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Perturbative expansion: VV, VVV
(single perturbative order at LO) 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Figure 1. Sample LO diagrams for 2l-SF-ZZ (a-b), 2l-DF-WW (c-e), and 3l-DF-WZ (f-h).
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Figure 2. Sample photon-induced LO diagrams for 2l-SF-ZZ (a) and 2l-DF-WW (b-d). There is no
photon-induced LO contribution to 3l-DF-WZ.

production at LO [77], 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 pro-
cesses [19–21, 23–26, 78, 79].

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 W+

Z production. Similar
diagrams contribute also to the other diboson processes. Only for ZZ production 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. it is part of the NNLO QCD corrections. The 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, 80–84], 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 are included at 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-
rections can be more sizeable. In particular, in the tails of distributions that probe high-energy
scales Q � MW , the EW corrections are enhanced by Sudakov logarithms [33, 34] of the form
↵w log

2
�
Q

2
/M

2

W

�
, where ↵w = g

2
w
/(4⇡) denotes the SU(2) coupling strength. The size of EW

Sudakov effects depends on Q as well as on the SU(2)⇥U(1) quantum numbers of the scattering
particles. Such logarithmic effects are most pronounced in processes with (multiple) transversely
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Figure 3. Sample higher-order QCD diagrams for `+`�`0⌫`0(WZ) production: NLO QCD diagrams of
virtual (a–b) and real (c–d) type, and NNLO QCD diagrams of double-virtual (e–f), real–virtual (g–h) and
double-real (i–l) type.

polarised W and Z bosons, and in the case of ZZ, WZ and WW production they can lead to
NLO EW corrections of several tens of percent at the TeV scale.

EW corrections have been studied for various vector-boson pair production modes, treating the
vector bosons on-shell [35, 37, 38], and more recently also fully off-shell [39–43]. Including off-shell
and non-resonant effects is preferable, and they can play an especially important role in the tails of
kinematic distributions [42].

The structure of NLO EW corrections to vector-boson pair production is illustrated in figure 4,
where we show representative Feynman diagrams for the virtual and real corrections to WZ produc-
tion.4 The virtual corrections enter only through the qq̄ channel and involve one-loop diagrams with
various combinations of photons, Z/W±-bosons, Higgs bosons, light fermions and heavy quarks in
the loop. Real-emission contributions consist of a qq̄ channel with an additional final-state photon,
a q� channel with an additional final-state quark and a corresponding q̄� channel. The extra photon
couples to any external or internal charged fermion or W boson.

In the case of ZZ and WW production, the presence of additional �� ! V V channels at LO
gives rise to corresponding virtual and real contributions at NLO EW (not shown in figure 4). The
real EW corrections to �� ! V V processes with V V = ZZ,WW involve �� ! V V � channels as
well as q� ! V V q and q̄� ! V V q̄ channels. As discussed in ref. [43], the q� and q̄� channels play

4For a more detailed discussion of the NLO EW ingredients to off-shell ZZ and WW production, see ref. [43].
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Figure 3. Sample higher-order QCD diagrams for `+`�`0⌫`0(WZ) production: NLO QCD diagrams of
virtual (a–b) and real (c–d) type, and NNLO QCD diagrams of double-virtual (e–f), real–virtual (g–h) and
double-real (i–l) type.

polarised W and Z bosons, and in the case of ZZ, WZ and WW production they can lead to
NLO EW corrections of several tens of percent at the TeV scale.

EW corrections have been studied for various vector-boson pair production modes, treating the
vector bosons on-shell [35, 37, 38], and more recently also fully off-shell [39–43]. Including off-shell
and non-resonant effects is preferable, and they can play an especially important role in the tails of
kinematic distributions [42].

The structure of NLO EW corrections to vector-boson pair production is illustrated in figure 4,
where we show representative Feynman diagrams for the virtual and real corrections to WZ produc-
tion.4 The virtual corrections enter only through the qq̄ channel and involve one-loop diagrams with
various combinations of photons, Z/W±-bosons, Higgs bosons, light fermions and heavy quarks in
the loop. Real-emission contributions consist of a qq̄ channel with an additional final-state photon,
a q� channel with an additional final-state quark and a corresponding q̄� channel. The extra photon
couples to any external or internal charged fermion or W boson.

In the case of ZZ and WW production, the presence of additional �� ! V V channels at LO
gives rise to corresponding virtual and real contributions at NLO EW (not shown in figure 4). The
real EW corrections to �� ! V V processes with V V = ZZ,WW involve �� ! V V � channels as
well as q� ! V V q and q̄� ! V V q̄ channels. As discussed in ref. [43], the q� and q̄� channels play

4For a more detailed discussion of the NLO EW ingredients to off-shell ZZ and WW production, see ref. [43].
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Figure 3. Sample higher-order QCD diagrams for `+`�`0⌫`0(WZ) production: NLO QCD diagrams of
virtual (a–b) and real (c–d) type, and NNLO QCD diagrams of double-virtual (e–f), real–virtual (g–h) and
double-real (i–l) type.

polarised W and Z bosons, and in the case of ZZ, WZ and WW production they can lead to
NLO EW corrections of several tens of percent at the TeV scale.

EW corrections have been studied for various vector-boson pair production modes, treating the
vector bosons on-shell [35, 37, 38], and more recently also fully off-shell [39–43]. Including off-shell
and non-resonant effects is preferable, and they can play an especially important role in the tails of
kinematic distributions [42].

The structure of NLO EW corrections to vector-boson pair production is illustrated in figure 4,
where we show representative Feynman diagrams for the virtual and real corrections to WZ produc-
tion.4 The virtual corrections enter only through the qq̄ channel and involve one-loop diagrams with
various combinations of photons, Z/W±-bosons, Higgs bosons, light fermions and heavy quarks in
the loop. Real-emission contributions consist of a qq̄ channel with an additional final-state photon,
a q� channel with an additional final-state quark and a corresponding q̄� channel. The extra photon
couples to any external or internal charged fermion or W boson.

In the case of ZZ and WW production, the presence of additional �� ! V V channels at LO
gives rise to corresponding virtual and real contributions at NLO EW (not shown in figure 4). The
real EW corrections to �� ! V V processes with V V = ZZ,WW involve �� ! V V � channels as
well as q� ! V V q and q̄� ! V V q̄ channels. As discussed in ref. [43], the q� and q̄� channels play

4For a more detailed discussion of the NLO EW ingredients to off-shell ZZ and WW production, see ref. [43].
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Figure 3. Sample higher-order QCD diagrams for `+`�`0⌫`0(WZ) production: NLO QCD diagrams of
virtual (a–b) and real (c–d) type, and NNLO QCD diagrams of double-virtual (e–f), real–virtual (g–h) and
double-real (i–l) type.

polarised W and Z bosons, and in the case of ZZ, WZ and WW production they can lead to
NLO EW corrections of several tens of percent at the TeV scale.

EW corrections have been studied for various vector-boson pair production modes, treating the
vector bosons on-shell [35, 37, 38], and more recently also fully off-shell [39–43]. Including off-shell
and non-resonant effects is preferable, and they can play an especially important role in the tails of
kinematic distributions [42].

The structure of NLO EW corrections to vector-boson pair production is illustrated in figure 4,
where we show representative Feynman diagrams for the virtual and real corrections to WZ produc-
tion.4 The virtual corrections enter only through the qq̄ channel and involve one-loop diagrams with
various combinations of photons, Z/W±-bosons, Higgs bosons, light fermions and heavy quarks in
the loop. Real-emission contributions consist of a qq̄ channel with an additional final-state photon,
a q� channel with an additional final-state quark and a corresponding q̄� channel. The extra photon
couples to any external or internal charged fermion or W boson.

In the case of ZZ and WW production, the presence of additional �� ! V V channels at LO
gives rise to corresponding virtual and real contributions at NLO EW (not shown in figure 4). The
real EW corrections to �� ! V V processes with V V = ZZ,WW involve �� ! V V � channels as
well as q� ! V V q and q̄� ! V V q̄ channels. As discussed in ref. [43], the q� and q̄� channels play

4For a more detailed discussion of the NLO EW ingredients to off-shell ZZ and WW production, see ref. [43].
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polarised W and Z bosons, and in the case of ZZ, WZ and WW production they can lead to
NLO EW corrections of several tens of percent at the TeV scale.

EW corrections have been studied for various vector-boson pair production modes, treating the
vector bosons on-shell [35, 37, 38], and more recently also fully off-shell [39–43]. Including off-shell
and non-resonant effects is preferable, and they can play an especially important role in the tails of
kinematic distributions [42].

The structure of NLO EW corrections to vector-boson pair production is illustrated in figure 4,
where we show representative Feynman diagrams for the virtual and real corrections to WZ produc-
tion.4 The virtual corrections enter only through the qq̄ channel and involve one-loop diagrams with
various combinations of photons, Z/W±-bosons, Higgs bosons, light fermions and heavy quarks in
the loop. Real-emission contributions consist of a qq̄ channel with an additional final-state photon,
a q� channel with an additional final-state quark and a corresponding q̄� channel. The extra photon
couples to any external or internal charged fermion or W boson.

In the case of ZZ and WW production, the presence of additional �� ! V V channels at LO
gives rise to corresponding virtual and real contributions at NLO EW (not shown in figure 4). The
real EW corrections to �� ! V V processes with V V = ZZ,WW involve �� ! V V � channels as
well as q� ! V V q and q̄� ! V V q̄ channels. As discussed in ref. [43], the q� and q̄� channels play

4For a more detailed discussion of the NLO EW ingredients to off-shell ZZ and WW production, see ref. [43].
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NNLO QCD + NLO EW
In Matrix+OpenLoops all (massive) diboson processes 
are now available at NNLO QCD + NLO EW

contributing shorthand
acronym process resonances in this paper

4l-SF-ZZ pp ! `
+
`
�
`
+
`
� ZZ

4l-DF-ZZ pp ! `
+
`
�
`
0+
`
0� ZZ

3l-SF-WZ pp ! `
+
`
�
`⌫` WZ

3l-DF-WZ pp ! `
+
`
�
`
0
⌫`0 WZ WZ

2l-SF-ZZ pp ! `
+
`
�
⌫`0 ⌫̄`0 ZZ ZZ

2l-SF-ZZWW pp ! `
+
`
�
⌫`⌫̄` ZZ,WW

2l-DF-WW pp ! `
+
`
0�
⌫`⌫̄`0 WW WW

Table 1. Complete list of diboson processes that are implemented in Matrix and will be upgraded to
NNLO QCD+NLO EW accuracy in the forthcoming code release. The last column indicates the shorthands
used for the three representative processes presented in this paper. In this table it is implicitly understood
that `

0
6= `.

NLO EW corrections on the representative channels 2l-SF-ZZ, 2l-DF-WW and 3l-DF-WZ. For
brevity, we will refer to these three channels as ZZ, WW and WZ production, respectively. As
pointed out in the introduction, all relevant pp ! 4 lepton matrix elements are computed exactly,
i.e. without applying any resonance approximation. All Feynman diagrams with double-, single-
and non-resonant topologies are consistently included at each perturbative order using the complex-
mass scheme [61]. Therefore off-shell effects, interferences and spin correlations are fully taken into
account throughout.

In figure 1 we show representative LO Feynman diagrams for the selected ZZ, WW and
WZ production processes. As illustrated in figure 2, diboson processes with charge-neutral fi-
nal states, i.e. ZZ and WW production, involve additional photon-induced channels. In Ma-

trix+OpenLoops the photon distribution function is treated on the same footing as the QCD
parton densities. Thus, photon-induced channels enter at the same perturbative order as the usual
qq̄ channels, and both channels are supplemented by NLO EW corrections. This is important for a
reliable description of certain phase space regions where photon-induced effects can be significantly
enhanced by the opening of quark–photon channels at NLO EW.

2.3 Higher-order QCD corrections

For vector-boson pair production processes, higher-order QCD corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40–50% for ZZ and WW produc-
tion and around 70–80% for WZ production [37, 62–69]. The large NLO effect for WZ production
originates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [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 pro-
cesses [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 W+

Z production. Similar
diagrams contribute also to the other diboson processes. Only for ZZ production diagrams with
triple vector-boson couplings are absent. In addition to the contributions illustrated in figure 3,
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NNLO QCD + NLO EW for dibosons: pTV2
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•moderate QCD corrections

‣NNLO/NLO QCD very small at large pTV2

•NLO EW/LO=-(50-60)% @ 1 TeV

‣NNLO QCD uncertainty: few percent

NNLO QCD⇥EW As a possible approximation of the mixed QCD–EW higher-order corrections
we consider the factorised combination

d�
NNLO QCD⇥EW

= d�
LO

�
1 + �

QCD

�
(1 + �

EW
) + d�

gg

LO
, (2.7)

where the EW correction factor is applied to the entire NNLO QCD cross section except for the
loop-induced gg channel, for which the EW corrections �

EW
of the qq̄ and �� channels are not

applicable. The prescription (2.7) can also be written in the form

d�
NNLO QCD⇥EW

= d�
NNLO QCD+EW

+ d�
LO

�
QCD

�
EW

. (2.8)

Thus, the factorised combination (2.8) generates extra O(↵S↵) and O(↵
2

S
↵) mixed QCD–EW cor-

rections. Provided that the dominant sources of QCD and EW corrections factorise, such terms
can be regarded as a reasonable approximation of mixed QCD–EW effects. For instance, at scat-
tering energies Q � MW this assumption is justified when EW effects are dominated by Sudakov
logarithms, and the dominant QCD effects arise at scales well below Q, factorising with respect to
the underlying hard-V V process. In such cases, the factorised prescription (2.7) should be regarded
as a superior prediction as compared to the additive combination (2.6).

NNLO QCD⇥EWqq As a motivation for an alternative combination, let us highlight the role
of individual partonic channels in the factorised formula (2.7). To this end we rewrite the QCD
corrections as

d�
NNLO QCD

= d�
qq̄

LO

⇣
1 + �

qq̄

QCD

⌘
+ d�

��

LO
+ d�

gg

LO
, (2.9)

where �qq̄
QCD

includes the same QCD corrections as �
QCD

, but is normalised to the LO cross section in
the qq̄ channel. Moreover we split the EW corrections into contributions from the qq̄ and �-induced
channels,

d�
NLO EW

= d�
qq̄

LO

�
1 + �

qq̄

EW

�
+ d�

��

LO

⇣
1 + �

��/q�

EW

⌘
. (2.10)

Here in the factor �
qq̄

EW
we include only O(↵) corrections from the qq̄ channel, whereas all other

O(↵) effects stemming from the �� and q� channels8 are included in the factor �
��/q�

EW
. Using the

notation of eqs. (2.9)–(2.10) we can rewrite the factorised formula (2.7) as

d�
NNLO QCD⇥EW

=

h
d�

qq̄

LO

⇣
1 + �

qq̄

QCD

⌘
+ d�

��

LO

i
(1 + �

EW
) + d�

gg

LO
, (2.11)

where the EW K-factor corresponds to

�
EW

=
�
qq̄

EW
d�

qq̄

LO
+ �

��/�q

EW
d�

��

LO

d�
qq̄

LO
+ d�

��

LO

, (2.12)

and can be regarded as the weighted average of the corrections in the qq̄ and �� channels. The
representation (2.11) demonstrates that the factorised combination does not induce any O(↵S) effect
in the �� and gg channels. The only nontrivial factorised correction arises from the term �

qq̄

QCD
�
EW

,

8This ad-hoc splitting of EW corrections deserves some comments. As pointed out in ref. [43], (anti)quark-photon
channels have the twofold role of EW corrections to the qq̄ and �� channels and are connected to both channels
via collinear singularities. Thus, they cannot be entirely associated with one or the other channel. For this reason,
eq. (2.10) should be understood as a purely technical separation of qq̄ and �-induced corrections, which can be adopted
upon subtraction of collinear singularities (based on dipole subtraction in our implementation). As discussed below,
the choice of handling the q� channels as corrections to the �� channel (rather than to the dominant qq̄ channel) is
motivated by the fact that the q� channels can lead to giant EW K-factors that cannot be combined with the QCD
corrections with a factorised prescription.
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are dominated by soft EW boson radiation on top of hard V j production. Actually, the leading
source of O(↵S↵) corrections is given by the NLO EW corrections to the enhanced pp ! V V j

channel, which cannot be captured through a naive factorised combination of the NLO QCD and
NLO EW corrections to pp ! V V .

When presenting our results in section 3, the problem of giant K-factors in the inclusive phase
space will be illustrated. We will show that giant K-factors can be avoided by means of selection cuts
that require a similar hardness of the two vector bosons, e.g. by direct requirements on the hardness
of the softer vector boson or by imposing a veto against hard QCD radiation. This will restrict
the phase space to hard-V V topologies and suppress hard-V j production. Besides reducing the
size of mixed QCD–EW higher-order effects and their respective theoretical uncertainties, selecting
hard-V V topologies enhances the sensitivity of experimental measurements that aim at extracting
new-physics effects in vector-boson pair processes, such as anomalous triple gauge couplings, from
the tails of kinematic distributions. On the other hand, a reliable inclusive description of diboson
production is indispensable for background simulations in direct searches at the TeV scale. This can
be achieved by merging pp ! V V and pp ! V V j production including NLO QCD and NLO EW
corrections as demonstrated in ref. [77]. The extension of this approach to NNLO QCD+EW is
beyond the scope of the present paper.

2.6 Combination of QCD and EW corrections

When QCD and EW corrections are both large, also NNLO mixed QCD–EW effects of relative
O(↵S↵) and beyond can become important. In order to gain insights into such higher-order effects,
we consider a standard additive combination of NNLO QCD and NLO EW corrections and compare
it against factorised combination prescriptions. To this end, we express higher-order effects in terms
of relative correction factors with respect to the LO differential cross section,

d�
LO

= d�
qq̄

LO
+ d�

��

LO
, (2.3)

which involves O(↵
4
) contributions from the qq̄ and �� channels.6 Higher-order QCD contributions

can be cast into the form

d�
NNLO QCD

= d�
LO

�
1 + �

QCD

�
+ d�

gg

LO
, (2.4)

where d�
gg

LO
is the O(↵

2

S
↵
4
) contribution of the loop-induced gg channel, and all other QCD correc-

tions are embodied in the correction factor �
QCD

, which includes the O(↵S) and O(↵
2

S
) corrections

of the qq̄, qg/q̄g, gg and qq/q̄q̄ channels.7 Similarly, the NLO EW cross section can be written as

d�
NLO EW

= d�
LO

(1 + �
EW

) , (2.5)

where all O(↵) corrections in the qq̄, �� and q� (including q̄� is implicitly understood) channels are
incorporated into the factor �

EW
. For the combination of QCD and EW corrections we consider

three different prescriptions.

NNLO QCD+EW The first prescription amounts to a purely additive combination,

d�
NNLO QCD+EW

= d�
LO

�
1 + �

QCD
+ �

EW

�
+ d�

gg

LO
, (2.6)

where all terms of O(↵
4
), O(↵S↵

4
), O(↵

5
) and O(↵

2

S
↵
4
) are simply summed.

6Note that the �� channel contributes only to ZZ and WW production. The same holds for the gg channel
contributing at NNLO QCD.

7Here and in the following, higher-order contributions (or terms) of O(↵n
S↵

4+m) are also referred to as corrections
(or effects) of O(↵n

S↵
m).
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NNLO QCD⇥EW As a possible approximation of the mixed QCD–EW higher-order corrections
we consider the factorised combination

d�
NNLO QCD⇥EW

= d�
LO

�
1 + �

QCD

�
(1 + �

EW
) + d�

gg

LO
, (2.7)

where the EW correction factor is applied to the entire NNLO QCD cross section except for the
loop-induced gg channel, for which the EW corrections �

EW
of the qq̄ and �� channels are not

applicable. The prescription (2.7) can also be written in the form

d�
NNLO QCD⇥EW

= d�
NNLO QCD+EW

+ d�
LO

�
QCD

�
EW

. (2.8)

Thus, the factorised combination (2.8) generates extra O(↵S↵) and O(↵
2

S
↵) mixed QCD–EW cor-

rections. Provided that the dominant sources of QCD and EW corrections factorise, such terms
can be regarded as a reasonable approximation of mixed QCD–EW effects. For instance, at scat-
tering energies Q � MW this assumption is justified when EW effects are dominated by Sudakov
logarithms, and the dominant QCD effects arise at scales well below Q, factorising with respect to
the underlying hard-V V process. In such cases, the factorised prescription (2.7) should be regarded
as a superior prediction as compared to the additive combination (2.6).

NNLO QCD⇥EWqq As a motivation for an alternative combination, let us highlight the role
of individual partonic channels in the factorised formula (2.7). To this end we rewrite the QCD
corrections as

d�
NNLO QCD

= d�
qq̄

LO

⇣
1 + �

qq̄

QCD

⌘
+ d�

��

LO
+ d�

gg

LO
, (2.9)

where �qq̄
QCD

includes the same QCD corrections as �
QCD

, but is normalised to the LO cross section in
the qq̄ channel. Moreover we split the EW corrections into contributions from the qq̄ and �-induced
channels,

d�
NLO EW

= d�
qq̄

LO

�
1 + �

qq̄

EW

�
+ d�

��

LO

⇣
1 + �

��/q�

EW

⌘
. (2.10)

Here in the factor �
qq̄

EW
we include only O(↵) corrections from the qq̄ channel, whereas all other

O(↵) effects stemming from the �� and q� channels8 are included in the factor �
��/q�

EW
. Using the

notation of eqs. (2.9)–(2.10) we can rewrite the factorised formula (2.7) as

d�
NNLO QCD⇥EW

=

h
d�

qq̄

LO

⇣
1 + �

qq̄

QCD

⌘
+ d�

��

LO

i
(1 + �

EW
) + d�

gg

LO
, (2.11)

where the EW K-factor corresponds to

�
EW

=
�
qq̄

EW
d�

qq̄

LO
+ �

��/�q

EW
d�

��

LO

d�
qq̄

LO
+ d�

��

LO

, (2.12)

and can be regarded as the weighted average of the corrections in the qq̄ and �� channels. The
representation (2.11) demonstrates that the factorised combination does not induce any O(↵S) effect
in the �� and gg channels. The only nontrivial factorised correction arises from the term �

qq̄

QCD
�
EW

,

8This ad-hoc splitting of EW corrections deserves some comments. As pointed out in ref. [43], (anti)quark-photon
channels have the twofold role of EW corrections to the qq̄ and �� channels and are connected to both channels
via collinear singularities. Thus, they cannot be entirely associated with one or the other channel. For this reason,
eq. (2.10) should be understood as a purely technical separation of qq̄ and �-induced corrections, which can be adopted
upon subtraction of collinear singularities (based on dipole subtraction in our implementation). As discussed below,
the choice of handling the q� channels as corrections to the �� channel (rather than to the dominant qq̄ channel) is
motivated by the fact that the q� channels can lead to giant EW K-factors that cannot be combined with the QCD
corrections with a factorised prescription.
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•difference very conservative upper bound on  O(↵S↵)

•multiplicative/factorised combination clearly superior (EW Sudakov logs x soft QCD) 

•dominant uncertainty at large pTV2:            ~   O(↵2)

where QCD corrections to the qq̄ channel are combined with the average EW corrections in the qq̄

and �� channels. The latter includes contributions from q� channels that can give rise to giant
EW K-factors, in which case a factorised treatment is not justified (see section 3.3 for a detailed
discussion). For this reason we consider the alternative combination formula

d�
NNLO QCD⇥EWqq

= d�
qq̄

LO

⇣
1 + �

qq̄

QCD

⌘ �
1 + �

qq̄

EW

�
+ d�

��

LO

⇣
1 + �

��/q�

EW

⌘
+ d�

gg

LO
, (2.13)

where the factorisation of EW corrections is restricted to the qq̄ channel, while photon-induced
channels and the loop-induced gg contribution are treated in an additive way. In analogy with
eq. (2.8), the prescription (2.13) can be rewritten as

d�
NNLO QCD⇥EWqq

= d�
NNLO QCD+EW

+ d�
LO

�
QCD

�
qq̄

EW
. (2.14)

Both multiplicative combinations (2.8) and (2.14) are implemented at the level of individual
distributions by computing the relevant differential EW K-factors �

EW
and �

qq̄

EW
on a bin-by-bin

basis.
When QCD corrections are dominated by hard effects that do not factorise with respect to the

hard-V V subprocess, like in the case of giant K-factors, the difference between the additive and
the modified multiplicative combination can be regarded as a rough indication of the magnitude of
potential effects of O(↵S↵) and beyond. More details on uncertainty estimates of missing mixed
QCD–EW corrections will be discussed in section 3. As far as pure QCD uncertainties are con-
cerned, they are estimated through customary variations of the renormalisation and factorisation
scales. Uncertainties from missing EW corrections beyond O(↵) are not addressed in this paper:
the dominant source of O(↵

2
) effects at high energy are two-loop Sudakov logarithms of the form

↵
2
w
log

4
(Q

2
/M

2

W
), which should be included in order to achieve few-percent accuracy at high pT.

The expected size of these two-loop EW effects, assuming naive Sudakov exponentiation, is around
1

2
�
2

EW
.

3 Phenomenological results

In this section we present numerical results for the selected diboson processes

pp ! `
�
`
+
⌫`0 ⌫̄`0 (ZZ) , (3.1)

pp ! `
�
`
0+
⌫`0 ⌫̄` (WW ) , (3.2)

pp ! `
�
`
+
`
0±
⌫`0 (WZ) . (3.3)

All cross sections correspond to the contribution from one lepton family `, `
0
= e or µ, and `

0
6= `.

In the case of WZ production, the QCD and EW corrections are combined at the level of the
individual W+

Z and W
�
Z subprocesses, and their cross sections are summed up afterwards.

3.1 Setup

In the following we specify the employed input parameters, scale choices, PDFs, and selection cuts.

Input parameters and schemes The values of the employed coupling constants, masses and
widths are listed in table 2. The value of mb depends on the employed flavour-number scheme.
For ZZ and WZ production we use the five-flavour scheme with mb = 0, while in the case of WW

production we adopt the four-flavour scheme with mb = 4.75GeV. This renders real-emission chan-
nels with bottom quarks in the final state separately finite, allowing us to remove such channels
from our predictions. In this way, the WW cross section can be defined without any contamination
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Estimate:
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widths are listed in table 2. The value of mb depends on the employed flavour-number scheme.
For ZZ and WZ production we use the five-flavour scheme with mb = 0, while in the case of WW

production we adopt the four-flavour scheme with mb = 4.75GeV. This renders real-emission chan-
nels with bottom quarks in the final state separately finite, allowing us to remove such channels
from our predictions. In this way, the WW cross section can be defined without any contamination
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NNLO QCD + NLO EW for dibosons: pTV2
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•consistent picture amongst all 
processes 

•Largest QCD corrections in WZ 
(radiation zero at LO)

•Largest EW corrections in ZZ
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•NLO QCD/LO=2-5! (“giant K-factor”)

•at large pTV1: VV phase-space is dominated by V+jet (w/ soft V radiation)

•Very large difference vs.

•NNLO / NLO QCD moderate and NNLO uncert. 5-10%

•NLO EW/LO=-(40-50)%

Figure 5. Generic pp ! V V j topologies and kinematic regions that give rise to giant K-factors in the
quark–gluon channel at NLO QCD. The blob denotes the hard scattering subprocess gq ! V q at the scale
Q � MW , while the subleading vector boson (red) is radiated by one of the SU(2)⇥U(1) charged external
states giving rise to EW logarithms of soft and collinear kind.

proportional to

d�
V (V )j

d�
LO

V V

/ ↵S log
2

✓
Q
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M
2

W

◆
' 3 at Q = 1TeV . (2.2)

General real-emission topologies that lead to giant K-factors are depicted in figure 5. They cor-
respond to a hard pp ! V j subprocess at the scale Q � MW supplemented by soft vector-boson
radiation. The corresponding kinematic regions will be referred to as hard-V j regions, and they are
characterised by a hard jet with pT,j ⇠ Q and a large gap between the leading and subleading vector
boson, pT,V2

⌧ pT,V1
. Conversely, standard QCD radiation effects correspond to a hard subprocess

pp ! V V at the scale Q and QCD radiation at scales well below Q. In this case the two vector
bosons are comparably hard, and such phase space regions will be classified as hard-V V regions.

Noteworthy, giant K-factors can also arise at NLO EW, where they appear in �q ! V V q real-
emission processes with a hard �q ! V q subprocess and soft vector-boson radiation, as well as in
crossing-related qq̄ ! V V � processes with a hard qq̄ ! V � subprocess. At NLO EW, in addition
to the topologies of figure 5 with gluons replaced by photons, also extra topologies where the soft
vector boson is radiated off external photons arise. Here, the giant K-factor mechanism leads to
NLO EW effects of order ↵w log

2
(Q

2
/M

2

W
), and these are dominated by the �q ! V V q channel.

The appearance of giant K-factors at NLO raises important questions concerning the conver-
gence of the perturbative expansion and the combination of QCD and EW corrections. In this
respect, it is important to note that, contrary to QCD logarithmic effects of soft and collinear ori-
gin, the large logarithms in eq. (2.1) do not contribute to all orders in ↵S. In fact, such logarithms
do not arise from soft QCD radiation, but from soft vector-boson radiation in combination with
the opening of the hard pp ! V (V )j channel at NLO QCD. Since this happens only when moving
from LO to NLO QCD, higher-order QCD corrections beyond NLO are free from further giant
K-factors.5 Note also that the availability of NNLO QCD corrections makes it possible to verify
the stability of the perturbative expansion beyond NLO and to arrive at reliable QCD predictions
for observables that feature giant K-factors.

For what concerns the combination of QCD and EW corrections, the presence of giant K-factors
raises more serious issues. In particular, the fact that in the relevant high-pT regions the NLO QCD
and NLO EW corrections are both strongly enhanced implies sizeable theoretical uncertainties from
large unknown mixed QCD–EW NNLO effects. In principle, depending on the observable and the
kinematic region, mixed QCD–EW effects can be approximated through a factorised description of
QCD and EW corrections (see section 2.6). However, such a factorisation can be justified only in
cases where QCD and EW corrections are both dominated by soft corrections with respect to the
same hard subprocess. In the case at hand, this condition is not fulfilled since NLO EW effects are
driven by logarithmic Sudakov corrections to hard V V production, whereas giant QCD K-factors

5Here, we assume that in diboson production at the scale Q � MW at least one vector boson with pT,V1
= O(Q)

is required. Otherwise, allowing both vector bosons to become soft would result into giant NNLO QCD K-factors of
the form ↵2

S log4(Q2/M2
W ) stemming from hard dijet topologies.
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Figure 5. Generic pp ! V V j topologies and kinematic regions that give rise to giant K-factors in the
quark–gluon channel at NLO QCD. The blob denotes the hard scattering subprocess gq ! V q at the scale
Q � MW , while the subleading vector boson (red) is radiated by one of the SU(2)⇥U(1) charged external
states giving rise to EW logarithms of soft and collinear kind.
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radiation. The corresponding kinematic regions will be referred to as hard-V j regions, and they are
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boson, pT,V2

⌧ pT,V1
. Conversely, standard QCD radiation effects correspond to a hard subprocess

pp ! V V at the scale Q and QCD radiation at scales well below Q. In this case the two vector
bosons are comparably hard, and such phase space regions will be classified as hard-V V regions.
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emission processes with a hard �q ! V q subprocess and soft vector-boson radiation, as well as in
crossing-related qq̄ ! V V � processes with a hard qq̄ ! V � subprocess. At NLO EW, in addition
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vector boson is radiated off external photons arise. Here, the giant K-factor mechanism leads to
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), and these are dominated by the �q ! V V q channel.

The appearance of giant K-factors at NLO raises important questions concerning the conver-
gence of the perturbative expansion and the combination of QCD and EW corrections. In this
respect, it is important to note that, contrary to QCD logarithmic effects of soft and collinear ori-
gin, the large logarithms in eq. (2.1) do not contribute to all orders in ↵S. In fact, such logarithms
do not arise from soft QCD radiation, but from soft vector-boson radiation in combination with
the opening of the hard pp ! V (V )j channel at NLO QCD. Since this happens only when moving
from LO to NLO QCD, higher-order QCD corrections beyond NLO are free from further giant
K-factors.5 Note also that the availability of NNLO QCD corrections makes it possible to verify
the stability of the perturbative expansion beyond NLO and to arrive at reliable QCD predictions
for observables that feature giant K-factors.

For what concerns the combination of QCD and EW corrections, the presence of giant K-factors
raises more serious issues. In particular, the fact that in the relevant high-pT regions the NLO QCD
and NLO EW corrections are both strongly enhanced implies sizeable theoretical uncertainties from
large unknown mixed QCD–EW NNLO effects. In principle, depending on the observable and the
kinematic region, mixed QCD–EW effects can be approximated through a factorised description of
QCD and EW corrections (see section 2.6). However, such a factorisation can be justified only in
cases where QCD and EW corrections are both dominated by soft corrections with respect to the
same hard subprocess. In the case at hand, this condition is not fulfilled since NLO EW effects are
driven by logarithmic Sudakov corrections to hard V V production, whereas giant QCD K-factors

5Here, we assume that in diboson production at the scale Q � MW at least one vector boson with pT,V1
= O(Q)

is required. Otherwise, allowing both vector bosons to become soft would result into giant NNLO QCD K-factors of
the form ↵2

S log4(Q2/M2
W ) stemming from hard dijet topologies.
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are dominated by soft EW boson radiation on top of hard V j production. Actually, the leading
source of O(↵S↵) corrections is given by the NLO EW corrections to the enhanced pp ! V V j

channel, which cannot be captured through a naive factorised combination of the NLO QCD and
NLO EW corrections to pp ! V V .

When presenting our results in section 3, the problem of giant K-factors in the inclusive phase
space will be illustrated. We will show that giant K-factors can be avoided by means of selection cuts
that require a similar hardness of the two vector bosons, e.g. by direct requirements on the hardness
of the softer vector boson or by imposing a veto against hard QCD radiation. This will restrict
the phase space to hard-V V topologies and suppress hard-V j production. Besides reducing the
size of mixed QCD–EW higher-order effects and their respective theoretical uncertainties, selecting
hard-V V topologies enhances the sensitivity of experimental measurements that aim at extracting
new-physics effects in vector-boson pair processes, such as anomalous triple gauge couplings, from
the tails of kinematic distributions. On the other hand, a reliable inclusive description of diboson
production is indispensable for background simulations in direct searches at the TeV scale. This can
be achieved by merging pp ! V V and pp ! V V j production including NLO QCD and NLO EW
corrections as demonstrated in ref. [77]. The extension of this approach to NNLO QCD+EW is
beyond the scope of the present paper.

2.6 Combination of QCD and EW corrections

When QCD and EW corrections are both large, also NNLO mixed QCD–EW effects of relative
O(↵S↵) and beyond can become important. In order to gain insights into such higher-order effects,
we consider a standard additive combination of NNLO QCD and NLO EW corrections and compare
it against factorised combination prescriptions. To this end, we express higher-order effects in terms
of relative correction factors with respect to the LO differential cross section,

d�
LO

= d�
qq̄

LO
+ d�

��

LO
, (2.3)

which involves O(↵
4
) contributions from the qq̄ and �� channels.6 Higher-order QCD contributions

can be cast into the form

d�
NNLO QCD

= d�
LO

�
1 + �

QCD

�
+ d�

gg

LO
, (2.4)

where d�
gg

LO
is the O(↵

2

S
↵
4
) contribution of the loop-induced gg channel, and all other QCD correc-

tions are embodied in the correction factor �
QCD

, which includes the O(↵S) and O(↵
2

S
) corrections

of the qq̄, qg/q̄g, gg and qq/q̄q̄ channels.7 Similarly, the NLO EW cross section can be written as

d�
NLO EW

= d�
LO

(1 + �
EW

) , (2.5)

where all O(↵) corrections in the qq̄, �� and q� (including q̄� is implicitly understood) channels are
incorporated into the factor �

EW
. For the combination of QCD and EW corrections we consider

three different prescriptions.

NNLO QCD+EW The first prescription amounts to a purely additive combination,

d�
NNLO QCD+EW

= d�
LO

�
1 + �

QCD
+ �

EW

�
+ d�

gg

LO
, (2.6)

where all terms of O(↵
4
), O(↵S↵

4
), O(↵

5
) and O(↵

2

S
↵
4
) are simply summed.

6Note that the �� channel contributes only to ZZ and WW production. The same holds for the gg channel
contributing at NNLO QCD.

7Here and in the following, higher-order contributions (or terms) of O(↵n
S↵

4+m) are also referred to as corrections
(or effects) of O(↵n

S↵
m).
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NNLO QCD⇥EW As a possible approximation of the mixed QCD–EW higher-order corrections
we consider the factorised combination

d�
NNLO QCD⇥EW

= d�
LO

�
1 + �

QCD

�
(1 + �

EW
) + d�

gg

LO
, (2.7)

where the EW correction factor is applied to the entire NNLO QCD cross section except for the
loop-induced gg channel, for which the EW corrections �

EW
of the qq̄ and �� channels are not

applicable. The prescription (2.7) can also be written in the form

d�
NNLO QCD⇥EW

= d�
NNLO QCD+EW

+ d�
LO

�
QCD

�
EW

. (2.8)

Thus, the factorised combination (2.8) generates extra O(↵S↵) and O(↵
2

S
↵) mixed QCD–EW cor-

rections. Provided that the dominant sources of QCD and EW corrections factorise, such terms
can be regarded as a reasonable approximation of mixed QCD–EW effects. For instance, at scat-
tering energies Q � MW this assumption is justified when EW effects are dominated by Sudakov
logarithms, and the dominant QCD effects arise at scales well below Q, factorising with respect to
the underlying hard-V V process. In such cases, the factorised prescription (2.7) should be regarded
as a superior prediction as compared to the additive combination (2.6).

NNLO QCD⇥EWqq As a motivation for an alternative combination, let us highlight the role
of individual partonic channels in the factorised formula (2.7). To this end we rewrite the QCD
corrections as

d�
NNLO QCD

= d�
qq̄

LO

⇣
1 + �

qq̄

QCD

⌘
+ d�

��

LO
+ d�

gg

LO
, (2.9)

where �qq̄
QCD

includes the same QCD corrections as �
QCD

, but is normalised to the LO cross section in
the qq̄ channel. Moreover we split the EW corrections into contributions from the qq̄ and �-induced
channels,

d�
NLO EW

= d�
qq̄

LO

�
1 + �

qq̄

EW

�
+ d�

��

LO

⇣
1 + �

��/q�

EW

⌘
. (2.10)

Here in the factor �
qq̄

EW
we include only O(↵) corrections from the qq̄ channel, whereas all other

O(↵) effects stemming from the �� and q� channels8 are included in the factor �
��/q�

EW
. Using the

notation of eqs. (2.9)–(2.10) we can rewrite the factorised formula (2.7) as

d�
NNLO QCD⇥EW

=

h
d�

qq̄

LO

⇣
1 + �

qq̄

QCD

⌘
+ d�

��

LO

i
(1 + �

EW
) + d�

gg

LO
, (2.11)

where the EW K-factor corresponds to

�
EW

=
�
qq̄

EW
d�

qq̄

LO
+ �

��/�q

EW
d�

��

LO

d�
qq̄

LO
+ d�

��

LO

, (2.12)

and can be regarded as the weighted average of the corrections in the qq̄ and �� channels. The
representation (2.11) demonstrates that the factorised combination does not induce any O(↵S) effect
in the �� and gg channels. The only nontrivial factorised correction arises from the term �

qq̄

QCD
�
EW

,

8This ad-hoc splitting of EW corrections deserves some comments. As pointed out in ref. [43], (anti)quark-photon
channels have the twofold role of EW corrections to the qq̄ and �� channels and are connected to both channels
via collinear singularities. Thus, they cannot be entirely associated with one or the other channel. For this reason,
eq. (2.10) should be understood as a purely technical separation of qq̄ and �-induced corrections, which can be adopted
upon subtraction of collinear singularities (based on dipole subtraction in our implementation). As discussed below,
the choice of handling the q� channels as corrections to the �� channel (rather than to the dominant qq̄ channel) is
motivated by the fact that the q� channels can lead to giant EW K-factors that cannot be combined with the QCD
corrections with a factorised prescription.
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•Problems:
1. In additive combination dominant Vj topology does not receive any EW corrections
2. In multiplicative combination EW correction for VV is applied to Vj hard process

•Pragmatic solution I: take average as nominal and spread as uncertainty 

Giant QCD K-factors and EW corrections: pTV1

pTV1
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•Pragmatic solution II: apply jet veto to constrain Vj toplogoies

[M. Grazzini, S. Kallweit, JML, S. Pozzorini, M. Wiesemann; 1912.00068]
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MEPS @ NLO QCD + EW: WW(+jet) 
[Bräuer, Denner, Pellen, Schönherr, Schumann; ’20]

•More rigorous solution: merge VVj incl. approx. EW corrections with VV with Sherpa’s MEPS@NLO QCD + EWvirt
•However, not NNLO QCD accurate
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Figure 4: Differential distributions for pp ! µ+⌫µe�⌫̄e at LO, NLO QCD, NLO QCD + EW,
NLO QCD⇥EW, and NLO QCD⇥EWapprox: Transverse momentum of the anti-muon (top left),
rapidity of the anti-muon (top right), transverse momentum of the anti-muon–electron system
(bottom left), and missing transverse momentum (bottom right). The upper panels show the
absolute predictions, while the lower ones display the ratio of the various predictions with respect
to the NLO QCD predictions.

has thus a very similar kinematics as the transverse momentum of the two charged leptons. In
both cases, the NLO QCD corrections reach about �40% at 400GeV, while the EW ones are
of order �15% for the same transverse momentum. Around 100GeV the NLO QCD prediction
suddenly exceeds the LO one at a level of 20%. The corrections then turn negative towards
high transverse momentum. This can be understood as follows. At LO, contributions with two
resonant W bosons require these bosons to be back-to-back and therefore cannot contribute to
events with transverse momenta pT,µ+e� or pT,miss larger than about MW [13, 14]. Thus, at LO
such events can only result from contributions with at most one resonant W boson and are there-
fore suppressed. At NLO, the momentum of the extra jet can balance the momenta of the two
resonant W bosons allowing for large pT,µ+e� and/or pT,miss also in the presence of two resonant
W bosons. Going towards higher transverse momenta, such configurations are then suppressed
by the jet veto that forbids hard jets that would balance the WW system. The fluctuations in
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Figure 6: Differential distributions for pp ! µ+⌫µe�⌫̄ej at LO, NLO QCD, NLO QCD + EW,
NLO QCD ⇥ EW, and NLO QCD ⇥ EWapprox: Transverse momentum of the jet (top left),
rapidity of the jet (top right), transverse momentum of the anti-muon (middle left), rapidity of
the anti-muon (middle right), transverse momentum of the anti-muon–electron system (bottom
left), and missing transverse momentum (bottom right). The upper panels show the absolute
predictions, while the lower ones display the ratio of the various predictions with respect to the
NLO QCD predictions.
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MEPS @ NLO QCD + EW: WW(+jet) 
[Bräuer, Denner, Pellen, Schönherr, Schumann; ’20]

•More rigorous solution: merge VVj incl. approx. EW corrections with VV with Sherpa’s MEPS@NLO QCD + EWvirt
•However, not NNLO QCD accurate
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Figure 16: Predictions from multi-jet merged parton-shower simulations for the njet = 1 event
selection: Transverse momentum of the jet (top left), rapidity of the jet (top right), transverse
momentum of the anti-muon (middle left), rapidity of the anti-muon (middle right), transverse
momentum of the anti-muon–electron system (bottom left), and missing transverse momentum
(bottom right). All results contain YFS soft-photon resummation. For the MePs@Nlo cal-
culation we present results including approximate NLO EW corrections in the additive and
multiplicative approach.
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Figure 4: Differential distributions for pp ! µ+⌫µe�⌫̄e at LO, NLO QCD, NLO QCD + EW,
NLO QCD⇥EW, and NLO QCD⇥EWapprox: Transverse momentum of the anti-muon (top left),
rapidity of the anti-muon (top right), transverse momentum of the anti-muon–electron system
(bottom left), and missing transverse momentum (bottom right). The upper panels show the
absolute predictions, while the lower ones display the ratio of the various predictions with respect
to the NLO QCD predictions.

has thus a very similar kinematics as the transverse momentum of the two charged leptons. In
both cases, the NLO QCD corrections reach about �40% at 400GeV, while the EW ones are
of order �15% for the same transverse momentum. Around 100GeV the NLO QCD prediction
suddenly exceeds the LO one at a level of 20%. The corrections then turn negative towards
high transverse momentum. This can be understood as follows. At LO, contributions with two
resonant W bosons require these bosons to be back-to-back and therefore cannot contribute to
events with transverse momenta pT,µ+e� or pT,miss larger than about MW [13, 14]. Thus, at LO
such events can only result from contributions with at most one resonant W boson and are there-
fore suppressed. At NLO, the momentum of the extra jet can balance the momenta of the two
resonant W bosons allowing for large pT,µ+e� and/or pT,miss also in the presence of two resonant
W bosons. Going towards higher transverse momenta, such configurations are then suppressed
by the jet veto that forbids hard jets that would balance the WW system. The fluctuations in

13

WW

MEPS@NLO QCD + EWvirt



19

MEPS @ NLO QCD + EW: ZZ(+jet) 
[Bothmann, Napoletano, Schönherr, Schumann, Villani; ’21]
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Figure 6: Observable distributions for the pp ! e+e�µ+µ� process. From top left to bottom right we
show: the four-lepton invariant mass m2e2µ, the Z-boson distance �R2e,2µ, the transverse momentum of
the di-electron pair pT,2e, and the rapidity of the electron ye� . Results are given at LO and NLO EW
and compared to approximative EW calculations. The NLO EW is given for the Gµ (black line) and
↵(M2

Z) (grey line) renormalisation schemes, and the span between the two is marked by a hatched band.
All predictions are calculated using Sherpa+OPENLOOPS/Recola.

band. The observables considered are the invariant mass of the four-lepton system m2e2µ, the Z-boson
distance �R2e,2µ, the transverse momentum of the di-electron pair pT,2e, and the electron rapidity ye� .

We start by noticing that the overall good agreement between the EWvirt approximation and the full
NLO EW observed for the total cross section is also found for all the distributions. The only significant
difference comes from phase-space regions dominated by real-photon radiation, such as �R2e,2µ < ⇡.
There one can see the impact of resumming soft photons through YFS versus treating them at fixed
order, which exhibits the main advantage of including YFS resummation. We have indeed checked that
if we expand the YFS resummation to O(↵), as discussed above, we reproduce the NLO EW result
throughout, as a result of the inclusion on exact NLO QED corrections in the YFS resummation. A
similar overall good agreement can be seen in the Sudakov approximation.

To further discuss the impact and the effects of the EW approximations we need to distinguish between
energy-dependent observables, such as the invariant mass of the four leptons and the pT of the electron
pair, and energy-independent observables, such as the separation of the two lepton pairs and the rapidity
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Figure 6: Observable distributions for the pp ! e+e�µ+µ� process. From top left to bottom right we
show: the four-lepton invariant mass m2e2µ, the Z-boson distance �R2e,2µ, the transverse momentum of
the di-electron pair pT,2e, and the rapidity of the electron ye� . Results are given at LO and NLO EW
and compared to approximative EW calculations. The NLO EW is given for the Gµ (black line) and
↵(M2

Z) (grey line) renormalisation schemes, and the span between the two is marked by a hatched band.
All predictions are calculated using Sherpa+OPENLOOPS/Recola.

band. The observables considered are the invariant mass of the four-lepton system m2e2µ, the Z-boson
distance �R2e,2µ, the transverse momentum of the di-electron pair pT,2e, and the electron rapidity ye� .

We start by noticing that the overall good agreement between the EWvirt approximation and the full
NLO EW observed for the total cross section is also found for all the distributions. The only significant
difference comes from phase-space regions dominated by real-photon radiation, such as �R2e,2µ < ⇡.
There one can see the impact of resumming soft photons through YFS versus treating them at fixed
order, which exhibits the main advantage of including YFS resummation. We have indeed checked that
if we expand the YFS resummation to O(↵), as discussed above, we reproduce the NLO EW result
throughout, as a result of the inclusion on exact NLO QED corrections in the YFS resummation. A
similar overall good agreement can be seen in the Sudakov approximation.

To further discuss the impact and the effects of the EW approximations we need to distinguish between
energy-dependent observables, such as the invariant mass of the four leptons and the pT of the electron
pair, and energy-independent observables, such as the separation of the two lepton pairs and the rapidity
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• scheme variation: Gmu vs. a(mZ) 
• EWsud based on [Bothmann,Napoletano, ’20]: 
 process-independent implementation of Sudakov logs, see also [Pagani, Zaro ’21]

fixed-order
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MEPS @ NLO QCD + EW: ZZ(+jet) 
[Bothmann, Napoletano, Schönherr, Schumann, Villani; ’21]
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Figure 11: Distributions of leptonic observables for pp ! e+e�µ+µ�
+ jets production. The baseline

prediction is given by the MePs@Nlo result in the Gµ scheme, with the grey band indicating its 7-point
scale-variation uncertainty. On top of it, loop-induced corrections and EWvirt/EWsud approximations
are applied. Shown are from top left to bottom right: the four-lepton invariant mass m2e2µ, the Z-boson
distance �R2e,2µ, the di-electron transverse momentum pT,2e, and four-lepton transverse momentum
pT,2e2µ. All predictions are calculated using Sherpa+OPENLOOPS/Recola.

hard tails for the pT,2e2µ, pT,j1 and pT,j2 distributions. Here, the cross section is with increasing hard-
ness increasingly dominated by the MePs@Nlo contributions alone. These contain additional higher-
multiplicity LO QCD matrix elements that are also the adequate sequel for the loop-induced sample, as
long as no two-jet loop-induced contribution is included. The addition of the MePs@Loop2 prediction
has no sizeable effect on the overall QCD scale-uncertainty band of the MePs@Nlo prediction (beyond
the rescaling induced by the increased rate).

As for the exponentiated EWsud approximation we find that it gives nearly identical results com-
pared to the MePs@Nlo+EWsud one, due to the moderate absolute EWsud correction for the studied
observables.
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Figure 11: Distributions of leptonic observables for pp ! e+e�µ+µ�
+ jets production. The baseline

prediction is given by the MePs@Nlo result in the Gµ scheme, with the grey band indicating its 7-point
scale-variation uncertainty. On top of it, loop-induced corrections and EWvirt/EWsud approximations
are applied. Shown are from top left to bottom right: the four-lepton invariant mass m2e2µ, the Z-boson
distance �R2e,2µ, the di-electron transverse momentum pT,2e, and four-lepton transverse momentum
pT,2e2µ. All predictions are calculated using Sherpa+OPENLOOPS/Recola.

hard tails for the pT,2e2µ, pT,j1 and pT,j2 distributions. Here, the cross section is with increasing hard-
ness increasingly dominated by the MePs@Nlo contributions alone. These contain additional higher-
multiplicity LO QCD matrix elements that are also the adequate sequel for the loop-induced sample, as
long as no two-jet loop-induced contribution is included. The addition of the MePs@Loop2 prediction
has no sizeable effect on the overall QCD scale-uncertainty band of the MePs@Nlo prediction (beyond
the rescaling induced by the increased rate).

As for the exponentiated EWsud approximation we find that it gives nearly identical results com-
pared to the MePs@Nlo+EWsud one, due to the moderate absolute EWsud correction for the studied
observables.
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PS MC: NNLO QCD + PS for WW via MiNNLOPS

• MiNNLOPS physical down to pTVV=0 
• Latest implementation does not require computationally expensive reweighting required earlier

[Lombardi, Wiesemann; Zanderighi ’21]

dσ/dpT,WW [fb/GeV] pp→�+ν� �'−ν�'@LHC 13 TeV
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Figure 9: Distribution in the transverse momentum of the W+W� pair in the
fiducial-1-noJV phase space, showing a smaller (left plot) and a wider range (right plot).

of the NNLO+PS accurate predictions though, the estimated uncertainties from µR and
µF variations appear insufficient to reflect the actual size of uncertainties and one should
consider additional handles to better assess the uncertainties of the parton shower at small
pT,WW . Indeed, the NNLL prediction has a much larger uncertainty band in this region
(induced by the variation of Qres) even though it is more accurate.

In the right plot of figure 9, we show the range 0  pT,WW  250GeV. In the tail
of the distribution, MiNNLOPS and NNLOPS (as well as MiNLO0) predictions are in
perfect agreement with fully overlapping uncertainty bands. In the lower frame we show
an additional curve that is ratio of the central fixed-order NNLO prediction with µ0 =
1
2 (mT,W+ +mT,W�) to the one with µ0 = mT,WW . It is very interesting to observe that the
ratio corresponds almost exactly to the NNLOPS/MiNNLOPS ratio at smaller pT,WW . We
recall that µ0 = 1

2 (mT,W+ +mT,W�) is the scale used in the reweighting of the NNLOPS
prediction, while µ0 = mT,WW is somewhat more similar to the one within the MiNNLOPS

approach. This suggests that the differences originating from terms beyond accuracy at
small pT,WW between the MiNNLOPS and NNLOPS are predominantly induced by the
different scale settings in the two calculations. In fact, for any distribution (of the various
ones we considered) where the NNLOPS/MiNNLOPS ratio becomes larger than a couple of
percent, we observe that the corresponding ratio of fixed-order NNLO predictions is either
very similar or even larger.

In figure 10 we consider the W+W� transverse momentum spectrum in the presence of a
jet veto of pvetoT,j1 = 35GeV using the fiducial-2-JV setup. The relative behaviour between
the MiNNLOPS, NNLO+PS, NNLO+NNLL and NLO+NLL results at small transverse
momenta is relatively similar to the one observed for the pT,WW distribution without jet

– 30 –

σ(pT,j1< pT,j1
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Figure 12: Jet-vetoed cross section in the fiducial-2-noJV phase space compared to
data. As described in the caption of table 2 the data has been adjusted by subtracting the
ggLO contribution quoted in table 2 of ref. [123] and by dividing out a factor of two.

This region is dominated by the parton shower, which resums only the LL (partial NLL)
contributions. Clearly, the actual uncertainties in the NNLO+PS calculations are not
covered by plain µR and µF variations. As argued for the pT,WW spectrum, additional handles
would need to be considered to better assess the parton-shower uncertainties for very small
pvetoT,j1 cuts. Indeed, the NLL result features much wider uncertainties, despite being more
(similarly) accurate in that region of phase space. However, we stress that such small pvetoT,j1

cuts are usually not relevant for experimental W+W� analyses. Moreover, as pointed out
before, there have been suggestions to include more conservative uncertainty estimates for
jet-vetoed predictions [183, 184]. We leave their proper assessment to future work, as those
effects are currently not accessed by any W+W� measurement. For instance, looking at
the fiducial phase-space definitions of refs. [12, 13] that are considered in this paper, jet-
veto cuts of pvetoT,j1 = 25GeV, 30GeV and 35GeV are used. For those values, MiNNLOPS

predictions are in perfect agreement with the NNLO+NNLL resummation, and even down
to pvetoT,j1 ⇠ 15GeV they differ by less than 5% with overlapping uncertainties.

When comparing the predicted jet-vetoed cross section as a function of pvetoT,j1 in the
fiducial-2-noJV setup against data in figure 12, it is clear that the MiNNLOPS and the
NNLO+NNLL prediction are fully compatible in the relevant region. The agreement with
data is good in either case, with the data points either marginally overlapping within one
standard deviation or being just outside this range. One should bear in mind however that

– 33 –
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PS MC: NNLO QCD + PS for WW via MiNNLOPS
[Lombardi, Wiesemann; Zanderighi ’21]

Marius Wiesemann    (MPP Munich) February 15th, 2022Progress on NNLO+PS matching 18

MiNNLOPS:  productionWW (ℓνℓ′ ν′ )
[Lombardi, MW, Zanderighi '21]
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PS MC: NNLO QCD + PS for ZZ via MiNNLOPS

Marius Wiesemann    (MPP Munich) February 15th, 2022Progress on NNLO+PS matching 19

 productionZZ (ℓℓℓ′ ℓ′ )
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

10�3

10�2

1
/

�
d

�
/

d
p

T
,4

�
[1

/
G

e
V

]

nNNLO+PS (MiNNLOPS)

CMS data

0 50 100 150 200 250 300

pT,4� [GeV]

0.6

0.8

1.0

1.2

1.4

R
a
t
io

t
o

n
N

N
L
O

+
P
S

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.
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[Buonocore, Koole, Lombardi, Rottoli, Wiesemann, Zanderighi, ’21][Alioli, Broggio, Gavardi, Kallweit, Lim, Nagar, Napoletano, ’21]
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PS MC: NNLO QCD + PS for ZZ via MiNNLOPS
[Buonocore, Koole, Lombardi, Rottoli, Wiesemann, Zanderighi, ’21]

• nNNLO+PS predictions in good agreement with CMS results [arXiv:2009.01186] 
• inclusion of EW corrections (through fixed-order NLO K-factor) required  

to describe tails of distributions 
Marius Wiesemann    (MPP Munich) February 15th, 2022Progress on NNLO+PS matching 21

MiNNLOPS: nNNLO+PS (x EW) for ZZ (ℓℓℓ′ ℓ′ )
[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
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PS MC: NLO QCD + NLO EW PS 
[Chiesa, Re, Oleari ’20]
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Figure 4: Comparison of the predictions at NLOQCD + NLOEW + PSQCD,QED (NLOa+aS+ PSa,aS), at NLOQCD
+ PSQCD,QED (NLOaS+PSa,aS), and at NLOQCD + PSQCD (NLOaS + PSaS) accuracy for the process pp !
µ+µ�

e
�

e
+. Upper panels: differential distributions as a function of the positron transverse momentum (top left),

of the dimuon invariant mass (top right), of the transverse momentum of the hardest Z (bottom left), and of the
positron rapidity (bottom right). Central panels: ratio of the predictions at NLOQCD + NLOEW + PSQCD,QED and
at NLOQCD + PSQCD,QED. Lower panels: ratio of the results at NLOQCD + NLOEW + PSQCD,QED and at NLOQCD
+ PSQCD. See main text for details.

13

NLO (QCD + EW) PS (QCD + QED)/ 
NLO QCD PS (QCD + QED) 

NLO (QCD + EW) PS (QCD + QED)/ 
NLO QCD PS QCD

•Note: resonance-aware NLO EW matching required (POWHEG-BOX-RES [Ježo, Nason, ‘15])
•Missing: photon-induced channels
•Question: NLO (QCD + EW) PS (QCD + QED) / (NLO QCD PS QCD) x NLO EW  
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PS MC: NNLO QCD x NLO EW PS for WZ 
[JML,a Lombardi, Wiesemann,b Zanderighi, Zanoli, to appear]

•NNLOPS QCD x NLOPS EW combination via reweighing (NLOPS EW resonance-aware) 
•Next: combination at generator level
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gg-induced WW and ZZ production

g

g
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g V
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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)
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to leptons are understood.
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• Formally same order as NNLO QCD 
• Enhanced due to gg flux 
• Interference with H->VV
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Figure 6: Four-lepton invariant mass distributions in gg ! ZZ processes at the 13 TeV LHC.

The full result is shown as well as contributions of signal, background and interference separately.

LO results are shown in yellow, NLO results are shown in blue, and scale variation is shown for

m4`/4 < µ < m4` with a central scale µ = m4`/2. The lower pane shows the K-factors.

the background distributions are relatively flat, with a slight increase with m4`. The situation

with the interference is different. In this case, the K-factor around the 2mZ threshold is

large, Kintf ⇡ 2.5 for m4`
<
⇠ 2mZ . As the invariant mass increases, the interference K-factor

decreases rapidly and flattens out, reaching the value Kintf ⇡ 1.5 at m4` = 2mt. Hence, at

around m4` ⇠ 2mt, values of the interference, signal and background K-factors become very

similar and, practically, independent of the value of the invariant mass m4`. Thus, we find

that the impact of NLO QCD corrections on the interference K-factor can be approximated

by the geometric mean of the signal and the background K-factors when the interference is

integrated over the full kinematic range of four-lepton masses, as well as at higher values of

the invariant masses where Ksignal ⇡ Kbkgd ⇡ Kintf . However, this is not the case close to

2mZ threshold, where the behavior of the interference K-factor is different from either the

signal or background K-factors.

14

• Sizeable QCD corrections (formally N3LO QCD)
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Figure 4: LO results for signal/background interference at the 13 TeV LHC. Both the full result as

well as massless/massive-only contributions are shown. Solid line: exact result. Dashed line: 1/mt

expansion, including up to 1/m8
t terms. The vertical line marks the top threshold.

The situation is however different if one considers the interference between signal and back-

ground. Indeed, it is expected on general grounds that top quark contributions to the

interference play a much more important role, because for m4` � 2mZ , the off-shell Higgs

boson decays preferentially to longitudinal Z-bosons. In turn, the longitudinal Z-bosons

have stronger couplings to top quark loops than to massless loops; as a result the contri-

bution of top quark loops is more prominent in the interference than in the background

cross section. These expectations are confirmed in Fig. 4 where we show the interference

contribution to the m4` invariant mass distribution. Although the qualitative behavior of

massless and massive contributions to the full result is similar to the pure background case

– massless/massive contribution decreasing/increasing with m4` – the impact of massive

amplitudes is quite sizable. At the top quark threshold m4` ⇠ 2mt, the two contributions

become comparable. At this value of m4`, the differences between exact and 1/mt-expanded

results start to appear. Still, it follows from Fig. 4, that the error associated with using the

1/mt expansion for the interference is a few percent even at the high end of the expansion

region which, as we will see, is smaller than other sources of uncertainty such as uncalcu-

lated higher order corrections. We therefore conclude that we can use the heavy top quark

mass expansions to study the interference in gg ! ZZ provided that we restrict ourselves

to m4`  2mt.

Since the kinematic features of the virtual corrections are identical to those of leading order

amplitudes, the 1/mt expansion of the two-loop amplitude is expected to be valid for m4` <

10

• For m4l < 340 GeV 1/Mt expansion reliable
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Fig. 5 Di↵erential distribution in the transverse momentum
of the four lepton system pT,4` in gg ! e

+
e
�
µ
+
µ
� matched

to PYTHIA 8. Predictions, colour coding and bands as in Fig. 3.

large m4` ⇡ 2mt, with the interference being destruc-
tive. It is well known that the interference provides an
even larger destructive contribution at higher values of
m4`, which are however beyond the validity of the 1/mt

expansion used in our calculation. The m4` observable
is inclusive in QCD radiation and consequently parton-
shower corrections are marginal for all contributions
(individually and in their sum). In fact, for all pro-
duction modes the fixed-order NLO prediction agrees
at the percent level with both the LHE level prediction
and the fully showered prediction. Scale uncertainties
at the fully showered level are approximately 20%. At
small invariant masses (m4` < 150 GeV) the interfer-
ence becomes very small and consequently Monte Carlo
statistics deteriorate quickly in this regime.

Fig. 4 shows the distribution in

HT =
X

i2{`,⌫,j}

pT,i , (11)

where the sum over the transverse momenta considers
all leptons and reconstructed jets. In this distribution
the signal peaks at HT = mH , while the background
peaks at HT = 2mZ . For small HT parton-shower cor-
rections are mostly driven by the first radiation already
present at the LHE level. For the background contri-
bution, these corrections are small, but for the signal

Fig. 6 Di↵erential distribution in the transverse momentum
of the hardest jet pT,j1 in gg ! e

+
e
�
µ
+
µ
� at NLO matched

to PYTHIA 8. Predictions, colour coding and bands as in Fig. 3.

contribution they lead to a negative correction of about
50%. A possible explanation is that the signal distribu-
tion is strongly peaked around mH and therefore very
sensitive to additional radiation that moves events away
from the peak. For large HT , the parton showers pro-
vide substantial positive corrections up to a factor of
2, while the scale uncertainties can be as large as 50%.
This e↵ect can be understood as follows. The upper cut
on the invariant mass of the four leptons Eq. 8 also re-
stricts HT < 340 GeV at LO. However, the phase space
for HT > 340 GeV can be filled via additional QCD ra-
diation. This leads to significant NLO corrections (not
shown here), as well as to sizable parton-shower correc-
tions and LO-like scale uncertainties.

Figs. 5 and 6 display the transverse momentum of
the four-lepton system and of the hardest jet respec-
tively. For the latter no lower cut on the jet transverse-
momentum is applied. The two distributions are identi-
cal at fixed-order (they only di↵er in the first bin which
for pT,4` includes the Born and virtual contributions
proportional to �(pT,4`)). The fully showered predic-
tions include a Sudakov suppression which can clearly
be seen at the lower end of both the pT,4` and the pT,j1

distributions. We also observe that the parton shower
changes the sign of the lowest bin in the pT,4` spectrum.

•ggWW/ggZZ @ NLO QCD + PS available!
•crucial for off-shell Higgs measurements 

[Alioli, Ferrario Ravasio, JML, Röntsch, ’21]
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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)
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Conclusions

Incredible progress in theory predictions for multibosons 

VV:
• NNLO QCD + NLO EW available in MATRIX+OpenLoops
• MEPS @ NLO (QCD + EWapprox) available in Sherpa
• NLO (QCD + EW) + PS (QCD + QED) available in POWHEG
• NLO QCDgg PS available in POWHEG
• NNLO QCD PS via MiNNLO available (combined with NLOPS EW)

Remaining theory uncertainties: mixed QCD-EW, NNLO EW

‣ There is no clear scale/signature for new physics effects: 
 Let’s explore the unknown leaving no stone unturned!
‣ Precision is key for SM (QCD/EW/Higgs) measurements,  
 SM parameter determination, as well as for BSM searches.

calculatemeasure
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Giant K-factors and effect of jet veto
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Figure 5. Generic pp ! V V j topologies and kinematic regions that give rise to giant K-factors in the
quark–gluon channel at NLO QCD. The blob denotes the hard scattering subprocess gq ! V q at the scale
Q � MW , while the subleading vector boson (red) is radiated by one of the SU(2)⇥U(1) charged external
states giving rise to EW logarithms of soft and collinear kind.
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General real-emission topologies that lead to giant K-factors are depicted in figure 5. They cor-
respond to a hard pp ! V j subprocess at the scale Q � MW supplemented by soft vector-boson
radiation. The corresponding kinematic regions will be referred to as hard-V j regions, and they are
characterised by a hard jet with pT,j ⇠ Q and a large gap between the leading and subleading vector
boson, pT,V2

⌧ pT,V1
. Conversely, standard QCD radiation effects correspond to a hard subprocess

pp ! V V at the scale Q and QCD radiation at scales well below Q. In this case the two vector
bosons are comparably hard, and such phase space regions will be classified as hard-V V regions.

Noteworthy, giant K-factors can also arise at NLO EW, where they appear in �q ! V V q real-
emission processes with a hard �q ! V q subprocess and soft vector-boson radiation, as well as in
crossing-related qq̄ ! V V � processes with a hard qq̄ ! V � subprocess. At NLO EW, in addition
to the topologies of figure 5 with gluons replaced by photons, also extra topologies where the soft
vector boson is radiated off external photons arise. Here, the giant K-factor mechanism leads to
NLO EW effects of order ↵w log

2
(Q

2
/M

2

W
), and these are dominated by the �q ! V V q channel.

The appearance of giant K-factors at NLO raises important questions concerning the conver-
gence of the perturbative expansion and the combination of QCD and EW corrections. In this
respect, it is important to note that, contrary to QCD logarithmic effects of soft and collinear ori-
gin, the large logarithms in eq. (2.1) do not contribute to all orders in ↵S. In fact, such logarithms
do not arise from soft QCD radiation, but from soft vector-boson radiation in combination with
the opening of the hard pp ! V (V )j channel at NLO QCD. Since this happens only when moving
from LO to NLO QCD, higher-order QCD corrections beyond NLO are free from further giant
K-factors.5 Note also that the availability of NNLO QCD corrections makes it possible to verify
the stability of the perturbative expansion beyond NLO and to arrive at reliable QCD predictions
for observables that feature giant K-factors.

For what concerns the combination of QCD and EW corrections, the presence of giant K-factors
raises more serious issues. In particular, the fact that in the relevant high-pT regions the NLO QCD
and NLO EW corrections are both strongly enhanced implies sizeable theoretical uncertainties from
large unknown mixed QCD–EW NNLO effects. In principle, depending on the observable and the
kinematic region, mixed QCD–EW effects can be approximated through a factorised description of
QCD and EW corrections (see section 2.6). However, such a factorisation can be justified only in
cases where QCD and EW corrections are both dominated by soft corrections with respect to the
same hard subprocess. In the case at hand, this condition is not fulfilled since NLO EW effects are
driven by logarithmic Sudakov corrections to hard V V production, whereas giant QCD K-factors

5Here, we assume that in diboson production at the scale Q � MW at least one vector boson with pT,V1
= O(Q)

is required. Otherwise, allowing both vector bosons to become soft would result into giant NNLO QCD K-factors of
the form ↵2

S log4(Q2/M2
W ) stemming from hard dijet topologies.
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Figure 5. Generic pp ! V V j topologies and kinematic regions that give rise to giant K-factors in the
quark–gluon channel at NLO QCD. The blob denotes the hard scattering subprocess gq ! V q at the scale
Q � MW , while the subleading vector boson (red) is radiated by one of the SU(2)⇥U(1) charged external
states giving rise to EW logarithms of soft and collinear kind.
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General real-emission topologies that lead to giant K-factors are depicted in figure 5. They cor-
respond to a hard pp ! V j subprocess at the scale Q � MW supplemented by soft vector-boson
radiation. The corresponding kinematic regions will be referred to as hard-V j regions, and they are
characterised by a hard jet with pT,j ⇠ Q and a large gap between the leading and subleading vector
boson, pT,V2

⌧ pT,V1
. Conversely, standard QCD radiation effects correspond to a hard subprocess

pp ! V V at the scale Q and QCD radiation at scales well below Q. In this case the two vector
bosons are comparably hard, and such phase space regions will be classified as hard-V V regions.

Noteworthy, giant K-factors can also arise at NLO EW, where they appear in �q ! V V q real-
emission processes with a hard �q ! V q subprocess and soft vector-boson radiation, as well as in
crossing-related qq̄ ! V V � processes with a hard qq̄ ! V � subprocess. At NLO EW, in addition
to the topologies of figure 5 with gluons replaced by photons, also extra topologies where the soft
vector boson is radiated off external photons arise. Here, the giant K-factor mechanism leads to
NLO EW effects of order ↵w log

2
(Q

2
/M
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W
), and these are dominated by the �q ! V V q channel.

The appearance of giant K-factors at NLO raises important questions concerning the conver-
gence of the perturbative expansion and the combination of QCD and EW corrections. In this
respect, it is important to note that, contrary to QCD logarithmic effects of soft and collinear ori-
gin, the large logarithms in eq. (2.1) do not contribute to all orders in ↵S. In fact, such logarithms
do not arise from soft QCD radiation, but from soft vector-boson radiation in combination with
the opening of the hard pp ! V (V )j channel at NLO QCD. Since this happens only when moving
from LO to NLO QCD, higher-order QCD corrections beyond NLO are free from further giant
K-factors.5 Note also that the availability of NNLO QCD corrections makes it possible to verify
the stability of the perturbative expansion beyond NLO and to arrive at reliable QCD predictions
for observables that feature giant K-factors.

For what concerns the combination of QCD and EW corrections, the presence of giant K-factors
raises more serious issues. In particular, the fact that in the relevant high-pT regions the NLO QCD
and NLO EW corrections are both strongly enhanced implies sizeable theoretical uncertainties from
large unknown mixed QCD–EW NNLO effects. In principle, depending on the observable and the
kinematic region, mixed QCD–EW effects can be approximated through a factorised description of
QCD and EW corrections (see section 2.6). However, such a factorisation can be justified only in
cases where QCD and EW corrections are both dominated by soft corrections with respect to the
same hard subprocess. In the case at hand, this condition is not fulfilled since NLO EW effects are
driven by logarithmic Sudakov corrections to hard V V production, whereas giant QCD K-factors

5Here, we assume that in diboson production at the scale Q � MW at least one vector boson with pT,V1
= O(Q)

is required. Otherwise, allowing both vector bosons to become soft would result into giant NNLO QCD K-factors of
the form ↵2

S log4(Q2/M2
W ) stemming from hard dijet topologies.
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•for pTV1 > 1 TeV: hard-Vj topologies dominate over hard-VV 

•Jet veto                                  corresponds to

for the missing transverse momentum calculated as the vectorial sum of the neutrino momenta.
Moreover, the invariant mass of same-flavour `

+
`
� pairs is restricted to the Z-mass window

66 GeV < m`+`� < 116 GeV . (3.12)

Reconstructed vector bosons In the following we present differential distributions in the trans-
verse momenta and invariant masses of the vector bosons. Such observables are defined in terms of
the reconstructed vector-boson momenta

p
µ

Z
= p

µ

`+,dressed
+ p

µ

`�,dressed
or p

µ

⌫`
+ p

µ

⌫̄`
,

p
µ

W+ = p
µ

`+,dressed
+ p

µ

⌫`
,

p
µ

W� = p
µ

`�,dressed
+ p

µ

⌫̄`
, (3.13)

where all charged leptons are potentially dressed. Here, the vector bosons are kept off-shell, and
the correctness of the reconstruction is guaranteed by pairing charged leptons and neutrinos of the
same generation, selecting the appropriate neutrino and/or or anti-neutrino momenta at truth level.
The reconstructed vector bosons are ordered according to their pT, and the leading and subleading
boson are labelled V1 and V2, respectively.

Jet veto As discussed in section 2.5, in order to avoid giant K-factors at high pT, we impose
selection cuts that single out regions dominated by hard-V V production while suppressing regions
dominated by hard-V j production. To this end we apply a jet veto. More precisely, we impose a
restriction on the total jet transverse energy,

H
jet

T
=

X

i2jets

pT,i , (3.14)

where we include all reconstructed anti-kT jets [82] with R = 0.4, |y| < 4.5, and arbitrary pT. In JL

practice, H
jet

T
corresponds to the sum of the pT of all QCD partons with |y| < 4.5 . The upper

bound for H
jet

T
is defined in terms of the hardness of the diboson system. Specifically, we use the

total leptonic transverse energy,

H
lep

T
=

X

i2{`±}

pT,i + pT,miss , (3.15)

and require
H

jet

T
< ⇠veto H

lep

T
, with ⇠veto = 0.2 . (3.16)

In order to investigate the effect of giant K-factors and their interplay with EW corrections, in
sections 3.3–3.4 we will compare results with and without the above jet veto. Note that imposing
a jet veto on QCD (and QED) radiation may in principle generate large logarithms of soft and
collinear origin, thereby leading to significant uncertainties beyond (N)NLO. However, the dynamic
veto condition (3.16) does not lead to such large logarithms since soft/collinear radiation in the
region H

jet

T
/H

lep

T
⌧ 1 is never vetoed.

The effect of the above jet veto on the relative hardness of the two vector bosons at high pT

can be quantified by translating eq. (3.16) into a lower bound for the pT of the softer vector boson.
This is easily achieved by combining eq. (3.16) with

��~pT,V2

�� =
���~pT,V1

+

X

i2{q,q̄,g}

~pT,i

��� � pT,V1
�

X

i2{q,q̄,g}

pT,i ' pT,V1
�H

jet

T
, (3.17)

which leads to

pT,V2
� pT,V1

� ⇠vetoH
lep

T
. (3.18)
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This inequality can be further refined by relating H
lep

T
to the transverse momenta of the two vector

bosons. To this end we can use

H
lep

T
=

X

i2{`±}

pT,i +

���
X

j2{⌫,⌫̄}

~pT,j

��� 
X

i2{`±,⌫⌫̄}

pT,i = HT,V1
+HT,V2

, (3.19)

where HT,Vi denotes the total transverse energy of the decay products of the Vi vector boson. In
the following we assume that both vector bosons are nearly on-shell. Moreover, we focus on the
region

pT,V1
� MV1,2 , (3.20)

where the products of the decay of the leading boson, V1 ! ab, are nearly collinear. Thus

HT,V1
= pT,a + pT,b ' pT,V1

. (3.21)

For the decay of the softer boson, V2 ! cd, we can use

HT,V2
= pT,c + pT,d  E

0
c
+ E

0
d
= E

0
V2

=

q
p
2

T,V2
+M

2

V2
, (3.22)

where the inequality holds for energies E0
i
in any reference frame that is connected to the laboratory

frame via a longitudinal boost, while the last identity is based (without loss of generality) on the
reference frame where the longitudinal component of ~pV2

vanishes. In this way we arrive at

H
lep

T
 pT,V1

+

q
p
2

T,V2
+M

2

V2
' pT,V1

+ pT,V2
, (3.23)

using eq. (3.20). Thus, combining eqs. (3.18) and (3.23) leads to the bound

pT,V2
�

1� ⇠veto

1 + ⇠veto
pT,V1

=
2

3
pT,V1

for ⇠veto = 0.2 , (3.24)

which confirms that the two bosons are similarly hard. As demonstrated in section 3.4, this bound
is violated only by highly suppressed off-shell contributions. Moreover, at very high transverse
momenta, the ratio between the pT of the softer and harder vector bosons is typically well above
2/3 and exceeds 0.9 on average.

3.2 Fiducial cross sections

Predictions and scale variations for the fiducial cross sections of the diboson processes (3.1)–(3.3)
are presented in table 3. All results correspond to pp collisions at

p
s = 13TeV with the acceptance

cuts (3.10)–(3.12) and without jet veto. Results at the various orders in the QCD and EW expan-
sions are shown separately and combined according to the three different prescriptions defined in
section 2.6. The last three rows of table 3 show the effect of the combinations as relative deviation
with respect to NNLO QCD.

The behaviour of QCD and EW corrections in table 3 is consistent with the well-known results
in the literature. The NLO EW corrections amount to about �6% for ZZ production, and only
�2% and �3% for WW and WZ production, respectively. The NLO QCD corrections range from
+36% for ZZ production up to +73% for WZ production. In the latter case, the huge NLO effect
is due to the presence of an (approximate) radiation zero at LO [70]. The NNLO QCD corrections
are again positive and vary between +11% and +16%. The largest NNLO effects are found in the
case of neutral final states, where the contributions from loop-induced gg channels are sizeable.

As discussed in the following, the sizeable impact of QCD corrections has non-negligible implica-
tions on their combination with EW corrections. Comparing NNLO QCD and combined predictions,

– 15 –

(violated by off-shell topologies)

• Jet veto results in phase-space dominated by hard-VV
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Theory status for Tribosons
NLO off-shell triboson production

NLO QCD corrections trivial, known for on-shell and o -shell processes.

NLO EW on-shell corrections calculated by Hefei group ’14-’17,
WWW also by Dittmaier, Huss, Knippen ’17.

NLO EW off-shell corrections more involved, up to 2 æ 6 complexity
(like VBS, just with more and competing resonances)

- pp æ “““ / ““¸‹ / ““¸¸ Greiner, Schönherr ’17

- pp æ 3¸3‹ (¸ = e±, µ±, 0/ 1/ 2 SFOS channels, Schönherr ’18

pp æ 3¸3‹ (¸ = e±, µ±, incl. WWW and WZZ topologies)

pp æ eû‹e µ±‹µ ·±‹· (WWW only) Dittmaier, Knippen, Schwan ’19

- pp æ “2¸2‹ (¸ = e±, µ±, 0,1 SFOS channels, Ju, Lindert, Schönherr tbp

pp æ “2¸2‹ (¸ = e±, µ±, incl. “WW and “ZZ topologies)

Generically, large contribution from photon-induced processes.

Marek Schönherr 1/5

[Slide thanks to M. Schönherr]



Triboson production @ NLO QCD

•QCD correction driven by additional jet activity: VV+jet topologies with soft V
→ ‘giant K-factors’
→ strong observable dependence 
→ NLO mandatory

•jet veto (pTcut = 50 GeV) reduces size and phase space dependence 
→ better : multi-jet merging
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Figure 8: Differential cross section for the highest-pT lepton for µR = µF = 3mW in
W+W−W+ +X production at the LHC. In the right-hand panel, the differential K-factors,
as defined in Eq. (3.4), are shown for inclusive events without jet cuts and also for a veto on
jets with pT, jet > 50 GeV.

4 Conclusions

The simulation of triple vector boson production at the LHC is important for two reasons.
These processes are a Standard Model background for new-physics searches which are char-
acterized by multi-lepton final states, and secondly they are sensitive to quartic electroweak
couplings. In this paper, we have presented first results for the full NLO differential cross
sections for WWW and ZZW production, with all spin correlations from leptonic vector
boson decays, intermediate Higgs boson-exchange effects and off-shell contributions taken
into account. Results are collected in a fully flexible Monte Carlo program, VBFNLO [7].

When varying the factorization and the renormalization scale µ = µF = µR up and down
by a factor of 2 around the reference scale µ = 3mW , we have found a scale dependence
of about 5% for the LO cross section and of somewhat less than 10% for the NLO cross
section, for WWW production. For the ZZW case, the LO scale dependence is around
1%, whereas the dependence of the NLO cross section is around 13%. These variations are
in the expected range for the NLO scale dependence, while the LO variations have to be
considered anomalously small, due to the absence of initial-state gluon-induced subprocesses.
The large K-factors (of order 2 and even larger in some phase-space regions) demonstrate
the importance of including the NLO QCD corrections on top of the LO predictions.

The differential K-factors for several distributions for both of these processes are highly
dependent on the Higgs boson mass. In general we observe that the larger the contributions

14

[Campanario et.al., ‘08]



Triboson production: on-shell vs. off-shell
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On-shell vs. o↵-shell triboson production
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• on-shell approximation reasonable for MET, but fails for m``` for
similar reasons as for m```⌫⌫⌫
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• on-shell approximation reasonable for moderate lepton pT
• fails at low pT due to o↵-shell e↵ects

• fails at high pT due to importance single and double resonant
topologies
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1st lepton
• at large mlll and pTl1 large interference with other resonance structures 
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On-shell vs. o↵-shell triboson production
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Off-shell VVV production @ NLO EW
[M. Schönherr, 1806.00307 ]

• Very large cancellations of EW corr. in qq and qγ channels / highly observable dependent  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Results for LHC EW WG – 0 SFOS channel (e�µ+µ+)
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Interplay of WWW and Wh[→ WW∗]
[Slide thanks to M. Schönherr]

Interplay of WWW and Wh[æ WW ú]

• due to interference, Wh can-
not be treated as independent
background, but is part of the
signal
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Physics goals in VBS and VVV production

• direct access to quartic EW gauge couplings
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QCD-background VBS-signalinterference
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Perturbative expansion: VBF-V, VBS-VV

Example: WW+2jets
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Perturbative expansion: VBF-V, VBS-VV



 QCD & EW ZZ+2jets @ NLO QCD + EW

Order O
!
–6"

+ O
!
–7"

O
!
–6"

+ O
!
–s–6"

O
!
–6"

+ O
!
–7"

+ O
!
–s–6"

Mj1j2 > 100 GeV

‡NLO[fb] 0.08211(4) 0.12078(11) 0.10521(11)
‡max

NLO[fb] 0.08728(5) [+6.3%] 0.12540(13) [+3.8%] 0.10838(14) [+3.0%]
‡min

NLO[fb] 0.07749(4) [≠5.6%] 0.11656(9) [≠3.5%] 0.10225(9) [≠2.8%]
”[%] ≠15.9 23.6 7.7

Mj1j2 > 500 GeV

‡NLO[fb] 0.06069(4) 0.07375(25) 0.06077(25)
‡max

NLO[fb] 0.06568(5) [+8.2%] 0.07466(26) [+1.2%] 0.06149(24) [+1.2%]
‡min

NLO[fb] 0.05636(4) [≠7.1%] 0.07282(21) [≠1.3%] 0.05977(30) [≠1.6%]
”[%] ≠17.6 0.1 ≠17.5

Table 2: Fiducial cross sections for pp æ e+e≠µ+µ≠jj + X at 13 TeV CM energy at NLO
EW [O

!
–6"

+ O
!
–7"

], NLO QCD [O
!
–6"

+ O
!
–s–6"

], and NLO QCD+EW [O
!
–6"

+ O
!
–7"

+
O

!
–s–6"

]. Each contribution is given in fb (with the extrema resulting from scale variations
as absolute numbers and as deviation in percent) and as relative correction ” = ‡NLO/‡–6 ≠ 1
in percent. While the numbers in the upper part of the table are for the inclusive setup, those
in the lower part are for the VBS setup. The digits in parentheses indicate the integration
errors.

the ZZ æ ZZ subprocess. The left-over channels are further separated into 4 that contain
pp æ WZZ as subprocess (WZZ) and 8 that then always include the pp æ ZZZ subprocess
(ZZZ). We note that in total 36 partonic channels involve ZZ æ ZZ, 8 involve WZZ, and 16
involve ZZZ. None of the channels involves both WW æ ZZ and WZZ.

The contributions of these di�erent partonic processes are compiled in Table 3, where we
show the corresponding contributions of orders O

!
–6"

, O
!
–7"

, and O
!
–s–6"

in ab, as well as
the NLO corrections in percent. The LO O

!
–6"

cross section is dominated by the 16 partonic
channels containing WW æ ZZ as subprocess. The remaining partonic channels contribute
about 2.5% and 1.0% in the inclusive and VBS setup, respectively, at LO and similarly at
the order O

!
–7"

. The relative EW corrections are smaller for the non-VBS-WW channels
than for the VBS-WW channels apart from ZZZ in the VBS setup, which is however very
small. The O

!
–s–6"

contributions, on the other hand, are dominated by channels involving
triple-vector-boson production in the inclusive setup. In the inclusive setup more than 70% of
the VBS-ZZ contribution in the fifth column results from partonic channels that also involve
WZZ. Note that at this order also gq channels contribute at the same level as the qq channels
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. The cut Mj1j2 > 500 GeV reduces
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Figure 6: LO and NLO di�erential distributions at orders O
!
–6"

(LO), O
!
–7"

(NLO EW),
O

!
–s–6"

(NLO QCD), and NLO EW+QCD. The upper panels show absolute predictions
while the lower ones show each contribution relative to the LO predictions. The observables
read as follows: invariant mass of the two hardest jets (top left), rapidity separation of the
two hardest jets (top right), azimuthal angle between the two hardest jets (bottom left), and
cosine of the angle between the two hardest jets (bottom right).

Turning to the distribution in the rapidity di�erence shown in Figure 6b, the QCD
corrections reach almost 300% in the central rapidity region. The rapidity separation of the
two hardest jets is strongly correlated to their invariant mass (see, for instance, Figure 3
of Ref. [44]). Thus, the arguments given for the distribution in Mj1j2 can be transfered to
the distribution in �yj1j2 . Events with small �yj1j2 are depleted at LO owing to the cut
(3.9), while this is not the case at NLO QCD where extra gluons can provide a leading jet.
The distribution also shows that a cut on the rapidity di�erence would be very e�ective in
removing the sizeable QCD corrections linked to triple-vector-boson production in a similar
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• QCD and EW ss-WWjj at NLO QCD+EW: [Biedermann, Denner, Pellen ’16+’17] 
• EW WZjj at NLO QCD+EW: [Denner, Dittmaier, Maierhöfer, Pellen, Schwan, ’19]
• QCD and EW ZZjj at NLO QCD+EW: [Denner, Franken, Pellen, Schmidt, ’20+’21]

•2 → 6 particles at NLO EW !

•In the VBS phase-space EW mode receives:
‣very small QCD corrections (percent level)
‣O(20%) EW corrections

long-term program 
for VBS@NLO

EW ZZ+2jets @ NLO QCD + EW

[Denner, Franken, Pellen, Schmidt, ’20]



 QCD & EW ZZ+2jets @ NLO QCD + EW
[Denner, Franken, Pellen, Schmidt; ’21]
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Figure 4: Separate contributions of LO and NLO. The upper panels show absolute predictions
of orders O

!
–

6"
(LO EW), O

!
–s–

5"
(LO INT), O

!
–

2
s –

4"
(LO QCD) and the complete NLO

prediction. The lower panels display the contributions of orders O
!
–

7"
, O

!
–s–

6"
, O

!
–

2
s –

5"
,

and O
!
–

3
s –

4"
relative to the complete LO predictions. The observables read as follows:

invariant mass of the two tagging jets (top left), rapidity separation of the two tagging jets
(top right), azimuthal angle between the two tagging jets (bottom left), and cosine of the
angle between the two tagging jets (bottom right).

of the relative corrections is dominated by the O
!
–

2
s –

4"
contributions for small Mj1j2 and

�yj1j2 , but by the O
!
–

6"
ones for large variables. Owing to this varying normalisation, the

EW corrections of order O
!
–

7"
are large for large Mj1j2 or large �yj1j2 (reaching ≠18% at

Mj1j2 = 2 TeV) and small otherwise. The normalisation also explains the opposite behaviour of
the (EW) corrections of order O

!
–

2
s –

5"
, which reach ≠9% at Mj1j2 = 400 GeV but are reduced

to about ≠4% at 2 TeV in the invariant-mass distribution. Despite the fact that these large
EW corrections can be traced back to Sudakov logarithms, they become relatively smaller at
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Figure 8: Di�erential distributions including 7-point scale uncertainties. The upper panels
show absolute predictions for LO and NLO while the lower ones show relative NLO corrections
with respect to the LO predictions at the central scale and the relative LO scale uncertainty.
The full LO predictions include orders O(–6), O(–s–

5), and O(–2
s –

4), while the NLO ones
comprise O(–7), O(–s–

6), O(–2
s –

5), and O(–3
s –

4) contributions. The observables read as
follows: invariant mass of the two tagging jets (top left), rapidity di�erence between the two
tagging jets (top right), transverse momentum of the hardest jet (bottom left), and transverse
momentum of the second hardest jet (bottom right).

The total corrections to the distribution in the invariant mass of the two tagging jets
(Fig. 8a) vary between ≠5% and ≠25% and are smallest at about 800 GeV. These corrections
are not dominated by one particular contribution but result from the interplay of the four
NLO contributions (see Fig. 4a). The scale uncertainty is roughly of the same size as for the
fiducial cross section. On the other hand, the corrections to the distribution in the rapidity
di�erence of the two tagging jets (Fig. 8b) are mostly determined by the corrections of order
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QCD-mode VBF-mode

•QCD: negative K-factor (increasing for large mjj),  
          uncertainty ~20-25% 

• EW: up to -10% in multi TeV

•QCD: very small K-factor at large mjj, 
uncertainty ~10% 

• EW: up to -20% in multi TeV 

preliminary preliminary

QCD-mode EW-mode
[JML, S. Pozzorini, M. Schönherr ; to appear]
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Figure 2: X

4.2 Higher-order QCD, EW and PS predictions for V +multijets191

d

dx
σZ,M
(N)LOQCD+EW =

d

dx
σZ,M
(N)LOQCD +

d

dx
σZ,M
LO QCD κZ,M

EW (x) , (19)192

where the single-differential EW correction factor κV,M
EW is defined as193

κV,M
EW (x) =

d
dxσ

V,M
NLO EW

d
dxσ

V,M
LO EW

− 1 . (20)194
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EW (x)] (21)195
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4.2.1 LO contributions and interference197

4.2.2 QCD production198

4.2.3 EW production199

4.3 Precise predictions and uncertainties for V +multijets ratios200

As the nominal theory prediction for the reweighting in (7) the process ratio (5) should be considered at201

the fixed-order NLO QCD×EW level202
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QCD-EW uncertainties
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Figure 6: X
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(no VBF approximation)


