
NLO QCD corrections to polarized diboson production in semileptonic final states

Ansgar Denner * and Christoph Haitz †

Universität Würzburg, Institut für Theoretische Physik und Astrophysik, 97074 Würzburg, Germany

Giovanni Pelliccioli ‡

Max-Planck-Institut für Physik, Föhringer Ring 6, 80805 München, Germany

(Received 24 November 2022; accepted 12 February 2023; published 13 March 2023)

Understanding the polarization structure and providing precise predictions for multiboson processes at
the LHC is becoming urgent in the light of the upcoming run-3 and high-luminosity data. The CMS and
ATLAS collaborations have already started using polarized predictions to perform template fits of the data,
getting access to the polarization of W and Z bosons. So far, only fully leptonic decay channels have been
considered in this perspective. The natural step forward is the investigation of hadronic decays of
electroweak bosons. In this work, we compute NLO QCD corrections to the production and decay of WZ
pairs at the LHC in final states with two charged leptons and jets. The calculation relies on the double-pole
approximation and the separation of polarized states at the level of Standard Model amplitudes. The
presented NLO-accurate results are necessary building blocks for a broad understanding and precise
modeling of polarized diboson production in semileptonic decay channels.
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I. INTRODUCTION

The pioneering measurements with the run-2 LHC
dataset in diboson inclusive production [1–3] and scatter-
ing (VBS) [4] have paved the way toward a refined
experimental investigation of the polarization states of
electroweak (EW) bosons produced in multiboson proc-
esses. The most striking difference of the methods adopted
in Refs. [1–4] with respect to previous polarization
analyses [5–11] is the usage of polarized-signal templates
directly generated with Monte Carlo generators, which is
expected to give a more complete picture of the polariza-
tion structure than the simple evaluation of angular
coefficients, giving access to interference effects and spin
correlations.
The extraction of angular coefficients from unpolarized

decay-angle distributions was first proposed in Ref. [12,13]
and has been applied in several theoretical studies on
V þ j [12–16] and inclusive diboson production [17–21].
The direct Monte Carlo simulation of processes with
intermediate EW polarized bosons was proposed for

VBS [22–25] and it is currently available in public codes
at leading-order (LO) accuracy matched to parton-shower
(PS) in the Standard Model (SM) as well as in the presence
of beyond-SM effects. The extension of this approach to
higher perturbative orders has been carried out focusing on
diboson inclusive production, reaching next-to-leading-
order (NLO) in the QCD coupling [26,27] and later on
NLO in the EW coupling [28–30] and next-to-next-to-
leading-order (NNLO) in QCD [31]. Analogous methods
have been applied to Higgs decays [32,33] and to V þ j
production [34]. A number of works have tackled the
polarization structure of VBS with machine-learning tech-
niques with promising results [35–38].
So far, both experimental measurements [1–11] and

phenomenological studies [12–37,39–43] have focused on
leptonic decays of weak bosons, cleaner than the hadronic
ones in a hadron-collider environment, but with a smaller
branching ratio and affected by reconstruction effects in
the presence of neutrinos in the final state. Indeed, the
increasing interest in measuring gauge-boson polarizations
at the LHC and the lack of statistics in fully leptonic decay
channels has triggered a number of phenomenological
studies [44–47] of processes with hadronically decaying
bosons. The hadronic decay of W and Z bosons has the
great advantage of larger branching ratio with respect to
the leptonic one, but the disadvantage of much larger
backgrounds to deal with in the LHC environment that is
dominated by QCD-induced processes. The focus of these
polarization studies has been put especially on the dis-
crimination between longitudinal and transverse bosons in
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boosted kinematic configurations [44–46]. The driving
idea is that the reconstruction of the boosted-fat-jet
substructure, making use of either traditional substructure
observables like N-subjettiness [44] and soft-drop [46], or
machine-learning [45] techniques, is expected to maximize
the information about the polarization state of the decayed
boson, since the jet constituents can be associated to some
degree of precision to the decay quarks. Recently it has
been proposed to use energy correlators to improve the
polarization discrimination [47]. The existing studies of
polarized bosons in the leptonic decay channel suggest that
there are LHC observables that enable to discriminate
polarization states without the need to reconstruct indi-
vidual decay products [3].
So far, no polarization measurement has been carried out

yet with hadronic decays of gauge bosons, although a
number of sensitivity studies have been performed for the
high-energy [48] and high-luminosity (HL) [49] runs of the
LHC, mostly targeting VBS processes.
In the specific case of inclusive diboson production, the

semileptonic decay channel has been investigated with
13-TeV LHC data with the aim of searching for new
resonances [50–54]. Measuring polarizations in this channel
could further constrain new-physics effects [55] and in
particular the spin of possible underlying resonances
decaying in two gauge bosons. In spite of the high-precision
SM predictions available for unpolarized [56–77] and
polarized [26–31] diboson production at the LHC, the
fully leptonic decay channel has always been considered
and no tailored study beyond LO (þPS) exists for the
semileptonic channel in the presence of polarized inter-
mediate bosons. The NLO QCD corrections to the hadronic
decay of polarized weak bosons have been known for many
years [78,79] and can be generated easily with the help of
any one-loop amplitude provider, but they have not been
combined yet with realistic LHC production processes.
In this work we perform a consistent combination of

NLO QCD corrections to diboson production and to the
hadronic decay of one of the two bosons in the double-pole
approximation [80,83–87] and in the presence of polarized
and unpolarized intermediate bosons, preserving partial
off-shell effects and the complete spin correlations between
production and decay. This target is pursued following the
strategy proposed at LO in Ref. [22] and later extended to
NLO in Refs. [26,28,30]. We consider a boosted regime for
the weak bosons, where the doubly longitudinal signal is
expected to be sizeable [27], but we do not make use of any
jet-substructure-reconstruction technique.
This paper is organized as follows. In Sec. II we describe

the technical details of the calculation, the SM input
parameters and the kinematic setups that are considered.
In Sec. III we present and discuss the integrated and
differential predictions for doubly polarized signals at the
LHC with 13.6-TeV center-of-mass (c.m.) energy. Our
conclusions and outlook are given in Sec. IV.

II. DETAILS OF THE CALCULATION

We consider diboson (ZWþ) inclusive production at the
LHC:

pp → Zð→ lþl−ÞWþð→ jjÞ þ X;

pp → Zð→ lþl−ÞWþð→ JÞ þ X; ð1Þ

where the two semileptonic decay channels differ by the
number of jets from the decay of the W boson. In the first
case (resolved topology) the Wþ boson decays into two
light jets, while in the second case (unresolved topology) it
decays into a single fat jet. We calculate the NLO QCD
corrections to the tree-level EW process, i.e., of perturbative
order Oðαsα4Þ, working in the double-pole approximation
(DPA) [83–87]. The nonresonant contributions and off-shell
effects beyond the DPA, as well as the other perturbative
orders contributing to the same final state (which cannot
embed two weak-boson propagators) are not considered
here. In other words, we do not include the irreducible
nonresonant and QCD multijet backgrounds to the diboson
signal. We also restrict the calculation to ZWþ production,
neglecting the ZW− and ZZ resonant processes which also
contribute to the same final state with two leptons and a
hadronic system. A rough estimate of the missing resonant
contributions (ZW− and ZZ), of the nonresonant EW
effects, and of the QCD background is provided at the
end of Sec. III A. Owing to the different resonance and spin
structures of the various subprocesses in the SM, it is
preferable to investigate doubly polarized signals with LHC
data focusing on one resonant structure at a time, i.e.,
considering other (unpolarized) resonant processes as con-
tributions to be subtracted on equal footing with the QCD
irreducible backgrounds and off-shell EW effects. This
approach could be beneficial also in the light of possible
new-physics effects that may distort the SM dynamics
differently for various diboson processes. Therefore, the
study of WþZ production presented here, which is not
meant to be fully realistic, is expected to give useful insights
for future analyses in semileptonic final states with run-3
and HL-LHC data.

A. Double-pole approximation and polarized-signal
definition

Sample diagrams for ZWþ production that contribute in
the DPA at LO and at NLO QCD are shown in Fig. 1. In the
DPA [83–87] all diagrams without two s-channel boson
propagators (oneWþ and one Z boson) are neglected, giving
an amplitude (which is not gauge invariant) that is fully
factorized in a production × decay form. In order to recover
the EW gauge invariance, the numerator of the doubly
resonant amplitude is evaluated with a modified kinematics
obtained via an on-mass-shell projection of the resonant EW
bosons, while the denominator (i.e., the two Breit–Wigner
distributions from the weak-boson propagators) is evaluated
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with the original kinematics (for off-shell bosons). The
widths of theWand Z bosons are set to zero in the amplitude
numerator, while they are kept finite in the denominators of
the weak-boson propagators targeted by the DPA. A detailed
explanation of the DPA and the gauge invariance in this
formalism can be found in Refs. [26,85,87,88].
This technique preserves all spin correlations (the full

spin matrix is accounted for) and partial off-shell effects
(thanks to the Breit–Wigner modulation and the use of
the off-shell phase space). An alternative method that
is often used for polarized-signal simulation [25,31,34] is
the narrow-width approximation [89,90]. While in the
narrow-width approximation the off-shell effects are
neglected, the DPA takes into account off-shell effects
partially. Specifically, the phase space and the Breit–
Wigner denominators of the resonances are treated off
shell, and only the matrix-element numerators are pro-
jected on the resonance mass shell.
The DPA approach makes it natural to separate polari-

zation states of intermediate weak bosons at amplitude
level [22,26]. A priori, the polarization of particles in
scattering processes can only be defined for stable external
particles, while for intermediate (virtual) particles it is
required to perform the sum over all polarizations (physical
and unphysical). The factorized structure of double-pole-
approximated, doubly resonant amplitudes enables the
splitting of the numerator of each gauge-boson propagator
into the sum over physical polarization states: longitudinal
(L), left handed (−) and right handed (þ). The contributions
of unphysical polarization states are exactly cancelled by
those of would-be Goldstone bosons on the mass shell.
Therefore, replacing the polarization sum in the propagator

numerator with the contribution of a specific polarization
state λ gives a gauge-invariant λ-polarized amplitude, where
λ ¼ 0;�. A convenient choice [23] is to consider the
transverse-polarization state (T) which is defined as the
coherent sum of the left- and right-handed states, including
also the left–right interference term.
It is essential to recall that the polarization vectors

appearing in the propagator numerator depend on the
Lorentz frame where the kinematics is evaluated. This
implies that the definition of the polarized signal is
reference-frame dependent. The preferred choice for
diboson inclusive production is the diboson–system
c.m. frame [1,20,27], as it allows for a natural interpre-
tation in terms of the corresponding tree-level 2 → 2
process (quq̄d → ZWþ). This is the choice adopted in
this work.
As previously stated, the novel aspect of the presented

calculation with respect to Ref. [27] is the semileptonic
decay channel [see Eq. (1)]. In the fully leptonic decay
channel, the NLO QCD corrections only enter as initial-
state virtual and real radiation. Here we also need to
consider the NLO QCD corrections to the Wþ-boson decay.
As can be appreciated in Fig. 1, the factorizable virtual
corrections to the decay [Fig. 1(c)] and to the production
subprocess [Fig. 1(b)] are accounted for. The real correc-
tions include initial-state-radiation [Figs. 1(d) and 1(e)] and
final-state-radiation [Fig. 1(f)] contributions. Both virtual
and real nonfactorizable NLO QCD corrections to doubly
resonant amplitudes (gluon exchange between production
and decay) vanish owing to color algebra.
The treatment of factorizable real QCD corrections in the

DPA is carried out using the general approach introduced in

FIG. 1. Sample tree-level (a), one-loop (b, c), and real-radiation (d–f) diagrams contributing to diboson production at the LHC in the
semileptonic decay channel at NLO QCD. Particles carrying color charge are highlighted in red.
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Refs. [28,91–93] for NLO EW corrections, upon the
replacement of the EW coupling α with a running strong
coupling αs. In order to end up with a final result that is free
of infrared (IR) divergences, unresolved real radiation from
the production and decay parts of the process need to be
managed separately in the DPA and combined consistently
within the employed subtraction scheme, in order to have

(i) the correct matching between subtraction counter-
terms and the corresponding integrated ones, and

(ii) the cancellation of IR poles between the integrated
counterterms and the virtual matrix element.

In particular, gluon radiation from the W-boson decay
products and from the WZ-pair-production process are
treated separately within the DPA. In our calculation, we
employ the dipole subtraction scheme [94–96]. For addi-
tional technical details, we refer to Ref. [28].

B. Monte Carlo tools and input parameters

The presented SM calculation has been performed with
two independent in-house multichannel Monte Carlo
codes, MoCaNLO and BBMC. MoCaNLO has been recently
employed for NLO EW and QCD corrections to processes
with polarized EW bosons in the fully leptonic decay
channel [26–28]. BBMC has been used for NLO corrections
to off-shell diboson production [57–59,97] and has been
modified to enable the treatment of resonances in the DPA.
The UV-renormalized tree-level and one-loop SM ampli-
tudes are provided to both codes by RECOLA [98,99].
The tensor reduction and integration of loop integrals is
performed with COLLIER [100].
The calculation is carried out in the SM at NLO QCD

accuracy. The five-flavor scheme and no quark-family
mixing (unit CKM matrix) are understood. All light quarks
and leptons are considered massless. The pole masses (MV)
and widths (ΓV) of the EW bosons are calculated from the
on-shell values (MOS

V ;ΓOS
V ) [101],

MOS
W ¼ 80.379 GeV; ΓOS

W ¼ 2.085 GeV;

MOS
Z ¼ 91.1876 GeV; ΓOS

Z ¼ 2.4952 GeV; ð2Þ

according to the relations [102]

MV ¼ MOS
Vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
�
ΓOS
V =MOS

V

�
2

s ;

ΓV ¼ ΓOS
Vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
�
ΓOS
V =MOS

V

�
2

s : ð3Þ

The EW coupling α is calculated in the Gμ scheme [85],
i.e., as a function of the Fermi constant Gμ and the weak-
boson pole masses:

α ¼
ffiffiffi
2

p

π
GμM2

W

�
1 −

M2
W

M2
Z

�
;

Gμ ¼ 1.16638 × 10−5 GeV−2: ð4Þ

Since we only consider NLO QCD corrections, the masses
of the top quark and of the Higgs boson do not enter the
calculation. We use NNPDF31_nlo_as_0118 [103,104]
parton-distribution functions (PDFs), provided to the
Monte Carlo codes via the LHAPDF interface [105].
Also the running of the strong coupling constant αs is
evaluated with built-in LHAPDF routines. The dipole
formalism [94–96] is used for the subtraction of IR
singularities of QCD origin. The MS factorization scheme
is employed for the treatment of initial-state collinear
singularities. The central factorization and renormalization
scales are both set to the same dynamical value μF ¼ μR ¼
μ0 (defined in Sec. II C), and the QCD-scale uncertainties
are estimated with independent 7-point variations of μF and
μR, i.e., via the maxima and minima of the corresponding
observables for the scale choices

ðμR=μ0; μF=μ0Þ ¼ ð1=2; 1=2Þ; ð1=2; 1Þ; ð1; 1=2Þ;
ð1; 1Þ; ð1; 2Þ; ð2; 1Þ; ð2; 2Þ:

C. Kinematic setups and scale definition

The event selection and reconstruction are inspired by
the recent CMS analysis presented in Ref. [54] (see Table 1
therein). The clustering of jets is carried out with the anti-kT
algorithm [106] recombining only partons with a rapidity
smaller than 5. Two different event topologies are consid-
ered: resolved and unresolved. In the resolved topology we
ask for:

(i) at least two jets (clustered with R0 ¼ 0.4) with
pT;j > 30 GeV, jyjj < 2.4 and ΔRjl� > 0.4, the
two jets with a pair invariant mass closest to MW
being selected as decay jets,

(ii) the system of the two decay jets with pT;jj >
200 GeV and 65 GeV < Mjj < 105 GeV, and

(iii) two opposite-sign, same-flavor leptons with pT;l� >
40 GeV, jyl�j < 2.4, pT;ll > 200 GeV, and
76 GeV < Mll < 106 GeV.

In the unresolved topology we ask for:
(i) at least one jet (clustered with R0 ¼ 0.8) with

jyJj < 2.4, ΔRJl� > 0.8, pT;J > 200 GeV and
65 GeV < MJ < 105 GeV, and

(ii) two opposite-sign, same-flavor leptons with pT;l� >
40 GeV, jyl�j < 2.4, pT;ll > 200 GeV and
76 GeV < Mll < 106 .

By requiring large transverse momenta for the vector bosons,
we select a boosted regime. We do not apply any veto on
additional jets, as the logarithmically enhanced soft-boson
radiation in real contributions [67,107,108] is suppressed
thanks to the tight transverse-momentum cuts on the
two bosons (pT;ll > 200 GeV and pT;J=jj > 200 GeV),
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avoiding huge QCD K-factors. Note, however, that the
application of symmetric transverse-momentum cuts on the
two bosons leads to very large corrections in transverse-
momentum distributions close to the cut, due to the
sensitivity to quasisoft and quasicollinear QCD initial-state
radiation [109–113]. The central renormalization and fac-
torization scales are set to,

μR ¼ μF ¼ MT;Z þMT;J

2
: ð5Þ

The transverse masses are calculated as,

MT;Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T;ll þM2

ll

q
; MT;J ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T;J þM2

J

q
; ð6Þ

where pT;J and MJ are, respectively, the transverse momen-
tum and invariant mass of the hadronic system J that is
identified as the decay-jet system (resolved topology) or as
the hardest-pT fat jet (unresolved topology).
As previously stated, the polarization states of inter-

mediate gauge bosons are defined in the c.m. frame, i.e.,
the rest frame of the system formed by the two leptons and
the decay products of the W boson, which are identified for
each contribution in the DPA. This choice enables for
qualitative comparisons with phenomenological studies of
ZW production in the fully leptonic decay channel [27,29].

D. Validation

The independent implementation in MoCaNLO and BBMC

of the general methods described in Ref. [28] has enabled
validation checks at several levels of the calculation.

1. Renormalization and phase-space integration

Detailed comparisons have been performed both for
individual phase-space points for Born-level, virtual and
real-radiation contributions, giving excellent agreement
both for the QCD-scale and matrix-element evaluation.
The UV finiteness of virtual amplitudes in the presence of
polarized intermediate bosons has been checked varying by
several orders of magnitude the UV-scale regulator as input
parameter for RECOLA. Note that both codes make use of
RECOLA as amplitude provider, which has been success-
fully compared earlier to other one-loop providers for
unpolarized vector-boson pair production processes [114]
and to an independent in-house code for WZ production
with leptonic decays [59]. In addition, we have performed a
check of the finite part of virtual QCD corrections to
quq̄d → eþe−q0uq̄0d, comparing the RECOLA results against a
stand-alone version of MadLoop [115]. A point-wise agree-
ment at the 10−7 level was found for a number of phase-
space points populating both the bulk and far off-shell
regions of the fiducial volume.
The correct application of selection cuts (after jet

clustering) in the two setups described in Sec. II C has

been validated comparing results from MoCaNLO and BBMC

for each n-body and (nþ 1)-body contribution to the cross
section separately. This has been done both for the
unpolarized and the polarized process, finding agreement
within Monte Carlo uncertainties in all cases.

2. Subtraction of IR singularities

The correct subtraction of IR singularities of QCD
origin has been tested in depth, with both comparisons
between the two codes and internal checks in each code
separately. The dipole-subtraction kernels and the kin-
ematics used to evaluate them has been tested for a number
of individual phase-space points, finding good agreement
between the two codes. This is especially relevant for
subtraction dipoles associated to decay subprocess (gluon
radiation off the W decay), whose kinematics has to
undergo first the DPAð3;2Þ on-shell projection and second
the final-state–final-state Catani–Seymour mapping [28].
Analogous checks have been performed on integrated
subtraction counterterms, finding also excellent agreement
for each phase-space point considered. The proper can-
cellation of IR poles in the sum of virtual matrix elements
and I-operators [94] has been successfully checked vary-
ing the IR-regularization scale μIR up and down by 4 orders
of magnitude about the scale defined in Eq. (5), finding
independence of the result from μIR within the errors of the
Monte Carlo integration. The functioning of the subtraction
scheme in the DPA has been also tested by means of the
technical parameters fαdipg that set the integration bounda-
ries for the radiation phase space in each dipole [116].
Varying such parameters between 1 and 10−2, has enabled
to check that the sum of subtracted-real and integrated-
counterterm contributions is independent of the choice of
fαdipgwithin integration uncertainties. The independence of
the NLO corrections from the unphysical parameters μIR
and fαdipg represents a strong check given the different
treatment of real radiation from the production and decay
subprocess matrix elements and subtraction counterterms in
the DPA. This further confirms that the methods introduced
in Ref. [28] provide NLO predictions that are well under
control from the IR-subtraction point of view.

3. Treatment of polarizations

The definition of polarization vectors in the c.m. refer-
ence frame represents a crucial step in the calculation,
especially for what concerns real radiation. Detailed checks
at the phase-space-point level have been done in the Lorentz
frame where polarizations are defined in the case of real
corrections to the production and decay subprocesses. A
complete comparison between MoCaNLO and BBMC has been
performed for each contribution to the cross section, for all
doubly polarized states, giving excellent agreement within
integration errors for both integrated result and differential
distributions (bin by bin). Further tests have been carried
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out comparing the two codes for a different definition
of polarization, i.e., in the laboratory frame, finding also
agreement.

III. RESULTS

In this section we present numerical results at integrated
and differential level for doubly polarized and unpolarized
ZWþ production at the LHC in the semileptonic channel.
All results shown have been obtained with MoCaNLO. We
have considered the specific case of an electron-positron
pair (l ¼ e). The sum over light lepton flavors (l ¼ e; μ)
can be simply obtained upon multiplying all cross sections
by a factor of two.

A. Integrated results

In Table I we present integrated cross sections for
different polarization states in the two setups introduced
in Sec. II C.
Before analyzing the QCD corrections, we focus on the

LO picture that is already interesting. The contribution of
the LL polarization state is rather large (≈35%) besides a
sizeable TT contribution (≈50%, dominated by left–right
configurations), while the contribution of the mixed
polarization states is at the 10% level. The suppression
of the mixed modes results from the transverse momentum
cuts on the produced vector bosons of 200 GeV and the
unitarity suppression of the corresponding cross sections
with the square of the energy of the longitudinal vector

bosons [117,118]. At variance with ZZ production, the LL
signal is not suppressed owing to the triple-gauge-boson
coupling that contributes to LO diagrams. At high ener-
gies, the two longitudinal bosons behave in fact like
would-be Goldstone bosons [119,120] that result from
an s-channel Wþ boson carrying the whole partonic energy
(which exceeds 400 GeV in our setups). While in the
resolved topologies the mixed polarization states have
similar cross sections, in the unresolved topology the TL
cross section is 15% larger than the LT one. This is due to
the fact that the two quarks from the decay of a transverse
W boson are preferably produced in and opposite to the
direction of the W boson in the W-boson c.m. frame. Thus,
they are roughly back to back in the laboratory frame and
less likely recombined to a fat jet. Therefore, the two-light-
jet requirement is fulfilled more easily than the require-
ment of a single fat jet with a mass close toMW. The decay
jets of a longitudinal W boson, on the other hand, are
preferably perpendicular to its direction and consequently
more collinear in the laboratory frame and more likely to
be recombined to a fat jet.
The overall picture at NLO QCD shows a smaller

difference between the results in the two setups, especially
in the case of LT and TL polarizations. The NLO QCD
corrections are very large for polarization states with at
least one transverse boson, with a size that is comparable to
the one for the LO cross section. On the contrary, the
corrections are small for the purely longitudinal state. The
LL state receives negative corrections (about −5%) in

TABLE I. Integrated cross sections (in fb) in the resolved and unresolved fiducial setups described in Sec. II C for
unpolarized and doubly polarized ZWþ production in the semileptonic decay channel. Polarizations are defined in
the diboson c.m. frame. Numerical errors (in parentheses) and QCD-scale uncertainties from 7-point scale variations
(in percentages) are shown. The fractions (in percentage) are computed as ratios of polarized cross sections over the

unpolarized one. K-factors are defined as ratios of the NLO QCD cross sections with (KNLO) and without (Kðno gÞ
NLO )

gluon-induced contributions over the LO ones.

State σLO [fb] fLO [%] σNLO [fb] fNLO [%] KNLO Kðno gÞ
NLO

Resolved, Zðeþe−ÞWþðjjÞ
Unpolarized 1.8567ð2Þþ1.2%

−1.4% 100 3.036ð2Þþ6.8%
−5.3% 100 1.635 1.033

ZLW
þ
L 0.64603ð5Þþ0.2%

−0.6% 34.8 0.6127ð4Þþ0.9%
−0.7% 20.2 0.948 1.031

ZLW
þ
T 0.08687ð1Þþ0.2%

−0.6% 4.7 0.17012ð6Þþ8.6%
−6.8% 5.6 1.958 0.967

ZTW
þ
L 0.08710ð1Þþ0.1%

−0.6% 4.7 0.24307ð7Þþ10.2%
−8.2% 8.0 2.791 1.017

ZTW
þ
T 0.97678ð7Þþ2.0%

−2.2% 52.6 2.0008ð7Þþ8.9%
−7.1% 65.8 2.048 1.059

Interference 0.0595(1) 3.2 0.009(2) 0.4

Unresolved, Zðeþe−ÞWþðJÞ

Unpolarized 1.6879ð2Þþ1.9%
−2.1% 100 3.112ð2Þþ7.6%

−6.1% 100 1.843 1.193
ZLW

þ
L 0.61653ð5Þþ1.0%

−1.3% 36.5 0.6799ð5Þþ0.9%
−0.7% 21.9 1.103 1.170

ZLW
þ
T 0.06444ð1Þþ0.7%

−1.0% 3.8 0.17584ð6Þþ10.8%
−8.6% 5.7 2.729 1.158

ZTW
þ
L 0.07437ð1Þþ0.6%

−0.9% 4.4 0.24742ð8Þþ11.0%
−8.9% 8.0 3.327 1.193

ZTW
þ
T 0.88233ð9Þþ2.9%

−2.9% 52.3 2.0041ð8Þþ9.6%
−7.7% 64.3 2.271 1.227

Interference 0.0503(3) 3.0 0.004(2) 0.1
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the resolved topologies, while in the unresolved setup the
corrections become positive (10%). In the resolved top-
ology the TT and LT states receive comparable corrections
at the þ100% level, while a different behavior between the
two is found in the unresolved setup. The largest correc-
tions in both setups (about þ200%) characterize the TL
polarization state. In general (both for polarized and
unpolarized states), these big corrections are caused by
hard QCD radiation in partonic processes with initial-state
gluons [107], which are enhanced by the large gluon
luminosity in the proton. In fact, omitting the gluon-
induced channels, the K-factors are much smaller (see

column labelled Kðno gÞ
NLO in Table I).

For the LL polarization state, not only the gluon-
emission real corrections are small but also the gluon-
induced ones (with quark emission) do not give large
contributions, as already seen in inclusive ZW calcula-
tions with leptonic decays [27,29]. This can be understood
as follows. As demonstrated in Ref. [108] the dominant
NLO QCD corrections arise for the production of a vector-
boson–quark pair in gluon-quark scattering with sub-
sequent radiation of a soft vector boson from the quark
(see also Fig. 2). However, the subprocess gq → Vq0 is
suppressed for longitudinal high-energy vector bosons, as
can seen via the Goldstone-boson equivalence theorem
and the absence of LO diagrams for the corresponding
process with the vector boson replaced by a would-be
Goldstone boson (for massless quarks).
The striking difference (in both setups) between TL and

LTat NLO QCD results from hard QCD radiation in gluon-
induced partonic channels which enhances the mixed state
with a longitudinal W boson much more than the one with a
transverse W boson. This is a consequence of the unitarity
cancellations for mixed polarization states with high trans-
verse momenta of the longitudinal vector bosons, which
also holds in the presence of additional real QCD radiation.
Owing to this suppression of high-energy longitudinal
bosons, kinematic configurations are preferred, where
the transverse boson recoils against the longitudinal one
and the additional jet, favoring (in the gluon-induced
processes) configurations with a rather collimated system

of the longitudinal boson and the radiation jet. We have
verified that the Monte Carlo integration channels corre-
sponding to the diagrams in Figs. 2(a) and 2(b) give indeed
the leading contribution to the LT and TL state, respec-
tively. In the TL polarization mode, all jets are thus
produced relatively close in phase space, resulting in a
less efficient decay-jet identification. In addition, the trans-
verse Z boson absorbs the entire hadronic recoil in the final
state, allowing for a softer longitudinal boson and therefore
a less severe unitarity suppression. For the LT mode the
leptonically decaying longitudinal Z boson needs a trans-
verse momentum above 200 GeV, which causes a stronger
unitarity cancellation. These effects are further confirmed at
differential level, as shown in Sec. III B. Up to these
differences, the mixed states give a contribution of about
14% to the total cross section at NLO QCD.
The QCD correction to the TT state is similar in the two

setups, giving a NLO cross section that represents 65% of
the total. It is worth recalling that the ZW TT state is
characterized by an approximate amplitude zero at tree
level [118], which is spoiled by QCD radiation from higher
orders (already at NLO).
The interference effects, obtained subtracting the sum

of polarized cross sections from the unpolarized one,
contribute þ3% at LO and are almost negligible
(< 0.5%) at NLO QCD, with irrelevant differences
between the two setups. This effect is more sizeable in
differential results.
As expected in general for purely EW processes, the

QCD-scale uncertainties at LO are small since they only
come from factorization-scale variations. In addition, the
requirement of the boosted regime reduces them roughly by
a factor of 4 with respect to inclusive calculations [27,29].
We have checked numerically that the same effect is also
found in the fully leptonic channel for the WZ process. At
NLO QCD the renormalization-scale dependence of the
strong coupling and the sizeable real corrections render
the scale uncertainties much larger than at LO, ranging
between 7% and 11% for polarization modes with at least
one transverse boson. A different behavior is found for the
LL mode, for which the real corrections are small and
therefore the NLO QCD scale uncertainty is of the same
order of magnitude as at LO (1%). The difference in scale
uncertainties between the two setups is motivated by the
small differences in the applied kinematic selections.
Owing to the EW character of the LO ZW process, a truly
NLO QCD scale dependence of the polarized cross section
can only be obtained upon including NNLO QCD correc-
tions, which is possible with the tools developed in
Ref. [31]. Notice that this would also provide more reliable
scale uncertainties.
The obtained results (in both setups) understand a hard

cut on the transverse momentum of both bosons, which acts
like a veto on additional QCD jets. Although this prevents
huge QCD K-factors, the symmetric character of such

FIG. 2. Leading QCD-radiation contributions in the qug partonic
channel for longitudinal-transverse and transverse-longitudinal
ZWþ production at the LHC in the semileptonic decay channel.
Particles carrying color charge are highlighted in red.
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selections (pT;jj=J > 200 GeV; pT;ll > 200 GeV) induces
large unphysical NLO corrections in kinematic regions
close to the cut [113]. These can be avoided by omitting the
cut pT;jj=J > 200 GeV. The corresponding results for the
resolved setup described in Sec. II C without this cut are
shown in Table II. While the LO picture is identical to the
original setup, the omission of the pT;jj=J cut induces huge
QCD corrections owing to the fact that the large transverse
momentum of the leptonic system is now absorbed by the
entire hadronic system, including both decay and extra real
radiation jets. This leads to much larger K-factors for all
polarization states with at least one transverse boson, while
the LL contribution does not change so much, confirming
the arguments given above. The QCD corrections and, in
particular, the gluon-induced contributions are huge for the
TL state, giving a TL component that amounts at almost
19% of the total unpolarized result (compared to 5% at LO).
As expected, the TL contribution is much larger than the LT
one at NLO QCD, because the Z boson is boosted
(pT;ll > 200 GeV) while the hadronically decaying W
boson is not necessarily boosted, therefore the unitarity
suppression is strong for the LT state but much smaller for
the TL state. Note that the strong increase of the mixed
polarization states is again dominantly due to the gluon-
induced channels, as can be seen by inspecting theK-factors

Kðno gÞ
NLO without these contributions in Table II. Despite the

small QCD corrections, the LL fraction is diminished
(13.6%) with respect to the default setups (20%), but
remains sizeable compared to the 6% found in inclusive
fiducial setups [27,29].
We summarize the main results for fiducial ZWþ cross

sections in the boosted setups considered in this paper.
With about 35% of the total, the LL polarization state gives
a pretty large contribution at LO to the ZWþ process, while
it gets suppressed to about 20% when including NLO QCD
corrections. This is related to the fact that the NLO QCD
corrections are small for the LL final state, while they are
large if at least one transverse vector boson is present. The

corrections are largest in the case of one longitudinal W
boson and a transverse Z boson. The impact of interfer-
ences between longitudinal and transverse polarizations is
below 0.5% for the NLO QCD results. Omitting the cut
pT;jj=J > 200 GeV, the NLO QCD corrections to polarized
signals with transverse Z bosons are strongly enhanced.
As a last comment of this section, we report on a LO

study we performed to give a rough estimate of the most
relevant irreducible backgrounds to resonant ZWþ produc-
tion in the eþe−jj final state. Two more resonant structures
contribute, namely ZW− and ZZ production, which have
been computed with the DPA technique described in
Sec. II A. The sum of the ZWþ, ZW−, and ZZ resonant
processes gives the dominant contribution to the full off-shell
process at order Oðα4Þ, up to nonresonant effects beyond
the DPA. The same final state also receives contributions of
QCD type, formally of order Oðα2sα2Þ (pure QCD back-
ground) and Oðαsα3Þ (QCD–EW interference), involving a
Z boson decaying leptonically and two QCD-originated jets.
The LO cross sections for such backgrounds are shown in
Table III, for both setups introduced in Sec. II C. The
resonant ZW− and ZZ processes turn out to be roughly
of the same size as the unpolarized ZWþ signal, with a ZZ
contribution that is even larger than ZWþ in the resolved
setup. This hierarchy is inverted in the unresolved setup,
thanks to kinematic selections that cut away more effectively
the ZZ background. The effects beyond the DPA, estimated
as the difference between the full off-shell EW result and the
sum of the three DPA results, are at the 2%–4% level, as
expected from the formal DPA accuracy ofOðΓV=MVÞ. The
pure-QCD nonresonant background has a severe impact on
the cross section, being 20(15)-times larger than the EW
result in the resolved(unresolved) setup. The interference
contribution is negative but much smaller than the pure-QCD
one, with a size about 6% of the full EW cross section. As
already mentioned in Sec. II, in polarization analyses it is
crucial to keep under control and possibly subtract all

TABLE II. Integrated cross sections (in fb) in the resolved setup described in Sec. II C without the minimum pT;jj
cut of 200 GeV. Polarizations are defined in the diboson c.m. frame. Numerical errors (in parentheses) and QCD-
scale uncertainties from 7-point scale variations (in percentages) are shown. The fractions (in percentage) are
computed as ratios of polarized cross sections over the unpolarized one. K-factors are defined as ratios of the NLO

QCD cross sections with (KNLO) and without (Kðno gÞ
NLO ) gluon-induced contributions over the LO ones.

State σLO [fb] fLO [%] σNLO [fb] fNLO [%] KNLO Kðno gÞ
NLO

Resolved (no minimum pT;jj cut), Zðeþe−ÞWþðjjÞ
Unpolarized 1.8564ð1Þþ1.2%

−1.4% 100 5.5388ð8Þþ10.6%
−8.6% 100 2.984 1.371

ZLW
þ
L 0.64605ð3Þþ0.2%

−0.6% 34.8 0.7525ð4Þþ1.5%
−1.2% 13.6 1.165 1.194

ZLW
þ
T 0.08687ð1Þþ0.2%

−0.6% 4.7 0.3057ð1Þþ11.4%
−9.2% 5.5 3.519 1.462

ZTW
þ
L 0.08710ð1Þþ0.1%

−0.6% 4.7 1.0486ð1Þþ14.6%
−11.9% 18.9 12.04 2.408

ZTW
þ
T 0.97677ð7Þþ2.0%

−2.2% 52.6 3.5506ð9Þþ11.8%
−9.6% 64.1 3.635 1.424

Interference 0.0595(1) 3.2 −0.119ð2Þ −2.1
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nonresonant backgrounds, especially if their size is larger
than the targeted signal, e.g., QCD multijet production. We
stress again that, although they are part of the same full
off-shell EW signal, the three diboson processes ZWþ, ZW−

and ZZ are characterized by very different resonance and
spin structures, with LO suppressions in different polariza-
tion states and/or in different kinematic regions. Therefore,
including the three of them in the same polarization analysis
could end up in washing out spin-specific details in differ-
ential distributions and covering new-physics effects affect-
ing a specific resonant process with spurious effects
originated from other SM processes. In the light of extracting
doubly polarized ZWþ production from LHC data in the
semileptonic channel, it is then crucial to subtract all of the
mentioned backgrounds before further splitting the unpo-
larized ZWþ signal into polarized subsignals.

B. Differential results

In order to understand the relative importance of the
various polarization states and the differences between the
two setups at LO and at NLO QCD, it is essential to analyze
differential distributions, which are presented in this section.
Unless otherwise stated, the two default setups described in
Sec. II C are understood.

1. Distributions in the decay angles
and the scattering angle

We start the discussion on differential results with the
angular observable that is directly related to the polarization
state of an EW boson. The polar decay angle of the lepton
e� is defined as the angular separation between the lepton
direction in the rest frame of the leptonically decaying
boson (p⃗�

e�) and the direction of the same boson calculated
in the reconstructed diboson c.m. frame (p⃗c.m.

eþe−),

cos θ�;c.m.
e� ¼ p⃗�

e� · p⃗c.m.
eþe−

jp⃗�
e�jjp⃗c.m.

eþe− j
: ð7Þ

The differential cross section with respect to cos θ�;c.m.
eþ is

depicted in Fig. 3. The polar decay angle θ�;c.m.
eþ is very well

suited for the discrimination between polarizations states of
the Z boson, while it cannot give access to the polarization
state of the other boson, therefore very similar shapes are
expected for LL and LT modes, as well as for the TL and TT
ones. The slight differences are a consequence of the (small)
interference and spin-correlation effects. As expected from
results in the fully leptonic decay channel [27,29], a
longitudinally polarized Z boson gives leptons produced
mostly around θ�;c.m.

eþ ¼ π=2, while a transverse one pop-
ulates more regions around cos θ�;c.m.

eþ ¼ �0.6. In both cases
the collinear and anticollinear configurations are suppressed
by the transverse-momentum cut on the charged leptons.
The NLO QCD corrections distort the polarized and
unpolarized shapes only in less-populated regions. In the
rest of the spectrum they give rather flat enhancements
to the LL and LT distributions, while for the TT and TL
states the K-factors mildly diminish toward positive
cos θ�;c.m.

eþ . In the regions where the TT and TL distributions
feature a sharp drop, the interferences reach the 9% level at
LO, while they almost disappear at NLO QCD. Overall, the
leptonic decay of the Z boson is only indirectly affected by
QCD effects. The results for this observables are basically
identical in the two setups.
In Fig. 4 the differential cross section in the cosine of the

scattering angle is shown. This angle is defined as

cos θscatt ¼
jpc.m.

eþe−;zj
jp⃗c.m.

eþe− j
; ð8Þ

where p⃗c.m.
eþe− is the three momentum of the electron–positron

pair in the reconstructed diboson c.m. frame and pc.m.
eþe−;z is

its component in the ẑ direction. This observable is directly
related to the production level, while it is expected to be
rather decay agnostic, up to small effects due to the decay-
product reconstruction. In Fig. 4, manifest differences can
be seen for various polarization modes. At large cos θscatt

TABLE III. Integrated LO cross sections (in fb) in the resolved and unresolved fiducial setups described in Sec. II
C for: the signal process (DPA ZWþ), the background processes with a resonant W− boson (DPA ZW−) and with
two resonant Z bosons (DPA ZZ), the full off-shell process at the three perturbative orders in αs. The result dubbed
DPA ZV is understood as the sum of the three DPA contributions (ZWþ þ ZW− þ ZZ).

Resolved Unresolved

Process σLO [fb] Ratio over full Oðα4Þ σLO [fb] Ratio over full Oðα4Þ
DPA ZWþ 1.8567ð2Þþ1.2%

−1.4% 0.353 1.6879ð2Þþ1.9%
−2.1% 0.425

DPA ZW− 1.0527ð1Þþ1.3%
−1.6% 0.200 0.9003ð1Þþ2.0%

−2.1% 0.227
DPA ZZ 2.1430ð3Þþ1.3%

−1.6% 0.408 1.2804ð2Þþ2.6%
−2.7% 0.323

DPA ZV 5.0523ð4Þþ1.3%
−1.5% 0.961 3.8685ð3Þþ2.2%

−2.3% 0.975
Full Oðα4Þ 5.253ð1Þþ1.2%

−1.5% 1.000 3.967ð2Þþ2.1%
−2.3% 1.000

Full Oðαsα3Þ −0.3124ð6Þþ9.2%
−10.7% −0.059 −0.2145ð6Þþ9.7%

−11.4% −0.054
Full Oðα2sα2Þ 97.91ð7Þþ24.3%

−18.4% 18.638 62.55ð7Þþ25.0%
−18.8% 15.768
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the cross section is dominated by the TT polarized state,
while around zero the LL and the TT states give almost the
same contribution to the unpolarized result. The QCD
corrections sizeably distort the shapes of the LT, TL, and
TT distributions, with a particularly significant effect in the
TT case. The marked shape change for the TT state is
determined by the steeply increasing K-factor at low
cos θscatt. This is caused by real corrections spoiling the
approximate amplitude-zero effect which is present at LO in
the quark–antiquark annihilation into WZ [55,118]. Very
largeK-factors are also found for the LTand TL polarization
modes in forward-scattering regions, where the LO signals
are suppressed by unitarity cancellations due to the large
transverse-momentum cuts applied on the two bosons,
requiring very high scattering energy when combined with
forward/backward scattering angles. All K-factors around
cos θscatt ¼ 1 become huge, because real radiation leaves
room to configurations where the boson trajectory is closer
to the beam direction, without being cut away by the
rapidity selections or suppressed. Interferences at NLO

QCD are almost vanishing in the most populated region,
while they become non-negligible in forward-scattering
configurations. The discrimination power of this angular
variable among the polarization states is marked. However,
using this observable is well motivated only for SM studies
and measurements, since the model independence of the
polarized shapes is not given. In fact, at variance with decay
angles, the distribution shapes in the scattering angle could
vary sizeably depending on the production dynamics, i.e., it
is very sensitive to new-physics effects at production level.

2. Rapidity distributions

In Fig. 5 the differential cross section in the rapidity of
the hadronic system J [defined after Eq. (6)] is considered.
In the case where both bosons are transversely polarized the
NLOQCD corrections significantly change the shape of the
distribution. This is caused by the large contributions from
real emission via gluon-induced processes, which mostly
fill the central region, while at LO the distributions is

FIG. 3. Distribution in the cosine of the polar decay angle of the positron in semileptonic ZWþ production at the LHC. The definition
of this angle is given in Eq. (7). Results for the unpolarized and doubly polarized process are shown in the resolved (left) and unresolved
(right) setups described in Sec. II C. From top down: NLO QCD differential cross sections, ratios of NLO QCD cross sections over the
LO ones, normalized LO (dashed) and NLO QCD (solid) shapes (unit integral), interference contributions relative to the unpolarized
cross section.
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almost flat for jyJj < 1.8. This is an indirect effect of the
approximate amplitude zero at LO, as already observed in
Fig. 4 for the distributions in the scattering angle. In the
resolved setup, large flat corrections are found for the TL
and LT contributions, with mild nonflat effects just around
jyJj ¼ 2. In the unresolved setup, the mixed states are
characterized by less flat K-factors, giving slightly more
sizable shape changes than in the resolved case. In both
setups, the LL distribution only receives small corrections
reflecting the result at integrated level. The interferences at
NLO QCD are very small in the whole accessible spectrum,
and negligible in the unresolved setup. Overall, the differ-
ent shapes in the two setups are due to the sharp cut jyJj <
2.4 in unresolved topologies, which is replaced in the
resolved ones by rapidity cuts on single jets that suppress
the region jyjjj ≳ 2.4. This causes the steeper fall off at the
edges of the distribution of the resolved setup compared to
the unresolved setup.
In Fig. 6 the distribution in the rapidity of the electron–

positron pair is presented. This observable is strongly
correlated to the rapidity of the hadronic system J discussed

in Fig. 5. In fact, the Z-boson momentum absorbs the recoil
of the entire hadronic system, including the W boson and
additional QCD radiation. Very small shape modifications
are found comparing LO and NLO QCD distributions. In
fact, a nonflat behavior of the K-factors is only found in the
largest-rapidity regions that are not forbidden by selection
cuts, with a mild increase toward jyeþe− j ¼ 2.4 for the
TL state, a mild decrease in the same region for the LT
and TT states. Up to different overall normalizations, the
corrections behave very similarly in the two setups. The
shapes for different polarization states are very close to
each other. Only in the central region the TT component is
slightly more peaked than the others. Interference contri-
butions are basically independent of yeþe− .
The distribution shown in Fig. 7 concerns the absolute

value of the rapidity difference between the positron and
the hadronic system J. Similarly to the scattering angle, this
observable is well suited to discriminate among different
polarization states, thanks to the marked shape differences.
Concerning model dependence, the same caveats apply as
for the distribution in the scattering angle. The LL, the TL,

FIG. 4. Distribution in the cosine of the scattering angle in semileptonic ZWþ production at the LHC. The scattering angle is defined
according to Eq. (8). Same structure as Fig. 3.
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and the LT polarization states have a maximum at
jΔyeþJj ¼ 0, while the maximum of the TT state is shifted
to jΔyeþJj ≈ 0.65. The LO TT shape is heavily distorted by
QCD corrections, again due to real radiation that fills
kinematic regions that are suppressed at LO due to the
approximate amplitude zero (jΔyeþJj ≈ 0). The LT and TL
polarization states receive large and increasing corrections
from real radiation in gluon-induced channels for
jΔyeþJj ≳ 2.5, where the LO is extremely suppressed. In
general, at large rapidity separation all signals are sup-
pressed by the rapidity cuts. Interferences are very small
through the whole spectrum at NLO QCD. Apart from
different total cross sections, the two kinematic setups give
almost identical results for all polarization states, both in
terms of normalized shapes and in terms of K-factor
behaviors.

3. Invariant-mass distributions

Although the angular observables are the most promising
ones in terms of the discrimination power among

polarization states, it is important to complement their
investigation with the study of energy-dependent observ-
ables. In Fig. 8 we show differential results in the invariant
mass of the hadronic system J. While the distributions
feature, as expected, the Breit–Wigner shape of theW-boson
resonance, this observable is heavily affected by the
reconstruction of the hadronic decay and therefore subject
to contamination from QCD radiation. In fact, the NLO
QCD real corrections introduce an ambiguity in the deter-
mination of theWþ-boson decay jets. The jets that happen to
be part of the reconstructed hadronic system J without being
actual decay products of the Wþ boson create a background
that does not follow the Breit–Wigner modulation. This
effect is particularly manifest in the TL distribution. When
the recombined W boson becomes off-shell, the TL curve
does not fall off like the others (and in particular the LT one,
which is almost identical at LO), but rather results in a much
flatter behavior. The striking difference between the TL and
LT states, beyond the different overall normalization that has
already been motivated in Sec. III A, is due to the interplay

FIG. 5. Rapidity distribution of the hadronic system J in semileptonic ZWþ production at the LHC. The identification of the hadronic
system J is described in Sec. II C. Same structure as Fig. 3.
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between the reconstruction of the hadronic system and the
suppression of longitudinal bosons in mixed polarization
states in the high-energy regime. In particular, both states are
unitarity suppressed at LO (as can be easily seen upon
replacement of the longitudinal boson with the correspond-
ing would-be Goldstone boson), while at NLO QCD there is
an enhancement due to the opening of the gluon-(anti)quark
channel that gives a sizeable real correction. As discussed in
Sec. III A, for the LT polarization state the bremsstrahlung
parton is produced preferably opposite to the direction of the
hadronically decaying W boson. Therefore little ambiguity
is left for the assignment of decay jets to the transverse W
boson. In the TL case, on the other hand, the additional
parton is produced close to the longitudinal, hadronically
decaying W boson. This deteriorates the reconstruction of
the W decay products and results in a distorted shape with a
Breit–Wigner peak (events with correct assignment, lower in
shape compared to the LT state) on top of a sizeable flat
background (events with wrong assignment). This feature
originates from the hard pT cut that is applied to the

hadronically decaying W boson, vetoing effectively jets
with soft and moderate transverse momentum.
We have checked that without the hard pT requirement

on the hadronic system J the shape of the TL distribution is
closer to the others, as can be appreciated in Fig. 9(a) where
we consider the resolved setup as in Fig. 8(a) but without
the pT;jj > 200 GeV cut. The assignment of decay jets
to the W boson, although not perfect, behaves much better
for the TL mode, further confirming the reasoning above
and in particular the correlation between the flat back-
ground from misreconstruction and the high-pT;J cut. The
absence of a hard transverse-momentum cut on the had-
ronic decay system J leads to abundant real QCD radiation
filling the pure radiative region below 100 GeV for the
leading decay jet, which is excluded at LO by the required
pT of the Z boson, as can be observed in the distribution in
the pT of the hardest jet from the W-boson decay shown in
Fig. 9(b). The distribution for the TL mode exhibits a clear
peak around 50 GeV, while a hard cut pT;jj > 200 GeV
would remove all events with pT;j1 < 100 GeV. The same
effect is present also for the LT and TT polarized states, but

FIG. 6. Rapidity distribution of the electron-positron pair in semileptonic ZWþ production at the LHC. Same structure as Fig. 3.
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much less pronounced. The interference contribution is a
the level of 10% for pT;J < 100 GeV.
Coming back to the results in the default setups shown in

Fig. 8, the differences in the TL distribution between the
resolved and unresolved topology are due to the effects of
the clustering algorithms on the reconstruction procedure. In
particular, the flat background from misreconstruction of the
W-boson decay jets is larger (giving a normalized shape with
a lower peak) in the unresolved setup, because the larger
recombination radius causes more initial-state QCD radia-
tion fall in the decay-jet system. Looking at Fig. 8, the TT
and LT distributions feature very similar shapes when going
far from the on-shell regime, since the QCD effects do not
depend much on the polarization mode of the leptonic Z
boson, apart from the different normalization determined by
the unitarity suppression of the longitudinal polarization.
The LL state is characterized by QCD K-factors that are
below one at the peak, while they are monotonically
increasing in off-shell regimes. In the resolved setup, the
corrections increase faster for MJ < MW, resulting from
events where one of the decay jets is missed in the

reconstruction of the W boson, while in the unresolved
one the corrections are larger for MJ > MW, indicating an
initial-state-radiation jet be clustered together with one of the
decay jets. This is a direct consequence of the more inclusive
jet clustering in the unresolved setup. For the TT, LT, and LL
states the omission of the pT;jj cut does not change the
general picture, apart from the different normalization.
In Fig. 10 the differential cross section is presented

with respect to the invariant mass of the hadronic system
J and the positron. Large differences among various
polarization states occur. The low-invariant-mass regime
(MeþJ < 200 GeV) is dominated by real-emission contri-
butions. In fact, the additional QCD jet allows for the Z
and Wþ bosons to be produced with a lower boson-pair
invariant mass. The larger jet-recombination radius in the
unresolved setup leads to higherMeþJ thus suppressing the
contributions in the low-invariant-mass region. At large
MeþJ the TT distribution falls off slower than all the others.
In the resolved setup the LL distribution becomes lower
than the TL one around 900 GeV, while in the unresolved
setup the LL signal remains larger than TL, with similar

FIG. 7. Distribution in the rapidity separation between the positron and the hadronic system J in semileptonic ZWþ production at the
LHC. The identification of the hadronic system J is described in Sec. II C. Same structure as Fig. 3.
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suppressions at high energy. The much stronger suppres-
sion of the LL state in the resolved setup leads to a signal
that is almost one order of magnitude smaller than in the
unresolved case at 1 TeV. This is due to the fact that for
the LL state the high partonic energy is shared between the
two bosons (effect of additional radiation is small for
the LL state) resulting in LO-like configurations with
two collimated quarks that are easily clustered together.
This clearly disfavors the resolved topologies where two
jets are required. Rather large negative interferences are
present in the radiation-driven soft part of the spectrum at
NLO (≈ − 10%). Shape-wise the LL distribution features
a pronounced peak around 400 GeV, while the other
polarization states, and especially the TT one, are more
spread over the shown spectrum.

4. Transverse-momentum distributions

Similar features are found in transverse-momentum
distributions for the positron, which are shown in
Fig. 11. The behavior in the low transverse-momentum
region strongly depends on the polarization of the Z boson

(of which the positron is a decay product) and affects
the normalized shapes. For a transverse (longitudinal) Z
boson the shape has a local minimum (maximum) around
pT;eþ ≈ 130 GeV. This is due explained looking at
Fig. 3(a): a transverse polarization gives a positively
charged lepton that goes more frequently in the same or
opposite direction with respect to the Z boson, therefore
sharing in a nondemocratic way the boson energy
(two peaks at pT;eþ ≈ 20 GeV and pT;eþ ≈ 200 GeV), while
a longitudinal one gives leptons that are preferably orthogo-
nal to the boson trajectory and share democratically
the boson energy (single peak at pT;eþ ≈ 130 GeV). The
marked shape differences and the small interference effects
for pT;eþ ≲ 200 GeV, namely in the most-populated region,
makes this transverse-momentum observable suitable for
the discrimination of the Z-boson polarization state.
Another interesting aspect of the results is the slower
fall-off of the distributions in the unresolved setup compared
to the resolved setup, which is particularly significant for
the double-longitudinal signal. This is the same effect as
observed in Fig. 10 for the invariant mass of the positron–jet

FIG. 8. Invariant-mass distribution of the hadronic system J in semileptonic ZWþ production at the LHC. The identification of the
hadronic system J is described in Sec. II C. Same structure as Fig. 3.
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system, which is highly correlated to the transverse momen-
tum of the positron. For pT;eþ ≳ 300 GeV, all K-factors
increase faster in the resolved topology compared to the
unresolved one, owing to a different LO suppression.
Requiring at least two jets in the final state results in
high-pT events being cut away at LO, as the almost collinear
decay quarks are often clustered into a single jet. In the
unresolved topology such events are not discarded (at least
one fat jet is required). Since the two vector bosons are
produced with opposite transverse momenta, the same
effects are found in the high-energy tails of the trans-
verse-momentum distributions for the hadronic system J,
the Z boson, and the charged leptons.

5. Distributions depending on individual decay
jets in the resolved topology

In the resolved topology it is possible to distinguish the
two jets that come from the W-boson decay, up to
potentially relevant reconstruction effects. In Fig. 12 we
consider two observables that depend on the kinematics of

individual jets (those labeled as decay jets, sorted according
to their transverse momentum). The polar decay angle of
the leading decay jet j1 in Fig. 12(a) is defined similarly to
the one of the charged lepton in Eq. (7): it is the angular
separation between the leading-jet direction in the rest
frame of the hadronic system J (p⃗�

j1
) and the direction of J

calculated in the reconstructed diboson c.m. frame (p⃗c.m.
J ),

cos θ�;c.m.
j1

¼ p⃗�
j1
· p⃗c.m.

J

jp⃗�
j1
jjp⃗c.m.

J j : ð9Þ

Note that this observable is sensitive to the reconstruction
procedure to identify the hadronic system J and is not
selecting the uplike or downlike jet (which would be
unphysical) but rather the leading-pT one. At variance
with the leptonic decay angle in the Z-boson rest frame,
the hardest jet can originate from an up-type or a down-
type quark, strongly distorting the description of the
boson decay. Strikingly, all distributions are nonvanishing
only between cos θ�;c.m.

j1
≈ −0.4 and cos θ�;c.m.

j1
¼ 1, clearly

FIG. 9. Distribution in the invariant mass of the hadronic system J (a) and in the transverse momentum of the hardest decay jet (b) in
semileptonic ZWþ production at the LHC. The identification of the hadronic system J is described in Sec. II C. The resolved setup is
considered, but no minimum cut is applied on pT;jj. The panels of the subfigures have the same structure as in Fig. 3.
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favoring the positive region of the spectrum. In fact, the
hardest jet is mostly produced in the same direction of the
decayed boson, of which it takes the largest fraction of
transverse momentum. The analogous distributions for the
softest jet show the opposite behavior, populating mostly
the negative region of the spectrum. The LO shape for the
TL state follows the one of the LL state. This is expected as
this angular variable is directly related to the polarization
state of the W boson (and agnostic to the Z-boson one).
This relation is somewhat deteriorated, compared to the
decay into leptons, since the identification of the flavor and
charge of individual quarks is not physical, therefore the
decay jets can only be ordered according to their transverse
momenta. In contrast, at NLO QCD the TL shape is
following the LT and TT ones. This dramatic change in the
TL shape, driven by large and nonflat real QCD correc-
tions in gluon-induced channels, is due to the combination
of the bad reconstruction of the W boson, discussed
already for Figs. 8 and 9, the suppression of the LO
signal, and the choice of sorting the decay jets in pT. The
interference effects at NLO QCD are practically negligible

in the most populated region, while they increase up to
more than 10% toward the endpoints of the spectrum.
In Fig. 12(b) we show the differential cross section with

respect to the transverse momentum of the softest jet from
the W-boson decay. As expected, all distributions decrease
very fast already at moderate transverse momentum. For
the LL polarization state (both at LO and at NLO) and the
TL one (just at LO), the distributions are peaked around
100 GeV, namely half of the minimum transverse momen-
tum required by the selections for the W boson. This
behavior is understood as the longitudinal W boson, mostly
produced at large scattering angles (see Fig. 4), favors
configurations where the two decay jets are orthogonal to
the boson direction (in its rest frame) and therefore
typically share half of the boson transverse momentum.
At NLO, the LL shape does not deviate from the LO one as
the QCD corrections are very small, while the TL shape
becomes peaked around zero, following closely the shape
of the TT and LT distributions. This strong modification of
the TL distribution is due to large effects of misrecon-
struction induced by real QCD radiation. In particular, the

FIG. 10. Invariant-mass distributions of the system formed by the hadronic system J and the positron in semileptonic ZWþ production
at the LHC. The identification of the hadronic system J is described in Sec. II C. Same structure as Fig. 3.
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gluon-induced contributions that dominate the NLO QCD
corrections to the TL state, shown in Fig. 2(b), prefer a
boosted, transversely polarized Z boson whose recoil is
absorbed by the system of a hard QCD parton and a soft
pair of quarks from the longitudinal-W-boson decay. After
clustering and reconstruction, this topology results in one
hard jet and one soft jet, mimicking the jet pattern
characteristic for the hadronic decay of a transverse W
boson (TT and LT modes). The TT and LT distributions
show very similar shapes, dominated by the soft region
(pT;j1 < 100 GeV), while for pT;j1 > 100 GeV the QCD
corrections enhance the LT signal. In fact, for transverse W
bosons, one decay jet is preferably emitted opposite to the
direction of the boson, resulting in a small transverse
momentum of this subleading decay jet.
We summarize our main findings for distributions. On

the one hand, the NLO QCD corrections to the distribution
in the leptonic-decay angle of the Z boson follow closely
those for the fiducial cross section with mild shape
modifications. On the other hand, QCD corrections size-
ably distort the shapes of the distributions in the scattering
angle and in the rapidity difference between the positron

and the hadronic system. The radiative corrections signifi-
cantly change the shape of the rapidity distribution of the
hadronic system for final states with two longitudinal
vector bosons. For the TL polarization state, the NLO
QCD corrections deteriorate the reconstruction of the
hadronically decaying W boson resulting in a flat non-
resonant background in the corresponding invariant-mass
distribution, especially in the presence of a strong cut on the
transverse momentum of the reconstructed W boson. The
QCD corrections and their interplay with the employed
reconstruction technique lead to a distortion of the dis-
tribution in the invariant mass of the positron and the
hadronic system, as well as the distributions involving
resolved decay jets, in particular for the TL polariza-
tion state.
Besides decay-angle distributions, also the distributions

in the scattering angle and in the rapidity difference
between the positron and the hadronic system are sensitive
to the polarizations of the vector bosons, although the latter
two are model dependent. Further distributions that are
sensitive to different vector-boson polarizations are those
in the transverse momentum of the positron and in the

FIG. 11. Transverse-momentum distributions of the positron in semileptonic ZWþ production at the LHC. Same structure as Fig. 3.
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invariant mass of the positron and the hadronic system.
Distributions depending on the decay jets are sensitive to
the polarization of the hadronically decaying W boson,
although they can be heavily distorted by NLO QCD
corrections. Whether the sensitivity to the polarization is
still present in distributions after a parton shower matching
is an open question.

IV. CONCLUSION

In this work we have presented NLO QCD corrections to
vector-boson-pair inclusive production in the semileptonic
decay channel. The results focus on the WZ process in final
states with two charged leptons and jets, but can be easily
extended to ZZ production with the same final state, as well
as to processes with a charged lepton, missing transverse
momentum and jets (WZ andWþW−). The building blocks
at NLO QCD are exactly the same as those used for this
calculation.

Although we have neglected a number of effects,
including the overlap with other production mechanisms,
the nonresonant background and other sources of correc-
tions (NLO EW, matching to parton shower), the presented
calculation represents a crucial step toward precise pre-
dictions for diboson processes in semileptonic decay
channels. For the first time, we have combined in the
double-pole approximation the QCD corrections to the
production of two bosons and to the hadronic decay of one
of the two, separating doubly polarized signals at the level
of tree-level and one-loop Standard Model amplitudes.
We have considered a boosted regime, where the longi-

tudinal signals give a more sizeable contribution than in
inclusive setups. We have applied two different jet selec-
tions: a first one with two light jets (resolved) and a second
one with a single fat jet (unresolved). Between the two
setups moderate differences show up at the level of
distribution shapes and more marked deviations are revealed
for QCD K-factors for the various polarization states.

FIG. 12. Distributions in the leading-jet decay angle (left) and in the subleading-jet transverse momentum (right) in semileptonic ZWþ
production at the LHC. The identification of the leading and subleading jet is discussed in Sec. II C and the decay-angle definition is
given in Eq. (9). Results for the unpolarized and doubly polarized process are shown in the resolved setup described in Sec. II B. The
panels of the subfigures have the same structure as in Fig. 3.
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The reconstruction of the hadronic decay of the W boson
is found to behave very differently for the various polari-
zation states, distorting angular and energy-dependent
distributions and enhancing otherwise suppressed contri-
butions. The largest impact is found when the W boson is
longitudinally polarized and the leptonically decaying Z
boson is transversely polarized, as a combination of
unitarity cancellations and a hard cut on the transverse
momentum of the longitudinal bosons. For this polarization
mode, the sizeable QCD corrections and their interplay
with the reconstruction procedure causes distributions for
decay observables of the longitudinal W boson to mimic
those of transverse bosons.
Strikingly, a number of observables turn out to be highly

sensitive to polarization-state discrimination. Many of these
observables are inclusive in the hadronic decay structure,
i.e., they do not rely on jet-substructure techniques. This
clearly suggests that extracting relevant polarization infor-
mation from the data is possible even avoiding any
reconstruction of the subjets from the hadronic decay.
Resolving individual decay jets from the hadronic decay
gives access to a larger set of distributions which are
sensitive to the polarization of the decaying boson. These
results demonstrate that semileptonic final states could give
an important boost to the investigation of polarized diboson
production, both via decay-specific analyses and as com-
plementary to fully leptonic final states. In spite of very
large backgrounds to be subtracted, the semileptonic
channel would in fact enhance the sensitivity to weak-
boson polarizations, otherwise restricted to fully leptonic
final states, which are clean but statistically limited.
The dramatic change of (doubly) polarized distributions

when going from LO to NLO QCD makes it essential to
include at least NLO QCD corrections in any polarization
study or data analysis in the considered decay channel. This
statement, however, applies also for fully leptonic channels,
as shown in previous works [26–31]. Including NLO

corrections is especially important for multiboson proc-
esses that are characterized by a LO suppression in some
kinematic configurations. The inclusion of NNLO QCD
corrections, though definitely desirable and now feasible
for diboson processes [31], is not expected to give as
dramatic shape distortions to the NLO distributions, as
those given by the NLO corrections to the LO shapes. With
specific regards to the hadronic decays of EW bosons, it
will be especially relevant to match NLO QCD (or NNLO
QCD) calculations to parton showers and hadronization,
enabling a realistic comparison against LHC data. It is hard
to estimate the impact that the parton-shower matching
will have on the sensitivity to vector-boson polarizations,
although in general a deterioration could be expected
owing to additional radiations coming both from the initial
state and from the boson decay. A public code to match
polarized-boson fixed-order calculations and parton show-
ers is still lacking. However, since the external degrees of
freedom of the matrix elements are unpolarized, even in the
presence of intermediate vector bosons with fixed polari-
zation state, we do not foresee conceptual complications in
the matching of polarized fixed-order results to parton-
shower effects compared to the case of unpolarized vector
bosons.
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