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1 Introduction

The production of electroweak (EW) gauge bosons at the Large Hadron Collider (LHC)

has been investigated intensively in recent years both theoretically and experimentally.

During Run 2 at 13 TeV centre-of-mass (CM) energy, the LHC accumulated enough

luminosity to enable precise measurements of a large variety of multi-boson processes both

in the light of probing the Standard Model (SM) of fundamental interactions and with the

aim of hunting for new physics. The accumulated statistics allows for the measurement

of observables that are difficult to extract from the data, like the polarizations of mas-

sive gauge bosons. Being unstable, W and Z bosons can only be produced off-shell and

reconstructed from their hadronic or leptonic decay products. Therefore, the only way to

get access to their polarization is to study their decay products, with a particular focus

on the angular variables that have a direct dependence on the polarization mode of the

decayed boson.

The analysis of polarization could serve as a probe of the SM gauge and Higgs sectors

as well as a tool to discriminate between the SM and beyond-the-Standard-Model (BSM)

theories. In particular, since the longitudinal polarization is a direct consequence of the

Electroweak Symmetry Breaking (EWSB) mechanism, any deviation from the SM in the

production of longitudinal weak bosons would provide valuable information.

A number of polarization measurements has been performed with LHC data at 8 TeV

CM energy. The CMS and ATLAS collaborations have extracted polarization fractions and

coefficients of angular distributions in W-boson production in association with jets [1, 2],

in inclusive Z-boson production [3, 4], and in tt̄ events [5, 6]. A combination of CMS

and ATLAS W-boson polarization measurements in top-quark decays appeared very re-

cently [7]. The first polarization measurement with 13 TeV data has been performed by

ATLAS in W±Z production [8]. The increased luminosities expected in the high-luminosity
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run of the LHC will enable polarization measurements even in processes with rather small

cross-sections, like vector-boson scattering [9, 10].

Several theoretical results on polarized weak bosons at the LHC are available in the

literature. A detailed study of W-boson polarization in W + jet production has been per-

formed in ref. [11] in the absence of lepton cuts. The effect of realistic selection cuts has

been studied in ref. [12] both in V + jets and in many other multi-boson production pro-

cesses, including a few results at leading-order (LO) for WW and WZ production. The

effect of selection cuts and their interplay with interferences between amplitudes for dif-

ferent polarizations has been investigated in ref. [13]. The polarization of W and Z bosons

in vector-boson scattering has been extensively studied in the fully leptonic channel at LO

EW in refs. [14, 15] using the PHANTOM Monte Carlo [16]. Recently, fiducial polarization

observables have been analysed in fully leptonic W±Z production including next-to-leading

(NLO) QCD and EW corrections both in a realistic LHC environment [17] and in an inclu-

sive setup [18]. In particular, angular coefficients that can be extracted analytically from

unpolarized distributions are directly related to the polarization fractions in the absence

of lepton cuts. Extending this strategy in the presence of lepton cuts provides fiducial

observables that, while being accessible at the LHC, can be very far from describing the

polarization of decayed weak bosons. The calculation of polarized cross-sections has been

automated in the MadGraph Monte Carlo [19], employing decay chains in the narrow-

width approximation and including spin correlations via the MadSpin package [20]. Very

recently, the gluon-induced ZZ production with polarized bosons has been studied with the

aim of enhancing the sensitivity to the Ztt̄ coupling [21].

In this paper, focusing the discussion on the W+W− production at the LHC@13TeV,

we propose a method to define signals with polarized weak bosons at the amplitude level,

including also QCD radiative corrections. This actually represents an extension to NLO

QCD of the method developed in vector-boson scattering with the PHANTOM Monte

Carlo [14, 15]. The definition of polarized signals presented in this work relies on the

double-pole approximation (DPA) [22–27], which is expected to be more accurate than the

narrow-width approximation or a decay chain.

The production of W+W− pairs in the fully leptonic decay channel has been extensively

studied at the theoretical level. Beyond its own importance as a clean signature at hadron

colliders, it is an important irreducible background for Higgs searches, and provides a

handle to probe the SM triple gauge-boson coupling. It has also been widely investigated

in the context of direct BSM searches. The SM radiative corrections to the full process

with leptonic decays are known up to next-to-next-to leading-order (NNLO) QCD and NLO

EW [27–31]. All order resummation and parton-shower effects have also been studied [32–

36]. NLO QCD results on polarized W+W− production within the SM and the Standard

Model Effective Field Theory are shown in ref. [37] for on-shell bosons W bosons.

However, a detailed phenomenological analysis of polarized W-boson pair production

including off-shell effects is still missing in literature. The computation we present includes

NLO QCD corrections to the leading qq̄ partonic channel, and the LO predictions for the

loop-induced gg partonic channel, which for the first time is studied in its polarization

structure. Providing accurate SM predictions for polarized di-boson production is of great
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importance both to further probe the SM itself and to investigate possible deviations from

the SM triple gauge-boson couplings and other potential new-physics effects.

There is a long-standing experimental interest in the polarizations of W bosons in

boson-pair production. They were investigated for example in electron-positron collisions

at LEP [38] with the aim of probing anomalous gauge-boson couplings.

At the LHC, W-pair production has been measured by ATLAS [39, 40] with 13 TeV

data, without the specific aim of extracting polarization fractions. Differently from W±Z

and ZZ production, the presence of two neutrinos in the final state hampers the recon-

struction of the two vector bosons, reducing the number of variables that discriminate

among polarization states. However, the accumulated luminosity in Run 2 allows for the

extraction of polarizations, e.g. by means of a multi-variate analysis of relevant observables

based on SM Monte Carlo templates. Furthermore, the recent ATLAS results in W±Z

production [8] and the foreseen measurements of polarizations in WW scattering with

high-luminosity data [10] give us confidence that polarizations will soon be investigated in

W-pair production.

This paper is organized as follows. In section 2.1 we describe the strategy we use

to define polarized cross-sections in W-pair production. In section 2.2 we present the

setup of our simulations, including SM parameters and selection cuts. Results for the

production of one or two polarized bosons in an inclusive setup are shown in section 3.1,

while corresponding results in a realistic fiducial region are compiled in section 3.2. We

present both total cross-sections and differential distributions with a focus on the impact of

QCD corrections on polarization fractions and, more in general, on polarized distributions

for the relevant kinematic variables and observables. In section 4 we draw our conclusions.

2 Details of the calculation

2.1 Definition of the polarized signals

A precise definition of polarized signals can be given only for on-shell particles. Since W

and Z bosons are unstable particles, selecting their polarization states is always afflicted

with some ambiguity. In this work, we define polarized cross-sections via an extension of

the techniques used at LO in refs. [14, 15] to NLO QCD. It is worth recalling the main steps

taken to arrive at a well-behaved definition of polarized EW bosons at the amplitude level.

In all the following we focus on W-pair production, but everything is valid without

modifications for any boson-pair production process in the fully leptonic decay channel,

given that the two pairs of leptons have different flavours. Considering same flavour lep-

ton pairs would require a more or less trivial extension of the DPA. The strategy can

be directly transferred to define polarized cross sections for the production of arbitrary

unstable particles.

The first obstacle towards the definition of polarized signals are the non-resonant con-

tributions to the full process pp → e+νeµ
−ν̄µ + X. Already at tree level in the SM

(LO EW), di-boson production receives contributions from both resonant [figure 1(a)] and

non-resonant diagrams [figure 1(b)]. The former diagrams give rise to an amplitude that
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Figure 1. Sample tree-level diagrams for W+W− production at the LHC.

can be factorized into production, propagation, and decay of vector bosons, i.e. they con-

tain a contribution to vector-boson pair production. The latter diagrams do not involve

two intermediate vector bosons, and a definition of corresponding polarizations does not

make sense. In fact, non-doubly-resonant diagrams cannot be viewed as a contribution to

vector-boson pair production, but should be treated as irreducible background and sub-

tracted from the complete process. However, since non-resonant contributions are necessary

to preserve gauge invariance, they cannot be dropped without further manipulating the

resulting amplitude.

This issue is easily solved by using a narrow-width approximation, which however can

be very inaccurate, since off-shell effects and spin correlations are completely neglected.

Beyond simple decay-chain techniques, a better solution is provided by the MadSpin

method [19, 20] that preserves LO spin correlations and reintroduces an off-shell-ness of

weak-boson propagators. Another approach, which has proven to be accurate in vector-

boson scattering and other multi-boson signatures, is given by the DPA [22–27] or pole

approximations in general [41, 42]: given a resonant amplitude, the numerator of the res-

onant diagrams is projected on shell to restore gauge invariance, while the Breit-Wigner

modulation is kept with off-shell kinematics. This procedure can be viewed as a definition

of the di-boson production contribution and provides a gauge-invariant separation of the

complete process into W-pair production and the corresponding irreducible background.

As the pole approximation, this separation does not only work for W-pair production but

for arbitrary processes involving unstable particles. This technique has been employed to

obtain the results presented in this paper.

Once W-pair production is properly isolated via the DPA in a gauge-invariant manner,

individual polarized contributions can be defined. Note, however, that polarizations of

massive states are not uniquely fixed. Let us consider a generic amplitude that involves

the production of a W boson with momentum k (subamplitude Pµ) and its decay into

massless leptons with momenta l and k − l (subamplitude Dν). In the ’t Hooft-Feynman

gauge such an amplitude reads

Ares = Pµ(k)
−gµν

k2 −M2
W + iΓWMW

Dν(l, k − l) . (2.1)

– 4 –



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

Using polarization vectors εµλ for the W boson, the on-shell propagator numerator can be

rewritten as follows,

Ares = Pµ(k)

[∑
λ=L,± ε

µ ∗
λ (k)ενλ(k)

]
− kµkν/M2

W

k2 −M2
W + iΓWMW

Dν(l, k − l)

=
∑
λ=L,±

Pµ(k)εµ ∗λ (k) ενλ(k)Dν(l, k − l)
k2 −M2

W + iΓWMW
− Pµ(k)kµ kνDν(l, k − l)
M2

W(k2 −M2
W + iΓWMW)

=
∑
λ=L,±

Mλ(k)Mλ(l, k − l)
k2 −M2

W + iΓWMW
+ 0 =:

∑
λ=L,±

Aλ , (2.2)

where the sum runs over the three physical polarizations, longitudinal (λ = L), left-handed

(λ = −), and right-handed (λ = +). The term proportional to the boson momentum k

vanishes upon contraction with the massless leptonic current Dν [second line of eq. (2.2)].

Then, the numerator can be expressed as a sum over products of polarized matrix ele-

ments for the production [Mλ(k)] and the decay [Mλ(l, k− l)] of the polarized W bosons.

Note also that would-be Goldstone-boson diagrams vanish thanks to the massless decay

leptons. These simplifications hold within any Rξ gauge. We stress that if the final leptons

are massive, the additional term proportional to the boson momentum in eq. (2.2) can-

cels against the would-be Goldstone-boson contributions, leaving the same sum over the

physical polarization states.

It is worth noting that the polarization vectors introduced in eq. (2.2) need to be

defined in a specific reference frame. In all results presented in this paper, we choose the

laboratory frame for this purpose. To be precise, for an on-shell vector boson with mass M ,

energy E, and momentum p =
√
E2 −M2 that propagates along the direction defined by

the spherical angles θV and φV , the polarizations vectors read

εµ− =
1√
2

(0, cos θV cosφV + i sinφV , cos θV sinφV − i cosφV ,− sin θV ) ,

εµ+ =
1√
2

(0,− cos θV cosφV + i sinφV ,− cos θV sinφV − i cosφV , sin θV ) ,

εµL =
1

M
(p,E sin θV cosφV , E sin θV sinφ,E cos θV ) . (2.3)

To obtain polarized cross-sections we need to square eq. (2.2). The result is not sim-

ply the sum of squared polarized terms, since interferences among different polarization

states arise, ∣∣Ares

∣∣2 =
∑
λ

∣∣Aλ∣∣2 +
∑
λ 6=λ′
A∗λAλ′ . (2.4)

Such interferences [the second term in eq. (2.4)] are expected to vanish only for fully

inclusive decays, i.e. in the absence of cuts on the decay leptons, but are non-zero other-

wise [12–14]. However, interference effects play a non-negligible role even in an inclusive

setup for W-pair production. From eq. (2.4) it is evident that with a simple substitution

in the propagator, ∑
λ′

εµ ∗λ′ ε
ν
λ′ −→ εµ ∗λ ενλ , (2.5)
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for a given polarization state λ (= L,−,+), we are able to compute polarized cross-sections

with a Monte Carlo. The size of the interferences can then be easily deduced by comparing

the unpolarized results [l.h.s. of eq. (2.4)] with the sum of the polarized ones [first term on

the r.h.s. in eq. (2.4)].

Since in W+W− production there are two vector bosons, not only singly-polarized but

also doubly-polarized configurations can be investigated. To compute the doubly-polarized

signals, we select a definite polarization state for both bosons, resulting in 9 different

possible combinations. However, as usually done in experimental analyses, the left- and

right-handed contributions of a single vector boson are combined by means of a coherent

sum into the transverse one, which also includes the left-right interference term (which is

non-zero in general). In the end we are left with four different combinations of longitudinal

(L) and transverse (T) modes: W+
L W−L , W+

L W−T , W+
TW−L , and W+

TW−T . When computing

singly-polarized signals, one boson has fixed polarization state (L or T), while the other

one is kept unpolarized, i.e. we include the coherent sum of all of its polarization modes.

In the following we consider singly-polarized results for the W+ boson.

Finally, we include NLO QCD corrections. As detailed above, we use the DPA to

define polarized cross-sections. In the literature, the DPA is usually applied only to contri-

butions that feature Born-level kinematics, such as the LO or virtual corrections. In order

to define polarized W bosons in all NLO contributions, we have to apply the DPA also to

the real QCD corrections. Since we employ the Catani-Seymour scheme for the subtrac-

tion of infrared singularities [43], it has to be applied also to integrated and unintegrated

subtraction dipoles, which turned out to be the most delicate part of the calculation.

The extension of this strategy to NLO EW is possible though slightly more complicated.

Since both virtual and real corrections lead to non-factorizable but resonant contributions

and real photons can be radiated off the resonant boson, various contributions have to be

taken into account in the DPA. For each doubly-resonant term, polarized amplitudes have

to be defined, and each term that is non-doubly-resonant has to be split off as background.

This can be done following the line of reasoning in refs. [24, 44, 45].

QCD radiative corrections only modify the production subprocess in di-boson produc-

tion, leading to an easier implementation in a numerical code.

All results presented in this work have been obtained using Recola amplitudes [46, 47]

and MoCaNLO, which is a multi-channel Monte Carlo integration code that has already

been used for several calculations at NLO QCD and EW accuracy [48–54]. For the purpose

of this work, we have employed a private version of Recola that enables the separation

of weak-boson polarizations in resonant SM amplitudes.

As a last comment of this section, we remark that the perturbative order which we

consider in this work is not state-of-the-art, as we are neglecting both NNLO QCD and

NLO EW corrections. However, the leading radiative corrections are represented by the

NLO QCD ones, which are combined here with the results for the loop-induced gg partonic

process. In general, the impact of NLO EW corrections is expected to be smaller than the

one of QCD corrections. The results for W±Z production in ref. [18] show that angular

distributions and polarization observables are mildly modified by NLO EW corrections for

what concerns the W boson in an inclusive setup. We therefore expect similar results in
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W-pair production, at least in the absence of lepton cuts. However, we leave the treatment

of NLO EW corrections to future work.

2.2 Input parameters and selection cuts

We investigate the process pp→ e+νeµ
−ν̄µ +X for a proton-proton CM energy of 13 TeV

assuming SM dynamics. At LO, this process receives contributions from qq̄ initial states

only. The LO [O(α4)] and NLO QCD [O(αsα
4)] predictions are computed in the five-flavour

scheme. We choose the following on-shell EW vector-boson masses and widths [55],

Mos
W = 80.3790 GeV, Γos

W = 2.0850 GeV,

Mos
Z = 91.1876 GeV, Γos

Z = 2.4952 GeV, (2.6)

which are converted into the corresponding pole values by means of [56],

MV =
MOS
V√

1 + (ΓOS
V /MOS

V )2
, ΓV =

ΓOS
V√

1 + (ΓOS
V /MOS

V )2
. (2.7)

Further SM parameters are chosen as

MH = 125 GeV, ΓH = 0.00407 GeV,

mt = 173 GeV, Γt = 0 GeV,

Gµ = 1.16638 · 10−5 GeV−2. (2.8)

While the Higgs and top parameters are irrelevant for the quark-induced processes, they

enter the calculation of the gluon-induced channel. We consider massless bottom quarks.

Even if we work in the five-flavour scheme, the bb̄-initiated partonic channel is neglected,

since it is strongly PDF suppressed with respect to other quark flavours. The parton

distribution functions (PDF) are passed to MoCaNLO via the LHAPDF6 interface [57].

We use NNPDF3.1 PDFs [58] computed with αs(MZ) = 0.118 [NNPDF31 (n)lo as 0118 for

(N)LO]. The Gµ scheme is employed for fixing the EW coupling, and the weak vector

bosons are treated in the complex-mass scheme [25, 59, 60].

We also present results for the loop-induced gluon-initiated partonic processes gg →
e+νeµ

−ν̄µ. For this, we employ the same parameters described above, apart from the

b-quark mass which is now set to Mb = 4.7 GeV. However, we keep working in the

five-flavour scheme. We use the same PDF choice as for NLO QCD corrections to the

quark-induced process.

In all computations the factorization and renormalization scales are set to the W pole

mass, µF = µR = MW.

We consider two different sets of selection cuts. To validate the polarized distributions

we use a first setup (labelled inclusive) that only involves a technical cut on the charged-

lepton transverse momentum, p`T > 0.01 GeV, whose effects on the results are completely

negligible, and a jet veto on additional jets with pT,j > 35 GeV, |ηj| < 4.5. We then consider
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a second setup (labelled fiducial) that mimics the fiducial signal region defined in a recent

ATLAS measurement [40]:

• minimum transverse momentum of the charged leptons, pT,` > 27 GeV;

• maximum rapidity of the charged leptons, |η`| < 2.5;

• minimum missing transverse momentum, pT,miss > 20 GeV;

• the same jet veto (no jets with pT,j > 35 GeV, |ηj| < 4.5) as in the inclusive setup;

• minimum invariant mass of the charged lepton-pair system, Me+µ− > 55 GeV.

The last invariant-mass cut is applied to reduce the Higgs background down to approx-

imately 1% of the total WW-production cross-section. This is important mostly in the

study of the gluon-induced partonic process, for which in any case we exclude the Higgs

peak region by imposing M2`2ν > 130 GeV. Note that in the ATLAS paper [40] a trans-

verse momentum cut (pT,e+µ− > 30 GeV) is also applied to the charged lepton pair to

suppress the Drell-Yan background. However, we do not use this cut in the following, since

it is motivated by experimental mis-reconstruction of the final state. The top-production

background is suppressed in the ATLAS analysis by means of a b-jet veto (no b jets

with pT,b > 20 GeV and |ηb| < 2.5). In our discussion we assume a perfect b-jet veto

for simplicity.

3 Results

In this section, we present phenomenological results for polarized signals in W-pair pro-

duction. We have investigated both singly-polarized and doubly-polarized configurations,

since the experimental interest lies both in the single-boson polarization fractions and in

the extraction of the doubly-longitudinal cross-section. Näıvely one could expect that

the doubly-polarized cross-sections are directly related to the singly-polarized ones. This

statement is wrong, as the two W-boson spin states are strongly correlated in di-boson

kinematics. This is due to the absence of additional jets in the final state and to the con-

strained angular momentum balance of the initial state that features two spin-1/2 particles

in the leading partonic channel. Such a correlation is weaker if the weak-boson pair is pro-

duced with additional jets [14]. However, even in that case the zero-correlation hypothesis

is definitely not realistic.

In the following, we also evaluate the contributions of the non-resonant irreducible

background and effects of interferences among polarizations at the level of total and dif-

ferential cross-sections. The non-resonant background is defined as the difference between

results based on full matrix elements (full, for simplicity) and the unpolarized results com-

puted with the DPA as described in section 2.1. Their size is a priori expected to be of

the order of the intrinsic error of the DPA [O(α)].

Interferences among different polarization states are estimated as the difference be-

tween the unpolarized DPA results and the sum of polarized DPA ones [see eq. (2.4)].

Such a sum runs over two singly-polarized contributions, i.e. T and L, or four doubly-

polarized ones, i.e. TT, TL, LT, LL states: in the former case, interferences are expected
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to be slightly smaller than in the latter one, as the interferences corresponding to the unpo-

larized bosons are implicitly included in the calculation. Even if, in general, interferences

are expected to vanish in the absence of lepton cuts, there can be non-trivial effects due

to the correlations of the polarizations of the two produced bosons in the doubly-polarized

case and in distributions in the singly-polarized case.

We are going to present results at LO and NLO QCD for the leading qq̄ channel and

combine them with LO results for the gg channel.

The loop-induced production of W+W− pairs with two initial-state gluons gives a

contribution at O(α2
sα

4). Although it is formally part of the NNLO QCD corrections

to W-pair production, it is enhanced by the gluon luminosity in the proton. It can be

computed independently as it only involves ultraviolet- and infrared-finite amplitudes. We

note that for massless quarks and leptons only doubly-W-resonant diagrams contribute to

the gluon-induced process [61]. Among them, only box diagrams and one triangle Higgs-

exchange diagram are non-vanishing. The triangle diagram, proportional to the top-quark

Yukawa coupling, is negligible if the Higgs-mass region is cut away. As a consequence, the

DPA reproduces the full result much better than in the quark-induced channels.

For the gg channel, we exclude the Higgs-resonance peak by an invariant-mass cut

M2`2ν > 130 GeV. This reduces the cross-section for gg→ e+νeµ
−ν̄µ by 5% relative to the

one computed from the complete invariant-mass spectrum. Given that the gluon-induced

contribution is roughly 7% of the NLO QCD total cross-section for qq̄, the Higgs signal

accounts for a few permille in the combined cross-section.

Before presenting results, we remind the reader that we consider a jet veto (no jets in

the region pT,j > 35 GeV, |ηj| < 4.5). This selection is applied in W+W− production to

suppress large contributions from additional QCD radiation. If such a veto is not required,

the results (both polarized and unpolarized) change noticeably, as the additional jet recoils

against the W+W− system. In particular, avoiding the jet veto leads to a substantial im-

provement of the quality of the DPA at NLO QCD, as doubly-resonant diagrams contribute

also in regions where they would be excluded (e.g. large missing transverse momentum)

if the jet veto was applied. Nonetheless, dropping the jet veto would mean that W+W−j

production (LO accurate) is not suppressed anymore with respect to W+W− production.

Therefore the polarized predictions would not pertain exactly to di-boson production. In

all the following we understand the jet veto described in section 2.2 to be applied.

A further comment should be made on the jet veto. The results we are going to show

concern fixed-order predictions in perturbative QCD. It is well known [62, 63] that applying

a jet-veto in di-boson production leads to an enhancement of higher-order corrections

due to large logarithms stemming from the ratio between the di-boson invariant mass

(& 2MW) and the jet-veto scale. While this affects total cross-sections and shapes of

distributions, we do not expect that the resummation of jet-veto logarithms would sizeably

affect the polarization fractions. This is supported by the fact that polarization fractions

exhibit a very mild dependence on the QCD scale, as shown below. Moreover, for di-boson

production with leptonic decays, the QCD corrections are related only to the initial state,

while the polarization dependence is tied to the final state.
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LO NLO QCD K-factor ∆gg

full 871.4(4)+4.2%
−5.1% 932.0(9)+1.8%

−2.3% 1.07 1.05

unpolarized (DPA) 859.1(2)+4.2%
−5.1% 920.7(5)+1.9%

−2.4% 1.07 1.05

W+
L W−unpol (DPA) 224.0(1)+5.0%

−6.3% 249.2(2)+2.0%
−2.5% 1.11 1.03

W+
TW−unpol (DPA) 635.0(1)+4.0%

−4.8% 671.4(4)+1.8%
−2.2% 1.06 1.06

W+
L W−L (DPA) 16.22(1)+5.2%

−6.0% 25.19(2)+2.4%
−3.3% 1.55 1.08

W+
L W−T (DPA) 207.8(1)+5.0%

−6.0% 224.0(1)+2.0%
−2.6% 1.08 1.03

W+
TW−L (DPA) 253.9(1)+4.8%

−5.8% 266.3(2)+2.0%
−2.5% 1.05 1.02

W+
TW−T (DPA) 381.1(1)+3.3%

−4.1% 404.9(2)+1.6%
−2.0% 1.06 1.08

Table 1. Total cross-sections (in fb) in the inclusive setup for the unpolarized, singly-polarized and

doubly-polarized W+W− production at the LHC. Uncertainties are computed with 7-point scale

variations. K-factors are computed as ratios of NLO QCD over LO integrated cross-sections. The

contribution of the gluon-induced channel is shown relative to the NLO QCD results for qq̄.

3.1 Inclusive phase-space region

In this section we present results obtained in the inclusive setup. For W-pair production,

the final state only involves the decay products of the two W bosons, which are produced

almost back-to-back, up to an additional jet with small pT at NLO. Therefore, the kine-

matic variables of decay products are more strongly correlated than in other multi-boson

signatures, such as in vector-boson scattering. This affects the polarized signals leading to

interesting results that could be näıvely considered as unexpected.

In table 1 we show the total cross-sections (in fb) for all relevant polarizations, includ-

ing both singly- and doubly-polarized results. The numerical errors on the central values

are indicated in parentheses. The percentage scale uncertainties, extracted with 7-point

variations around the central scale, are provided in superscripts and subscripts. Note that

the DPA cross-sections are identically zero for M2`2ν < 2MW by definition. The contri-

bution to the full cross-section of the region below 2MW is merely 1.3%. As a general

comment, the transverse polarization strongly dominates over the longitudinal one, as in

most multi-boson production processes [11, 12]. This implies that K-factor, scale varia-

tions, and enhancement due to the gg channel for transverse W bosons are very similar

to the unpolarized case. Results with at least one longitudinal boson show slightly larger

K-factors compared to the transverse ones: 1.11 for the singly-longitudinal (dominated by

the transverse component of the unpolarized boson), 1.55 for the LL, despite the application

of the jet veto. After combining with the gluon-induced channel, the unpolarized cross-

section is enhanced by 5%, the LL and TT cross-sections by 8%, and the mixed ones by just

2–3%. The difference between the two mixed doubly-polarized cross-sections results from

the different angular momentum balance in the u-type and d-type quark-initiated partonic

channels. Since no cuts are imposed on the leptons, the sum of singly- or doubly-polarized

cross-sections is identical to the unpolarized DPA cross-section within integration errors.

This is further confirmed by the analysis of differential distributions.
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As a validation of our definition of polarized vector bosons, we consider the distribu-

tions in the decay angles of leptons θ∗` and φ∗` computed in the corresponding W-boson

rest frame. The differential distributions in these variables directly reflect the polarization

modes of the decayed vector boson. An ambiguity is related to the reference axis with

respect to which the leptonic angular variables θ∗` , and φ∗` in the weak-boson rest frame

are defined.

Using the so-called helicity coordinate system [11], we choose as reference axis the

direction of the W boson in the laboratory frame. With this choice, the polarization

vectors in the laboratory frame and the helicity frame are directly related by a boost along

the reference axis, and the dependence on θ∗` and φ∗` directly reflects the polarizations in

the laboratory frame. This would not be the case if the reference axis was chosen as the

direction of the W boson in the CMS frame of the W-boson pair.

We consider singly-polarized distributions for the W+ boson decaying to e+νe, but

analogous results can be obtained for the W− boson. We stress that, while being sensi-

tive to the polarization state of the weak bosons, these angular variables require the full

reconstruction of both W bosons separately, which is impossible with two neutrinos in

the final state. However, they are relevant to validate the definition of polarized cross-

sections in Monte Carlo simulations. In the corresponding differential distributions, shown

in figure 2, we observe that the interferences are compatible with zero in the inclusive

setup, as expected. The K-factor is practically constant for both the polarized and the

unpolarized configurations.

The most important reason to study distributions in θ∗e and φ∗e lies in the possibility

of extracting analytically the polarization fractions from the unpolarized distribution. At

LO in the EW coupling, the differential cross-section for the production of an unpolarized

W+ boson reads

dσ

dcosθ∗e dφ∗e dX
=

dσ

dX

3

16π

[
(1+cos2 θ∗e )+(A0/2)(1−3cos2 θ∗e )+A1 sin2θ∗e cosφ∗e

+(A2/2)sin2 θ∗e cos2φ∗e+A3 sinθ∗e cosφ∗e+A4 cosθ∗e

+A5 sin2 θ∗e sin2φ∗e+A6 sin2θ∗e sinφ∗e+A7 sinθ∗e sinφ∗e

]
, (3.1)

where X is a generic (set of) kinematic variable(s), independent of θ∗e and φ∗e . The coef-

ficients Ai represent scalar quantities that are related to the polarization of the produced

W boson, and depend on the variable X. If the full φ∗e range is accessible, which is the case

if no cuts are imposed on the positron and the related neutrino, the interferences vanish

upon integrating out the azimuthal angle leaving a simple functional dependence on θ∗e :

dσ

d cos θ∗e dX
=

dσ

dX

3

8

[
(1 + cos2 θ∗e ) + (A0/2)(1− 3 cos2 θ∗e ) +A4 cos θ∗e

]
=

dσ

dX

3

8

[
2fL sin2 θ∗e + f−(1− cos θ∗e )2 + f+(1 + cos θ∗e )2

]
, (3.2)

where the polarization fractions fi are related to Ai by simple linear combinations, and are

such that fL + f+ + f− = 1. This expression can be used to extract polarization fractions
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Figure 2. Distributions in the positron angular variables cos θ∗e and φ∗e defined in the W+ rest

frame in the inclusive region. Singly-polarized and unpolarized results are shown. From top down:

NLO QCD differential cross-sections for the qq̄ channel, ratios over the full (unpolarized), K-factors

(NLO QCD/ LO), and enhancement of the NLO QCD cross-sections due to the gg channel.

for processes which are dominated by vector-boson resonances, like W-pair production,

provided that the decay products can be uniquely identified.

We have extracted the polarization fractions from the unpolarized DPA distribution

in cos θ∗e by means of suitable projections on (3.2) in the same fashion as in ref. [14]

and combined them into fL and fT = f+ + f−. These are compared with polarization

fractions that are obtained as ratios of the polarized cross-sections (computed with the

Monte Carlo) over the unpolarized DPA one. The agreement is almost perfect, as can be

seen in table 2. Note that the results extracted from unpolarized angular distributions

(analytic) agree perfectly with Monte Carlo predictions not only at the normalization level

(total cross-sections) but also for the shapes of singly-polarized distributions in cos θ∗e .

The LO longitudinal polarization fraction experiences a 1% enhancement due to NLO

corrections, which is balanced by a corresponding decrease in the transverse fraction. We

also observe that the obtained polarization fractions are very stable against scale variations

both at LO and NLO QCD. The polarization fractions presented in table 2 concern the

complete inclusive phase-space region, but a very good agreement (< 1%) is found even in

specific ranges of the W+ transverse momentum and rapidity.

As can be deduced from the asymmetry of the distribution for transverse W+ boson in

figure 2(a) combined with eq. (3.2), the left-handed polarization is almost twice the right-

handed one in the qq̄ channel (f+/f− ≈ 0.52), in good agreement with the corresponding
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LO NLO QCD

non-resonant backgr. 0.0142(5)+0.0002
−0.0003 0.0111(9)+0.0003

−0.0003

interferences < 10−4 < 10−4

MC analytic MC analytic

W+
L W−unpol (DPA) 0.261(1)+0.002

−0.002 0.260(3)+0.002
−0.003 0.271(1)+0.001

−0.001 0.272(3)+0.001
−0.001

W+
TW−unpol (DPA) 0.739(3)+0.003

−0.002 0.740(5)+0.002
−0.002 0.729(3)+0.002

−0.001 0.728(6)+0.001
−0.001

Table 2. Fractions for a polarized W+ boson produced in association with an unpolarized W− boson

in the inclusive setup. Uncertainties are computed with 7-point scale variations. The polarization

fractions from Monte Carlo (MC) are obtained by taking the ratio of polarized total cross-sections

over the unpolarized one in the DPA. The same holds for contributions of the non-resonant irre-

ducible background and interferences. The analytic polarization fractions are obtained by suitable

projections of the unpolarized DPA cross-section.

result of table 2 in ref. [12]. This asymmetry is due to the fact that the process is qq̄

initiated, so that the W bosons are preferably generated with left-handed helicity. As

the produced bosons have preferably small pT, angular-momentum arguments [11] imply

that the W+ boson originating from uū/cc̄ annihilation is mostly left handed (f− ≈ 0.67,

f+ ≈ 0.11), while in dd̄/ss̄ it is mostly right handed (f− ≈ 0.21, f+ ≈ 0.47). Weighting

the polarization fractions with the relative PDF factors between the two quark-antiquark

channels, one recovers f+/f− ≈ 0.52. On the contrary, the loop-induced channel gives

perfect left-right symmetric distributions for transverse W+ bosons, as expected for zero-

charge, spin-1 massless particles in the initial state.

As seen in figure 2(b), the φ∗e distribution for the longitudinal polarization is flat, as

expected from the decay amplitudes, while the transverse one receives a cos 2φ∗e modu-

lation, as the interference between the left- and right-handed modes gives non-vanishing

φ∗e-dependent terms. This is exactly the origin of the φ∗e dependence in eq. (3.1). We

have checked that simulating the production of left-handed or right-handed W bosons sep-

arately gives flat distributions, as the φ∗e dependence disappears in the squared amplitudes

(A± ∝ e±iφ
∗
e ). Note that this argument is no longer true in the presence of lepton cuts.

An interesting aspect is that in the gluon-induced process the spin-1 nature of the incom-

ing partons also gives a cos 2φ∗e modulation but with opposite sign with respect to the

quark-induced channel.

So far, we have provided a number of arguments that prove the quality of polariza-

tion separation at the amplitude level and in the Monte Carlo simulation. This has been

validated not only for singly-polarized signals but also for the doubly-polarized ones. Con-

sidering the cos θ∗µ distribution for a longitudinal W+ and an unpolarized W− boson, we

have extracted via suitable projections [14] the doubly-polarized distributions (LL, LT)

and found them to agree perfectly with the results directly simulated with the Monte

Carlo. Analogously, we have extracted the TL and TT components from the transverse-

unpolarized cos θ∗µ distributions. These checks further confirm that the proposed definition

of polarized signals is very well behaved.
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Figure 3. Distributions in the missing transverse momentum and in the azimuthal separation

between the two charged leptons in the inclusive region. Singly-polarized results are shown in

figure 3(a), doubly-polarized ones in figure 3(b). Same subplot structure as in figure 2.

Furthermore, the integrated cross-sections and the distributions in cos θ∗e presented

so far confirm that the interferences among polarization modes vanish upon integration

over the azimuthal decay angles in the absence of lepton cuts. This holds for most of the

kinematic observables that can be reconstructed at the LHC.

However, for some observables, even in the inclusive setup, the polarization separation

does not provide predictions that can easily be interpreted as polarized predictions. A

first example is given by the distribution in the missing transverse momentum, shown for

the polarized and unpolarized cases in figure 3(a). It is well known that in kinematic

regions that are not dominated by doubly-resonant diagrams the DPA describes the full

computation badly. This is the case for the region of large missing transverse momentum,

where the doubly-resonant contributions are suppressed and the singly-resonant diagrams

(dropped in the DPA) give a relevant contribution to the full calculation already at Born

level [27]. This translates into a suppression of polarized distributions, as can be seen for all

DPA curves in figure 3(a) for pT,miss > 100 GeV. The discrepancy between the unpolarized

DPA and full results reaches −50% already at moderate values pT,miss ≈ 200 GeV.

Furthermore, even in the region where the DPA behaves well (pT,miss . 100 GeV),

the sum of singly-polarized distributions does not reproduce the unpolarized DPA one,

pointing out large interferences between the transverse and longitudinal modes. In fact,

selecting the missing transverse momentum in a certain range imposes restrictions on the

lepton kinematics, specifically on a variable that is not directly related to a single W boson,
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and impedes the cancellation of interferences. A similar situation is observed also for the

distributions in the transverse momentum of the positron-muon pairs. This effect has been

found also in W+W− scattering [14].

The above comments apply to both LO and NLO QCD results. The K-factor is similar

for the various polarized and unpolarized distributions: only the longitudinal polarization

features a somewhat smaller K-factor in the large pT,miss regime. In the gluon-induced

channel, the doubly-resonant diagrams are dominant even at large pT,miss, leading to a

better description of the full matrix elements and a better modelling of the polarized signals.

Another interesting variable that discloses some surprises in the inclusive setup is the

azimuthal separation between the two charged leptons shown in figure 3(b). In this case

the unpolarized DPA distribution describes the full result (with at most 2% deviation)

very well. However, the sum of doubly-polarized signals is far from the unpolarized one,

i.e. large interferences characterize this observable. They amount to +40% for ∆φe+µ− ≈ 0

and −30% for ∆φe+µ− ≈ π. The same happens for singly-polarized distributions. Note

that such an effect can only result from interferences between the longitudinal and the

transverse mode, as the left-right interference is already accounted for in the definition

of the cross-sections for transverse polarization. A similar situation has been found in

the W+W− decay of a Higgs boson produced in gluon fusion [64], while it is absent in

vector-boson scattering [14]. Whereas in vector-boson scattering the two W bosons are

produced mostly in the central region, in di-boson production they feature back-to-back

kinematics inducing correlations between the decay angles of the two charged leptons. This

is supported by the fact that this large effect is partially reduced upon omitting the jet

veto in NLO QCD corrections. Since such interferences are not found for ZZ production,

as we checked numerically, they are apparently enhanced in the back-to-back kinematics

by the purely left-handed nature of the W-boson coupling to leptons.

In the gluon-induced channel the interferences show an opposite behaviour, being pos-

itive for ∆φe+µ− ≈ π and negative close to 0. However, the combination of all partonic

processes features the same behaviour as the dominant quark-induced process.

It is evident that the correlation between the polarizations of the two W bosons affects

the polarized cross-sections in W+W− production much more than in the presence of ad-

ditional jets, such as in W+W−jj production. As a consequence, interferences can appear

even in the absence of cuts on single leptons, reducing the number of variables that allow

for an interpretation of unpolarized distributions as a sum of the polarized ones. Never-

theless, the results of this section already show that defining accurately polarized signals

and accounting for interferences is definitely needed to enable the correct extraction of

polarized information from LHC data.

3.2 Fiducial phase-space region

Relying on the validation of our definition of polarized signals performed in the inclusive

setup, we are ready to present results in the fiducial region targeting a realistic analysis of

polarized W+W− production at the LHC.

The cuts on final-state leptons are expected to generate non-negligible interferences

both at the level of total cross-sections and in differential distributions. This renders the
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LO NLO QCD K-factor ∆gg

full 202.02(3)+4.6%
−5.5% 220.16(8)+1.8%

−2.2% 1.09 1.06

unpolarized (DPA) 195.91(3)+4.7%
−5.5% 214.48(9)+1.8%

−2.2% 1.09 1.06

W+
L W−unpol (DPA) 50.94(1)+5.5%

−6.5% 57.42(4)+1.9%
−2.6% 1.13 1.04

W+
TW−unpol (DPA) 141.72(2)+4.3%

−5.1% 152.84(9)+1.7%
−2.1% 1.08 1.07

W+
L W−L (DPA) 6.653(1)+4.9%

−5.8% 9.057(5)+2.9%
−3.0% 1.36 1.08

W+
L W−T (DPA) 44.08(1)+5.6%

−6.5% 48.24(4)+1.9%
−2.5% 1.09 1.04

W+
TW−L (DPA) 50.19(1)+5.5%

−6.4% 54.02(4)+1.9%
−2.5% 1.08 1.03

W+
TW−T (DPA) 99.61(2)+3.7%

−4.6% 106.20(7)+1.6%
−1.9% 1.07 1.09

Table 3. Fiducial cross-sections (in fb). Same observables as in table 1.

analytic expressions in eq. (3.2) not valid anymore: their application in the presence of

realistic lepton cuts (as done in ref. [17]) gives results that can be far from the actual

polarization structure of the process.

In analogy with table 1, we show in table 3 singly- and doubly-polarized fiducial cross-

sections. At the integrated level, the results feature common aspects with those obtained

in the inclusive setup. The contribution of NLO QCD corrections is slightly enhanced by

the lepton cuts both for the unpolarized and for the singly-polarized case (+2%). The

doubly-polarized cross-sections undergo a +1% increase of the K-factors for those cross-

sections involving at least one transverse boson. On the contrary, the K-factor for the

LL cross-section is 12% smaller than in the inclusive setup but still much larger than for

other polarization combinations. The combination of NLO QCD results with those for

the gluon-induced process leads to an enhancement of 1% relative to the inclusive setup

for all polarization combinations. The transverse polarization is dominant both in the

singly- and in the doubly-polarized case. However, even the LL cross-section promises a

reasonable number of events with the luminosity accumulated during Run 2 of the LHC.

This gives us confidence that a detailed study of doubly-polarized signals will be performed

in this process.

Starting from the results of table 3, we have evaluated the polarization fractions in the

singly-polarized case, as well as the contributions of non-resonant irreducible background

and interferences for the fiducial cross-section (see table 4). Similar to the inclusive setup,

the polarization fractions are very stable against QCD radiative corrections, featuring again

a ±1% modification between LO and NLO QCD and against scale variations. Furthermore,

the polarization fractions in the fiducial phase space are similar to those computed in the

inclusive setup.

In the fiducial region, the non-resonant background contributions are slightly enhanced,

as they account for 2.6% of the full cross-section at NLO QCD, which should be compared

with the 1.1% in the absence of selection cuts. The application of cuts on the lepton kine-

matics (in particular on the transverse momentum of a single lepton) induces non-vanishing
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LO NLO QCD

non-resonant background 0.0302(4)+0.0008
−0.0009 0.0258(7)+0.0003

−0.0002

interferences 0.017(1) 0.020(2)

W+
L W−unpol (DPA) 0.260(1)+0.002

−0.003 0.268(1)+0.001
−0.001

W+
TW−unpol (DPA) 0.723(2)+0.003

−0.003 0.712(2)+0.001
−0.001

Table 4. Fractions for a polarized W+ boson produced in association with an unpolarized W− boson

in the fiducial region. Uncertainties are computed with 7-point scale variations. The polarization

fractions are obtained by taking the ratio of polarized total cross-sections over the unpolarized one

in the DPA.

interferences among polarization states, which amount to 2% of the full unpolarized result.

This contribution is small but non-negligible even at the integrated level. We show be-

low that at the differential level, the interference effects are strongly enhanced in certain

phase-space regions.

We now present polarized distributions for some selected kinematic variables. We

stress that only a limited number of them represents measurable quantities at the LHC.

However, studying non-measurable quantities enables us to find possible similarities with

other LHC observables.

We start by showing in figure 4 how fiducial cuts modify the angular distributions of

leptons in the corresponding W rest frame. We recall that these distributions would be

optimal to discriminate among different polarization modes of decayed weak bosons, if they

could be reconstructed at the LHC (which is not the case). The effect of lepton cuts is

different for the various polarization modes, as can be observed comparing figure 4 with

figure 2. Since the distribution in the transverse momentum of the W boson [figure 5(a)]

peaks near pT,W ≈ 40 GeV ≈ MW/2, the transverse-momentum cut on single leptons

suppresses the production of charged leptons which propagate in the opposite direction

of the corresponding decayed boson (θ∗e ≈ π). This effect causes the drastic reduction of

polarized cross-sections near cos θ∗e = −1, while other cuts contribute to the suppression

at larger cos θ∗e . Thus, the cuts strongly modify the transverse-momentum distribution of

the positron, in particular, the component of a left-handed W+ boson, which would be

maximal for cos θ∗e = −1 in the absence of cuts. The cuts also destroy the symmetry of the

distribution about cos θ∗e = 0 for a longitudinal W boson.

An expected consequence of the cuts is the presence of non-vanishing interferences

among polarization modes, which are mostly evident in the phase-space regions directly

affected by the cuts. This is the case for the negative region of the cos θ∗e distribution where

they account for 5–7%, as can be extracted by comparing the violet and gray curves in

figure 4(a). Moreover, the effect of the non-resonant irreducible background is large near

cos θ∗e = −1, where a sizeable fraction of the doubly-resonant contributions is cut away.

For cos θ∗e > 0 the interferences are less than 2%, and the DPA is behaving well.

The K-factor is roughly equal for the polarized and unpolarized cases. As already seen

at the integrated level, the gluon-induced partonic channel has a different effect on the spin
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(b) Azimuthal angle of e+ in the W+ CM frame.

Figure 4. Distributions in the positron angular variables cos θ∗e and φ∗e computed in the W+ rest

frame in the fiducial region. Singly-polarized and unpolarized results are shown. Same subplot

structure as in figure 2.

modes of the W+ boson, enhancing the cross-section for transverse polarization by +7.5%

but the longitudinal one by +4%.

The φ∗e distribution shown in figure 4(b) features the same cos 2φ∗e modulation as in

the inclusive setup (figure 3) but with a relatively larger amplitude, which is now present

also in the longitudinal component. The agreement between the unpolarized DPA and

the full distribution is very good and independent of φ∗e over the whole range, while the

interferences are a bit enhanced in the minima of the distribution, where they amount to

8% of the full result. The NLO QCD corrections and the gg-channel contribution are in

line with the integrated results.

We now present transverse-momentum variables. We have already investigated

missing-pT distributions in the inclusive setup for polarized W bosons. Because of the bad

description of the unpolarized process by the DPA, this variable is not well suited for the

extraction of polarized signals. Therefore, we show no results for this in the fiducial region.

In figure 5 we provide the distributions in the transverse momentum of the W+ boson

(not observable) as obtained from Monte Carlo truth and of the positron (observable).

Since the positron is part of the decay products of the W+ boson, we expect that the

polarized results for the two variables feature similar behaviour. We consider the config-

uration in which only the W+ boson has a definite polarization state. First we estimate

the quality of the DPA in the unpolarized case from figure 5(a) and figure 5(b). The

transverse-momentum distribution of the W boson is described very well even at large
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(b) Transverse momentum of the positron.

Figure 5. Distributions in the transverse momentum of the W+ boson and positron in the fiducial

region. Singly-polarized and unpolarized results are shown. Same subplot structure as in figure 2.

transverse momentum, while the non-resonant effects become of order 20% in the tails

of the positron transverse-momentum distribution, in a similar way (but more moderate

in size) as for pT,miss. Up to this difference which has nothing to do with the polariza-

tions, the polarized results are similar for W+ and e+ both in the shapes of distributions

and in the L/T polarization fractions. The only difference is due to a mild enhancement

of the transverse component in the soft spectrum of the positron transverse momentum

(20 GeV < pT,e+ < 50 GeV). The interferences are very small for the W+ transverse mo-

mentum, somewhat larger but always below 5% for the positron, which is more directly

affected by the lepton cuts. The singly-polarized distributions feature differential K-factors

that are almost identical to the unpolarized one both in the W+ and in the e+ case. The

gg channel gives roughly the same 10% enhancement to the transverse and to the unpolar-

ized distribution. In contrast, the longitudinal component is enhanced by more than 50%

for pT,W+ > 400 GeV and pT,e+ > 300 GeV, which means that in the tails of these distri-

butions the gluonic channel becomes of the same order of magnitude as the quark-induced

one for a longitudinal W+ boson.

Given that off-shell effects are under control and interferences are moderate, the

positron transverse momentum represents a good observable for polarized signal sepa-

ration and a proxy for the W+ transverse momentum even for a definite polarization state.

Similar conclusions can be drawn for the muon and the W− boson.

Another relevant variable linked to a single W boson is its rapidity. In figures 6(a)

and 6(b) we show the rapidity distributions for the W+ boson and the positron, respectively,
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(b) Rapidity of the positron.

Figure 6. Distributions in the rapidity of the W+ boson and positron in the fiducial region.

Singly-polarized and unpolarized results are shown. Same subplot structure as in figure 2.

considering a W+ boson with definite polarization and an unpolarized W− boson. It is

evident at first glance that the two variables are directly connected. The DPA describes

the unpolarized full distribution well, and the interferences are generally small, apart from

slightly larger positive effects in the central region of the positron rapidity (at most 8%

for η+e = 0). The K-factors for polarized bosons follow the unpolarized ones, with almost

no dependence on the centrality of the W+ boson or the positron. The gluon-induced

process contributes the most in the central region for both variables. The shape of the

polarized distributions differs between the transverse and longitudinal polarizations more

in the distributions of the W+ boson. In particular, for ηW+ = 0 the transverse distribution

is characterized by a small peak, while the longitudinal one has a local minimum there and

peaks near ηW+ = ±0.4. This mild effect is reversed in the gluon-induced process. For the

positron rapidity, the transverse and longitudinal differential cross-sections both feature

a maximum in η+e = 0, and most of the differences show up in the distribution variance,

which is slightly smaller in the transverse case. The polarization fractions feature very

similar behaviours for the two variables. This gives us further confidence that the positron

kinematics can be used as a proxy for the corresponding W+-boson kinematics at the level

of polarized signals.

In addition to the singly-polarized results in figure 6, we present in figure 7 the doubly-

polarized distributions for the same variables in order to get information about the corre-

lation between the spin states of the two bosons. The interferences are significantly larger

than in the singly-polarized configuration at large rapidities of the W+ boson. Summing
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Figure 7. Same as in figure 6 but for doubly-polarized distributions.

over the four combinations of definite polarization states for both W bosons means neglect-

ing the interferences for both bosons. This results in negative interferences of the order

of 10% for |ηW+ | > 2. The interferences are smaller in the positron distributions, though

slightly larger than in the singly-polarized case. The doubly-polarized K-factors are similar

to the unpolarized one, apart from the LL one. In this latter polarization state, the QCD

radiative corrections are much larger at forward or backward rapidities, where they reach

100%. However, the LL cross-section is strongly suppressed with respect to other polariza-

tion combinations, as already seen for the fiducial cross-section. The gg channel enhances

the LL distribution, in particular, in the region 1.5 < |η| < 2 both for the W+ and for the

e+. Its contribution to the TT cross-section peaks at |ηW+ | ≈ 0.5 and at ηe+ = 0. The

mixed combinations receive the smallest enhancement by this partonic channel.

The most interesting aspect of the doubly-polarized distributions concerns their shapes,

which give much more information than the singly-polarized ones. As a general statement,

the positron rapidity distributions look like a smoothed version of the W+ rapidity ones.

The distribution for a transversely polarized W+ boson changes drastically depending on

whether the W− boson is longitudinal or transverse. In the former case, the W+ rapidity

distribution peaks at |ηW+ | ≈ 1.7 and has a local minimum for ηW+ = 0, while in the

latter case, the maximum is at zero rapidity. Similar comments hold for the e+ rapidity

distribution. Note that for 2.0 < |η+e | < 2.5 the TL component becomes of the same order

of magnitude as the TT one. These correlation effects could be helpful in discriminating

experimentally between the boson polarization modes. The other mixed distribution (W+

longitudinal, W− transverse) features two symmetric peaks in |ηW+ | ≈ 0.4 and a local
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(b) Invariant mass of the two-charged-lepton sys-

tem.

Figure 8. Distributions in the invariant masses of the W+ boson (from Monte Carlo truth) and

of the two charged leptons in the fiducial region. Singly-polarized results are shown in figure 8(a),

doubly-polarized ones in figure 8(b). Same subplot structure as in figure 2.

minimum at ηW+ = 0. However, this does not correspond to an analogous behaviour in

the rapidity distribution of the positron, which is almost flat in the region |ηe+ | < 0.5.

The LL η+e distribution has a maximum at zero rapidity, which is much less pronounced

than the corresponding maximum of the ηW+ distribution. Figures 6 and 7 show that

extending the investigation to doubly-polarized signals is definitely needed to completely

understand the spin structure in di-boson production beyond the extraction of the single-

boson angular coefficients.

We present in figure 8(a) the distribution in the invariant W+ mass reconstructed from

Monte Carlo truth by summing the positron and electron-neutrino momenta. Though not

observable at the LHC, this variable provides interesting information about the DPA de-

scription of the full kinematics. The full distribution, which includes all resonant and

non-resonant diagrams, is not symmetric about the W pole mass, but favours invariant-

mass values larger than MW. The employed DPA technique projects the kinematics of the

amplitude numerator on the mass shell, preserving off-shell kinematics in the (symmetric)

Breit-Wigner modulation in W-boson propagators. This renders the invariant-mass distri-

butions more symmetric about the pole mass, as can be seen in figure 8(a). The discrepancy

between the approximated and full results is in fact positive for Me+νe < MW and negative

otherwise. It reaches ±50% for Me+νe = MW ∓ 20 GeV. The polarized distributions have

more or less the same shape, and their sum reproduces almost perfectly the unpolarized
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DPA results, in spite of the application of lepton cuts. All these considerations hold with

no modification at LO for both the qq̄ and the gluon-induced partonic processes as well as

at NLO QCD for the quark-induced process.

The invariant mass of the system formed by the two charged leptons is definitely

observable at the LHC. The corresponding doubly-polarized distributions are shown in

figure 8(b). The DPA reproduces the full result reasonably well, in particular in the re-

gion Me+µ− < 400 GeV where the discrepancies between the two unpolarized predictions

are below 10%. In the same region, the polarization interferences are of order of 10%,

negative fo Me+µ− < 100 GeV and positive between 100 and 300 GeV. In the tails of

the distributions, the non-resonant effects dominate the discrepancy with respect to the

full result (15%), while the interferences are negligible. The same effects can be found

even in the inclusive setup, as well as in the study of singly-polarized distributions. It

seems likely to be related to the strong correlation between the bosons in W-pair produc-

tion, as well as to the binning of the distributions which introduces implicit cuts on the

variable itself (as for other leptonic kinematic variables). For Me+µ− > 500 GeV the LL

component is larger than the mixed ones. However, all of the three combinations involv-

ing at least one longitudinal boson are strongly suppressed in the high-mass region (two

orders of magnitude smaller than the doubly-transverse one). In the soft region of the

spectrum (where interferences are sizeable) the TL/LT contributions are even larger than

the TT one. Given the limited experimental statistics, the soft part of the spectrum is

the only one which is accessible and worth investigating. Furthermore, given the Higgs-

background cut Me+µ− > 55 GeV imposed on this variable, it would be interesting to study

the effect of varying such a cut on the polarized distributions. The K-factors are below

one for invariant masses larger than 200 GeV, and the LL one decreases faster than the

others. On the contrary, in the soft region, K-factors are above one and the LL one is

much higher than the others. The gg channel enhances mostly the configurations with at

least one longitudinal boson for Me+µ− > 200 GeV. In the tails of the distributions this

contribution becomes of the same order of magnitude as the quark-induced one for the

LL signal.

In figure 9 we present doubly-polarized distributions for two different angular variables

between the two charged leptons. In the azimuthal separation [figure 9(a)], which we

already investigated in the inclusive setup in figure 3(b), the distributions in the presence

of lepton cuts feature a peak near ∆φe+µ− ≈ 2.6 (it is π in the inclusive setup). The

interference effects discussed in section 3.1 are strongly enhanced and reach almost 100%

for ∆φe+µ− close to zero. Apart from the modification of the shapes, the lepton cuts do not

change the conclusions that we have drawn in the inclusive setup. A possible improvement

in the description of this variable could only be given by a cut. Since the Higgs signal is

enhanced for ∆φe+µ− < 1.8 [65], selecting the complement of the spectrum helps extracting

more precisely the di-boson signal. Note that imposing ∆φe+µ− > 1.8 would also mean

excluding the region which is dominated by large negative interferences.

In figure 9(b) the distribution in cos θe+µ− (computed in the laboratory frame) is pre-

sented. At the unpolarized level, the two leptons tend to be produced in a collinear config-

uration, if lepton cuts are absent. This is in agreement with the fact that the positron is
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Figure 9. Distributions in the azimuthal separation and in the cosine of the angle between the two

charged leptons in the fiducial region. Doubly-polarized results are shown. Same subplot structure

as in figure 2.

preferably produced in the opposite direction of the W+ boson, while the muon is produced

mostly in the same direction of the W− boson, as can be also deduced from cos θ∗` distri-

butions. However, the application of selection cuts on the leptons impedes the collinear

configuration (cos θe+µ− = 1) and the resulting situation is the following: the TT contri-

bution has its maximum at cos θe+µ− = −1, while the mixed contributions peak at values

slightly smaller than cos θe+µ− = 1. Note that the TL and LT contributions have the same

shape but differ in the overall normalization according to the total cross-sections shown in

table 3. The LL distribution vanishes for collinear leptons and is almost flat in the rest

of the spectrum up to a very mild tendency to prefer negative values of cos θe+µ− . The

DPA reproduces very well the full computation in this distribution. The interferences are

moderate and feature a change of sign at cos θe+µ− = 0. For positive values of the variable

they are negative and account at most for 10%, while for negative values they are positive

and amount to 15–20% in the back-to-back configuration. The QCD corrections enhance

the mixed and LL contributions by roughly 20% for cos θe+µ− ≈ −1. Furthermore, the LL

distribution benefits from the radiative corrections in the positive side of the spectrum,

where the corrections are again of order 50%. It receives a similar enhancement of up

to 15% also from the combination with the gluon-induced channel. This partonic process

enhances the TT signal by more than 10% in the central part of the distribution. The

good DPA description of the unpolarized cross-section, the presence of interferences that

are sizeable but can be taken into account in the SM, and the clear differences in the
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shapes of polarized distributions make this angular observable a good candidate for the

discrimination of polarized signals at the LHC.

4 Conclusion

In this paper we have studied W-pair production at the LHC with one or both bosons

in definite polarization states. We have included NLO QCD corrections to the leading qq̄

partonic process as well as the loop-induced gluon-initiated contribution at LO.

The polarized signals are defined at the amplitude level and rely on the double-pole

approximation. The doubly-resonant contributions are separated in a gauge-invariant way

at LO and at NLO QCD, including the (integrated and unintegrated) subtraction countert-

erms and the real corrections. Amplitudes for polarized vector bosons are defined based on

the gauge-invariant doubly-resonant contributions in the double-pole approximation. This

strategy is radically different from other methods that have been used in the literature to

define polarized cross-sections for unstable particles. In particular, this technique allows

one to define polarized cross-sections while retaining some off-shell effects and all spin cor-

relations. We have evaluated the quality of thus-defined polarized signals both in terms

of the missing off-shell effects and in terms of the interferences among polarization states.

The results are not limited to the polarization of a single boson but target a more complete

description of the spin structure of the process by means of the doubly-polarized signals,

which give access to the correlation between the polarization modes of the two bosons.

We have presented total and differential cross-sections both in an inclusive setup and

in a fiducial region that mimics the one of the most recent ATLAS measurement in W+W−

production. The inclusive setup serves as a validation framework: the comparison with

results extracted from unpolarized distributions via projection on polarized angular dis-

tributions gives very good agreement for both singly- and doubly-polarized signals. As a

by-product, we have found that already in the inclusive setup some observables are sub-

ject to large interferences and non-resonant background effects, and thus not well suited

to extract the weak-boson polarizations. In the fiducial region, we have investigated the

effect of a realistic set of cuts on distributions for polarized and unpolarized bosons with

the aim to identify the observables that are particularly sensitive to the polarization of

decayed bosons, and more in general to understand how the polarization selection modifies

the distributions with respect to the unpolarized case.

The polarization fractions are very stable against scale variations, and the related

theoretical error is usually at the sub-percent level both at LO and NLO QCD. The

NLO-QCD K-factors for singly-polarized processes are very close to the ones of the full

computation. The same holds for doubly-polarized cross-sections that feature at least one

transverse W boson. The distributions for purely longitudinal W bosons receive very large

K-factors despite the application of a jet veto.

From the combination of the quark- and gluon-induced contributions, we verified that

the spin structure of the initial state influences the final-state polarization modes consid-

erably owing to the limited number of final-state particles.
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This represents a first realistic study of vector-boson polarizations in W+W− hadronic

production, which will hopefully help addressing future experimental analyses that target

the extraction of polarized signals from LHC data.
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at the LHC, JHEP 12 (2006) 046 [hep-ph/0611170] [INSPIRE].

[62] P.F. Monni and G. Zanderighi, On the excess in the inclusive W+W− → l+l−νν cross

section, JHEP 05 (2015) 013 [arXiv:1410.4745] [INSPIRE].

[63] T. Becher, R. Frederix, M. Neubert and L. Rothen, Automated NNLL + NLO resummation

for jet-veto cross sections, Eur. Phys. J. C 75 (2015) 154 [arXiv:1412.8408] [INSPIRE].

[64] E. Maina, Vector boson polarizations in the decay of the Standard Model Higgs,

arXiv:2007.12080 [INSPIRE].

[65] ATLAS collaboration, Observation and measurement of Higgs boson decays to WW∗ with

the ATLAS detector, Phys. Rev. D 92 (2015) 012006 [arXiv:1412.2641] [INSPIRE].

– 30 –

https://doi.org/10.1088/1126-6708/2006/12/046
https://arxiv.org/abs/hep-ph/0611170
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0611170
https://doi.org/10.1007/JHEP05(2015)013
https://arxiv.org/abs/1410.4745
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.4745
https://doi.org/10.1140/epjc/s10052-015-3368-y
https://arxiv.org/abs/1412.8408
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.8408
https://arxiv.org/abs/2007.12080
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.12080
https://doi.org/10.1103/PhysRevD.92.012006
https://arxiv.org/abs/1412.2641
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.2641

	Introduction
	Details of the calculation
	Definition of the polarized signals
	Input parameters and selection cuts

	Results
	Inclusive phase-space region
	Fiducial phase-space region

	Conclusion

