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Electroweak-correction effects in gauge-boson pair production at the CERN LHC
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We study the effect of one-loop logarithmic electroweak radiative corrections onWZ and Wg production
processes at the CERN Large Hadron Collider. We present analytical results for the leading-logarithmic elec-

troweak corrections to the corresponding partonic processesd̄u→WZ, Wg. Using the leading-pole approxi-

mation we implement these corrections into Monte Carlo programs forpp→ ln l l 8 l̄ 8, ln lg. We find that
electroweak corrections lower the predictions by 5–20 % in the physically interesting region of large transverse
momentum and small rapidity separation of the gauge bosons.
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I. INTRODUCTION

Vector-boson pair production provides us with an imp
tant testing ground for the non-Abelian structure of the st
dard model~SM!. While gauge-boson properties, such
masses and couplings to fermions, have already been m
sured with great accuracy at the CERNe1e2 collider LEP
and Fermilab-Tevatron, vector-boson self-interactions h
not been tested with comparable precision. New physics
curring at energy scales much larger than those probed
rectly at forthcoming experiments could modify the structu
of these interactions. These modifications are parametrize
terms of anomalous couplings in the Yang-Mills vertices.

In the last few years, the contribution of trilinear gaug
boson couplings was directly measured via vector-boson
production at the LEP2 and Tevatron. While, in particul
the LEP2 has been able to produceW1W2 pairs with high
statistics, nevertheless all these events were generate
rather modest center-of-mass~c.m.! energies (Ec.m.
&210 GeV). The effect of anomalous couplings is, on
other hand, expected to be strongly enhanced by increa
the invariant mass of the gauge-boson pairMVV8 (V,V8
5W,Z,g), since these couplings in general spoil the unit
ity cancellations for longitudinal gauge bosons. Hence,
future colliders it will be useful to analyze the diboson pr
duction at the highest possible c.m. energies.

Moreover, vector-boson pairs constitute a backgrou
to other kinds of new-physics searches. One of the go
plated signals for supersymmetry at hadron colliders
chargino-neutralino pair production, which would give ri
to final states with three charged leptons and missing tra
verse momentum@1#; the primary background to this signa
ture is given byWZ or Wg* production. Leptonic final
states, coming fromWZor Wg* , could also fakeWZvector-
boson scattering signals, orW6W7 and W6W6 scattering
signals if one of the charged leptons is lost in the beam p
which are again expected to be enhanced at high c.m. e
gies @2#.
0556-2821/2002/65~7!/073003~15!/$20.00 65 0730
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In coming years, hadron colliders will be the main sour
of vector-boson pairs with large invariant massesMVV8 .
Tevatron run II will collect from tens to hundreds of even
depending on the particular process. The CERN Large H
ron Collider~LHC! will further increase the event number b
roughly two orders of magnitude@3#. Owing to the expected
increase in statistics, theoretical predictions must reach h
accuracy to allow for a decent analysis of the data.

Hadronic diboson production has received a lot of att
tion ~for a review of the subject see Ref.@3#!. Originally
computed by treatingW and Z bosons as stable particle
tree-level cross sections forW1W2, W6Z, ZZ, W6g,
and Zg production and decay have been updated by ev
ating, in the narrow-width approximation but retainin
spin information via decay-angle correlations, the dou
resonant contribution to the four-fermion final states~e.g.,
qq̄8→W6Z→4 f ! @4# and the resonant contribution t
two-fermion plus photon final states~e.g., qq̄8→W6g
→2 f 1g! @5#. As a further step, in the last few years Mon
Carlo programs @6# have included the full qq̄8→4 f
amplitude, by taking into account finite-width effects and t
irreducible background owing to non-doubly-resonant d
grams.

TheO(as) QCD corrections to gauge-boson pair produ
tion and decay have been extensively analyzed by many
thors. Gauge-boson pair production cross sections have
calculated at next-to-leading order~NLO! accuracy retaining
the full spin correlations of the leptonic decay products. S
eral NLO Monte Carlo programs have been implemen
and cross checked so that completeO(as) corrections are
now available@4–6#. QCD corrections turn out to be quit
significant at LHC energies. They can increase the lowe
order cross section by a factor of 2 if no cuts are applied
by one order of magnitude for large transverse momentum
large invariant mass of the vector bosons@7,8#. By including
a jet veto, their effects can be drastically reduced to the or
of tens of percent@9,4#, but in any case they have to b
©2002 The American Physical Society03-1
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considered to get realistic and reliable estimates of total c
sections and distributions.

In view of the envisaged precision of a few percent at
LHC, a discussion of electroweak corrections is also in ord
For single W- and Z-boson production,O(a) corrections
have been computed taking into account the full QED a
weak contributions@10#. For gauge-boson pair production
hadron colliders, the electroweak corrections have b
taken into account only via an effective mixing angle.

As is well known, the impact ofO(a) electroweak con-
tributions grows with increasing energy. Analyses of t
high-energy behavior of electroweak corrections in gene
and for specifice1e2 and gg processes have already be
performed, revealing effects which should be clearly visi
at future linear colliders~see, for instance, Refs.@11,12#!. At
high energies the electroweak corrections are dominated
double and single logarithms of the ratio of the energy to
electroweak scale. In Refs.@13,14# it has been shown that th
leading-logarithmic one-loop corrections to arbitrary ele
troweak processes factorize into the tree-level amplitu
times universal correction factors. These results represe
process-independent recipe for the calculation of lead
logarithmic corrections.

Using the method of Refs.@13,14#, we investigate in this
paper the effect of leading-logarithmic electroweak corr
tions to the hadronic production ofW6Z andW6g pairs in
the large-invariant-mass region of the hard process at
LHC. Since the aim of this paper is to describe the struct
of theO(a) electroweak corrections and to give an estim
of their size, we have not included QCD corrections. Als
QED corrections are not fully considered as they strictly
pend on the experimental setup. We omit all infrared-singu
terms originating from the massless photon, as explaine
Appendix A 1 and focus on the contributions of the leadi
electroweak logarithms originating from above the ele
troweak scale.

The simplest experimental analyses of gauge-boson
production will rely on purely leptonic final states. Semile
tonic channels, where one of the vector bosons decays
ronically, have been analyzed at the Tevatron@15# showing
that these events suffer from the background due to the
duction of one vector boson plus jets via gluon exchan
For this reason, we choose to analyze only diboson prod
tion where both gauge bosons decay leptonically intoe or m.

The paper is organized as follows. In Sec. II we give so
details of the general setup of our calculation. In Sec. III a
Appendix A the logarithmic electroweak one-loop corre
tions are examined and presented in analytical form. Sec
IV contains a numerical discussion forWZ production and
decay, while Sec. V coversWg production and decay. Ou
findings are summarized in Sec. VI.

II. PROCESSES AND THEIR COMPUTATION

We consider in detail two classes of processes:~i! pp

→ ln l l 8 l̄ 8, with l, l 85e, m, and~ii ! pp→ ln lg, with l 5e, m.
The first class is characterized by three isolated charged
tons plus missing energy in the final state. In our notati
ln l indicates bothl 2n̄ l and l 1n l . This kind of process
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includesWZproduction as an intermediate state. The seco
class is instead related toWg production. Both classes o
process are described by the formula

dsh1h2~P1 ,P2 ,pf !

5(
i , j

E dx1dx2f i ,h1
~x1 ,Q2! f j ,h2

~x2 ,Q2!

3dŝ i j ~x1P1 ,x2P2 ,pf !, ~2.1!

wherepf summarizes the final-state momenta,f i ,h1
and f j ,h2

are the distribution functions of the partonsi and j in the
incoming hadronsh1 andh2 with momentaP1 and P2 , re-
spectively,Q is the factorization scale, andŝ i j represent the
cross sections for the partonic processes. Since the two
coming hadrons are protons and we sum over final st
with opposite charges, we find

dsh1h2~P1 ,P2 ,pf !

5E dx1dx2 (
U5u,c

(
D5d,s

@ f D̄,p~x1 ,Q2! f U,p~x2 ,Q2!

3dŝ D̄U~x1P1 ,x2P2 ,pf !

1 f Ū,p~x1 ,Q2! f D,p~x2 ,Q2!dŝ ŪD~x1P1 ,x2P2 ,pf !

1 f D,p~x1 ,Q2! f Ū,p~x2 ,Q2!dŝDŪ~x1P1 ,x2P2 ,pf !

1 f U,p~x1 ,Q2! f D̄,p~x2 ,Q2!dŝUD̄~x1P1 ,x2P2 ,pf !#

~2.2!

in leading order of QCD.
The tree-level amplitudes for the partonic processes h

been generated by means ofPHACT @16#, a set of routines
based on the helicity-amplitude formalism of Ref.@17#. For
the numerical results presented here, we have used the fi
width scheme withGZ52.512 GeV andGW52.105 GeV,
and the input massesMZ591.187 GeV and MW

580.45 GeV. The weak mixing angle is fixed bysw
2 51

2MW
2 /MZ

2. Moreover, we adopted the so calledGm scheme,
which effectively includes higher-order contributions asso
ated with the running of the electromagnetic coupling a
the leading universal two-loopmt-dependent corrections
This corresponds to parametrizing the lowest-order ma
element in terms of the effective couplingaGm

5&GmMW
2 sw

2 /p. However, we usea(0)51/137.036 for
the coupling of the real photon inpp→ ln lg, i.e., we multi-
ply the corresponding cross sections in theGm scheme by
a(0)/aGm

. Additional input parameters are the quark-mixin

matrix elements whose values have been taken to beuVudu
5uVcsu50.975, uVusu5uVcdu50.222, and zero for all othe
relevant matrix elements.

As to parton distributions, we have usedCTEQ~5M1! @18# at
the factorization scales

Q25 1
2 @MW

2 1MZ
21PT

2~ ln l !1PT
2~ l 8 l̄ 8!# ~2.3!
3-2
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and

Q25 1
2 @MW

2 1PT
2~ ln l !1PT

2~g!# ~2.4!

for WZandWg production processes, respectively, wherePT
denotes the transverse momentum. This scale choice ap
to be appropriate for the calculation of differential cross s
tions, in particular for vector-boson transverse-moment
distributions@8,4#.

We have, moreover, implemented a general set of c
proper for LHC analyses, defined as follows: lepton tra
verse momentumPT( l ).20 GeV; missing transverse mo
mentumPT

miss.20(50) GeV forWZ (Wg); lepton pseudora-
pidity uh l u,3 ~2.5! for WZ (Wg) where h i5
2 log(tanui/2) ~u i is the polar angle of particlei with respect
to the beam, andi 5 l ,g!; and rapidity–azimuthal-angle sep
ration DRlg5A(h l2hg)21(f l2fg)2.0.7 between the
charged lepton and photon forWg.

For the different processes considered, we have also
further cuts which are described in due time. In the followi
sections, we present results for the LHC at c.m. energyAs
514 TeV and an integrated luminosityL5100 fb21.

III. ELECTROWEAK O„a… CORRECTIONS

We are interested in the electroweakO(a) corrections to
the processespp→ ln l l 8 l̄ 8 and pp→ ln lg in the region of
phase space where these are dominated by the gauge-b
pair production subprocessespp→WZ and pp→Wg, re-
spectively. In this region, the dominant contributions a
those that are enhanced by the resonant propagators of tW
boson and in the first process also of theZ boson. These can
be most effectively calculated in the so-called leading-p
approximation~LPA!, which is a double-pole approximatio
~DPA! for pp→WZ→ ln l l 8 l̄ 8 and a single-pole approxima
tion ~SPA! for pp→Wg→ ln lg. The LPA has been succes
fully applied for the calculation of electroweak corrections
W-pair production@19–21#.

At tree level, the DPA for the partonic processqq8

→WZ→ ln l l 8 l̄ 8 reads

MBorn,DPA
qq8→WZ→ ln l l 8 l̄ 85

i

pW
2 2MW

2 1 iM WGW

i

pZ
22MZ

21 iM ZGZ

3 (
l,l8

MBorn
qq8→WlZl8MBorn

Wl→ ln lMBorn
Zl8→ l 8 l̄ 8,

~3.1!

where the gauge-dependent doubly resonant contributio
replaced by the well-defined gauge-independent residue,

MBorn
qq8→WlZl8, MBorn

Wl→ ln l, andMBorn
Zl8→ l 8 l̄ 8 denote the on-shel

Born matrix elements for the boson production and de
processes. The sum runs over the physical helicitiesl, l8
50, 61 of the on-shell projectedW andZ bosons~see Ap-
pendix A of Ref.@20# for details!, while the momenta of the
virtual W andZ bosons are denoted bypW and pZ , respec-
tively. For the processqq8→Wg→ ln lg, the SPA is given by
07300
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MBorn,SPA
qq8→Wgl8→ ln lgl8

5
i

pW
2 2MW

2 1 iM WGW
(
l

MBorn
qq8→Wlgl8MBorn

Wl→ ln l. ~3.2!

In the LPA, theO(a) electroweak corrections to boso
production processes can be divided into two classes, fac
izable and nonfactorizable corrections. The nonfactoriza
corrections, i.e., those contributions that cannot be associ
with either boson production or decay, have been evalua
for boson-pair production ine1e2 annihilation in Refs.@22,
23#. There, these corrections turned out to be small. We
sume that this holds as well for the similar processes con
ered here and do not consider nonfactorizable correct
any further.

Moreover, we do not include real corrections and rest
our discussion to the infrared-finite part of the virtual facto
izable corrections, as defined in Appendix A 1. These con
butions can be expressed in terms of the corrections to
on-shell boson production and decay subprocesses. The
trix element for the virtual corrections to the processqq8

→WZ→ ln l l 8 l̄ 8 can be written as

dMvirt,DPA
qq8→WZ→ ln l l 8 l̄ 8

5
i

pW
2 2MW

2 1 iM WGW

i

pZ
22MZ

21 iM ZGZ

3 (
l,l8

$dMvirt
qq8→WlZl8MBorn

Wl→ ln lMBorn
Zl8→ l 8 l̄ 8

1MBorn
qq8→WlZl8dMvirt

Wl→ ln lMBorn
Zl8→ l 8 l̄ 8

1MBorn
qq8→WlZl8MBorn

Wl→ ln ldMvirt
Zl8→ l 8 l̄ 8%, ~3.3!

where dMvirt
qq8→WlZl8, dMvirt

Wl→ ln l, and dMvirt
Zl8→ l 8 l̄ 8 denote

the virtual corrections to the on-shell matrix elements for
boson production and decay processes. A similar expres
holds for the processqq8→Wg→ ln lg.

We focus in particular on the corrections involving sing
and double enhanced electroweak logarithms at high e
gies, i.e., on O(a) contributions proportional to
a log2(ŝ/MW

2 ) or a log(ŝ/MW
2 ), whereAŝ is the c.m. energy of

the partonic subprocess. The logarithmic approximat
yields the dominant corrections at c.m. energies large c
pared to the gauge-boson masses,ŝ@MW

2 . In the high-energy
limit, however, there might also be enhanced nonlogarithm
contributions that are relevanta priori. In general, they con-
tain constant terms proportional toMH

2 /MW
2 and mt

2/MW
2 .

While for transverse gauge bosons, these Higgs-boson
top-quark mass-dependent corrections are entirely due
renormalization effects and can be effectively accounted
by using theGm scheme, for longitudinal gauge bosons a
ditional contributions of this kind exist. These nonlogarit
mic O(a) contributions are process dependent. Fore1e2

→W1W2, where completeO(a) corrections and their high
energy limit are available@11#, the above terms turn out to b
3-3
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of the order of a few percent. We can then qualitatively
sume that this holds as well for similar processes like h
ronic diboson production, even if only an exact computat
could really furnish a precise statement on this point. N
glecting nonlogarithmic terms can therefore be considere
reasonable approximation at the LHC, where the experim
tal accuracy in the high-energy regime is at the few perc
level.

Since the decay processes involve no large energy v
able, the corresponding virtual corrections vanish in the lo
rithmic approximation. As a consequence, we do not c
sider in the following the last two contributions on the righ
hand side of Eq.~3.3!. Moreover, for the boson productio
processesqq8→WZ,Wg we take into account only the cor
rection to the dominating channels involving two transve
~TT! or two longitudinal~LL ! gauge bosons. The contribu
tions of the mixed~LT, TL! channels are suppressed relati
to the others by factors ofMW /Aŝ in the high-energy limit
~see Fig. 2 below!, and thus the corresponding correctio
are unimportant.

The logarithmic virtual electroweak corrections to t
dominating channels are calculated using the general me
given in Refs.@13,14#. The corresponding analytical expre
sions for the processesd̄u→Wl

1Nl , N5Z,g, are given in
Appendix A. Those fordū→Wl

2Nl are derived viaCP sym-
metry @see Eq.~A2!#. Our predictions are obtained by con
sidering the matrix element squared

uMu25uMBornu212 Re@MBorn,LPAdMvirt,LPA
† #, ~3.4!

whereMBorn is the exact Born amplitude, while theO(a)
contribution is computed in the LPA based on Eqs.~3.1!–
~3.3!, and the formulas given in Appendix A. In the high
energy limit, a reasonable approach is to neglect fermion
boson masses, as compared withAŝ, wherever possible. The
expressions given in Appendix A are based on this appr
mation. However, we take into account the exact kinema
by evaluating the complete four-fermion or two-fermio
plus-photon phase space and use the exact values of th
nematical invariants in all formulas. Moreover, we do not u
the high-energy approximations~A7! and~A8! in the correc-
tion factors but we implement theO(a) contributions ac-
cording to the full expressions given in Eqs.~A12!, ~A13!,
~A18!, and~A21!–~A23! with the exact@SU~2!-transformed#
Born matrix elements. Owing to our choice of the inpu
parameter scheme, the terms proportional toDa(MW

2 ) in
Eqs. ~A22! and ~A23! are omitted, since these are alrea
taken into account by usingaGm

instead ofa~0! as input.
In the universal logarithmic corrections given in Appe

dix A, the pure angular-dependent logarithms, such
a log2(ur̂u/ŝ) anda log(ur̂u/ŝ) with r̂ equal to the Mandelstam
variables t̂ and û of the partonic subprocess, are not i
cluded. The validity of this approximation relies therefore
the assumption that all the variablesŝ, u t̂ u, anduûu are large
compared withMW

2 and approximately of the same size,

ŝ;u t̂ u;uûu@MW
2 . ~3.5!
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This implies that the gauge bosons produced have to be e
ted at sufficiently large angles with respect to the bea
Hence, the validity range of the high-energy logarithmic a
proximation for the radiative corrections corresponds to
central region of the boson scattering angle in the dibo
rest frame. Fors-channel processes, integrating over the f
angular domain does not affect the reliability of the result
logarithmic level, since the neglected pure angul
dependent logarithms would give rise only to sublead
constant terms, if included. Fort-channel-dominated scatte
ings likeWZor Wg production, the situation is instead mo
delicate. Thet-channel pole in the Born matrix element give
rise to additional enhanced logarithms when integrated o
the full kinematical range. Since these terms are not inclu
in our O(a) analysis, we have to take care that we do not
sizable contributions from small scattering angles with
spect to the beam. On the other hand, our formulas do
fake spurious contributions as long asŝ,u t̂ u,uûu!” MW

2 , since

the large logarithms become small forŝ,u t̂ u,uûu;MW
2 .

IV. WÁZ PRODUCTION

In this section, we present some cross sections and di
butions for the leptonic processespp→ ln l l 8 l̄ 8 with l, l 8
5e, m. These final states allow us to analyzeWZproduction
and thus in particular to test trilinear gauge-boson couplin
Systematic studies of the effect of anomalous couplings
the hadronic production of gauge-boson pairs have sho
that deviations from the SM cross sections should be part
larly enhanced when gauge bosons are produced at high
energies and at large scattering angles in the diboson
frame. The same kinematical region is also appropriate
search for scatterings of strongly interacting vector boso

It is therefore particularly interesting to study the ele
troweak corrections in these kinematical configuratio
where their effect is also expected to be more sizable. As
illustration of the behavior and the size of theO(a) contri-
butions, we have chosen to analyze the distribution of
reconstructedZ-boson transverse momentumPT( l 8 l̄ 8). The
PT variable is commonly used at hadron colliders beca
large PT requires high c.m. energies and large angles.
study also pure angular observables of interest in the h
energy regime of hard scattering.

A. Born level

We start by recalling basic properties of the Born amp
tude, which will be useful later in discussing radiativ
correction effects. In Fig. 1, just for explicative purposes,
have plotted the on-shell Born cross section for the parto
processd̄u→W1Z as a function of the angleû between the
d̄ quark and theZ boson in thed̄u c.m. frame, at fixed
energy Ec.m.5500 GeV and before any convolution wit
quark distribution functions. We have reported the differe
helicity contributions separately. As can be seen, the tra
verse componentsTT shows the well-known radiation zer
for cosû5(gu,L1gd,L)/(gu,L2gd,L)52sw

2/(3cw
2)'20.1 @24,9#,

wheregu,L andgd,L represent theZ-boson couplings to left-
handed up and down quarks, respectively, and is stron
3-4
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peaked in the forward and backward directions. The long
dinal contributionsLL is instead concentrated in the centr
region, at large angle of theZ boson with respect to the
incoming quarks. Integrating over the angle from 0° to 18
one obtains the total cross sections shown in Fig. 2~see the
three curves on the left side! as a function of the energy. A
expected, the dominant contribution is given bysTT , and
above 300 GeV all polarized cross sections decrease
increasing energy.

The behavior of the polarized cross sections depen
however, on the selected kinematical region. If we consi
the region of phase space characterized by a large trans
momentum of theZ boson, the relative size of the differen
helicity components and the shape of the curves change
ticeably. As before, we plot the cross sections versus the
energy but now forPT(Z).300 GeV ~see the three curve
starting at around 600 GeV in Fig. 2!. In this case the LL
contribution dominates at smaller energies, while the
component increases with increasing energy and takes
at high c.m. energies. This is due to the fact that the abo
mentionedPT cut translates into a minimum c.m. energ
Ec.m.>624 GeV, and limits the allowed range of the scatt

FIG. 1. Lowest-order angular distributions for the processd̄u
→Wl

1Zl8 at Ec.m.5500 GeV. Herel,l8 denote the transverse~T!
or longitudinal~L! helicities.

FIG. 2. Born cross sections for the processd̄u→Wl
1Zl8 as a

function ofEc.m. with l,l8 as in Fig. 1. From left to right, the thre
legends refer to the left-side curves and to the right-side ones
spectively, as explained in the text.
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ing angle of theZ boson. Hence, at low energies, the allow
angular region is strictly central and the LL compone
dominates. At larger energies, the allowed kinematical ra
increases by including smaller angles, and the TT contri
tion rapidly grows, soon overwhelming the LL part.

Of course, one has to consider the additional effect du
the partonic distribution functions, which in turn decrea
with increasing momentum fractionsxi and therefore with
increasing c.m. energyAŝ5Ax1x2s. The net result is shown
in Fig. 3, where the distribution in the hard-scattering ene
Aŝ is plotted. Here and in the following we consider the fu
processpp→4 f , summed over all electron and muon fin

states, e6 n
(2)

ee
1e2, e6 n

(2)

em
1m2, m6 n

(2)

me1e2, and

m6 n
(2)

mm1m2. We have moreover applied our standard c
as defined in Sec. II and the additional cutPT( l 8 l̄ 8)
.300 GeV on the reconstructedZ boson. As can be seen
despite the suppression resulting from the decrease of
parton distributions with energy, roughly 50% of the cont
bution to the total cross section comes from the high-ene
region Aŝ.1 TeV. We will come back to this point late
when discussing radiative corrections.

As explained in Sec. III, the DPA has proven to be
powerful tool for the computation of radiative corrections.
order to analyze, for the process considered here, the a
cability of this approximation in a wide range of energies, w
have plotted in Fig. 4 the tree-level cross section as a fu
tion of the PT( l 8 l̄ 8) cut. The first three curves represen
from top to bottom, the contribution of the pure doubly res
nant ~DR! diagrams, the full result including all Feynma
diagrams that contribute to the same final state~the number
of diagrams is 10 in the absence of identical particles in
final state, otherwise it doubles!, and finally the DPA as de-
fined in Eq.~3.1!.

If one looks at the difference between the complete re
and the DPA, one can see that the discrepancy is rathe
markable. It amounts in fact to roughly 15% forPT( l 8 l̄ 8)
cuts above 100 GeV. Let us note that, for this process,
commonly adopted narrow-width approximation, which co
responds to (production)3(decay) differs from the DPA by
less than 2% for the considered range ofPT

cut( l 8 l̄ 8). So, de-
pending on applied cuts and selected energy range,

e-

FIG. 3. Lowest-order distributions in the invariantsAŝ andAu r̂ u
as defined in the text for the full processpp→ ln l l 8 l̄ 8 at As

514 TeV. Standard cuts andPT( l 8 l̄ 8).300 GeV are applied.
3-5
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narrow-width approximation can underestimate the exact
sult by roughly 13%. This points out the need of using t
exact matrix element at lowest order, as specified in
~3.4!.

The second information one can extract from Fig. 4
related to the contribution of non-DR diagrams. As shown
the dashed line, the DR contribution (pp→WZ→4 f ),
which is lower than the exact result by about 1% arou
threshold, increases with increasing energy relative to
full result. ForPT

cut( l 8 l̄ 8)5300 GeV, the difference betwee
the two cross sections is already of order 20%, and at v
large energies the DR diagrams can even overestimate
result by a factor of 2 or more. This effect is due to delica
gauge cancellations between DR and non-DR diagra
which characterize the behavior of off-shell cross section
the high-energy regime. DR and non-DR diagrams do
constitute two separately gauge-independent subsets. H
the pure DR contribution cannot be considered as a phys
observable and the signal definition based on the diagr
matic approach and commonly adopted, for example,
LEP2 for WWandZZ physics, is no longer adequate to d
scribe diboson production at the LHC in the high-PT region.
The only sensible observable is the total contribution or
DPA which is a well-defined gauge-independent quantity

In order to investigate whether the difference between
DR and full results is essentially due to the off-shellness
the gauge bosons as expected, we then studied the effec
possible kinematical cuts. In Fig. 5, we plotted the cro
section for the extreme casePT( l 8 l̄ 8)5800 GeV as a func-
tion of an upper cutM cut applied on the two invariant masse
M ( i j ) of the leptonic pairs that could reconstruct theZ and
W bosons, M ( i j ),MV1M cut. We assume a lower cu
M ( i j ).MV220 GeV, which is kept fixed in order to sup
press the contribution from the virtual photon. As can
seen, forM cut520 GeV the difference between the DR a
the exact result reduces to the percent level. Also, both c
verge towards the DPA value, represented by the nearly
dot-dashed line. It is quite obvious that cross sections c
puted in the DPA are not affected by this kind of cut, as
gauge bosons are always considered on shell except fo
weakly cut-dependent factor@(pW

2 2MW
2 )21GW

2 MW
2 #21@(pZ

2

FIG. 4. Born cross section for the full processpp→ ln l l 8 l̄ 8 at
As514 TeV as a function of the cut on the transverse momentum
the reconstructedZ boson. Standard cuts are applied.
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2MZ
2#21, which reproduces the resonant peaki

structure.
Of course, a cut on the invariant mass of theln pair is not

physical since the longitudinal momentum of the neutrino
not directly measurable. We have therefore imposed the s
kind of cut, but using the transverse massMT( ln)
5AET

2( ln)2PT
2( ln) as the physical quantity instead of th

M ( ln) invariant mass and releasing the lower cut
MT( ln). The conclusion is similar. The DR contribution di
fers at the order of 10% from the previous case, as shown
the dotted curve in Fig. 5. The full calculation, which repr
sents the true observable, and the DPA are instead ra
insensitive to this change.

In the following, we assume the additional kinematic
cuts

MT~ ln!,MW120 GeV, uM ~ l 8 l̄ 8!2MZu,20 GeV,
~4.1!

under which the exact and DPA results coincide at the p
cent level, with a modest loss of signal, as shown in Fig
where the lower solid line represents the full result after i
posing the above-mentioned cuts. Since the exact cross
tion for the processpp→4 f is rather well approximated by
the DPA if proper cuts are applied, we can safely adopt
DPA for computing electroweak radiative corrections. Let
note, however, that electroweak radiative contributions
not much larger than 20% in the region of experimental s
sitivity, as shown in the next section, and the DPA diffe
from the exact result by less than 15%. Therefore, with
imposing the additional cuts~4.1!, the error induced by use
of the DPA in computingO(a) contributions would give rise
to an uncertainty of less than 3% on the total cross sect
thus well below the statistical accuracy.

B. Effects of O„a… corrections

In this subsection, we discuss the effect of leadin
logarithmic electroweak virtual corrections toWZproduction
in the DPA. First of all, one can see in Fig. 3, where t
distributions in the reconstructed invariantsAŝ andAu r̂ u are

of

FIG. 5. Born cross section for the processpp→ ln l l 8 l̄ 8, at As
514 TeV as a function of the upper cutM cut on the two invariant
massesM ( i j ) of the leptonic pairs that could reconstructW andZ

bosons, as explained in the text. Standard cuts andPT( l 8 l̄ 8)
.800 GeV are applied.
3-6
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plotted, that the previously discussed conditions under wh
the logarithmic high-energy approximation is valid are w
satisfied forWZ production at high transverse momentu
PT( l l̄ ). Both the hard-scattering invariant massAŝ and
Au r̂ u5Auxi Pi2p( l l̄ )u2, wherexi Pi is the momentum of the
parton from one of the protons~r̂ corresponds tot̂ or û
depending on the partonic process!, are in fact much larger
than the boson masses. We have checked in addition
most of the contribution to the cross section comes from
region where the scattering angle of the reconstructedZ bo-
son in theWZ rest frame is in the central range with respe
to the beam. Finally, as to the ratios between the differ
invariants that appear in the logarithms, we have verified
the pure angular-dependent ones are mostly in the rang
, ŝ/u r̂ u,6, while ŝ/MW

2 .50 thus allowing us to omit the
log2(ur̂u/ŝ) type of logarithm up to an accuracy of a few pe
cent.

As already mentioned in Sec. III, we perform the comp
tation of radiative corrections to the full processpp→4 f in
the DPA, using the complete expressions given in Appen
A, i.e., implementing the full@SU~2!-transformed# Born ma-
trix elements as in Eqs.~A12!, ~A13!, ~A18!, and ~A21!–
~A23!. We have verified that the results obtained by mak
use of the high-energy approximation for the Born amp
tudes given in Eqs.~A7! and ~A8! are in very good agree
ment. For all results given in the following, the differen
between the two methods is in fact at the level of parts
thousand. This comparison shows the reliability of the hig
energy approximation for the Born matrix elements, un
which the correction factor can be factorized and expres
in a very compact and simple form, leading to considera
decrease of CPU time.

In order to discuss the basic structure of radiative c
rections, we first consider theO(a) contributions to the
partonic subprocessd̄u→W1Z. In Fig. 6~a! we plot the
relative correction to the angular distribution of th
longitudinal component DLL5(dsLL/d cosû

2dsBorn
LL /d cosû)/(dsBorn

LL /d cosû) with s5s(d̄u→W1Z) as

FIG. 6. ~a! Relative correctionsDLL to the angular distributions

for the processd̄u→WL
1ZL . For each c.m. energy, the upper curv

include the complete logarithmic corrections, the lower curves o
the angular-independent logarithms.~b! The same for the proces

d̄u→WT
1ZT .
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a function of the angleû between theZ boson and thed̄

quark in thed̄u c.m. frame for the two energiesEc.m.50.5
and 1.5 TeV. As can be seen, the LL part receives siza
corrections, in particular in the central regionû.90° where
sLL is more enhanced. In order to pinpoint the effect of t
angular-dependent contributions to the radiative correctio
in the same figure we have also plotted the two flat cur
that include only angular-independent logarithms ofŝ/MW

2 .
The difference between the two results for each c.m. ene
shows the importance of taking into account leading and
subleading terms. There are in fact partial cancellations
curring between angular-dependent and angular-indepen
parts, which sizably lower the overall corrections~see also
Ref. @25#!.

For the transverse partsTT the corresponding relative cor
rectionsDTT are shown in Fig. 6~b! for two values ofEc.m. as
in the previous figure. Here, radiative-correction effects
less pronounced compared to the LL case, especially at
treme angles wheresTT receives its maximal contribution
The spikes in Fig. 6~b! originate from the radiation zero o
the lowest-order cross section~see Fig. 1!, and the absolute
corrections behave smoothly everywhere. The angular
havior of DTT is more complex compared with the longitu
dinal one. The dependence on the angle has in fact a two
origin. In addition to the angular-dependent logarithms@see
Eqs.~A18! and~A19!#, there are angular-independent doub
logarithms log2 (ŝ/MW

2 ) with angular-dependent coefficien
@see Eqs.~A13! and~A15!#, which originate from the mixing
of the finalZ boson with the photon, induced by virtual so
collinearW bosons. In Fig. 6~b! we report the total deviation
DTT , represented for each c.m. energy by the upper cur
and the partial contribution coming from the angula
independent logarithms ofŝ/MW

2 , given by the lower lines.
As can be seen, in this case also, the correction factors
portional to the angular-dependent and angular-indepen
logarithms have opposite signs, leading as before to a re
tion of the total correction.

In order to show the effect of the electroweak radiati
corrections on the complete processpp→4 f , in Fig. 7 we
have plotted theO(a) correction relative to the total Born

y

FIG. 7. Relative correction to the total cross section for the f

processpp→ ln l l 8 l̄ 8 at As514 TeV as a function of the cut on th
reconstructedZ-boson transverse momentum. Standard cuts are
plied.
3-7
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cross section,D5(s2sBorn)/sBorn, as a function of the cu
on the transverse momentum of the reconstructedZ boson,
PT

cut( l l̄ ). Our standard cuts are applied. As can be seen,
O(a) contributions are negative and get larger with incre
ing PT

cut, roughly going from25% to 225% in the consid-
ered momentum range. The relatively large size of the ra
tive corrections, especially at energies that are at first s
rather modest~e.g., PT

cut.250 GeV impliesAŝ.500 GeV!,
is mainly due to two combined effects. On one side,
longitudinal component of the cross section,sLL , which
dominates at low values of the allowed energy range
shown in Fig. 2~right side!, where the scattering angles a
dominantly central, generates sizable corrections. On
other hand, as can be seen in Fig. 3, the total cross se
even for modest values ofPT

cut receives a substantial contr
bution from the very-high-energy region, wheresTT domi-
nates. So, the generally smallerO(a) contributions from the
TT configuration, as compared with the LL ones, are
hanced by the higher values of the c.m. energy, and g
globally additional sizable effects. As a consequence,
corrections to the total cross section are large because thPT
cut selects high-energy domains@since the only way to ob-
tain a largePT( l l̄ ) is to have a largeWZ invariant mass# and
enhances the contributions coming from the central ang
region. This shows that the size of the radiative contributio
is strictly dependent on the applied cuts and the sele
kinematical configurations.

This is even more clearly visible in Fig. 8, where we ha
plotted the distribution in the difference between the rapid
of the reconstructedZ boson and of the charged lepton com
ing from the decay of theW, DyZl5y( l 8 l̄ 8)2y( l ), at Born
level ~solid line! and including radiative corrections~dashed
line!. The rapidity is defined from the energyE and the lon-
gitudinal momentumPL by y50.5 log@(E1PL)/(E2PL)#.
This variable, studied in Refs.@9,4# and defined in terms o
direct observables, is symmetric around zero and show
residual dip reflecting the approximate radiation zero of
angular distribution of the BornWZproduction. The quantity
DyZl is in fact similar to the rapidity differenceDyZW5yW

FIG. 8. Rapidity distribution for the full processpp→ ln l l 8 l̄ 8 at
As514 TeV. Standard cuts andPT( l 8 l̄ 8).300 GeV are applied.
The inset plot shows the difference betweenO(a) and Born results
normalized to the Born distribution.
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2yZ considered in Ref.@8#, which is strictly related to the
scattering angleû of the Z boson in theWZ rest frame. The
definition of DyZW and cosû requires, however, the recon
struction of the unknown longitudinal momentum of the ne
trino. Even if this can be derived by assuming theW boson to
be on shell@26#, the twofold ambiguity given by the two
possible solutions for the neutrino longitudinal momentu
spoils the radiation zero. Therefore, in order to extract inf
mation about the angular dependence of theWZprocess, it is
preferable to useDyZl @9,4#.

The first information one can get from Fig. 8 is that th
main contribution to the cross section originates from sm
values ofDyZl corresponding to central scattering angles.
the LHC, for the first time the statistics will be sufficient t
experimentally test the behavior due to the approximate
diation zero, which might be distorted by new-physics co
tributions. Figure 8 indicates that radiative effects are ma
mal at small rapidity separation, which is the region
stronger sensitivity to new physics. Moreover, owing to t
applied cuts, these relatively large radiative contributions
not due to the suppression of the tree-level cross section
being negative, they even slightly enhance the residual d

The effects discussed above should of course be c
pared with the expected experimental accuracy. In Table I
have listed the relative deviationD and the statistical error
estimated by assuming a luminosityL5100 fb21 for two
experiments, for somePT

cut values. This comparison indicate
that at high transverse momentum of the gauge bosons
virtual electroweak corrections are non-negligible and can
comparable with the experimental accuracy up to about
GeV. In this region the corrections range between25% and
220%. Whether or not they should be taken into acco
when performing analyses in this kinematical region depe
of course on the available luminosity. Only in a hig
luminosity run will their effect be relevant.

V. WÁg PRODUCTION

In this section, we extend our analysis to the processpp
→ ln lg ( l 5e,m). This channel, proper for the measureme
of the trilinear gauge-boson couplingWWg , can furnish
complementary information on the vertex structure of t
SM when combined with the analysis ofWZ production. As
before, we consider the region of high c.m. energies of
hard scattering, where the sensitivity to new-physics effe

TABLE I. Cross section forpp→ ln l l 8 l̄ 8 for various values of

PT
cut( l 8 l̄ 8).

pp→ ln l l 8 l̄ 8

PT
cut( l 8 l̄ 8) ~GeV! sBorn ~fb! s ~fb! D ~%! 1/A2LsBorn ~%!

250 1.716 1.595 27.1 5.4
300 0.899 0.811 29.8 7.5
350 0.503 0.441 212.4 10
400 0.296 0.252 214.9 13
450 0.181 0.150 217.1 16.6
500 0.114 0.092 219.3 20.9
3-8
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is expected to be more enhanced, and the precise knowl
of the SM background can then be particularly useful. In
following we analyze the same set of variables used to
cuss theWZ production process and the effect of theO(a)
electroweak corrections on them.

A. Born level

The partonic subprocessd̄u→W1g is dominated by the
production of two transverse gauge bosons, whereas th
maining~LT! helicity configuration is suppressed by a fact
MW /Ec.m. in the high-energy limit. All features discussed
Sec. IV A for the subprocessd̄u→WT

1ZT with transversely
polarized gauge bosons qualitatively apply as well toWg
production. The corresponding cross section is in f
strongly peaked in the forward and backward directions
presents a radiation zero for cosû5(Qu1Qd)/(Qu2Qd)51/3
whereû is the angle between thed̄ quark and the photon. As
to the general behavior of thed̄u→W1g process, we refer
back to Figs. 1 and 2 and details given in the text.

In spite of these similarities,Wg production presents
some different characteristics with respect to theWZ case.
First of all, owing to the absence of any pure nonsuppres
longitudinal components, there are no sizeable gauge can
lations in the total cross section of the full processpp
→ ln lg at high energy. The resonant contribution (pp
→Wg→ ln lg) is always lower than the full result, also fo
high values of the cut on the photon transverse momen
PT(g), and the difference between the two cross section
below 3%. Therefore, one can still consider the pure reson
part as a useful definition of theWg signal. Also, the single-
pole approximation defined in Eq.~3.2! differs negligibly
from the exact result, as shown in Fig. 9~a!, where we have
plotted the total cross section versus the cut applied on
photon transverse momentum. One could directly use
SPA to compute radiative corrections at the percent le
without imposing any additional cuts. However, for the sa
of uniformity, in the following we apply the same kind of cu
MT( ln),MW120 GeV as used for theWZ process, under

FIG. 9. ~a! Born cross section for the full processpp→ ln lg at
As514 TeV as a function of the cut on the photon transverse m
mentum. Standard cuts are applied.~b! Relative corrections to the

angular distribution for the subprocessd̄u→WT
1g. The two upper

and lower curves for each energy are as in Fig. 6~b!.
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which resonant, full, and SPA cross sections converge to
same value within 1% and with a negligible loss of signa

B. Effect of O„a… corrections

In this subsection, we study the effect of virtual ele
troweak radiative corrections onWg production in the SPA.

We consider first the partonic subprocessd̄u→W1g. In Fig.

9~b! we have plottedDTT5(dsTT/d cosû2dsBorn
TT /d cosû)/

(dsBorn
TT /d cosû) as a function of the angleû between thed̄

quark and the photon. As can be seen, the behavior of
O(a) contributions is quite similar to that in theWTZT case.
Only the spikes, again due to the radiation zero, are co
spondingly shifted, and reverse the shape of the curves
respect to the angle, compared with Fig. 6~b!.

As in the previous case, the validity conditions of th
high-energy logarithmic approximation for the radiative co
rections are well satisfied by the complete processpp
→ ln lg. The kinematical behavior ofWg at high transverse
momentum of the photon reproduces in fact the same sh
of the distributions as in Fig. 3. All invariants are then mu
larger than the boson masses, and at fixedPT

cut(g) the pro-
cess receives considerable contributions from very high c
energies. We have moreover verified that, despite the ra
tion zero and the absence of any non-mass-suppressed
gitudinal components, for largePT

cut(g) values @PT
cut(g)

*250 GeV# the major part of the contribution to the tota
cross section comes from the region of phase space w
the photon is emitted at a large angle with respect to
beam~see also Fig. 11 below!.

In order to show the effect of radiative corrections on t
full processpp→ ln lg, we have plotted as before theO(a)
corrections relative to the Born cross section as a function
the cut on the transverse momentum of the photon in Fig.
The overall behavior is quite similar to theWZcase; the size
of the radiative effects is, however, lower.

This affects in the same way also the distribution of t
difference between the rapidity of the photon and the char
lepton coming fromW-boson decay@27#, Dylg5yl2yg ,
plotted in Fig. 11. Here, unlike in the previous case, the

-

FIG. 10. Relative corrections to the cross section for the
processpp→ ln lg at As514 TeV as a function of the cut on th
photon transverse momentum. Standard cuts are applied.
3-9
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E. ACCOMANDO, A. DENNER, AND S. POZZORINI PHYSICAL REVIEW D65 073003
reflecting the radiation zero is much more pronounced,
the radiative corrections slightly decrease going tow
Dylg50. Owing to the different location of the radiatio
zero, the radiative contribution for very small rapidity sep
ration is still sizable, but it does not get enhanced as for
WZ process, where in the same region the longitudinal co
ponent gives the dominant contribution. Hence forWg, de-
spite the complex behavior shown in Fig. 9~b!, which is
merely due to the fictitious spikes, the radiative-correct
effect is rather uniform in the angular range we consider,
leads to an overall rescaling of theDylg distribution by
roughly a factor of 0.9. These effects could still mimic t
behavior of new-physics contributions. Their smaller s
compared with theWZ case, is compensated by the larg
value of the overall cross section. Therefore, even if not
tremely enhanced in the central rapidity range, radiative
fects can become comparable with the statistical error.

In Table II we compare theO(a) relative correctionD to
the Born cross section with the expected experimental a
racy, assumingL5100 fb21 for two experiments, for differ-
ent values ofPT

cut(g). As one can see, radiative effects a
very sensitive toPT

cut(g) and, despite the decrease of t
cross section with increasingPT

cut(g), are larger than the
statistical error forPT

cut(g) below 700 GeV, where they rang
from 25% to 223%. Moreover, they could be of some re
evance also in a low-luminosity run (L530 fb21) of the
LHC, as they might become comparable with the experim
tal precision forPT

cut(g),400 GeV.

VI. CONCLUSION

By means of a complete four-fermion calculation, w
have examinedWZproduction in the purely leptonic chann
at the LHC. An analogous computation has been perform
for the Wg process followed by leptonicW decay. We have
given some examples of phenomenological analyses rele
to hadronic diboson production in the high dibos
invariant-mass region.

At tree level, we have found that, for processes involv
WZ production, the diagrammatic approach usually adop

FIG. 11. Rapidity distribution for the full processpp→ ln lg at
As514 TeV. Standard cuts andPT(g).300 GeV are applied. The
inset plot shows the difference betweenO(a) and Born results
normalized to the Born distribution.
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to isolate the signal is no longer viable at large transve
momentum of the reconstructedZ boson, owing to gauge
cancellations. The doubly resonant approximation can di
from the full result by tens of percent in experimentally re
evant regions. The only sensible observable is the total c
tribution. Moreover, the two commonly used approxim
tions, the narrow-width@i.e., (production)3~decay!# and the
leading-pole approximation, can underestimate the exac
sult by about 10–15 % at relatively modest energies, if
cuts are applied.

The primary aim of our analysis was to investigate t
structure of virtual electroweak corrections and their eff
on diboson production processes at the LHC. The one-l
leading-logarithmic corrections to the full four-fermion o
two-fermion-plus-photon process have been calculated in
leading-pole approximation, neglecting nonfactorizable c
rections, and restricting oneself to the gauge-invari
leading-logarithmic corrections, which only contribute to t
gauge-boson pair production subprocess. We found that
approach constitutes a reliable approximation in the highPT
region at the LHC.

In order to illustrate the behavior and the size ofO(a)
contributions, we have presented different cross sections
distributions. In this study, we have not included the f
QED radiative contributions, which also involve the em
sion of real photons and therefore depend on the dete
resolution. We focused instead on the contributions of
leading electroweak logarithms resulting from above
electroweak scale.

For WZ and Wg production processes, electroweak co
rections turn out to be non-negligible in the high-energy
gion of the hard process, in particular for large transve
momentum and small rapidity separation of the reconstruc
vector bosons, which is the kinematical range of maxim
sensitivity to new-physics phenomena. Electroweak radia
effects lower the Born results by 5–20 % in the region
experimental sensitivity. We have moreover shown that th
size depends noticeably not only on the c.m. energy but
on the applied cuts and varies according to the selected
servables and kinematical regions. Despite the strong
crease of the cross section with increasing diboson invar

TABLE II. Cross section forpp→ ln lg for various values of
PT

cut(g).

pp→ ln lg
PT

cut(g) ~GeV! sBorn ~fb! s ~fb! D ~%! 1/A2LsBorn ~%!

250 5.810 5.519 25.0 2.9
300 3.180 2.940 27.6 4.0
350 1.832 1.650 210.0 5.2
400 1.100 0.966 212.2 6.7
450 0.684 0.587 214.2 8.6
500 0.437 0.366 216.2 10.7
550 0.285 0.234 218.0 13.2
600 0.190 0.152 219.8 16.2
650 0.129 0.101 221.4 19.6
700 0.089 0.068 223.3 23.7
3-10
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mass, radiative effects can still be appreciable if compa
with the expected experimental precision. This depends
course on the available luminosity. ForWZproduction, these
effects are relevant for the high-luminosity run of the LH
Owing to their larger overall cross section,Wg production
processes can instead show a sensitivity to radiative eff
at low luminosity also.
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APPENDIX: LOGARITHMIC ELECTROWEAK
CORRECTIONS

In this section, we present the analytical formulas for
logarithmic electroweak corrections to the polarized parto
subprocesses

d̄L~pd̄!uL~pu!→WlW

1 ~pW!NlN
~pN!, N5A,Z, ~A1!

which can be derived from the general results given in R
@13#. The labelL indicates the left-handed chirality of th
initial-state quarks~right-handed quarks are not consider
since they cannot produceW bosons!, andlW,N50,61 rep-
resent the gauge-boson helicities. The photon field is den
by A in this Appendix. The Mandelstam variables readŝ

5(pd̄1pu)2, t̂5(pd̄2pW1)2, andû5(pd̄2pN)2, where the
momenta of the initial and final states are incoming and o
going, respectively. In the high-energy limit, we havet̂;

2 ŝ(11cosû)/2 and û;2 ŝ(12cosû)/2, where û is the
angle betweenpW d̄ andpW N , in the c.m. frame of the scatterin
quarks.

For the calculation of the cross section~2.2! we need, as
well as the processd̄u→W1N, also its charge conjugate an
the cross sections for exchanged initial quarks. These la
can be obtained from one another just by exchanging
invariants t̂↔û. Owing to CP invariance, the charge
conjugate processes can be obtained from the initial p
cesses by applying a parity transformation,

M@d~pd!ū~pū!→W2~pW!N~pN!#

5M@ d̄~ p̃d̄!u~ p̃ū!→W1~ p̃W!N~ p̃N!# ~A2!

with p̃5(E,2pW ) for p5(E,pW ). So, in this case also, th
correction factors can be obtained from the same initial p
cess~A1!. The formulas we give in the following for the
process~A1! can therefore cover all contributions we ne
for the completeWZ andWg production processes.

The one-loop corrections are evaluated in the limit

ŝ; t̂;û@MW
2 , ~A3!
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and we restrict ourselves to the combinations of gauge-bo
helicities that are not mass suppressed compared withAŝ in
this limit. These correspond to the purely transverse and
posite final state (lW ,lN)5(6,7), which we denote by
(lW ,lN)5(T,T), and, in the case ofW6Z production, also
to the purely longitudinal final state (lW ,lZ)5(0,0), which
we denote by (lW ,lZ)5(L,L).

1. One-loop corrections

In the following, we present the results as relative corr
tions

d d̄LuL→W
l
1Nl

5
dM

virt
d̄LuL→Wl

1Nl~pd̄ ,pu ,pW ,pN!

M
Born
d̄LuL→Wl

1Nl~pd̄ ,pu ,pW ,pN!
~A4!

to the Born matrix elements. A more detailed derivation c
be found in Ref.@28#.

As shown in Ref.@13#, in the high-energy logarithmic
approximation the longitudinal gauge bosons can be repla
by the corresponding would-be Goldstone bosons. Theref
in our results for longitudinal final states (l5L), the substi-
tutionsWL

6→f6 andZL→x have to be performed.
The corrections~A4! are split as

d5dLSC1dSSC1dC1dPR ~A5!

into leading (dLSC) and subleading (dSSC) contributions
originating from soft collinear gauge bosons, contributio
dC that originate from collinear~or soft! gauge bosons and
from wave-function renormalization, and contributionsdPR

that originate from parameter renormalization. All these c
rections are evaluated in logarithmic approximation, i.e.,
cluding all terms that involve logarithms of the form
log(ŝ/MW

2 ) in the high-energy limit. More precisely, we re
strict ourselves to the angular-independent double-
single-logarithmic corrections of the typea log2(ŝ/MW

2 ) and
a log(ŝ/MW

2 ), which involve only the ratio of the c.m. energ
to the W-boson mass, the double logarithms of the fo
a log(ŝ/MW

2 )log(MZ
2/MW

2 ), and the angular-dependent doub

logarithms of the typea log(ŝ/MW
2 )log(ur̂u/ŝ), with r̂ 5 t̂ ,û.

For completeness we give also the analytic express
for the double- and single-logarithmic corrections that co
tain logarithms log(MW

2 /l2) and log(MW
2 /mf

2), which involve
the photon massl or masses of light charged fermions1

These contributions, denoted byLem and l em in the follow-
ing, are of pure electromagnetic origin and are not includ
in the numerical studies.

1This kind of contribution includes also energy-dependent dou
logarithms of the typea log(ŝ/MW

2 )log(MW
2 /l2).
3-11
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The coefficients of the various logarithmic terms are e

pressed in terms of the eigenvaluesI w
Va

, or of the matrix

componentsI ww8
Va

, of the generators2

I A52Q52
Y

2
2T3, I Z52

sw

2cw
Y1

cw

sw
T3,

I 65
T16 iT2

&sw

, ~A6!

wherecw
2 512sw

2 5MW
2 /MZ

2.

2. Born matrix elements in the high-energy limit

As input for the evaluation of the relative corrections~A4!
we need the Born matrix elements for the processes~A1! and
the SU~2!-transformed Born amplitudes that we list in th
following, restricting ourselves to the nonsuppressed he
ties. The corresponding amplitudes are given in Eqs.~A7!
and ~A8! in the high-energy approximation, i.e., omittin
mass-suppressed terms. As we will see, this leads to
compact analytical expressions for the relative correcti
~A4!. However, we recall that in the numerics instead of
high-energy approximations~A7! and ~A8! the correspond-
ing exact expressions have been used. As noted in Sec. I
the difference is at the level of parts per thousand.

For longitudinally polarized gauge bosons, we consi
the Born matrix elements involving the correspondi
would-be Goldstone bosons. These are dominated by
s-channel exchange of gauge bosons@see Fig. 12~a!#, and
read

MBorn
d̄LuL→f1x

5
2 ie2

2&sw
2

As

ŝ
, MBorn

q̄LqL→Hx
5e2I qL

Z I xH
Z As

ŝ
,

MBorn
q̄LqL→xx

50,

2A detailed list of the gauge-group generators and of related qu
tities that are used in the following can be found in Appendix B
Ref. @13#.

FIG. 12. Dominant lowest-order diagrams ford̄LuL→f1x and

d̄LuL→WT
1NT .
07300
-

i-

ry
s

e

B,
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he

MBorn
q̄LqL→f1f2

52e2S TqL

3

2sw
2 1

YqL

4cw
2 D As

ŝ
, qL5uL ,dL .

~A7!

The production of transverse gauge bosons is dominate
the t- andu-channel contributions@see Fig. 12~b!# and gives

M
Born
d̄LuL→WT

1NT5
e2

&sw
S I uL

N 1

t̂
1I dL

N 1

û D At ,

M
Born
q̄LqL→NT8NT5e2I qL

N8I qL

N S 1

t̂
1

1

ûD At ,

M
Born
q̄LqL→WT

1WT
2

5
e2

2sw
2

At

r̂
, ~A8!

wherer̂ 5 t̂ ,û for q5d,u, respectively. In order to determin
the relative corrections, the explicit dependence of the a
plitudesAs andAt in Eqs.~A7! and ~A8! on the kinematics
and on the helicities need not be specified.

3. Leading soft collinear corrections

The angular-independent leading soft collinear~LSC! cor-
rections, which are given in Eqs.~3.6! and~3.7! of Ref. @13#,
depend on the eigenvalues

CF
ew5

112cw
2

4sw
2 cw

2 , CuL

ew5CdL

ew5CqL

ew5
sw

2 127cw
2

36sw
2 cw

2 , CW
ew5

2

sw
2

~A9!

of the electroweak Casimir operatorCew, on its components

CAA
ew52, CAZ

ew5CZA
ew522

cw

sw
, CZZ

ew52
cw

2

sw
2 ~A10!

in the neutral gauge-boson sector, as well as on the squ
Z-boson couplings

~ I
d̄L

Z
!25

~3cw
2 1sw

2 !2

36sw
2 cw

2 , ~ I uL

Z !25
~3cw

2 2sw
2 !2

36sw
2 cw

2 ,

~ I W2
Z

!25
cw

2

sw
2 , ~ I f2

Z
!25

~cw
2 2sw

2 !2

4sw
2 cw

2 ,

~ I x
Z!25

1

4sw
2 cw

2 . ~A11!
n-
f
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For longitudinal and transverse gauge bosons we have

d
d̄LuL→W

L
1ZL

LSC
5

a

4p H 2@CqL

ew1CF
ew# log2S ŝ

MW
2 D

1 (
w5d̄L ,uL ,f2,x

~ I w
Z!2 logS ŝ

MW
2 D logS MZ

2

MW
2 D J

2
1

2 (
w5d̄L ,uL ,f2

Qw
2Lem~ ŝ,l2,mw

2 !, ~A12!

and

d
d̄LuL→W

T
1NT

LSC
5

a

4p H 2
1

2 F (
w5d̄L ,uL ,W2

Cw
ew

1(
N8

CN8N
ew

M
Born
d̄LuL→WT

1NT8

M
Born
d̄LuL→WT

1NT
G log2S ŝ

MW
2 D

1 (
w5d̄L ,uL ,W2

~ I w
Z!2 logS ŝ

MW
2 D logS MZ

2

MW
2 D J

2
1

2 (
w5d̄L ,uL ,W2

Qw
2Lem~ ŝ,l2,mw

2 !, ~A13!

respectively, where the electromagnetic logarith
Lem( ŝ,l2,Mw

2) are given by

Lem~ ŝ,l2,mw
2 !5

a

4p H 2 logS ŝ

MW
2 D logS MW

2

l2 D 1 log2S MW
2

l D
2 log2S mw

2

l2 D J . ~A14!
07300
s

For transverse final states, the nondiagonal componentsCAZ
ew

and CZA
ew of the electroweak Casimir operator require t

evaluation of the transformed matrix elements withN8ÞN.
Using the high-energy approximation of the Born matrix
ements~A8!, Eq. ~A13! can be written as

d
d̄LuL→W

T
1NT

LSC
5

a

4p H 2FCqL

ew1
1

2
CW

ew~11G2
N !G log2S ŝ

MW
2 D

1 (
w5d̄L ,uL ,W2

~ I w
Z!2 logS ŝ

MW
2 D logS MZ

2

MW
2 D J

2
1

2 (
w5d̄L ,uL ,W2

Qw
2Lem~ ŝ,l2,mw

2 !, ~A15!

with the angular-dependent functions

G6
A 5

F6

F21YqL
F1

, G6
Z 5

cw
2 F6

cw
2 F22sw

2 YqL
F1

,

~A16!

and

F65S 1

t̂
6

1

ûD . ~A17!

4. Subleading soft collinear corrections

The angular-dependent subleading soft collinear~SSC!
corrections are obtained by applying the formula~3.12! of
Ref. @13# to the crossing symmetric proces
d̄L(pd̄)uL(pu)WlW

2 (2pW)NlN
(2pN)→0, with r 125 ŝ, r 13

5 t̂ , andr 145û. This yields
d
d̄LuL→W

l
1Nl

SSC
5

a

4p (
Va5A,Z

2F logS ŝ

MW
2 D 1 logS MW

2

MVa
2 D G I W

l
2

Va F I
d̄L

Va

logS u t̂ u
ŝ
D 1I uL

Va
logS uûu

ŝ D G
1

a

4p H 2 logS ŝ

MW
2 D(

Nl8
I N

l8Nl

Z M
Born
d̄LuL→Wl

1Nl8F I
d̄L

Z
logS uûu

ŝ D1I uL

Z logS u t̂ u
ŝ
D G2

2

&sw

logS ŝ

MW
2 D

3F S (
Nl8

I N
l8

1 M
Born
ūLuL→Nl8Nl1I Nl

1 M
Born
d̄LdL→Wl

1Wl
2D logS u t̂ u

ŝ
D

2S (
Nl8

I N
l8

1 M
Born
d̄LdL→Nl8Nl1I Nl

1 M
Born
ūLuL→Wl

1Wl
2D logS uūu

ŝ D G J ~MBorn
d̄LuL2Wl

1Nl!21. ~A18!
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In the casesl5L and l5T, the sums run overNL85x,H
andNT85A,Z, respectively, andI Nl

1 are defined in Eqs.~B23!

and ~B27! of Ref. @13#. Using the SU~2!-transformed Born
matrix elements given in Eqs.~A7! and ~A8!, we obtain

d
d̄LuL→W

L
1ZL

SSC
52

a

2p

1

sw
2 logS ŝ

MW
2 D F logS uûu

ŝ D1 logS u t̂ u
ŝ
D

2
sw

2

cw
2 YqL

logS u t̂ u
uûu D G12l em~MW

2 !FQd logS u t̂ u
ŝ
D

2Qu logS uûu
ŝ D G ,

d
d̄LuL→W

T
1NT

SSC
52

a

2p

1

sw
2 logS ŝ

MW
2 D F logS u t̂ u

ŝ
D

1 logS uûu
ŝ D1G1

N logS u t̂ u
uûu D G12l em~MW

2 !

3FQd logS u t̂ u
ŝ
D 2Qu logS uûu

ŝ D G , ~A19!

where

l em~M2!5
a

4p F1

2
logS MW

2

M2 D 1 logS MW
2

l2 D G , ~A20!

andG1
N is given in Eq.~A16!.

5. Single-logarithmic corrections

The single-logarithmic corrections consist of the contrib
tions dC and dPR described in Sec. A 1. For longitudinall
polarized final states, according to Eqs.~4.6! and ~4.33! in
Ref. @13#, the correctionsdC read
rt
7

07300
-

d
d̄LuL→W

L
1ZL

C
5

a

4p F ~3CqL

ew14Cf
ew!logS ŝ

MW
2 D

2
3

2sw
2

mt
2

mW
2 logS ŝ

mt
2D G

1 (
w5d̄L ,uL ,W2

Qw
2 l em~mw

2 !, ~A21!

and the parameter renormalization yields

d
d̄LuL→W

L
1ZL

PR
52

a

4p
bW

ew logS ŝ

MW
2 D 1Da~MW

2 !,

~A22!

wherebW
ew519/(6sw

2 ) is the one-loop coefficient of the SU~2!
b function, andDa(MW

2 ) represents the running of the ele
tromagnetic coupling constant from the scale 0 toMW .

If the final-state gauge bosons are transversely polar
then the log(ŝ/MW

2 ) contributions indC which are associated
with the final gauge bosons cancel the log(ŝ/MW

2 ) contribu-
tions originating from parameter renormalization, and a
cording to Eqs.~4.6! and an analogue of~A11! in Ref. @13#
one obtains

d
d̄LuL→W

T
1NT

C
1d

d̄LuL→W
T
1NT

PR

5
3a

4p
CqL

ew logS ŝ

MW
2 D 1 (

w5d̄L ,uL ,W2

Qw
2 l em~mw

2 !

1
1

2
~11dNZ!Da~MW

2 !, ~A23!

wheredNZ represents the Kronecker symbol.
ur,
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