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Experiment demands 𝓞(1%) 
theoretical precision
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➙ NNLO crucial for accurate description of data

Giulia Zanderighi, WW@NNLOPS

NLO & NNLO versus data

4

Current experimental precision requires to go beyond NLO

NLO

NNLO

(example WZ)
[Grazzini, Kallweit, Rathlev, MW '16]

Importance of higher-order calculations
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VV production:  Which processes?

WW

ZZ

WZ

Zγ

Wγ

γγ

diphoton

photon +
massive vector boson

massive vector boson pair
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VV production:  What is state of the art?

other/new developments: Higgs interference effects in  at NLO QCD ( , , )

inclusion of top-mass effects at 2-loop level ( , )

NNLO QCD for  

gg → VV γγ Zγ ZZ

γγ ZZ

γγ + jet

NNLO QCD for 

NLO EW for 

NLO QCD for  
(loop induced)

qq̄ → VV

qq̄ → VV

gg → VV

fixed order resummation shower matching

N3LL in diboson pT

NNLL in jet pT / jet veto

NNLL in double resummation 
of diboson pT & jet pT / jet veto

NNLO+PS in QCD            
for 

NLO+PS in EW for 

NLO+PS in QCD for 
 (loop induced)

qq̄ → VV

qq̄ → VV

gg → VV
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

(a) (b) (c) (d)

Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

q

q̄

`
+

`
�

⌫`0

⌫̄`0

Z/�

q

Z

q

q̄

`
+

`
�

⌫`0

⌫̄`0
Z

`
�

Z/�

u

ū
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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Figure 3: Examples of N3LO contributions in the qg channel.

including also the qg initiated contributions.1 We note that at N3LO we only include diagrams
with closed fermion loops (see Figure 3 (a)); all other contributions that would enter a complete
N3LO calculation (see Figure 3 (b) for example) cannot be consistently accounted for at present.
Our approximation includes all contributions at O(↵2

S
) together with the complete NLO corrections

to the loop-induced gluon fusion channel at O(↵3

S
). As such, besides providing the maximum

perturbative information available at present for this process, our calculation can be used to obtain
a consistent estimate of perturbative uncertainties through the customary procedure of studying
scale variations.

Our calculation is carried out within the computational framework Matrix [52]. Matrix features a
fully general implementation of the qT -subtraction formalism [53] and allowed us to compute NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders [38, 43, 45, 46, 54–
59].2 The core of the Matrix framework is the Monte Carlo program Munich, which is capable
of computing both NLO QCD and NLO EW [62, 63] corrections to arbitrary SM processes [64].

As in previous Matrix calculations, in our computation of the NLO corrections to the gg ! 4`
process, all the required one-loop amplitudes are evaluated with OpenLoops

3 [69, 70]. At two-loop
level, we use the gg ! V V 0 helicity amplitudes of Ref. [37], and implement the corresponding
four-lepton final states, accounting for spin correlations and o↵-shell e↵ects. The NLO calculation
is performed by using the Catani–Seymour dipole-subtraction method [71, 72] and also with qT
subtraction [53], which provides an additional cross-check of our results.

1We note that there are also qq̄ initiated contributions to the loop-induced production mechanism at O(↵3
S),

which are separately finite. We found them to be completely negligible and ignore them in the following. Our
results include all numerically relevant partonic channels of the NLO corrections to the loop-induced gluon fusion
contribution.

2It was also used in the NNLL+NNLO computation of Ref. [60], and in the NNLOPS computation of Ref. [61].
3
OpenLoops relies on the fast and stable tensor reduction of Collier [65, 66], supported by a rescue system

based on quad-precision CutTools [67] with OneLOop [68] to deal with exceptional phase-space points.
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2
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= (m2
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↵ =
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2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵
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) as part of the NNLO QCD corrections, i.e. neglecting O(↵
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) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.

3

g

q

q
0

q

`0
+

`0
�
`�

`+

q

g

F
ig
u
re

2:
E
xa
m
p
le

of
N
N
L
O

in
te
rf
er
en
ce

b
et
w
ee
n
qu

ar
k
an

n
ih
il
at
io
n
an

d
lo
op

-i
n
d
u
ce
d
gl
u
on

fu
si
on

p
ro
d
u
ct
io
n
m
ec
h
an

is
m
s.

g

q

q
0

q

`0
+

`0
�
`�

`+
q
00

g

q

g

q

q
0

q

`0
+

`0
�
`�

`+

q

g

(a
)

(b
)

F
ig
u
re

3:
E
xa
m
p
le
s
of

N
3
L
O

co
nt
ri
b
u
ti
on

s
in

th
e
qg

ch
an

n
el
.

in
cl
u
d
in
g
al
so

th
e
qg

in
it
ia
te
d
co
nt
ri
b
u
ti
on

s.
1
W
e
n
ot
e
th
at

at
N

3
L
O

w
e
on

ly
in
cl
u
d
e
d
ia
gr
am

s

w
it
h
cl
os
ed

fe
rm

io
n
lo
op

s
(s
ee

F
ig
u
re

3
(a
))
;
al
l
ot
h
er

co
nt
ri
b
u
ti
on

s
th
at

w
ou

ld
en
te
r
a
co
m
p
le
te

N
3
L
O

ca
lc
u
la
ti
on

(s
ee

F
ig
u
re

3
(b
)
fo
r
ex
am

p
le
)
ca
n
n
ot

b
e
co
n
si
st
en
tl
y
ac
co
u
nt
ed

fo
r
at

p
re
se
nt
.

O
ur

ap
pr
ox
im

at
io
n
in
cl
ud

es
al
l
co
nt
ri
bu

ti
on

s
at

O
(↵

2 S
)
to
ge
th
er

w
it
h
th
e
co
m
pl
et
e
N
L
O

co
rr
ec
ti
on

s

to
th
e
lo
op

-i
n
d
u
ce
d
gl
u
on

fu
si
on

ch
an

n
el

at
O
(↵

3 S
).

A
s
su
ch
,
b
es
id
es

p
ro
vi
d
in
g
th
e
m
ax
im

u
m

p
er
tu
rb
at
iv
e
in
fo
rm

at
io
n
av
ai
la
bl
e
at

pr
es
en
t
fo
r
th
is
pr
oc
es
s,
ou

r
ca
lc
ul
at
io
n
ca
n
b
e
us
ed

to
ob

ta
in

a
co
n
si
st
en
t
es
ti
m
at
e
of

p
er
tu
rb
at
iv
e
u
n
ce
rt
ai
nt
ie
s
th
ro
u
gh

th
e
cu
st
om

ar
y
p
ro
ce
d
u
re

of
st
u
d
yi
n
g

sc
al
e
va
ri
at
io
n
s.

O
ur

ca
lc
ul
at
io
n
is
ca
rr
ie
d
ou

t
w
it
hi
n
th
e
co
m
pu

ta
ti
on

al
fr
am

ew
or
k
M
a
t
r
ix

[5
2]
.
M
a
t
r
ix

fe
at
ur
es

a

fu
lly

ge
ne
ra
l i
m
pl
em

en
ta
ti
on

of
th
e
q T
-s
ub

tr
ac
ti
on

fo
rm

al
is
m

[5
3]

an
d
al
lo
w
ed

us
to

co
m
pu

te
N
N
L
O

Q
C
D

co
rr
ec
ti
on

s
to

a
la
rg
e
nu

m
b
er

of
co
lo
ur
-s
in
gl
et

pr
oc
es
se
s
at

ha
dr
on

co
lli
de
rs

[3
8,

43
, 4

5,
46
, 5

4–

59
].
2
T
h
e
co
re

of
th
e
M
a
t
r
ix

fr
am

ew
or
k
is
th
e
M
on
te

C
ar
lo

p
ro
gr
am

M
u
n
ic
h
,
w
h
ic
h
is
ca
p
ab

le

of
co
m
p
u
ti
n
g
b
ot
h
N
L
O

Q
C
D

an
d
N
L
O

E
W

[6
2,

63
]
co
rr
ec
ti
on

s
to

ar
b
it
ra
ry

S
M

p
ro
ce
ss
es

[6
4]
.

A
s
in

p
re
vi
ou

s
M
a
t
r
ix

ca
lc
u
la
ti
on

s,
in

ou
r
co
m
p
u
ta
ti
on

of
th
e
N
L
O

co
rr
ec
ti
on

s
to

th
e
gg

!
4`

pr
oc
es
s,
al
l t
he

re
qu

ir
ed

on
e-
lo
op

am
pl
it
ud

es
ar
e
ev
al
ua

te
d
w
it
h
O
p
e
n
L
o
o
p
s
3
[6
9,

70
].
A
t
tw

o-
lo
op

le
ve
l,
w
e
u
se

th
e
gg

!
V
V

0
h
el
ic
it
y
am

p
li
tu
d
es

of
R
ef
.
[3
7]
,
an

d
im

p
le
m
en
t
th
e
co
rr
es
p
on

d
in
g

fo
ur
-l
ep
to
n
fin

al
st
at
es
,
ac
co
un

ti
ng

fo
r
sp
in

co
rr
el
at
io
ns

an
d
o↵

-s
he
ll
e↵
ec
ts
.
T
he

N
L
O

ca
lc
ul
at
io
n

is
p
er
fo
rm

ed
by

u
si
n
g
th
e
C
at
an

i–
S
ey
m
ou

r
d
ip
ol
e-
su
b
tr
ac
ti
on

m
et
h
od

[7
1,

72
]
an

d
al
so

w
it
h
q T

su
b
tr
ac
ti
on

[5
3]
,
w
h
ic
h
p
ro
vi
d
es

an
ad

d
it
io
n
al

cr
os
s-
ch
ec
k
of

ou
r
re
su
lt
s.

1
W
e
n
ot
e
th
at

th
er
e
ar
e
al
so

qq̄
in
it
ia
te
d
co
n
tr
ib
u
ti
on

s
to

th
e
lo
op

-i
n
d
u
ce
d
p
ro
d
u
ct
io
n
m
ec
h
an

is
m

at
O
(↵

3 S
),

w
h
ic
h
ar
e
se
p
ar
at
el
y
fi
n
it
e.

W
e
fo
u
n
d
th
em

to
b
e
co
m
p
le
te
ly

n
eg
li
gi
b
le

an
d
ig
n
or
e
th
em

in
th
e
fo
ll
ow

in
g.

O
u
r

re
su
lt
s
in
cl
u
d
e
al
l
nu

m
er
ic
al
ly

re
le
va
nt

p
ar
to
n
ic

ch
an

n
el
s
of

th
e
N
L
O

co
rr
ec
ti
on

s
to

th
e
lo
op

-i
n
d
u
ce
d
gl
u
on

fu
si
on

co
nt
ri
b
u
ti
on

.
2
It

w
as

al
so

u
se
d
in

th
e
N
N
L
L
+
N
N
L
O

co
m
p
u
ta
ti
on

of
R
ef
.
[6
0]
,
an

d
in

th
e
N
N
L
O
P
S
co
m
p
u
ta
ti
on

of
R
ef
.
[6
1]
.

3
O
p
e
n
L
o
o
p
s
re
li
es

on
th
e
fa
st

an
d
st
ab

le
te
n
so
r
re
d
u
ct
io
n
of

C
o
l
l
ie
r
[6
5,

66
],
su
p
p
or
te
d
by

a
re
sc
u
e
sy
st
em

b
as
ed

on
qu

ad
-p
re
ci
si
on

C
u
t
T
o
o
l
s
[6
7]

w
it
h
O
n
e
L
O
o
p
[6
8]

to
d
ea
l
w
it
h
ex
ce
p
ti
on

al
p
h
as
e-
sp
ac
e
p
oi
nt
s.

3

g

q
q
0

q
`
0+

`
0�

`
�

`
+

q

g

Figure2:ExampleofNNLOinterferencebetweenquarkannihilationandloop-inducedgluon

fusionproductionmechanisms.

g

q
q
0

q
`
0+

`
0�

`
�

`
+

q
00g

q

g

q
q
0

q
`
0+

`
0�

`
�

`
+

q

g

(a)

(b)
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;
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):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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in t-channel topologies with subsequent emission of a Z boson with Z ! ⌫⌫̄ is the only photon-
induced production mechanism at LO, as shown in the sample diagrams of Fig. 4. Consequently,
the invariant mass of the charged-lepton pair does not show a Breit–Wigner peak around MZ .

Similarly as for quark–antiquark annihilation, the �� ! e
+
e
�
⌫e⌫̄e channel is build from the

coherent sum of all diagrams entering �� ! e
+
µ
�
⌫e⌫̄µ and �� ! e

+
e
�
⌫µ/⌧ ⌫̄µ/⌧ .

2.3 Ingredients of QCD and EW corrections

At NLO QCD all O(↵s↵
4) contributions to pp ! 2`2⌫ are taken into account. In the qq̄ channel, the

only QCD loop corrections arise from virtual-gluon exchange, while the real corrections result from
real-gluon emission and crossed topologies describing (anti-)quark–gluon channels. The infrared
divergences separately arising in these two contributions are mediated by the standard dipole-
subtraction approach [35, 36]. We note that the �� channels do not receive QCD corrections at
NLO, due to the absence of any QCD partons in all tree-level diagrams.

At NLO EW we include the full set of O(↵5) contributions to pp ! 2`2⌫. At this order both
the qq̄ and �� channels receive corrections from virtual EW bosons and from closed fermion loops,
cf. Figs. 5–6. These corrections include Higgs resonances with decay into four fermions coupled
to weak bosons (in the qq̄ channel) or coupled to a heavy-fermion loop (in the �� channel). The
real corrections in the qq̄ channel can be split into real-photon emission channels and �q ! 2`2⌫q
channels1 with initial-state � ! qq̄ splittings. The �� channel also receives real corrections from

1Corresponding �q̄-induced channels are implicitly understood here and in the following.
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photon bremsstrahlung, and also from �q ! 2`2⌫q channels with initial-state q ! q� splittings,
cf. Figs. 7–8. While the separation into qq̄ and �� channels can still be preserved for virtual and
photon-bremsstrahlung contributions, such separation is no longer meaningful for the q�-initiated
channels due to their singularity structure: both above-mentioned splittings result in infrared-
divergent configurations, and these q� channels simultaneously cancel infrared poles arising in qq̄

and �� channels. This situation demands the inclusion of the full NLO EW corrections to the qq̄

and �� Born processes to guarantee infrared safety and consistency. To deal with the mediation of
these divergences between virtual and real corrections the QED extension of the dipole-subtraction
method [37–39] is applied (see Appendix A).

Instead of a separation of NLO contributions into qq̄ and �� channels, we quantify the impact
of photon-induced processes by considering contributions involving at least one photon PDF factor
and all other contributions that are also present under the assumption of vanishing photon PDFs. At
LO this distinction coincides with the splitting according to production modes, while at NLO EW
it combines �� and �q channels in spite of the fact that the latter involves qq̄-related contributions.

3 Technical ingredients and setup of the simulations

3.1 Tools

The calculations presented in this paper have been performed with the automated frameworks Mu-

nich+OpenLoops and Sherpa+OpenLoops. They automate the full chain of all operations—
from process definition to collider observables—that enter NLO QCD+EW simulations at parton
level. The recently achieved automation of EW corrections [24, 26] is based on the well established
QCD implementations and allows for NLO QCD+EW simulations for a vast range of SM processes,
up to high particle multiplicities, at current and future colliders.

In these frameworks virtual amplitudes are provided by the OpenLoops program [28], which
is based on the open-loops algorithm [27] – a fast numerical recursion for the evaluation of one-loop
scattering amplitudes. Combined with the Collier tensor reduction library [40], which imple-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

q

q̄

`
+

`
�

⌫`0

⌫̄`0

Z/�

q

Z

q

q̄

`
+

`
�

⌫`0

⌫̄`0
Z

`
�

Z/�

u

ū
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For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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contributing here.
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are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W
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� and ZZ channels.
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photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W
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⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W
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pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
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⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
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production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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have a quite significant impact, at the level of 10% or more, on the various diboson production
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Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵
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), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵
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) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
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) as part of the NNLO QCD corrections, i.e. neglecting O(↵
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) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵
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), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
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+
µ
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⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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and di↵erent-flavour (DF) channel—and one corresponding neutrino.
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approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.
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(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2
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• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

(a) (b) (c) (d)

Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

g

q
q0

q

`0
+

`0
�

`�

`+

q

g

Fig
ure

2:
Exa

mp
le of N

NL
O inte

rfer
enc

e bet
wee

n qua
rk

ann
ihil

atio
n and

loo
p-in

duc
ed

glu
on

fusi
on

pro
duc

tion
mec

han
ism

s.

g

q
q0

q

`0
+

`0
�

`�

`+

q0
0 g

q

g

q
q0

q

`0
+

`0
�

`�

`+

q

g

(a)

(b)

Fig
ure

3: E
xam

ples
of N

3 LO
con

trib
utio

ns i
n the

qg
cha

nne
l.

incl
udi

ng
also

the
qg

init
iate

d con
trib

utio
ns.

1 We n
ote

tha
t at

N
3 LO

we
onl

y incl
ude

dia
gra

ms

wit
h clos

ed
ferm

ion
loop

s (s
ee F

igu
re 3

(a))
; al

l ot
her

con
trib

utio
ns t

hat
wou

ld ent
er a

com
plet

e

N
3 LO

calc
ula

tion
(see

Fig
ure

3 (b
) fo

r ex
am

ple)
can

not
be

con
sist

ent
ly acc

oun
ted

for
at p

rese
nt.

Our
app

rox
ima

tion
incl

ude
s al

l co
ntri

but
ions

at O
(↵

2
S
) to

geth
er w

ith
the

com
plet

e N
LO

corr
ecti

ons

to the
loo

p-in
duc

ed
glu

on
fusi

on
cha

nne
l at

O(↵
3
S
). As

suc
h, b

esid
es p

rov
idin

g the
ma

xim
um

per
turb

ativ
e in

form
atio

n ava
ilab

le a
t pr

esen
t fo

r th
is p

roc
ess,

our
calc

ulat
ion

can
be u

sed
to o

bta
in

a co
nsis

ten
t es

tim
ate

of p
ertu

rba
tive

unc
erta

inti
es t

hro
ugh

the
cus

tom
ary

pro
ced

ure
of s

tud
yin

g

sca
le v

aria
tion

s.

Our
calc

ulat
ion

is c
arri

ed o
ut w

ithi
n th

e co
mp

uta
tion

al fr
ame

wor
kM

at
ri
x [52]

. M
at

ri
x feat

ure
s a

full
y ge

ner
al im

plem
ent

atio
n of

the
qT-

sub
trac

tion
form

alis
m [53]

and
allo

wed
us t

o co
mp

ute
NN

LO

QC
D corr

ecti
ons

to a
larg

e nu
mb

er o
f co

lour
-sin

glet
pro

cess
es a

t ha
dro

n co
llid

ers
[38,

43,
45,

46,
54–

59].
2 The

cor
e of

the
M
at

ri
x
fram

ewo
rk is t

he
Mont

e C
arlo

pro
gra

m M
un

ic
h, w

hich
is c

apa
ble

of c
om

put
ing

bot
h NL

O QC
D and

NL
O EW

[62,
63]

cor
rect

ion
s to

arb
itra

ry SM
pro

cess
es [

64].

As
in pre

viou
s M

at
ri
x
calc

ula
tion

s, in
our

com
put

atio
n of t

he
NL

O cor
rect

ion
s to

the
gg !

4`

pro
cess

, all
the

req
uire

d on
e-lo

op a
mp

litu
des

are
eva

luat
ed w

ith
Ope

nL
oo

ps
3 [69,

70].
At

two
-loo

p

leve
l, w

e u
se t

he
gg

!
V V

0 heli
city

am
plit

ude
s of

Ref
. [3

7],
and

imp
lem

ent
the

cor
resp

ond
ing

fou
r-le

pto
n fina

l st
ates

, ac
cou

ntin
g fo

r sp
in corr

elat
ions

and
o↵-

she
ll e↵

ects
. T

he N
LO

calc
ulat

ion

is p
erfo

rme
d by

usin
g th

e C
ata

ni–
Sey

mo
ur d

ipo
le-s

ubt
rac

tion
met

hod
[71,

72]
and

also
wit

h qT

sub
trac

tion
[53]

, w
hich

pro
vid

es a
n add

itio
nal

cro
ss-c

hec
k of o

ur r
esu

lts.

1We n
ote

tha
t th

ere
are

also
qq̄

init
iate

d con
trib

utio
ns

to the
loo

p-in
duc

ed
pro

duc
tion

mech
ani

sm
at O

(↵
3
S
),

wh
ich

are
sep

ara
tely

fini
te.

We fo
und

the
m to be

com
ple

tely
neg

ligi
ble

and
ign

ore
the

m in the
foll

owi
ng.

Ou
r

resu
lts

incl
ude

all
num

eric
ally

rele
van

t pa
rton

ic c
han

nels
of t

he
NL

O cor
rect

ion
s to

the
loo

p-in
duc

ed
glu

on
fusi

on

con
trib

utio
n.

2 It w
as a

lso
use

d in the
NN

LL+
NN

LO
com

put
atio

n of R
ef.

[60]
, an

d in the
NN

LO
PS

com
put

atio
n of R

ef.
[61]

.

3Ope
nL

oo
ps

reli
es o

n the
fast

and
stab

le t
ens

or r
edu

ctio
n of C

ol
lie

r
[65,

66],
sup

por
ted

by
a resc

ue
sys

tem

bas
ed

on
qua

d-p
reci

sion
Cu

tT
oo

ls
[67]

wit
h One

LO
op

[68]
to dea

l w
ith

exc
ept

ion
al p

has
e-sp

ace
poi

nts
.

3

α1
s

NNLO QCD



Marius Wiesemann    (MPP Munich) January 17, 2024Status of vector-boson pair production at the LHC 11

α0
s

α2
s

α3
s

α2 α3

q

q̄

`
+

`
�

⌫`0

⌫̄`0

Z/�

q

Z

q

q̄

`
+

`
�

⌫`0

⌫̄`0
Z

`
�

Z/�

u

ū
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production

– 5 –

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

`

`
0

W

(a) (b) (c) (d)

Figure 3. Sample of photon-induced Born diagrams contributing to 2`2⌫ production in the different-
flavour case (` 6= `0) and in the same-flavour case (` = `0). Double-resonant (a,b), single-resonant (c) and
non-resonant (d) diagrams are shown.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`0

`
�

⌫̄`0

Z
`

`

(a) (b)

Figure 4. Sample of photon-induced Born diagrams contributing to 2`2⌫ final states only in the same
lepton-flavour case, both for `0 = ` or `0 6= `. Only single-resonant diagrams contribute.

two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵
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s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵
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) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
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) as part of the NNLO QCD corrections, i.e. neglecting O(↵
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) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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varies significantly between the channels. Photon-induced contributions to the DF channel are
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diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
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� pair [9, 10]. In fact, for on-shell W+
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induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.
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Figure 3: Examples of N3LO contributions in the qg channel.

including also the qg initiated contributions.1 We note that at N3LO we only include diagrams
with closed fermion loops (see Figure 3 (a)); all other contributions that would enter a complete
N3LO calculation (see Figure 3 (b) for example) cannot be consistently accounted for at present.
Our approximation includes all contributions at O(↵2

S
) together with the complete NLO corrections

to the loop-induced gluon fusion channel at O(↵3

S
). As such, besides providing the maximum

perturbative information available at present for this process, our calculation can be used to obtain
a consistent estimate of perturbative uncertainties through the customary procedure of studying
scale variations.

Our calculation is carried out within the computational framework Matrix [52]. Matrix features a
fully general implementation of the qT -subtraction formalism [53] and allowed us to compute NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders [38, 43, 45, 46, 54–
59].2 The core of the Matrix framework is the Monte Carlo program Munich, which is capable
of computing both NLO QCD and NLO EW [62, 63] corrections to arbitrary SM processes [64].

As in previous Matrix calculations, in our computation of the NLO corrections to the gg ! 4`
process, all the required one-loop amplitudes are evaluated with OpenLoops

3 [69, 70]. At two-loop
level, we use the gg ! V V 0 helicity amplitudes of Ref. [37], and implement the corresponding
four-lepton final states, accounting for spin correlations and o↵-shell e↵ects. The NLO calculation
is performed by using the Catani–Seymour dipole-subtraction method [71, 72] and also with qT
subtraction [53], which provides an additional cross-check of our results.

1We note that there are also qq̄ initiated contributions to the loop-induced production mechanism at O(↵3
S),

which are separately finite. We found them to be completely negligible and ignore them in the following. Our
results include all numerically relevant partonic channels of the NLO corrections to the loop-induced gluon fusion
contribution.

2It was also used in the NNLL+NNLO computation of Ref. [60], and in the NNLOPS computation of Ref. [61].
3
OpenLoops relies on the fast and stable tensor reduction of Collier [65, 66], supported by a rescue system

based on quad-precision CutTools [67] with OneLOop [68] to deal with exceptional phase-space points.
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).
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is used below to compute the cross section in the total phase space. The on-shell top-quark
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the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
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mZZ . Residual uncertainties are estimated from customary 7-point scale
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photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵
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) as part of the NNLO QCD corrections, i.e. neglecting O(↵
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S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production

– 5 –

g

q

q0

q

`0+

`0�
`�

`+
q

g

Figure 2: Example of NNLO interference between quark annihilation and loop-induced gluon
fusion production mechanisms.

g

q

q0

q

`0+

`0�
`�

`+

q00

g

q

g

q

q0

q

`0+

`0�
`�

`+
q

g

(a) (b)

Figure 3: Examples of N3LO contributions in the qg channel.

including also the qg initiated contributions.1 We note that at N3LO we only include diagrams
with closed fermion loops (see Figure 3 (a)); all other contributions that would enter a complete
N3LO calculation (see Figure 3 (b) for example) cannot be consistently accounted for at present.
Our approximation includes all contributions at O(↵2

S
) together with the complete NLO corrections

to the loop-induced gluon fusion channel at O(↵3

S
). As such, besides providing the maximum

perturbative information available at present for this process, our calculation can be used to obtain
a consistent estimate of perturbative uncertainties through the customary procedure of studying
scale variations.

Our calculation is carried out within the computational framework Matrix [52]. Matrix features a
fully general implementation of the qT -subtraction formalism [53] and allowed us to compute NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders [38, 43, 45, 46, 54–
59].2 The core of the Matrix framework is the Monte Carlo program Munich, which is capable
of computing both NLO QCD and NLO EW [62, 63] corrections to arbitrary SM processes [64].

As in previous Matrix calculations, in our computation of the NLO corrections to the gg ! 4`
process, all the required one-loop amplitudes are evaluated with OpenLoops

3 [69, 70]. At two-loop
level, we use the gg ! V V 0 helicity amplitudes of Ref. [37], and implement the corresponding
four-lepton final states, accounting for spin correlations and o↵-shell e↵ects. The NLO calculation
is performed by using the Catani–Seymour dipole-subtraction method [71, 72] and also with qT
subtraction [53], which provides an additional cross-check of our results.

1We note that there are also qq̄ initiated contributions to the loop-induced production mechanism at O(↵3
S),

which are separately finite. We found them to be completely negligible and ignore them in the following. Our
results include all numerically relevant partonic channels of the NLO corrections to the loop-induced gluon fusion
contribution.

2It was also used in the NNLL+NNLO computation of Ref. [60], and in the NNLOPS computation of Ref. [61].
3
OpenLoops relies on the fast and stable tensor reduction of Collier [65, 66], supported by a rescue system

based on quad-precision CutTools [67] with OneLOop [68] to deal with exceptional phase-space points.
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵
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S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵
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) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

q

q̄

`
+

`
�

⌫`0

⌫̄`0

Z/�

q

Z

q

q̄

`
+

`
�

⌫`0

⌫̄`0
Z

`
�

Z/�

u

ū
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

(a) (b) (c) (d)

Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

u

d̄

l0+

⌫l0

l�

l+

W+
d

Z/�

u

d̄

l0+

⌫l0

l�

l+

W+

Z/�

W+

u

d̄

l0+

⌫l0

l�

l+Z/�
⌫l0

W+

(a) (b) (c)

Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
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In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
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and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2
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):
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• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

q

q̄

`
+

`
�

⌫`0

⌫̄`0

Z/�

q

Z

q

q̄

`
+

`
�

⌫`0

⌫̄`0
Z

`
�

Z/�

u

ū
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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Figure 3: Examples of N3LO contributions in the qg channel.

including also the qg initiated contributions.1 We note that at N3LO we only include diagrams
with closed fermion loops (see Figure 3 (a)); all other contributions that would enter a complete
N3LO calculation (see Figure 3 (b) for example) cannot be consistently accounted for at present.
Our approximation includes all contributions at O(↵2

S
) together with the complete NLO corrections

to the loop-induced gluon fusion channel at O(↵3

S
). As such, besides providing the maximum

perturbative information available at present for this process, our calculation can be used to obtain
a consistent estimate of perturbative uncertainties through the customary procedure of studying
scale variations.

Our calculation is carried out within the computational framework Matrix [52]. Matrix features a
fully general implementation of the qT -subtraction formalism [53] and allowed us to compute NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders [38, 43, 45, 46, 54–
59].2 The core of the Matrix framework is the Monte Carlo program Munich, which is capable
of computing both NLO QCD and NLO EW [62, 63] corrections to arbitrary SM processes [64].

As in previous Matrix calculations, in our computation of the NLO corrections to the gg ! 4`
process, all the required one-loop amplitudes are evaluated with OpenLoops

3 [69, 70]. At two-loop
level, we use the gg ! V V 0 helicity amplitudes of Ref. [37], and implement the corresponding
four-lepton final states, accounting for spin correlations and o↵-shell e↵ects. The NLO calculation
is performed by using the Catani–Seymour dipole-subtraction method [71, 72] and also with qT
subtraction [53], which provides an additional cross-check of our results.

1We note that there are also qq̄ initiated contributions to the loop-induced production mechanism at O(↵3
S),

which are separately finite. We found them to be completely negligible and ignore them in the following. Our
results include all numerically relevant partonic channels of the NLO corrections to the loop-induced gluon fusion
contribution.

2It was also used in the NNLL+NNLO computation of Ref. [60], and in the NNLOPS computation of Ref. [61].
3
OpenLoops relies on the fast and stable tensor reduction of Collier [65, 66], supported by a rescue system

based on quad-precision CutTools [67] with OneLOop [68] to deal with exceptional phase-space points.
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵
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), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
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) correction to these processes. In the combination of NNLO QCD and NLO EW
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The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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have a quite significant impact, at the level of 10% or more, on the various diboson production
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2
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):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.

3

g

q

q
0

q

`0
+

`0
�
`�

`+

q

g

F
ig
u
re

2:
E
xa
m
p
le

of
N
N
L
O

in
te
rf
er
en
ce

b
et
w
ee
n
qu

ar
k
an

n
ih
il
at
io
n
an

d
lo
op

-i
n
d
u
ce
d
gl
u
on

fu
si
on

p
ro
d
u
ct
io
n
m
ec
h
an

is
m
s.

g

q

q
0

q

`0
+

`0
�
`�

`+
q
00

g

q

g

q

q
0

q

`0
+

`0
�
`�

`+

q

g

(a
)

(b
)

F
ig
u
re

3:
E
xa
m
p
le
s
of

N
3
L
O

co
nt
ri
b
u
ti
on

s
in

th
e
qg

ch
an

n
el
.

in
cl
u
d
in
g
al
so

th
e
qg

in
it
ia
te
d
co
nt
ri
b
u
ti
on

s.
1
W
e
n
ot
e
th
at

at
N

3
L
O

w
e
on

ly
in
cl
u
d
e
d
ia
gr
am

s

w
it
h
cl
os
ed

fe
rm

io
n
lo
op

s
(s
ee

F
ig
u
re

3
(a
))
;
al
l
ot
h
er

co
nt
ri
b
u
ti
on

s
th
at

w
ou

ld
en
te
r
a
co
m
p
le
te

N
3
L
O

ca
lc
u
la
ti
on

(s
ee

F
ig
u
re

3
(b
)
fo
r
ex
am

p
le
)
ca
n
n
ot

b
e
co
n
si
st
en
tl
y
ac
co
u
nt
ed

fo
r
at

p
re
se
nt
.

O
ur

ap
pr
ox
im

at
io
n
in
cl
ud

es
al
l
co
nt
ri
bu

ti
on

s
at

O
(↵

2 S
)
to
ge
th
er

w
it
h
th
e
co
m
pl
et
e
N
L
O

co
rr
ec
ti
on

s

to
th
e
lo
op

-i
n
d
u
ce
d
gl
u
on

fu
si
on

ch
an

n
el

at
O
(↵

3 S
).

A
s
su
ch
,
b
es
id
es

p
ro
vi
d
in
g
th
e
m
ax
im

u
m

p
er
tu
rb
at
iv
e
in
fo
rm

at
io
n
av
ai
la
bl
e
at

pr
es
en
t
fo
r
th
is
pr
oc
es
s,
ou

r
ca
lc
ul
at
io
n
ca
n
b
e
us
ed

to
ob

ta
in

a
co
n
si
st
en
t
es
ti
m
at
e
of

p
er
tu
rb
at
iv
e
u
n
ce
rt
ai
nt
ie
s
th
ro
u
gh

th
e
cu
st
om

ar
y
p
ro
ce
d
u
re

of
st
u
d
yi
n
g

sc
al
e
va
ri
at
io
n
s.

O
ur

ca
lc
ul
at
io
n
is
ca
rr
ie
d
ou

t
w
it
hi
n
th
e
co
m
pu

ta
ti
on

al
fr
am

ew
or
k
M
a
t
r
ix

[5
2]
.
M
a
t
r
ix

fe
at
ur
es

a

fu
lly

ge
ne
ra
l i
m
pl
em

en
ta
ti
on

of
th
e
q T
-s
ub

tr
ac
ti
on

fo
rm

al
is
m

[5
3]

an
d
al
lo
w
ed

us
to

co
m
pu

te
N
N
L
O

Q
C
D

co
rr
ec
ti
on

s
to

a
la
rg
e
nu

m
b
er

of
co
lo
ur
-s
in
gl
et

pr
oc
es
se
s
at

ha
dr
on

co
lli
de
rs

[3
8,

43
, 4

5,
46
, 5

4–

59
].
2
T
h
e
co
re

of
th
e
M
a
t
r
ix

fr
am

ew
or
k
is
th
e
M
on
te

C
ar
lo

p
ro
gr
am

M
u
n
ic
h
,
w
h
ic
h
is
ca
p
ab

le

of
co
m
p
u
ti
n
g
b
ot
h
N
L
O

Q
C
D

an
d
N
L
O

E
W

[6
2,

63
]
co
rr
ec
ti
on

s
to

ar
b
it
ra
ry

S
M

p
ro
ce
ss
es

[6
4]
.

A
s
in

p
re
vi
ou

s
M
a
t
r
ix

ca
lc
u
la
ti
on

s,
in

ou
r
co
m
p
u
ta
ti
on

of
th
e
N
L
O

co
rr
ec
ti
on

s
to

th
e
gg

!
4`

pr
oc
es
s,
al
l t
he

re
qu

ir
ed

on
e-
lo
op

am
pl
it
ud

es
ar
e
ev
al
ua

te
d
w
it
h
O
p
e
n
L
o
o
p
s
3
[6
9,

70
].
A
t
tw

o-
lo
op

le
ve
l,
w
e
u
se

th
e
gg

!
V
V

0
h
el
ic
it
y
am

p
li
tu
d
es

of
R
ef
.
[3
7]
,
an

d
im

p
le
m
en
t
th
e
co
rr
es
p
on

d
in
g

fo
ur
-l
ep
to
n
fin

al
st
at
es
,
ac
co
un

ti
ng

fo
r
sp
in

co
rr
el
at
io
ns

an
d
o↵

-s
he
ll
e↵
ec
ts
.
T
he

N
L
O

ca
lc
ul
at
io
n

is
p
er
fo
rm

ed
by

u
si
n
g
th
e
C
at
an

i–
S
ey
m
ou

r
d
ip
ol
e-
su
b
tr
ac
ti
on

m
et
h
od

[7
1,

72
]
an

d
al
so

w
it
h
q T

su
b
tr
ac
ti
on

[5
3]
,
w
h
ic
h
p
ro
vi
d
es

an
ad

d
it
io
n
al

cr
os
s-
ch
ec
k
of

ou
r
re
su
lt
s.

1
W
e
n
ot
e
th
at

th
er
e
ar
e
al
so

qq̄
in
it
ia
te
d
co
n
tr
ib
u
ti
on

s
to

th
e
lo
op

-i
n
d
u
ce
d
p
ro
d
u
ct
io
n
m
ec
h
an

is
m

at
O
(↵

3 S
),

w
h
ic
h
ar
e
se
p
ar
at
el
y
fi
n
it
e.

W
e
fo
u
n
d
th
em

to
b
e
co
m
p
le
te
ly

n
eg
li
gi
b
le

an
d
ig
n
or
e
th
em

in
th
e
fo
ll
ow

in
g.

O
u
r

re
su
lt
s
in
cl
u
d
e
al
l
nu

m
er
ic
al
ly

re
le
va
nt

p
ar
to
n
ic

ch
an

n
el
s
of

th
e
N
L
O

co
rr
ec
ti
on

s
to

th
e
lo
op

-i
n
d
u
ce
d
gl
u
on

fu
si
on

co
nt
ri
b
u
ti
on

.
2
It

w
as

al
so

u
se
d
in

th
e
N
N
L
L
+
N
N
L
O

co
m
p
u
ta
ti
on

of
R
ef
.
[6
0]
,
an

d
in

th
e
N
N
L
O
P
S
co
m
p
u
ta
ti
on

of
R
ef
.
[6
1]
.

3
O
p
e
n
L
o
o
p
s
re
li
es

on
th
e
fa
st

an
d
st
ab

le
te
n
so
r
re
d
u
ct
io
n
of

C
o
l
l
ie
r
[6
5,

66
],
su
p
p
or
te
d
by

a
re
sc
u
e
sy
st
em

b
as
ed

on
qu

ad
-p
re
ci
si
on

C
u
t
T
o
o
l
s
[6
7]

w
it
h
O
n
e
L
O
o
p
[6
8]

to
d
ea
l
w
it
h
ex
ce
p
ti
on

al
p
h
as
e-
sp
ac
e
p
oi
nt
s.

3q

q̄

`
+

`
�

⌫`0

⌫̄`0

Z/�

q

Z

q

q̄

`
+

`
�

⌫`0

⌫̄`0
Z

`
�

Z/�

u

ū
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 5. Sample of one loop diagrams contributing to 2`2⌫ production in the different-flavour case (` 6= `0)
and in the same-flavour case (` = `0) in the quark-induced (a-d) and photon-induced (e-h) channels.
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in t-channel topologies with subsequent emission of a Z boson with Z ! ⌫⌫̄ is the only photon-
induced production mechanism at LO, as shown in the sample diagrams of Fig. 4. Consequently,
the invariant mass of the charged-lepton pair does not show a Breit–Wigner peak around MZ .

Similarly as for quark–antiquark annihilation, the �� ! e
+
e
�
⌫e⌫̄e channel is build from the

coherent sum of all diagrams entering �� ! e
+
µ
�
⌫e⌫̄µ and �� ! e

+
e
�
⌫µ/⌧ ⌫̄µ/⌧ .

2.3 Ingredients of QCD and EW corrections

At NLO QCD all O(↵s↵
4) contributions to pp ! 2`2⌫ are taken into account. In the qq̄ channel, the

only QCD loop corrections arise from virtual-gluon exchange, while the real corrections result from
real-gluon emission and crossed topologies describing (anti-)quark–gluon channels. The infrared
divergences separately arising in these two contributions are mediated by the standard dipole-
subtraction approach [35, 36]. We note that the �� channels do not receive QCD corrections at
NLO, due to the absence of any QCD partons in all tree-level diagrams.

At NLO EW we include the full set of O(↵5) contributions to pp ! 2`2⌫. At this order both
the qq̄ and �� channels receive corrections from virtual EW bosons and from closed fermion loops,
cf. Figs. 5–6. These corrections include Higgs resonances with decay into four fermions coupled
to weak bosons (in the qq̄ channel) or coupled to a heavy-fermion loop (in the �� channel). The
real corrections in the qq̄ channel can be split into real-photon emission channels and �q ! 2`2⌫q
channels1 with initial-state � ! qq̄ splittings. The �� channel also receives real corrections from

1Corresponding �q̄-induced channels are implicitly understood here and in the following.
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photon bremsstrahlung, and also from �q ! 2`2⌫q channels with initial-state q ! q� splittings,
cf. Figs. 7–8. While the separation into qq̄ and �� channels can still be preserved for virtual and
photon-bremsstrahlung contributions, such separation is no longer meaningful for the q�-initiated
channels due to their singularity structure: both above-mentioned splittings result in infrared-
divergent configurations, and these q� channels simultaneously cancel infrared poles arising in qq̄

and �� channels. This situation demands the inclusion of the full NLO EW corrections to the qq̄

and �� Born processes to guarantee infrared safety and consistency. To deal with the mediation of
these divergences between virtual and real corrections the QED extension of the dipole-subtraction
method [37–39] is applied (see Appendix A).

Instead of a separation of NLO contributions into qq̄ and �� channels, we quantify the impact
of photon-induced processes by considering contributions involving at least one photon PDF factor
and all other contributions that are also present under the assumption of vanishing photon PDFs. At
LO this distinction coincides with the splitting according to production modes, while at NLO EW
it combines �� and �q channels in spite of the fact that the latter involves qq̄-related contributions.

3 Technical ingredients and setup of the simulations

3.1 Tools

The calculations presented in this paper have been performed with the automated frameworks Mu-

nich+OpenLoops and Sherpa+OpenLoops. They automate the full chain of all operations—
from process definition to collider observables—that enter NLO QCD+EW simulations at parton
level. The recently achieved automation of EW corrections [24, 26] is based on the well established
QCD implementations and allows for NLO QCD+EW simulations for a vast range of SM processes,
up to high particle multiplicities, at current and future colliders.

In these frameworks virtual amplitudes are provided by the OpenLoops program [28], which
is based on the open-loops algorithm [27] – a fast numerical recursion for the evaluation of one-loop
scattering amplitudes. Combined with the Collier tensor reduction library [40], which imple-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.
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are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W
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� and ZZ channels.
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Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
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⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W
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� pair [9, 10]. In fact, for on-shell W+
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pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production

– 5 –

g

q

q0

q

`0+

`0�
`�

`+
q

g

Figure 2: Example of NNLO interference between quark annihilation and loop-induced gluon
fusion production mechanisms.

g

q

q0

q

`0+

`0�
`�

`+

q00

g

q

g

q

q0

q

`0+

`0�
`�

`+
q

g

(a) (b)

Figure 3: Examples of N3LO contributions in the qg channel.

including also the qg initiated contributions.1 We note that at N3LO we only include diagrams
with closed fermion loops (see Figure 3 (a)); all other contributions that would enter a complete
N3LO calculation (see Figure 3 (b) for example) cannot be consistently accounted for at present.
Our approximation includes all contributions at O(↵2

S
) together with the complete NLO corrections

to the loop-induced gluon fusion channel at O(↵3

S
). As such, besides providing the maximum

perturbative information available at present for this process, our calculation can be used to obtain
a consistent estimate of perturbative uncertainties through the customary procedure of studying
scale variations.

Our calculation is carried out within the computational framework Matrix [52]. Matrix features a
fully general implementation of the qT -subtraction formalism [53] and allowed us to compute NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders [38, 43, 45, 46, 54–
59].2 The core of the Matrix framework is the Monte Carlo program Munich, which is capable
of computing both NLO QCD and NLO EW [62, 63] corrections to arbitrary SM processes [64].

As in previous Matrix calculations, in our computation of the NLO corrections to the gg ! 4`
process, all the required one-loop amplitudes are evaluated with OpenLoops

3 [69, 70]. At two-loop
level, we use the gg ! V V 0 helicity amplitudes of Ref. [37], and implement the corresponding
four-lepton final states, accounting for spin correlations and o↵-shell e↵ects. The NLO calculation
is performed by using the Catani–Seymour dipole-subtraction method [71, 72] and also with qT
subtraction [53], which provides an additional cross-check of our results.

1We note that there are also qq̄ initiated contributions to the loop-induced production mechanism at O(↵3
S),

which are separately finite. We found them to be completely negligible and ignore them in the following. Our
results include all numerically relevant partonic channels of the NLO corrections to the loop-induced gluon fusion
contribution.

2It was also used in the NNLL+NNLO computation of Ref. [60], and in the NNLOPS computation of Ref. [61].
3
OpenLoops relies on the fast and stable tensor reduction of Collier [65, 66], supported by a rescue system

based on quad-precision CutTools [67] with OneLOop [68] to deal with exceptional phase-space points.
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......
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set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘
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mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
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photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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have a quite significant impact, at the level of 10% or more, on the various diboson production
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.
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(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2
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• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 5. Sample of one loop diagrams contributing to 2`2⌫ production in the different-flavour case (` 6= `0)
and in the same-flavour case (` = `0) in the quark-induced (a-d) and photon-induced (e-h) channels.

q

q̄

`
+

`
�

⌫`0

⌫̄`0⌫`0

`Z/�

q

Z

Z

u

ū
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Figure 6. Sample of one-loop diagrams contributing to 2`2⌫ final states only in the same-flavour (wrt. the
charged leptons) case in the quark-induced (a-d) and photon-induced (e-h) channels.

in t-channel topologies with subsequent emission of a Z boson with Z ! ⌫⌫̄ is the only photon-
induced production mechanism at LO, as shown in the sample diagrams of Fig. 4. Consequently,
the invariant mass of the charged-lepton pair does not show a Breit–Wigner peak around MZ .

Similarly as for quark–antiquark annihilation, the �� ! e
+
e
�
⌫e⌫̄e channel is build from the

coherent sum of all diagrams entering �� ! e
+
µ
�
⌫e⌫̄µ and �� ! e

+
e
�
⌫µ/⌧ ⌫̄µ/⌧ .

2.3 Ingredients of QCD and EW corrections

At NLO QCD all O(↵s↵
4) contributions to pp ! 2`2⌫ are taken into account. In the qq̄ channel, the

only QCD loop corrections arise from virtual-gluon exchange, while the real corrections result from
real-gluon emission and crossed topologies describing (anti-)quark–gluon channels. The infrared
divergences separately arising in these two contributions are mediated by the standard dipole-
subtraction approach [35, 36]. We note that the �� channels do not receive QCD corrections at
NLO, due to the absence of any QCD partons in all tree-level diagrams.

At NLO EW we include the full set of O(↵5) contributions to pp ! 2`2⌫. At this order both
the qq̄ and �� channels receive corrections from virtual EW bosons and from closed fermion loops,
cf. Figs. 5–6. These corrections include Higgs resonances with decay into four fermions coupled
to weak bosons (in the qq̄ channel) or coupled to a heavy-fermion loop (in the �� channel). The
real corrections in the qq̄ channel can be split into real-photon emission channels and �q ! 2`2⌫q
channels1 with initial-state � ! qq̄ splittings. The �� channel also receives real corrections from

1Corresponding �q̄-induced channels are implicitly understood here and in the following.
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photon bremsstrahlung, and also from �q ! 2`2⌫q channels with initial-state q ! q� splittings,
cf. Figs. 7–8. While the separation into qq̄ and �� channels can still be preserved for virtual and
photon-bremsstrahlung contributions, such separation is no longer meaningful for the q�-initiated
channels due to their singularity structure: both above-mentioned splittings result in infrared-
divergent configurations, and these q� channels simultaneously cancel infrared poles arising in qq̄

and �� channels. This situation demands the inclusion of the full NLO EW corrections to the qq̄

and �� Born processes to guarantee infrared safety and consistency. To deal with the mediation of
these divergences between virtual and real corrections the QED extension of the dipole-subtraction
method [37–39] is applied (see Appendix A).

Instead of a separation of NLO contributions into qq̄ and �� channels, we quantify the impact
of photon-induced processes by considering contributions involving at least one photon PDF factor
and all other contributions that are also present under the assumption of vanishing photon PDFs. At
LO this distinction coincides with the splitting according to production modes, while at NLO EW
it combines �� and �q channels in spite of the fact that the latter involves qq̄-related contributions.

3 Technical ingredients and setup of the simulations

3.1 Tools

The calculations presented in this paper have been performed with the automated frameworks Mu-

nich+OpenLoops and Sherpa+OpenLoops. They automate the full chain of all operations—
from process definition to collider observables—that enter NLO QCD+EW simulations at parton
level. The recently achieved automation of EW corrections [24, 26] is based on the well established
QCD implementations and allows for NLO QCD+EW simulations for a vast range of SM processes,
up to high particle multiplicities, at current and future colliders.

In these frameworks virtual amplitudes are provided by the OpenLoops program [28], which
is based on the open-loops algorithm [27] – a fast numerical recursion for the evaluation of one-loop
scattering amplitudes. Combined with the Collier tensor reduction library [40], which imple-
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Figure 5: Transverse-momentum spectrum of the W boson with jet veto (left) and without (right).

This behaviour is not unexpected. As it is well known, at large mWW the perturbative expansion
is a↵ected by large logarithmic contributions of the form ↵n

S
lnm mWW/pveto

T
, which would require

an all-order resummation. Therefore, in the high-mWW region fixed-order predictions become
unreliable, and perturbative uncertainties are significantly larger than what can be inferred from
customary scale variations.8 We note that the nNNLO uncertainty band widens in the tail of the
mWW distribution, becoming larger than the NNLO band. This e↵ect is clearly driven by the
interplay of the jet veto with the NLO corrections to the gg channel.

We find similar results for the transverse-momentum distribution of the reconstructed W+ boson
(pT,W+) in Figure 5; the distribution in pT,W� behaves similarly. Without the jet veto (right
panel) the nNNLO corrections are positive at small transverse momenta, and they decrease as
pT,W increases, but remain positive and small in the tail of the distribution. The ggNLO K-factor
is almost completely flat and around +70%, with a minor impact of the qg channel. The small
structure around pT,W ⇠ 150GeV is related to the massive-quark loop contributions. When the jet
veto is applied (left panel) the nNNLO/NNLO ratio is about +5% at small transverse momenta
and steadily decreases until it reaches about �3% for pT,W & 300GeV. The ggNLO correction
is positive at small transverse momenta and it significantly decreases as pT,W increases, with a
considerable e↵ect coming from the qg channel.

8Note that such pathological behaviour could be avoided by employing a dynamic jet-veto definition, as suggested
for instance in Refs. [? ? ] to tame giant QCD K-factors in the high-energy tails of kinematical distributions.
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interplay of the jet veto with the NLO corrections to the gg channel.
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(pT,W+) in Figure 5; the distribution in pT,W� behaves similarly. Without the jet veto (right
panel) the nNNLO corrections are positive at small transverse momenta, and they decrease as
pT,W increases, but remain positive and small in the tail of the distribution. The ggNLO K-factor
is almost completely flat and around +70%, with a minor impact of the qg channel. The small
structure around pT,W ⇠ 150GeV is related to the massive-quark loop contributions. When the jet
veto is applied (left panel) the nNNLO/NNLO ratio is about +5% at small transverse momenta
and steadily decreases until it reaches about �3% for pT,W & 300GeV. The ggNLO correction
is positive at small transverse momenta and it significantly decreases as pT,W increases, with a
considerable e↵ect coming from the qg channel.

8Note that such pathological behaviour could be avoided by employing a dynamic jet-veto definition, as suggested
for instance in Refs. [? ? ] to tame giant QCD K-factors in the high-energy tails of kinematical distributions.
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Public fixed-order codes
MATRIX MCFM

➙ automated NNLO QCD framework
➙ based on qT subtraction
➙ all VV processes at NNLO QCD 
➙ NLO EW for all massive VV processes
➙ NLO QCD for loop-induced gluon-fusion channel

➙ extensive NLO QCD process library
➙ all VV processes now included at NNLO QCD 
➙ based on N-jettiness & qT subtraction
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VV production:  What is state of the art?

resummation

N3LL in diboson pT

NNLL in jet pT / jet veto

NNLL in double resummation 
of diboson pT & jet pT / jet veto

other/new developments: Higgs interference effects in  at NLO QCD ( , , )

inclusion of top-mass effects at 2-loop level ( , )

NNLO QCD for  

gg → VV γγ Zγ ZZ

γγ ZZ

γγ + jet

NNLO QCD for 

NLO EW for 

NLO QCD for  
(loop induced)

qq̄ → VV

qq̄ → VV

gg → VV

fixed order shower matching

NNLO+PS in QCD            
for 

NLO+PS in EW for 

NLO+PS in QCD for 
 (loop induced)

qq̄ → VV

qq̄ → VV

gg → VV
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distribution at 8TeV with predictions at N3LL+NNLO including uncertainties
associated with scale variation. The labels 0.1 and 0.2 in the plots refer to the
value of xmax.
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dσ/dpT, ��γ [fb/GeV] �
+�-γ@LHC 13 TeV (ATLAS data)
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Figure 7: NNLO+N3LL prediction of the pT,``� spectrum (blue, solid) compared to ATLAS data
[13] (green data points). The lower frame shows the ratio to the central NNLO+N3LL prediction.

is essentially indistinguishable from the one at NNLO+N3LL. In other words, isolation e↵ects
are adopted purely from the fixed-order prediction. In fact, the small e↵ect at pT,``� . 10GeV
indicates that the resummation of those corrections should have a minor impact in that region.
Furthermore, we estimate the all-order e↵ects of including NG logarithmic contributions in the
fiducial setup using the Pythia8 [76] parton shower (PS) matched to NLO calculations in the
MC@NLO scheme [77] within MadGraph5 aMC@NLO [78]. To this end, Figure 6 (b) shows
NLO+PS results with and without pcone0.2T /pT,� < 0.07 requirement in the main frame and their
ratio in the lower frame. For comparison we show the same ratio at LO+PS and at NLO. The
e↵ects of the additional isolation are vanishingly small at LO+PS, which can be considered a lower
bound for the impact that NG logarithmic terms stemming from photon isolation have on the
all-order prediction of pT,``�. The ratios at NLO+PS and at NLO are very similar to each other,
with the matching to PS slightly reducing the e↵ects due the additional isolation requirement.
Their di↵erence can be regarded as an estimate of the size of the NG logarithmic corrections
beyond fixed order induced by the pcone0.2T /pT,� < 0.07 requirement. Since the di↵erence is very
small at low pT,``� and at most ⇠ 2% in the matching region, we neglect such e↵ect from now on.
We note that it is less straightforward to estimate the NG logarithmic contributions for the Frixione
smooth-cone isolation, which for IR safety cannot be removed. However, we have verified that by
varying the smooth-cone radius down to �0 = 0.01 the analogous di↵erence is only moderately
a↵ected and remains negligible at and below the peak of the spectrum.

12

[MW, Rottoli, Torrielli '20]

[Becher, Neumann '20]

Examples:  Zγ & γγ pT spectrum at NNLO+N3LL
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VV production:  What is state of the art?

shower matching

NNLO+PS in QCD            
for 

NLO+PS in EW for 

NLO+PS in QCD for 
 (loop induced)

qq̄ → VV

qq̄ → VV

gg → VV

other/new developments: Higgs interference effects in  at NLO QCD ( , , )

inclusion of top-mass effects at 2-loop level ( , )

NNLO QCD for  

gg → VV γγ Zγ ZZ

γγ ZZ

γγ + jet

NNLO QCD for 

NLO EW for 

NLO QCD for  
(loop induced)

qq̄ → VV

qq̄ → VV

gg → VV

fixed order resummation

N3LL in diboson pT

NNLL in jet pT / jet veto

NNLL in double resummation 
of diboson pT & jet pT / jet veto
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NNLOPS: MiNLO+reweighting Geneva

UNNLOPSMiNNLOPS

✦ LL accuracy (+ simple NLL terms) from PS
✦ no new unphysical scale (i.e. physically sound)
✦ numerically very intensive
✦ applied beyond 2→1 processes

✦ LL accuracy from PS (at most! no NNLL nonesense!)
✦ slicing cutoff (missing power corrections)
✦ numerical cancellations in slicing parameter
✦ applied beyond 2→1 processes

[Alioli, Bauer, Berggren, Tackmann, Walsh '15 + Zuberi '13]

[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

✦ LL accuracy (+ simple NLL terms) from PS
✦ no new unphysical scale (i.e. physically sound)
✦ numerically efficient
✦ applied beyond 2→1 and even beyond colour singlet

[Höche, Prestel '14 '15]

✦ extension of UNLOPS merging of event samples
✦ two-loop corrections entirely in 0-jet bin
✦ only applied to 2→1 processes

[Hamilton, Nason, Oleari, Zanderighi '12, + Re '13], [Karlberg, Re, Zanderighi '14]

NNLO+PS methods

there was also some progress on NNLO+PS for sector showers [Campbell, Höche, Li, Preuss, Slands '21]
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dσ/dpT,�1 [fb/GeV] pp→�+ν� �'−ν�'@LHC 13 TeV
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Figure 8: Differential distributions in the fiducial-1-JV phase space.
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[Lombardi, MW, Zanderighi '21][Lombardi, MW, Zanderighi '20 '21]

dσ/dpT,γ [fb/GeV] pp→Z→�+�-γ@LHC 13 TeV
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Figure 10: MiNNLOPS predictions (blue, solid) compared to ATLAS 13 TeV data (green
points with error bars). For pT,``� also NNLO+N3LL (green, double-dash-dotted) is shown.
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ATLAS data

[Re, MW, Zanderighi '18]

[Buonocore, Koole, Lombardi, Rottoli, MW, Zanderighi '21]
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also  production [Gavardi, Oleari, Re '22]    and     with  in SM [Zanoli, Chiesa, Re, MW, Zanderighi ’21] and in SMEFT [Haisch, MW, Zanderighi, Zanoli’22]γγ VH H → bb̄

MiNNLOPS: diboson processes
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additive schemes:

1. NNLO(QCD,QED)PS
QCD

+ �NLO(QCD,QED)PS
EW

= NNLO
(QCD,QED)PS
QCD+EW

(2.8)

2. NNLO(QCD,QED)PS
QCD

+ �NLO(QED)PS
EW

(2.9)

3. NLO(QCD,QED)PS
EW

+ �NNLO
(QCD)PS
QCD

(2.10)

multiplicative schemes:

4. NNLO(QCD,QED)PS
QCD

⇥ K-NLO(QCD,QED)PS
EW

= NNLO
(QCD,QED)PS
QCD⇥EW

(2.11)

5. NNLO(QCD,QED)PS
QCD

⇥ K-NLO(QED)PS
EW

(2.12)

6. NLO(QCD,QED)PS
EW

⇥ K-NNLO(QCD)PS
QCD

(2.13)

7. NNLO(QCD)PS
QCD

⇥ K-NLO(f.o.)

EW
, (2.14)

where for the first and fourth combination we introduced the dedicated short-hand notations
NNLO(QCD,QED)PS

QCD+EW
and NNLO(QCD,QED)PS

QCDxEW
respectively. In the result section we will consider

these combination schemes and study which of them are more appropriate than others based
on their ability to describe the largest amount of distributions in the most accurate way.

3 Phenomenological results

In the following we study phenomenological results for W±Z at NNLOQCD and NLOEW

accuracy matched to parton showers. For brevity and without loss of generality, we focus
on the process

pp ! µ+⌫µe
+e� , (3.1)

but all qualitative conclusions apply also to the case of the charged conjugated process with
an intermediate negatively charged W boson as well as to same-flavour leptonic final states.
Of course, when comparing to ATLAS data [9] in section 3.4 we consider both charges in
the final state, i.e. pp ! µ±⌫µe+e�, and account for all relevant leptonic final states.

3.1 Input parameters and setup

We present results for proton–proton collisions at the LHC with a center-of-mass energy
of 13 TeV. The complex-mass scheme [60, 88] is employed throughout and the electroweak
(EW) inputs are chosen according to their PDG values [? ]: GF = 1.16639⇥ 10

�5 GeV�2,
mW = 80.385 GeV, �W = 2.0854 GeV, mZ = 91.1876 GeV, �Z = 2.4952 GeV , mH =

125 GeV and �H = 0.00407 GeV. We set the on-shell top-quark mass to mt = 173.2 GeV,
and �t = 1.347878 GeV is used. All other EW parameters are determined through the Gµ

scheme, in particular by computing the EW coupling as [75]

↵Gµ =

p
2

⇡
GF|(m

2

W � i�WmW) sin
2 ✓W| , (3.2)

– 10 –

25

MiNNLOPS:  production (NNLOQCD+PS & NLOEW+PS)W±Z
[Lindert, Lombardi, MW, Zanderighi, Zanoli ’22]
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dσ/dyZ [fb] pp→ZW+→e+ e− μ+ νμ@LHC 13 TeV
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Figure 4: Differential distributions of the dilepton rapidity originating from the Z-boson
(left) and of corresponding dilepton invariant mass (right) in W±Z production in the
inclusive setup at NNLOQCD combined with NLOEW matched to parton showers for dif-
ferent combination schemes. See text for details.Adjust labels: yee,mee, NNLO(QCD,QED)PS

QCD+EW
,

NNLO(QCD,QED)PS
QCDxEW

, NNLO(QCD)PS
QCD

⇥ K-NLO(f.o.)

EW

and an additional 2 � 3% of weak origin is revealed when comparing further against the
NLO EW-matched NNLO(QCD,QED)PS

QCD+EW
or NNLO(QCD,QED)PS

QCDxEW
predictions, which in turn agree

at the one percent level. We also observe that the NNLO(QCD)PS
QCD

⇥ K-NLO(f.o.)

EW
prediction

is practically identical with the NNLO(QCD,QED)PS
QCDxEW

one, which implies that multiple photon
emissions (beyond the first one) do not have a relevant impact here.

Looking at the mee distribution in figure 4 (right), observations are different: there are
large effects from collinear QED radiation which shift events from above the Breit–Wigner
peak to below the peak. These effects are entirely absent in the NNLO(QCD)PS

QCD
prediction

showing deviations of up to 40% compared to all other predictions. The observed shape of
the corrections due to these collinear QED effects is qualitatively very similar to the well-
known NLO EW corrections to neutral-current Drell–Yan (plus jet) production for dressed
leptons [95–97]. Comparing the NNLO(QCD,QED)PS

QCDxEW
prediction with the NNLO(QCD)PS

QCD
⇥

K-NLO(f.o.)

EW
combination we observe agreement at the 1 � 2% level, see lower ratio plot

in figure 4 (right). On the one hand, this further validates the employed resonance-aware
matching of the EW corrections with QED parton-shower radiation within Powheg-Box-
Res, and on the other hand indicates only mild impact of multi-photon radiation beyond

– 16 –

[Lindert, Lombardi, MW, Zanderighi, Zanoli ’22]
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Figure 7: Differential distributions in the invariant mass of the three final-state lep-
tons in W±Z production in the inclusive setup (left) and fiducial setup(right). See
text for details.Adjust labels: m3`, NNLO(QCD,QED)PS

QCD+EW
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QCD
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EW

Finally, in figure 7 we consider the invariant-mass distributions of the three final-state
leptons, m3`, which can be seen as a proxy for the (unobservable) invariant mass of the
entire W±Z system. In this observable the EW corrections are negative and increase in the
high-energy tail due to the appearance of EW Sudakov logarithms. It is interesting to notice
that the EW corrections substantially increase as soon as fiducial cuts are applied. Indeed,
when moving from the inclusive setup to the fiducial setup, negative EW effects at
invariant-mass values of ⇠ 2TeV increase from about �10% to about about �20 � 30%,
rendering the inclusion of EW corrections crucial in such high-energy phase-space regions.
The origin of this effect can be explain as follows: high-m3`is populated by very forward
leptons at large rapidities. In this regime not all Mandelstam invariant sij are large resulting
in a suppression of the double Sudakov logarithms ln

2
(|ŝij |/M2

W
). In the fiducial setup

the very forward regime of the leptons is removed by the rapidity cuts required for them,
resulting in the expected EW Sudakov enhancement.

3.4 Comparison to data

Finally, we compare our best MiNNLOPS predictions, which correspond the full multi-
plicative matching of NNLO QCD and NLO EW corrections, defined in eq. (2.11) and
abbreviated as NNLO

(QCD,QED)PS
QCD⇥EW

, to a recent differential measurement of W±Z produc-

– 20 –

MiNNLOPS:  production (NNLOQCD+PS & NLOEW+PS)W±Z
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[Lindert, Lombardi, MW, Zanderighi, Zanoli ’22]
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Figure 4: Differential distributions of the dilepton rapidity originating from the Z-boson
(left) and of corresponding dilepton invariant mass (right) in W±Z production in the
inclusive setup at NNLOQCD combined with NLOEW matched to parton showers for dif-
ferent combination schemes. See text for details.Adjust labels: yee,mee, NNLO(QCD,QED)PS
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and an additional 2 � 3% of weak origin is revealed when comparing further against the
NLO EW-matched NNLO(QCD,QED)PS
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predictions, which in turn agree

at the one percent level. We also observe that the NNLO(QCD)PS
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prediction

is practically identical with the NNLO(QCD,QED)PS
QCDxEW

one, which implies that multiple photon
emissions (beyond the first one) do not have a relevant impact here.

Looking at the mee distribution in figure 4 (right), observations are different: there are
large effects from collinear QED radiation which shift events from above the Breit–Wigner
peak to below the peak. These effects are entirely absent in the NNLO(QCD)PS

QCD
prediction

showing deviations of up to 40% compared to all other predictions. The observed shape of
the corrections due to these collinear QED effects is qualitatively very similar to the well-
known NLO EW corrections to neutral-current Drell–Yan (plus jet) production for dressed
leptons [95–97]. Comparing the NNLO(QCD,QED)PS

QCDxEW
prediction with the NNLO(QCD)PS
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combination we observe agreement at the 1 � 2% level, see lower ratio plot

in figure 4 (right). On the one hand, this further validates the employed resonance-aware
matching of the EW corrections with QED parton-shower radiation within Powheg-Box-
Res, and on the other hand indicates only mild impact of multi-photon radiation beyond
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Figure 7: Differential distributions in the invariant mass of the three final-state lep-
tons in W±Z production in the inclusive setup (left) and fiducial setup(right). See
text for details.Adjust labels: m3`, NNLO(QCD,QED)PS
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Finally, in figure 7 we consider the invariant-mass distributions of the three final-state
leptons, m3`, which can be seen as a proxy for the (unobservable) invariant mass of the
entire W±Z system. In this observable the EW corrections are negative and increase in the
high-energy tail due to the appearance of EW Sudakov logarithms. It is interesting to notice
that the EW corrections substantially increase as soon as fiducial cuts are applied. Indeed,
when moving from the inclusive setup to the fiducial setup, negative EW effects at
invariant-mass values of ⇠ 2TeV increase from about �10% to about about �20 � 30%,
rendering the inclusion of EW corrections crucial in such high-energy phase-space regions.
The origin of this effect can be explain as follows: high-m3`is populated by very forward
leptons at large rapidities. In this regime not all Mandelstam invariant sij are large resulting
in a suppression of the double Sudakov logarithms ln

2
(|ŝij |/M2

W
). In the fiducial setup

the very forward regime of the leptons is removed by the rapidity cuts required for them,
resulting in the expected EW Sudakov enhancement.

3.4 Comparison to data

Finally, we compare our best MiNNLOPS predictions, which correspond the full multi-
plicative matching of NNLO QCD and NLO EW corrections, defined in eq. (2.11) and
abbreviated as NNLO

(QCD,QED)PS
QCD⇥EW

, to a recent differential measurement of W±Z produc-
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MiNNLOPS:  production (NNLOQCD+PS & NLOEW+PS)W±Z
new development:

[Lombardi, Pelliccioli, MW, Zanderighi, Zanoli 'in progress]

 ➙ simultaneous 
NNLOQCD+NLOEW+PS event generation

accuracy: 

1. QCD:  NNLO 0-jet, NLO 1-jet, LO 2-jet

2. EW:    NLO 0-jet & 1-jet

MiNNLOQCDxEW
PS

VERY P
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MiNNLOPS generators public in POWHEG BOX

NEW

NEW

Z𝜸 generator (both  and  + aTGC @NNLO)        
[Lombardi, MW, Zanderighi ’20, ’21]

Z → ℓ+ℓ− Z → ν̄ν

WW generator [Lombardi, MW, Zanderighi ’21]

NEW

MiNNLOPS has been extended to  colour-singlet processes 

in POWHEG-BOX-RES 

2 → 2

NEW
ZZ generator with incoherent combination of   and  channels      
[Buonocre, Koole, Lombardi, Rottoli, MW, Zanderighi ’21]

qq̄ gg

VH generator interfaced with H→bb decay and SMEFT effects (t.b.a.) 
[Zanoli, Chiesa, Re, MW, Zanderighi ‘21], [Haisch, Scott, MW, Zanderighi, Zanoli ‘22] 

MiNNLOPS for  processes (H, Z, W) in POWHEG-BOX-V2

 [Monni, Nason, Re, MW, Zanderighi ’19], [Monni, Re, MW ’20]

2 → 1

NEW
Top-quark pair generator                            
[Mazzitelli, Monni, Nason, Re, MW, Zanderighi ’20 '21]

NEW 𝜸𝜸 generator (t.b.a.) [Gavardi, Oleari, Re ’22]

or click here: https://powhegbox.mib.infn.it/#MiNNLOps NEW
WZ generator for NNLOQCD+PS and NLOEW+PS (t.b.a.)                  
[Lindert, Lombardi, MW, Zanderighi, Zanoli 'to appear]

https://powhegbox.mib.infn.it/#MiNNLOps
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VV production:  What is state of the art?

NNLO QCD for 

NLO EW for 

NLO QCD for  
(loop induced)

qq̄ → VV

qq̄ → VV

gg → VV

fixed order resummation shower matching

N3LL in diboson pT

NNLL in jet pT / jet veto

NNLL in double resummation 
of diboson pT & jet pT / jet veto

NNLO+PS in QCD            
for 

NLO+PS in EW for 

NLO+PS in QCD for 
 (loop induced)

qq̄ → VV

qq̄ → VV

gg → VV

other/new developments: Higgs interference effects in  at NLO QCD ( , , )

inclusion of top-mass effects at 2-loop level ( , )

NNLO QCD for  

gg → VV γγ Zγ ZZ

γγ ZZ

γγ + jet
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the full top-quark mass dependence. We fix the pole mass mt
of the top quark to the value mt = 173 GeV. Our computa-
tional setup that was explained in Sec. 2, has been encoded
in a new version of the 2�NNLO code.

We consider isolated diphoton production in pp collisions
at the centre–of–mass energy

p
s = 13 TeV. We apply the

following kinematical cuts on photon transverse momenta
and rapidities: phard

T� � 40 GeV, psoft
T� � 30 GeV and the rapid-

ity of both photons is limited in the range |y�| < 2.37, exclud-
ing the rapidity interval 1.37 < |y�| < 1.52. The minimum
angular separation between the two photons is Rmin

�� = 0.4.
These are essentially the kinematical cuts used in the AT-
LAS Collaboration study of ref. [1].

In the perturbative calculation, the QED coupling con-
stant ↵ is fixed at 1/↵ = 137.035999139. We use the cen-
tral set of the NNPDF3.1 PDFs [64] as implemented in the
LHAPDF framework [65] and the associated strong coupling
with ↵S (MZ) = 0.118.

The central factorization and renormalization scale is cho-
sen to be equal to the invariant mass of the diphoton pair
µ ⌘ µR = µF = M��. The theoretical uncertainty is es-
timated by varying the default scale choice for µR and µF
independently by factors of {1/2, 2}, while omitting com-
binations with µR/µF = 4 or 1/4, resulting in the usual
seven-point variation of scale combinations. Our standard
choice of the central scale, can be replaced with other op-
tions, for instance the transverse mass of the diphoton pair,
MT
�� =

q
(M��)2 + (p��T )2. Since our aim is to show the im-

pact of the new massive corrections, we refer the reader to
more detailed studies on scale variation (and scale choices)
to refs. [23, 24].

We use the smooth cone isolation criterion [66] (see also
refs. [23, 67, 68]), which fixes the size R of the isolation cone
(drawn around the direction of the photon) and requires that
the hadronic activity Ehad

T allowed inside the cone satisfies

Ehad
T (r)  ✏ pT� �(r; R) , in all cones with r  R , (1)

where the function �(r; R) is defined as

�(r; R) =
✓ r
R

◆2n
. (2)

The specific values of the isolation parameters in our case [1]
are: R = 0.4, ✏ = 0.09 and we take n = 1. The choice
of the �(r; R) function as well as the particular value of the
exponent n is explained in ref. [23]. Since our aim is to
present the e↵ects of massive corrections, we suggest that
the interested reader consult the isolation studies in refs. [23,
24]. The top quark threshold region (⇠ 346 GeV) is not
particularly sensitive to the e↵ects of the choice of isolation
parameters [23].

Since we rely on the qT subtraction method [69, 70] to

Figure 2: NNLO invariant mass distribution with full top quark mass
dependence. In the lower panel we plot the ratio of the NNLO invariant
mass distribution between the massive result and that with only five light
quark flavours. The bands are obtained (as explained in the text) using the
customary 7-point scale variation. The central scale is shown with a black
dashed line.

perform our NNLO calculations, we use the technical pa-
rameter2 (a cut on the transverse momentum of the diphoton
pair) rcut = 0.0005 < p��T /M��. The large diphoton invariant
mass tail is not particularly sensitive to rcut variations around
our chosen value [61]. Studies on the impact of the fiducial
power corrections and on the size of the rcut parameter in
colour singlet processes can be found in refs. [61, 71–73].

The rest of this section proceeds as follows: first, we an-
ticipate our results for diphoton production at NNLO in per-
turbative QCD, taking into account the full top quark mass
dependence. At the end of this section, we discuss the rel-
ative weight of the di↵erent massive contributions involved
in the NNLO calculation.

In Fig. 2 we present our results regarding the invariant
mass distribution of the photon pair at NNLO using the kine-
matical cuts described at the beginning of this section. In the
lower panel, we show the ratio between the fully massive
NNLO result and the NNLO prediction for five light quark
flavours (5lf). Around the region M�� ⇠ 2mt (the top-quark
pair threshold), the invariant mass distribution exhibits its
negative peak 3 due to a superposition of e↵ects coming from

2We have also checked that in the extrapolation to rcut = 0 the associated
results for the total cross sections and the di↵erential distributions vary less
than 1% when rcut = 0.0005 is used.

3In the ratios, the corrections larger (smaller) than the unity are named
positive (negative) since they are larger (smaller) than the five light flavour
result.

3

[Becchetti, Bonciani, Cieri, Coro, Ripani ’23] 

top-mass effects

Higgs interference

                                       
[Caola, Dowling, Melnikov, Röntsch, Tancredi ’16], [Grazzini, Kallweit MW, Yook '21] 

                                       
[Bargiela, Buccioni, Caola, Devoto, von Manteuffel, Tancredi ’22]

                                         
[Buccioni, Devoto, Djouadi, Ellis, Quevillon, Tancredi ’23]

gg → ZZ, gg → WW@NLO QCD

gg → γγ@NNLOSV QCD

gg → Zγ@NLOSV QCD

pp → γγ@NNLO QCD

g

g

g

g V

V

V

V

(a) (b)

H

Figure 1: Representative Feynman diagrams for the Higgs-mediated signal amplitude gg ! H !

ZZ (a) and the background amplitude gg ! ZZ (b) at LO in pQCD. The decays of the Z-bosons

to leptons are understood.

interesting problem; it can only be fully addressed by studying the NLO QCD corrections

to gg ! ZZ amplitudes with the exact mass dependence.

The remainder of this paper is organized as follows. In Section II, we focus on ZZ production

in gluon fusion. We discuss details of the calculation, including validation of the 1/mt

expansion, and present results applicable to the LHC phenomenology. In Section III, we

present the calculation and discuss phenomenology of the WW production in gluon fusion.

We conclude in Section IV.

II. ZZ PRODUCTION

A. Details of the calculation

Scattering amplitudes for processes gg ! ZZ and gg ! ZZ + g can be written as

AZZ = AH +Ap, (1)

where the first amplitude describes the Higgs-mediated signal process gg ! H ! ZZ or

gg ! H ! ZZ+g and the second amplitude describes the “background” prompt production

gg ! ZZ and gg ! ZZ+g. Although not explicit in these notations, the leptonic decays of

Z-bosons are always included in the calculation and the Z-bosons are not assumed to be on

the mass shell. For background processes, �⇤-mediated amplitudes are also included. Upon

squaring the amplitude in Eq.(1), one obtains three terms

|AZZ |
2 = |AH |

2 + |Ap|
2 + 2Re [A⇤

H
Ap] , (2)

5

⊗
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NNLO QCD for diphoton + jet
[Chawdhry,a Czakon, Mitov, Poncelet ’21] 
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Figure 1. Absolute pT (��) (left) and m(��) (right) di↵erential distributions. Shown are the predic-
tions in LO (green), NLO (blue), NNLO (red) QCD. The colored bands around the central scales are
from 7-point scale variation. The grey band shows the estimated Monte Carlo integration error in each
bin. The lower panel shows the same distributions but relative to the NLO central scale prediction.

Figure 2. As in fig. 1 but for the m(��) distribution subjected to di↵erent pT (��) cuts: pT (��) > 50
GeV (left), pT (��) > 100 GeV (center) and pT (��) > 200 GeV (right).

the invariant mass of the two photons m(��), the angle between the two photons in the

Collins-Soper frame �CS , the absolute di↵erence in rapidities of the two photons �y(��) =

|y(�1)�y(�2)|, the azimuthal angle between the two photons ��(��) and the absolute rapid-

ity of the photon pair |y(��)|. We also calculate the NNLO QCD corrections to the following

two-dimensional distributions: m(��) ⌦ pT (��) and �CS ⌦ m(��).

We first discuss the pT (��) di↵erential distribution which is of central interest to this

work. The distribution is shown in fig. 1. As can be seen from this figure, the NLO QCD

correction is very significant relative to the LO one. In particular, the scale uncertainty bands

at LO and NLO do not overlap anywhere. This behavior is easy to understand based on the

properties of inclusive diphoton production through NNLO. Clearly, a reliable prediction of

this observable requires the inclusion of, at least, the NNLO QCD corrections.

As can be seen from fig. 1 the inclusion of the NNLO corrections has a major stabilizing

– 4 –
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Common technical features with triboson processes
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Figure 1: Feynman diagrams for the production of three isolated photons: (a) LO diagram in the
quark-annihilation channel; (b) vanishing loop-induced diagram in the gluon-fusion channel; (c)
first non-vanishing loop-induced contribution.

For our calculation we employ the Matrix framework [28, 29]. All tree-level and one-loop
amplitudes are evaluated with OpenLoops 2 [33–35]. At two-loop level we have performed a
novel implementation based analytic expressions in Ref. [? ] that is highly e�cient and evaluates
within few seconds for each phase-space point, as discussed in more detail below. NNLO accuracy
is achieved by a fully general implementation of the qT -subtraction formalism [30] within Matrix.
The NLO parts therein (for ��� and ���+1-jet) are calculated by Munich2 [38], which uses the
Catani–Seymour dipole subtraction method [39, 40]. The Matrix framework features NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders. It has already
been used to obtain several state-of-the-art NNLO QCD predictions [41–49]3, and for massive
diboson processes it has been extended to combine NNLO QCD with NLO EW corrections [55] and
with NLO QCD corrections to the loop-induced gg-initiated process [56, 57]. Through the recently
implemented interface [58, 59] to the code RadISH [60, 61] this framework now also includes
the resummation of transverse observables such as the transverse momentum of the produced
colour-singlet final state.

The qT -subtraction formalism is employed for the very first time for a colour-singlet process of the
given complexity. Not only is triphoton production a 2 ! 3 process, it also involves the isolation
of all of the three photons. Already processes with a single isolated photon, such as Z� production,
feature rather large power corrections in the transverse momentum of the colour-singlet system,
as shown in Ref. [28]. Due to the interplay between the smooth-cone isolation criteria and the
slicing cuto↵ (introduced as rcut in Ref. [28]) of the qT -subtraction approach, the production of
three isolated photons could be subject to relatively large systematic uncertainties at NNLO.
Fortunately, the rcut slicing parameter is fully monitored and controlled through Matrix, including
a fully automated cuto↵ extrapolation rcut ! 0 performed with every run. Figure ?? shows the
dependence of the cross section as a function of rcut and its extraopolation to rcut=0 with an
estimate of the respective uncertainties. We find that qT subtraction is fully capable of dealing
with 2 ! 3 colour-singlet processes, even when three isolated photons are involved, and that we
can control the systematic uncertainties induced by rcut at the few permille level, which fully
su�ces for any phenomenological application. {MW: Stefan can you produce that plot? }

Before presenting phenomenological results, we would like to comment in more detail on our

2
The Monte Carlo program Munich features a general implementation of an e�cient, multi-channel based

phase-space integration and computes both NLO QCD and NLO EW [36, 37] corrections to arbitrary SM processes.
3
It was also used in the NNLO+NNLL computation of Ref. [50], and in the NNLOPS computations of

Refs. [51–54].

3
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Figure 5: Invariant-mass distribution of the three-photon system (top left plot) and of each
diphoton pair compared to 8 TeV ATLAS data [17]. The color coding corresponds to Figure 2.

stay within the quoted uncertainties. Indeed, other processes with similarly large NLO and NNLO
corrections, such as single Higgs production, receive a rather small contribution at N3LO, well
within the uncertainties estimated from NNLO scale variations.{MW: new paragraph? } A more
conservative uncertainty estimate that is realiable also at LO and NLO can be obtain by following
the approach suggested in Ref. [66]. {MW: should we do this or beyond the scope of this paper?
} We have used this approach to obtain the uncertainty bands shown in Figure ??, where the
NLO cross section is will within the LO uncertainties and the NNLO cross section well within the
NLO uncertainties. Compared to the scale variations used in Figure 2 the NNLO band increases
roughly by a factor of XX 2? . Nevertheless, this approach is not very practical for di↵erential
distributions, for which we will show only the nominal scale uncertainties in the following.

We continue our discussion by comparing di↵erential distributions at LO, NLO and NNLO to

8

triboson processes:  

subtraction for colour-singlet production fully understood &  
automated within MATRIX

only missing ingredient:  2-loop amplitudes                                                
➙ very complicated ! (five-point functions with external masses)

NLO QCD & NLO EW exists [MG5_aMC@NLO, Sherpa], [Schönherr et al. ’17 ’18 ’19]

γγγ, Zγγ, Wγγ, ZZγ, WWγ, WZγ, ZZZ, WWW, ZZW, WWZ
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Figure 1: Feynman diagrams for the production of three isolated photons: (a) LO diagram in the
quark-annihilation channel; (b) vanishing loop-induced diagram in the gluon-fusion channel; (c)
first non-vanishing loop-induced contribution.

For our calculation we employ the Matrix framework [28, 29]. All tree-level and one-loop
amplitudes are evaluated with OpenLoops 2 [33–35]. At two-loop level we have performed a
novel implementation based analytic expressions in Ref. [? ] that is highly e�cient and evaluates
within few seconds for each phase-space point, as discussed in more detail below. NNLO accuracy
is achieved by a fully general implementation of the qT -subtraction formalism [30] within Matrix.
The NLO parts therein (for ��� and ���+1-jet) are calculated by Munich2 [38], which uses the
Catani–Seymour dipole subtraction method [39, 40]. The Matrix framework features NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders. It has already
been used to obtain several state-of-the-art NNLO QCD predictions [41–49]3, and for massive
diboson processes it has been extended to combine NNLO QCD with NLO EW corrections [55] and
with NLO QCD corrections to the loop-induced gg-initiated process [56, 57]. Through the recently
implemented interface [58, 59] to the code RadISH [60, 61] this framework now also includes
the resummation of transverse observables such as the transverse momentum of the produced
colour-singlet final state.

The qT -subtraction formalism is employed for the very first time for a colour-singlet process of the
given complexity. Not only is triphoton production a 2 ! 3 process, it also involves the isolation
of all of the three photons. Already processes with a single isolated photon, such as Z� production,
feature rather large power corrections in the transverse momentum of the colour-singlet system,
as shown in Ref. [28]. Due to the interplay between the smooth-cone isolation criteria and the
slicing cuto↵ (introduced as rcut in Ref. [28]) of the qT -subtraction approach, the production of
three isolated photons could be subject to relatively large systematic uncertainties at NNLO.
Fortunately, the rcut slicing parameter is fully monitored and controlled through Matrix, including
a fully automated cuto↵ extrapolation rcut ! 0 performed with every run. Figure ?? shows the
dependence of the cross section as a function of rcut and its extraopolation to rcut=0 with an
estimate of the respective uncertainties. We find that qT subtraction is fully capable of dealing
with 2 ! 3 colour-singlet processes, even when three isolated photons are involved, and that we
can control the systematic uncertainties induced by rcut at the few permille level, which fully
su�ces for any phenomenological application. {MW: Stefan can you produce that plot? }

Before presenting phenomenological results, we would like to comment in more detail on our

2
The Monte Carlo program Munich features a general implementation of an e�cient, multi-channel based

phase-space integration and computes both NLO QCD and NLO EW [36, 37] corrections to arbitrary SM processes.
3
It was also used in the NNLO+NNLL computation of Ref. [50], and in the NNLOPS computations of

Refs. [51–54].
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Figure2:ExampleofNNLOinterferencebetweenquarkannihilationandloop-inducedgluon

fusionproductionmechanisms.
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Figure3:ExamplesofN
3LOcontributionsintheqgchannel.

includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.

3

V

V

V
➙  known for , feasible for  &  (one external mass), 
     but needs significant progress for the other processes 
     on the 2-loop side (two and even three external masses)

γγγ Zγγ Wγγ

[Kallweit, Sotnikov, MW '20]

pp → γγγ@NNLO

see also: [Chawdhry, Czakon, Mitov, Poncelet '19]
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Combined interpretation of  VV,  VH and HH



Marius Wiesemann    (MPP Munich) January 17, 2024Status of vector-boson pair production at the LHC 34

Combined interpretation of  VV,  VH and HH

 ➙ SMEFT ! 
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Combined interpretation of  VV,  VH and HH

 ➙ SMEFT ! 

many implementations:  automated at LO QCD and NLO QCD, dedicated ones at NNLO QCD
     ➙ too many to cover here…

first NNLO+PS in SMEFT:   production &  decay

important at higher orders:  consistent input scheme, with input scale and 
RGE running of SMEFT operators

recently NLL RGE running automated within MG5_aMC@NLO

pp → VH H → bb̄

actions. Section 3 contains a brief description of the basic ingredients of the SMEFT
calculations for pp ! Zh and h ! bb̄ and their combination and implementation in our
NNLO+PS event generator. The impact of the SMEFT corrections on kinematic distribu-
tions in pp ! Zh ! `

+
`
�
bb̄ production at NNLO+PS is presented in Section 4 by using

simple benchmark scenarios for the Wilson coefficients. We conclude and present an outlook
in Section 5. The lenghty analytic expressions for the squared matrix elements that are
relevant for our work are relegated to Appendix A, while Appendix B contains numerical
estimates of higher-order QCD corrections associated to the subset of the SMEFT opera-
tors that are considered in this paper. The discussed corrections have been neglected in our
phenomenological study because they all turn out to contribute less than a percent once
existing experimental limits on the relevant Wilson coefficients are taken into account.

2 Preliminaries

In this article we consider the following set of dimension-six operators

QH2 = (H
†
H)2 (H

†
H) , QHD = (H

†
DµH)

⇤
(H

†
D

µ
H) ,

QbH = yb(H
†
H) q̄LbRH , QbG =

g
3
s

(4⇡)2
yb q̄L�µ⌫T

a
bRHG

a,µ⌫
, (2.1)

QHG =
g
2
s

(4⇡)2
(H

†
H)G

a

µ⌫G
a,µ⌫

, Q3G =
g
3
s

(4⇡)2
f
abc

G
a,⌫

µ G
b,�

⌫ G
c,µ

� ,

which appear in the full SMEFT Lagrangian

LSMEFT �

X

i

Ci

⇤2
Qi . (2.2)

Here 2 = @µ@
µ, �µ⌫ = i/2(�µ�⌫ � �⌫�µ) with �µ the usual Dirac matrices, H denotes the

SM Higgs doublet, qL is the left-handed third-generation quark doublet, bR is the right-
handed bottom-quark singlet, while gs =

p
4⇡↵s and G

a
µ⌫ denote the coupling constant and

the field strength tensor of QCD, respectively. The definition of the covariant derivative
is Dµ = @µ � igsG

a
µT

a with T
a being the SU(3) generators and f

abc denote the fully
antisymmetric QCD structure constants. The bottom-quark Yukawa coupling is defined
as yb =

p
2m̄b/v, with the MS bottom-quark mass m̄b and the Higgs vacuum expectation

value (VEV) v, while ⇤ denotes the new-physics mass scale that suppresses the dimension-
six operators Qi entering (2.2) and Ci are the corresponding Wilson coefficients. Notice
finally that in the case of QbH and QbG the sum over the hermitian conjugate in (2.1) is
understood.

The normalisations of the dimension-six operators introduced in (2.1) deserve some
additional comments. First, the two mixed-chirality operators QbH and QbG include a
factor of yb which serves as an order parameter and explicitly appears in a broad class
of ultraviolet (UV) completions that match onto the set of operators in (2.1). See for
example the discussions in [20, 21]. Second, the factors of gs and 1/(4⇡)

2 that arise in
the definition of QbG, QHG and Q3G guarantee that the associated Wilson coefficients CbG,

– 3 –

dσ/dmbb–  [fb/GeV] pp→Zh→�+�-bb– , √s–  = 13 TeV
SM
cbG = 400

10-5
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dσ/dσSM

150 GeV < pT,Z < 250 GeV, R = 0.4

mbb–  [GeV]
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Figure 3: Invariant mass of the two b-jets using the anti-kt algorithm with radius pa-
rameter R = 0.4. The red histogram in the left (right) panel corresponds to the prediction
for cbH = 0.15 (cbG = 400). For comparison our SM prediction with its scale uncertainty
band is shown in black and gray. All results correspond to proton-proton (pp) collisions at
p
s = 13TeV and are subject to the fiducial cuts discussed in the main text. The lower

panels depict the ratios between the BSM and the SM distributions.

40% for invariant masses m
bb̄

' 50GeV. The reason for this somewhat surprising feature
is the structure of the tree-level squared matrix element, given in (A.1), that modifies
the h ! bb̄g process and constitutes the leading QbG contribution. The corresponding
Feynman diagram is shown in Figure 1 in the upper row on the left-hand side. From (A.1)
one observes that the probability for emitting a gluon is flat in phase space. In contrast, the
real emission contribution to the differential decay rate h ! bb̄g in the SM is divergent when
the radiated gluon becomes unresolved, i.e. soft or collinear to one of the bottom quarks, and
therefore such emissions are favoured. As a result, configurations where the total invariant
mass m

bb̄g
= mh of the bb̄g system is shared equally between the three individual partons

occur much more frequently in the former than in the latter case, where the bottom quarks
typically carry most of the energy which leads to an invariant mass distribution that is
strongly peaked at m

bb̄
' mh. We add that changing the sign of cbH or cbG will also change

the sign of the relative corrections due to the considered SMEFT operators.
Notice that in the case of cbG 6= 0 the shape of the m

bb̄
distribution depends on the

jet radius R used to identify b-jets. To illustrate this feature we display in Figure 4 two
additional spectra assuming again cbG = 400, but taking R = 0.7 and R = 1.0 instead of
the standard choice R = 0.4. One observes that the corrections due to QbG are on average
pushed towards lower values of m

bb̄
when the jet radius R is increased. We further add in

this context that at O(↵
3
s) insertions of the operator QbG lead to a one-loop contribution

to the h ! bb̄g amplitude, tree-level contributions to the h ! bb̄qq̄ and h ! bb̄gg processes

– 15 –

[Haisch, Scott, MW, Zanderighi, Zanoli '22][Gauld, Haisch, Schnell ’23]

see for instance [Battaglia, Grazzini, Spira, MW,  ’21]

[Aoude, Maltoni, Mattelaer, Severi, Vryonidou ’23]



Summary

Outlook
★ feasible (all ingredients available):   at NNLO QCD;   at N3LO QCD

★ top-mass effects in massive diboson processes

★ Sophisticated inclusion of NLO EW corrections in NNLO+PS predictions

★ SMEFT effects at NNLO+PS

gg → γγ qq̄ → γγ

★ fixed order:  NNLO QCD, NLO EW and gg NLO QCD for all VV processes                              

(public in MATRIX,  NNLO QCD also in MCFM)

★ resummation (MATRIX & MCFM);  NNLO+PS QCD (MiNNLOPS & Geneva); NLO+PS EW

★ new developments:  Higgs interference at NLO QCD;  top-mass effects in diphoton;                            

diphoton+jet at NNLO QCD



Summary

Outlook
★ feasible (all ingredients available):   at NNLO QCD;   at N3LO QCD

★ top-mass effects in massive diboson processes

★ Sophisticated inclusion of NLO EW corrections in NNLO+PS predictions

★ SMEFT effects at NNLO+PS

gg → γγ qq̄ → γγ

★ fixed order:  NNLO QCD, NLO EW and gg NLO QCD for all VV processes                              

(public in MATRIX,  NNLO QCD also in MCFM)

★ resummation (MATRIX & MCFM);  NNLO+PS QCD (MiNNLOPS & Geneva); NLO+PS EW

★ new developments:  Higgs interference at NLO QCD;  top-mass effects in diphoton;                            

diphoton+jet at NNLO QCD

Stay tuned !
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Comparison to high-precision Drell-Yan data
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Figure 6: Comparison to Monte Carlo predictions based on a matrix element with parton
shower merging. The ratio of MG5 aMC (0, 1, and 2 jets at NLO) + PYTHIA 8 (left) and
MINNLOPS (right) predictions to the measured differential cross sections in pT(``) are pre-
sented for various m`` ranges. The error bars correspond to the statistical uncertainty of the
measurement and the shaded bands to the total experimental uncertainty. The light color band
corresponds to the statistical uncertainty of the simulation and the dark color band includes the
scale uncertainty. The largest bands include PDF and aS uncertainties, added in quadrature.
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Figure 8: Comparison to resummation based predictions. The ratio of GENEVA-t (left) and
GENEVA-qT (right) predictions to the measured differential cross sections in pT(``) are pre-
sented for various m`` ranges. The error bars correspond to the statistical uncertainty of the
measurement and the shaded bands to the total experimental uncertainty. The light color bands
around the predictions represents the statistical uncertainties and the middle color bands rep-
resents the scale uncertainties. The dark outer bands of GENEVA-qT prediction represent the
resummation uncertainties.

MG5_aMC MiNNLOPS Geneva-τ0 Geneva-pZ
T

[Alwall et al. '14] [Monni, Nason, Re, MW, Zanderighi '19], 
[Monni, Re, MW '20]

[Alioli et al. '13 '15] [Alioli, Bauer, Broggio, Gavardi, Kallweit,
        Lim, Nagar, Napoletano, Rotolli '21]

[CMS '22 - arXiv:2205.04897]
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[Lombardi, MW, Zanderighi '20]

dσ/dηℓℓγ [fb] pp→ℓ+ℓ-γ@LHC 13 TeV
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MiNNLOPS:  productionZγ (ℓℓγ)
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[Lombardi, MW, Zanderighi '20]

dσ/dmℓℓγ [fb/GeV] pp→ℓ+ℓ-γ@LHC 13 TeV
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[Lombardi, MW, Zanderighi '21]

aTGC

dσ/dpT, miss [fb/GeV] pp→ννγ@LHC 13 TeV
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Γαβμ
ZγV(q1, q2, p) =

i(p2 − m2
V)

Λ2 (hV
1 (qμ

2 gαβ − qα
2 gμβ)+

+
hV

2

Λ2
pα(p ⋅ q2 gμβ − qμ

2 pβ) − hV
3 εμαβνq2 ν −

hV
4

Λ2
εμβνσpα pνq2 σ)

presence of  isolated photon   theoretically challenging


highly relevant as a probe for BSM (especially )

→

Z → νν̄
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Good agreement with experimental data from ATLAS 36.1fb-1 analysis!

NNLO
NLO LO PS
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MiNNLOPS:  productionZγ (ννγ)
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Massive VV production at (n)NNLO+PS

SM 
coupling

[Lombardi, MW, Zanderighi '21]

gluon 
splitting

[Buonocore, Koole, Lombardi, Rottoli, MW, Zanderighi '21]

✦ smallest cross section of massive VV, but very clean
✦ relevant background for Higgs and BSM

Daniele Lombardi November 23rd, 2021NNLO matched to Parton Shower for diboson processes 50

ZZ Phenomenology at LHC
[Buonocore, Koole, Lombardi, Rottoli, Wiesemann, Zanderighi ’21]

q̄q

NNLO+PS using MiNNLOPS NLO+PS with POWHEG

pp → ℓ+ℓ−ℓ(′ )+ℓ(′ )−

nNNLO+PSIncoherent combination

gg

 

∼ α2
s ∼ α3

s

✦ largest cross section of massive VV processes
✦ no full event reconstruction due to neutrinos
✦ jet-veto requirement to                                             

suppress top backgrounds
• remove diagrams with external b's
• not finite for massless b's ➙ 4FS                                         

(top-free 5FS in good agreement)                                                     
[Grazzini, Kallweit, Pozzorini, Rathlev, MW '17]

✦ important Higgs background

✦ direct access at LO to anomalous                                 
triple gauge couplings

also in [Alioli, Ferrario Ravasio, Lindert, Röntsch ’21] also in [Alioli et al. ’21] 

Daniele Lombardi November 23rd, 2021NNLO matched to Parton Shower for diboson processes 50

ZZ Phenomenology at LHC
[Buonocore, Koole, Lombardi, Rottoli, Wiesemann, Zanderighi ’21]

q̄q

NNLO+PS using MiNNLOPS NLO+PS with POWHEG

pp → ℓ+ℓ−ℓ(′ )+ℓ(′ )−

nNNLO+PSIncoherent combination

gg

 

∼ α2
s ∼ α3

sNNLO NLO
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[Lombardi, MW, Zanderighi '21]
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Geneva: NNLO+PS MiNNLOPS: nNNLO+PS
Diboson: comparison with data

I After inclusion of gg-channel at LO we compared to ATLAS and CMS

Simone Alioli | GENEVA | MBI 24/9/2021 | page 14
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Figure 7: Comparison between the MiNNLOPS predictions and the CMS data of ref. [27]
based on a 137 fb�1 13 TeV analysis for various observables. The MiNNLOPS predictions
include hadronization and MPI effects, as well as QED effects as provided by the Pythia8
parton shower. See text for more details.

– 21 –

[Buonocore, Koole, Lombardi, Rottoli, MW, Zanderighi '21][Alioli et al. '21]

 productionZZ (ℓℓℓ′￼ℓ′￼)
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✓ nNNLO+PS predictions in good agreement with CMS results, based on the a137fb-1 13TeV analysis (                      )![arXiv:2009.01186] 

[Buonocore, Koole, Lombardi, Rottoli, MW, Zanderighi '21]

MiNNLOPS: nNNLO+PS (x EW) for ZZ (ℓℓℓ′￼ℓ′￼)
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[Buonocore, Koole, Lombardi, Rottoli, MW, Zanderighi '21]
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✓ nNNLO+PS predictions in good agreement with CMS results, based on the a137fb-1 13TeV analysis (                      )![arXiv:2009.01186] 

✓ inclusion of  EW corrections (through fixed order NLO K factor) to describe tails of  distributions

MiNNLOPS: nNNLO+PS (x EW) for ZZ (ℓℓℓ′￼ℓ′￼)
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[Lombardi, MW, Zanderighi '20]

dσ/dηℓℓγ [fb] pp→ℓ+ℓ-γ@LHC 13 TeV
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MiNNLOPS for 2→2 colour singlets
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[Lombardi, MW, Zanderighi '20]

dσ/dpT,ℓℓ [fb/GeV] pp→ℓ+ℓ-γ@LHC 13 TeV

MiNNLOPS (PY8)
MiNLOPS (PY8)
NNLO (MATRIX)

100

101

102

dσ/dσMiNNLOPS (PY8)

ATLAS-setup-1

pT,ℓℓ [GeV]
0

0.5

1

1.5

2

0 10 20 30 40 50

dσ/dmℓℓ [fb/GeV] pp→ℓ+ℓ-γ@LHC 13 TeV

MiNNLOPS (PY8)
MiNLOPS (PY8)
NNLO (MATRIX)

10-1

100

101

102

dσ/dσMiNNLOPS (PY8)

ATLAS-setup-1

mℓℓ [GeV]
0.7
0.8
0.9
1

1.1
1.2
1.3

40 60 80 100 120 140

49

MiNNLOPS for 2→2 colour singlets
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[Lombardi, MW, Zanderighi '20]
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[Lombardi, MW, Zanderighi '20]
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[Lombardi, MW, Zanderighi '20]
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[Lombardi, MW, Zanderighi '20]
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[arXiv:1702.04519] 

[arXiv:1905.04242]

[CMS-PAS-SMP-16-006]

[arXiv:2009.00119]

[arXiv:1805.09857] 

[Lombardi, MW, Zanderighi '21]
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[arXiv:1702.04519] 

[arXiv:1905.04242]

[CMS-PAS-SMP-16-006]

[arXiv:2009.00119]

[arXiv:1805.09857] 

10 % 10 % 10 %

• sizeable NNLO corrections + improved accuracy 

[Lombardi, MW, Zanderighi '21]
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[arXiv:1805.09857] 

[arXiv:1702.04519] 

[arXiv:1905.04242]

[CMS-PAS-SMP-16-006]

[arXiv:2009.00119]

• sizeable NNLO corrections + improved accuracy 
• good agreement among NNLO predictions (differences induced by scale settings)

1.3 %

1.7 %

0.1 %

1.2 %

[Lombardi, MW, Zanderighi '21]
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[Lombardi, MW, Zanderighi '21]

[arXiv:1805.09857] 

[arXiv:1702.04519] 

[arXiv:1905.04242]

[CMS-PAS-SMP-16-006]

[arXiv:2009.00119]

• sizeable NNLO corrections + improved accuracy 

•  agreement with data in all setups1-2 σ

• good agreement among NNLO predictions (differences induced by scale settings)
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[Lombardi, MW, Zanderighi '21]
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corrections

✓ Parton shower cures perturbative 
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MiNNLOPS:  productionWW (ℓνℓ′￼ν′￼)
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