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We have analyzed the production of WZ and WW vector-boson pairs at the LHC. These processes give
rise to four-fermion final states, and are particularly sensitive to possible nonstandard trilinear gauge-
boson couplings. We have studied the interplay between the influence of these anomalous couplings and
the effect of the complete logarithmic electroweak O��� corrections. Radiative corrections to the standard
model processes in double-pole approximation and nonstandard terms due to trilinear couplings are
implemented into a Monte Carlo program for pp! 4f���� with final states involving four or two
charged leptons. We numerically investigate purely leptonic final states and find that electroweak
corrections can fake new-physics signals, modifying the observables by the same amount and shape, in
kinematical regions of statistical significance.
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I. INTRODUCTION

In the last few years, LEP2 and Tevatron have provided
accurate tests of the non-Abelian structure of the standard
model (SM), probing the existence of self-interactions
among electroweak gauge bosons. The experimental col-
laborations have performed several measurements of
charged and neutral triple gauge-boson couplings
(TGCs), mainly analyzing the production of gauge-boson
pairs whose cross sections depend very sensitively on the
non-Abelian sector of the underlying theory. Still, up to
now the self-couplings have not been determined with the
same precision as other boson properties, such as their
masses and couplings to fermions. Despite the copious
production of W�W� pairs at LEP2, the experimental
bounds on possible anomalous couplings, which parame-
trize deviations from SM predictions due to new physics
occurring at energy scales of order of tens of TeV, are not
very stringent. The weakness of the LEP2 measurement is
the rather modest energy scale at which W-pair-production
events have been generated. Anomalous gauge-boson cou-
plings are in fact expected to increasingly enhance the
gauge-boson pair-production cross section at large di-
boson invariant masses MVV0 (V; V0 � W;Z; �), as they
spoil the unitarity cancellations for longitudinal gauge
bosons. Hence, at future colliders it will be useful to
analyze the di-boson production at the highest possible
center-of-mass (CM) energies.

In the near future, the Large Hadron Collider (LHC) will
be the main source of vector-boson pairs produced with
large invariant mass MVV0 . The machine will collect hun-
dred thousands of events, the exact statistics depending on
the particular process and luminosity [1]. The prospects for
a detailed investigation of trilinear couplings will sensibly
improve when the envisaged integrated luminosity of
100 fb�1 will be reached. Owing to the expected increase
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in statistics, the measurement of anomalous TGCs requires
theoretical predictions from Monte Carlo generators of
order of a few percent accuracy to allow for a decent
data analysis. At lowest order, this means taking into
account spin correlation and finite-width effects, as well
as the contribution of the irreducible background coming
from all Feynman diagrams which are not mediated by di-
boson production but give rise to the same final state.
Whenever dominant, these diagrams could spoil the sensi-
tivity to possible new physics, as they do not contain triple
gauge-boson couplings. The way to achieve this level of
precision is to compute the complete process pp! 4f,
going beyond the production� decay approach. This rep-
resents the most basic step towards the desired accuracy.
Moreover, a full understanding and control of higher order
QCD and electroweak (EW) corrections is necessary to
match the experimental error.

In the past years, hadronic di-boson production has been
studied extensively by many authors, with particular atten-
tion to the O��s� QCD corrections (for a review on the
subject see Ref. [1]). Several next-to-leading order (NLO)
Monte Carlo programs have been constructed and cross
checked so that complete O��s� corrections are now avail-
able [2–4]. Inclusive NLO QCD corrections turn out to be
very large at LHC energies. They can increase the overall
lowest-order cross section by a factor of 2, if no cuts are
applied. Their effect is even more pronounced if one con-
siders kinematical distributions particularly sensitive to
anomalous couplings. As an example, QCD corrections
can increase the tails of vector-boson transverse momen-
tum and di-boson invariant mass distributions by 1 order of
magnitude [5,6], thus spoiling the sensitivity to possible
deviations from the SM. By including a jet veto, their
effects are drastically reduced to the order of tens of
percent [2,7], restoring the sensitivity to anomalous
WWV couplings.
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1We do not discuss here purely neutral gauge-boson couplings,
involving only Z and �.
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In view of the envisaged precision of a few percent at the
LHC, also a discussion of EW corrections is in order (see,
for example, Ref. [8] and references therein). Various
analyses of the effect of one-loop logarithmic EW correc-
tions onW�, Z�,WZ, andWW production processes at the
LHC [9–11] have pointed out that O��� corrections are
comparable or bigger than the statistical error, when ex-
ploring large di-boson invariant masses and large rapidity
of the produced gauge bosons. This is precisely the kine-
matical region where effects due to anomalous couplings
are expected to be maximally enhanced. Hence, for a
meaningful analysis of possible new-physics effects in
high-energy domains of suitable distributions, including
only universal radiative corrections such as the running
of the electromagnetic coupling and corrections to the �
parameter is not enough. The remaining EW corrections,
enhanced by double and single logarithms of the ratio of
the CM-energy to the EW scale, may be indeed relevant.
The growth of O��� EW corrections with increasing en-
ergy is well known since a long time. Analyses of the
general high-energy behavior of EW corrections have
been extensively performed (see for instance
Refs. [12,13]). From the computational point of view, a
process-independent recipe greatly simplifies the calcula-
tion of leading-logarithmic EW corrections. Such a method
is described in Refs. [14,15]. There, it has been shown that
the leading-logarithmic one-loop corrections to arbitrary
EW processes factorize into the tree-level amplitudes times
universal correction factors.

Using the method of Refs. [14,15], we have investigated
in Ref. [10] the effect of leading-logarithmic O��� EW
corrections to the hadronic production ofW�Z andW�W�

pairs in the large-invariant-mass region of the hard process
at the LHC. In this paper, we compare their shape and size
with the influence of anomalous TGCs on the lowest-order
SM predictions. In this study, QCD corrections are not
included. The simplest experimental analyses of gauge-
boson pair production will rely on purely leptonic final
states. Semileptonic channels, where one of the vector
bosons decays hadronically, have been analyzed at the
Tevatron [16] showing that these events suffer from the
background due to the production of one vector boson plus
jets via gluon exchange. For this reason, we study only di-
boson production where both gauge bosons decay leptoni-
cally into e or �.

The paper is organized as follows: the relevant triple
gauge-boson couplings and the parametrization used to
calculate their contribution to pp! 4f���� processes
are given in Sec. II. The strategy of our calculation,
which improves the tree-level predictions by including
one-loop electroweak corrections, is described in Sec. III.
The general setup of our numerical analysis and the
discussion of processes mediated by WZ and WW produc-
tion are given in Sec. IV. Our findings are summarized in
Sec. V.
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II. TRIPLE GAUGE-BOSON COUPLINGS

New physics occurring at energy scales much larger than
those probed directly at forthcoming experiments could
modify the structure of the vector-boson self-interactions.
These modifications are parametrized in terms of anoma-
lous couplings in the Yang-Mills vertices. The hadronic
production of WW and WZ pairs is sensitive to possible
anomalous triple gauge-boson couplings in the charged
sector, i.e. to anomalous W�W�Z and W�W�� cou-
plings.1 The two most general vertices, which preserve
Lorentz invariance and separate C- and P-conservation,
are described by the effective Lagrangian suggested in
Ref. [17]:

LWWV � gWWV

�
gV1 �W

y
��W�V� �Wy�V�W

���

� �VWy�W�V
�� �

�V

M2
W

Wy��W
�
� V��

�
; (2.1)

where V� represents the Z and � fields, X�� � @�X� �
@�X� (for X � W;Z; �), gWW� � �e, and gWWZ �
e cot�w, with �w the weak mixing angle and e the electric
charge. For simplicity, C- or P-violating WWV couplings
are not considered in this paper. The six free parameters in
Eq. (2.1) can be written in terms of their deviation, �, from
the corresponding SM values:

gV1 � 1��gV1 ; �V � 1���V; �V � ��V:

(2.2)

Instead of using rather general parametrizations of non-
standard couplings, we adopt a convention commonly used
in the LEP2 data analysis [18] to reduce the number of free
parameters. We assume in the following that �g�1 � 0. The
remaining couplings are further constrained by the rela-
tions:

�Z � ��; ��Z � �gZ
1 � tan2�w���: (2.3)

In this approach, we are thus left with only three indepen-
dent parameters, i.e. gZ1 , ��, and ��. LEP2 and Tevatron
have constrained the value of theWWV coupling constants
at the few-percent level. The experimental average gives
the following 95% confidence intervals [19]:

�0:054 	 �gZ1 	 0:028; �0:117 	 ��� 	 0:061;

� 0:07 	 ��� 	 0:012; (2.4)

where each parameter has been determined from a single-
parameter fit, that is performed by assuming SM values for
all other couplings. Taking constant values for the anoma-
lous couplings in the effective Lagrangian (2.1) would
violate unitarity. In order to preserve that, any deviation
from the SM expectations must be inserted into the vertices
-2
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FIG. 1. Structure of the process pp! V1V2 � X ! 4f� X in
DPA.
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via a form factor which vanishes at asymptotically high
energies [20]:

�0Y �
�Y

�1� ŝ=�2
FF�

n ; Y � gZ1 ; ��; ��; (2.5)

with �Y the value at low energy,
���̂
s
p

the partonic CM-
energy, and �FF the energy scale at which new physics
could possibly appear.

At the Born level, it is straightforward to include anoma-
lous couplings in the matrix elements. On the contrary, at
one-loop, nonstandard model contributions do not guaran-
tee the renormalizability of the electroweak theory.
Consequently, we consider their effect only on the
lowest-order cross section.

III. STRATEGY OF THE CALCULATION

We consider the production of massive gauge-boson
pairs in proton-proton collisions. In the parton model the
corresponding cross sections are described by the follow-
ing convolution

d	h1h2�P1; P2; pf� �
X
i;j

Z 1

0
dx1

Z 1

0
dx2�i;h1

�x1; Q
2�

��j;h2
�x2; Q2�d	̂ij�x1P1; x2P2; pf�;

(3.1)

where pf summarizes the final-state momenta, �i;h1
and

�j;h2
are the distribution functions of the partons i and j in

the incoming protons h1 and h2 with momenta P1 and P2,
respectively, Q is the factorization scale, and 	̂ij represent
the cross sections for the partonic processes averaged over
colors and spins of the partons. At lowest order, these cross
sections are calculated using the matrix elements for the
complete process

�q 1�p1; 	1� � q2�p2; 	2� ! f3�p3; 	3� � f4�p4; 	4�

� f5�p5; 	5� � f6�p6; 	6�;

(3.2)

where the arguments label momenta pi and helicities 	i of
the external fermions. This means that we include the full
set of Feynman diagrams, in this way accounting for the
resonant di-boson production as well as the irreducible
background coming from nondoubly resonant contribu-
tions. Complete four-fermion phase spaces and exact kine-
matics are employed in our calculation. For the evaluation
of the electroweak corrections we follow the approach
developed and described in Refs. [10,21]. Explicit formu-
las for the processes (3.2) discussed in this paper are given
in Ref. [10]. In the following we simply summarize the
kernel of the adopted approximations and discuss their
applicability domains.

The virtual corrections, coming from loop diagrams, are
computed in double-pole approximation (DPA), that is
taking into account only those terms which are enhanced
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by two resonant gauge-boson propagators, �q1q2 !
V1V2 ! 4f. In DPA, the generic process we want to ana-
lyze has the structure depicted in Fig. 1. The matrix ele-
ment factorizes into the production of two on-shell bosons,

M
�q1q2!V1;�1

V2;�2
Born , their propagators, and their decay into

fermion pairs, M
Vk;�k!fi

�fj
Born ,

M �q1q2!V1V2!4f
Born;DPA � PV1

�k2
1�PV2

�k2
2�
X
�1;�2

M
�q1q2!V1;�1

V2;�2
Born

�M
V1;�1

!f3
�f4

Born M
V2;�2

!f5
�f6

Born : (3.3)

The sum runs over the physical helicities �1; �2 � 0;�1 of
the on-shell projected gauge bosons V1 and V2 with mo-
menta k1 and k2, respectively. The propagators of the
massive gauge bosons

PV�p��
1

p2�M2
V���p

2�iMV�V
; V�W;Z (3.4)

involve besides the masses of the gauge bosons also their
widths, which we consider as constant and finite for time-
like momenta. In this approximation, the O��� virtual
corrections are of two types: factorizable and nonfactoriz-
able ones. The former are those that can be associated
either to the production or to the decay subprocess. Their
matrix elements for the processes �q1q2 ! V1V2 ! 4f can
be written as


M �q1q2!V1V2!4f
virt;DPA;fact � PV1

�k2
1�PV2

�k2
2�
X
�1;�2

f
M
�q1q2!V1;�1

V2;�2
virt

�M
V1;�1

!f3
�f4

Born M
V2;�2

!f5
�f6

Born

�M
�q1q2!V1;�1

V2;�2
Born 
M

V1;�1
!f3

�f4

virt

�M
V2;�2

!f5
�f6

Born �M
�q1q2!V1;�1

V2;�2
Born

�M
V1;�1

!f3
�f4

Born 
M
V2;�2

!f5
�f6

virt g; (3.5)

where 
M
�q1q2!V1;�1

V2;�2
virt , 
M

V1;�1
!f3

�f4

virt , and 
M
V2;�2

!f5
�f6

virt
-3
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denote the virtual corrections to the on-shell matrix ele-
ments for the gauge-boson production and decay pro-
cesses. The latter ones connect instead production and
decay subprocesses or two decay subprocesses, and yield
a simple correction factor 
virt

nf;DPA to the lowest-order cross
section.

We calculate factorizable and nonfactorizable O��� vir-
tual corrections in logarithmic high-energy approximation,
taking into account only contributions involving single and
double enhanced logarithms at high energies, i.e. O���
contributions proportional to �ln2�jŝj=M2

W� or
� ln�jŝj=M2

W�, where
���̂
s
p

is the CM-energy of the partonic
subprocess. The logarithmic approximation yields the
dominant corrections as long as CM-energies and scatter-
ing angles are large. Pure angular-dependent logarithms of
the form �ln2�jŝj=r̂� or � ln�jŝj=r̂�, with r̂ equal to the
Mandelstam variables t̂ and û of the partonic production
subprocess, are in fact not included. The validity of the
results relies therefore on the assumption that all invariants
are large compared with M2

W and approximately of the
same size

ŝ
 jt̂j 
 jûj � M2
W: (3.6)

This implies that the produced gauge bosons should be
energetic and emitted at sufficiently wide angles with
respect to the beam. This is precisely the kinematical
region where effects due to possible anomalous couplings
should be most enhanced. In this region, the accuracy of
the logarithmic high-energy approximation is expected to
be of order of a few percent. Numerical estimates of the
omitted terms, based on the comparison between complete
O��� corrections and their high-energy limit for different
processes [11,12], confirm this level of precision. We can
thus reasonably adopt this approximation at the LHC,
where the experimental error in the high-energy regime
is at the few-percent level.

The afore-mentioned O��� contributions originate from
above the EW scale, and affect only the production sub-
process. In addition, one has to consider purely electro-
magnetic logarithmic corrections of the form ln�M2

W=m
2
f�

or ln�M2
W=�

2�, where � is the photon mass regulator and
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mf the fermion mass, which originate from below the EW
scale. These large logarithms from diagrams with photon
exchange affect also the decay subprocesses, giving rise to
a correction factor proportional to the lowest-order matrix
element [10].

Soft and collinear singularities must be cancelled against
their counterparts in the real corrections. Conversely to the
virtual corrections, these latter ones are calculated using
the matrix elements for the complete processes

�q1�p1; 	1� � q2�p2; 	2� ! f3�p3; 	3� � f4�p4; 	4�

� f5�p5; 	5� � f6�p6; 	6�

� ��k; ��� (3.7)

with emission of an additional photon of momentum k and
helicity �� � �1. The well-known phase-space slicing
method (see e.g. Ref. [22]) is employed for isolating soft
and collinear divergencies. The details of the implementa-
tion are given in Ref. [10].
IV. NUMERICAL STUDIES

In this section, we illustrate the impact of the one-loop
electroweak radiative corrections on the observability of
anomalous triple gauge-boson couplings in WZ and WW
production at the LHC. We consider two classes of pro-
cesses:
(i) p
-4
p! l�ll0 �l0����,

(ii) p
p! l ��l�l0 �l0����,
where l; l0 � e or �. In our notation, l�l indicates both
l� ��l and l��l. The first class is characterized by three
isolated charged leptons plus missing energy in the final
state. This channel includes WZ production as intermedi-
ate state. The second class is instead related to W�W�

production. When there is a unique flavor in the final state,
l � l0, the latter process receives also a ZZ contribution. In
the parton model the corresponding cross sections are
described by the convolution in Eq. (3.1). Since the two
incoming hadrons are protons and we sum over final states
which are related one another by charge conjugation, we
find
d	pp�P1; P2; pf� �
Z 1

0
dx1dx2

X
U�u;c

X
D�d;s

�� �D;p�x1; Q
2��U;p�x2; Q

2�d	̂ �DU�x1P1; x2P2; pf�

�� �U;p�x1; Q
2��D;p�x2; Q

2�d	̂ �UD�x1P1; x2P2; pf� �� �D;p�x2; Q
2��U;p�x1; Q

2�d	̂ �DU�x2P2; x1P1; pf�

�� �U;p�x2; Q2��D;p�x1; Q2�d	̂ �UD�x2P2; x1P1; pf� (4.1)

for WZ production and

d	pp�P1; P2; pf� �
Z 1

0
dx1dx2

X
q�u;d;c;s

���q;p�x1; Q2��q;p�x2; Q2�d	̂ �qq�x1P1; x2P2; pf�

���q;p�x2; Q2��q;p�x1; Q2�d	̂ �qq�x2P2; x1P1; pf� (4.2)

forWW (and ZZ) production in leading order of QCD. In computing partonic cross sections, for the free parameters we use



TABLE I. Different scenarios for the single-parameter analysis
of the anomalous triple gauge-boson couplings. Letters a and b
correspond to positive and negative values, respectively.

Scenario �� �Z �gZ1 ��� ��Z

Born 0 0 0 0 0
2a=2b 0 0 �0:02 0 �0:02
3a=3b 0 0 0 �0:04 �0:011 42
4a=4b �0:02 �0:02 0 0 0
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the input values [23,24]:

G� � 1:16637� 10�5 GeV�2; MW � 80:425 GeV;

MZ � 91:1876 GeV; mt � 178:0 GeV: (4.3)

The weak mixing angle is fixed by s2
W � 1�M2

W=M
2
Z.

Moreover, we adopted the so-called G�-scheme, which
effectively includes higher-order contributions associated
with the running of the electromagnetic coupling and the
leading universal two-loop mt-dependent corrections. To
this end we parametrize the lowest-order matrix element in
terms of the effective coupling �G� �

���
2
p
G�M

2
Ws

2
W=� �

7:543 596 . . .� 10�3 and omit the explicit contributions
proportional to ���M2

W� and ���M2
Z� in the electroweak

virtual corrections due to parameter renormalization.
Additional inputs are the quark-mixing matrix elements
whose values have been taken to be Vud � 0:974 [25],
Vcs � Vud, Vus � �Vcd �

����������������������
1� jVudj

2
p

� 0:226 548 . . . ,
Vtb � 1, and zero for all other matrix elements. We have
moreover used the fixed-width scheme with �Z �
2:505 044 GeV and �W � 2:099 360 GeV. As to parton
distributions, we have chosen CTEQ6M [26] at the follow-
ing factorization scales:

Q2 � 1
2�M

2
W �M

2
Z � P

2
T�l�l� � P

2
T�l
0 �l0�� (4.4)

and

Q2 � 1
2�2M

2
W � P

2
T�l� � P

2
T�l
0� � P2

T���
0��; (4.5)

forWZ andWW production processes, respectively, where
PT is the transverse momentum. For final states that allow
for two different sets of reconstructed gauge bosons, we
choose the average of the corresponding scales from (4.4)
and (4.5) if both reconstructed sets pass the cuts. This scale
choice appears to be appropriate for the calculation of
differential cross sections, in particular, for vector-boson
transverse-momentum distributions. It generalizes the
scale of Refs. [2,6] to final states with identical particles.

For the experimental identification of the final states to
be analyzed, we have implemented a general set of cuts
appropriate for LHC, and defined as follows:
(i) c
harged lepton transverse momentum PT�l�>
20 GeV,
(ii) m
issing transverse momentum Pmiss
T > 20 GeV for

final states with one neutrino and Pmiss
T > 25 GeV

for final states with two neutrinos,

(iii) c
harged lepton pseudorapidity j�lj< 3, where

�l � � ln�tan��l=2��, and �l is the polar angle of
particle l with respect to the beam.
2In our simplified analysis, we treat muons like electrons as far
as recombination is concerned. In practice, they have to be
treated differently [27,28].
These cuts approximately simulate the detector accep-
tance. At Born level, they can be directly implemented
on the final-state particles. A complication arises at one-
loop level. When calculating real-photonic corrections, the
emission of an additional real photon must be taken into
account. The afore-mentioned acceptance cuts assume a
perfect separation of this extra photon from the charged
093006
leptons, which is not very realistic. In order to give a
description of the final state closer to the experimental
situation, we consider the following photon recombination
procedure:
(i) P
-5
hotons with a rapidity j��j> 3 are treated as
invisible.
(ii) I
f the photon is central enough (j��j< 3) and
the rapidity-azimuthal-angle separation between
charged lepton and photon �Rl� ������������������������������������������������������
��l � ���2 � �l ���

2
q

< 0:1, then the photon
and lepton momentum four-vectors are combined
into an effective lepton momentum.2
(iii) I
f the photon is central enough (j��j< 3), the
rapidity-azimuthal-angle separation �Rl� > 0:1,
and the photon energy E� < 2 GeV, then the mo-
menta of the photon and of the nearest charged
lepton are recombined.
(iv) I
n all other cases we assume that the photon can be
distinguished in the detector and therefore does not
contribute to the processes in consideration. This
last requirement amounts to a photon veto, as we
discard all events with a visible photon.
Let us notice that this recombination procedure differs
from the one adopted in Ref. [10]. The results presented
in the following sections cannot be therefore directly com-
pared with those of Ref. [10]. After photon recombination,
the effective lepton momentum must pass the acceptance
cuts for the different processes, and we use effective lepton
momenta to define the above-mentioned factorization
scales. For the processes considered, we have also imple-
mented further cuts which are described in due time.

In the following sections, we present results for the LHC
at CM-energy

���
s
p
� 14 TeV and an integrated luminosity

L � 100 fb�1. We assume a dipole form factor (n � 2)
with scale �FF � 1 TeV in Eq. (2.5). In order to study the
effect of anomalous triple gauge-boson couplings, we per-
form a single-parameter analysis. We thus vary one of the
independent parameters ��, �gZ1 , ��� at a time, keeping
the remaining ones at their SM zero value. The considered
scenarios are summarized in Table I, for some representa-
tive values. The chosen numbers are meant to be a pure
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sample set. The purpose of this paper is not a realistic and
exhaustive analysis of the observability of new-physics
effects. The aim is to give evidence on the interplay be-
tween nonstandard terms and EW corrections in a realistic
context, i.e. taking into account the present anomalous
TGCs exclusion limits and the planned LHC potential.
Nonetheless, our Monte Carlo could serve as a tool to
estimate the full sensitivity of LHC to nonstandard cou-
plings via differential cross section studies and event
selections.

A. WZ production

In this section, we study the leptonic processes pp!
l�ll0 �l0 with l; l0 � e or �. These final states are relatively
background free, and can be mediated by WZ production.
Hence, they provide a good testing ground for the trilinear
WWZ coupling, once the Z and W bosons are properly
reconstructed. We simulate the Z-boson selection by re-
quiring at least one pair of opposite-sign leptons with
invariant mass satisfying the cut

jM�l0 �l0� �MZj< 20 GeV: (4.6)

In order to isolate the W-boson production, we use
instead the transverse mass defined as MT�l�l� ��������������������������������������
E2
T�l�l� � P

2
T�l�l�

q
as the physical quantity to be re-

stricted. In the following, we require

MT�l�l�<MW � 20 GeV: (4.7)

At the tree level, the sensitivity of WZ production to non-
standard triple vertices has been studied in detail (see
Ref. [1] and references therein). Also the influence of the
O��s� QCD corrections on the observability of new-
physics effects have been extensively analyzed [1,2,7].
The general finding is that the inclusion of anomalous
couplings at the WWZ vertex enhances cross sections
and distributions at large values of the partonic CM-energy,
as well as at large scattering angles of the outgoing bosons.
Previous calculations [9–11] have shown that O��� elec-
troweak corrections to the hadronic di-boson production
are sizeable in exactly this same region. In the following,
we include the EW corrections and discuss their effect in
the analysis of the WWZ triple gauge-boson coupling. We
define two sample scenarios, both characterized by large
energies and scattering angles in the di-boson rest frame.
The first scenario is fixed by requiring the transverse
momentum of the reconstructed Z boson to be

PT�Z�> 250 GeV: (4.8)

As a second scenario, we impose the following cut on the
transverse momentum of any charged lepton

PT�l�> 70 GeV: (4.9)

In these two kinematical regions, we choose to investigate
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four illustrative distributions. We select two energylike
distributions, showing the growth with energy of the effects
associated to anomalous couplings with respect to SM
results,

P

-6
max
T �l�: maximal transverse momentum of the three

charged leptons,

E
�Z�: energy of the reconstructed Z boson,

and two angular distributions

�
y�Zl� � y�Z� � y�l�: rapidity difference between the
reconstructed Z boson and the charged lepton coming
from the W-boson decay,

y
�Z�: rapidity of the reconstructed Z boson.

The rapidity is defined from the energy E and the longitu-
dinal momentum PL by y � 0:5 ln��E� PL�=�E� PL��.
This latter choice is motivated by a property of the WZ
production. In the SM, the lowest-order amplitude of the
process q1 �q2 ! WZ exhibits the well-known approximate
radiation zero at cos��Z ’ 0:1��0:1� for W�Z (W�Z) pro-
duction [29]. Here, ��Z is the Z-boson scattering angle with
respect to the incoming quark in the di-boson rest frame.
Analogously to the radiation zero in W� production, the
approximate amplitude zero in WZ production can be
observed in the distribution of the rapidity difference
�y�Zl�. At the LHC, the SM at leading order predicts
indeed for this observable a dip located at �y�Zl� � 0.
Radiative corrections and anomalous triple couplings
might both obscure or enhance this lowest-order SM sig-
nature. It is thus important to study the interplay between
these two contributions.

We start discussing the scenario (4.8). In Fig. 2, we have
plotted the four distributions for the full processes pp!
l�ll0 �l0 with l � e or �. In our notation, l�l indicates both
l� ��l and l��l, i.e. we sum over the charge-conjugate final
states and over all flavors of the leptons coming from theW
boson, except �’s. The naming of the legend within each
plot refers to Table I. The upper part of Fig. 2 shows the
momentum (left) and energy (right) distributions. As one
can see, owing to the growth of the nonstandard terms in
the amplitude with the CM-energy, the anomalous cou-
plings give large enhancements in the differential cross
section at large values of Pmax

T �l� and E�Z�. The scenarios
2a=2b and 4a=4b, where �gZ1 and �Z are different from
their SM zero values, respectively, give major deviations
from the SM results. This is in agreement with the analysis
of Ref. [30]. There, it is shown that the associated terms in
the amplitude grow in fact with the CM-energy squared. In
contrast, the terms proportional to ��Z grow only with the
CM-energy, thus generating smaller effects on the cross
section. In this specific case, the curves 3a=3b in Fig. 2 are
not distinguishable from the SM result at Born level.

The O��� EW corrections might have an influence on
the sensitivity of Pmax

T �l� and E�Z� distributions to triple
gauge-boson couplings. They in fact decrease the lowest-
order differential cross section by more than 20%.
Therefore, Born level results overestimate the background
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FIG. 2 (color online). Distributions for WZ production. (a) Maximal transverse momentum of the charged leptons. (b) Energy of the
reconstructed Z boson. (c) Difference in rapidity between the reconstructed Z boson and the charged lepton coming from the W-boson
decay. (d) Rapidity of the reconstructed Z boson. The contributions of the eight final states l�ll0 �l0 where l; l0 � e;� are summed up,
and standard cuts as well as PT�Z�> 250 GeV are applied. Legends as explained in the text.
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rate, possibly reducing the sensitivity to new-physics ef-
fects. An excess of events in the high-energy region could
in fact be taken as compatible with the SM predictions, and
could therefore be obscured or even missed.

A similar conclusion holds for the two angular distribu-
tions shown in the lower part of Fig. 2. The scenarios 2b
and 4a=4b have the largest impact on �y�Zl� and y�Z�
variables. In particular, nonzero �gZ1 and �Z values give
rise to enhanced positive contributions and wash out com-
pletely the dip of the approximate radiation zero, thus
dramatically changing the SM signature. As previously,
the O��� EW corrections affect the afore-mentioned an-
gular observables by a negative amount of the order of
20%. The distribution in the rapidity difference between
the reconstructed Z boson and the charged lepton from the
W-boson decay is also suitable to establish the sign of the
nonstandard couplings. Assuming a positive value for �gZ1
(2a scenario) would generate in fact an opposite effect,
actually enhancing the SM dip. Here, the role of the EW
radiative corrections might be subtle. They can in fact fake
nonstandard �gZ1 effects, decreasing the lowest-order
�y�Zl� distribution by the same order of magnitude (see
the left side lower plot).

The role played by the EW corrections thus depends on
the observable and the scenario at hand. Moreover, it can
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also vary according to the applied kinematical cuts. As an
example, if one considers the kinematical region defined
by Eq. (4.9), the similarity between O��� and nonstandard
effects is much more evident. This is shown in Fig. 3 where
we plot the same four distributions as before. Here, NLO
SM results and 2a scenario display the same behavior as
compared to the Born SM distributions, independently
whether they are energylike or angularlike (Pmax

T �l� exhib-
its this characteristic in the dominant low-value range).
The deviation from the lowest-order SM results can reach
some tens of percent in both cases, well exceeding the
statistical accuracy. The EW corrections should therefore
be taken into account to make sure that an experimentally
observed discrepancy from the Born SM predictions due to
radiative effects is not misinterpreted as a new-physics
signal.

The advantage of selecting the less stringent kinematical
domain (4.9) consists in roughly doubling the statistics,
keeping the good feature of analyzing rather large CM-
energies and scattering angles to enhance nonstandard
terms. Taking into account all lepton flavors, one has
	Born�PT�Z�> 250 GeV� � 1:672 fb and 	Born�PT�l�>
70 GeV� � 2:64 fb for scenarios (4.8) and (4.9), respec-
tively. In these two sample regions, the O��� corrections
have similar consequences on the observability of possible
-7
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FIG. 3 (color online). Distributions for WZ production. (a) Maximal transverse momentum of the charged leptons. (b) Energy of the
reconstructed Z boson. (c) Difference in rapidity between the reconstructed Z boson and the charged lepton coming from the W-boson
decay. (d) Rapidity of the reconstructed Z boson. The contributions of the eight final states l�ll0 �l0 where l; l0 � e;� are summed up,
and standard cuts as well as PT�l�> 70 GeV are applied. Legends as explained in the text.
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new-physics effects. In both cases, they are negative and
lower the lowest-order cross section by about 20%.

The significance of the EW corrections can be naively
derived from their comparison with the statistical error
expected at the LHC. In the low luminosity run, they
give a two-standard-deviation effect (2	) with respect to
the Born SM results. In the high luminosity run, their
contribution increases up to 4–5	. The existence of
anomalous TGCs might have similar consequences. This
is illustrated in more detail in Table II for the scenario (4.8).
In columns 3 and 10, we list the relative deviation � �
�	NLO � 	Born�=	Born and the statistical accuracy (esti-
mated by taking as a luminosity L � 100 fb�1 for two
TABLE II. Cross sections in fb for pp! l�ll
0 �l

on the transverse momentum of the reconstructed
and standard cuts are applied.

Pcut
T �Z� Born NLO (��%) 2a 2b

250 1.672 1.296 (� 23) 1.576 3.996
300 0.876 0.658 (� 25) 0.940 2.496
350 0.490 0.354 (� 28) 0.606 1.634
400 0.286 0.202 (� 29) 0.410 1.100
450 0.176 0.120 (� 32) 0.286 0.756
500 0.110 0.074 (� 33) 0.202 0.526
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experiments) for some values of the Z-boson transverse
momentum cut. We sum over all eight final states
e� ��e�

���, �ee
�����, �� ���e

�e�, ���
�e�e�,

�� �������, ��������, e� ��ee�e�, �ee�e�e�. This
comparison indicates that EW corrections can be bigger or
comparable with the experimental precision up to about
Pcut
T �Z� � 500 GeV. In this region the deviation from the

Born SM results given by the O��� contributions ranges
between �23% and �33%. This order of magnitude is
much larger or at least comparable with the effect of non-
standard terms coming from �gZ1 > 0 and ��� (see col-
umns 4, 6, and 7 in Table II). Thus a reliable analysis of the
afore-mentioned final states requires the inclusion of the
0 where l; l0 � e;� for different cuts (in GeV)
Z boson. All eight final states are summed up,

3a 3b 4a 4b �2L	Born
�1=2

1.712 1.644 3.510 3.718 5.5%
0.896 0.862 2.366 2.478 7.6%
0.500 0.482 1.664 1.726 10.1%
0.292 0.284 1.194 1.230 13.2%
0.178 0.174 0.866 0.888 16.9%
0.112 0.110 0.630 0.644 21.3%
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O��� EW corrections. This kind of accuracy is advisable
also in a low luminosity run.

B. WW production

In this section, we discuss the processes pp! l ��l �l
0�l0

(l; l0 � e or �). This channel contains informations on the
charged gauge-boson vertices, WWZ and WW�. It can
count on the largest cross section among all massive
vector-boson pair-production processes at the LHC, which
makes it a favorable channel. Even if it does not allow for a
clean and unambiguous reconstruction of the two W bo-
sons, owing to the presence of two neutrinos, it is suitable
for measuring triple anomalous couplings. Its goodness
depends also on the control one can have on the large
background from t�t production.

We consider the following scenario:

Minv�l �l0�> 500 GeV; j�yl �l0 j< 3: (4.10)

Possible ZZ intermediate states are heavily suppressed by
the invariant-mass cut in (4.10). Therefore, we can safely
neglect the contributions of e�e��i ��i (i � �; �) and
�����i ��i (i � e; �) final states. We also do not include
O��� corrections to the ZZ intermediate state contributing
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FIG. 4 (color online). Distributions for WW production. (a) Maxim
W boson. (c) Rapidity difference of the two charged leptons. (d) Rap
l ��l�l0 �l

0 where l; l0 � e;� are summed up, and standard cuts as well
explained in the text.
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to the mixed channels pp! e�e��e ��e and pp!
������ ���.

For WW production, we choose to discuss distributions
in the following variables:

P
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max
T �l�: maximal transverse momentum of the two

charged leptons,

�
y�l �l0�: rapidity difference between the two charged
leptons,

E
�W��: energy of the W� boson,

y
�W��:] rapidity of the W� boson.

Despite the fact that we do not perform a reconstruction of
the two W bosons, the last two unphysical distributions are
useful to display some peculiarities of EW corrections and
anomalous couplings. In Fig. 4 we show the four distribu-
tions for the final states l ��l �l

0�l0 (l; l0 � e or �), with our
standard cuts applied. The general behavior of the EW
corrections does not present novelties compared to the
previous case. As for WZ production, O��� corrections
are in fact enhanced at high CM-energies and large scat-
tering angles. This translates into larger radiative effects in
the tail of transverse momentum and energy distributions,
and in the central region of rapidity distributions, as shown
in the two upper and lower plots of Fig. 4, respectively.

The interest in WW processes is twofold. The main
feature is the remarkable statistics of purely leptonic final
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TABLE III. Cross sections in fb for pp! l ��l�l0 �l
0 where l; l0 � e;�. All four final states are

summed up, and standard cuts as well as Minv�l �l
0�> 500 GeV and j�yl �l0 j< 3 are applied.

Mcut
inv�l

�l0� Born NLO (��%) 2a 2b 3a 3b 4a 4b �2L	Born
�1=2

500 7.239 5.559 (� 23) 7.222 7.978 7.351 7.587 8.026 8.024 2.6%
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states. As shown in Table III, where we sum over the four
final states e� ��e���

�, �ee��� ���, �� ������
�, and

e� ��e�ee
�, the estimated experimental precision is around

a few percent at CM-energies above 500 GeV. The second
characteristic is the stronger interplay between EW correc-
tions and anomalous coupling effects. Both total cross
sections (see Table III) and distributions exhibit a poor
sensitivity to nonstandard terms in WWZ and WW� verti-
ces. The major effects are obtained when the interference
between anomalous contributions and large SM amplitudes
can be exploited. Unfortunately, the W-boson pair produc-
tion is dominated by the Feynman diagram with t-channel
neutrino exchange, which does not involve TGCs. The
interesting interferences are thus suppressed [31]. As a
result, when looking at the total cross section, the effect
is at most of order 10% if compared to the lowest-order SM
predictions. It slightly increases in some particular
distributions.

The optimal case would be considering observables
related to the intermediate gauge bosons. As shown in
the right side lower plot of Fig. 4, the anomalous couplings
influence mostly those events where the W’s are produced
at large angles with respect to the beam. Unfortunately, for
purely leptonic final states, gauge-boson variables are not
physical as the W’s cannot be reconstructed. One has to
resort to observables related to the two charged leptons in
order to find out a measurable effect. This indirect detec-
tion of the gauge-boson properties might in principle de-
plete the effective strength of the nonstandard terms.
Selecting appropriate variables, like the rapidity difference
between the two charged leptons shown in the left side
lower plot of Fig. 4, their effect can be preserved. Here,
however, the deviation from the SM result is at most of the
order of 40%, and it is concentrated around the dip where
the events are less abundant. The situation slightly im-
proves if one looks at the distribution in the maximum
transverse momentum of the two charged leptons.
Analogous results are obtained for the distribution in the
transverse momentum of the charged lepton pair. This
observable has been investigated in a more general setup
in Ref. [32], and found to be particularly sensitive to
anomalous couplings. Also for this promising variable, in
our single-parameter analysis where we consider smaller
deviations from SM couplings and switch on simulta-
neously the anomalous �WW and ZWW contributions,
sizeable effects appear in regions of moderate statistics.

On the other side, in the same energy domain as defined
by (4.10), the impact of the O��� contributions is of much
greater significance. If one considers the total cross sec-
093006
tion, it amounts to about �23% of the lowest-order result
(see Table III). For the chosen setup, this means a 8	 effect
which is more than a factor two larger than that generated
by nonstandard scenarios. The distributions plotted in
Fig. 4 confirm this behavior. The O��� effects are in fact
shown to be generally bigger than those ones due to
possible new physics. Thus, for any decent analysis of
the afore-mentioned final states, Monte Carlo programs
should include the electroweak radiative effects.
V. CONCLUSIONS

We have explored some aspects of gauge-boson physics
at the LHC, i.e. the influence of nonstandard trilinear
gauge-boson couplings on WZ and WW di-boson produc-
tion. To this aim, we have analyzed two classes of pro-
cesses pp! l�ll

0 �l0 and pp! l ��l�l0 �l
0, which contain WZ

and WW pairs as intermediate state, respectively, and
provide a rather clean leptonic signature. We have exam-
ined these processes in the physically relevant region of
high di-boson invariant mass and large vector-boson scat-
tering angle, where effects due to anomalous TGCs are
expected to be maximally enhanced.

In our analysis, we have employed a complete four-
fermion calculation, taking into account the decays of the
gauge bosons as well as the irreducible background coming
from all not double-resonant Feynman diagrams which
give rise to the same final state. The primary aim of our
study was to understand the interplay between the effect
due to anomalous TGCs and the influence of electroweak
radiative corrections. Both contributions to the di-boson
production processes are enhanced in the kinematical do-
main of interest. We have thus compared cross sections and
distributions obtained for different anomalous TGC pa-
rameters with the results predicted by the standard model,
including full O��� electroweak corrections. The one-loop
radiative corrections to the complete four-fermion pro-
cesses have been evaluated in double-pole approximation,
and keeping leading-logarithmic terms of the ratio

���̂
s
p
=MW

between CM-energy and EW scale. In this approximation,
the O��� contribution is split into corrections to the gauge-
boson-pair-production subprocesses, corrections to the
gauge-boson decays, and nonfactorizable corrections. We
have also included the full electromagnetic logarithmic
corrections, which involve the emission of real photons
and thus depend on the detector resolution.

In order to illustrate the behavior and the size of the
nonstandard TGC contributions as compared to the O���
effects, we have presented various cross sections and dis-
-10
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tributions. The comparison shows clearly that the EW
corrections can be of the same order of magnitude and
shape as the contributions from the anomalous couplings.
In the sample scenarios we considered, the O��� contribu-
tions decrease the lowest-order SM results by 23%–33%.
Their impact thus well exceeds the few-percent-order sta-
tistical error envisaged at the LHC.

As for the majority of the anomalous TGC parameters
the nonstandard terms lead to an increase of the SM results,
the inclusion of the EW corrections improves the sensitiv-
ity to possible new physics by correcting the overestima-
tion of the SM background. In an opposite way, when
nonstandard terms manifest themselves in a decrease of
the lowest-order results, the O��� corrections may instead
fake anomalous contributions. In this case, a pure SM
radiative effect could be misinterpreted as a new-physics
signal. The EW radiative effects should therefore be taken
into account in measuring the WW� and WWZ vertices at
the LHC. This conclusion is not peculiar of foreseen high
luminosities, but applies also to the initial low luminosity
run.

Although, the logarithmic high-energy approximation
gives a good and reliable estimate of the EW radiative
effects up to a few-percent accuracy, the large statistics of
di-boson events at the LHC pushes towards an even higher
precision. Along this direction, there is still much to do.
Computing full O��� corrections would be highly desir-
able. A first calculation in leading-pole approximation has
been performed for W� and Z� processes [11], showing a
difference of about 5% compared to the approximate re-
093006
sults [10]. Moreover, in the large di-boson invariant-mass
region, of interest for EW measurements and new-physics
searches, the growth of the Sudakov logarithmic terms is so
sharp that they have to be resummed. Although the resum-
mation of these leading effects has been largely discussed
on a general basis for four-fermion EW processes, such a
calculation has not been carried out yet for any specific di-
boson production process.

In order to cope with the envisaged precision of the
LHC, fixed-order one-loop corrections and resummation
of leading terms should be considered. Having under con-
trol QCD and EW corrections, the final aim should be a
calculation which combines QCD and EW radiative ef-
fects. If a jet veto is imposed, QCD and EW corrections are
comparable in size, giving rise to subtle effects of radiative
enhancement or balance. Taking into account their inter-
play would give the most accurate and complete theoretical
predictions to fully exploit the LHC potential for EW
measurements in di-boson processes.
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