 1 and 2 we show theMS subtracted partonic cros
sections for the different initial statesqq̄,qg andgg. These

are produced by binning the results at 14 TeV byAŝ. It can
be seen that the outcomes forWg andWZ are very similar.
For better visibilityŝgg has been increased by a factor 10
the plot.

As can be observed, there is a reasonably good pertu
tive convergence at the level of the partonic cross sect

FIG. 1. Partonic cross sections forW2g: ŝqq̄ , ŝqg andŝgg .

FIG. 2. Partonic cross sections forW2Z: ŝqq̄ , ŝqg and ŝgg
1-5
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considering thatŝqq̄ is of O(11as), ŝqg of O(as), andŝgg

of O(as
2), with as;0.1 for the typical scales of these pro

cesses. In theMS both theqq̄ andqg contributions are posi-
tive in the whole range ofŝ, while the new piece, thegg
partonic cross section becomes negative only for small
ues of ŝ, close to the threshold for the production of th
vector bosons.

The situation changes considerably when the phys
hadronic cross section is computed, shown in Figs. 3 an
In Fig. 3 we plot the transverse momentum distribution
the photon, whereas in Fig. 4 we see thepT of the lepton
produced by the decay of theW. Again the form of the dis-
tributions is very similar for theWZ as compared to theWg
case.

As indicated in the Introduction, because of the largeqg
luminosity, the hadronic contribution due to this initial sta
becomes even larger than the ‘‘leading’’qq̄ contribution.
This is particularly clear at large transverse momentu

FIG. 3. W2g production:pT distribution for LHC,qq̄,qg and
gg pieces separately.

FIG. 4. W2Z production:pT distribution for LHC,qq̄,qg and
gg pieces separately.
09404
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where the relative increase in the luminosity exceeds the
fect of the suppression due to the extraas coupling observed
at the partonic level. This is not the case for thegg contri-
bution, which remains rather small, and for the observa
studied here provides a negative contribution to the hadro
cross section.

The features of bothqg andgg contributions toWZ and
Wg production can be qualitatively understood in the follo
ing way: theqg and gg luminosities are steep functions o
the momentum fraction carried by the partons, mostly due
the fast increase of the gluon distributiong(x) when x de-
creases. Even though the hadronic center of mass energyS is
very large, the average value of the partonic one^ŝ&
5^x1x2&S can be considerably smaller, and actually close
the minimum needed to produce the gauge bosons with
required transverse momentum. Therefore in the convolu
between the parton distributions and the partonic cross
tions shown in Figs. 1 and 2, the hadronic result will mos
pick up the features of the partonic cross section at low v
ues ofŝ. In theqg case, the partonic cross section is positi
and has its maximum at lowŝ, giving as a result a large
hadronic contribution. In thegg case, the partonic cross se
tion has a change of sign at low values ofŝ, with the corre-
sponding compensation between negative and positive
tributions when convoluting with the parton densitie
Therefore thegg hadronic contribution results in a negativ
and small correction to the NLO cross section.

In order to investigate whether the inclusion of anomalo
couplings changes this picture substantially, we show in F
5 the partonic cross sections with the following anomalo
couplings:

g1
g51; g1

Z51.13; kg51.2; kZ51.07;

lg5lZ50.1. ~19!

We use the form factors as given in Eq.~17! and we takeL,
the scale of new physics, to be 2 TeV. Figure 5 is given w

FIG. 5. Partonic cross sectionŝqq̄ , ŝqg and ŝgg for W2Z pro-
duction with anomalous couplings as given in Eq.~19!.
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the same scale as Fig. 2 for comparison. It is clear that, w
the values for the couplings that we have chosen, we do
see a significant enhancement of the gluon induced term
fact, the gluon induced corrections become even less
evant, as theqg and especially theqq̄ terms are increase
substantially.

In addition to these results, we also considered a hy
thetical VLHC or Very Large Hadron Collider, which woul
run at a center of mass energy of 200 TeV, to see whethe
gg part would become significant at the higher energy~cuts
etc. all remained the same as previously!. It was found that
the gg part did not become more important. The contrib
tions from thegg term remained at the 1% level.

IV. CONCLUSIONS

We have presented expressions for the finite cross sec
for vector-boson pair production from a gluon-gluon initi
state. We have then implemented these terms and the ap
priate matrix elements into a Monte Carlo integration.

We find the contribution of the gluon induced terms
WZ and Wg production to be surprisingly small. Even th
addition of anomalous couplings enhances thegg induced
d
D0
,’’
in

09404
th
ot
In
l-

o-

he

-

on

ro-

term substantially less than theqq̄ and qg terms. We have
shown that this is due to a change of sign in the hard s
tering.

This is a good result from the point of view of experime
tal predictions of vector-boson pair production, at least in
WZ andWg cases, as the impact of NNLO terms does n
appear to be particularly significant. It also seems that thegg
term will not be amplified excessively by anomalous co
plings, though we have only taken an example of anomal
couplings and have not made a detailed study.
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