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Vector boson pair production in hadronic collisions at O„as…: Lepton correlations
and anomalous couplings
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We present cross sections for the production of electroweak vector boson pairs,WW, WZ, andZZ, in pp̄ and
pp collisions, at next-to-leading order inas . We treat the leptonic decays of the bosons in the narrow-width
approximation, but retain all spin information via decay angle correlations. We also include the effects ofWWZ
andWWg anomalous couplings.@S0556-2821~99!06421-8#

PACS number~s!: 13.85.Qk, 12.38.Bx, 12.60.Cn, 13.88.1e
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I. INTRODUCTION

At the core of the electroweak standard model is its
variance under the non-Abelian gauge groupSU(2)
3U(1). Many aspects of this gauge structure, such as ve
boson masses and couplings to fermions, have already
tested with high precision in a variety of experiments. Ho
ever, the non-Abelian self-interactions of vector bosons—
particular, triple gauge-boson couplings—are just beginn
to be studied directly, via vector-boson pair production
e1e2 annihilation at thee1e2 collider LEP2 at CERN, and
in pp̄ collisions at run I of the Fermilab Tevatron. Althoug
thousands ofW1W2 pairs have been collected at LEP2, th
have all been produced at relatively modest values of the
invariant mass,MWW&200 GeV. On the other hand, if ther
are anomalous~non-standard-model! vector-boson self-
couplings, their effects are expected to grow with invaria
mass, so it is useful to study vector-boson pair productio
the highest possible energies. Vector boson pairs also
vide a background for other types of physics. If the Hig
boson is heavy enough it will decay primarily intoW1W2

and ZZ pairs @1#. Exotic Higgs sectors can have substant
branching ratios for charged Higgs bosons to decay toWZ
pairs @2#. Leptonically decaying WZ pairs, W1Z
→ l 1n l 81l 82, in which the negatively-charged lepton is los
form a background to a signal for strongWWscattering as-
sociated with the modeW1W1→ l 1n l 81n8 @3#. Finally, a
prime signal for supersymmetry at hadron colliders is
production of three charged leptons and missing transv
momentum@4#; a background for this process is the produ
tion of a W plus a~virtual! Z or g.

In the near future, hadron colliders will be the prima
source of vector boson pairs with large invariant mass. R
II of the upgraded Tevatron should yield a data set roug
20 times larger than that from run I, including 100–200 le
tonically decayingW1W2 pairs. The Large Hadron Collide
~LHC! at CERN promises to increase the sample by ano
factor of 50 beyond run II. With this increase in statistic
0556-2821/99/60~11!/114037~14!/$15.00 60 1140
-

or
en

-
n
g

ir

t
at
o-

s

l

e
se
-

n
y
-

er
,

refined standard model predictions are essential. The lea
QCD corrections@O(as)# are significant~generally of order
tens of percent!, and hence are required to get a precise
timate of the overall production cross section. Also, expe
ments do not detect vector bosons, but only those lepto
decay products that fall within the experimental acceptan1

Spin correlations between vector bosons are reflected in
nematic distributions of leptonic momenta, which in turn i
fluence the number of events surviving experimental cuts
order to properly take into account the effects of cuts on
cross section, as well as to study the more detailed~lepton!
kinematic distributions permitted by higher statistics, it
important to treat the vector boson decays properly, incl
ing all spin correlations.

Hadronic production of vector boson pairs in the stand
model has already been studied extensively. The Born-le
or leading-order~LO! cross sections forW1W2, W6Z and
ZZ pair production via quark annihilation were comput
twenty years ago@6#. These cross sections were evaluated
treating theW and Z as stable particles and summing ov
their polarization states, using completeness relations to s
plify the sum; thus spin and decay correlations were
glected. For the spin-summed production cross section,
next-to-leading order@NLO, or O(as)# QCD corrections
were obtained forW1W2 final states in Refs.@7,8#, for W6Z
in Refs.@9,10#, and forZZ in Refs.@11,12#.

The simplest way to include the effects of vector-bos
spin and decay correlations is to compute directly the ma
elements for the production of the four final-state fermio
In the narrow-width approximation, only ‘‘doubly resonant
Feynman diagrams have to be considered—the same cla
diagrams that gives rise to the on-shell spin-summed c

1Modes in which one of the vector bosons decays hadronic
have been studied at the Tevatron, but at standard model le
these events are hard to separate from the QCD production
vector boson plus jets@5#.
©1999 The American Physical Society37-1



tia
r c
us
m
ca

on

ee
al
pl
th
n

-
n

on
n

i
w

R
o

ha
o

to
-
id
am
t
t
c
o

so
th

nd
s
d

es
re

ted

ra-

ate
ec-
-

ass

-

y a
f

ch
bly

r-
the
ing
a-

out
x-

l
u-
ef.
-

ter
ent

all
ne-

-
on
he
ore

rix

ble-
ed
.

nit
in

io
,

L. DIXON, Z. KUNSZT, AND A. SIGNER PHYSICAL REVIEW D60 114037
section. Because both the outgoing fermions and the ini
state partons are essentially massless, and because thei
plings to vector bosons are chiral, it is very convenient to
a helicity basis for the fermions. The tree-level helicity a
plitudes for massive vector-boson pair production and de
into leptons were first computed in Ref.@13#, which also
demonstrated the significance of decay-angle correlati
This same approach was carried out at orderas in Ref. @14#.
At O(as), there are real corrections, consisting of tr
graphs with an additional gluon in either the initial or fin
state, and virtual corrections, consisting of one-loop am
tudes that interfere with the Born amplitude. However,
full one-loop amplitudes including leptonic decays were u
available until recently, so Ref.@14# included decay correla
tions everywhere except for the finite part of the virtual co
tribution, for which spin-summed formulas were used.2

In this paper, we presentO(as) results for the hadronic
production ofW1W2, WZ and ZZ pairs, including the full
lepton decay correlations in the narrow-width approximati
We rely on Ref.@15# for all the required matrix elements, i
particular the virtual one-loop amplitudes forqq̄8→V1V2
→4 leptons. In order to cancel the infrared divergences
the phase-space integrations for the real corrections,
implement the general subtraction method discussed in
@16#. This method allows the computation of distributions
arbitrary ~infrared-safe! observables.

Recently, an update to vector boson pair production
been presented in Ref.@17#. The corresponding Monte Carl
programMCFM relies on the same amplitudes@15# and, there-
fore, also includes all spin correlations exactly to next-
leading order inas . MCFM is more complete than the pro
gram described here, in the sense that the narrow-w
approximation is not assumed, and singly-resonant diagr
are also included. These additions are expected to shift
resonance-dominated di-vector boson cross sections by
order of several percent. Their effects are obviously mu
larger in the off-resonant regions important for studies
standard model backgrounds to new physics.

In the present paper, we first compute the di-vector bo
cross sections in the standard model, both without and wi
realistic set of experimental cuts. ForW1W2 production, a
jet veto is used by experimentalists to suppress backgrou
we study the effect of this veto on the size of the cro
section and its renormalization and/or factorization scale
pendence.

Di-boson amplitudes in the standard model have inter
ing angular dependences. For example, at Born level, the
an exact radiation zero in the partonic processq1q̄2→W6g
at cosu5(Q11Q2)/(Q12Q2), whereu is the scattering angle
of the W with respect to the direction of the quarkq1 , and
Q1,2 are the quark electric charges@6#. Similarly, it has been

2The virtual corrections can be divided into terms with poles ine,
the parameter of dimensional regularization, plus residual fi
terms. The pole terms have a universal form and cancel aga
infrared divergences in the real corrections, so if the real correct
include decay correlations, then the virtual pole terms must also
order to get a finite answer.
11403
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shown that there is a an approximate zero forq1q̄2→W6Z at
cosu5(g1

21g2
2)/(g1

22g2
2), where g1,2

2 are the left-handed
couplings of theZ boson to the quarks@18#. The exact tree-
level zero forWg is filled in somewhat by QCD radiative
corrections, and also by the kinematic ambiguity associa
with the undetected neutrino inW1g→ l 1ng. Still it pro-
duces a dip in the distribution of a related variable, the
pidity differenceyg2yl 1, which should be visible at run II
@19#.

Here we study the QCD corrections to the approxim
WZ radiation zero. Using on-shell, spin-summed cross s
tions, Ref.@10# computed the distribution in the rapidity dif
ference between theW and Z bosons,DyWZ5uyW2yZu,
which is a boost-invariant surrogate for the center-of-m
scattering angleu. It was found that a dip in theDyWZ dis-
tribution persists atO(as), although the dip is less pro
nounced than at Born level. Since the rapidity of theW can-
not be determined on an event-by-event basis, we stud
quantity related toDyWZ , but constructed purely out o
charged lepton variables, and find that a dip~or at least a
shoulder! is still present. However, because of the mu
lower WZ cross section, this measurement is considera
more challenging than theWg case, and will probably have
to wait for the LHC.

Various types of TeV-scale physics may modify vecto
boson self-interactions. Without a precise knowledge of
new physics, one often parametrizes the modifications us
anomalous coupling coefficients. We shall consider anom
lous contributions to theW1W2Z andW1W2g triple gauge
vertices, and their effect on various distributions inWWand
WZproduction. Similar studies have already been carried
at orderas and including spin correlations everywhere e
cept in the finite virtual contributions, for bothWWproduc-
tion @20# and WZ production@21#. Here we include as wel
the spin correlation effects from the finite virtual contrib
tions. This requires matrix elements beyond those in R
@15#; however, the new matrix elements are trivial by com
parison.

The remainder of the paper is organized as follows. Af
outlining the computational techniques in Sec. II, we pres
results for the standard model production ofWW, WZandZZ
pairs in Sec. III. We first present total cross sections for
three channels, without and then with a set of realistic ki
matic cuts on the leptons. We consider bothpp̄ collisions at
As52 TeV ~corresponding to run II of the Tevatron!, andpp
collisions atAs514 TeV ~the LHC!. We discuss the depen
dence of theWWcross section on a common renormalizati
and factorization scale, with and without a jet veto. For t
WZ channel, we study the approximate radiation zero bef
and after QCD corrections.

In Sec. IV we introduce anomalousW1W2Z and
W1W2g couplings, and compute their effect on the mat
elements in the narrow-width approximation throughO(as).
We then study the effects of these couplings on a dou
binned transverse energy distribution for the pair of charg
leptons inW1W2 production followed by leptonic decays
Finally, in Sec. V we present our conclusions.
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VECTOR BOSON PAIR PRODUCTION IN HADRONIC . . . PHYSICAL REVIEW D 60 114037
II. COMPUTATION

It is straightforward to implement the helicity amplitude
presented in Ref.@15#, and those including anomalous co
plings ~see Sec. IV!, in a Monte Carlo program. The tree
level and one-loop amplitudes are computed as comp
numbers and the squaring, as well as the sum over hel
configurations, is done numerically. In order to cancel sin
larities between the real and virtual parts analytically, we
the general version of the subtraction method@22# as pre-
sented in Ref.@16#. Our code is flexible enough to compu
arbitrary infrared-safe quantities, apply arbitrary cuts, a
add any parton distribution easily.3

In this paper we will present results for the Tevatron r
II and the LHC. The former term refers topp̄ scattering at
As52 TeV, whereas the latter stands forpp scattering at
As514 TeV. Most of our results will be presented wi
some ‘‘standard cuts’’ which are defined as follows: W
make a transverse momentum cut ofpT.20 GeV for all
charged leptons. The event is required to have a minim
missing transverse momentumpT

miss, which is carried off by
the neutrino~s!. We requirepT

miss.25 GeV in the case o
W-pair production andpT

miss.20 GeV in the case ofW6Z
production. NopT

miss cut is applied forZ-pair production.
Finally, we apply some collider-dependent rapidity cuts
the charged leptons. For the Tevatron we requireuhu,1.5,
whereas for the LHCuhu,2.5.

In all results presented in this paper, we assume that
vector bosons always decay leptonically, i.e. the pro
branching ratios of the vector boson decays into lept
Br(V→ f f̄ 8) are not included. Obviously, these branchi
ratios depend on which final-state charged leptons are
cluded in the analysis~electrons, muons, or both!. They can
easily be added at any stage, using

Br~Z→e1e2!5Br~Z→m1m2!53.37%,

(
i 5e,m,t

Br~Z→n i n̄ i !520.1%,

Br~W1→e1ne!5Br~W1→m1nm!510.8%. ~1!

These ratios implicitly incorporate QCD corrections to t
hadronic decay widths of theW andZ.

We use two different parton distributions, Martin
Roberts-Stirling-Thorne set ft08a@MRST~ft08a!# @23# and
CTEQ~4M! @24#, which we refer to simply as MRST an
CTEQ. For both the leading and next-to-leading order res
we shall use the same parton distributions~which have been
obtained by a fit at next-to-leading order inas!. The strong
coupling constant is evaluated using

as~m!5
as~MZ!

w S 12
as~MZ!

p

b1

b0

ln~w!

w D ,

3We wrote two independent programs, one inFORTRAN 77 and
one inFORTRAN 90, both of which are available upon request.
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as~MZ!

p
lnS MZ

m D , ~2!

with b05 1
2 ( 11

3 CA2 2
3 Nf), b15 1

4 @ 17
3 CA

22( 5
3 CA1CF)Nf #,

CA5Nc , CF5(Nc
221)/(2Nc). The value ofas(MZ) is set

equal to the value given in the respective parton distribut
fit. Thus, we takeas(MZ)50.1175 for MRST andas(MZ)
50.116 for CTEQ. In all computations we have set t
renormalization and factorization scales equal:mR5mF
[m.

The masses of the vector bosons have been set toMZ
591.187 GeV andMW580.33 GeV. As for the coupling
constantsa and sin2 uW, we choose them in the spirit of th
‘‘improved Born approximation’’@25,26# for W pair produc-
tion at LEP2. We do not explicitly include any QED or ele
troweak radiative corrections. However, we take into acco
the top-quark-enhanced corrections to the relation betw
MZ , MW and sin2 uW, where the latter is defined as an e
fective coupling in a high-energy process, by using the d
nition @26#

sin2 uW[
pa~MZ!

&GFMW
2

, ~3!

whereGF51.1663931025 GeV22 is the Fermi constant and
a~m! the running QED coupling. For our numerical resu
we usea5a(MZ)51/128 and sin2 uW50.230.

The programs have been set up to allow for arbitrary v
ues in the entries of the Cabibbo-Kobayashi-Maska
~CKM! mixing matrix that do not depend on the top quar
For the numerical results we takeuVudu5uVcsu50.975 and
uVusu5uVcdu50.222.

Finally we mention that we do not properly include pr
cesses where top quarks are involved. The amplitudes
sented in Ref.@15# assume massless quarks, an approxim
tion that is certainly not justified in the case of the top qua
The fact that we nevertheless include thet-channel exchange
of the top quark~with uVtdu5uVtsu50 and uVtbu51! for
W-pair production, therefore, results in an error. Fortunate
these processes are suppressed for energy scales that a
too large, either by small CKM matrix elements or by th
small b quark distribution function. Indeed, we checked th
the contribution of the subprocessbb̄→W1W2 ~treating the
top as massless! is completely negligible for run II while it is
of the order of 2% for the LHC. Furthermore, in the case
W6Z production we did not include the processbg
→W2Zt. This process is present at next-to-leading order
is strongly suppressed by the large top quark mass, as we
the smallb quark distribution function.

III. STANDARD MODEL RESULTS

A. Total cross sections

The total cross sections for NLO vector-boson pair p
duction were computed long ago@7–12# and have recently
been updated@17#. In Tables I and II we present the tota
cross sections for the various processes at the Tevatron
LHC, for the MRST and CTEQ parton distributions. For th
7-3
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L. DIXON, Z. KUNSZT, AND A. SIGNER PHYSICAL REVIEW D60 114037
purpose of comparison we tabulated the results fors tot, the
cross sections without any cuts applied, but we also g
scut, the cross sections with the standard cuts defined in
II. At the Tevatron, theW1Z andW2Z total cross sections
are equal by invariance under charge conjugation and pa
~CP!. The cross section values are for the scalem5(MV1

1MV2
)/2, whereMVi

are the masses of the two produc
vector bosons. Because the difference between the MR
and CTEQ results is rather small, and given the fact t
these distributions will be updated regularly, we restrict o
selves in the remainder of this paper to the MRST distri
tion. For the same choices of input parameters and pa
distributions, we obtain perfect agreement with the to
cross-sections tabulated in Tables 1 through 4 of Ref.@17#.4

The significant differences between the total cross sect
for the MRST distributions given in our Tables I and II an
those in Ref.@17# have their origin in different input param
eters, in particular sin2 uW. In the case of the CTEQ set a
additional difference is due to the fact that in Ref.@17# the
more recent CTEQ~5! parton distributions have been used

The one-loop corrections to the total cross sections ar
the order of 50% of the leading-order term. However, as
will see below, the corrections can be much larger for la
pT or invariant mass of the vector bosons, particularly at
LHC. This is related to the fact that at next-to-leading ord
the sub-processesqg→V1V2q have to be taken into accoun
These sub-processes generally dominate the tail of
pT-distribution ~see e.g. Ref.@8#!. Therefore, a scale choic
such as

m25mst
2[

1

2
@pT

2~V1!1pT
2~V2!1MV1

2 1MV2

2 # ~4!

seems to be more appropriate. The difference between
two different scale choices is very small for the total cro
section, since it is dominated by lowpT vector bosons. How-
ever, for more exclusive quantities the differences can
substantial. It is therefore necessary to investigate the th
retical uncertainty related to the scale dependence in s
detail.

4Tables 1 and 2 of Ref.@17# express their good agreement wi
Refs.@8,10,12# for the older Harriman-MRS set B~HMRSB! parton
distributions; Tables 3 and 4 are for the Tevatron run II and LH
with the MRST and CTEQ~5! sets.

TABLE I. Cross sections in pb forpp̄ collisions at As
52 TeV. The statistical errors are61 within the last digit.

ZZ W1W2 W2Z
LO NLO LO NLO LO NLO

s tot(MRST) 1.13 1.44 9.52 12.4 1.37 1.84
s tot(CTEQ) 1.16 1.47 9.89 12.8 1.38 1.86
scut(MRST) 0.352 0.446 3.17 4.22 0.377 0.50
scut(CTEQ) 0.362 0.457 3.31 4.40 0.385 0.52
11403
e
c.

ity

T
t
-
-

on
l

ns

of
e
e
e
r

e

he
s

e
o-
e

To start with, in Fig. 1 we consider the scale depende
of the cross section forW-pair production at the Tevatron
We apply our standard cuts and vary the scale aroundm
5MW . The leading-order scale dependence is entirely du
the decrease of quark distribution functionsq(x) with in-
creasing factorization scale for moderatex. The NLO result
does indeed have a reduced scale dependence. We also
the NLO result with an additional cut on the transverse h
ronic energy, ET

had,40 GeV, implemented at the parto
level. In the remainder of this paper we refer to this ad
tional cut as jet veto, even though it does not exactly cor
spond to a jet veto applied by experimentalists. This ad
tional cut reduces the scale dependence further. Th
results, together with the modest one-loop corrections
find below for kinematic distributions at the Tevatron, le
to a rather satisfactory description ofW-pair production at
this collider.

The situation is somewhat more delicate for the LHC~see
Fig. 2!. The one-loop corrections can be huge in the tails
the distributions. We therefore investigate the scale dep
dence in a more detailed way. We again consider the c
section with and without the same jet veto,ET

had,40 GeV.
We also consider the cross section with an additional pai
cuts on the transverse momenta of the charged leptons.
require the larger of the two transverse momenta of
charged leptons,pT

max, to be bigger than 200 GeV and th
smaller, pT

min , to be bigger than 100 GeV. As discuss
above, it is therefore more appropriate to vary the sc
aroundm as given in Eq.~4! instead ofm5MW .

The purpose of these additional cuts is to investigate
scale dependence of the cross section in the region w
larger corrections are expected. Indeed, the one-loop cor
tion to the LHC cross section form5mst increases from 60%
to 80% as the additional set of cuts is applied. Before app
ing the additional cuts, the situation is very similar to t
Tevatron. The scale dependence at LO is reduced at N
and is reduced even further if the jet veto is applied. For
high pT case this is not quite true. The leading-order resul
surprisingly stable under scale variations. This feature
somewhat artificial, however; we have checked that it d
not hold if the additional cuts are changed to e.g.pT

max(l)
.400 GeV andpT

min(l).200 GeV. In this case, the leading
order cross section decreases with increasing scale. With
cutspT

max(l).200 GeV andpT
min(l).100 GeV we just happen

to be close to the transition from a rising to a falling leadin
order cross section, a transition which is associated with
different behavior under evolution of the quark distributio
functions at smallx vs moderatex.

The reduction of the scale dependence of the next

TABLE II. Cross sections in pb forpp collisions at As
514 TeV. The statistical errors are61 within the last digit.

ZZ W1W2 W2Z W1Z
LO NLO LO NLO LO NLO LO NLO

s tot(MRST) 11.4 15.2 77.9 115 11.0 19.0 17.6 30.
s tot(CTEQ) 11.8 15.8 81.3 120 11.4 19.6 18.6 31
scut(MRST) 3.95 5.31 24.6 40.4 3.41 6.44 5.08 9.3
scut(CTEQ) 4.09 5.51 25.6 42.0 3.59 6.72 5.32 9.8
7-4
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FIG. 1. Scale dependence ofscut, the cross
section for W-pair production at the Tevatron
with standard cuts. The scale is given in units
MW . We show the LO, NLO and NLO with jet
veto curves. The inset shows the three curv
normalized to 1 atm5MW .
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leading order results when a jet veto is applied seems to
quite general though. This situation is a bit paradoxical
cause the cross section with a jet veto is less inclusive a
therefore, expected to be more sensitive to large logarith
created by incomplete cancelation of the infrared singul
ties. On the other hand, any subprocess appearing at NL
pp→WW produces additional hadronic energy in the fin
state. Thus, a cut onEhad naturally suppresses the one-loo
corrections and tends to stabilize the perturbative expans
This effect competes against the stronger sensitivity to la
logarithms. Apparently, for the jet veto we applied,ET

had

,40 GeV, the subprocess-suppression effect still domina

B. W1W2

In this subsection we present some results for kinem
distributions for the processespp→W2W1→ l 2v̄ l 81v8 and
11403
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pp̄→W2W1→ l 2v̄ l 81v8. Similar studies have been carrie
out earlier ~see e.g. Ref.@14#!. Throughout, we apply our
standard cuts as defined in Sec. II. As an illustration, we h
chosen eight variables, fourpT-like quantities and four an-
gular distributions. They all are defined in terms of obse
able momenta. ThepT-like distributions are defined as fol
lows:

pT( l 2): transverse momentum of the negatively charg
lepton.

Mll : invariant mass of the lepton pair.
pT

miss: missing transverse momentum
A@pT( l 2)1pW T( l 81)1pW T(jet)#2.

pT
max: maximal transverse momentum of the two charg

leptons, max$pT(l
2),pT(l8

1)%.
In the case of the Tevatron, thepT( l 2) and pT( l 81) distri-
butions are equal. However, this is not true for the LHC.
s of
FIG. 2. Scale dependence ofscut, the cross section forW-pair production at the LHC with standard cuts. The scale is given in unit
mst as defined in Eq.~4!. We show the LO, NLO and NLO with jet veto curves without additional cuts~left! and with an additional cut
pT

max(l).200 GeV andpT
min(l).100 GeV~right!. The insets show the curves normalized to 1 atm5mst .
7-5
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FIG. 3. Differential cross sections in pb/GeV forW2W1 production at the Tevatron for thepT-like variablespT( l 2), Mll , pT
missandpT

max

defined in the text at LO~dashed curves! and NLO~solid curves!, with m5MW . Standard cuts have been applied and the branching ra
for the leptonic decay of the vector bosons are not included. The insets show the ratiodsNLO/dsLO. The units on the horizontal axes ar
GeV.
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The four angular distributions we considered are defin
as follows:

h( l 2): rapidity of the negatively charged lepton.
Dh( l ): rapidity difference between the leptons,h( l 2)

2h( l 81).
cosull : angle between the leptons, cos„/@pW ( l 2),

pW ( l 81)#….
cosfll : transverse angle between the lepto

cos„/@pW T( l 2),pW T( l 81)#….
For massless leptons, the true rapidity

y~ l !5
1

2
lnS E~ l !1pL~ l !

E~ l !2pL~ l ! D
is equal to the pseudorapidityh( l )52 ln@tan(u/2)#, so we
refer to both as rapidity. For the Tevatron, we have to spe
the proton direction: it corresponds tou50.

At the Tevatron, the rapidity distribution forl 81 can be
obtained trivially from that forl 2 by changing the sign ofh.
For the LHC, there is no such simple relation between
11403
d

,

y

e

two distributions. Note also that theDh( l ) distribution is not
symmetric aroundh50 for the Tevatron; it is symmetric fo
the LHC. The cosull observable has been investigated in R
@27# in the context of Higgs boson detection in the interm
diate Higgs mass rangemH5155– 180 GeV. It is therefore
particularly interesting to consider the effect of the QC
corrections to this observable.

In Figs. 3 and 4 we show the distributions for the Tev
tron, evaluated atm5MW and with our standard cuts ap
plied. Recall that the branching ratios for the leptonic dec
of the vector bosons are not included. The perturbative
pansion for angular-type distributions is generally better
haved than that for steeply fallingpT-like distributions. The
latter often suffer from large NLO corrections in the tails
the distribution. The insets of Fig. 3 show the rat
dsNLO/dsLO. They indicate that for the Tevatron, the NL
corrections are not too large, except for thepT

missdistribution.
The large corrections to thepT

miss distribution reflect a
suppression of the Born-level cross section whenpT

miss is
large@20#: The only way to get a largepT

miss at Born level is
7-6
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FIG. 4. Differential cross sections in pb for the Tevatron for theW2W1 angular variables defined in the text at LO~dashed curves! and
NLO ~solid curves!, with m5MW . Standard cuts have been applied and the leptonic branching ratios are not included.
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to have a largeWW invariant mass. Then the two neutrino
are almost back-to-back in theWWrest frame. Also, for large
invariant mass the standard modelWW helicity amplitudes
are dominantly those where theW1 andW2 have opposite
helicities. TheV2A decay of theW bosons then implies tha
two neutrinos tend to carry roughly the same fraction of
W momentum, i.e. they have canceling transverse mome
NLO QCD corrections have a large effect at largepT

miss be-
cause they allow a recoiling final-state parton to spoil thepT
balance of the two neutrinos. The presence of anoma
couplings can also have a large effect in this region, by
laxing the helicity anti-correlation of the twoW bosons@20#.

In Figs. 5 and 6, the same two sets of distributions
displayed for the LHC, again form5MW . The NLO correc-
tions to the angular distributions are again modest. T
pT-like distributions, however, can have much larger corr
tions, particularly in their tails, where the NLO result ca
easily exceed the leading order result by a factor of 5. T
pT

miss distribution has the largest corrections of all, for t
reason mentioned above, and the factor can be 20 or m
As mentioned before, the huge corrections in the tail of
genericpT-like distributions have to do with the subproce
11403
e
ta.

us
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re.
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qg→WWq which dominates in this kinematical region.
may be argued that a scale choice as in Eq.~4! is mandatory
in this case. However, we have checked that such a s
choice does not lead to a substantial improvement.

The problem is that in a NLO calculation forpp→WW
the partonic processq̄q→WW is included at NLO, but the
qg→WWqsubprocess is included only at LO. Therefore,
a kinematical region where the latter dominates, the calc
tion presented in this paper is effectively only a leading or
calculation. The only fully satisfactory way to improve th
theoretical prediction in such cases is to include the one-l
corrections to the subprocess with aqg in the initial state.
TheseO(as

2) corrections correspond to a NNLO contribu
tion to pp→WW. At the same order inas , there are two
new subprocesses:gg→WW at one loop, andgg→WWqq̄
at tree level. Due to the large gluon density at smallx, these
contributions are also expected to be important for LHC
ergies, and would have to be included if a reliable predict
for the tails of thepT-like distributions were required.

As discussed above, a way to suppress the partonic
cesses with gluons in the initial state is to impose a jet ve
The effect of the cutET

had.40 GeV on thepT-like distribu-
7-7
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FIG. 5. Differential cross sections in pb/GeV forW2W1 production at the LHC, for thepT-like variables defined in the text at LO
~dashed curves! and NLO~solid curves!, with m5MW . Standard cuts have been applied and the leptonic branching ratios are not inc
Also shown~as dot-dashed lines! are the NLO curves with a jet vetoET

had,40 GeV. The insets show the ratiodsNLO/dsLO. The units on
the horizontal axes are GeV.
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tions is even more dramatic than its effect on the total cr
section. This can be seen in Fig. 5, where we also show
NLO curves with the jet veto~dot-dashed lines!. Indeed, the
one-loop corrections are very small throughout. We concl
that if a reliable theoretical prediction is desired for the t
of a pT-like distribution, and only a next-to-leading orde
program is available, then a jet veto is unavoidable.

C. W6Z

In this subsection we studyWZ production, followed by
leptonic decay of each boson. In particular, we examine
effects of QCD corrections on the approximate radiation z
at cosu5(g1

21g2
2)/(g1

22g2
2) @18#. Since the precise flight di

rection of theW boson is not known, due to the uncertain
in the longitudinal momentum carried by the neutrino, w
simply choose to plot a distribution in the~true! rapidity
difference between theZ boson and the charged lepton com
ing from the decay of theW, DyZl[yZ2yl . This quantity is
similar to the rapidity differenceDyWZ[uyW2yZu studied in
Ref. @10#, but uses only the observable charged-lepton v
ables. It is the direct analog of the variableyg2yl 1 consid-
11403
s
he

e
l

e
o

i-

ered in Ref.@19# for the case ofWg production.~It is pos-
sible to determine cosu in the Wg or WZ rest frame, by
solving for the neutrino longitudinal momentum using theW
mass as a constraint, up to a twofold discrete ambiguity
each event@28#. However, Ref.@19# found that the ambiguity
degrades the radiation zero—at least if each solution is gi
a weight of 50%—so that the rapidity differenceyg2yl 1 is
more discriminating than cosu.!

As one can see from Fig. 7, there is a residual dip in
DyZl distribution, even at orderas . This dip can easily be
enhanced by requiring a minimal energy for the decay lep
from theW. In Fig. 7, we have chosenE( l ).100 GeV. Note
that these curves are scaled up by a factor 5. Unfortuna
only a few tens ofWZ→ leptons events are expected at run
of the Tevatron, so the observation of such a dip will
rather difficult prior to the LHC.

IV. ANOMALOUS W1W2Z AND W1W2g COUPLINGS

A. Triple gauge boson vertices

New physics may modify the self-interactions of vect
bosons, in particular the triple gauge boson vertices. If
7-8
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FIG. 6. Differential cross sections in pb for the LHC for theW2W1 angular variables defined in the text at LO~dashed curves! and NLO
~solid curves!, with m5MW . Standard cuts have been applied and the leptonic branching ratios are not included.
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new physics occurs at an energy scale well above that b
probed experimentally, it can be integrated out, and the re
expressed as a set of anomalous~nonstandard model! inter-
action vertices.

Here we consider anomalousW1W2Z andW1W2g tri-
linear couplings, and their effects on the hadronic product
of WWandWZpairs up through orderas . The most genera
set of Lagrangian terms forWWV, VP$Z,g%, that conserves
C andP separately, is~see e.g.,@29,30#!

L/gWWV5 ig1
V~Wmn* WmVn2WmnW* mVn!1 ikVWm* WnVmn

1 i
lV

MW
2 Wrm* Wn

mVnr, ~5!

whereXmn[]mXn2]nXm and the overall coupling constan
gWWV are given bygWWg

52e and gWWZ52e cotuW re-

spectively, withuW the weak mixing angle. The standa
model triple gauge boson vertices are recovered by let
g1

V→1, kV→1 andlV→0. The coupling factors can be writ
ten in terms of their deviation from standard model valu
g1

V511Dg1
V and kV511DkV. Electromagnetic gauge in
11403
ng
lt

n

g

:

variance requiresg1
g51, or Dg1

g50. Sometimes other con
straints are imposed on the couplings. For example, if
requires the existence of an effective Lagrangian w
SU(2)3U(1) invariance, and neglects operators with d
mension eight or higher, then the number of independ
coefficients in Eq.~5! is reduced from five to three,

Dg1
Z5

aWf

cos2 uW
, lg5lZ5aW ,

Dkg5aWf1aBf , DkZ5aWf2
sin2 uW

cos2 uW
aBf , ~6!

whereaW , aWf andaBf are coefficients of the dimension
six operators in this effective Lagrangian@30#. If one arbi-
trarily supposes thataWf5aBf , one arrives at the so-calle
Hagiwara-Ishihara-Szalapski-Zeppenfeld~HISZ! scenario
@31#, with only two independent couplings.

The momentum-space vertexWa
2(q)Wb

1(q̄)Vm(p)
7-9
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~wherep1q1q̄50! corresponding to Eq.~5! can be written
as

Gabm~q,q̄,p!/gWWV

5q̄agbmS g1
V1kV1lV

q2

MW
2 D 2qbgamS g1

V1kV1lV
q̄2

MW
2 D

1~ q̄m2qm!F2gabS g1
V1

1

2
p2

lV

MW
2 D 1

lV

MW
2 papbG . ~7!

Here we have used momentum conservation, and the
that the termsqa, q̄b andpm can be neglected, but we hav
not imposed on-shell conditions on the vector bosons. A
stands, this vertex will eventually lead to a violation of un
tarity. To avoid this, the deviations from the standard mod
Dg1

V , DkV andlV, have to be supplemented with form fa
tors. Since the form factors are supposed to be produce
unknown physics, the form they should take isa priori
somewhat arbitrary. We choose a conventional dipole fo
factor, i.e.

Dg1
V→

Dg1
V

~11 ŝ/L2!2 , DkV→ DkV

~11 ŝ/L2!2 ,

lV→ lV

~11 ŝ/L2!2 , ~8!

FIG. 7. ForWZ production at run II, followed by leptonic de
cays of both theW andZ bosons, we plot the distribution, in pico
barns, in the rapidity difference between theZ and the charged
lepton l from the decay of theW, DyZl[yZ2yl . Leptonic branch-
ing ratios are not included and the scale has been set tom5(MW

1MZ)/2. The basic cuts used arepT( l ).20 GeV anduh( l )u,2 for
all three charged leptons, and a missing transverse momentum
of pT

miss.20 GeV. We plot theDyZl distribution with these cuts
and also after imposing an additional cut on theW decay lepton,
E( l ).100 GeV; the latter curves have been scaled up by a facto
5. The dashed curves are Born-level results; the solid curves inc
the O(as) corrections.
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whereŝ is the invariant mass of the vector boson pair, andL
is in the TeV range.

B. Tree, virtual and bremsstrahlung amplitudes for WW

Replacing the standard model vector-boson-vertex by
more general vertex given above results in the some mo
cations of the primitive amplitudes presented in Ref.@15#.
We use the same notation in this paper and refer the read
Ref. @15# for more details. The box-parent primitive ampl
tudes are not affected by changes in the trilinear vec
boson-vertex. The change in the triangle-parent primit
amplitude can be obtained by simply computing the one tr
level diagram with the new vertex. Since the vertex is
longer symmetric in the exchangeW↔V, we get slightly
different results for the different final states. For theWW
final state, the new tree amplitude, which replacesAtree,b in
Eq. ~2.9! of Ref. @15#, is

Atree,B5
i

2s12s34s56
F ~g1

V1kV1lV!~^13&@24#^6u~112!u5&

1^16&@25#^3u~516!u4&!1^1u~314!u2&S 2g1
V^36&

3@45#1
lV

MW
2 ^3u~112!u5&^6u~112!u4& D G . ~9!

For the limitg1
V→1, kV→1, lV→0, we recover the standar

model result,

Atree,b5
i

s12s34s56
@2^36&@45#^1u~516!u2&

1^13&@24#^6u~112!u5&1^16&@25#^3u~516!u4&#

5
i

s12s34s56
@^13&@25#^6u~215!u4&

1@24#^16&^3u~116!u5&#. ~10!

With the above results we also get immediately the o
loop primitive amplitude for anomalous couplings. Assum
ing the usual decomposition into finite and divergent piec
the finite pieces are vanishing, as in the standard model c
and the divergent pieces are still given bycGAtree,BV where

V52
1

e2 S m2

2s12
D e

2
3

2e S m2

2s12
D e

2
7

2
. ~11!

The result for the bremsstrahlung diagrams with an ad
tional positive helicity gluon radiated off the quark line
given by

cut

of
de
7-10
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TABLE III. Double-binnedET cross sections forpp̄→W1W2→ leptons atAs52 TeV. The three num-
bers in the left column in each entry are the standard model results for the scalesm5mst3$1/2,1,2%, with mst

given in Eq.~4!. The fourth number in the entry is the cross section with anomalous couplings, as defi
the text.

ET
max\ET

min 20–38.1 38.1–72.5 72.5–138 138–263 263–500

1.07
20–38.1

1.07 1.10 - - - -
@pb#

1.03

1.62 0.77
38.1–72.5

1.62 1.61 0.76 0.77 - - -
@pb#

1.54 0.74

1.67 3.30 1.30
72.5–138

1.60
1.76

3.31
3.56

1.32
1.50

- -
@1021 pb#

1.49 3.15 1.27

0.63 1.27 3.07 1.08
138–263

0.57
2.43

1.20
4.18

3.16
6.90

1.14
2.32

-
@1022 pb#

0.49 1.09 2.98 1.09

0.7 1.2 2.6 9.0 2.3
263–500

0.6
22

1.1
37

2.5
55

9.8
63

2.5
9.5

@1024 pb#

0.5 0.9 2.2 9.0 2.4
ip

a
.
s
n

i-

e

e

A7
tree,B5

i

2^17&^72&s34s56t127
F ~g1

V1kV1lV!

3~^13&^1u~217!u4&^6u~314!u5&

2^16&^1u~217!u5&^3u~516!u4&!

1^1u~314!~217!u1&S 2g1
V^36&@45#

1
lV

MW
2 ^3u~416!u5&^6u~315!u4& D G , ~12!

replacingA7
tree,b in Eq. ~2.22! of Ref. @15#. The result for a

negative helicity gluon can be obtained by the following fl
operation@15#: 1↔2, 3↔4, ^ab&↔@ab#.

We also have to modify the prescription in Ref.@15# for
dressing the above primitive amplitudes with electrowe
couplings. Sinceg1

V , kV and lV are relative couplings, i.e
the overall couplinggWWV has not been changed, the dres
ing with electroweak factors is almost identical to the sta
11403
k

-
-

dard model case. The only subtlety is that bothZ and g
appear as intermediate states inWWproduction. In the coef-
ficient functions

CL,$d
u%562Q sin2 uW1

s12~172Q sin2 uW!

s122MZ
2 ,

CR,$d
u%562Q sin2 uW72Q sin2 uW

s12

s122MZ
2 ,

~13!

defined in Ref.@15#, the first term (62Q sin2 uW) is from the
intermediateg, while the second term is from the intermed
ateZ. Correspondingly, we should setV5g (V5Z) in Eqs.
~9! and ~12!, when they are dressed with the first~second!
term in C$R

L %,$d
u% . Otherwise, all the prefactors remain th

same and only the ‘‘new’’ primitive amplitudes have to b
plugged in.
7-11
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FIG. 8. Cross sections @fb/10# for W-pair production at the Tevatron with no anomalous couplings~left! and for the HISZ scenario with
aW5aWf5aBf50.1 ~right!. Standard cuts have been applied and the scale has been set tom5mst as defined in Eq.~4!.
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C. Tree, virtual and bremsstrahlung amplitudes for WZ

For theWZfinal state, the new tree primitive amplitude

Atree,B5
2 i

2s12s34s56
F S g1

Z1kZ1lZ
s12

MW
2 D

3^36&@45#^1u~516!u2&

1~g1
Z1kZ1lZ!^16&@25#^3u~112!u4&

1^6u~314!u5&S 2g1
Z^13&@24#1

lZ

MW
2 ^3u~516!u2&

3^1u~516!u4& D G . ~14!

The new bremsstrahlung primitive amplitude is

A7
tree,B5

2 i

2^17&^72&s34s56t127
F S g1

Z1kZ1lZ
t127

MW
2 D

3^36&@45#^1u~516!~217!u1&

1~g1
Z1kZ1lZ!^16&^1u~217!u5&^3u~516!u4&

1^6u~314!u5&S 22g1
Z^13&^1u~217!u4&

1
lZ

MW
2 ^3u~516!~217!u1&^1u~516!u4& D G . ~15!

In this case, since there is only an intermediateW, the dress-
ing with electroweak coupling factors is indeed identical
the standard model case.
11403
D. Numerical results

More systematic studies of the effects of anomalous c
plings on hadronic production of vector boson pairs ha
been carried out elsewhere@32,33,34,20,21#. Here we merely
consider one sample distribution.

The effect of anomalous couplings is enhanced for ga
bosons that are produced at large transverse momentum
order to exploit this feature, the DO” Collaboration consid-
ered a double-binnedET spectrum for the charged lepton
coming from the decay ofW pairs@35#. Any deviation from
the standard model should be more pronounced in the h
ET bins.

We have computed a similar double-binnedET spectrum
at NLO for run II of the Tevatron. As in Ref.@35# we com-
pute for each event the larger and smaller transverse ene
of the two leptons,ET

max andET
min . @ET is equivalent topT( l ),

of course.# We impose our standard event cuts and then
eachET into five bins with the following limits in GeV:

ET5$20,38.1,72.5,138,263,500%. ~16!

In order to get a feeling for the theoretical uncertainties,
repeated the standard model computation for three sca
mst/2, mst and 2mst, wheremst is given in Eq.~4!. We com-
puted the same NLO double-binned cross section includ
the effects of anomalous couplings. As an illustration
have chosen the HISZ scenario withaW5aWf5aBf50.1.
This corresponds to the following values for the anomalo
couplings appearing in the Lagrangian in Eq.~5!:

Dg1
g50; Dg1

Z50.13; lg5lZ50.1; Dkg50.2;

DkZ50.07. ~17!
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The form factors have been chosen according to Eq.~8! with
L52 TeV. At present these values are still consistent w
LEP2 bounds@36#. Table III presents the results. As usua
the leptonic branching ratios are not included, and we use
MRST parton distributions. The three numbers in the l
column of each box give the standard model result for
three choices ofm, with m increasing from top to bottom
The fourth number in each box is the result with the anom
lous couplings included andm5mst. Units for the cross sec
tions for each row are given in square brackets. As expec
the results for the standard model and anomalous cross
tion are very similar for the lowET bins. For the highET
bins, however, the differences are large and certainly m
larger than the most conservative estimate of the theore
error.

The same results are also shown in Fig. 8, where we
the natural logarithm of the total cross section~in units of
1021 fb! for each bin for the standard model withm5mst
~left! and the HISZ scenario withm5mst ~right!. Again, the
significant differences in the highET bins become apparen

V. CONCLUSIONS

We have presented a general purpose Monte Carlo
gram that is able to compute any infrared-safe quantity
vector boson pair production at hadron colliders at next
leading order in the strong coupling constantas . This pro-
gram generalizes previous calculations~with the exception of
the recent Ref.@17#! in that the spin correlations are full
taken into account. The decay of the vector bosons into
tons was included in the narrow-width approximatio
d.

z.

-
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whereasMCFM @17# also includes the singly-resonant di
grams needed to go beyond this approximation. For the t
cross-section, computed in the narrow-width approximati
our results agree perfectly with those ofMCFM for the same
choice of input parameters.

As an illustration of the usefulness of the program w
presented several distributions for the run II at the Tevat
and the LHC. However, we refrained from performing a d
tailed phenomenological analysis; this is probably best d
once the data are available.

In addition to standard model processes, we conside
also the inclusion of anomalous couplings between the v
tor bosons. We presented the one-loop amplitudes for a g
eralized trilinearW1W2Z and W1W2g vertex. The inclu-
sion of these amplitudes into our program allows t
calculation of anomalous effects at next-to-leading ord
with full spin correlations. These effects are shown to
very prominent for large transverse momentum of the ga
bosons, confirming results of Ref.@20#. Such an analysis a
run II of the Tevatron should yield improved bounds o
anomalous couplings, although for large improvements
probably has to wait for the LHC@30#.
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