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1. Introduction

The investigation of di-boson production represents a crucial
target for the Large Hadron Collider (LHC) with the accumu-
lated Run 2 data. These processes provide a direct probe of the
non-abelian character of electroweak interactions in the Standard
Model (SM) as well as of possible deviations from standard triple-
gauge-boson-coupling interactions due to new physics. On top of
this, the study of the weak-boson polarization supplies a probe of
the mechanism of electroweak symmetry breaking, which is re-
sponsible for the appearance of a longitudinal polarization mode
of massive gauge bosons.

Among di-boson processes, W*Z production with fully-leptonic
decays is optimal to extract detailed information on polarizations,
as it features a sizeable rate at the LHC (higher than ZZ, smaller
than WTW™) and gives almost complete access to the final-state
kinematics, up to the reconstruction of the single neutrino (impos-
sible in fully-leptonic WTW™).

The CMS and ATLAS collaborations have measured the inclusive
and differential production of W*Z at the LHC at 13TeV centre-
of-mass (CM) energy [1-3], and recently ATLAS has also measured
polarization fractions for the W and the Z boson in this process
[4]. In the experimental community there is increasing interest in
the measurement of the polarization of single bosons produced in
electroweak processes, as well as in the extraction of signals with
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two polarized bosons, in processes like inclusive di-boson produc-
tion and vector-boson scattering.

The WZ hadronic production in the SM has been intensely in-
vestigated in the theoretical community. The next-to-leading-order
(NLO) QCD corrections are known since many years [5,6]. NLO
electroweak (EW) corrections have been calculated for the on-
shell [7,8] and the off-shell case [9]. Next-to-next-to-leading-order
(NNLO) QCD corrections are known in the on-shell case [10], in-
cluding off-shell effects [11] and combined with EW corrections
[12]. Beyond fixed order, computations including resummed pre-
dictions [13] and matching to parton shower [14,15] are also avail-
able. WZ production is also relevant for the study of anomalous
triple-gauge-boson couplings [16-19].

Weak-boson polarizations in WZ production at the LHC have
been first investigated in Ref. [20] at leading order (LO). NLO QCD
and EW effects on fiducial polarization observables have been
studied in Refs. [21,22] in the case where only one of the two
bosons has a definite polarization state. The automated Monte
Carlo simulation of boson-pair production with polarized weak
bosons is currently well-established in MADGRAPH 5 [23] in the
narrow-width approximation (NWA), but the perturbative accuracy
is limited to LO. Since the measurement of WZ production with
both bosons in a definite polarization mode (which we call doubly-
polarized for simplicity) represents a major aim for experimental
collaborations, an improved theoretical description of these polar-
ized signals is definitely needed to compare with data.

The work presented in this paper, using the methods intro-
duced in Ref. [24], improves the perturbative accuracy for doubly-
polarized WZ production at the LHC, including NLO QCD effects,
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and enables a precise modelling of off-shell effects and interfer-
ences among polarized amplitudes.

Furthermore, recent experimental results [4,25] and theoreti-
cal studies [22,26] in di-boson and vector-boson scattering have
addressed a novel definition of polarizations in the modified helic-
ity coordinate system. In this definition, the reference axis is fixed
by the direction of the corresponding boson in the di-boson CM
frame, and not in the laboratory frame (helicity coordinate system
[27]). We present in this paper results for both polarization def-
initions, analysing the main differences under a theoretical per-
spective and keeping in mind the limited sensitivity of the LHC
to polarized signals. Even though some results for singly-polarized
cross-sections are shown, the main focus of this paper is put on
doubly-polarized predictions.

The paper is organized as follows. In Sect. 2 we briefly recall
the methods employed to define a polarized signal at the ampli-
tude level. We also detail the SM parameters and selection cuts
that we have used in Monte Carlo simulations. In Sect. 3 we show
numerical results for polarized signals with both definitions of po-
larizations. Our conclusions are given in Sect. 4.

2. Details of the calculation
2.1. Polarized signal definition

In order to define singly- and doubly-polarized signals in WZ
production, we apply the technique detailed in Ref. [24], which
relies on the double-pole approximation (DPA) [28-33] for the
gauge-invariant treatment of resonant diagrams, and on the sepa-
ration of polarizations in weak-boson propagators at the amplitude
level [34]. This technique has been applied also to real-radiation
squared amplitudes and to subtraction counterterms that con-
tribute to the NLO QCD cross-sections. This ensures that a specific
polarization mode for one or both bosons is coherently selected
in all parts of the calculation. Such a strategy allows us to define
polarized signals in a natural manner, enabling the modelling of
off-shell effects and spin correlations. Moreover, it is expected to
be more accurate than methods that rely either on the NWA or on
a reweighting procedure [35]. Furthermore, defining polarizations
at the amplitude level enables to account for the correlation be-
tween the two weak bosons, which are very important in di-boson
production [24].

One purpose of this paper is to investigate different polariza-
tion definitions. It is well known that the polarization vectors for a
weak boson need to be defined in a specific reference frame. In di-
boson production, natural frames are the laboratory (LAB) and the
di-boson centre-of-mass (CM) frame. In the definition of Ref. [27],
the reference axis for polarization vectors of a single boson is fixed
by its direction in the LAB reference frame. In the one of Ref. [4],
the reference axis is the corresponding direction in the di-boson
CM frame. Results in the two definitions cannot be easily related
to each other as the two reference frames are connected by non-
trivial Lorentz transformations. However, a comparison is useful to
extract information about the spin structure of the process, as well
as to highlight relevant observables which maximize the discrimi-
nation power among polarization states.

In the following, two polarization modes are considered for
weak bosons: longitudinal (L) and transverse (T). The transverse
one is understood as the coherent sum of the left- and right-
handed modes. This choice results in four doubly-polarized signals:
WiZ1, Wi Zt, WrZy, WrZt. Singly-polarized signals for the W(Z)
boson are labelled as W;Zy (WyZ; ), where A =L, T, and U stands
for unpolarized.

As in Ref. [24], the polarized and unpolarized tree-level and
one-loop amplitudes are provided by RecoLA [36,37] and COLLIER
[38,39]. The numerical integration is performed with the MoCANLO
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Monte Carlo code, which embeds Catani-Seymour dipoles [40] for
the subtraction of infrared singularities, and is interfaced with par-
ton distribution functions (PDFs) via LHAPDF6 [41].

2.2. Setup(s)

We consider the process pp — etve ut ™ + X at 13TeV CM
energy. At tree-level [O(a?)], such a process receives contributions
only from the qq partonic channel, while the inclusion of QCD ra-
diative corrections [O(asa®)] enables real contributions from the
qg(qg) initial state.

Following Ref. [42], the weak-boson on-shell masses and widths
are chosen as

M =80.379GeV,
MY =91.1876 GeV,

% =2.085GeV,
I'9® = 2.4952GeV, (1)

and then converted into the corresponding pole masses [43] which
serve as inputs for the Monte Carlo simulations. The electroweak
coupling is fixed in the G, scheme, with

G, =1.16638-107° GeV 2. (2)

The Higgs-boson and top-quark parameters do not enter the com-
putation at the considered accuracy. Unstable bosons and weak
couplings are treated in the complex-mass scheme [31,44,45]. We
employ NNPDF3.1 parton distribution functions [46], computed
with as(Mz) =0.118 at LO and NLO for the LO and NLO QCD pre-
dictions, respectively. The renormalization and factorization scales
are simultaneously set to wr = ur = (Mz + Mw)/2 (pole masses).

To validate polarized calculations, we have studied an inclusive
setup, which only includes a cut on the p*w~ invariant mass that
is constrained to be close to the Z mass,

81GeV < My+,~ < 101GeV. (3)

Then, we have considered a fiducial setup that mimics the signal
region of Ref. [4]. The following selections are applied:

e a minimum transverse momentum cut for the positron,
Pr.er > 20GeV, and for the (anti)muon, pr ,+ > 15GeV;

e a maximum rapidity cut for all charged leptons, |y¢| < 2.5;

e a minimum rapidity-azimuthal-angle distance cut for lepton
pairs, AR +,- > 0.2 and AR +e+ > 0.3;

e a lower cut on the W-boson transverse mass,

Mrw = /2 pr.e Pru, (1 - €05 Adisy,) > 30GeV. (4)
e the cut specified in Eq. (3).

No veto is imposed on the hadronic jets that may originate from
real radiation at NLO QCD.

We have only considered the case of two unequal-flavour pairs
of leptons. Performing an analogous study for same-flavour leptons
would not introduce further conceptual issues in the signal defini-
tion. In fact, we expect that the presence of identical leptons would
not lead to large interference effects. Furthermore, the additional
ambiguity in identifying the candidate leptons reconstructing the
Z and the W boson can be treated by proper selection cuts.

All of the presented results concern the production of a WtZ
in the fiducial setup. The charge-conjugate process can be studied
analogously.

3. Results
We have thoroughly validated our calculation in the inclusive

setup introduced in Sect. 2.2. In the absence of cuts on the lep-
tons, interferences among polarization states vanish for most of
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Table 1
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Integrated cross-sections (in fb) in the fiducial setup for unpolarized, singly-polarized and doubly-polarized W*Z production. Polarizations are defined in the CM and the LAB
frames. Numerical errors (in parentheses) and uncertainties from 7-point scale variations (in percentage) are shown. The fractions (in percentage) are computed as ratios of
polarized cross-sections over the DPA unpolarized one. K-factors are computed as ratios of the NLO QCD over the LO cross-sections.

oo [fb] fractiono onwo [fb] fractionno K-factor

Full 19.537(7) T4 3% - 3527(1)15 2% - 1.81
Unpolarized (DPA) 19.125(6) T2 0% 100% 34.63(1)"53% 100% 181
Polarizations defined in the CM frame

Wz, (DPA) 3.502(1)735% 18.3% 7.308(2) 5% 211% 2.09
W;Z, (DPA) 15.480(6) 4 3 80.9% 27.14(1) 5% 78.4% 175
W{Z, (DPA) 3.451(1) 452 18.0% 71372155 20.6% 2.07
W{Z; (DPA) 15.674(6) 4 % 81.9% 27.449(9)75 9% 79.2% 175
W[z, (DPA) 1.508(1)*23% 7.9% 1.968(1)737% 5.7% 131
W Z; (DPA) 2.018(1) 2% 10.6% 5.354(1) "1 3% 15.5% 2.65
WiZ, (DPA) 1.902(1) 2% 9.9% 5.097(2)1&% 14.7% 2.68
Wi Z; (DPA) 13.555(5)73 5% 70.9% 21.992(9)43% 63.5% 1.62
Polarizations defined in the LAB frame

W, Z,, (DPA) 4.227(1)25% 221% 8.160(2) 15 23.6% 193
W;Z, (DPA) 14.865(5) 73 0% 77.7% 26.394(9)131% 76.2% 178
Wz, (DPA) 5.528(2)T47% 28.9% 9.550(4) 4 5% 27.6% 173
W{Z; (DPA) 13.654(5) 3 0% 714% 25.052(8)133% 72.3% 1.83
W;Z, (DPA) 1.0824(4) 5 0% 5.7% 2.063(1)155% 6.0% 191
W;Z; (DPA) 3.165(1)13 0% 16.5% 6.108(2)75 % 17.6% 193
WiZ, (DPA) 4.381(2)148% 22.9% 7.409(4) T35 21.4% 1.69
WiZ; (DPA) 10.526(4) 735 55.0% 18.964(7)33% 54.8% 1.80

the relevant variables, and polarized signals can be extracted by
suitable projections on the unpolarized distributions in the decay
angles [20,34]. The comparison of Monte Carlo results for polarized
cross-sections with those projected out of the unpolarized distri-
butions has given perfect agreement both for polarization fractions
and in the shapes of decay-angle distributions (< 0.5% discrepancy
at both integrated and differential level). This holds for singly-
polarized signals, but also for doubly-polarized results that can be
analogously extracted from the singly-polarized ones. The valida-
tion has been done both for polarizations defined in the CM and
in the LAB frames.

As a further check, we have compared LO integrated polarized
results in the CM definition with those obtained with MADGRAPH
5 [23], finding good agreement (< 1% level).

In the following we present selected integrated and differential
results for the fiducial setup described in Sect. 2.2.

3.1. Integrated cross-sections

Very large K-factors characterize the production of WZ at high-
energy hadron collisions. The large QCD corrections are related
to the approximate radiation-zero at Born level [47], which sup-
presses the LO prediction but is not present in the real corrections
at NLO QCD [10].

In Table 1 we show integrated cross-sections in the fiducial re-
gion for unpolarized and polarized bosons. The full process is con-
sidered as a reference, as it includes all resonant and non-resonant
effects. The unpolarized process in DPA is regarded as the unpolar-
ized di-boson signal. The difference between the full and the DPA
unpolarized results is considered as a background to di-boson pro-
duction [24], and amounts to 2.1% (1.8%) at LO (NLO) QCD at the
integrated level.

Summing singly- or doubly-polarized cross-sections and com-
paring the result against the DPA unpolarized result, one can
extract information about the interferences among polarization
states. Surprisingly, these effects never exceed 0.8% in absolute
value, with both the LAB and the CM definition, despite the ap-
plication of lepton cuts which, in general, are expected to generate
non-vanishing interferences [20,48].

The cross-sections for a polarized W and an unpolarized Z bo-
son show similar behaviours in the two definitions: the longitudi-
nal K-factor is about 2, the longitudinal fraction is roughly 21% in
the CM definition, not so far from the 24% in the LAB definition.
A slightly different situation is found for a polarized Z boson pro-
duced with an unpolarized W, likely due to the asymmetric cuts
on the leptons: the longitudinal fraction in the LAB definition (28%)
is higher than in the CM one (21%), despite a larger impact of QCD
corrections in the CM one. For singly-polarized results in both def-
initions, the fractions are only mildly sensitive to the inclusion of
QCD corrections.

The differences between the CM and the LAB definitions of
polarizations are much more evident when considering doubly-
polarized cross-sections. The polarization fractions in the LAB def-
inition are roughly conserved when going from LO to NLO QCD, as
already found in WHW~ production [24], while this is not the case
in the CM definition. Furthermore, very different K-factors emerge
in the two definitions: in the CM one both mixed polarization
states feature a +170% enhancement due to QCD corrections, while
in the LAB one the LT and TL polarization states are enhanced by
90% and 70%, respectively. The LL polarization mode defined in the
CM frame features a very small K-factor (1.31), which is surprising
given the larger QCD corrections in the singly-longitudinal cases.
On the contrary, the same mode in the LAB definition features a
+90% enhancement due to QCD corrections. At NLO QCD, the LL
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pp-etve utu~ +X @ NLO QCD, Vs =13TeV: fiducial region
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pp-etve utu~ +X @ NLO QCD, Vs =13TeV: fiducial region
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Fig. 1. Distributions in cos@} in the fiducial region for polarizations defined in the CM frame (left) and in the LAB frame (right). The antimuon angle in the Z-boson rest
frame, 6, , is computed with respect to the Z-boson direction in the CM frame (left) and in the LAB frame (right). Doubly-polarized results are shown. From top down: NLO
QCD differential cross-sections, NLO QCD normalized distribution shapes (integral equal to 1), K-factors (NLO QCD/LO).

signal amounts to roughly 6% of the total in both definitions. The
TT signal is larger in the CM definition, and conversely the mixed
contributions are larger in the LAB one.

The back-to-back kinematics of the bosons in the CM frame at
LO implies that the polarization vectors of the two weak bosons
are defined with respect to the same reference axis, up to a change
of sign. This leads to very similar results for the LT and TL po-
larization modes defined in the CM frame, despite the differences
in the boson-lepton coupling between the W and the Z boson.
This is not the case in the LAB-frame definition. The LL mode de-
fined in the di-boson CM frame is singled out by the fact that both
polarization vectors only depend on the di-boson momentum and
on the momentum of a single boson. On the contrary, the longi-
tudinal polarization vectors defined in the LAB frame depend on
more physical quantities, resulting in a more involved spin struc-
ture. This qualitative argument indicates that the CM definition of
polarization is more natural than the LAB one for di-boson pro-
cesses.

A due comment is related to correlations. The wrong assump-
tion that the spins of the two weak bosons are not correlated
would lead to results which can be far from the correct ones.
When defining polarizations in the CM frame, multiplying the two
NLO singly-longitudinal fractions, one obtains 4.3%, which is sub-
stantially different from the predicted LL fraction (5.7%). The dif-
ference is larger at LO, where the kinematic is more constrained
due to the absence of additional QCD radiation: the zero-spin-
correlation assumption gives 3.3% for the LL fraction, whose actual
value is 7.9%. In the LAB definition, these correlations are smaller:
at (N)LO the combination of the two singly-longitudinal fractions
gives 6.4% (6.5%), which is not so far from the Monte Carlo result
for the LL fraction, namely 5.7% (6%). The correlations are milder

for the mixed states and very small for the TT state, both in the
CM and in the LAB definition.

The rationale is that, in order to correctly model doubly-
polarized signals, all spin-correlations must be properly accounted
for. Separating polarizations at the amplitude level furnishes the
safest and most natural strategy in this sense.

3.2. Distributions

We start this section commenting on the non-resonant back-
ground. At the integrated level, the impact of off-shell effects
amounts to 2%, and this is also the case in most of the differential
distributions accessible at the LHC. A larger non-resonant back-
ground is found in some suppressed phase-space regions, where
non-resonant diagrams give a sizeable contribution, and therefore
the DPA cannot reproduce accurately the full calculation. Large
effects concern the tails of the distributions for the missing trans-
verse momentum (10% at 500 GeV), the invariant mass of the four
leptons (20% at 1.5TeV), and the positron transverse momentum
(15% at 500 GeV). The largest non-resonant background is found in
the kinematic region where the transverse mass of the e™v. pair
is larger than the W-boson mass (30% at 100 GeV, 70% at 150 GeV).
However, given the limited statistics of Run 2 data, these regions
will be hardly accessible and therefore not really relevant for the
analyses.

Also interferences among polarizations at the differential level
reflect the integrated results in most of the phase-space regions.
Their size never exceeds 2-3% in all relevant rapidity, transverse-
momentum and angular distributions of the final-state particles.

In Figs. 1-5 we show the differential distributions in five sig-
nificant kinematic variables, for both the unpolarized and doubly-
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pp-etveutu~ +X @ NLO QCD, Vs = 13TeV: fiducial region
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pp-etveutu~ +X @ NLO QCD, V5 = 13TeV: fiducial region
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Fig. 2. Distributions in cos6, in the fiducial region for polarizations defined in the CM frame (left) and in the LAB frame (right). The positron angle in the W-boson rest
frame, Geﬁ' is computed with respect to the W-boson direction in the CM frame (left) and in the LAB frame (right). Same structure as Fig. 1.

polarized process. The non-resonant background is understood as
the difference between the full distribution (black curve) and the
DPA unpolarized one (gray curve), the interference among polar-
izations as the difference between the DPA unpolarized one and
the sum of doubly-polarized distributions (magenta curve).

The most relevant variables for polarization measurements are
the decay angles of leptons (¢;,6;) in the corresponding weak-
boson rest frame. At variance with the inclusive setup, in the pres-
ence of lepton cuts a closed analytic formula for cosé; distribu-
tions is not known, but the distributions for different polarization
modes typically maintain visible shape differences, which make
cosf; variables the best suited ones for polarization discrimina-
tion. Note that if polarization vectors are defined in the CM (LAB)
frame, the angles of the decay lepton ¢ of a boson V should be
computed boosting the £ momentum into the V rest frame from
the CM (LAB) frame. Such variables are not directly accessible at
the LHC, as the W-boson kinematics (and consequently the one
of the di-boson system) is only known up to neutrino reconstruc-
tion, which can be quite inaccurate in describing some phase-space
regions. For the purpose of this work we assume perfect recon-
struction of the neutrino momentum.

In Fig. 1 we consider the distribution in the antimuon decay
angle in the Z-boson rest frame. If polarizations are defined in the
LAB frame, this variable is directly observable at the LHC. In the
CM case, it is subject to the reconstruction of the di-boson system:
we have checked numerically with a neutrino reconstruction tech-
nique used in Ref. [4] that this has an almost negligible effect on
the shape of cos 9;+ distributions. The K-factors reflect the inte-

grated results. Note that the effect of pr and 7 cuts on u¥ is to
cut down the peaks at cos 9;}, = +1 of the transverse distributions

(TT, LT), while the LL and TL shapes are almost untouched. While

the unpolarized distribution shows an asymmetry in the CM def-
inition, this is washed out when using the LAB definition of the
decay angle. The asymmetry in the CM case results from the TT
mode, while the distributions are basically symmetric for the other
polarization modes. For the LAB definition, on the other hand, an
asymmetry develops for the LT mode which is, however, less rele-
vant in view of the much smaller contribution of this mode. Up to
the differences in the overall cross-sections and the asymmetries,
the description of this variable is very similar in the CM and LAB
definitions. As the normalized shapes in Fig. 1 show, the cos 9:},
variable is only sensitive to the polarization of the Z boson. For a
given state of the Z boson, the shape is approximately the same
for a longitudinal and a transverse W boson. This means that such
a variable should be combined with other discriminating variables
to allow for the doubly-polarized extraction via a template-fitting
procedure.

The W*-boson polarization state is directly related to the
cos6y, variable. It is worth stressing that the neutrino reconstruc-
tion would affect this variable much more than cos@;},, since
it modifies the kinematics of both the di-boson system (needed
for the CM definition) and the W-boson momentum (needed for
both definitions). We have checked that using the reconstruction of
Ref. [4], the shapes are substantially distorted, leading to a reduced
discrimination power among polarization states. Assuming per-
fect neutrino reconstruction, the resulting cos6?, distributions are
shown in Fig. 2. The transverse and unpolarized distributions are
characterized by a depletion at cos6}, = —1, but not at cos}, =1,
since no direct pr or rapidity constraint is imposed on the neu-
trino. Analogous situations have been noticed in WTW~ produc-
tion [24] and WZ scattering [35]. In both definitions, the shapes
for a longitudinal W boson (LL, LT) are made slightly asymmet-
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pp-oetveutu~ +X @ NLO QCD, vs =13TeV: fiducial region
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pp-oetveutu +X @ NLO QCD, vs =13TeV: fiducial region
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Fig. 3. Distributions in the positron rapidity in the fiducial region for polarizations defined in the CM frame (left) and in the LAB frame (right). Same structure as Fig. 1.

ric by the lepton cuts, but are almost independent of the Z-boson
polarization. A different behaviour is found for the two transverse
distributions (TL, TT), whose shapes are mildly sensitive to the Z-
boson polarization. More interestingly, in the CM definition the TT
shape is more peaked at negative values than the TL, while in
the LAB one such a difference is reversed and more sizeable. This
means that, depending on the Z polarization, there is a different
left-right polarization balance of the W boson. The K-factors are
roughly equal to those of the integrated cross-sections, up to some
deviation in the anti-collinear regime for the CM-frame trans-
verse modes. In both definitions, the K-factors are less flat than
those observed in cos 9;+ distributions. The different behaviour of
cos6}, distributions with respect to the cos¢*, ones can be traced
back to the different nature of the cuts imposed on the W-decay
leptons (asymmetric, stronger pr cut, transverse-mass constraint)
and of those imposed on the Z-boson decay products (symmetric,
weaker pr cut, invariant-mass constraint).

A satisfactory fit of LHC data with SM templates can only be
achieved with the combination of several kinematic observables
which are best suited to discriminate among doubly-polarized sig-
nals. We have generated NLO QCD accurate SM templates for many
observables. In general, the transverse-momentum distributions
(for et, u®,Z and missing energy) do not show sizeable differ-
ences among polarized signals. A mild discrimination power, in
particular for the LL mode, is found in the rapidity separation be-
tween the positron and the muon, both in the CM and in the LAB
definition.

Noticeable differences between the LAB and CM definitions can
be seen in the positron-rapidity distributions, which are shown in
Fig. 3. This variable shows almost negligible interferences and a
non-resonant background in line with the integrated result. The
relative NLO QCD corrections to the LL signal become maximal

near the cut y.+ = 2.5 in both definitions, but the size is much
larger in the LAB-frame definition than in the CM one. All other
polarized signals based on the CM definition have roughly the
same differential K-factors, with QCD corrections that are maximal
at zero rapidity. Differently from TT and TL, the LT signal in the LAB
definition is mostly enhanced by QCD corrections near yo+ = +2.
In the CM definition, all polarized signals have a maximum at zero
rapidity, though with somewhat different shapes. In particular, the
TT signal is flatter than all the other ones. Much more sizeable
shape differences characterize the signals in the LAB definition. The
TL signal has two maxima around y.+ = 2, and a minumum at
zero rapidity, where all other doubly-polarized modes have a max-
imum. The LL, LT, and TT modes have similar normalized shapes,
but slightly different peak widths.

The marked difference between the TL and LT distributions in
the LAB-frame definition, which is even more evident at LO, can
be traced back to the boost that relates the LAB and the CM ref-
erence frames. If the polarizations are defined in the CM frame, all
polarized rapidity distributions follow similar patterns, as might
be expected from the more universal character of this definition.
However, due to different PDF densities (the u-quark PDF peaks at
larger energies than the d-quark one) connecting the CM frame to
the LAB frame involves a boost preferentially in the direction of the
u quark. Moreover, in the CM frame the W* boson is preferably
produced in the hemisphere determined by the u-quark direction.
As a consequence, the boost to the LAB frame typically accelerates
the WT boson, while it decelerates the Z boson. Upon inspecting
the explicit form of the polarization vectors, it can be seen that
a boost that increases the energy changes the polarization vectors
only mildly, while a boost that reduces the energy yields more
sizeable changes in polarization. In extreme cases the boost re-
sults in a very small momentum along the z axis or even reverses
this component. Thus, in events with a large yy+ the polarization
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of the W* boson is hardly changed by the boost to the LAB frame,
while the one for the Z changes relatively often. On the other hand,
in events with a small y,+ the polarization of the W+ is likely
to change, while the one of the Z is pretty stable. Since the W
rapidity is correlated to the positron rapidity, this explains the en-
hancement of the W;r Z; mode for large y.+ and the enhancement
of the Wf Zt mode for small y.+ via migration from the dominant
Wi Zr mode.

Even though the results for the positron rapidity suggest that
investigating polarizations defined in the LAB frame provides more
discrimination power than in the CM frame, we stress that the
measured quantities are different in the two cases and cannot be
related to each other. Thus, two separate analyses for polarizations
defined in the CM frame and in the LAB frame are useful.

We have investigated more rapidity observables (for Z, u¥)
which feature similar or smaller discrimination power than ye+.

Another interesting variable accessible at the LHC is the cosine
of the angle 6.+,- between the positron and the muon, which is
presented in Fig. 4. In the fiducial region, the two leptons tend
to be mostly collinear in the unpolarized case, but different be-
haviours are found for the polarized modes. The relative QCD cor-
rections are rather flat for the LL signal defined in the CM frame,
but increasing with cosf+ - for the corresponding signal defined
in the LAB frame. The K-factor for the TT mode is monotonically
increasing and similar in the two definitions. A similar pattern is
found for TL and LT defined in the CM frame, up to the overall
shift already commented at the integrated level. The mixed con-
tributions show decreasing K-factors in the LAB definition. In the
CM definition, the normalized TT distribution is almost symmet-
ric, while modes including a longitudinal boson are rather flat for
negative values and have a maximum in the collinear regime. Very

small shape differences characterize the LL, LT and TL distributions.
Only the TT signal can be clearly disentangled. For polarizations
defined in the LAB frame, the TT distribution favours anticollinear
configurations, while the LL and LT modes show similar behaviours
as for the CM definitions. The TL distribution has a peak in the
collinear region that is more marked than the one of LL and LT
modes. The more sizeable differences among different polarization
states in the LAB frame for large cosfe+,- can again be explained
by effects of the boost from the CM frame to the LAB one and its
effect on the polarization of the weak bosons. A small angle be-
tween positron and muon is correlated to a small angle between
the W' and the Z boson. This requires the reversal of the z com-
ponent of one of the vector bosons, mostly of the Z boson, by the
boost and thus explains the observed sizeable reshuffling between
polarized cross-sections for large cos e+ ;-

In Fig. 5 we show the distribution in the azimuthal difference
between the positron and the muon. This observable is charac-
terized by negative interferences for A¢e+,- <7 /2 and positive
ones for Age+;- 2, 7/2 in both the CM- and the LAB-frame polar-
ization definitions. Although the interferences are similar in shape
to those found in WHW~ production [24], their size (+3.5% for
A¢e+ - =0, ) is much smaller than the +50% effect found there.
The polarized distributions become maximal at Age+ - = 7 in
both polarization definitions, and all K-factors are decreasing with
growing Age+,-. The K-factor of the LL mode is flatter in the CM
definition, while the one of the mixed contributions is flatter in
the LAB one. All polarization states with at least one transverse bo-
son exhibit roughly the same normalized distribution shape, which
is also very similar in the two definitions of polarization vectors.
A significantly different shape is found in the LL polarization state
both in the LAB and even stronger in the CM definition. This makes
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this azimuthal separation a good candidate variable to improve the
sensitivity to the purely longitudinal cross-section.

As a last comment of this section, we stress that the differ-
ential distributions analyzed in this paper do not provide an ex-
haustive list of physical quantities relevant for the extraction of
doubly-polarized signals out of WZ data, but are representative for
observables that are best suited for polarization discrimination (in
the CM and/or in the LAB definition), and that highlight relevant
differences between the two polarization definitions.

4. Conclusions

In this paper we have presented integrated and differential
cross-sections for the WZ production at the LHC with both bosons
polarized. The results feature NLO QCD accuracy and have been
obtained for realistic selection cuts.

The non-resonant background, estimated as the effects missing
in the double-pole-approximated calculation, are at the 2% level
for the integrated cross-sections. Slightly larger effects are found
in the tails of some distributions, which are, however, out of reach
with the statistics of the Run 2 data.

We have investigated polarized signals defining polarization
vectors both in the di-boson centre-of-mass (CM) and in the lab-
oratory (LAB) system. In both cases the interferences among dif-
ferent polarization modes are very small (of order 1%). The inte-
grated and differential cross-sections for a given polarization state
obtained with the two definitions are rather different, in particu-
lar, for the doubly-polarized signals. We have analyzed the impact
of NLO QCD corrections, the relative fractions for the various po-
larization states, and the normalized shapes for several kinematic
distributions.

A small number of observables are characterized by a notice-
able discrimination power among polarizations. Some of them are
more sensitive to polarizations defined in the CM frame, some to
those defined in the LAB frame. This suggests that both definitions
should be taken into account in the upcoming experimental anal-
yses.
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