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The precision measurement of the mass of the W boson is an important goal of the Fermilab Tevatron

and the CERN Large Hadron Collider (LHC). It requires accurate theoretical calculations which

incorporate both higher-order QCD and electroweak corrections, and also provide an interface to

parton-shower Monte Carlo programs which make it possible to realistically simulate experimental

data. In this paper, we present a combination of the fullOð�Þ electroweak corrections of WGRAD2, and the

next-to-leading order QCD radiative corrections to W ! ‘� production in hadronic collisions in a single

event generator based on the POWHEG framework, which is able to interface with the parton-shower

Monte Carlo programs PYTHIA and HERWIG. Using this new combined QCD + EW Monte Carlo program for

W production, we provide numerical results for total cross sections and kinematic distributions of

relevance to the W mass measurement at the Tevatron and the LHC for the processes pp, p �p ! W� !
����. In particular, we discuss the impact of EW corrections in the presence of QCD effects when

including detector resolution effects.
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I. INTRODUCTION

The precision measurement of the mass of theW-boson,
MW , is an important goal of the Fermilab Tevatron [1–3]
and the CERN Large Hadron Collider (LHC). With precise
knowledge of MW and the top quark mass, mt, indirect
information on the mass of the Higgs boson, MH, within
the standard model (SM) can be extracted from the MH

dependence of radiative corrections to the W mass. Global
SM fits to all electroweak precision data performed by the
Gfitter Collaboration and the LEP Electroweak Working
Group predict the SM Higgs mass to beMH ¼ 96þ31

�24 GeV
(1�) [4,5] and MH ¼ 92þ34

�26 GeV (68% C.L.) [6], respec-

tively, which lies well within the mass range presently
probed by the Tevatron [7] and LHC [8,9] experiments.
Future more precise measurements of theW and top quark
masses together with improvements in the SM predictions
of MW are expected to considerably improve the indirect
determination of MH. At the Tevatron, with an integrated
luminosity of up to L ¼ 4:3 fb�1, a precision of �MW ¼
16 MeV for the W mass has been reached [3]. For the
LHC, estimates range from �MW ¼ 7 MeV [11] to
�MW ¼ 20 MeV [12] for L ¼ 10 fb�1, depending on
the assumptions made for detector resolutions and theo-
retical uncertainties. With a dedicated program [13], one
may be able to achieve �MW ¼ Oð10 MeV).

In hadronic collisions, the W boson mass can be deter-
mined from the transverse mass distribution of the lepton

pair, MTðl�Þ, originating from the W decay, W ! ‘�, and
the transverse momentum distribution of the charged
lepton or neutrino. Both QCD and electroweak (EW) cor-
rections play an important role in the measurement of W
observables at hadron colliders. It is imperative to control
predictions for observables relevant toW production at least
at the 1% level. Also, the transversemomentum distribution
of theW boson is an important ingredient in the currentW
mass measurement at the Tevatron (see, e.g., Ref. [10] for a
review). In lowest order (LO) in perturbation theory, theW
boson is produced without any transverse momentum. Only
when QCD corrections are taken into account does the W
boson acquire a non-negligible transverse momentum, pW

T .
For a detailed understanding of the pW

T distribution, it is
necessary to resum the soft gluon emission terms, and to
model nonperturbative QCD corrections. This has been
done either by using calculations targeted specifically for
resummation and parametrizing nonperturbative effects
(see, e.g., Refs. [14,15]), or interfacing a calculation of W
boson production at next-to-leading order (NLO) in QCD
with a parton-shower Monte Carlo (MC) program and tun-
ing the parameters used to describe the nonperturbative
effects. This approach has been pursued in Refs. [16–18],
for instance. Fixed higher-order predictions beyond NLO
are known for fully differential distributions through next-
to-next-to-leading order in QCD [19–21], and recently first
steps towards a calculation of the completemixedEW-QCD
Oð�s�Þ corrections to the Drell-Yan production process
were made in Ref. [22].
While QCD corrections only indirectly affect the W

mass extracted from theMTðl�Þ distribution, EW radiative
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corrections can considerably distort the shape of this dis-
tribution in the region sensitive to the W mass. For in-
stance, final-state photon radiation is known to shiftMW by
Oð100 MeV) [1,2,23–28]. In the last few years, significant
progress in our understanding of the EW corrections to W
boson production in hadronic collisions has been made.

The complete Oð�Þ EW radiative corrections to p p
ð�Þ !

W� ! ‘�� (‘ ¼ e;�) were calculated by several groups
[29–35] and found to agree [36,37]. First steps towards
going beyond fixed-order in QED radiative corrections
in W production were taken in Refs. [38–42], for
instance, by including the effects of final-state multiple
photon radiation. For a review of the state-of-the-art of
predictions for W production at hadron colliders see, e.g.,
Refs. [36,37,43].

As a result of all these studies, given the anticipated
accuracy of a W boson mass measurement at the Tevatron
and the LHC, it has become increasingly clear, that it is
necessary to not only fully understand and control the
separate higher-order QCD and EW corrections, but also
their combined effects. A first study of combined effects
can be found in Ref. [44], where final-state photon radia-
tion was added to a calculation of W boson production
which includes NLO and resummed QCD corrections. This
study showed that the difference in the effects of EW
corrections in the presence of QCD corrections and of
simply adding the two predictions may be not negligible
in view of the anticipated precision. Moreover, in the
relevant kinematic region, i.e., around the Jacobian peak,
the QCD corrections tend to compensate some of the
effects of the EW corrections. In Ref. [45] the full set of
EW Oð�Þ corrections of HORACE [34] and the QCD NLO
corrections to W production were combined in the
MC@NLO framework [16] which is interfaced with the

parton-shower MC program HERWIG [46]. The results of
a combination of the EW Oð�Þ corrections to W produc-
tion as implemented in SANC [33] with PYTHIA [47] and
HERWIG can be found in Ref. [48], without, however,

performing a matching of NLO QCD corrections to the
parton shower.

In this paper, we present a combination of the full EW
Oð�Þ radiative corrections of Refs. [30,32] contained in the
public MC code WGRAD2 and the QCD corrections toW !
‘� production of POWHEG-W [17]. One advantage of the
POWHEG method [49–51] for the use in a detector simula-

tion is that it only generates positive weighted events.
Moreover, it provides an interface to both HERWIG and
PYTHIA. It is well suited as a starting point for combining

EW and QCD corrections to W-boson production in one
MC program to serve as an analysis tool in the W-mass
measurement of the Tevatron and LHC experiments. The
resulting MC code, called in the following POWHEG-W_EW,
is publicly available at the POWHEG BOX webpage [52] and
allows the simultaneous study of the effects of both QCD
and NLO EW corrections with both PYTHIA and HERWIG.

We do not include the effects of photon-induced processes
and of multiple photon radiation. As has been found in
earlier studies [37–42,48], both effects, although small,
still can have a non-negligible impact on the W mass
measurement and should be included in view of the antici-
pated final precision of the MW measurement at the
Tevatron. This is left to a future publication.
The technical details of our calculation and implementa-

tion of EWOð�Þ corrections in POWHEG-Ware described in
Sec. II. In Sec. III we first describe our cross checks, and
then present numerical results for total cross sections and
distributions which are of interest for theW-mass measure-
ment at the Tevatron and the LHC. In particular, we study
the combined effects of EWOð�Þ and QCD corrections on
theMTð���Þ and pTð�Þ distributions in pp; p �p ! W� !
����, taking into account detector resolution effects and

using PYTHIA to simulate parton showering. Finally, our
conclusions are presented in Sec. IV.

II. THEORETICAL FRAMEWORK

In the following we concentrate on describing our
implementation of the complete EW Oð�Þ corrections to
W production via the Drell-Yan mechanism qi �qi0 ! W !
f �f0ð�Þ in POWHEG-W. We refer to the literature for a
detailed description of QCD and EW corrections to W
boson production at hadron colliders as implemented in
POWHEG-W [17] and WGRAD2 [30,32], respectively. To

illustrate our implementation, we start with a schematic
presentation of the parton-level NLO QCD cross section to
W production as given in Ref. [49] (see also Refs. [50,51]
for a detailed description of the POWHEG BOX):

d� ¼ Bð�2Þd�2 þ Vð�2Þd�2

þ ½Rð�3Þd�3 � Cð�3Þd�3P�; (1)

where the 2 ! 3 phase space of the radiated parton is given

by d�3 ¼ d ��2d�rad, B, V, R denote the Born, virtual and
real emission contributions, respectively, and C the coun-
terterms, derived in a suitable subtraction scheme, that
ensure that the term in the square brackets is nonsingular.
P denotes a projection of 2 ! 3 kinematics onto 2 ! 2
kinematics. After some manipulation suitable for interfac-
ing d� with a parton-shower MC, the cross section can be
written as follows [49]:

d�¼ �Bð�2Þd�2

�
�NLO

R ð0Þþ�NLO
R ðpTÞRð�2;�radÞ

Bð�2Þ d�rad

�
;

(2)

where the term in square brackets contains the Sudakov
form factor �NLO

R and generates the first emission of a light
parton, while all subsequent emissions are handled by the
parton-shower MC. �B is defined as [49]
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�Bð�2Þ ¼ Bð�2Þ þ Vð�2Þ
þ

Z
½Rð�2;�radÞ � Cð�2;�radÞ�d�rad (3)

and offers a straightforward way of adding the EW
corrections to the QCD Oð�sÞ corrections contained in V

and R. In detail, all changes made to POWHEG-W in order to
include theOð�Þ EW corrections of WGRAD2 are contained
in the �Bfbð�2Þ portion of POWHEG-W and are marked with
the subscript ‘‘EW’’ as (now we follow the notation
of Ref. [50]):

�Bfbð�2Þ ¼ ½Bð�2Þ þ VQCDð�2Þ þ VEWð�2Þ�fb þ
X2
�r¼0

Z
fd�rad½RQCDð�3Þ � Cð�3Þ�g

���r
2
¼�2

�r;fb

þ
Z

d��r¼0
rad Rfb

EWð�3Þ�
�
E� � �s

ffiffiffî
s

p
2

�
�ðŝq� � �cE�

ffiffiffî
s

p Þ�ðŝ �q� � �cE�

ffiffiffî
s

p Þ

þ
Z dz

z

� X2
��¼1

G�
QCD;�ð�2;�Þ þG1

EW;�ð�2;�Þ�ð1� �s � zÞ
�
fb

þ
Z dz

z

� X2
��¼1

G�
QCD;�ð�2;�Þ þG1

EW;�ð�2;�Þ�ð1� �s � zÞ
�
fb

; (4)

where the subscript ‘‘QCD’’ refers to the original POWHEG-

W terms. For the real terms, �r ¼ 0 corresponds to singu-
larities occurring when the initial-state emitters are q or �q0
and the gluon could be emitted from either of them.�r ¼ 1
corresponds to a gluon emitting an antiquark, �q or �q0, and
�r ¼ 2 to a gluon emitting a quark q0 or q. The fb
correspond to each particular flavor structure at the Born
level where in the case ofW ! ‘� production there are 12.

For each collinear piece, ��ð�Þ ¼ 1 corresponds to a

quark/antiquark from a hadron with positive (negative)
rapidity emitting a collinear gluon and ��ð�Þ ¼ 2 to a

positive (negative) rapidity gluon emitting a collinear
quark/antiquark.

In order to incorporate real photon emission as part of
the EW Oð�Þ corrections, the same momentum used to
denote the radiated parton (gluon or quark/antiquark) is
used to denote the radiated photon. However, because our
implementation of the Oð�Þ EW corrections does not
include photon-induced processes, the EW contribution
to the real term of Eq. (4) is incorporated only into the
�r ¼ 0 contribution and likewise for the collinear terms
there is only an ��;� ¼ 1 term, as denoted in Eq. (4).

As described in detail in Ref. [30] (see also Ref. [53]) we
use the phase space slicing (PSS) method to extract the soft
and collinear singular regions in the contribution of real

photon radiation described by Rfb
EW. In these regions the

integration over the photon phase space is performed ana-

lytically using a soft and collinear approximation of Rfb
EW,

which is valid as long as the PSS parameters �s and �c are
chosen to be sufficiently small. The soft part is included in
VEW and the remnant of the initial-state collinear singular-
ity after mass factorization is denoted by G1

EW;ð�;�Þ.
Explicit expressions for these contributions and a detailed
description of the QED factorization scheme can be found
in Ref. [30]. Finally, we refer to the Appendix for the

details of this implementation of EW Oð�Þ corrections
into POWHEG-W.

III. NUMERICAL RESULTS

Numerical evaluations of the total cross sections and
relevantW boson distributions have been obtained for both
Tevatron (

ffiffiffi
s

p ¼ 1:96 TeV) and LHC (
ffiffiffi
s

p ¼ 7 TeV) pro-
cesses using both PYTHIA and HERWIG for QCD parton
showering. After a description of the numerical setup in
Sec. III A, and of cross checks performed to validate the
implementation of the EW corrections of WGRAD2 in
POWHEG-W in Sec. III B, we provide results for the total

inclusive cross sections with and without parton showering
and/or EW corrections in Sec. III C. W boson observables
that are relevant to EW precision studies, specifically to the
measurement of MW , are defined and their distributions
shown in Sec. III D.

A. Setup

The setup used to obtain the results presented in this
paper closely follows Ref. [37]:
(1) SM input parameters:

(i) Masses: MZ¼91:1876GeV, MW¼80:398GeV,
MH¼115GeV, me ¼ 0:510 998 91 MeV, m�¼
0:1056583668GeV, m� ¼ 1:77684 GeV, mu¼
0:06983GeV, mc¼1:2GeV, mt¼171:2GeV,
md¼0:06984GeV, ms¼0:15GeV, mb¼4:6GeV

(ii) W width: �W ¼ 2:141 GeV
(iii) EW coupling parameters: �ð0Þ¼

1=137:035999679, cos�w¼MW=MZ, sin
2�w¼

1�cos2�w
(iv) CKM matrix elements: jVudj ¼ jVcsj ¼ 0:975,

jVusj¼jVcdj¼0:222, jVubj ¼ jVcbj ¼ jVtdj ¼
jVtsj ¼ 0; jVtbj ¼ 1
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(2) WGRAD2 flags: qnonr ¼ 0, QED ¼ 4, lfc ¼ 1
(3) Renormalization/factorization scales: �F¼�R¼

�¼W boson invariant mass (� ¼ �QED ¼ �QCD)

(4) Parton distribution function (PDF) sets:
CTEQ10 [54]

(5) Bare acceptance cuts: pTðlÞ> 25 GeV,
pTð�lÞ> 25 GeV, and j	‘j< 1

(6) Calometric setup: in addition to bare acceptance
cuts, smearing of the four-momenta is applied, and
we limit the photon energy for small muon-photon
angles as described below.

(7) Pythia settings: MSTPð61Þ ¼ 1, MSTPð71Þ ¼ 1,
MSTJð41Þ ¼ 1which corresponds to all QED show-
ering turned off.

The calometric setup includes smearing of the final-state
four-momenta to take into account the uncertainty in the
energy measurement in the detector. Gaussian smearing of
the final-state four-momenta is simulated with D0 or
ATLAS inspired smearing routines. All observables are
then calculated from the smeared momenta. Muons are
detected in the muon chamber and the requirement that
the associated track is consistent with a minimum ionizing
particle. Therefore, for muons at the Tevatron and the LHC,
we require a small photon energy for small muon-photon
opening angles, i.e., we require that E� < 2 GeV for

�R��<0:1 and E� < 0:1E� for 0:1< �R�� < 0:4. �Rl�

denotes the separation of a charged lepton and photon in
the pseudorapidity azimuthal angle plane defined as

�Rl� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�
2

l� þ �	2
l�

q
: (5)

The results in this paper are obtained in the constant-
width scheme and by using the fine structure constant,
�ð0Þ, in both the LO and NLO EW calculation of the W
observables. Since QED radiation has the dominant effect
on observables relevant to the W mass measurement, we
only include resonant weak corrections (qnonr ¼ 0), i.e.,
we neglect weak box diagrams. Their impact is important
in kinematic distributions away from the resonance region
and can be studied by choosing qnonr ¼ 1. We include
the full set of QED contributions (QED ¼ 4), i.e., initial-
state and final-state radiation as well as interference con-
tributions. The QED and QCD factorization and QCD
renormalization scales are chosen to be equal and we
assume that the factorization of the photonic initial-state
quark mass singularities is done in the QED DIS scheme

(lfc ¼ 1). The QED MS scheme is implemented as well
(lfc ¼ 0) and both schemes are defined in analogy to the
corresponding QCD factorization schemes. A description
of the QED factorization scheme as implemented in
POWHEG-W_EW can be found in Ref. [30].

The fermion masses only contribute to the EW gauge
boson self-energies and as regulators of the collinear sin-
gularity. The mass of the charged lepton is included in the
phase space generation of the final-state four-momenta and

serves as a regulator of the singularity arising from col-
linear photon radiation off the charged lepton. Thus, no
collinear cut needs to be applied (collcut ¼ 0 in
POWHEG-W_EW) on final-state photon radiation, allowing

the study of finite lepton-mass effects. Note that the appli-
cation of a collinear cut on final-state photon radiation
(collcut ¼ 1) is only allowed in the electron case and
only when a recombination of the electron and photon
momenta is performed in the collinear region (usually
defined by �Re� < Rcut, see Ref. [30] for a detailed dis-

cussion). In this paper we present results for the pp; p �p !
W� ! ���� processes in both the bare and calometric

setup.

B. Crosschecks

In order to be sure that the EW corrections are properly
implemented, a number of crosschecks were performed. In
the first, the QCD corrections in POWHEG-W_EW were
turned off (i.e., all terms labeled with the subscript
‘‘QCD’’ in Eq. (4) were set to zero) and the numerical
results of each piece of the NLO EW corrections (i.e., VEW,
G1

EW;ð�;�Þ, REW of Eq. (4)) were compared to WGRAD2. We

also compared results for the total inclusive cross section
and the MTðWÞ and pTð‘Þ distributions obtained with
POWHEG-W_EW when only including EW Oð�Þ corrections
with those obtained with WGRAD2. In all these comparisons
we found good agreement within the statistical uncertain-
ties of the numerical integration (see also Secs. III C and
III D). This is the primary indication that the NLO EW
corrections were implemented properly using the numeri-
cal phase space integration of the POWHEG BOX. In the
second type of crosscheck, the numerical cancellation of
the PSS parameters �s and �c was tested by running
POWHEG-W_EW without the NLO QCD corrections (or

parton-showering capabilities) of POWHEG-W_EW for dif-
ferent choices of these parameters and observing that the
cross sections agree within the statistical error of the
numerical integration as long as the PSS parameters are
chosen small enough so that the soft/collinear approxima-
tion is valid. To illustrate this cancellation we show in
Table I the results for the total inclusive cross sections

TABLE I. Results for the total cross sections (in pb) to
pp; p �p ! W� ! ���� for different choices of �s and �c

parameters at the Tevatron (
ffiffiffi
S

p ¼ 1:96 TeV) and LHC (
ffiffiffi
S

p ¼
7 TeV). These results reflect the exact (weighted) NLO results of
POWHEG-W_EW when only including EW corrections, with bare

cuts.

Tevatron LHC

(�s,�c) Wþ Wþ W�
0.01,0.005 362.4(2) 1059.0(5) 758.7(8)

0.01,0.001 362.4(2) 1059.1(7) 759.2(5)

0.001,0.0005 362.3(2) 1059.4(9) 759.4(5)

0.001,0.0001 362.3(2) 1059.2(8) 759.3(5)
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forW� ! ���� production at the Tevatron and the LHC.

Finally, we also checked that the QCD NLO cross sections
still coincide with those obtained with the original code,
POWHEG-W.

C. Total cross sections

In Tables II and III we present results obtained with
POWHEG-W_EW for the total cross sections of pp; p �p !
W� ! ���� processes at the Tevatron with center-of-

mass (CM) energy
ffiffiffi
S

p ¼ 1:96 TeV and the LHC withffiffiffi
S

p ¼ 7 TeV for the bare and calometric setup, respectively.
We show results separately for the NLO EWand NLOQCD
cross sections and combined NLO EWþ QCD results with
and without QCD parton shower for both PYTHIA and
HERWIG. The NLO EWand QCD results coincidewith those

that can be obtained with WGRAD2 and POWHEG-W, respec-
tively. At the level of the total cross sections, the combined
results can be approximated by simply adding the QCD and
EW cross sections. As we will see in Sec. III D, this is not
necessarily the case when studying kinematic distributions
after applying parton showering. For instance, for Wþ

production at the Tevatron (LHC) with bare cuts (see
Table II) the EW Oð�Þ corrections increase the LO total
cross section by 3.6%(3.4%), the combined (QCDþ EW)
corrections increase the QCD cross section at NLO by 3.3%
(3.5%) and when parton showering with PYTHIA is included
by 3:7� 0:4%ð3:8� 0:4%Þ. When considering the calo-
metric setup (see Table III) the impact of the NLO EW
corrections is considerably reduced, and the EW Oð�Þ
corrections increase the LO total cross section by only
1.6%(1.4%), the combined (QCDþ EW) corrections in-
crease the QCD cross section at NLO by 1.1%(1.1%) and
when parton showering with PYTHIA is included by 1:6�
0:3%ð0:9� 0:3%Þ.

D. Transverse W mass and charged
lepton momentum distributions

Differential distributions for the following W-boson ob-
servables are shown: transverse mass of the W, MTðWÞ,
and the transverse momentum of the muon, pTð�Þ. The
transverse W mass is defined in terms of lepton-neutrino
pair observables as

TABLE III. Total cross section results (in pb) of POWHEG-W_EW for W� ! ���� production at the Tevatron (
ffiffiffi
S

p ¼ 1:96 TeV) and
the LHC (

ffiffiffi
S

p ¼ 7 TeV) with calometric acceptance criteria as listed in Sec. III A. Shown are results for LO, NLO EW, NLO QCD, the
combined NLO QCD and EW cross sections, as well as results including showering performed with PYTHIA or HERWIG as provided by
the POWHEG BOX. The errors shown in parenthesis are statistical errors of the Monte Carlo integration.

Tevatron LHC

Wþ Wþ W�
LO 320.66(2) 985.62(9) 710.52(6)

NLO EW 325.9(1) 999.0(5) 715.3(8)

NLO QCD 369.75(4) 1037.9(2) 758.1(1)

NLO (QCDþ EW) 373.9(1) 1049.0(6) 765(1)

PYTHIA HERWIG PYTHIA HERWIG PYTHIA HERWIG

LO � PS 296.3(6) 298.2(6) 853(3) 861(3) 622(2) 626(2)

NLO QCD � PS 358.4(8) 361.4(8) 1006(3) 1019(3) 736(2) 743(2)

NLO ðQCDþ EWÞ � PS 364.1(8) 366.9(8) 1015(3) 1026(3) 743(2) 751(2)

TABLE II. Total cross section results (in pb) of POWHEG-W_EW for W� ! ���� production at the Tevatron (
ffiffiffi
S

p ¼ 1:96 TeV) and
the LHC (

ffiffiffi
S

p ¼ 7 TeV) with bare acceptance criteria as listed in Sec. III A. Shown are results for the LO, NLO EW, NLO QCD, the
combined NLO QCD and EW cross sections, as well as results including showering performed with PYTHIA or HERWIG as provided by
the POWHEG BOX. The errors shown in parenthesis are statistical errors of the Monte Carlo integration. As a cross check the results of
WGRAD2 are provided as well (in square brackets).

Tevatron LHC

Wþ Wþ W�
LO 349.81(2)[349.77(1)] 1024.0(1)[1023.9(1)] 731.69(6)[731.63(2)]

NLO EW 362.4(2)[362.55(2)] 1059.0(5)[1059.6(1)] 758.7(8)[759.26(3)]

NLO QCD 384.66(4) 1022.7(2) 750.8(1)

NLO (QCDþ EW) 397.2(2) 1058.0(6) 778(1)

PYTHIA HERWIG PYTHIA HERWIG PYTHIA HERWIG

LO � PS 308.4(7) 311.8(7) 854(3) 866(3) 634(2) 639(2)

NLO QCD � PS 375.3(8) 378.5(8) 1014(3) 1027(3) 744(2) 750(2)

NLO ðQCDþ EWÞ � PS 389.3(8) 393.1(8) 1052(3) 1066(3) 766(2) 774(2)
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MTðWÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pTð‘ÞpTð�Þð1� cosð�
‘�ÞÞ

q
(6)

with 
 the azimuthal angle of the charged lepton or
neutrino and �
‘� the difference between them. Both
observables are being used to perform a high-precision
W mass measurement at the Tevatron [1,2]. The W mass
extracted from these observables is especially sensitive to
changes in the line shape in the vicinity of the Jacobian
peak. As has been well studied in the literature, final-state
photon radiation greatly affects the distributions in this
region and predictions for these effects need to be under
good theoretical control. Here we will not provide a de-
tailed phenomenological study of these EW effects, which
are available in the literature (see, e.g., Ref. [37] for an
overview), but rather shall explore how the impact of EW
Oð�Þ corrections is affected by the presence of QCD
radiation when considering realistic lepton identification
criteria. We only briefly illustrate the main features of the
impact of the EW Oð�Þ corrections on the MTðWÞ distri-
bution in Fig. 1 and on the pTðl ¼ �; eÞ distribution in
Fig. 2 when considering the bare and calometric setup by
showing the relative corrections defined as

�EWð%Þ ¼
d�EW

dO � d�LO

dO
d�LO

dO

� 100: (7)

The large distortion of the Jacobian peak, especially when
only bare cuts are applied, is due to collinear final-state
photon radiation which results into large logarithmic en-
hancements of the form � logðm2

l =ŝÞ, whereml denotes the

charged lepton mass and ŝ the partonic CM energy
squared. In the electron case, when realistic experimental

conditions are taken into account, the electron and photon
four-momentum vectors are recombined to an effective
electron four-momentum vector if their separation �Re�

in the azimuthal angle—pseudorapidity plane is smaller
than a critical value Rcut ¼ 0:1. In that case, these mass-
singular logarithms cancel, and only a small effect of the
EW corrections survives. In the muon case, however,
the muon is well separated from the photon so that in the
calometric setup, the distortion of the MTðWÞ and pTð�Þ
distributions around the Jacobian peak is more pronounced
than in the electron case. Since the electron case is very
sensitive to the details of the lepton identification require-
ments, a detailed study of combined EW and QCD effects
should be performed in collaboration with experimentalists
involved in the W mass measurement. We leave such a
study to a later publication and concentrate in this paper on
discussing the impact of QCD corrections on the EW
effects in the muon case. Note that the results presented
in Ref. [44] are obtained for the electron case with bare
cuts, and therefore larger effects have been observed than it
can be the case with a more realistic treatment. Finally, we
will only present results for the Wþ ! �þ�� process,

since even at the LHC the EW effects in the MTðWÞ and
pTð�Þ distributions are similar inWþ andW� production,
at least in the kinematic region of interest (note that there is
no distinction between Wþ and W� production at the
Tevatron because of the symmetric initial state). Also in
the presence of QCD radiation we found that the relative
corrections discussed in this paper exhibit very similar
features for Wþ and W� observables at the LHC.
In Figs. 3–6 and 9–12, we provide respectively MTðWÞ

and pTð�Þ distributions calculated at LO � PS, NLO EW,
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FIG. 1 (color online). Relative corrections �EW to theMTðWÞ distributions for p �p ! Wþ ! eþ�e;�
þ�� at

ffiffiffi
S

p ¼ 1:96 TeV on the
left and pp ! Wþ ! eþ�e; �

þ�� at
ffiffiffi
S

p ¼ 7 TeV on the right obtained with WGRAD2. Bare and calometric cuts are shown for

comparison.
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NLO QCD � PS and NLO ðQCDþ EWÞ � PS as provided
by POWHEG-W_EW, where we used PYTHIA to shower the
events. We also produced these distributions with HERWIG,
but since the effects we are interested in, i.e., the change of
the relative impact of EW corrections in the presence of
QCD radiation are similar we only show results obtained
with PYTHIA. We note that a detailed, tuned comparison
of the impact of these two parton-shower MCs on W
observables in the presence of the complete EW Oð�Þ
corrections, which is especially important in determining
their contribution to the theoretical uncertainty in the ex-
traction of theW mass, can now be conveniently performed

with POWHEG-W_EW. To illustrate the impact of the various
higher-order corrections on MTðWÞ and pTð�Þ distribu-
tions we also show various relative corrections. Apart from
�EW of Eq. (7), we show the impact of QCD corrections
(�QCD) and combined QCD and EW corrections (�QCDEW)

in the presence of a QCD parton shower relative to the LO
parton shower result, defined as

�QCDð%Þ ¼
d�QCD�PS

dO � d�LO�PS
dO

d�LO�PS
dO

� 100; (8)

and
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FIG. 2 (color online). Relative corrections �EW to pTðlÞ distributions for p �p ! Wþ ! eþ�e;�
þ�� at

ffiffiffi
S

p ¼ 1:96 TeV, on the left
and pp ! Wþ ! eþ�e; �

þ�� at
ffiffiffi
S

p ¼ 7 TeV on the right obtained with WGRAD2. Bare and calometric cuts are shown for

comparison.
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FIG. 3 (color online). MTðWÞ distributions and relative corrections �EW; �QCD; �QCDEW for p �p ! Wþ ! �þ��,
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p ¼ 1:96 TeV,
obtained with POWHEG-W_EW, with bare cuts. Parton showering (denoted by PS) is performed by interfacing with PYTHIA.
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FIG. 4 (color online). MTðWÞ distributions and relative corrections �EW; �QCD; �QCD EW for pp ! Wþ ! �þ��,
ffiffiffi
S

p ¼ 7 TeV,
obtained with POWHEG-W_EW, with bare cuts. Parton showering (denoted by PS) is performed by interfacing with PYTHIA.
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FIG. 5 (color online). MTðWÞ distributions and relative corrections �EW; �QCD; �QCDEW for p �p ! Wþ ! �þ��,
ffiffiffi
S

p ¼ 1:96 TeV,
obtained with POWHEG-W_EW, with calometric cuts. Parton showering (denoted by PS) is performed by interfacing with PYTHIA.
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FIG. 6 (color online). MTðWÞ distributions and relative corrections �EW; �QCD; �QCDEW for pp ! Wþ ! �þ��,
ffiffiffi
S

p ¼ 7 TeV,
obtained with POWHEG-W_EW, with calometric cuts. Parton showering (denoted by PS) is performed by interfacing with PYTHIA.
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bare (left) and calometric (right) cuts. Parton showering is performed by interfacing with PYTHIA.
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ffiffiffi
S
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�QCDEWð%Þ ¼
d�ðQCDþEWÞ�PS

dO � d�LO�PS
dO

d�LO�PS
dO

� 100: (9)

Note that the EWNLO results shown in Figs. 3–6 and 9–12,
can be directly compared to and should agree with the
results obtained with WGRAD2 shown in Figs. 1 and 2.

Overall, we observe that the impact on the MTðWÞ
distribution of the EW corrections, �EW, alone is seen to
be slightly negative in the peak region, while the effect
of the QCD (NLO and PS), �QCD, corrections alone con-

sistently increases the LO � PS MTðWÞ distribution, as
expected. Now, the combined relative NLO ðQCDþ
EWÞ � PS corrections, �QCDEW, still follow in magnitude

the effect one expects when simply adding NLO QCD �
PS and NLO EW corrections, but seems to be slightly
different in shape in the peak region at the LHC when
applying bare cuts. The dip observed in the relative �EW

correction seems now to be somewhat washed out.

To study this possible effect of combining EWand QCD
corrections more closely, we follow the discussion of
Ref. [44], and for each of the observables, we define

r1 ¼
d�NLO EW

dO
d�LO

dO

r2 ¼
d�ðQCDþEWÞ�PS

dO
d�QCD�PS

dO

(10)

and show in Figs. 7 and 8 r1;2 together with their ratioR ¼
r2=r1. We see that within the statistical uncertainty of the
numerical integration, R is largely consistent with unity,
i.e., generally the NLO EW corrections in the presence of
QCD effects behave like those of EW alone, only at the
LHC there seems to be a slight change in shape above the
peak region, but given the large fluctuation in this region
this is more likely a relic of the numerical integration.
Since QCD radiation is known not to have a significant
effect on the shape of the MTðWÞ distribution, it is no
surprise that the main features of the EW corrections in
the presence of QCD corrections are largely unchanged.
This has also been observed in Refs. [44,45]. Our results
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FIG. 10 (color online). PTð�Þ distributions and relative corrections �EW; �QCD; �QCD EW for pp ! Wþ ! �þ��,
ffiffiffi
S

p ¼ 7 TeV,
obtained with POWHEG-W_EW, with bare cuts. Parton showering (denoted by PS) is performed by interfacing with PYTHIA.
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FIG. 11 (color online). PTð�Þ distributions and relative corrections �EW; �QCD; �QCDEW for p �p ! Wþ ! �þ��,
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p ¼ 1:96 TeV,
obtained with POWHEG-W_EW, with calometric cuts. Parton showering (denoted by PS) is performed by interfacing with PYTHIA.
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cannot be directly compared with earlier studies such as
those presented in Refs. [44,45], since in Ref. [44] results
are provided for the electron case with bare cuts and in
Ref. [45] slightly different selection criteria have been
used and the G� EW input scheme has been adopted.1

Nevertheless, the overall features of the effects of combin-
ing QCD and EW corrections turn out to be similar. It will
be interesting to perform a tuned comparison of different
implementations of EW/QED corrections in NLO QCDþ
resummed calculations of W boson observables, i.e., of
POWHEG-W_EW, MC@NLO/HORACE [45] and RESBOS-A [44],

which is left to a future publication.
We now turn to the discussion of the pTð�Þ distributions,

and show in the right-hand plots in Figs. 9–12 again the
relative corrections �EW of Eq. (7), �QCD of Eq. (8) and

�QCDEW of Eq. (9). In contrast to the MTðWÞ distribution,
now the effects of QCD radiation on the shape of the pTð�Þ
distributions are quite pronounced, as can be seen by
comparing the exact NLO EW distribution with the distri-
butions obtained with showered events shown on the left-
hand side of Figs. 9–12. So, we expect to see a change in
how the EW corrections impact the pTð�Þ distributions
due to a nontrivial interplay of QCD and EW corrections in
the combined result. After all, as can be seen in Eq. (2) with
�B of Eq. (4), higher-order QCD-EW interference terms are
present and may have a non-negligible impact on the
pTð�Þ distributions. Therefore, it is interesting to note
the overall significant shape change between the exact
NLO EW and the combined NLO ðQCDþ EWÞ � PS
pTð�Þ distributions. That the NLO EW corrections, in
the presence of QCD effects, tend to be quite subdued is
obvious in the magnitude and shape of the relative NLO
ðQCDþ EWÞ � PS corrections compared to the NLO EW
relative corrections, as shown on the right-hand side of
these figures. Especially the dip in the Jacobian region

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 110

 120

 25  30  35  40  45  50  55

d
/d

p T
(l)

, p
b/

G
eV

pT(l), GeV

LOxPS
QCDxPS

(QCD+EW)xPS
NLO EW

(%
)

pT(l), GeV

-10

0

 10

 20

 30

 40

25 30 35 40 45 50

δEWδQCDδQCDEW

FIG. 12 (color online). PTð�Þ distributions and relative corrections �EW; �QCD; �QCDEW for pp ! Wþ ! �þ��,
ffiffiffi
S
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1The results obtained in the G� scheme can be estimated
from our results in the �ð0Þ scheme by �NLO

G�
¼ ð�NLO

� �
2�r�LO

� Þ�2
G�

=�ð0Þ2 with �r ¼ 0:0315, �G�
¼ffiffiffi

2
p

G�sin
2�wM

2
W=�, and G� ¼ 1:166 39 � 10�5 GeV�2.
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from the NLO EW corrections with bare cuts is nowmostly
washed out.

Again, we study these effects more closely in Figs. 13
and 14 by comparing the impact of NLO EW corrections
alone and their impact in the presence of QCD corrections
as described by r1 and r2 of Eq. (10), respectively. Clearly,
unlike in the case of the MTðWÞ distribution, r1 and r2 are
now quite different so that their ratio R exhibits an inter-
esting shape especially around the Jacobian peak. As ex-
pected, in the calometric setup, this difference is much less
pronounced due to the smaller impact of the EW correc-
tions on the shape of the pTð�Þ distributions.

IV. CONCLUSIONS

In this paper we describe the combination of the com-
plete EW Oð�Þ corrections with NLO QCDþ resummed
corrections to W production in hadronic collisions, based
on implementing the EW corrections of WGRAD2 in
POWHEG-W. Using the resulting MC program, POWHEG-

W_EW, which is publicly available on the webpage of the

POWHEG BOX, we presented results for the transverse W
mass and charged lepton momentum distributions, taking
into account lepton identification requirements which are
closely modeled after those used in the high-precision
measurement of the W mass at the Tevatron. In view of
the anticipated precision of theW mass measurement at the
Tevatron and the LHC, predictions for these observables
including higher-order radiative corrections have to be
under excellent control. Tools such as POWHEG-W_EW

that allow the study of combined EWand QCD corrections
are important in reducing the theoretical uncertainty in the
W mass measurement. We especially concentrated on
studying whether there is a change of the impact of EW
corrections when QCD radiation is present as described
by POWHEG+PYTHIA in the kinematic region where EW
corrections are known to have a significant impact on
the extracted W mass. We found interesting QCD-EW

interference effects in the pTð�Þ distributions, i.e., effects
that go beyond simply adding QCD and NLO EW correc-
tions, that change the shape of the distribution around the
Jacobian peak. These effects are similar to those observed
in Refs [44,45], and their impact on the W mass extracted
from the pTð�Þ distribution should be studied in more
detail by using realistic detector resolution effects, ideally
in close collaboration with the experimentalists performing
the W mass measurement. Moreover, these findings also
suggest that a calculation of the complete mixed EW-QCD
Oð��sÞ corrections is desirable to further reduce the theo-
retical uncertainty and to obtain an accurate estimate of the
theory uncertainty due to missing higher-order corrections.
Further improvements that are planned for POWHEG-W_EW

include the implementation of the known higher-order
QED and EWeffects, i.e., beyond NLO, of photon-induced
processes, and the usage of an updated PDF that fully
considers QED corrections, once available. Since
POWHEG-W_EW interfaces to both PYTHIA and HERWIG it

is also a convenient tool to perform a tuned comparison of
QCDþ EW effects when using either parton-shower MC.
Finally, since POWHEG-W_EW includes the complete NLO
EW corrections, it is interesting to note that the effects of
EW Sudakov logarithms that become numerically impor-
tant in distributions at high energies can now also be
studied in the presence of QCD radiation. This is especially
interesting for the search for W 0 bosons at the LHC.
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APPENDIX

In the following we describe in detail the implementa-
tion of each EW piece in Eq. (4), which are added to the
QCD contribution after testing if the user requests to
include EW corrections (wgrad2 ¼ 1). An attempt is
made to describe both the analytical pieces in the code as
well as their variable names. This is important so the user
can be aware of how certain flags affect their values as well
as of which part of the EW corrections is contained in each
piece. For more explicit expressions of the EW Oð�Þ
corrections see Refs. [29,30,32].

A. THE VIRTUAL+SOFT FINITE PIECE, V
fb
EWð�2Þ

The quantity Vfb
EWð�2Þ is defined in POWHEG-BOX/W_EW-

BW/VIRTUAL_EW.F. There are two flags which affect the

outcome, both can be set in the proper POWHEG input
file. Except for qnonr, all of the flags are used in the
definitions of the other EW terms in Eq. (4). For complete-
ness, the flags and their descriptions are listed below.

(1) QED: This flag toggles between different subsets of
NLO QED contributions.
(i) QED ¼ 1 initial state (IS) photon radiation.
(ii) QED ¼ 2 final state (FS) photon radiation.
(iii) QED ¼ 3 interference between IS and FS pho-

ton radiation.
(iv) QED ¼ 4 IS, FS and interference.

Note that the gauge invariant separation into IS and FS
QED contributions has been performed according to
Ref. [29].

(2) qnonr: This flag toggles between the treatment of
EW corrections to resonant/nonresonant W production. In
the case of resonant W production (qnonr ¼ 0), a gauge
invariant separation into weak and QED Oð�Þ corrections
and into IS and FS contributions is available according to
Ref. [29]. In this case, no weak box diagrams are included
and the weak form factors are evaluated at ŝ ¼ M2

W .
(i) qnonr ¼ 0 excludes the weak box diagrams,

corresponds to resonant W production only.
(ii) qnonr ¼ 1 includes the weak box diagrams,

i.e., includes the complete EWOð�Þ corrections
to W production.

In choosing qnonr ¼ 1, the full set of virtual diagrams
are used, including the weak box diagrams which are

necessary to describe nonresonant W production. Since
in case of nonresonant W production the gauge invariant
separation into IS and FS QED contributions according to
Ref. [29] is no longer possible, the entire set of real
radiation diagrams must be included. Therefore, if choos-
ing qnonr ¼ 1 the user must also set QED ¼ 4.

The contents of Vfb
EWð�2Þ, without the PDF factors, are

now explicitly shown.

Vfb
EWð�2Þ 	 soft ð1:12Þ þ virt ð1:12Þ: (11)

The choice of qnonr affects virtð1:12Þ as follows: For
qnonr ¼ 0

virt ð1:12Þ ¼ brbornð1:12ÞRe½fvwpð1ÞIS þ fvwpð2ÞFS� 2��s

(12)

brbornð1:12Þ are POWHEG-W’s definition of the Born

contribution and are equivalent to 1
2ŝ

PjMBj2 for each

flavor structure. fvwpð1:2Þ are the modified weak one-
loop contributions for resonant W production and are
defined in /POWHEG-BOX/W_EW-BW/LIBWEAK.F. The user
has the choice to include separately the IS and FS contri-
butions through the proper choice of the QED flag. Shown
above is the outcome corresponding to QED ¼ 4. For
qnonr ¼ 1,

virtð1:6Þ ¼ jCKMð1:6Þj2 �
2�2

s4W

1

jŝ�M2
W þ i�WMW j2

1

2ŝ

1

3

� a2qqwðŝ;�2k �q � kl;�2kq � kl; 16ðk �q � k�lÞ2Þ
(13)

virtð7:12Þ¼ jCKMð7:12Þj2�
2�2

s4W

1

jŝ�M2
Wþ i�WMW j2

1

2ŝ

1

3

�a2qqwðŝ;�2kq �kl;�2k �q �kl;16ðkq �k�lÞ2Þ:
(14)

The function a2qqwð. . .Þ corresponds to the full weak
one-loop contribution and is also defined in /POWHEG-

BOX/W_EW-BW/LIBWEAK.F. The soft contributions of

Eq. (11) are given by

softð1:6Þ¼ jCKMð1:6Þj2�
2�2

s4W

1

2ŝ

16

3

� ðk �q �k�lÞ2
jŝ�M2

Wþ i�WMW j2
�½kfacð2ÞISþkfacð2ÞFSþkfacð2Þint� (15)
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softð7:12Þ ¼ jCKMð7:12Þj2 �
2�2

s4W

1

2ŝ

16

3

� ðkq � k�lÞ2
jŝ�M2

W þ i�WMW j2
� ½kfacð1ÞIS þ kfacð1ÞFS þ kfacð1Þint�:

(16)

The kfacð1:2Þ terms correspond to the finite soft photon
contributions and are defined in /POWHEG-BOX/W_EW-BW/

LIBQED.F. Again, the case of QED ¼ 4 is shown above, but

the user can include any or all of these kfac terms by
adjusting this flag. The kfac, and hence the soft contribution
depends on the soft PSS parameter, �s, and when
collcut ¼ 1 is chosen also on �c.

B. THE COLLINEAR REMNANTS, G1;fb
EW;�, G

1;fb
EW;�

These are defined in /POWHEG-BOX/W_EW-BW/

COLLINEAR_EW.F. There is also the inclusion of a new

flag, lfc:
(i) lfc: This flag controls the choice of the QED

factorization scheme.

(ii) lfc ¼ 0 MS scheme.
(iii) lfc ¼ 1 DIS scheme.

POWHEG only implements the QCDMS scheme. Hence, as

this flag only applies to the EW portions, one has the option
to choose different schemes for the QED and QCD facto-
rization. We now describe analytically the contents of these
contributions.

G1;1:6
EW;� þG1;1:6

EW;� ¼ jCKMð1:6Þj2 �
2�2

s4W

1

2ŝ

16

3
ðk �q � k�lÞ2

kn jacborn

jŝ�M2
W þ i�WMW j2

� 1

9
�q1

�
x1
z1

; �R

�
q2ðx2; �RÞ splitz1z1

ð1� x1Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
	G1

�;EW

þ 4

9
�q1ðx1; �RÞq2

�
x2
z2

; �R

�
splitz2

z2
ð1� x2Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

	G1
�;EW

2
6666664

3
7777775 (17)

G1;7:12
EW;� þG1;7:12

EW;� ¼ jCKMð7:12Þj2 �
2�2

s4W

1

2ŝ

16

3
ðkq � k�lÞ2

kn jacborn

jŝ�M2
W þ i�WMW j2

� 4

9
q1

�
x1
z1

; �R

�
�q2ðx2; �RÞ splitz1z1

ð1� x1Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
	G1

�;EW

þ 1

9
q1ðx1; �RÞ �q2

�
x2
z2

; �R

�
splitz2

z2
ð1� x2Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

	G1
�;EW

2
6666664

3
7777775: (18)

splitz1 and splitz2 are functions of z1 and z2, respectively. For a generic z they are

splitz ¼ �

2�

�
1þ z2

1� z
ln

�
ŝ

�2
F

z

ð1� zÞ2
�c

2

�
þ 1� z� lfc 
 fcollz

�
(19)

with

fcollz ¼ 1þ z2

1� z
ln

�
1� z

z

�
� 3

2ð1� zÞ þ 2zþ 3: (20)

In Eq. (19) above, one sees explicitly the QED factoriza-
tion scheme dependence. Note that the soft part of the QED
PDF counterterm is included in kfac. Also, the dependence
on the PSS parameter �c is explicitly shown.

C. THE REAL CONTRIBUTION, R
fb
EW

Rfb
EW are defined in /POWHEG-BOX/W_EW-BW/REAL_EW.F.

As mentioned earlier, POWHEG-W considers not only q �q,
but gq and g �q induced processes, while the calculation of
WGRAD2 only includes q �q induced processes. This is why

in Eq. (4) there is only one Rfb
EW contribution correspond-

ing to �r ¼ 0. Also, because the EW calculation was
performed with two-cutoff phase-space-slicing this EW
contribution is finite. Therefore, care is taken to only

return values of Rfb
EW which pass certain criteria, namely,

that they be away from the soft or collinear regions of the
photon phase space. One can also consider subsets of
the real corrections by adjusting the flag QED when
qnonr ¼ 0. The real EW contributions, up to the PDF
factors, are proportional to subsets of the QED radiation
matrix element squared as follows:
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Rfb
EW 	X

fb

X
sp;col

jM2!3j2 ¼
X
fb

X
sp;col

jMIS þMFSj2fb (21)

¼ X
fb

X
sp;col

jMISj2fb|fflfflffl{zfflfflffl}
QED¼1

þ jMFSj2fb|fflfflffl{zfflfflffl}
QED¼2

þ 2Re½MISM


FS�fb|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

QED¼3

2
6664

3
7775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
QED¼4

: (22)

The integration of Rfb
EW over the photon phase space is finite after applying soft and collinear cuts as shown in Eq. (4). The

dependence on the PSS parameters is canceled numerically between the contributions describing soft, collinear and real
hard photon radiation as discussed in Sec. III B. The default values set in VIRTUAL_EW.F represent optimal choices and
should only be changed with care.
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