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full NLO QCD corrections and the NLO electroweak (EW) corrections in the double-pole

approximation. We define eight fiducial polarization coefficients directly constructed from

the polar-azimuthal angular distribution of the decay leptons. These coefficients depend

strongly on the kinematical cuts on the transverse momentum or rapidity of the individual

leptons. Similarly, fiducial polarization fractions are also defined and they can be directly

related to the fiducial coefficients. We perform a detailed analysis of the NLO QCD+EW

fiducial polarization observables including theoretical uncertainties stemming from the scale

variation and parton distribution function uncertainties, using the fiducial phase space de-

fined by the ATLAS and CMS experiments. We provide results in the helicity coordinate

system and in the Collins-Soper coordinate system, at a center-of-mass energy of 13 TeV.

The EW corrections are found to be important in two of the angular coefficients related
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1 Introduction

Since the Large Hadron Collider (LHC) at CERN has started to operate, the production of

electroweak gauge bosons has been extensively studied both by theorists and experimen-

talists. With the accumulation of data we can reach high precision measurements, thus

probing new physics effects in non-trivial observables such as in the polarization of the

gauge bosons. W bosons only interact with left-handed quarks, while Z bosons interact

with both left- and right-handed quarks, but with different coupling strengths. This means
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that W and Z bosons produced at hadron colliders are in principle polarized and that

the angular distributions of the final-state leptons display an asymmetry that reflects the

polarization of the underlying gauge bosons.

The polarization of gauge bosons produced in hadron collider processes has been stud-

ied in the literature. At the LHC, W bosons are produced abundantly in top quark decays

or in association with jets, where the later channel is characterized by high transverse

momentum W bosons. The polarization of W boson in the top quark decay has been mea-

sured by ATLAS [1] and CMS [2]. For W + jets, polarization measurements have also been

performed by CMS [3] and ATLAS [4]. Similar studies for Z boson polarization in Z+ jets

channel have been presented by CMS [5] and ATLAS [6]. Recent theoretical studies for

W + jets have been presented in refs. [7, 8].

The study in ref. [7] uses the helicity coordinate system in which the angular observ-

ables for the W boson are defined, namely the W boson rest frame where the z direction is

defined as the direction of the W boson in the laboratory frame. Another popular coordi-

nate system has been previously introduced in ref. [9], called the Collins-Soper coordinate

system, in which the z direction is defined as the bisection of the flight direction of the

two incoming protons in the W boson rest frame. It is noted that both ATLAS and CMS

use the helicity coordinate system for W + jets and Collins-Soper coordinate system for

Z + jets. Following ref. [9] there has been a number of phenomenological studies of the

spin-density matrix of the W boson [10–12] as well as of the Z boson [13, 14], that relate

to the corresponding angular coefficients. One-loop QCD effects have also been studied

in refs. [15, 16] and up to next-to-next-to-leading order (NNLO) in QCD in Drell-Yan Z

production [17].

The production of W±Z at a hadron collider has been extensively studied in the lit-

erature. For on-shell (OS) production, next-to-leading order (NLO) QCD corrections have

been calculated in refs. [18, 19]. The full NLO electroweak (EW) corrections including

quark-photon induced correction, which is now recognized to be important, were first cal-

culated in ref. [20]. The virtual and real photon emission corrections have been also been

calculated in ref. [21], almost at the same time. NNLO QCD corrections for both on-shell

and off-shell cases have been presented in refs. [22, 23] and very recently full NLO EW

corrections including off-shell effects for 3`ν final state have been calculated in ref. [24],

which confirms the importance of the quark-photon induced correction. We note that full

NLO QCD calculations including full off-shell and spin-correlation effects for leptonic final

states have been implemented in computer programs such as MCFM [25] and VBFNLO [26].

Recent measurements of the cross section at 13 TeV have been performed by ATLAS [27]

and CMS [28]. Results for kinematical distributions at 8 TeV have also been presented by

ATLAS [29] and CMS [30].

The study of gauge boson polarization effects in W±Z production together with other

processes also started quite a while ago with leading-order (LO) predictions in the eight-

ies [31, 32]. A more modern study of polarization of gauge bosons produced at the LHC via

various channels including WZ has been performed in ref. [8]. To the best of our knowl-

edge, no detailed study of NLO QCD and EW corrections on polarization observables in

WZ production at a hadron collider has been performed.
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Compared to V + jets (with V = W,Z) production, the cross sections for diboson

channels are much smaller, therefore polarization effects are much more difficult to be

measured. However, very recently ATLAS has presented a study of angular observables

in W±Z production at the 13 TeV LHC [33, 34]. This indicates that it is now possible to

perform detailed studies and comparisons with measurements for polarization observables

in diboson production at the LHC.

In the experiments, the polarization observables are measured using polar-azimuthal

angular distribution of a decay charged lepton. In the first step, this distribution is mea-

sured in the fiducial phase space using cuts on the transverse momentum and rapidity

of the decay lepton. The off-shell, interference and radiation effects are here included.

Experimentalists then fit this distribution using a template fitting method to find the po-

larization fractions, see e.g. ref. [4]. The helicity templates are calculated using Monte-Carlo

generators. For processes where on-shell effects are dominant (e.g. Drell-Yan or diboson

production), we expect that the measurements are not so far away from the on-shell ap-

proximated values. In this context, it is important to note that the choice of the coordinate

system is important as the results depend on it.

From the theory side, the polar-azimuthal angular distribution of the decay lepton can

also be calculated with the same fiducial cuts and with those off-shell, interference and

radiation effects included. To compare to the measurements, we then have to do the same

template fitting method. This is not easy to do in practice and we do not know of any

theoretical papers doing this step. The simplest thing for theorists to do is to use the on-

shell approximation or using the angular distribution of the decay lepton with an inclusive

phase-space cut (i.e. without restriction on the individual decay lepton phase space) as

done e.g. in refs. [7, 8]. However, we expect that this can only provide a rough comparison

to the measurements.

We discuss in this paper a set of fiducial polarization observables1 which are defined

using the same polar-azimuthal angular distribution of the decay lepton with arbitrary

fiducial cuts, parameterized also by eight coefficients. These coefficients are not the usual

polarization angular coefficients, and hence are called fiducial angular coefficients in this

paper. From these coefficients, three fiducial fractions can be easily calculated. In the limit

of an inclusive phase-space cut, e.g. 66 < m`′+`′− < 116 GeV, the two notions of fiducial

angular coefficients and inclusive angular coefficients coincide. The differences between

them are thus due to the kinematical cuts on the individual decay leptons. We will see

therefore some similarities between them. We will also show that the fiducial longitudinal

polarization fraction calculated in the helicity coordinate system decreases at large pT,V ,

as the inclusive polarization fraction does according to the equivalence theorem.

The goal of this paper is to provide NLO QCD+EW predictions for the fiducial

polarization observables in the process pp → W±Z → `νl`
′+`′− channel at the 13 TeV

LHC, where `, `′ = e, µ. The NLO QCD corrections will be calculated using the program

VBFNLO [26, 35, 36] including full off-shell effects, while the EW corrections will be calcu-

lated using a double-pole approximation (DPA). Spin-correlation effects are fully taken

1These observables are also discussed in ref. [8], where they are called projection results. See also ref. [13].
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into account in the EW corrections, but the off-shell effects are missing. We will build our

approximation on a minimal extension of the OS 2 → 2 calculation presented in ref. [20].

In order to judge how good our approximation is, we will also compare the results of our

DPA with the full results presented in ref. [24]. We will provide results for the fiducial

cuts defined by ATLAS [27] and CMS [28] at 13 TeV, in both the helicity and Collins-

Soper coordinate systems. Theoretical errors including both parton distribution function

(PDF) and scale uncertainties are calculated. As a by-product, we present also results for

fiducial cross sections and standard kinematical distributions at NLO QCD+EW with full

theoretical uncertainties.

An advantage of our DPA calculation, compared to the full calculation, is that EW

corrections to the production and to the decay of a gauge boson (either W or Z) are

completely separated, because off-shell effects are neglected. The photon radiation off the

decay lepton effects on polarization observables are interesting because it helps us to know

whether the results obtained using an on-shell gauge boson production approximation are

good estimates of the measurements. The effects of NLO EW corrections to the decay mode

and to the production mode will be separately presented in this work. Effects from the

quark-photon induced contribution, which is sensitive to the photon distribution function,

will be separated as well.

The paper is organized as follows. In section 2 we present the calculational details,

in particular discussing the DPA calculation and defining the fiducial polarization observ-

ables. In section 3 we provide our numerical setup and how the theoretical uncertainties

are calculated. Since the paper is very long with a lot of numerical results, we present

predictions for the W+Z channel with ATLAS and CMS fiducial cuts in the main sections.

Similar results for the W−Z channel are provided in the appendices. Our predictions for

the fiducial cross sections and differential distributions are presented in section 4. Results

for the fiducial polarization observables are provided in section 5 and conclusions are given

in section 6. Appendix A provides the details of our NLO EW calculation in the DPA.

Kinematical distributions for the W−Z channels are given in appendix B, and numerical re-

sults for the fiducial polarization observables for the W−Z channel in appendix C. Finally,

appendix D contains the results of the fiducial polarization observables with various EW

correction effects separated. Off-shell effects at LO can also be seen there by comparing

the full LO results to the DPA LO ones.

2 Calculational details

We consider the process

p+ p→ `1(k1) + `2(k2) + `3(k3) + `4(k4) +X, (2.1)

where the final-state leptons can be either e+νeµ
+µ− or e−ν̄eµ+µ−.

At LO and NLO in QCD, we will consider the full contributions: the double-pole con-

tributions with intermediate-state V1V2 = W±Z as well as the off-shell contributions with

singly-resonant electroweak-gauge-boson states. There are no contributions from the third-

generation quarks in the initial state. The main production mechanism at proton-proton
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Figure 1. LO Feynman diagrams for the partonic process q̄q′ → e−ν̄e µ+µ−. The diagrams for the

opposite-charge process q̄q′ → e+νe µ
+µ− are similar but with reversed fermion flows in the final

state. a) Doubly-resonant W−Z/W−γ diagrams; b) Diagrams with singly-resonant electroweak

gauge bosons.

colliders proceeds via quark-antiquark annihilations as shown in figure 1. The representa-

tive Feynman diagrams for the double-pole contributions are displayed in figure 1a) while

the singly-resonant contributions are displayed in figure 1b). These contributions have

been known for decades [18, 19].

The LO hadronic differential cross section is calculated by a convolution between the

partonic quark-antiquark annihilation differential cross section dσ̂q̄q
′

LO and the PDFs of the

first- and second-generation quarks in the proton. The PDFs, denoted q̄ and q′ below, are

functions of the momentum fraction x carried by the quark in the corresponding proton, and

of the factorization scale µF which defines the scale at which this convolution is performed.

The LO hadronic cross section reads

dσLO =

∫
dx1dx2

[
q̄(x1, µF )q′(x2, µF )dσ̂q̄q

′

LO + (1↔ 2)
]
. (2.2)

In the following we will present the NLO QCD corrections and the tools that have

been used for the calculation of the LO and NLO differential cross sections, and then

we will focus specifically on the calculation of the EW corrections in the double-pole-

approximation framework.

2.1 NLO QCD corrections

The NLO QCD corrections can be divided into the virtual corrections containing one gluon

loop, and the real corrections in which one extra parton (quark, antiquark, or gluon) is

included in the final state. As the final state we consider is purely leptonic, the virtual

gluon can only run between the initial-state quark/antiquark pair.

The NLO QCD corrections have been calculated for on-shell production for the first

time in refs. [18, 19], and then extended in refs. [25, 37–40] to include full off-shell effects

and spin correlations. The NNLO QCD corrections have been calculated in ref. [22] and

have been found to be of the order of an 8% to 11% increase of the cross section, depending
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on the collider energy. We limit our analysis in this paper at NLO, hence we do not include

the NNLO QCD contributions in the final analysis. As the perturbative development is

truncated at a fixed order, the cross section depends on the two unphysical scales µR and

µF , the former being the scale entering the loop functions and at which the strong coupling

constant αs is calculated, the latter being the scale at which the PDFs are evaluated and

occurring in the real corrections. Our central scale choice is the natural scale of the process,

µR = µF = µ0 ≡ (MW +MZ) /2. The pattern of the NNLO corrections also motivate the

value chosen for the central scale, as they are moderate and positive for this value of µ0.

We use the computer program VBFNLO 2.7.1 [26, 35, 36] to calculate both the LO

and NLO cross sections and kinematical distributions. The implementation of the QCD

corrections in this program is based on the Catani-Seymour dipole subtraction algo-

rithm [41] to combine the virtual and the real contributions. We will use the Hes-

sian NNLO PDF set LUXqed17_plus_PDF4LHC15_nnlo_30 [42, 43] based on the Monte-

Carlo fit PDF4LHC15 [44–50], using the QED evolution of the splitting functions de-

scribed in ref. [51]. We use the library LHAPDF 6 [52] and αs
(
M2
Z

)
= 0.118 as given

by LUXqed17_plus_PDF4LHC15_nnlo_30. It is noted that the same PDF set is also used

for LO and NLO EW results. The LO calculation has also been cross-checked against an

independent calculation which is also part of the NLO EW contribution discussed in the

next sub-section.

2.2 NLO EW corrections in the double-pole approximation

In the framework of the double-pole approximation, the amplitude is built using an on-shell

gauge boson approximation. This is important to guarantee that the final result is gauge

invariant. Therefore, eq. (2.1) is now approximated as follows

p+ p→ V1(q1) + V2(q2)→ `1(k1) + `2(k2) + `3(k3) + `4(k4) +X, (2.3)

where the intermediate gauge bosons (V1 = W±, V2 = Z) are massive and the momenta

satisfy the following relations:

q1 = k1 + k2, q2 = k3 + k4, k2
i = 0, i = 1, 4. (2.4)

At the partonic level we have

q̄(p1) + q′(p2)→ V1(q1) + V2(q2)→ `1(k1) + `2(k2) + `3(k3) + `4(k4). (2.5)

Since Vj (with j = 1, 2 denoting the two gauge bosons) are on-shell, we have to map the

momenta (ki, q1,2) to an OS momentum basis (k̂i, q̂1,2) that has the following properties

q̂2
1 = M2

V1 , q̂2
2 = M2

V2 ,

q̂1 = k̂1 + k̂2, q̂2 = k̂3 + k̂4, k̂2
i = 0. (2.6)

This mapping is not unique. However, it has been pointed out in ref. [53] that different

mapping choices lead to differences of the order of αΓV /(πMV ). Details of the OS mappings
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used in this paper are provided in appendix A. Comparisons of different mappings are

presented in table 9 for LO cross sections and in table 10 for NLO EW corrections.

At LO, the amplitude in the DPA is defined as (see e.g. ref. [53])

Aq̄q′→V1V2→4l
LO,DPA =

1

Q1Q2

∑
λ1,λ2

Aq̄q′→V1V2LO AV1→`1`2LO AV2→`3`4LO , (2.7)

where

Qj = q2
j −M2

Vj + iMVjΓVj . (2.8)

We note that all helicity amplitudes in the numerator are calculated with the DPA kine-

matics denoted by a hat. The polarization vectors in the production and decay amplitudes

are physical by definition. They satisfy the following condition

3∑
λj=1

εµ(q̂j , λj)ε
∗ν(q̂j , λj) = −gµν +

q̂µj q̂
ν
j

M2
Vj

. (2.9)

It is important that the same definition is used for the polarization vectors in the production

and decay amplitudes. In this way, all spin correlations are properly taken into account.

It is obvious that the definition in eq. (2.7) is gauge invariant because all the amplitudes

on the right-hand side are individually gauge invariant. The helicity amplitudes for the

production part Aq̄q′→V1V2LO have been calculated in our previous work [20] and can be taken

over. For the decay amplitudes, we use the program FormCalc [54, 55] to generate them.

For integrated cross section, we have to take care of the two resonances of the inter-

mediate gauge bosons, i.e. the denominator in eq. (2.7). Even though it is integrable due

to finite value of the widths, the phase-space integration can be more efficiently done using

an appropriate mapping to smooth out the Breit-Wigner distributions. This step is also

done in the VBFNLO program.

From the above definition, it becomes clear that the DPA is limited by the following

factors. Not all Feynman diagrams are included, only the ones that are enhanced by two

resonant weak bosons are selected, off-shell effects are missing, and the kinematics, which

enter the matrix elements, are not exact. In particular, the DPA is only valid when the

partonic center-of-mass energy is high enough, i.e.

√
ŝ =

√
(p1 + p2)2 > MW +MZ . (2.10)

We use the same principles to build the NLO EW corrections in the DPA. For this, we

have to calculate the virtual and real corrections. EW corrections to both production and

decay parts are separately included. However, non-factorizable corrections are neglected,

since they are expected to be very small [56–58]. The non-factorizable contribution includes

all Feynman diagrams that are not parts of the on-shell WZ production group or of the

on-shell V decay groups. These diagrams are displayed in figure 2, where a) belongs to

the WZ production group, b) the W decay group, c) the Z decay group, and d), e), f)

the non-factorizable group. The corresponding photon-emission and quark-photon induced

diagrams of the factorizable groups are fully taken into account.
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Figure 2. Representative Feynman diagrams for the NLO EW virtual corrections for the partonic

process q̄q′ → e−ν̄e µ+µ−. Factorizable diagrams are in the top row, while non-factorizable ones in

the bottom row.

The master formulas for the virtual, real-photon emission, and quark-photon induced

amplitudes are schematically written as follows,

δAq̄q′→V1V2→4l
virt,DPA =

1

Q1Q2

∑
λ1,λ2

(
δAq̄q′→V1V2virt AV1→`1`2LO AV2→`3`4LO (2.11)

+Aq̄q′→V1V2LO δAV1→`1`2virt AV2→`3`4LO +Aq̄q′→V1V2LO AV1→`1`2LO δAV2→`3`4virt

)
,

δAq̄q′→V1V2→4lγ
rad,DPA =

∑
λ1,λ2

(
δAq̄q′→V1V2γrad AV1→`1`2LO AV2→`3`4LO

Q1Q2
(2.12)

+
Aq̄q′→V1V2LO δAV1→`1`2γrad AV2→`3`4LO

Q′1Q2
+
Aq̄q′→V1V2LO AV1→`1`2LO δAV2→`3`4γrad

Q1Q′2

)
,

δAqγ→V1V2→4lq′

ind,DPA =
∑
λ1,λ2

δAqγ→V1V2q′ind AV1→`1`2LO AV2→`3`4LO

Q1Q2
, (2.13)

where the correction amplitudes δAq̄q′→V1V2virt , δAq̄q′→V1V2γrad , and δAqγ→V1V2q′ind have been cal-

culated in the OS production calculation in ref. [20] and are reused here. The missing pieces

related to the corrections to the decay amplitudes are generated again by FormCalc and

combined together using the dipole-subtraction method [41, 59, 60]. The new variables Q′1
and Q′2 are defined as in eq. (2.8) but with the gauge-boson momenta being reconstructed

from the 1→ 3 decays. For the cross-section contributions, we have

∆σq̄q
′→V1V2→4l

virt,DPA ∝ 2Re
[
δAq̄q′→V1V2→4l

virt,DPA Aq̄q′→V1V2→4l?
LO,DPA

]
, (2.14)

∆σq̄q
′→V1V2→4lγ

rad,DPA ∝ |δAq̄q′→V1V2→4lγ
rad,DPA |2 with interference terms neglected, (2.15)

∆σqγ→V1V2→4lq′

ind,DPA ∝ |δAqγ→V1V2→4lq′

ind,DPA |2. (2.16)

– 8 –
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For later use, the following corrections coming from the radiative decays are defined.

∆σvirt
dV1 ∝ 2Re

∑
λ1,λ2

Aq̄q′→V1V2LO δAV1→`1`2virt AV2→`3`4LO

Q1Q2

Aq̄q′→V1V2→4l?
LO,DPA

 , (2.17)

∆σrad
dV1 ∝ |

∑
λ1,λ2

Aq̄q′→V1V2LO δAV1→`1`2γrad AV2→`3`4LO

Q′1Q2
|2, (2.18)

∆σvirt
dV2 ∝ 2Re

∑
λ1,λ2

Aq̄q′→V1V2LO AV1→`1`2LO δAV2→`3`4virt

Q1Q2

Aq̄q′→V1V2→4l?
LO,DPA

 , (2.19)

∆σrad
dV2 ∝ |

∑
λ1,λ2

Aq̄q′→V1V2LO AV1→`1`2LO δAV2→`3`4γrad

Q1Q′2
|2. (2.20)

Further technical details on how the momenta and the amplitudes are calculated are pro-

vided in appendix A.

From the above terms we define schematically some important EW corrections to

understand various effects as follows

δq̄q′ =
(

∆σq̄q
′→V1V2→4l

virt,DPA + ∆σq̄q
′→V1V2→4lγ

rad,DPA

)
/σLO, (2.21)

δqγ = ∆σqγ→V1V2→4lq′

ind,DPA /σLO, (2.22)

δNLOEW = δq̄q′ + δqγ , (2.23)

δdV1 = (∆σvirt
dV1 + ∆σrad

dV1)/σLO, (2.24)

δpV1 = δNLOEW − δdV1 , (2.25)

and δdV2 , δpV2 for the second gauge boson are similarly defined. δqγ is interesting because it

is sensitive to the photon PDF and can be large. This correction is also provided in ref. [24],

so that a numerical comparison will be later performed. δdVj (total correction to Vj decay)

and δpVj (total correction to Vj production) are interesting for polarization observables of

the Vj boson as mentioned in the introduction. These effects will be presented in table 2

and in appendix D.

In the calculation of polarization observables, the LO results must be always included.

By default, our NLO EW results are the sum of the full LO results and the EW corrections

calculated in the DPA. In addition, if not explicitly mentioned, NLO means NLO QCD

and EW.

2.3 Definition of fiducial polarization observables

At LO in the DPA, the angular distribution of a final-state lepton created by an on-shell

massive gauge boson is described as

dσ

σdcos θdφ
=

3

16π

[
(1 + cos2 θ) +A0

1

2
(1− 3 cos2 θ) +A1 sin(2θ) cosφ

+A2
1

2
sin2 θ cos(2φ) +A3 sin θ cosφ+A4 cos θ

+A5 sin2 θ sin(2φ) +A6 sin(2θ) sinφ+A7 sin θ sinφ

]
, (2.26)
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where A0−7 are dimensionless angular coefficients, θ and φ are the lepton polar and az-

imuthal angles, respectively, in the rest frame of the massive gauge boson in a particular

coordinate system that needs to be specified. In the case of the charged lepton coming from

the W decay, we set the notation θ = θ3, φ = φ3. For the negatively charged lepton coming

from the Z decay, we set θ = θ6, φ = φ6. We note that the rest frame of the W bosons

cannot be reconstructed in experiments as the longitudinal momentum of the neutrino is

unknown. However, this can be calculated if the on-shell condition (pe + pνe)
2 = M2

W is

imposed and then choosing the solution with smaller magnitude [33]. This step is not done

in the present paper but should be done if comparisons with measurements are performed.

It is important to note that eq. (2.26) is only correct if there is no restriction on the

phase space of the individual leptons. We will use the term polarization observables to

refer to the coefficients Ai or the polarization fractions below defined.

Polarizations of the gauge bosons can be described using a spin-density matrix. In the

DPA and at LO, for the process at hand, this matrix reads

ρ
Vj
λλ′ = C

∑
sq ,sl

A∗q̄q′→lil′iVj (λ, sq, sl)Aq̄q′→lil′iVj (λ
′, sq, sl), (2.27)

where sq and sl denote the set of quark and lepton helicities, respectively and C is a

normalization factor determined from the condition Tr(ρVj ) = 1. Since ρVj is Hermitian,

the spin-density matrix is parameterized by eight coefficients, equivalent to the definition by

eq. (2.26). It is noted that the matrix ρVj is independent of the decay Vj → ljl
′
j . However,

when we calculate the angular coefficients by using eq. (2.26) at NLO EW, they receive

contributions from EW corrections to the decays. These effects are therefore interesting

and deserve special attention.

At LO in the EW coupling and for a single V resonance, direct relations between the

angular coefficients and the elements of the spin-density matrix of the gauge boson can be

proved as shown in refs. [12, 61] for the W boson and in ref. [14] for the Z boson. This

is the reason why the angular coefficients are also called spin or polarization observables.

We give here the explicit relations between the angular coefficients and the spin-density

matrix elements ρij with i, j = +, 0,−, that can be directly read off from the results of

refs. [12, 14],

A0 = 2ρ00, A1 =
1√
2

(ρ+0 − ρ−0 + ρ0+ − ρ0−),

A2 = 2(ρ+− + ρ−+), A3 =
√

2b(ρ+0 + ρ−0 + ρ0+ + ρ0−),

A4 = 2b(ρ++ − ρ−−), A5 =
1

i
(ρ−+ − ρ+−),

A6 = − 1

i
√

2
(ρ+0 + ρ−0 − ρ0+ − ρ0−), A7 =

√
2b

i
(ρ0+ − ρ0− − ρ+0 + ρ−0), (2.28)

where b = 1 for the W± bosons and b = −c for the Z boson, with

c =
g2
L − g2

R

g2
L + g2

R

=
1− 4s2

W

1− 4s2
W + 8s4

W

, s2
W = 1− M2

W

M2
Z

. (2.29)
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Numerically, we have c ≈ 0.21. Since Ai are real, we see that A5, A6, A7 come from the

imaginary part of the spin-density matrix elements.

We can also calculate the three coefficients fL, fR, and f0, called fiducial polarization

fractions and defined as (see e.g. [7, 8])

dσ

σdcos θ3
≡ 3

8

[
(1∓ cos θ3)2fW

±
L + (1± cos θ3)2fW

±
R + 2 sin2 θ3f

W±
0

]
, (2.30)

dσ

σdcos θ6
≡ 3

8

[
(1 + cos2 θ6 + 2c cos θ6)fZL + (1 + cos2 θ6 − 2c cos θ6)fZR + 2 sin2 θ6f

Z
0

]
,

where the upper signs are for W+ and the lower signs are for W−, c defined in eq. (2.29)

ocurring because the Z boson decays into both left- and right-handed muons.

To see the relations between the polarization fractions and angular coefficients, we

perform the integration over φ ∈ [0, 2π] of eq. (2.26). We obtain

dσ

σdcos θ
=

3

8

[
(1 + cos2 θ) +A0

1

2
(1− 3 cos2 θ) +A4 cos θ

]
. (2.31)

Defining the expectation of observables f(θ) and g(θ, φ) as

〈f(θ)〉 =

∫ 1

−1
dcos θf(θ)

1

σ

dσ

dcos θ
, (2.32)

〈g(θ, φ)〉 =

∫ 1

−1
dcos θ

∫ 2π

0
dφg(θ, φ)

dσ

σdcos θdφ
, (2.33)

which can be calculated from cos θ and cos θ-φ distributions, we have

A0 = 4− 〈10 cos2 θ〉, A1 = 〈5 sin 2θ cosφ〉, A2 = 〈10 sin2 θ cos 2φ〉, A3 = 〈4 sin θ cosφ〉,
A4 = 〈4 cos θ〉, A5 = 〈5 sin2 θ sin 2φ〉, A6 = 〈5 sin 2θ sinφ〉, A7 = 〈4 sin θ sinφ〉,

(2.34)

which agree with ref. [7]. We then obtain (see also ref. [7] for the W± bosons and ref. [8]

for the Z boson),

fW
±

L = −1

2
∓ 〈cos θ3〉+

5

2
〈cos2 θ3〉, fW

±
R = −1

2
± 〈cos θ3〉+

5

2
〈cos2 θ3〉,

fW
±

0 = 2− 5〈cos2 θ3〉, (2.35)

fZL = −1

2
+

1

c
〈cos θ6〉+

5

2
〈cos2 θ6〉, fZR = −1

2
− 1

c
〈cos θ6〉+

5

2
〈cos2 θ6〉,

fZ0 = 2− 5〈cos2 θ6〉, (2.36)

which satisfy fL+fR+f0 = 1. The relations between the polarization fractions and angular

coefficients read

fW
±

L =
1

4

(
2−AW±0 ∓AW±4

)
, fW

±
R =

1

4

(
2−AW±0 ±AW±4

)
, fW

±
0 =

1

2
AW

±
0 ,

fZL =
1

4

(
2−AZ0 +

1

c
AZ4

)
, fZR =

1

4

(
2−AZ0 −

1

c
AZ4

)
, fZ0 =

1

2
AZ0 . (2.37)
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In the present work, we will go beyond the DPA and beyond LO. Realistic cuts on the

individual lepton momenta as used by ATLAS or CMS are also required. The eight angular

coefficients are therefore no longer enough to describe the angular distributions [8, 61].

However, the equations from (2.32) to (2.37) can still be used. The coefficients Ai are

now defined as the projections of realistic angular distributions calculated with full matrix

elements at any order in perturbation theory and with arbitrary cuts on the individual

leptons. This definition has been used and discussed in ref. [8].

To distinguish with the usual polarization observables used for the case of full lep-

ton phase space such as in W + jets production [7], we will refer to those as inclusive

polarization observables. When cuts on the individual lepton momenta are used, we call

them fiducial polarization observables or fiducial angular coefficients. When moving from

the full phase space to fiducial phase space, the cuts on pT,` and η` reduce event frac-

tion at | cos θ`,V | ≈ 1. Therefore, the fiducial longitudinal fractions fV0 are larger than the

corresponding inclusive fractions.

The effects of EW corrections on the gauge-boson decays for the fiducial polarization

coefficients will be shown in appendix D, where effects from EW corrections to the pro-

duction process q̄q′ → lil
′
iVj are also presented. In this appendix, one can also compare

the full LO to the DPA LO results to see the off-shell effects, which are not present in the

DPA approximation.

It is important to note that σ in eq. (2.26) and eq. (2.30) can be replaced by a differ-

ential distribution such as [8]

σ → dσ

dpT,V
,

dσ

dpT,`
, . . . . (2.38)

From the cos θ-pT,V distribution we can calculate dσL,R,0/dpT,V . In this paper, we will

show fiducial polarization results for pT,W , pT,Z , ηZ (pseudo-rapidity), and yZ (rapidity)

distributions as the corresponding results for the inclusive polarization fractions exist, while

it is not the case for the individual lepton momentum distributions. Results for dσ/dpT,`
and for dσ/dy` in W + jets production have been presented in ref. [8]. We however do not

discuss them in this work.

We now address the issue of choosing a coordinate system. In this work, we will

consider and compare two coordinate systems:

• Helicity (HE) coordinate system. This coordinate system is defined in ref. [7], where

the z′-axis (the prime is used to denote the gauge-boson rest frame) is along the

momentum of the gauge boson in the laboratory frame (pV ). The exact definitions of

x′ and y′ axes are given in ref. [7] and a representation of the HE coordinate system

is depicted in figure 3 (left).

• Collins-Soper (CS) coordinate system. This coordinate system was defined in ref. [9].

We use in our paper the convention followed by refs. [6, 17]. The z′-axis is defined as

follows. Let P1 = (E, 0, 0,+E) and P2 = (E, 0, 0,−E) are the momenta of the two

protons in the laboratory frame. Then P ′1 and P ′2 are the corresponding momenta in

the gauge boson rest frame. The z′-axis is the bisector of ~P1 and −~P2. Furthermore,
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z’

x’

Helicity
y’

P’
1

P’2p
V

p’
l

x’

z’

Collins−Soper
y’

P’
1 P’2

p
V

p’
l

Figure 3. Representation of the HE coordinate systems (left) and the CS coordinate systems

(right), in the rest frame of the vector boson V under consideration. The corresponding angle θ for

the charged lepton is also defined.

the z′-axis points into the hemisphere of pV . The x′ − z′ plane is the plane of P ′1
and P ′2. The x′-axis is perpendicular to the z′-axis and points into the hemisphere of

−( ~P ′1 + ~P ′2). The coordinate system is right-handed, which defines the y′-axis. A

representation of the CS coordinate system is depicted in figure 3 (right).

3 Numerical setup and theoretical uncertainties

In this section we specify our input parameters, which are used to obtain numerical results

presented in section 4, section 5, and appendix D. Our best results at NLO QCD+EW

are calculated using the full NLO QCD matrix elements combined with the NLO EW

corrections calculated using the DPA.

3.1 Input parameters and definition of kinematical cuts

The input parameters are

Gµ = 1.16637×10−5 GeV−2, MW = 80.385GeV, MZ = 91.1876GeV, (3.1)

ΓW = 2.085GeV, ΓZ = 2.4952GeV, Mt = 173GeV, MH = 125GeV,

essentially based on ref. [62] and are the same as the ones used in ref. [20]. The masses of

the leptons and the light quarks, i.e. all but the top mass, are approximated as zero. This

is justified because our results are insensitive to those small masses. The electromagnetic

coupling is calculated as αGµ =
√

2GµM
2
W (1−M2

W /M
2
Z)/π.

We will give results for the LHC running at a center-of-mass energy
√
s = 13 TeV.

We will consider ATLAS and CMS cuts for their corresponding fiducial phase space, both

for e+νe µ
+µ− and e−ν̄e µ+µ− final states. We treat the extra parton occurring in the

NLO QCD corrections inclusively and we do not apply any jet cuts. We also consider the

possibility of lepton-photon recombination, where we redefine the momentum of a given

charged lepton ` as being p′` = p` + pγ if ∆R(`, γ) ≡
√

(∆η)2 + (∆φ)2 < 0.1 for ATLAS

and CMS cuts. This recombination is done before applying the following kinematical cuts
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ATLAS fiducial CMS fiducial

pT,µ > 15 GeV, pT,e > 20 GeV, |η`| < 2.5,

∆R (e, µ±) > 0.3, ∆R (µ+, µ−) > 0.2,∣∣mµ+µ− −MZ

∣∣ < 10 GeV, mT,W > 30 GeV

pleading
T,µ > 20 GeV, psub-leading

T,µ > 10 GeV,

pT,e > 20 GeV, |η`| < 2.5,

60 GeV < mµ+µ− < 120 GeV

Table 1. List of the cuts used in our fiducial-phase-space analysis at the 13 TeV LHC, depending

on the experiment under consideration. They are extracted from refs. [27, 28].

related to the charged leptons. For ATLAS we also define this transverse mass,

mT,W ≡
√

2pT,νpT,e[1− cos ∆φ(e, ν)], (3.2)

where ∆φ(e, ν) is the angle between the electron and the neutrino in the transverse

plane [27]. The sets of cuts are identical for e+νe µ
+µ− and e−ν̄e µ+µ− final states. We

use ` for either e or µ.

The cuts for ATLAS at 13 TeV are given in ref. [27]. The CMS cuts for 13 TeV are

given in ref. [28]. The complete list of the cuts we have used for our analysis is summarized

in table 1.

3.2 Theoretical uncertainties

We consider two sources of theoretical uncertainties in this work. The first uncertainty

we consider comes from the truncation of the perturbative expansion at a given order.

This truncation leads to a dependence of the cross section on two unphysical scales, the

renormalization scale µR and the factorization scale µF . We evaluate the scale uncertainties

by varying independently these two scales as nµ0/2 with n = 1, 2, 4 and µ0 = (MW +MZ)/2

being our central scale choice. We further use the constraint 1/2 ≤ µR/µF ≤ 2 to limit the

number of scale choices to seven at NLO QCD. It is noted that µR does not appear at LO

and hence there are only three possibilities for choosing µF .

The second uncertainty we consider is due to the uncertainties in the determination of

the PDFs. We use the 30 Hessian error sets provided by LUXqed17_plus_PDF4LHC15_nnlo

to calculate the PDF uncertainty as [44]

∆PDFσ =

√√√√ 30∑
i=1

(σi − σ0)2, (3.3)

where σi stands for the calculation using the ith error set and σ0 stands for the calculation

using the central set. Note that eq. (3.3) will also be used for the calculation of the

PDF uncertainty affecting the polarization observables and their associated kinematical

distributions presented in section 5.

In the numerical results, we will present also the NLO QCD+EW predictions calculated

with the central PDF set and with the central scale µ0. The PDF and scale uncertainties are

calculated using the NLO QCD results. This is acceptable as long as the EW corrections are

small. In the ideal case, the EW corrections should also be calculated for all members of the
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PDF set and for all scale choices, and then the NLO QCD+EW errors would be computed

from there. This is more important for the polarization observables as the combination

of QCD and EW corrections is not a linear summation, see the discussion in section 5.1.

This step is however not done in the present work as it requires a lot of computing power,

since the calculation of the EW corrections is much more complicated than the QCD one.

Besides, the information we would get when performing such a full analysis is expected not

to be substantially different from our current analysis, given the size of the uncertainties

(see section 5 and appendix C).

In the following the PDF errors are indicated in round brackets, statistical errors in

square brackets, and the scale errors being asymmetric are indicated using upper and lower

superscripts, unless otherwise stated.

It is noted that the calculation of the statistical error for polarization observables

defined by eq. (2.32) and eq. (2.33) are nontrivial as the correlations between different bins

are unknown. As a simple exercise, one can try to calculate the total cross section and

its statistical error from a two-dimensional distribution, say the LO cos θHE
e distribution

shown in figure 13, and compare them with the known results in table 2. One will see

that there is agreement for the central value but not for the error. If we sum the errors

of all the bins linearly, it overshoots the true value (that is the one given in the table)

by a factor of 4. If summation in quadrature is used, then it undershoots by a factor of

1/2. Moreover, for three-dimensional distributions, the statistical error for each bin is not

known in many Monte-Carlo programs including the VBFNLO code. And it gets worse when

higher-order corrections are included, because the calculation of the statistical error for

every bin becomes more difficult and therefore unreliable.

Fortunately, in the framework of Monte-Carlo method, there is a simple way to get

an estimate for the statistical errors for any observables independently of the complexity

of the calculation, that is to use different random-number seeds to get a list of central

values. From this list the mean value and an estimate for the statistical error are obtained

as follows

σ̄ =
1

N

N∑
i=1

σi, ∆σ =
1√
N − 1

√√√√ N∑
i=1

(σi − σ̄)2, (3.4)

where N is the number of random seeds. Using this method for the cos θHE
e distribution

above mentioned, we get the LO cross section, for the e+νeµ
+µ− final state with the AT-

LAS fiducial cuts, 19.345 ± 0.003 fb with N = 10, which is in good agreement with the

value of 19.344± 0.002 fb obtained by using the standard Monte-Carlo integration method

with one random seed. This method also helps to smooth out statistical fluctuations,

thereby giving nicer plots for distributions. All numerical results for kinematical distribu-

tions and polarization observables presented in this paper are obtained using this method

with N = 50 (10) for the NLO QCD (EW) results. For polarization observables, there are

actually two ways to do the seed average. One method is to do the seed average for all rel-

evant distributions to get the seed-combined distributions first. Then from these combined

distributions we proceed to calculate polarization observables. The second method is to
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calculate the polarization observables for every seed first, then combine these observables

using eq. (3.4). We have checked that both methods give the same central values, but the

second way provides also the statistical errors.

Finally, we remark that the statistical errors are very small compared to the PDF and

scale uncertainties. They will be therefore not indicated, unless where necessary.

4 Results for fiducial cross sections and kinematical distributions

We present in this section our results for the cross section in the fiducial phase space, in-

cluding scale and parton distribution function (PDF) uncertainties, as well as a selection of

kinematical distributions. Our results are presented in such a way that direct comparisons

between the full calculation of ref. [24] and our DPA for the NLO EW corrections are

possible. For this comparison, it is noted that the input parameter scheme of ref. [24] is

different from ours as follows. Ref. [24] uses the complex mass scheme, which introduces

a shift in s2
W and other parameters due to the widths of the W and Z bosons. They

used a non-diagonal CKM matrix, taking into account the effect of the Cabibbo mixing

angle. Lastly, they used the first version of LUXqed_plus_PDF4LHC15_nnlo_100 for PDF

set, while we use the latest version. The difference on the photon PDF is very minor [43],

and since both versions use PDF4LHC15_nnlo the differences on the quark and gluon PDFs

should be also negligible. These effects on the fiducial cross sections are quantified at the

end of section 4.1. The total difference is small, of about 1% for the ATLAS fiducial cross

sections at full LO.

4.1 Fiducial cross sections

We start this subsection by presenting a comparison of our results for the cross sections with

the experimental measurements from ATLAS and CMS. It is important to note that our

predictions are not the state-of-the-art as we are not including the NNLO QCD corrections

that would amount to ' +10% [23]. Nevertheless we wish to do an NLO comparison to

confirm that we do use the same setup as ATLAS and CMS.

The latest ATLAS results, obtained with 36 fb−1 of data, allow for a comparison chan-

nel by channel. In table 4 of ref. [33] we find the following results,

σATLASfid
e+µ+µ− = 36.7± 2.5 fb, σATLASfid

e−µ+µ− = 25.7± 2.1 fb, (4.1)

to be compared to our NLO QCD+EW results,

σth,ATLASfid
e+µ+µ− = 34.7± 0.5 (PDF) + 1.8/− 1.5 (scale)− 0.8 (NLOEW) fb,

σth,ATLASfid
e−µ+µ− = 24.1± 0.4 (PDF) + 1.3/− 1.1 (scale)− 0.6 (NLOEW) fb. (4.2)

Comparing eq. (4.1) and eq. (4.2) we get about 1σ agreement between ATLAS experimental

results and our theoretical predictions at NLO.
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Cut Process LO [fb] DPA LO [fb] δq̄q′(%) δqγ(%) δdW (%) δdZ(%) δNLOEW(%)

ATLAS fid. e+νeµ
+µ− 19.344[2] 18.740[2] −6.10 +1.76 −1.20 −3.55 −4.34

ATLAS fid. e−ν̄eµ+µ− 13.001[1] 12.987[1] −6.11 +1.86 −1.15 −3.55 −4.25

CMS fid. e+νeµ
+µ− 24.6225[4] 23.510[2] −3.63 +1.77 −1.09 −1.19 −1.86

CMS fid. e−ν̄eµ+µ− 16.3205[2] 16.157[1] −3.62 +1.90 −1.05 −1.16 −1.72

Table 2. Born cross sections in fb obtained using the full and DPA matrix elements with the ATLAS

and CMS fiducial cuts. The EW corrections in percentage calculated using DPA normalized to the

LO are also shown.

The latest CMS results we get in the literature have been obtained with 2.3 fb−1 of data

and collect together W+ and W− channels as well as all leptonic decay modes [28], reading

σCMSfid
W±Z = 258± 30 fb. (4.3)

Our NLO QCD+EW predictions for the leptonic channel e±νe µ
+µ− read

σth,CMSfid
e+µ+µ− = 44.7± 0.7 (PDF) + 2.4/− 1.9 (scale)− 0.5 (NLOEW) fb,

σth,CMSfid
e−µ+µ− = 30.7± 0.5 (PDF) + 1.7/− 1.4 (scale)− 0.3 (NLOEW) fb. (4.4)

We can combine the results in eq. (4.4) by assuming the same cross-section for the four

different leptonic modes e±µ+µ−, µ±e+e−, e±e+e−, µ±µ+µ−, and adding our predictions

for W+ and W− channels. Adding the uncertainties in quadrature, we finally obtain at

NLO QCD+EW

σth,CMSfid
W±Z = 302± 2 (PDF) + 6/− 5 (scale)− 3 (NLOEW) fb. (4.5)

We compare our prediction in eq. (4.5) with the experimental result in eq. (4.3) and obtain

a 1.3σ agreement at NLO.

To shed light on the goodness of the DPA and to compare with the full results of

ref. [24], we present in table 2 the LO, DPA LO, and the NLO EW corrections calculated

using DPA relative to the LO results with the ATLAS and CMS fiducial cuts. The defi-

nitions of the corrections δq̄q′ and δqγ are the same as those in ref. [24] and are given in

eq. (4.7). We observe that the DPA cross sections are smaller than the full results, with the

difference about −3 (−5)% for the W+Z channel with the ATLAS (CMS) fiducial cuts. For

the W−Z case, the differences are much smaller. The corrections to the decays of the W

and Z bosons, defined in section 2.2, are also separately shown. These are new compared

to our previous results for OS production [20].

Before commenting on the differences between our results and those of ref. [24], it is

important to know the effects of the differences in the input parameter schemes as above

mentioned. We have checked at the full LO with the ATLAS fiducial cuts that setting the

Cabibbo angle to zero as in this work increases the cross section about 0.7 (0.9)% compared

to the case of sin θc = 0.225 as used in ref. [24] for the W+Z (W−Z) channels. We have

also implemented the complex-mass scheme of ref. [24], i.e. taking into account the shifts in

MV , ΓV (with V = W,Z), αGµ , s2
W due to Γos

V as in their section 3.1, and obtained that this
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effect is about 0.2% for both channels, with the complex-mass scheme cross sections being

smaller. The differences due to different versions of the PDF set are completely negligible

as expected. Overall, the differences in the input parameters between ref. [24] and this

work are about 1% for both channels, which are essentially the sum of those two effects.

Comparing to the results of ref. [24] for the ATLAS fiducial cuts, we see good agreement

for δqγ and δq̄q′ individually. As seen in the following section 4.2, similar agreement is also

obtained for several kinematical distributions. Comparisons between the DPA with non-

factorizable corrections included and the full results for the case of pp → W+W− →
νµµ

+e−ν̄e +X and of e+e− → W+W− → 4 fermions have been presented in ref. [63] and

ref. [64], respectively. Good agreement has also been observed there.

4.2 Kinematical distributions: W+Z channel

In order to get more insight into the theoretical uncertainties affecting the process we study

a selection of differential distributions including the scale and PDF uncertainties at NLO

QCD. We limit our discussion to the W+Z channel and present the corresponding plots for

theW−Z channel in appendix B. We first start with the transverse momentum distributions

of the e+νe and µ+µ− systems and we display in figure 4 the predictions using the ATLAS

fiducial cuts and in figure 10 the predictions using the CMS fiducial cuts. The transverse

momentum distribution of the neutrino and rapidity distribution of the µ+µ− system are

also shown in those figures (bottom row). In both cases we also display the total theoretical

uncertainty calculated as a linear sum of PDF and scale uncertainties at NLO QCD, shown

as bands around the central prediction calculated at µF = µR = (MW +MZ)/2. We follow

the recommendations of ref. [65] to combine PDF and scale uncertainties linearly. This

procedure was also implemented in ref. [29] by ATLAS. Cross sections at NLO QCD+EW

are also displayed in blue, and the LO predictions in green, in the top panels.

In the middle panels we display the K-factor defined as

KNLOQCD =
dσNLOQCD

dσLO
. (4.6)

Please note that we use the same NNLO PDF set in the numerator and the denominator.

In the bottom panels we show the NLO EW corrections calculated using DPA as explained

in section 2.2 relative to the full and DPA Born cross sections. These corrections are

defined as

δq̄q′ =
d∆σNLOEW

q̄q′

dσLO
, δqγ =

d∆σNLOEW
qγ

dσLO
,

δDPA
q̄q′ =

d∆σNLOEW
q̄q′

dσLO
DPA

, δDPA
qγ =

d∆σNLOEW
qγ

dσLO
DPA

. (4.7)

The total NLO EW correction is the sum of δq̄q′ and δqγ . Those EW corrections are defined

in the same way as in ref. [24], thereby enabling direct comparisons of our DPA NLO EW

corrections to the full results.
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Figure 4. Distributions of the transverse momentum of the e+νe (top left) and µ+µ− (top right)

systems and of the neutrino (bottom left) in the processes pp → e+νe µ
+µ− + X at the 13 TeV

LHC with the ATLAS fiducial cuts. Rapidity distribution of the µ+µ− system is also displayed at

the bottom right corner. The upper panels show the absolute values of the cross sections at LO (in

green), NLO QCD (red), and NLO QCD+EW (blue). The middle panels display the ratio of the

NLO QCD cross sections to the corresponding LO ones. The bands indicate the total theoretical

uncertainty calculated as a linear sum of PDF and scale uncertainties at NLO QCD. The bottom

panels show the NLO EW corrections (see text) calculated using DPA relative to the full LO

(marked with plus signs) and DPA LO cross sections.
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Figure 5. Same as figure 4 but for the transverse momentum and pseudo-rapidity distributions of

the positron (top row) and the muon (bottom row).

As already observed in OS production [20], the K-factors in the pT distributions are

increasing over the pT range to reach high values at high transverse momentum because

of soft weak boson emission in the quark-gluon and quark-photon induced processes. For

example, it reaches KNLOQCD = 6.5 at pT,W = 600 GeV and KNLOQCD ' 8 at pT,Z =

600 GeV. The same observation is true for the transverse momentum distributions of the

individual final-state leptons displayed in figure 4 and figure 5. The uncertainties are also

increasing from close to ±5% at low pT up to ' ±40% at high pT . Similar distributions

can be obtained with the CMS fiducial cuts, as displayed in figure 10 and figure 11. In

that case, the K factors are a bit smaller and the uncertainties are also smaller, reaching

' ±20% at high pT , closer to the uncertainties that can be obtained in the OS production.

The EW corrections are nearly identical when using DPA or full LO matrix elements

for the transverse momenta of the e+νe and µ+µ− systems, as well as for the individual

muons. The Sudakov regime of the q̄q′ contribution is cancelled by the quark-photon
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Figure 6. Same as figure 4 but for the azimuthal-angle difference (top row) and the rapidity differ-

ence (bottom row) between the µ+ and e+ (left column) and between the µ− and e+ (right column).

W+

Z/γ

e+

µ+

µ−

νe

~pT,2µe

~pT,νe

q̄

q′

W+

Z

νe

µ+

µ−

e+

~pT,2µνe

~pT,e

q̄

q′

Figure 7. Illustration of the diagrammatic structures non present in the DPA and that dominate

the pT,e distribution (left) and the pT,ν distribution (right), for high transverse momentum.
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induced contributions that reach +20% at pT,W/Z = 600 GeV. The distributions of the

individual final-state leptons of the W boson system, however, display differences between

the DPA and the full LO matrix elements. This can be traced back to the contribution

of a Z radiated off the electron or the neutrino and splitting into the di-muon pair. This

contribution, displayed in figure 7, does not exist in the DPA and can lead to a higher pT,e/ν
due to the hard µ+µ− system that needs to be balanced by the transverse momentum of

the electron or the neutrino. The EW corrections calculated with the full LO matrix

elements should then be smaller in magnitude than the corresponding EW corrections

with the DPA matrix elements, as observed in figure 4 (lower left) and figure 5 (upper

left). The same is true for the CMS fiducial cuts as displayed in figure 10 (lower left) and

figure 11 (upper left). Similar differences between the DPA and the full results for the case

of pp→W+W− → νµµ
+e−ν̄e +X have been discussed in ref. [63].

The Z boson rapidity distribution displayed in figure 4 (lower right) as well as the

pseudo-rapidity distributions of the charged leptons displayed in figure 5 (right-hand side)

show non-constant K-factors of order 2 and EW corrections close to −4%, summing the

quark-photon induced contributions and the q̄q′ contributions.

The theoretical uncertainties at NLO are limited to ' ±5%. We remind that the

' +10% correction stemming from the NNLO QCD corrections [23] is not included there.

Similar distributions are also obtained for the CMS fiducial cuts displayed in figure 10

(lower right) and figure 11 (right-hand side).

We also display azimuthal-angle difference distributions in figure 6 (ATLAS fiducial

cuts) and figure 12 (CMS fiducial cuts), that can be directly compared to ref. [24]. Other

distributions including pT,Z , pT,νe , pT,e, yZ , η`, . . ., can be compared as well. Comparing

our kinematical distributions to those of ref. [24], we observe good agreement in shape and

magnitude for δq̄q′ and δqγ corrections individually.

For completeness, we also display the cos θ and φ distributions in figure 8 and figure 9

respectively, for ATLAS fiducial cuts. The corresponding distributions for the CMS fiducial

cuts are given in figure 13 and figure 14. The Helicity coordinate system is displayed on

the left-hand side while the Collins-Soper coordinate system is displayed on the right-hand

side, in all plots. The K-factors are not constant and the theoretical uncertainties are quite

limited, ranging from ' ±5% to ' ±20%. In all distributions, the DPA and the full LO

matrix elements give the same EW corrections.
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Figure 8. Same as figure 4 but for the cos θ distributions of the electron (top row) calculated in the

Helicity (left) and Collins-Soper (right) coordinate systems. The same distributions for the muon

are shown in the bottom row.
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Figure 9. Same as figure 4 but for the azimuthal-angle distributions of the electron (top row)

calculated in the Helicity (left) and Collins-Soper (right) coordinate systems. The same distributions

for the muon are shown in the bottom row.
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Figure 10. Same as figure 4 but with the CMS fiducial cuts.
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Figure 11. Same as figure 5 but with the CMS fiducial cuts.
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Figure 12. Same as figure 6 but with the CMS fiducial cuts.
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Figure 13. Same as figure 8 but with the CMS fiducial cuts.
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Figure 14. Same as figure 9 but with the CMS fiducial cuts.
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5 Numerical results for fiducial polarization observables: W+Z channel

5.1 Fiducial angular coefficients and polarization fractions: W+Z channel

We start the discussion of the fiducial polarization observables with a presentation of the

NLO QCD and EW predictions for the angular coefficients and the polarization fractions

including PDF and scale uncertainties. We will also display the LO results to get an

insight into the size of the NLO corrections. We calculate the polarization coefficients via

the numerical integration of the cos θ− φ distributions while the polarization fractions are

calculated via the numerical integration of cos θ distributions. The statistical uncertainty

in the case of the NLO QCD predictions is found to be negligible compared to the PDF

or scale uncertainty and is not given. We use the bin-averaging method for the numerical

integration, that gives for n× n bins [ai, bi]× [cj , dj ],

〈f(θ)〉 =

∫ 1

−1
dcos θf(θ)

dσ

σdcos θ
' 1

σ

n∑
i=1

(
dσ

dcos θ

)
i

fi, (5.1)

〈g(θ, φ)〉 =

∫ 1

−1
dcos θ

∫ 2π

0
dφg(θ, φ)

dσ

σdcos θdφ
' 1

σ

∑
1≤i,j≤n

(
dσ

dcos θdφ

)
ij

gij , (5.2)

with

fi =
1

bi − ai

∫ bi

ai

f(θ)dcos θ, gij =
1

(bi − ai)
(
dj − cj

) ∫ bi

ai

dcos θ

∫ dj

cj

dφg(θ, φ), (5.3)

where the integrals in eq. (5.3) are analytically performed.

Another obvious choice to calculate fi and gij reads, for each bin,

fi = f(θi), gij = g(θi, φi), (5.4)

where θi and φi correspond to the middle of the bin. We have checked that results obtained

from both methods are in good agreement. In the following, all numerical results are

calculated using the bin-averaging method.

The results for the fiducial coefficients A0−7, depending on the choice of the coordinate

system (either HE or CS as defined in section 2.3), obtained using the full NLO QCD matrix

elements and the EW corrections in the DPA, are presented in table 3 (for the W boson)

and table 4 (for the Z boson) for the process pp → e+νe µ
+µ− + X using the ATLAS

fiducial cuts. The corresponding results using the CMS fiducial cuts are given in table 5

and table 6. The QCD corrections are always sizable in all coordinate systems, while the

EW corrections are more limited. As already seen in W+ + j production at the LHC [7],

the inclusive coefficients A5, A6, and A7 are very small even after taking into account the

QCD corrections. The higher-order corrections can sometimes switch the sign of these

coefficients, see e.g. Ae
+

7 in the HE coordinate system. The smallness of these coefficients

can be understood from the DPA LO results provided in appendix D, where we can see

that they are all consistently zero within the statistical errors, independent of the cuts or

the coordinate system. This is also in line with the fact that those coefficients are, at the
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Method A0 A1 A2 A3 A4 A5 A6 A7

HE LO 1.026(2)+5
−6 −0.286(2)+4

−3 −1.314(2)+3
−3 −0.251(2)+2

−2 −0.447(7)+3
−3 −0.002(0.2)+0.03

−0 −0.001(0.3)+0.1
−0.1 −0.004(0.2)+0.1

−0.02

HE NLOEW 1.028 −0.284 −1.324 −0.252 −0.438 −0.004 −0.004 0.003

HE NLOQCD 1.016(1)+3
−4 −0.326(2)+2

−3 −1.413(2)+10
−12 −0.229(1)+2

−1 −0.295(7)+11
−11 −0.001(1)+0.1

−0.2 −0.0002(6)+3
−2 0.003(1)+1

−0.5

HE NLOQCDEW 1.017 −0.326 −1.420 −0.229 −0.287 −0.002 −0.002 0.007

CS LO 1.397(3)+4
−5 0.229(1)+3

−3 −0.945(1)+2
−2 0.003(2)+0.3

−1 −0.613(8)+4
−4 −0.0002(3)+0.1

−1 0.002(0.3)+0.1
−0.04 0.004(0.2)+0.01

−0.1

CS NLOEW 1.402 0.225 −0.952 0.008 −0.608 0.001 0.006 −0.003

CS NLOQCD 1.513(3)+7
−7 0.192(1)+2

−2 −0.918(3)+2
−2 0.061(4)+4

−4 −0.469(6)+10
−10 −0.0001(11)+0

−3 0.001(0.5)+0.3
−0.2 −0.003(0.4)+1

−1

CS NLOQCDEW 1.518 0.189 −0.921 0.065 −0.463 0.0004 0.003 −0.007

Table 3. Fiducial angular coefficients of the e+ distribution for the process pp→ e+νe µ
+µ− +X

at LO, NLO EW, NLO QCD and NLO QCD+EW at the 13 TeV LHC with the ATLAS fiducial

cuts. Results are presented for two coordinate systems: the helicity (HE) and Collins-Soper (CS)

coordinate systems. The PDF uncertainties (in parenthesis) and the scale uncertainties are provided

for the LO and NLO QCD results, all given on the last digit of the central prediction.

Method A0 A1 A2 A3 A4 A5 A6 A7

HE LO 1.035(2)+2
−2 −0.304(1)+2

−1 −0.705(1)+0.3
−1 0.063(1)+0.04

−0.1 −0.017(1)+1
−1 −0.007(0.4)+0.1

−0 −0.007(0.2)+0
−0.2 0.003(0.2)+0

−0.1

HE NLOEW 1.039 −0.307 −0.717 0.050 −0.020 −0.007 −0.008 0.003

HE NLOQCD 0.985(2)+5
−6 −0.306(1)+4

−3 −0.734(1)+2
−2 0.031(1)+2

−2 0.003(1)+1
−1 −0.004(1)+0.3

−0.4 −0.004(1)+0.3
−0.2 0.003(1)+0.2

−0

HE NLOQCDEW 0.986 −0.308 −0.742 0.023 0.001 −0.004 −0.004 0.003

CS LO 1.254(2)+2
−3 0.239(2)+2

−2 −0.488(1)+1
−1 −0.061(0.3)+0.3

−0.4 0.035(1)+1
−1 −0.0001(3)+1

−0 0.010(0.3)+0.1
−0.004 −0.003(0.2)+0.1

−0

CS NLOEW 1.266 0.234 −0.493 −0.053 0.023 0.001 0.012 −0.003

CS NLOQCD 1.267(2)+4
−4 0.221(1)+1

−1 −0.455(2)+2
−2 −0.021(1)+3

−3 0.023(1)+1
−1 0.0004(6)+2

−2 0.006(0.5)+0.2
−0.4 −0.003(1)+0

−0.1

CS NLOQCDEW 1.273 0.218 −0.457 −0.016 0.016 0.001 0.007 −0.003

Table 4. Same as table 3 but for the µ− distribution.

Method A0 A1 A2 A3 A4 A5 A6 A7

HE LO 0.897(2)+5
−6 0.088(3)+6

−5 −0.626(2)+4
−3 −0.373(3)+3

−4 −0.488(8)+3
−4 −0.002(0.3)+0.1

−0 −0.001(0.3)+0.04
−0 −0.003(0.3)+0

−0.05

HE NLOEW 0.899 0.092 −0.625 −0.374 −0.480 −0.004 −0.004 0.003

HE NLOQCD 0.913(1)+2
−3 0.023(2)+4

−4 −0.672(1)+3
−3 −0.321(2)+3

−3 −0.325(7)+12
−11 −0.001(1)+0.2

−0.2 −0.0003(5)+3
−2 0.003(0.5)+0.5

−1

HE NLOQCDEW 0.915 0.025 −0.672 −0.321 −0.319 −0.002 −0.002 0.006

CS LO 0.760(4)+8
−9 0.196(1)+3

−3 −0.764(1)+1
−1 0.052(2)+0.4

−1 −0.723(9)+4
−6 −0.00003(28)+2

−1 0.002(0.4)+0
−0.1 0.003(0.3)+0.05

−0

CS NLOEW 0.758 0.192 −0.767 0.057 −0.719 0.001 0.006 −0.003

CS NLOQCD 0.875(3)+7
−6 0.172(1)+1

−2 −0.711(3)+4
−4 0.097(4)+3

−3 −0.551(7)+12
−11 −0.0002(6)+1

−1 0.001(1)+0.2
−0.2 −0.003(0.5)+1

−0.5

CS NLOQCDEW 0.875 0.170 −0.712 0.100 −0.547 0.0002 0.003 −0.007

Table 5. Same as table 3 but with the CMS fiducial cuts.

DPA LO and in the inclusive phase-space limit, proportional to the imaginary parts of the

spin-density matrix elements as shown in eq. (2.28), therefore expected to be vanishing.

The scale and PDF uncertainties are very small, at maximum a few percents, as expected

from an observable built over a ratio of cross sections.

The results for the fiducial polarization fractions fL, fR, and f0 are given in table 7

for the case of the ATLAS fiducial cuts, while the results for the CMS fiducial cuts are

displayed in table 8. It is noted that these fractions can be also calculated from the angular

coefficients provided in table 3 and table 4. The results of the ATLAS and CMS fiducial

cuts are similar in the HE coordinate system, except that the L and R fractions are higher

with the CMS fiducial cuts than with the ATLAS fiducial cuts. In the CS coordinate

– 31 –



J
H
E
P
0
4
(
2
0
1
9
)
0
6
5

Method A0 A1 A2 A3 A4 A5 A6 A7

HE LO 0.858(3)+3
−4 −0.273(1)+1

−1 −0.570(1)+0.5
−1 0.068(1)+0.1

−0 −0.022(1)+1
−1 −0.007(0.2)+0.1

−0 −0.006(0.2)+0.1
−0.1 0.003(0.2)+0.1

−0.02

HE NLOEW 0.855 −0.282 −0.574 0.055 −0.026 −0.007 −0.008 0.002

HE NLOQCD 0.785(2)+8
−9 −0.300(1)+3

−2 −0.592(2)+1
−1 0.033(1)+2

−3 0.001(1)+2
−2 −0.004(1)+0.2

−0.2 −0.004(1)+0.2
−0.2 0.003(1)+0.02

−0.2

HE NLOQCDEW 0.782 −0.304 −0.594 0.026 −0.001 −0.004 −0.004 0.003

CS LO 1.128(2)+1
−1 0.296(2)+2

−2 −0.303(1)+2
−1 −0.069(0.5)+0.4

−1 0.038(2)+1
−1 −0.0003(2)+1

−0 0.010(0.4)+0
−0.1 −0.003(0.2)+0.02

−0.1

CS NLOEW 1.141 0.291 −0.290 −0.062 0.025 0.0005 0.012 −0.002

CS NLOQCD 1.180(2)+3
−3 0.275(1)+1

−1 −0.200(3)+7
−8 −0.024(1)+3

−3 0.024(1)+1
−1 0.0003(5)+1

−1 0.006(0.5)+0.3
−0.3 −0.003(1)+0.2

−0.01

CS NLOQCDEW 1.188 0.272 −0.192 −0.019 0.017 0.001 0.006 −0.003

Table 6. Same as table 4 but with the CMS fiducial cuts.

system, however, there is a sizable difference for fW
+

R , that is close to zero and negative at

LO for the ATLAS fiducial cuts while being positive and of the order of 0.13 for the CMS

fiducial cuts. We note that having a negative fraction is possible when looking at eq. (2.30).

This happens because we are considering fiducial fractions and are using the Collins-Soper

coordinate system. The fiducial fractions are all positive in the helicity system. This can

be understood because the z axis is aligned along the vector-boson direction of flight in the

helicity system, but not in the Collins-Soper one. In the limit of LO DPA and of inclusive

cut, the polarization fractions in the helicity system can be proven to be positive because

they are truly fractions.

The QCD corrections are sizable in all polarization fractions. The EW corrections,

however, are negligible for the W+ polarization fractions and small but noticeable for the

Z polarization fraction, in particular reaching +4% (−5%) of the NLO QCD results for

the fZR (fZL ) fractions in the W+Z channel in the CS coordinate system with either the

ATLAS or CMS fiducial cuts, see table 7 and table 8. The EW corrections are a bit higher,

reaching +7% (−4%) for the fZR (fZL ) fractions in the W−Z channel in the HE coordinate

system with the ATLAS fiducial cuts, see table 15.

We trace back the origin of the large EW correction to the fZR fraction to the an-

gular coefficient A4. We see that the EW correction to the AZ4 in the W+Z channel in

the CS coordinate system with the ATLAS fiducial cuts is −30% compared to the NLO

QCD prediction, see table 4. This can be further understood by inspecting table 18 in

appendix D, where we observe two things: (i) The qγ correction is negligible, while the q̄q′

one is large. (ii) The origin of this large EW correction comes from the radiative decay

of the Z boson. The EW correction to the Z decay, including both the virtual and real

photon emission contributions, induces −36% correction to the DPA LO result. It would

be interesting to see if these large effects are still present when considering the inclusive

polarization observables Ai, because, as discussed in section 2.3, the spin-density matrix

defined in eq. (2.27) is independent of the decay mode. Similar large EW corrections are

also seen in the coefficient AZ3 , where it is also due to the radiative corrections to the

Z decay.

It is worth noting that AZ3 and AZ4 are proportional to the EW parameter c, which is

very sensitive to the value of s2
W , see eq. (2.28), while it is not the case for the W bosons.

So, it may be not so surprising after all that they are sensitive to the EW corrections to

the Z decay.
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Method fW
+

L fW
+

0 fW
+

R fZL fZ0 fZR

HE LO 0.355(2)+2
−2 0.513(1)+2

−3 0.132(2)+1
−1 0.222(1)+0.4

−1 0.518(1)+1
−1 0.261(1)+2

−1

HE NLOEW 0.352 0.514 0.134 0.216 0.519 0.264

HE NLOQCD 0.320(2)+2
−2 0.508(1)+2

−2 0.172(2)+4
−3 0.257(1)+3

−3 0.493(1)+2
−3 0.251(1)+1

−0.5

HE NLOQCDEW 0.317 0.509 0.174 0.255 0.493 0.252

CS LO 0.304(3)+2
−2 0.698(1)+2

−2 −0.002(1)+0.1
−0.1 0.228(2)+0.03

−0.2 0.627(1)+1
−1 0.145(2)+1

−1

CS NLOEW 0.302 0.701 −0.003 0.210 0.633 0.157

CS NLOQCD 0.239(2)+4
−4 0.757(1)+4

−3 0.004(1)+1
−1 0.210(1)+1

−1 0.634(1)+2
−2 0.156(1)+2

−2

CS NLOQCDEW 0.236 0.759 0.005 0.200 0.637 0.163

Table 7. W+ and Z fiducial polarization fractions in the process pp→ e+νe µ
+µ−+X at LO, NLO

EW, NLO QCD and NLO QCD+EW at the 13 TeV LHC with the ATLAS fiducial cuts. Results are

presented for two coordinate systems: the helicity (HE) and Collins-Soper (CS) coordinate systems.

The PDF uncertainties (in parenthesis) and the scale uncertainties are provided for the LO and

NLO QCD results, all given on the last digit of the central prediction.

Method fW
+

L fW
+

0 fW
+

R fZL fZ0 fZR

HE LO 0.398(2)+3
−2 0.448(1)+3

−3 0.154(2)+1
−1 0.260(1)+0.2

−0.4 0.429(1)+2
−2 0.312(2)+2

−2

HE NLOEW 0.395 0.450 0.155 0.256 0.427 0.317

HE NLOQCD 0.353(2)+2
−3 0.457(1)+1

−1 0.190(2)+3
−3 0.305(1)+4

−4 0.392(1)+4
−4 0.302(2)+1

−1

HE NLOQCDEW 0.351 0.457 0.191 0.304 0.391 0.305

CS LO 0.491(3)+4
−3 0.380(2)+4

−5 0.129(1)+1
−1 0.262(2)+0.3

−0.3 0.564(1)+1
−1 0.174(2)+1

−1

CS NLOEW 0.490 0.379 0.131 0.244 0.571 0.185

CS NLOQCD 0.419(2)+4
−4 0.438(2)+4

−3 0.143(1)+2
−2 0.234(1)+2

−2 0.590(1)+2
−1 0.176(1)+1

−1

CS NLOQCDEW 0.418 0.438 0.144 0.223 0.594 0.183

Table 8. Same as table 7 but with CMS fiducial cuts.

The PDF uncertainty is very limited, of the order of ±1% at maximum, and the scale

uncertainty is also very small, of the order of a few percent. This is expected as the

polarization fractions are built from ratios of cross sections. The only exception is for fW
+

R

in the CS coordinate system, as a result of the smallness of this coefficient. It is worth

mentioning that the combined NLO QCD+EW results are not simply the sum of the NLO

EW corrections on the polarization fraction and of the NLO QCD results. For example,

the NLO EW corrections on fZL with the CMS fiducial cuts and in the CS coordinate

system are δEW = −0.069. Naively summed to the NLO QCD result fZ,QCD
L = 0.234

this would give fZL = 0.165, instead of the true NLO QCD+EW result fZL = 0.223. This

demonstrates the usefulness of a fully combined analysis of the QCD and EW corrections

for the calculation of the polarization observables.
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5.2 Distributions of fiducial polarization fractions: W+Z channel

We finish our presentation of the numerical results by the discussion of a few differential

distributions of the fiducial polarization fractions. We include the QCD and EW corrections

and display the combined scale+PDF uncertainty on the NLO QCD predictions.

We display in figure 15 the pT,W distribution of the fiducial polarization fractions when

using the ATLAS fiducial cuts and in figure 16 when using the CMS fiducial cuts. The

corresponding distributions for pT,Z can be found in figure 17 and figure 18 respectively.

The left-hand side shows the results in the helicity (HE) coordinate system while the right-

hand side shows the results in the Collins-Soper (CS) coordinate system. The fractions

are very different from one coordinate system to the other and in both cases the NLO

corrections are sizable. For the longitudinal polarization fraction f0 (displayed in blue) the

NLO corrections are decreasing in the HE coordinate system for both W and Z polarization

fractions, from ' +10% down to −40% at pT,W/Z = 540 GeV. The NLO EW corrections are

in particular not negligible: they reach by themselves ' −10% at large pT . The left-handed

polarization fraction fL (displayed in red) shows a different behavior, with increasing NLO

corrections driven by the QCD corrections. They reach ' +40% at large pT,W and +150%

at large pT,Z for the HE coordinate system with the ATLAS or CMS fiducial cuts. The

right-handed polarization fraction fR (displayed in green) starts at ' +10%, reaches a

peak of ' +35% at pT = 150 GeV and then decreases down to zero at large pT . Out of

these combined EW+QCD corrections the NLO EW corrections can reach +10% at large

pT,W , signaling their importance. For example, for the pT,W distribution with the ATLAS

cuts and the HE coordinate system, the QCD+EW correction to fR is almost zero at high

energies, but the EW correction alone is about +10%. Same is true with the CMS cuts.

For fZR fraction, the EW corrections are even larger at high pT,Z but are buried in the QCD

corrections that are much larger in that case.

The CS coordinate system displays a complete different behavior. Except at some

specific locations where the LO predictions are close to zero, the NLO K-factors are close

to one for the right-handed polarization fraction fR. The NLO corrections are constant at

high pT for the longitudinal polarization fractions as well as for the left-handed polarization

fractions. Again the NLO EW corrections can be sizable, e.g. close to ±10% for the pT,Z
distribution of the polarization fractions using the ATLAS fiducial cuts.

The rapidity and pseudo-rapidity distributions of the Z boson, shown in figure 19,

figure 20, figure 21, and figure 22 display also the importance of the higher-order corrections.

Except at the edges of each distribution, where the LO results are close to zero, the bulk

of the NLO EW corrections is between −20% and +10%. The total NLO corrections,

including QCD effects, are about +50% for the left-handed polarization fraction in the

bulk. On the edges of the distribution the K-factors can reach values of 2 or 3, again due

to the smallness of the LO results. In all distributions the combined scale+PDF uncertainty

is very small, as seen by the bands in all figures. They do not exceed ' +5%.

Finally, it is important to note that the longitudinal fraction of a massive gauge boson

decreases at large pT,V according to the equivalence theorem. This feature is seen for the

fiducial longitudinal fraction f0 in the helicity coordinate system, but not in the Collins-
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Figure 15. Transverse momentum distributions of the W+ boson fiducial polarization fractions

for the process pp → e+νe µ
+µ− + X at the 13 TeV LHC with the ATLAS fiducial cuts. The

left-hand-side plot is for the HE coordinate system, while the right-hand-side plot is for the CS

coordinate system. The bands include PDF and scale uncertainties calculated at NLOQCD.
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Figure 16. Same as figure 15 but for CMS fiducial cuts.

Soper system. As above mentioned, this is because the z axis is aligned along the vector-

boson direction of flight in the helicity system, but not in the Collins-Soper one. Therefore,

the f0 fraction in the Collins-Soper coordinate system is not the longitudinal fraction.
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Figure 17. Same as figure 15 but for the Z boson.
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Figure 18. Same as figure 17 but for the CMS fiducial cuts.
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Figure 19. Same as figure 15 but for the rapidity distributions of the Z polarization fractions.
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Figure 20. Same as figure 19 but for the CMS fiducial cuts.
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Figure 21. Same as figure 15 but for the pseudo-rapidity distributions of the Z fiducial polariza-

tion fractions.
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Figure 22. Same as figure 21 but for the CMS fiducial cuts.
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6 Conclusions

We have presented in this paper an NLO analysis, including both QCD and EW corrections,

of the fiducial angular coefficients and of the fiducial polarization fractions of the W± and

Z bosons in the process pp→ eνµ+µ− at the 13 TeV LHC, using the fiducial phase space

provided by the ATLAS and CMS experiments and in two different coordinate systems.

The LO and NLO QCD predictions include off-shell effects, while the EW corrections have

been calculated in the DPA. Comparing our predictions for the cross sections as well

as for the kinematical distributions to the full NLO EW results, we find that the DPA

predicts the quark-photon induced and the quark-antiquark corrections correctly. Very

good agreement has been found for many kinematical distributions. In particular, the

shape of the kinematical distributions is well reproduced by the DPA.

We have included the scale and PDF uncertainties, added linearly, in our predictions

for the fiducial angular coefficients and for the fiducial polarization fractions. They have

been found to be very small. The EW corrections are found to be significant, of about

−30% to the NLO QCD predictions, in two angular coefficients A3 and A4 for the Z boson,

and they are mainly due to the EW corrections to the Z decay into charged leptons. As fL
and fR can be built out of A4, significant EW corrections, of about ±5% to the NLO QCD

results, are also found for these polarization fractions. Meanwhile, those EW corrections

have been found very small for the W± bosons. We have also studied the transverse

momenta, rapidity, and pseudo-rapidity distributions of the fiducial polarization fractions

and we have found that the EW corrections can also be significant over the whole range

of transverse momenta for fZL and fZR . This happens for both the ATLAS and CMS

fiducial cuts and in the two coordinate systems we have considered, namely the helicity

and Collins-Soper coordinate systems.

We have observed that the fiducial polarization observables in the Collins-Soper co-

ordinate system have unexpected behaviors such as negative fractions and not-decreasing

longitudinal fraction at large transverse momentum values. Meanwhile, in the helicity sys-

tem, the fiducial fractions are all positive and the longitudinal fraction decreases with large

pT,V for both the W and Z bosons in accordance with the equivalence theorem. This can

be understood because the z axis is aligned along the vector-boson direction of flight in

the helicity system, but not in the Collins-Soper one. Therefore, the fractions calculated

in the helicity system are closer to the on-shell values.

This study also shows that it is easy to calculate the fiducial polarization observables.

They can also be viewed as a simple way to characterize the three-dimensional polar-

azimuthal angular distributions in terms of eight parameters, where three of them are

very small and can be neglected. They share some common properties with the inclusive

polarization observables and would enable theorists to perform precise comparisons with

measurements without doing the template fitting step.

We therefore recommend that experimentalists provide measurements for these fiducial

coefficients in the helicity coordinate system for both the W and Z bosons.
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A NLO EW corrections in the DPA

We spell out here all necessary details of our NLO EW calculation in the DPA in such a

way that the reader will have all information needed to reproduce our results. In order to

achieve this, the on-shell mappings and the method for calculating NLO EW corrections

have to be specified.

For the DPA LO, the OS mapping is done as follows. We first generate the exact

kinematics, i.e. the momenta (p1, p2, ki) with i = 1, 4 as defined in section 2.2. The exact

momenta of the two gauge bosons are q1 and q2 as defined in eq. (2.4). The corresponding

OS momenta q̂j are calculated as follows. In the WZ center-of-mass system, we choose

~̂q1 = b~q1. (A.1)

We note that this choice is the same as the one used in ref. [53]. We then obtain, with

pµ1 = (E, 0, 0, E),

q̂10 =
M2
V1
−M2

V2

4E
+ E, q̂20 =

M2
V2
−M2

V1

4E
+ E,

q10 =
q2

1 − q2
2

4E
+ E, q20 =

q2
2 − q2

1

4E
+ E,

b =
√

(q̂2
10 −M2

V1
)/(q2

10 − q2
1). (A.2)

Since the parameter b must be real (otherwise we get complex momenta), we obtain the

condition for the partonic energy

2E > MV1 +MV2 , (A.3)

which is equivalent to eq. (2.10). The next step is to perform the decays q̂j → k̂i1 + k̂i2 to

obtain the OS-projected momenta k̂i. They are first calculated in the rest frame of Vj using

two random numbers for each gauge boson and then boost back. This Monte-Carlo method

is described in ref. [66] and is also implemented in the VBFNLO program, see the subroutine

TwoBodyDecay0(R1, R2, . . .) there. In our code, the same random numbers R1, R2 used

in generating ki are used for k̂i. The momenta of the initial partons are unchanged, i.e.

p̂i = pi, i = 1, 2. We call this method OS mapping R2 to distinguish with the OS mapping

D3 method defined as follows. Following ref. [53], the lepton momenta are calculated as

k̂µ1 = ckµ1 , k̂µ3 = dkµ3 , k̂2 = q̂1 − ck1, k̂4 = q̂2 − dk3,

c =
M2
V1

2q̂1k1
, d =

M2
V2

2q̂2k3
. (A.4)

A comparison of these two methods for the cross section at DPA LO is presented in table 9.

The results presented in this paper are obtained using the OS mapping R.

The OS-projected momenta are used to calculate the DPA matrix elements. However,

for kinematical cuts and distributions, we use the exact kinematics for the LO-like phase

2As a way to remember it, R stands here for random numbers.
3stands here for the authors of ref. [53].
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Cut Process LO [fb] DPA mapping R [fb] DPA mapping D [fb]

ATLAS fid. e+νeµ
+µ− 19.344[2] 18.740[2] 18.960[2]

ATLAS fid. e−ν̄eµ+µ− 13.001[1] 12.987[1] 12.763[1]

CMS fid. e+νeµ
+µ− 24.6225[4] 23.510[2] 23.922[2]

CMS fid. e−ν̄eµ+µ− 16.3205[2] 16.157[1] 15.847[1]

Table 9. Born cross sections in fb obtained using the full matrix elements and also the DPA matrix

elements with the OS mapping R and OS mapping D methods (see text). The numbers in square

brackets represent the statistical error.

space. The OS-projected momenta can also be used here but we have checked that using

exact momenta for cuts gives better agreement with the full LO results. For a real-emission

phase space with one extra particle, it is more complicated because there are tilde kinemat-

ics introduced by the dipole-subtraction method. Here we have to use the OS-projected

momenta everywhere, i.e. for the matrix elements, cuts, and distributions. This point will

be discussed in detail below.

The virtual EW corrections are calculated as in ref. [20] and hence there is no need to

repeat it here. The kinematics are the same as for the DPA LO. As done in ref. [20], we

have checked that the virtual corrections including the endpoint contribution (also called I

operator) defined in refs. [59, 60] to the decays are UV and IR finite. Mass regularization has

been used and checks have been performed to make sure that the results are independent

of the masses of the light fermions, i.e. all but the top quark.

For the δAq̄q′→V1V2→4lγ
rad,DPA contribution in eq. (2.12), there are three terms. For the first

term, the photon is radiated from the process q̄q′ → V1V2. This contains IR divergences

needed to cancel with the corresponding term in the virtual corrections. The OS-projected

momenta are calculated as follows. First, the exact kinematics for the process q̄q′ →
4l + γ(kγ) are generated and the momenta q1 = k1 + k2, q2 = k3 + k4 for the intermediate

gauge bosons are calculated. We then boost to the center-of-mass system of the two gauge

bosons and calculate q̂j as above. The OS-projected momenta for the leptons are calculated

from q̂j using the OS mapping D method. Using the OS mapping R method should work

as well, but we have not tried to do this. After this, all momenta can be boosted back to

the partonic or hadronic CMS as needed. The momenta of the initial partons and of the

photon are unchanged. Since we use the dipole-subtraction method, there are subtraction

terms involved. The amplitude in each of these terms is written in a factorized form similar

to the DPA LO one. The OS-projected momenta for those amplitudes are calculated as

follows. First, the tilde momenta, defined in ref. [59], corresponding to the reduced process

q̄q′ → V1V2 are calculated as in ref. [20] using the OS momenta q̂j . These tilde momenta

are OS by construction, i.e. q̃2
j = M2

Vj
. We then generate the OS momenta for the leptons

from q̃j using eq. (A.4) with k1 and k3 now chosen to be k̂1 and k̂3. We have checked

that this choice gives an IR-safe result. It is noted that we use the same factor 1/(Q1Q2)

calculated from the exact momenta for all subtraction terms. For the kinematical cuts and

distributions of the subtraction terms, we use the OS-projected momenta that enter the
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Cut Process W (map. R) [fb] W (map. T) [fb] Z (map. R) [fb] Z (map. T) [fb]

ATLAS fid. e+νeµ
+µ− −0.1326[3] −0.1283[8] −0.7803[9] −0.7651[10]

ATLAS fid. e−ν̄eµ+µ− −0.0813[2] −0.0796[4] −0.5262[5] −0.5163[6]

CMS fid. e+νeµ
+µ− −0.1451[5] −0.1388[6] −0.4090[6] −0.4032[9]

CMS fid. e−ν̄eµ+µ− −0.0869[3] −0.0843[7] −0.2699[7] −0.2693[7]

Table 10. Cross sections in fb of the second (W ) and third (Z) terms in the r.h.s. of eq. (2.12)

with subtraction terms obtained using the DPA matrix elements with the OS mapping R and OS

mapping T methods (see text). The numbers in square brackets represent the statistical error.

reduced amplitudes there. To cancel the IR divergences, we have to use the OS-projected

momenta for cuts and distributions of the parent N + 1 contribution. The same choice is

used for the subtraction terms of the radiative decays discussed next.

For the second (or third) term in the r.h.s. of eq. (2.12) we have to focus on the radiative

decay V1 → l1l2γ. The phase space is generated in the same way as for the DPA LO, but

we have to replace the LO decay V1 → l1l2 by the radiative one. In our code, we have to

call the subroutine ThreeBodyDecay0() of the VBFNLO program, which uses five random

numbers to generate three Euler angles and two final-state particle energies. This routine

is called two times: first to calculate the exact momenta and the phase-space Jacobian,

second to calculate the OS-projected momenta using the q̂j as described above. The same

set of random numbers is used in both times. The other decay V2 → l3l4 is calculated

exactly as for the DPA LO. From this one can see that the OS mapping R method is

very general and can be easily generalized for more complicated processes. We have also

found another method to calculate the OS-projected momenta, similar to the OS mapping

D method but for 1→ 3 decays this time. This can be done as follows. We choose

k̂µi = ckµi , i = 1, 2, k̂γ = q̂1 − c(k̂1 + k̂2),

c =
2(k1 + k2)q̂1 − 2

√
[(k1 + k2)q̂1]2 − 2(k1k2)M2

V1

4k1k2
, (A.5)

where we have to take the minus sign solution for c because the plus sign solution makes

(k̂1 + k̂γ)2 + (k̂2 + k̂γ)2 negative. We have also proved that the argument of the square

root function is always positive when the DPA condition (q1 + q2)2 > (MV1 + MV2)2 is

satisfied. We call this OS mapping T method.4 We have checked that both choices give

similar results and a comparison is presented in table 10. The final NLO EW results of

this paper are calculated using the OS mapping R method.

We now describe how the corresponding subtraction terms are calculated. For Z(q̂2)→
µ+(k̂3) +µ−(k̂4) + γ(k̂γ) decay, the photon can only be radiated off the final state leptons.

The subtraction term is calculated in a straightforward way using the method of ref. [59].

For W+(q̂2) → e+(k̂1) + νe(k̂2) + γ(k̂γ) decay, it is more complicated because the photon

can be radiated from the initial-state W boson. The method of ref. [59] cannot be applied

here because it is for 2 → n processes. Fortunately, the subtraction method for 1 → n

4T stands here for three-body decays.
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decay processes has been worked out in ref. [60] and can be directly used here. The tilde

momenta calculated from the hat ones are all on-shell by construction and hence no further

OS projection is needed. As before, the same factor 1/(Q1Q2) calculated from the exact

momenta is used for all subtraction terms here as well. Concerning cross check, we have

performed two independent calculations and checked that the soft and collinear limits work.

For the last term defined in eq. (2.13), the central piece is the factor δAqγ→V1V2q
′

ind

which has been calculated in ref. [20] and is therefore taken over. For the LO decay

factors, they are calculated as for the DPA LO term, using the OS mapping R method to

get the momenta. Same as for the above photon-emission corrections involving subtraction

terms, we use the OS-projected momenta for the kinematical cuts and distributions of the

subtraction terms and of the parent N + 1 contribution.

B Kinematical distributions: W−Z channel

We present in this appendix the kinematical distributions for the process pp→ e−ν̄eµ+µ−+

X. They are very similar to the kinematical distributions of the process pp→ e+νeµ
+µ−+

X presented in section 4.2, hence we do not repeat our analysis and just display the plots.

Plots for the ATLAS fiducial cuts are displayed in figure 23, figure 24, figure 25, figure 26,

and figure 27. Plots for the CMS fiducial cuts are presented in figure 28, figure 29, figure 30,

figure 31, and figure 32.
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Figure 23. Distributions of the transverse momentum of the e−νe (top left) and µ+µ− (top right)

systems and of the neutrino (bottom left) in the processes pp → e−νe µ
+µ− + X at the 13 TeV

LHC with the ATLAS fiducial cuts. Rapidity distribution of the µ+µ− system is also displayed at

the bottom right corner. The upper panels show the absolute values of the cross sections at LO (in

green), NLO QCD (red), and NLO QCD+EW (blue). The middle panels display the ratio of the

NLO QCD cross sections to the corresponding LO ones. The bands indicate the total theoretical

uncertainty calculated as a linear sum of PDF and scale uncertainties at NLO QCD. The bottom

panels show the NLO EW corrections (see text) calculated using DPA relative to the full LO

(marked with plus signs) and DPA LO cross sections.
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Figure 24. Same as figure 23 but for the transverse momentum and pseudo-rapidity distributions

of the positron (top row) and the muon (bottom row).
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Figure 25. Same as figure 23 but for the azimuthal-angle difference (top row) and the rapid-

ity difference (bottom row) between the µ+ and e− (left column) and between the µ− and e−

(right column).
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Figure 26. Same as figure 23 but for the cos θ distributions of the electron (top row) calculated

in the Helicity (left) and Collins-Soper (right) coordinate systems. The same distributions for the

muon are shown in the bottom row.
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Figure 27. Same as figure 23 but for the azimuthal-angle distributions of the electron (top row)

calculated in the Helicity (left) and Collins-Soper (right) coordinate systems. The same distributions

for the muon are shown in the bottom row.
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Figure 28. Same as figure 23 but with the CMS fiducial cuts.
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Figure 29. Same as figure 24 but with the CMS fiducial cuts.

– 50 –



J
H
E
P
0
4
(
2
0
1
9
)
0
6
5

4

6

8

10

12

14

16

[f
b
]

pp→e−ν̄eµ+µ− | 
√
s =13TeV | CMSfid

NLOQCD

NLOQCDEW

LO

1.6

2.0

2.4

K
N
L
O
Q
C
D

0.5 1.0 1.5 2.0 2.5 3.0

∆φµ+, e

4

0

δ E
W

[%
]

δq̄q ′ δqγ δDPAq̄q ′ δDPAqγ

4

6

8

10

12

14

16

[f
b
]

pp→e−ν̄eµ+µ− | 
√
s =13TeV | CMSfid

NLOQCD

NLOQCDEW

LO

1.6
1.8
2.0
2.2

K
N
L
O
Q
C
D

0.5 1.0 1.5 2.0 2.5 3.0

∆φµ−, e

4

0

δ E
W

[%
]

δq̄q ′ δqγ δDPAq̄q ′ δDPAqγ

1

2

3

4

5

6

7

8

9

[f
b
]

pp→e−ν̄eµ+µ− | 
√
s =13TeV | CMSfid

NLOQCD

NLOQCDEW

LO

1.0

2.0

K
N
L
O
Q
C
D

4 2 0 2 4

∆yµ+, e

6

2

2

δ E
W

[%
]

δq̄q ′ δqγ δDPAq̄q ′ δDPAqγ

1

2

3

4

5

6

7

8

[f
b
]

pp→e−ν̄eµ+µ− | 
√
s =13TeV | CMSfid

NLOQCD

NLOQCDEW

LO

1.2

1.6

2.0

K
N
L
O
Q
C
D

4 2 0 2 4

∆yµ−, e

4
2
0
2

δ E
W

[%
]

δq̄q ′ δqγ δDPAq̄q ′ δDPAqγ

Figure 30. Same as figure 25 but with the CMS fiducial cuts.
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Figure 31. Same as figure 26 but with the CMS fiducial cuts.
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Figure 32. Same as figure 27 but with the CMS fiducial cuts.
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C Numerical results for fiducial polarization observables: W−Z channel

We present in this appendix the numerical results for the fiducial polarization observables

in the process pp → e−ν̄eµ+µ− + X. The analysis is identical to that of the process

pp → e+νeµ
+µ− + X carried out in section 5, hence we do not repeat ourselves and just

present the numbers for the angular coefficients in table 11, table 12, table 13, and table 14;

and for the polarization fractions in table 15 and table 16.

The corresponding transverse momentum distributions of the fiducial polarization frac-

tions can be found in figure 33, figure 34, figure 35, and figure 36. Rapidity and pseudo-

rapidity distributions are displayed in figure 37, figure 38, figure 39, and figure 40.

C.1 Fiducial angular coefficients and polarization fractions: W−Z channel

Method A0 A1 A2 A3 A4 A5 A6 A7

HE LO 1.110(1)+2
−2 −0.388(1)+2

−1 −1.359(1)+2
−2 −0.127(2)+2

−3 −0.025(6)+2
−2 0.0003(3)+1

−1 0.003(0.2)+0.01
−0.1 0.011(0.3)+0.05

−0

HE NLOEW 1.107 −0.385 −1.372 −0.126 −0.021 0.002 0.006 0.010

HE NLOQCD 1.029(2)+9
−9 −0.425(1)+2

−2 −1.361(2)+3
−5 −0.227(2)+7

−7 0.175(6)+17
−16 0.001(1)+0.04

−0.1 0.002(1)+0.1
−0.3 0.002(1)+1

−0.5

HE NLOQCDEW 1.026 −0.424 −1.368 −0.228 0.181 0.001 0.003 0.001

CS LO 1.578(2)+1
−1 0.214(1)+1

−1 −0.893(1)+2
−2 0.139(2)+2

−1 −0.123(8)+3
−3 −0.003(0.2)+0.1

−0.1 −0.003(0.2)+0.1
−0.1 −0.011(0.3)+0

−0.05

CS NLOEW 1.580 0.213 −0.902 0.141 −0.124 −0.004 −0.005 −0.010

CS NLOQCD 1.650(2)+4
−4 0.156(1)+4

−4 −0.743(3)+9
−9 0.356(5)+18

−17 −0.112(6)+1
−1 −0.001(0.5)+0.1

−0.1 −0.002(0.5)+0.2
−0.2 −0.002(1)+0.5

−1

CS NLOQCDEW 1.653 0.154 −0.744 0.362 −0.112 −0.002 −0.003 −0.001

Table 11. Fiducial angular coefficients of the e− distribution for the process pp→ e−ν̄e µ+µ−+X

at LO, NLO EW, NLO QCD and NLO QCD+EW at the 13 TeV LHC with the ATLAS fiducial

cuts. Results are presented for two coordinate systems: the helicity (HE) and Collins-Soper (CS)

coordinate systems. The PDF uncertainties (in parenthesis) and the scale uncertainties are provided

for the LO and NLO QCD results, all given on the last digit of the central prediction.

Method A0 A1 A2 A3 A4 A5 A6 A7

HE LO 0.989(1)+1
−1 −0.326(1)+1

−1 −0.736(1)+1
−1 −0.013(1)+0.1

−0.1 0.061(1)+0.03
−0 0.003(0.2)+0.1

−0.04 0.009(0.2)+0
−0.1 0.006(0.2)+0

−0.1

HE NLOEW 0.992 −0.330 −0.748 −0.008 0.039 0.004 0.011 0.006

HE NLOQCD 0.950(1)+4
−5 −0.323(1)+4

−3 −0.754(1)+1
−1 −0.016(1)+0.2

−0.2 0.062(1)+1
−1 0.001(0.5)+0.1

−0.05 0.005(1)+0.3
−0.2 0.004(0.4)+0.3

−0.2

HE NLOQCDEW 0.951 −0.326 −0.760 −0.013 0.050 0.002 0.006 0.004

CS LO 1.251(1)+1
−2 0.313(1)+2

−2 −0.477(1)+1
−1 0.050(0.2)+0.1

−0.1 0.048(2)+0.1
−0 −0.004(0.3)+0.1

−0 −0.010(0.2)+0.1
−0.1 −0.006(0.2)+0.1

−0

CS NLOEW 1.263 0.308 −0.480 0.032 0.030 −0.005 −0.011 −0.006

CS NLOQCD 1.271(1)+3
−4 0.268(1)+3

−3 −0.436(2)+3
−3 0.055(1)+1

−1 0.036(1)+1
−1 −0.003(0.5)+0.2

−0.1 −0.005(1)+0.1
−0.4 −0.004(0.4)+0.2

−0.2

CS NLOQCDEW 1.278 0.265 −0.436 0.046 0.026 −0.003 −0.005 −0.004

Table 12. Same as table 11 but for the µ− distribution.
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Method A0 A1 A2 A3 A4 A5 A6 A7

HE LO 1.006(1)+2
−2 −0.079(2)+3

−3 −0.742(2)+4
−3 −0.156(3)+3

−3 −0.002(7)+2
−2 0.0005(3)+0

−1 0.003(0.2)+0
−0.03 0.010(0.2)+0.03

−0.02

HE NLOEW 1.003 −0.072 −0.742 −0.156 0.001 0.002 0.006 0.009

HE NLOQCD 0.949(1)+6
−7 −0.126(2)+3

−3 −0.671(2)+7
−7 −0.249(3)+7

−6 0.192(7)+17
−16 0.001(0.4)+0.1

−0.1 0.002(0.4)+0.1
−0.2 0.002(0.5)+0.5

−0.5

HE NLOQCDEW 0.947 −0.122 −0.671 −0.250 0.195 0.001 0.003 0.001

CS LO 1.013(3)+4
−5 0.216(1)+1

−1 −0.735(1)+1
−1 0.182(2)+1

−1 −0.131(9)+4
−4 −0.002(0.2)+0.01

−0.1 −0.003(0.2)+0.1
−0 −0.010(0.2)+0.02

−0.03

CS NLOEW 1.007 0.214 −0.739 0.184 −0.133 −0.003 −0.005 −0.009

CS NLOQCD 1.067(2)+3
−4 0.157(1)+4

−4 −0.554(4)+14
−14 0.388(5)+17

−16 −0.123(6)+1
−0.4 −0.001(0.5)+0.1

−0.1 −0.002(0.4)+0.1
−0.1 −0.002(0.5)+0.5

−0.5

CS NLOQCDEW 1.064 0.155 −0.554 0.391 −0.124 −0.001 −0.003 −0.001

Table 13. Same as table 11 but with the CMS fiducial cuts.

Method A0 A1 A2 A3 A4 A5 A6 A7

HE LO 0.798(1)+2
−3 −0.288(1)+1

−1 −0.603(1)+1
−2 −0.017(1)+0.1

−0.1 0.072(1)+0.04
−0 0.003(0.2)+0.1

−0.04 0.009(0.4)+0
−0.05 0.006(0.2)+0.04

−0.01

HE NLOEW 0.795 −0.297 −0.606 −0.012 0.048 0.004 0.011 0.006

HE NLOQCD 0.739(1)+7
−7 −0.312(1)+3

−2 −0.609(1)+0.4
−0.5 −0.018(1)+0.2

−0.1 0.069(1)+1
−1 0.001(1)+0.2

−0.1 0.005(0.5)+0.3
−0.3 0.004(0.4)+0.3

−0.1

HE NLOQCDEW 0.737 −0.317 −0.611 −0.015 0.057 0.001 0.006 0.004

CS LO 1.113(1)+0.4
−0.03 0.382(1)+3

−2 −0.291(1)+1
−1 0.061(0.2)+0.1

−0.03 0.050(2)+0.1
−0.01 −0.005(0.3)+0.1

−0 −0.010(0.3)+0.1
−0.1 −0.006(0.2)+0.01

−0.04

CS NLOEW 1.128 0.377 −0.276 0.042 0.032 −0.005 −0.011 −0.006

CS NLOQCD 1.176(1)+4
−3 0.329(1)+3

−3 −0.176(2)+8
−8 0.063(1)+1

−1 0.037(1)+1
−1 −0.003(1)+0.3

−0.02 −0.005(0.4)+0.3
−0.3 −0.004(0.4)+0.2

−0.2

CS NLOQCDEW 1.184 0.326 −0.167 0.053 0.028 −0.003 −0.005 −0.004

Table 14. Same as table 12 but with the CMS fiducial cuts.

Method fW
−

L fW
−

0 fW
−

R fZL fZ0 fZR

HE LO 0.216(1)+0.1
−0.05 0.555(1)+1

−1 0.229(2)+1
−1 0.324(1)+0.4

−0.3 0.494(0.4)+1
−1 0.181(1)+0.3

−0.4

HE NLOEW 0.218 0.554 0.228 0.298 0.496 0.206

HE NLOQCD 0.286(2)+7
−6 0.515(1)+4

−5 0.199(1)+2
−2 0.334(1)+2

−2 0.475(0.5)+2
−2 0.191(1)+1

−1

HE NLOQCDEW 0.289 0.513 0.198 0.321 0.475 0.204

CS LO 0.075(2)+0.5
−1 0.789(1)+1

−1 0.136(2)+1
−1 0.243(2)+1

−0.3 0.625(1)+1
−1 0.132(2)+0.3

−0.3

CS NLOEW 0.074 0.790 0.136 0.220 0.632 0.149

CS NLOQCD 0.059(1)+1
−1 0.825(1)+2

−2 0.115(2)+1
−1 0.224(1)+1

−1 0.636(1)+2
−2 0.140(1)+2

−1

CS NLOQCDEW 0.059 0.826 0.115 0.211 0.639 0.150

Table 15. W− and Z fiducial polarization fractions in the process pp→ e−νe µ
+µ−+X at LO, NLO

EW, NLO QCD and NLO QCD+EW at the 13 TeV LHC with the ATLAS fiducial cuts. Results are

presented for two coordinate systems: the helicity (HE) and Collins-Soper (CS) coordinate systems.

The PDF uncertainties (in parenthesis) and the scale uncertainties are provided for the LO and

NLO QCD results, all given on the last digit of the central prediction.

Method fW
−

L fW
−

0 fW
−

R fZL fZ0 fZR

HE LO 0.248(2)+0.02
−0 0.503(1)+1

−1 0.249(2)+1
−1 0.384(1)+1

−1 0.399(1)+1
−1 0.217(1)+1

−1

HE NLOEW 0.250 0.501 0.249 0.358 0.398 0.245

HE NLOQCD 0.311(2)+6
−6 0.474(1)+3

−4 0.215(2)+2
−2 0.396(1)+3

−2 0.369(0.5)+3
−4 0.235(1)+1

−1

HE NLOQCDEW 0.312 0.473 0.214 0.382 0.368 0.250

CS LO 0.214(2)+0.3
−0.2 0.507(1)+2

−3 0.279(3)+2
−2 0.280(2)+0.1

−0.1 0.557(1)+0.2
−0.02 0.163(2)+0

−0.1

CS NLOEW 0.215 0.504 0.281 0.256 0.564 0.180

CS NLOQCD 0.203(1)+1
−1 0.533(1)+2

−2 0.264(2)+1
−1 0.249(1)+2

−2 0.588(1)+2
−2 0.163(1)+1

−1

CS NLOQCDEW 0.203 0.532 0.265 0.236 0.592 0.171

Table 16. Same as table 15 but with the CMS fiducial cuts.
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C.2 Distributions of fiducial polarization fractions: W−Z channel
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Figure 33. Transverse momentum distributions of the W− boson fiducial polarization fractions

for the process pp → e−ν̄e µ+µ− + X at the 13 TeV LHC with the ATLAS fiducial cuts. The

left-hand-side plot is for the HE coordinate system, while the right-hand-side plot is for the CS

coordinate system. The bands include PDF and scale uncertainties calculated at NLOQCD.
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Figure 34. Same as figure 33 but with the CMS fiducial cuts.
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Figure 35. Same as figure 33 but for the Z boson.
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Figure 36. Same as figure 35 but with the CMS cuts.
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Figure 37. Same as figure 33 but for the rapidity distributions of the Z fiducial polarization frac-

tions.
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Figure 38. Same as figure 37 but with the CMS fiducial cuts.
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Figure 39. Same as figure 33 but for the pseudo-rapidity distributions of the Z fiducial polariza-

tion fractions.
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Figure 40. Same as figure 39 but with the CMS fiducial cuts.

– 59 –



J
H
E
P
0
4
(
2
0
1
9
)
0
6
5

D Off-shell and NLO EW correction effects on fiducial polarization ob-

servables

Here we would like to show the effects of various contributions including the q̄q′ annihilation

channels at NLO EW, denoted as F-EW-q̄q′ where F means that the full LO amplitudes

are used and the q̄q′ corrections are calculated as in eq. (2.21), and similarly the quark-

photon induced channels denoted as F-EW-qγ with the quark-photon induced corrections

calculated as in eq. (2.22). Results for full LO (denoted F-LO) and for full LO plus NLO

EW corrections (denoted F-EW) have been provided in section 5.1, but are also included

in the tables here for easy comparisons. It is noted that some results for the F-LO and the

F-EW shown here are not identical as those in section 5.1, but agree within the statistical

error. This is because the full LO results here are obtained using our in-house code while

the ones in section 5.1 are calculated using the VBFNLO program.

Moreover, the DPA LO results, denoted as D-LO, are also shown. This enables one to

see the off-shell effects at LO by comparing to the F-LO results. As discussed in section 2.3,

when we are looking at the polarization of a gauge boson, it is interesting to separate the

EW corrections to the production part from those to the decay part. This is possible

in our DPA framework because off-shell effects are absent. The EW corrections to the

W± production part q̄q′ →W±µ+µ−, defined in eq. (2.25), are included in the D-EW-pV

(where pV denotes production of V boson) results presented here. Note that this includes

EW corrections to the q̄q′ → W±Z part and also to the Z → µ+µ− decay. Same things

apply to the EW corrections to the Z production part q̄q′ → eνeZ. To see these effects,

one has to compare the D-EW-pV results to the corresponding D-LO results. The EW

corrections to the decay W → eνe or Z → µ+µ− are defined in eq. (2.24). They can

be seen by comparing the D-EW-dV (where dV denotes decay of V boson) rows to the

corresponding D-LO rows. Finally, the D-EW entries show the results of the DPA LO plus

NLO EW corrections.

In table 17 and table 18 we show results of the W and Z angular coefficients for the

W+Z channel with the ATLAS fiducial cuts, respectively. Similar results with the CMS

cuts are provided in table 19 and table 20. Both W+ and Z polarization fractions with

the ATLAS cuts are presented in table 21 and with the CMS cuts in table 22. Similar

results for the W−Z channel are presented in table 23 and table 24 with the ATLAS cuts,

in table 25 and table 26 with the CMS cuts, and finally in table 27 and table 28 for the

polarization fractions.

We have a few remarks here on the results focusing on the fiducial angular coefficients.

Looking at the results for A5, A6, and A7 we see that the DPA LO results are all consistent

with zero within the statistical error. Taking into the EW corrections to the decay part

does not change this conclusion. However, the EW corrections to the production part have

significant effects and make them non-vanishing, but the results are still very small. If full

off-shell effects are included, they become non-vanishing as well, see the F-LO results. In

general, the corrections to the decay part have negligible effects compared to those to the

production part, except for the coefficients A3 and A4. In table 24 for the Z boson in the

W+Z channel, we see that the EW corrections to the Z decay have important effects and
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Method A0 A1 A2 A3 A4 A5 A6 A7

HE F-LO 1.026 −0.286 −1.315 −0.251 −0.447 −0.0021[3] −0.0006[4] −0.0036[3]

HE F-EW-q̄q′ 1.034 −0.284 −1.321 −0.251 −0.451 −0.0040[4] −0.0039[5] 0.0030[4]

HE F-EW-qγ 1.021 −0.286 −1.318 −0.253 −0.434 −0.0021[3] −0.0006[4] −0.0035[3]

HE F-EW 1.028 −0.284 −1.324 −0.252 −0.438 −0.0039[4] −0.0038[5] 0.0029[4]

HE D-LO 1.023 −0.326 −1.404 −0.156 −0.445 −0.0001[3] 0.00001[39] 0.0001[3]

HE D-EW-pW+ 1.019 −0.325 −1.408 −0.155 −0.437 −0.0019[4] −0.0033[4] 0.0070[3]

HE D-EW-dW+ 1.029 −0.326 −1.415 −0.154 −0.443 −0.00001[35] 0.00003[41] 0.0001[3]

HE D-EW 1.025 −0.325 −1.419 −0.152 −0.435 −0.0018[4] −0.0033[4] 0.0070[4]

CS F-LO 1.397 0.229 −0.945 0.0025[3] −0.613 −0.0002[4] 0.0021[4] 0.0036[3]

CS F-EW-q̄q′ 1.399 0.225 −0.958 −0.0004[4] −0.617 0.0006[4] 0.0059[5] −0.0030[4]

CS F-EW-qγ 1.400 0.229 −0.940 0.010 −0.605 −0.0002[4] 0.0021[3] 0.0035[3]

CS F-EW 1.402 0.225 −0.952 0.0080[4] −0.608 0.0006[4] 0.0059[4] −0.0029[3]

CS D-LO 1.459 0.299 −0.971 −0.073 −0.544 −0.00001[38] 0.00003[38] −0.0001[3]

CS D-EW-pW+ 1.460 0.298 −0.970 −0.069 −0.539 0.0009[6] 0.0038[4] −0.0070[3]

CS D-EW-dW+ 1.465 0.298 −0.981 −0.075 −0.541 −0.00005[33] 0.00001[44] −0.0001[3]

CS D-EW 1.466 0.297 −0.980 −0.071 −0.535 0.0009[5] 0.0038[4] −0.0070[4]

Table 17. Fiducial angular coefficients of the e+ distribution for the process pp→ e+νe µ
+µ−+X

at the 13 TeV LHC with the ATLAS fiducial cuts. Results are shown for full LO only, and also

with the EW-q̄q′, EW-qγ, and the total EW correction included. Similarly, results for DPA LO

only, and also with the EW-pV, EW-dV, and the total EW correction included are presented. The

upper rows are for the helicity (HE) coordinate system, while the lower ones for the Collins-Soper

(CS) coordinate system. The numbers in square brackets represent the statistical error, when it

is significant.

can change the DPA results by 30%. This explains why we see significant differences in the

A3 and A4 coefficients when comparing the NLOQCD results to the NLOQCDEW ones

for the case of the Z boson in section 5.1 and appendix C. However, similar effects are not

observed for the W± decays.
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Method A0 A1 A2 A3 A4 A5 A6 A7

HE F-LO 1.035 −0.303 −0.705 0.063 −0.017 −0.0068[4] −0.0066[4] 0.0032[3]

HE F-EW-q̄q′ 1.040 −0.305 −0.711 0.051 −0.021 −0.0076[5] −0.0084[4] 0.0030[3]

HE F-EW-qγ 1.034 −0.306 −0.710 0.062 −0.016 −0.0067[4] −0.0065[4] 0.0032[3]

HE F-EW 1.039 −0.307 −0.717 0.050 −0.020 −0.0074[5] −0.0082[5] 0.0029[3]

HE D-LO 0.997 −0.265 −0.720 0.039 0.011 −0.00001[49] 0.00004[41] 0.0001[3]

HE D-EW-pZ 0.997 −0.266 −0.727 0.039 0.011 −0.0003[5] −0.0012[4] −0.0004[2]

HE D-EW-dZ 0.999 −0.267 −0.725 0.024 0.0078[2] −0.00003[53] 0.00003[45] 0.0001[3]

HE D-EW 0.999 −0.268 −0.733 0.025 0.0078[2] −0.0003[6] −0.0013[5] −0.0004[3]

CS F-LO 1.254 0.239 −0.488 −0.061 0.035 −0.0001[5] 0.010 −0.0032[3]

CS F-EW-q̄q′ 1.260 0.236 −0.494 −0.054 0.023 0.0008[6] 0.012 −0.0030[3]

CS F-EW-qγ 1.259 0.238 −0.487 −0.059 0.035 −0.0001[5] 0.010 −0.0032[3]

CS F-EW 1.266 0.234 −0.493 −0.053 0.023 0.0007[6] 0.012 −0.0029[3]

CS D-LO 1.200 0.305 −0.519 −0.023 0.036 −0.0001[6] 0.00002[30] −0.0001[3]

CS D-EW-pZ 1.205 0.302 −0.521 −0.023 0.036 0.0008[6] 0.0012[3] 0.0004[3]

CS D-EW-dZ 1.205 0.307 −0.522 −0.013 0.023 −0.00004[70] 0.00003[25] −0.0001[2]

CS D-EW 1.209 0.303 −0.525 −0.013 0.023 0.0009[7] 0.0012[2] 0.0004[3]

Table 18. Same as table 17 but for µ− distribution.

Method A0 A1 A2 A3 A4 A5 A6 A7

HE F-LO 0.897 0.088 −0.627 −0.373 −0.488 −0.0019[3] −0.0008[3] −0.0031[3]

HE F-EW-q̄q′ 0.904 0.092 −0.629 −0.375 −0.493 −0.0037[3] −0.0038[3] 0.0030[3]

HE F-EW-qγ 0.893 0.089 −0.622 −0.373 −0.475 −0.0018[3] −0.0008[3] −0.0030[3]

HE F-EW 0.899 0.092 −0.625 −0.374 −0.480 −0.0036[3] −0.0038[3] 0.0029[3]

HE D-LO 0.900 0.037 −0.740 −0.258 −0.475 −0.00003[41] 0.0001[3] 0.0001[3]

HE D-EW-pW+ 0.898 0.039 −0.734 −0.258 −0.468 −0.0018[4] −0.0030[3] 0.0064[3]

HE D-EW-dW+ 0.906 0.037 −0.747 −0.257 −0.474 −0.00003[41] 0.0001[3] 0.0001[3]

HE D-EW 0.903 0.040 −0.741 −0.257 −0.467 −0.0018[4] −0.0030[3] 0.0065[3]

CS F-LO 0.760 0.196 −0.764 0.052 −0.723 −0.00002[28] 0.0021[4] 0.0031[3]

CS F-EW-q̄q′ 0.758 0.191 −0.775 0.050 −0.728 0.0009[3] 0.0056[5] −0.0030[3]

CS F-EW-qγ 0.759 0.196 −0.756 0.059 −0.714 −0.00001[27] 0.0020[4] 0.0030[3]

CS F-EW 0.758 0.192 −0.767 0.057 −0.719 0.0008[3] 0.0055[5] −0.0029[3]

CS D-LO 0.839 0.280 −0.802 −0.027 −0.633 −0.0001[3] −0.000003[432] −0.0001[3]

CS D-EW-pW+ 0.835 0.278 −0.798 −0.022 −0.629 0.0008[4] 0.0035[5] −0.0064[3]

CS D-EW-dW+ 0.843 0.279 −0.811 −0.028 −0.631 −0.0001[4] 0.00001[46] −0.0002[3]

CS D-EW 0.839 0.277 −0.806 −0.023 −0.627 0.0008[4] 0.0036[5] −0.0065[3]

Table 19. Same as table 17 but with the CMS fiducial cuts.
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Method A0 A1 A2 A3 A4 A5 A6 A7

HE F-LO 0.858 −0.273 −0.570 0.068 −0.022 −0.0071[4] −0.0064[3] 0.0028[3]

HE F-EW-q̄q′ 0.858 −0.278 −0.568 0.056 −0.027 −0.0076[5] −0.0078[3] 0.0024[3]

HE F-EW-qγ 0.855 −0.277 −0.576 0.067 −0.022 −0.0070[4] −0.0063[3] 0.0028[3]

HE F-EW 0.855 −0.282 −0.574 0.055 −0.026 −0.0075[5] −0.0077[3] 0.0024[3]

HE D-LO 0.806 −0.227 −0.592 0.039 0.012 0.00003[39] 0.0001[3] 0.0001[2]

HE D-EW-pZ 0.805 −0.229 −0.599 0.040 0.012 −0.0003[4] −0.0011[3] −0.0004[3]

HE D-EW-dZ 0.803 −0.232 −0.590 0.025 0.0082[3] 0.0001[4] 0.0001[3] 0.00002[18]

HE D-EW 0.802 −0.234 −0.596 0.026 0.0082[3] −0.0002[5] −0.0011[3] −0.0004[3]

CS F-LO 1.128 0.296 −0.303 −0.069 0.038 −0.0003[4] 0.010 −0.0028[3]

CS F-EW-q̄q′ 1.134 0.292 −0.294 −0.063 0.025 0.0005[4] 0.012 −0.0024[3]

CS F-EW-qγ 1.135 0.294 −0.298 −0.068 0.038 −0.0003[4] 0.010 −0.0028[3]

CS F-EW 1.141 0.291 −0.290 −0.062 0.025 0.0005[4] 0.012 −0.0024[3]

CS D-LO 1.065 0.378 −0.337 −0.022 0.039 −0.0001[4] −0.00002[33] −0.0001[2]

CS D-EW-pZ 1.071 0.374 −0.336 −0.022 0.039 0.0008[4] 0.0011[3] 0.0004[3]

CS D-EW-dZ 1.071 0.378 −0.325 −0.013 0.025 −0.0001[4] −0.0001[3] −0.00004[18]

CS D-EW 1.077 0.374 −0.324 −0.014 0.025 0.0008[3] 0.0011[4] 0.0004[3]

Table 20. Same as table 18 but with the CMS fiducial cuts.

– 63 –



J
H
E
P
0
4
(
2
0
1
9
)
0
6
5

Method fW
+

L fW
+

0 fW
+

R fZL fZ0 fZR

HE F-LO 0.355 0.513 0.132 0.222 0.518 0.261

HE F-EW-q̄q′ 0.354 0.517 0.129 0.215 0.520 0.264

HE F-EW-qγ 0.353 0.510 0.136 0.223 0.517 0.260

HE F-EW 0.352 0.514 0.134 0.216 0.519 0.264

HE D-LO 0.355 0.512 0.133 0.263 0.498 0.239

HE D-EW-pV 0.354 0.510 0.136 0.263 0.498 0.239

HE D-EW-dV 0.353 0.515 0.132 0.259 0.499 0.241

HE D-EW 0.352 0.513 0.135 0.259 0.499 0.241

CS F-LO 0.304 0.699 −0.0025[2] 0.228 0.627 0.145

CS F-EW-q̄q′ 0.304 0.699 −0.0038[2] 0.212 0.630 0.158

CS F-EW-qγ 0.301 0.700 −0.0013[2] 0.226 0.630 0.144

CS F-EW 0.302 0.701 −0.0025[2] 0.210 0.633 0.157

CS D-LO 0.271 0.729 −0.0005[3] 0.242 0.600 0.158

CS D-EW-pV 0.270 0.730 0.0004[3] 0.241 0.603 0.157

CS D-EW-dV 0.269 0.732 −0.0014[3] 0.226 0.602 0.172

CS D-EW 0.267 0.733 −0.0004[3] 0.225 0.605 0.171

Table 21. Fiducial polarization fractions of W+ and Z bosons in the process pp→ e+νe µ
+µ−+X

at the 13 TeV LHC with the ATLAS fiducial cuts. Results are shown for full LO only, and also

with the EW-q̄q′, EW-qγ, and the total EW correction included. Similarly, results for DPA LO

only, and also with the EW-pV, EW-dV, and the total EW correction included are presented. The

upper rows are for the helicity (HE) coordinate system, while the lower ones for the Collins-Soper

(CS) coordinate system. The numbers in square brackets represent the statistical error, when it

is significant.
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Method fW
+

L fW
+

0 fW
+

R fZL fZ0 fZR

HE F-LO 0.398 0.448 0.154 0.260 0.429 0.312

HE F-EW-q̄q′ 0.397 0.452 0.151 0.254 0.429 0.317

HE F-EW-qγ 0.396 0.446 0.158 0.261 0.427 0.312

HE F-EW 0.395 0.450 0.155 0.256 0.427 0.317

HE D-LO 0.394 0.450 0.156 0.312 0.403 0.285

HE D-EW-pV 0.393 0.449 0.159 0.312 0.403 0.285

HE D-EW-dV 0.392 0.453 0.155 0.309 0.402 0.290

HE D-EW 0.391 0.452 0.158 0.309 0.401 0.290

CS F-LO 0.491 0.380 0.129 0.262 0.564 0.174

CS F-EW-q̄q′ 0.492 0.379 0.128 0.246 0.567 0.187

CS F-EW-qγ 0.489 0.380 0.132 0.260 0.567 0.172

CS F-EW 0.490 0.379 0.131 0.244 0.571 0.185

CS D-LO 0.448 0.420 0.132 0.279 0.532 0.189

CS D-EW-pV 0.449 0.418 0.134 0.277 0.535 0.187

CS D-EW-dV 0.447 0.421 0.132 0.262 0.536 0.203

CS D-EW 0.447 0.419 0.134 0.260 0.539 0.201

Table 22. Same as table 21 but with the CMS fiducial cuts.

– 65 –



J
H
E
P
0
4
(
2
0
1
9
)
0
6
5

Method A0 A1 A2 A3 A4 A5 A6 A7

HE F-LO 1.110 −0.389 −1.359 −0.127 −0.025 0.0002[4] 0.0035[3] 0.011

HE F-EW-q̄q′ 1.116 −0.386 −1.371 −0.120 −0.030 0.0016[6] 0.0062[4] 0.010

HE F-EW-qγ 1.102 −0.387 −1.361 −0.132 −0.016 0.0002[4] 0.0034[3] 0.011

HE F-EW 1.107 −0.385 −1.372 −0.126 −0.021 0.0016[6] 0.0061[4] 0.010

HE D-LO 1.087 −0.394 −1.347 −0.162 0.061 0.00001[50] 0.0001[2] 0.0001[4]

HE D-EW-pW− 1.078 −0.390 −1.350 −0.164 0.068 0.0013[6] 0.0025[3] −0.0016[3]

HE D-EW-dW− 1.091 −0.395 −1.357 −0.161 0.061 0.0001[5] 0.0001[3] 0.0001[4]

HE D-EW 1.083 −0.391 −1.359 −0.163 0.068 0.0014[7] 0.0025[4] −0.0016[4]

CS F-LO 1.578 0.214 −0.893 0.139 −0.123 −0.0028[4] −0.0027[4] −0.011

CS F-EW-q̄q′ 1.579 0.213 −0.909 0.131 −0.123 −0.0040[7] −0.0056[4] −0.010

CS F-EW-qγ 1.578 0.214 −0.887 0.149 −0.124 −0.0028[4] −0.0026[3] −0.011

CS F-EW 1.580 0.213 −0.902 0.141 −0.124 −0.0039[7] −0.0055[4] −0.010

CS D-LO 1.585 0.247 −0.850 0.230 −0.102 −0.0001[5] −0.00003[30] −0.0001[4]

CS D-EW-pW− 1.582 0.247 −0.847 0.237 −0.103 −0.0011[6] −0.0027[3] 0.0016[4]

CS D-EW-dW− 1.590 0.246 −0.860 0.228 −0.101 0.00003[59] 0.000003[348] −0.0001[4]

CS D-EW 1.587 0.247 −0.857 0.235 −0.102 −0.0010[8] −0.0027[3] 0.0016[4]

Table 23. Fiducial angular coefficients of the e− distribution for the process pp→ e−ν̄e µ
+µ−+X

at the 13 TeV LHC with the ATLAS fiducial cuts. Results are shown for full LO only, and also

with the EW-q̄q′, EW-qγ, and the total EW correction included. Similarly, results for DPA LO

only, and also with the EW-pV, EW-dV, and the total EW correction included are presented. The

upper rows are for the helicity (HE) coordinate system, while the lower ones for the Collins-Soper

(CS) coordinate system. The numbers in square brackets represent the statistical error, when it

is significant.
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Method A0 A1 A2 A3 A4 A5 A6 A7

HE F-LO 0.989 −0.326 −0.736 −0.014 0.062 0.0030[3] 0.0093[2] 0.0063[4]

HE F-EW-q̄q′ 0.993 −0.328 −0.742 −0.0082[2] 0.039 0.0037[4] 0.011 0.0065[5]

HE F-EW-qγ 0.988 −0.327 −0.741 −0.014 0.061 0.0029[3] 0.0092[2] 0.0062[4]

HE F-EW 0.992 −0.330 −0.748 −0.0084[2] 0.039 0.0036[4] 0.011 0.0064[5]

HE D-LO 0.965 −0.322 −0.743 −0.019 0.068 −0.0001[2] −0.00005[17] 0.0001[4]

HE D-EW-pZ 0.965 −0.324 −0.750 −0.020 0.070 0.0005[2] 0.0011[2] −0.0001[5]

HE D-EW-dZ 0.967 −0.325 −0.748 −0.012 0.044 −0.0002[3] 0.00002[15] 0.0002[4]

HE D-EW 0.967 −0.327 −0.755 −0.014 0.046 0.0004[3] 0.0012[2] −0.00003[51]

CS F-LO 1.251 0.313 −0.477 0.050 0.048 −0.0044[3] −0.010 −0.0063[4]

CS F-EW-q̄q′ 1.258 0.311 −0.481 0.031 0.031 −0.0055[4] −0.011 −0.0065[5]

CS F-EW-qγ 1.256 0.310 −0.476 0.050 0.047 −0.0043[3] −0.0094[2] −0.0062[4]

CS F-EW 1.263 0.308 −0.480 0.032 0.030 −0.0054[4] −0.011 −0.0064[5]

CS D-LO 1.239 0.361 −0.472 0.058 0.049 −0.0001[3] 0.0001[1] −0.0001[4]

CS D-EW-pZ 1.245 0.357 −0.473 0.061 0.049 −0.0007[3] −0.0011[2] 0.0001[5]

CS D-EW-dZ 1.245 0.362 −0.474 0.038 0.032 −0.0002[4] 0.0002[2] −0.0002[4]

CS D-EW 1.251 0.358 −0.475 0.041 0.031 −0.0009[4] −0.0011[3] 0.00005[48]

Table 24. Same as table 23 but for the µ− distribution.

Method A0 A1 A2 A3 A4 A5 A6 A7

HE F-LO 1.006 −0.079 −0.743 −0.156 −0.0020[3] 0.0004[4] 0.0033[3] 0.010

HE F-EW-q̄q′ 1.011 −0.075 −0.750 −0.151 −0.0066[3] 0.0018[5] 0.0057[4] 0.0092[3]

HE F-EW-qγ 0.998 −0.076 −0.735 −0.161 0.0053[3] 0.0004[4] 0.0032[3] 0.010

HE F-EW 1.003 −0.072 −0.742 −0.156 0.0010[3] 0.0018[5] 0.0055[4] 0.0091[3]

HE D-LO 0.983 −0.075 −0.718 −0.176 0.083 0.00004[50] 0.00004[24] 0.0001[3]

HE D-EW-pW− 0.976 −0.068 −0.711 −0.178 0.087 0.0014[6] 0.0022[3] −0.0014[3]

HE D-EW-dW− 0.987 −0.074 −0.724 −0.175 0.084 0.0001[5] 0.00003[26] 0.0001[3]

HE D-EW 0.980 −0.068 −0.717 −0.177 0.088 0.0015[6] 0.0022[3] −0.0014[3]

CS F-LO 1.014 0.215 −0.735 0.182 −0.131 −0.0026[4] −0.0027[4] −0.010

CS F-EW-q̄q′ 1.012 0.214 −0.749 0.175 −0.131 −0.0035[4] −0.0054[5] −0.0092[3]

CS F-EW-qγ 1.009 0.216 −0.725 0.191 −0.133 −0.0025[3] −0.0027[4] −0.010

CS F-EW 1.007 0.214 −0.739 0.184 −0.133 −0.0034[4] −0.0053[5] −0.0091[3]

CS D-LO 1.005 0.257 −0.696 0.263 −0.101 0.00001[45] −0.00003[33] −0.0001[3]

CS D-EW-pW− 0.997 0.257 −0.691 0.267 −0.103 −0.0008[5] −0.0026[4] 0.0014[3]

CS D-EW-dW− 1.008 0.257 −0.704 0.262 −0.100 0.00004[43] −0.0001[4] −0.0001[3]

CS D-EW 0.999 0.257 −0.699 0.266 −0.102 −0.0008[5] −0.0026[5] 0.0014[2]

Table 25. Same as table 23 but with the CMS fiducial cuts.
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Method A0 A1 A2 A3 A4 A5 A6 A7

HE F-LO 0.798 −0.288 −0.603 −0.017 0.072 0.0032[3] 0.0094[2] 0.0064[3]

HE F-EW-q̄q′ 0.797 −0.294 −0.601 −0.012 0.048 0.0039[3] 0.011 0.0065[4]

HE F-EW-qγ 0.796 −0.291 −0.608 −0.017 0.071 0.0031[2] 0.0093[2] 0.0063[3]

HE F-EW 0.795 −0.297 −0.606 −0.012 0.048 0.0038[3] 0.011 0.0063[4]

HE D-LO 0.762 −0.286 −0.616 −0.018 0.073 −0.0001[2] −0.0001[1] 0.0001[3]

HE D-EW-pZ 0.761 −0.289 −0.621 −0.020 0.075 0.0005[2] 0.0012[1] −0.0001[4]

HE D-EW-dZ 0.759 −0.292 −0.613 −0.012 0.048 −0.0001[3] −0.0001[2] 0.0001[4]

HE D-EW 0.758 −0.295 −0.619 −0.013 0.050 0.0005[3] 0.0012[3] −0.0001[4]

CS F-LO 1.113 0.382 −0.291 0.061 0.050 −0.0046[2] −0.010 −0.0064[3]

CS F-EW-q̄q′ 1.120 0.380 −0.281 0.042 0.033 −0.0055[3] −0.011 −0.0065[4]

CS F-EW-qγ 1.121 0.379 −0.286 0.061 0.049 −0.0045[2] −0.0094[2] −0.0063[3]

CS F-EW 1.128 0.377 −0.276 0.042 0.032 −0.0054[3] −0.011 −0.0063[4]

CS D-LO 1.104 0.442 −0.276 0.063 0.051 −0.00004[25] 0.0001[2] −0.0001[3]

CS D-EW-pZ 1.112 0.438 −0.274 0.065 0.050 −0.0008[3] −0.0013[2] 0.0001[4]

CS D-EW-dZ 1.111 0.442 −0.264 0.041 0.033 −0.0001[4] 0.0001[2] −0.0001[4]

CS D-EW 1.119 0.438 −0.261 0.043 0.033 −0.0008[4] −0.0012[3] 0.0001[5]

Table 26. Same as table 24 but with the CMS fiducial cuts.

Method fW
−

L fW
−

0 fW
−

R fZL fZ0 fZR

HE F-LO 0.216 0.555 0.229 0.325 0.494 0.181

HE F-EW-q̄q′ 0.214 0.558 0.228 0.298 0.497 0.206

HE F-EW-qγ 0.220 0.551 0.229 0.324 0.494 0.182

HE F-EW 0.218 0.554 0.228 0.298 0.496 0.206

HE D-LO 0.244 0.543 0.213 0.338 0.482 0.180

HE D-EW-pV 0.247 0.539 0.213 0.340 0.482 0.178

HE D-EW-dV 0.242 0.546 0.212 0.310 0.484 0.206

HE D-EW 0.246 0.541 0.212 0.312 0.484 0.205

CS F-LO 0.075 0.789 0.136 0.243 0.625 0.132

CS F-EW-q̄q′ 0.074 0.790 0.136 0.221 0.629 0.150

CS F-EW-qγ 0.074 0.789 0.137 0.241 0.628 0.131

CS F-EW 0.074 0.790 0.136 0.220 0.632 0.149

CS D-LO 0.078 0.793 0.129 0.247 0.620 0.134

CS D-EW-pV 0.079 0.791 0.130 0.245 0.623 0.132

CS D-EW-dV 0.077 0.795 0.128 0.226 0.622 0.152

CS D-EW 0.078 0.794 0.129 0.224 0.626 0.151

Table 27. Fiducial polarization fractions of W− and Z bosons in the process pp→ e−ν̄e µ
+µ−+X

at the 13 TeV LHC with the ATLAS fiducial cuts. Results are shown for full LO only, and also

with the EW-q̄q′, EW-qγ, and the total EW correction included. Similarly, results for DPA LO

only, and also with the EW-pV, EW-dV, and the total EW correction included are presented. The

upper rows are for the helicity (HE) coordinate system, while the lower ones for the Collins-Soper

(CS) coordinate system.
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Method fW
−

L fW
−

0 fW
−

R fZL fZ0 fZR

HE F-LO 0.248 0.503 0.249 0.384 0.399 0.217

HE F-EW-q̄q′ 0.246 0.505 0.249 0.357 0.399 0.244

HE F-EW-qγ 0.252 0.499 0.249 0.384 0.398 0.218

HE F-EW 0.250 0.501 0.249 0.358 0.398 0.245

HE D-LO 0.275 0.492 0.233 0.395 0.381 0.224

HE D-EW-pV 0.278 0.488 0.234 0.397 0.380 0.223

HE D-EW-dV 0.274 0.494 0.232 0.366 0.380 0.254

HE D-EW 0.277 0.490 0.233 0.368 0.379 0.252

CS F-LO 0.214 0.507 0.279 0.280 0.557 0.163

CS F-EW-q̄q′ 0.214 0.506 0.280 0.258 0.560 0.182

CS F-EW-qγ 0.215 0.504 0.281 0.277 0.560 0.162

CS F-EW 0.215 0.504 0.281 0.256 0.564 0.180

CS D-LO 0.223 0.503 0.274 0.283 0.552 0.165

CS D-EW-pV 0.225 0.498 0.277 0.281 0.556 0.163

CS D-EW-dV 0.223 0.504 0.273 0.261 0.556 0.184

CS D-EW 0.225 0.499 0.276 0.259 0.559 0.182

Table 28. Same as table 27 but with the CMS fiducial cuts.
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