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

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

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

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

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

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

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

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

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

S
):

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

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

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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EW decays of heavy bosons (W, Z, γ*)           (only isolated photons in the final state)

all topologies to same leptonic final state (with spin correlations & off-shell effects)

→ access to triple gauge couplings (TGCs) ➞ high relevance for BSM physics

loop-induced gg channel at NNLO for charge-neutral processes           (eg, for ZZ)

important background for Higgs measurements (H→VV) and BSM searches

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

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

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;
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and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

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

S
):

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

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

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

3

example:  WZ production (off-shell)



April 9th, 2019Marius Wiesemann    (MPI Munich) Precise predictions for diboson production at the LHC  6

EW decays of heavy bosons (W, Z, γ*)           (only isolated photons in the final state)

all topologies to same leptonic final state (with spin correlations & off-shell effects)

→ access to triple gauge couplings (TGCs) ➞ high relevance for BSM physics

loop-induced gg channel at NNLO for charge-neutral processes           (eg, for ZZ)

important background for Higgs measurements (H→VV) and BSM searches

All diboson processes at NNLO available within MATRIX!

VV production in a nutshell

u

d̄

l0+

⌫l0

l�

l+

W+
d

Z/�

u

d̄

l0+

⌫l0

l�

l+

W+

Z/�

W+

u

d̄

l0+

⌫l0

l�

l+Z/�
⌫l0

W+

(a) (b) (c)

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

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

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

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

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

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

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

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

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

S
):

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

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

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

3

example:  WZ production (off-shell)



April 9th, 2019Marius Wiesemann    (MPI Munich) Precise predictions for diboson production at the LHC  7
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all topologies to same leptonic final state (with spin correlations & off-shell effects)

→ access to triple gauge couplings (TGCs) ➞ high relevance for BSM physics

loop-induced gg channel enters NNLO for charge-neutral processes        (eg, for ZZ)

important background for Higgs measurements (H→VV) and BSM searches

All diboson processes at NNLO available within MATRIX!
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around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
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N3LO corrections, denoted by “nNNLO”, which represents the most advanced perturbative QCD
prediction available at present for this process. The new calculation will be available in an updated
version of Matrix.

The paper is organised as follows. In Section 2 we introduce our computational framework. In
Section 3 we present a comparison of our results to those of Ref. [35]. In Section 4 we combine
our computations of radiative corrections to the quark annihilation and loop-induced gluon fusion
channels, and present fiducial cross sections and distributions in pp collisions at 8 and 13TeV. In
Section 5 we summarise our results.

2 Calculation within the MATRIX framework
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Figure 1: Sample Feynman diagrams for ZZ production with four charged final-state leptons:
tree-level diagrams of the quark annihilation channel in (a) and (b), loop-induced diagram of the
gluon fusion channel in (c).

We consider the four-lepton process

pp ! `+`� `0+`0� +X,

where, for simplicity, we assume the triggered lepton pairs to have di↵erent flavours (` 6= `0).
Representative Born-level diagrams are shown in Figure 1. Diagrams (a) and (b) are driven
by quark annihilation and show double-resonant t-channel ZZ production and single-resonant
s-channel Drell–Yan topologies, respectively. Diagram (c) is instead driven by gluon fusion through
a quark loop, and it enters the calculation at NNLO as it is of O(↵2

S
). However, this contribution

is enhanced by the large gluon luminosity. Up to NLO the quark annihilation and loop-induced
gluon fusion production processes do not mix. Until a few years ago, the theoretical standard was
to consider NLO-accurate predictions for the quark annihilation channel, supplemented with the
loop-induced gluon fusion contribution [27].

Starting from NNLO, the quark annihilation and loop-induced gluon fusion processes mix, and the
distinction between the two production mechanisms is questionable. An example of an interference
contribution is shown in Figure 2. A complete NNLO computation of four-lepton production has
been presented in Refs. [43, 44]. At this order, the loop-induced gluon fusion contribution enters
the cross section through the square of diagrams like the one in Figure 1 (c). The fact that this
O(↵2

S
) contribution is quite large and formally only LO accurate motivates the inclusion of NLO

corrections to the loop-induced gluon fusion channel, which are part of the N3LO corrections. Such
NLO computation for a loop-induced process requires one-loop amplitudes with the emission of one
additional parton and two-loop contributions. In Refs. [33, 35] the calculation has been performed
by considering only the gg partonic channel. Here we extend the above calculation by including also

2
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and di↵erent-flavour (DF) channel—and one corresponding neutrino.
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includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.
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(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

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

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

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

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

S
):

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

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

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

3

example:  WZ production (off-shell)
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Importance of QCD corrections
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NNLO crucial for accurate description of data

Giulia Zanderighi, WW@NNLOPS

NLO & NNLO versus data

4

Current experimental precision requires to go beyond NLO

NLO

NNLO
(example WZ)
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Higher-order QCD corrections

γγ     -  inclusive and differential [Catani, Cieri, de Florian, Ferrera, Grazzini '12], 
                  [Campbell, Ellis, Li, Williams '16], [Grazzini, Kallweit, MW '17]

Zγ     -  inclusive/on-shell and differential/off-shell
              [Grazzini, Kallweit, Rathlev, Torre '13], [Grazzini, Kallweit, Rathlev '15]; see also: [Campbell et al. '17]

Wγ    -  inclusive/on-shell and differential/off-shell                 
                  [Grazzini, Kallweit, Rathlev, Torre '13], [Grazzini, Kallweit, Rathlev '15]

ZZ    -  inclusive/on-shell [Cascioli, Gehrmann, Grazzini, Kallweit, Maierhöfer, 
                  von Manteuffel, Pozzorini, Rathlev, Tancredi, Weihs '14];  see also: [Heinrich et al. '17]

         -  differential/off-shell [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

WW  -  inclusive/on-shell [Gehrmann, Grazzini, Kallweit, Maierhöfer, von Manteuffel, et al. '14]                     
         -  differential/off-shell [Grazzini, Kallweit, Pozzorini, Rathlev, MW '15]

WZ   -  inclusive/on-shell [Grazzini, Kallweit, Rathlev, MW '16]

         -  differential/off-shell [Grazzini, Kallweit, Rathlev, MW '17]

All VV processes known through NNLO QCD: 

    ➞ inclusive/on-shell Z,W & differential/off-shell Z,W (leptonic)



Figure 1: ZZ cross section at LO (dots), NLO (dashes), NLO+gg (dot dashes) and NNLO (solid)
as a function of

√
s. The ATLAS and CMS experimental results at

√
s = 7 TeV and

√
s = 8

TeV are also shown for comparison [3–6]. The lower panel shows the NNLO and NLO+gg results
normalized to the NLO prediction.

the LO result by about 45%. The impact of NNLO corrections with respect to the NLO result
ranges from 11% (

√
s = 7 TeV) to 17% (

√
s = 14 TeV). Using NNLO PDFs throughout, the gluon

fusion contribution provides between 58% and 62% of the full NNLO correction. We find that
the one-loop diagrams involving a top quark provide a contribution which is only few per mille
of the full NNLO cross section. Since the quantitative impact of the two-loop diagrams with a
light fermion loop is extremely small, we estimate that the neglected two-loop diagrams involving
a top-quark contribute well below the per mille level.

The theoretical predictions can be compared to the ATLAS and CMS measurements [3–6]
carried out at

√
s = 7 TeV and

√
s = 8 TeV, which are also shown in the plot. We see that

the experimental uncertainties are still relatively large and that the ATLAS and CMS results
are compatible with both the NLO and NNLO predictions. The only exception is the ATLAS
measurement at

√
s = 8 TeV [5], which seems to prefer a lower cross section. The comparison

between our predictions and the experimental results, however, should be interpreted with care.
First, we point out that the LHC experiments obtain their ZZ production cross section from
four-lepton production using an interval in dilepton invariant masses around the Z boson mass,
thus not including some contribution from far off-shell Z bosons. Then, EW corrections are not
included in our calculation, and are expected to provide a negative contribution to the inclusive
cross section [21].

In Table 1 we report the LO, NLO and NNLO cross sections and scale uncertainties, evaluated
by varying µR and µF simultaneously and independently in the range 0.5mZ < µR, µF < 2mZ

with the constraint 0.5 < µF/µR < 2. From Table 1 we see that the scale uncertainties are about
±3% at NLO and remain of the same order at NNLO. We also see that the NLO scale uncertainty
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Figure 3: Renormalisation and factorisation scale dependence of the ZZ cross section at LO, NLO
and NNLO for the central scale choice µR = µF = mZ and with NNPDF-3.0 PDFs. We also show
the NNLO result without the gluon fusion contributions. The thickness of the bands shows the vari-
ation in the cross section due to factorisation scale while the slope shows the renormalisation scale
dependence. The scale uncertainty was obtained by varying the renormalisation and factorisation
scales in the range 0.5mZ < µR, µF < 2mZ with the constraint 0.5 < µF /µR < 2.

the renormalisation scale dependence. To show that this e↵ect can be attributed to the

gluon fusion channel opening up at NNLO, we also show the NNLO result excluding this

channel, leading to an improved convergence of the perturbative expansion.

The appearance of new channels that open up at NNLO and their importance in

the various kinematic regions can be studied by considering di↵erential results. Due to

the observed mild power corrections in this process we chose to fix the value of the 0-

jettiness slicing parameter to T
cut
0

= 10�2 GeV for all our histograms. In Fig. 4 we present

the invariant mass of the ZZ system and the average transverse momentum distribution

hpT,Zi of any Z-boson, defined as hpT,Zi = (|pZ1
T |+ |pZ2

T |)/2. We also present results for the

loop-induced gg ! ZZ channel.

In Fig. 4a we show our results for the ZZ invariant mass. In the first and second

sub-panels we show the e↵ect of the NLO and NNLO corrections, respectively. We observe

in the first sub-panel large NLO QCD corrections which vary between 40% at low mZZ

and 60% at high mZZ , and change both the shape and normalisation of the predicted

cross section with respect to the LO result. Going to NNLO we observe an approximately

flat increase of the cross section of about 18% with respect to the NLO result, where

approximately 60% of this e↵ect comes from the loop-induced gg ! ZZ channel, which

is outside the scale uncertainty band of the NLO prediction. Similarly, in the transverse

momentum distribution (Fig. 4b), we observe large NLO corrections of approximately 30%

at low hpT,Zi, which can reach almost 100% at high hpT,Zi. The shape of the NNLO
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3

√
s

TeV σLO σNLO σNNLO σgg→H→WW∗

7 29.52+1.6%
−2.5% 45.16+3.7%

−2.9% 49.04+2.1%
−1.8% 3.25+7.1%

−7.8%

8 35.50+2.4%
−3.5% 54.77+3.7%

−2.9% 59.84+2.2%
−1.9% 4.14+7.2%

−7.8%

13 67.16+5.5%
−6.7% 106.0+4.1%

−3.2% 118.7+2.5%
−2.2% 9.44+7.4%

−7.9%

14 73.74+5.9%
−7.2% 116.7+4.1%

−3.3% 131.3+2.6%
−2.2% 10.64+7.5%

−8.0%

TABLE I. LO, NLO and NNLO cross sections (in picobarn)
for on-shell W+W− production in the 4FNS and reference
results for gg → H → WW ∗ from Ref. [75].

decrease when moving from LO to NLO and NNLO.
Moreover, the NNLO (NLO) corrections turn out to ex-
ceed the scale uncertainty of the NLO (LO) predictions
by up to a factor 3 (34). The fact that LO and NLO
scale variations underestimate higher-order effects can be
attributed to the fact that the gluon–quark and gluon–
gluon induced partonic channels, which yield a sizable
contribution to the W+W− cross section, appear only
beyond LO and NLO, respectively. The NNLO is the
first order at which all partonic channels are contribut-
ing. The NNLO scale dependence, which amounts to
about 3%, can thus be considered a realistic estimate of
the theoretical uncertainty due to missing higher-order
effects.

In Figure 1, theoretical predictions in the 4FNS are
compared to CMS and ATLAS measurements at 7 and
8 TeV [5–8]. For a consistent comparison, our results
for on-shell W+W− production are combined with the
gg → H → WW ∗ cross sections reported in Table I.
It turns out that the inclusion of the NNLO corrections
leads to an excellent description of the data at 7 TeV and
decreases the significance of the observed excess at 8 TeV.
In the lower frame of Figure 1, predictions and scale vari-
ations at NNLO are compared to NLO ones, and also the
individual contribution of the gg → W+W− channel is
shown. Using NNLO parton distributions throughout,
the loop induced gluon fusion contribution is only about
35% of the total NNLO correction.

In the light of the small scale dependence of the 4FNS
NNLO cross section, the ambiguities associated with the
definition of a top-free W+W− cross section and its sen-
sitivity to the choice of the FNS might represent a sig-
nificant source of theoretical uncertainty at NNLO. In
particular, the omission of b-quark emissions in our 4FNS
definition of the W+W− cross section implies potentially
large logarithms of mb in the transition from the 4FNS
to the 5FNS. To quantify this kind of uncertainties, we
study the NNLO W+W− cross section in the 5FNS and
introduce a subtraction of its top contamination that al-
lows for a consistent comparison between the two FNSs.
An optimal definition of W+W− production in the 5FNS
requires maximal suppression of the top resonances in
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FIG. 1. The on-shell W+W− cross section in the 4FNS at

LO (dots), NLO (dashes), NLO+gg (dot dashes) and NNLO

(solid) combined with gg → H → WW ∗ is compared to re-

cent ATLAS and CMS measurements [5–8]. In the lower panel

NNLO and NLO+gg results are normalized to NLO predic-

tions. The bands describe scale variations.

the pp → W+W−b and pp → W+W−bb̄ channels. At
the same time, the cancellation of collinear singularities
associated with massless g → bb̄ splittings requires a suf-
ficient level of inclusiveness. The difficulty of fulfilling
both requirements is clearly illustrated in Figure 2 (left),
where 5FNS predictions are plotted versus a b-jet veto
that rejects b-jets with pT,bjet > pvetoT,bjet over the whole
rapidity range, and are compared to 4FNS results. In
the inclusive limit, pvetoT,bjet → ∞, the higher-order correc-
tions in the 5FNS suffer from a huge top contamination.
At 7 (14) TeV the resulting relative enhancement with
respect to the 4FNS amounts to about 30 (60)% at NLO
and a factor 4 (8) at NNLO. In principle, it can be sup-
pressed through the b-jet veto. However, for natural jet
veto values around 30 GeV the top contamination re-
mains larger than 10% of the W+W− cross section, and
a complete suppression of the top contributions requires
a veto of the order of 1 GeV. Moreover, as pvetoT,bjet → 0,
the (N)NLO cross section does not approach a constant,
but, starting from pvetoT,bjet ∼ 10 GeV, it displays a loga-
rithmic slope due to singularities associated with initial
state g → bb̄ splittings. This sensitivity to the jet-veto
parameters represents a theoretical ambiguity at the sev-
eral percent level, which is inherent in the definition of
top-free W+W− production based on a b-jet veto.

To circumvent this problem we will adopt an alterna-
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Figure 1: On-shell W±Z cross section as a function of the centre-of-mass energy at LO, NLO
and NNLO. In the lower panel the curves of the main frame are normalized to the central NLO
prediction. The bands correspond to scale variations as described in the text.

tainties. When considering the relative effects of radiative corrections, the impact of the different
mass windows is completely negligible. Nevertheless, we will consistently apply the respective
mass windows when comparing to data in the following.

We first present results for the ATLAS definition of the W±Z cross sections, reported in Ta-
ble 3, where we compare with the 7 and 8TeV ATLAS measurements of Ref. [4] and Ref. [5],
respectively. Comparing these cross sections in absolute terms to the on-shell case, we find a
reduction by roughly 3% due to the applied mass-window cut and genuine off-shell effects; how-
ever, as anticipated, the relative impact of radiative corrections remains widely unchanged, again
ranging between 63% and 83% at NLO and between 8% and 11% at NNLO for the collider ener-
gies under consideration. Also the scale uncertainty bands stay almost identical when including
off-shell effects and applying the ATLAS mass cut.

Comparing with the experimentally measured cross sections from Refs. [4, 5], we find that
the inclusion of NNLO corrections clearly improves the agreement between data and theory, in
particular at 8TeV, where the measurement is most precise. While the central NLO prediction is
roughly 2σ away from the measured cross section at 8TeV, the NNLO prediction is right on top
of the data with fully overlapping uncertainty bands.

Next, we provide theory predictions for the W±Z cross sections as defined by CMS in Table 4,
where we also quote the results of the CMS measurements performed at 7 and 8TeV (reported in
Ref. [6]), and at 13TeV (reported in Ref. [7]). As already anticipated, the precise definition of the
Z-mass window has only a very mild impact on the cross section. In particular, both the relative

4

ZZ - inclusive/on-shell
[Cascioli, Gehrmann, Grazzini, Kallweit, Maierhöfer, 
Manteuffel, Pozzorini, Rathlev, Tancredi, Weihs '14]; [Heinrich, Jahn, Jones, Kerner, Pires '17]

WZ - inclusive/on-shell
[Grazzini, Kallweit, Rathlev, MW '16]

WW - inclusive/on-shell
[Gehrmann, Grazzini, Kallweit, Maierhöfer, von Manteuffel, et al. '14]                     

Figure 1: ZZ cross section at LO (dots), NLO (dashes), NLO+gg (dot dashes) and NNLO (solid)
as a function of

√
s. The ATLAS and CMS experimental results at

√
s = 7 TeV and

√
s = 8

TeV are also shown for comparison [3–6]. The lower panel shows the NNLO and NLO+gg results
normalized to the NLO prediction.

the LO result by about 45%. The impact of NNLO corrections with respect to the NLO result
ranges from 11% (

√
s = 7 TeV) to 17% (

√
s = 14 TeV). Using NNLO PDFs throughout, the gluon

fusion contribution provides between 58% and 62% of the full NNLO correction. We find that
the one-loop diagrams involving a top quark provide a contribution which is only few per mille
of the full NNLO cross section. Since the quantitative impact of the two-loop diagrams with a
light fermion loop is extremely small, we estimate that the neglected two-loop diagrams involving
a top-quark contribute well below the per mille level.

The theoretical predictions can be compared to the ATLAS and CMS measurements [3–6]
carried out at

√
s = 7 TeV and

√
s = 8 TeV, which are also shown in the plot. We see that

the experimental uncertainties are still relatively large and that the ATLAS and CMS results
are compatible with both the NLO and NNLO predictions. The only exception is the ATLAS
measurement at

√
s = 8 TeV [5], which seems to prefer a lower cross section. The comparison

between our predictions and the experimental results, however, should be interpreted with care.
First, we point out that the LHC experiments obtain their ZZ production cross section from
four-lepton production using an interval in dilepton invariant masses around the Z boson mass,
thus not including some contribution from far off-shell Z bosons. Then, EW corrections are not
included in our calculation, and are expected to provide a negative contribution to the inclusive
cross section [21].

In Table 1 we report the LO, NLO and NNLO cross sections and scale uncertainties, evaluated
by varying µR and µF simultaneously and independently in the range 0.5mZ < µR, µF < 2mZ

with the constraint 0.5 < µF/µR < 2. From Table 1 we see that the scale uncertainties are about
±3% at NLO and remain of the same order at NNLO. We also see that the NLO scale uncertainty
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 WW - differential/off-shell
[Grazzini, Kallweit, Pozzorini, Rathlev, MW '15]

WZ - differential/off-shell
[Grazzini, Kallweit, Rathlev, MW '17]
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Figure 4: Same as Figure 3, but for (a) the transverse mass of the WZ system as defined in Eq. (5)
and (b) the missing transverse energy.
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Figure 5: Same as Figure 4 (a), but separated by (a) W�Z and (b) W+Z production.
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ZZ - differential/off-shell
[Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]ZZ→4ℓ

[Kallweit, MW '18]
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Figure 3: Di↵erential distributions for the four-lepton processes in the total phase space at
LO (black, dotted), NLO (red, dashed) and NNLO (blue, solid), compared to ATLAS 8TeV
data extrapolated to the total phase space [9] (green points with error bars); for (a) �yZ1,Z2 , (b)
��

`
+
Z1

,`
�
Z1
, (c) pT,Z1 , and (d) Njets; the lower frames show the ratio over NLO.
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Figure 1: Sample of Born diagrams contributing to W+W� production both in the di↵erent-flavour
case (l 6= l0) and in the same-flavour case (l = l0).
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Figure 2: Sample of Born diagrams contributing to W+W� production only in the same-flavour
case. In the di↵erent-flavour case, they would describe ZZ production in the 2l2⌫ 0 channel.

(d) via resonant t-channel ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays;

(e) via further Z ! 4 leptons topologies, Z/�⇤ ! llZ ! ll⌫l⌫l or Z ! ⌫l⌫lZ ! ll⌫l⌫l. Any
double-resonant configurations are kinematically suppressed or excluded by phase-space cuts.

Note that the appearance of infrared (IR) divergent �⇤ ! l+l� splittings in the case of equal lepton
flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�

production though.

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

S
):

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄(0) ! l+l0�⌫l⌫̄l0 q(00)q̄(000), and crossing-related pro-
cesses;

• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;

• two-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 .

All required tree-level and one-loop amplitudes are obtained from the OpenLoops generator [?,54],
which implements a fast numerical recursion for the calculation of NLO scattering amplitudes
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ZZ - differential/off-shell
[Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]ZZ→4ℓ

NEW:  ZZ/WW→ℓℓ+ET,miss
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Figure 3: Di↵erential distributions for the four-lepton processes in the total phase space at
LO (black, dotted), NLO (red, dashed) and NNLO (blue, solid), compared to ATLAS 8TeV
data extrapolated to the total phase space [9] (green points with error bars); for (a) �yZ1,Z2 , (b)
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Figure 4: Di↵erential distributions of the 2`2⌫ processes with fiducial cuts at LO (black, dotted),
NLO (red, dashed) and NNLO (blue, solid), compared to ATLAS 8TeV data [9] (green points
with error bars); for (a) pT,``, (b) mT,ZZ , and (c) ��``; the lower frame shows the ratio over NLO.

predictions is degraded by one order for each added jet. NNLO e↵ects on other distributions are
large, but primarily a↵ect the normalization and not the shapes.

We continue our discussion of di↵erential results with the ``+Emiss

T
signature in Figure 4, which

shows the distributions in the transverse momentum of the dilepton pair, pT,`` (panel a), the
transverse mass of the ZZ pair, defined as4

mT,ZZ =

s✓q
p2
T,``

+m2

Z
+
q
(pmiss

T
)2 +m2

Z

◆2

� (pT,`` + pmiss

T )2

(panel b), and the azimuthal angle between the two leptons, ��`` (panel c). The results correspond
to the sum of all channels including both SF (`` ⌫`⌫`) and DF (`` ⌫`0⌫`0) processes (` 2 {e, µ}, ⌫`0 2
{⌫e, ⌫µ, ⌫⌧}, ` 6= `0). We recall that SF contributions are computed by subtracting W+W� and
top-quark backgrounds as outlined before. For all three distributions in Figure 4 we find excellent
agreement between theory and data. At NNLO, di↵erences hardly exceed the 1� level. Although
NNLO corrections change the cross section in certain bins, the experimental uncertainties are still
too large for more distinct conclusions. Similar to our previous observations for fiducial rates, the
agreement found here at fixed order is a significant improvement over the comparison with the
Monte Carlo prediction shown in Ref. [9]. As pointed out before, we expect a poor modelling of
the jet veto by the Powheg generator to be the main source of these di↵erences, see also Ref. [80].

In the remainder of this paper we focus on the ``+Emiss

T
signature, with the same fiducial setup

as before. In Figure 5 we have picked three out of many observables where the importance of
NNLO corrections is evident. The NLO0+gg result in the ratio frame denotes the sum of the NLO
and the loop-induced gg cross section, both evaluated with NNLO PDFs, which was the best
prediction available in the past. Its di↵erence compared to the complete NNLO QCD result shows
the size of the genuine O(↵2

S
) corrections to the qq̄ channel, computed for the first time in this

4
Boldface is used to indicate the vectorial sum of the dilepton and missing transverse momentum.
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mixes ZZ and WW topologies
    (pp→ZZ/γ*Z/WW→ũũ νν)             (pp→Z/γ*→ũũ Z/ũ ν W→ũũ νν)

u

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

S
):

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄(0) ! l+l0�⌫l⌫̄l0 q(00)q̄(000), and crossing-related pro-
cesses;

• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;

• two-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 .
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ū

l+

⌫l

l0�

⌫̄l0

W+
d

W�

q

q̄

l+

⌫l

l0�

⌫̄l0

W+

W�

Z/�

q

q̄

l+

⌫l

l0�

⌫̄l0
W�

l�

Z/�

(a) (b) (c)

Figure 1: Sample of Born diagrams contributing to W+W� production both in the di↵erent-flavour
case (l 6= l0) and in the same-flavour case (l = l0).

q

q̄

l+

l�

⌫l

⌫̄l

Z/�
q

Z

q

q̄

l+

l�

⌫l

⌫̄l
Z

l�

Z/�

(d) (e)

Figure 2: Sample of Born diagrams contributing to W+W� production only in the same-flavour
case. In the di↵erent-flavour case, they would describe ZZ production in the 2l2⌫ 0 channel.

(d) via resonant t-channel ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays;

(e) via further Z ! 4 leptons topologies, Z/�⇤ ! llZ ! ll⌫l⌫l or Z ! ⌫l⌫lZ ! ll⌫l⌫l. Any
double-resonant configurations are kinematically suppressed or excluded by phase-space cuts.

Note that the appearance of infrared (IR) divergent �⇤ ! l+l� splittings in the case of equal lepton
flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�

production though.

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

S
):

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄(0) ! l+l0�⌫l⌫̄l0 q(00)q̄(000), and crossing-related pro-
cesses;

• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;

• two-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 .

All required tree-level and one-loop amplitudes are obtained from the OpenLoops generator [?,54],
which implements a fast numerical recursion for the calculation of NLO scattering amplitudes

4

u

ū
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Table 2: Predictions for fiducial and total rates compared to ATLAS 8 TeV data [9].

Zrec

a
= `+`� and Zrec

b
= `0+`0�, which we employ for the predicted cross sections in the total

phase space. The fiducial cuts involve standard requirements on the transverse momenta and
pseudo-rapidities of the leptons, a separation in �R =

p
�⌘2 +��2 between the leptons, and a

window in the invariant mass of reconstructed Z bosons around the Z-pole. In the SF channel
````, Z bosons are reconstructed by identifying the combination of opposite-sign same-flavour
(OSSF) lepton pairings (Za = `+

a
`�
a
and Zb = `+

b
`�
b
, or Za = `+

a
`�
b
and Zb = `+

b
`�
a
) that minimizes

|mZa �mZ | + |mZb
�mZ | with the reconstructed Z bosons Zrec

a
= Za and Zrec

b
= Zb. A rather

special feature in the fiducial phase spaces of the four-lepton channels is the fact that ATLAS
measures one of the electrons up to very large pseudo-rapidities (|⌘e| < 4.9). The measurement of
the ``+Emiss

T
signature applies two additional requirements, which force the two Z bosons closer

to back-to-back-like configurations to suppress backgrounds such as Z+jets: There is a lower cut
on the axial missing transverse momentum, Axial-pmiss

T
= �pmiss

T
· cos (��``,⌫⌫), where pmiss

T
⌘ pT,⌫⌫

and ��``,⌫⌫ is the azimuthal angle between the dilepton and the neutrino pair. Furthermore, the
two Z-boson momenta are balanced by putting an upper cut on pT -balance = |pmiss

T
� pT,``|/pT,``.

Finally, the ``+Emiss

T
signature requires a jet veto to suppress top-quark backgrounds. Note that

jets close to electrons (�Rej < 0.3) are not vetoed.

In Table 2 we report cross-section predictions and compare them against ATLAS 8TeV results [9].
Central predictions are stated with the numerical error on the last digit quoted in round brackets.
The relative uncertainties quoted in percent are estimated from scale variations as described above.
Results reported for e+e�µ+µ�, e+e�e+e�, µ+µ�µ+µ�, e+e�⌫⌫̄, and µ+µ�⌫⌫̄ production are cross
sections in the respective fiducial volumes defined in Table 1. The prediction in the last line of the
table is obtained from the computation of pp ! e+e�µ+µ� +X in the total phase space defined
in Table 1, by dividing out the branching ratio BR(Z ! ``) for each Z-boson decay. The main
conclusions that can be drawn from these results are the following:

• Radiative corrections are large and have a marked dependence on the event selection: They
range between +35% to +40% at NLO and +14% to +17% at NNLO in cases without a jet
veto, i.e. for all but the 2`2⌫ results. Roughly half (45%–55%) of the O(↵2

s
) terms are due to

the loop-induced gg component in these cases. For the 2`2⌫ processes the situation is quite
di↵erent: Due to the jet veto NLO corrections turn negative and yield about �14%. NNLO
corrections are roughly +6%. However, the positive e↵ect is entirely due to loop-induced gg
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table is obtained from the computation of pp ! e+e�µ+µ� +X in the total phase space defined
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ZZ - differential/off-shell
[Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]ZZ→4ℓ

[Kallweit, MW '18]
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Figure 3: Di↵erential distributions for the four-lepton processes in the total phase space at
LO (black, dotted), NLO (red, dashed) and NNLO (blue, solid), compared to ATLAS 8TeV
data extrapolated to the total phase space [9] (green points with error bars); for (a) �yZ1,Z2 , (b)
��

`
+
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�
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, (c) pT,Z1 , and (d) Njets; the lower frames show the ratio over NLO.
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Figure 1: Sample of Born diagrams contributing to W+W� production both in the di↵erent-flavour
case (l 6= l0) and in the same-flavour case (l = l0).
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Figure 2: Sample of Born diagrams contributing to W+W� production only in the same-flavour
case. In the di↵erent-flavour case, they would describe ZZ production in the 2l2⌫ 0 channel.

(d) via resonant t-channel ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays;

(e) via further Z ! 4 leptons topologies, Z/�⇤ ! llZ ! ll⌫l⌫l or Z ! ⌫l⌫lZ ! ll⌫l⌫l. Any
double-resonant configurations are kinematically suppressed or excluded by phase-space cuts.

Note that the appearance of infrared (IR) divergent �⇤ ! l+l� splittings in the case of equal lepton
flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�

production though.

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

S
):

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄(0) ! l+l0�⌫l⌫̄l0 q(00)q̄(000), and crossing-related pro-
cesses;

• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;

• two-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 .

All required tree-level and one-loop amplitudes are obtained from the OpenLoops generator [?,54],
which implements a fast numerical recursion for the calculation of NLO scattering amplitudes
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(e) via further Z ! 4 leptons topologies, Z/�⇤ ! llZ ! ll⌫l⌫l or Z ! ⌫l⌫lZ ! ll⌫l⌫l. Any
double-resonant configurations are kinematically suppressed or excluded by phase-space cuts.

Note that the appearance of infrared (IR) divergent �⇤ ! l+l� splittings in the case of equal lepton
flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�
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The NNLO computation requires the following scattering amplitudes at O(↵2
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):
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• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;

• two-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 .
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flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
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nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�

production though.

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

S
):
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mixes ZZ and WW topologies
    (pp→ZZ/γ*Z/WW→ũũ νν)             (pp→Z/γ*→ũũ Z/ũ ν W→ũũ νν)
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ũũ+ET,miss at NNLO [Kallweit, MW '18]

channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

e+e�µ+µ� 8.188(1)+2.4%

�3.2%
11.30(0)+2.5%

�2.0%
12.92(1)+2.8%

�2.2%
12.4 +1.0

�1.0
(stat) +0.6

�0.5
(syst) +0.3

�0.2
(lumi)

e+e�e+e� 4.654(0)+2.3%

�3.1%
6.410(2)+2.5%

�2.0%
7.310(8)+2.7%

�2.1%
5.9 +0.8

�0.8
(stat) +0.4

�0.4
(syst)± 0.1(lumi)

µ+µ�µ+µ� 3.565(0)+2.6%

�3.5%
4.969(5)+2.5%

�2.0%
5.688(6)+2.9%

�2.2%
4.9 +0.6

�0.5
(stat) +0.3

�0.2
(syst)± 0.1(lumi)

e+e�⌫⌫ 5.558(0)+0.1%

�0.5%
4.806(1)+3.5%

�3.9%
5.083(8)+1.9%

�0.6%
5.0 +0.8

�0.7
(stat) +0.5

�0.4
(syst)± 0.1(lumi)

µ+µ�⌫⌫ 5.558(0)+0.1%

�0.5%
4.770(4)+3.6%

�4.0%
5.035(9)+1.8%

�0.5%
4.7 +0.7

�0.7
(stat) +0.5

�0.4
(syst)± 0.1(lumi)

total rate 4982(0)+1.9%

�2.7%
6754(2)+2.4%

�2.0%
7690(5)+2.7%

�2.1%
7300 +400

�400
(stat) +300

�300
(syst) +200

�100
(lumi)

Table 2: Predictions for fiducial and total rates compared to ATLAS 8 TeV data [9].

Zrec

a
= `+`� and Zrec

b
= `0+`0�, which we employ for the predicted cross sections in the total

phase space. The fiducial cuts involve standard requirements on the transverse momenta and
pseudo-rapidities of the leptons, a separation in �R =

p
�⌘2 +��2 between the leptons, and a

window in the invariant mass of reconstructed Z bosons around the Z-pole. In the SF channel
````, Z bosons are reconstructed by identifying the combination of opposite-sign same-flavour
(OSSF) lepton pairings (Za = `+

a
`�
a
and Zb = `+

b
`�
b
, or Za = `+

a
`�
b
and Zb = `+

b
`�
a
) that minimizes

|mZa �mZ | + |mZb
�mZ | with the reconstructed Z bosons Zrec

a
= Za and Zrec

b
= Zb. A rather

special feature in the fiducial phase spaces of the four-lepton channels is the fact that ATLAS
measures one of the electrons up to very large pseudo-rapidities (|⌘e| < 4.9). The measurement of
the ``+Emiss

T
signature applies two additional requirements, which force the two Z bosons closer

to back-to-back-like configurations to suppress backgrounds such as Z+jets: There is a lower cut
on the axial missing transverse momentum, Axial-pmiss

T
= �pmiss

T
· cos (��``,⌫⌫), where pmiss

T
⌘ pT,⌫⌫

and ��``,⌫⌫ is the azimuthal angle between the dilepton and the neutrino pair. Furthermore, the
two Z-boson momenta are balanced by putting an upper cut on pT -balance = |pmiss

T
� pT,``|/pT,``.

Finally, the ``+Emiss

T
signature requires a jet veto to suppress top-quark backgrounds. Note that

jets close to electrons (�Rej < 0.3) are not vetoed.

In Table 2 we report cross-section predictions and compare them against ATLAS 8TeV results [9].
Central predictions are stated with the numerical error on the last digit quoted in round brackets.
The relative uncertainties quoted in percent are estimated from scale variations as described above.
Results reported for e+e�µ+µ�, e+e�e+e�, µ+µ�µ+µ�, e+e�⌫⌫̄, and µ+µ�⌫⌫̄ production are cross
sections in the respective fiducial volumes defined in Table 1. The prediction in the last line of the
table is obtained from the computation of pp ! e+e�µ+µ� +X in the total phase space defined
in Table 1, by dividing out the branching ratio BR(Z ! ``) for each Z-boson decay. The main
conclusions that can be drawn from these results are the following:

• Radiative corrections are large and have a marked dependence on the event selection: They
range between +35% to +40% at NLO and +14% to +17% at NNLO in cases without a jet
veto, i.e. for all but the 2`2⌫ results. Roughly half (45%–55%) of the O(↵2

s
) terms are due to

the loop-induced gg component in these cases. For the 2`2⌫ processes the situation is quite
di↵erent: Due to the jet veto NLO corrections turn negative and yield about �14%. NNLO
corrections are roughly +6%. However, the positive e↵ect is entirely due to loop-induced gg
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Figure 4: Di↵erential distributions of the 2`2⌫ processes with fiducial cuts at LO (black, dotted),
NLO (red, dashed) and NNLO (blue, solid), compared to ATLAS 8TeV data [9] (green points
with error bars); for (a) pT,``, (b) mT,ZZ , and (c) ��``; the lower frame shows the ratio over NLO.

predictions is degraded by one order for each added jet. NNLO e↵ects on other distributions are
large, but primarily a↵ect the normalization and not the shapes.

We continue our discussion of di↵erential results with the ``+Emiss

T
signature in Figure 4, which

shows the distributions in the transverse momentum of the dilepton pair, pT,`` (panel a), the
transverse mass of the ZZ pair, defined as4

mT,ZZ =

s✓q
p2
T,``

+m2

Z
+
q
(pmiss

T
)2 +m2

Z

◆2

� (pT,`` + pmiss

T )2

(panel b), and the azimuthal angle between the two leptons, ��`` (panel c). The results correspond
to the sum of all channels including both SF (`` ⌫`⌫`) and DF (`` ⌫`0⌫`0) processes (` 2 {e, µ}, ⌫`0 2
{⌫e, ⌫µ, ⌫⌧}, ` 6= `0). We recall that SF contributions are computed by subtracting W+W� and
top-quark backgrounds as outlined before. For all three distributions in Figure 4 we find excellent
agreement between theory and data. At NNLO, di↵erences hardly exceed the 1� level. Although
NNLO corrections change the cross section in certain bins, the experimental uncertainties are still
too large for more distinct conclusions. Similar to our previous observations for fiducial rates, the
agreement found here at fixed order is a significant improvement over the comparison with the
Monte Carlo prediction shown in Ref. [9]. As pointed out before, we expect a poor modelling of
the jet veto by the Powheg generator to be the main source of these di↵erences, see also Ref. [80].

In the remainder of this paper we focus on the ``+Emiss

T
signature, with the same fiducial setup

as before. In Figure 5 we have picked three out of many observables where the importance of
NNLO corrections is evident. The NLO0+gg result in the ratio frame denotes the sum of the NLO
and the loop-induced gg cross section, both evaluated with NNLO PDFs, which was the best
prediction available in the past. Its di↵erence compared to the complete NNLO QCD result shows
the size of the genuine O(↵2

S
) corrections to the qq̄ channel, computed for the first time in this

4
Boldface is used to indicate the vectorial sum of the dilepton and missing transverse momentum.
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case. In the di↵erent-flavour case, they would describe ZZ production in the 2l2⌫ 0 channel.

(d) via resonant t-channel ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays;

(e) via further Z ! 4 leptons topologies, Z/�⇤ ! llZ ! ll⌫l⌫l or Z ! ⌫l⌫lZ ! ll⌫l⌫l. Any
double-resonant configurations are kinematically suppressed or excluded by phase-space cuts.

Note that the appearance of infrared (IR) divergent �⇤ ! l+l� splittings in the case of equal lepton
flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�

production though.

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

S
):

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄(0) ! l+l0�⌫l⌫̄l0 q(00)q̄(000), and crossing-related pro-
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• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;
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All required tree-level and one-loop amplitudes are obtained from the OpenLoops generator [?,54],
which implements a fast numerical recursion for the calculation of NLO scattering amplitudes
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Note that the appearance of infrared (IR) divergent �⇤ ! l+l� splittings in the case of equal lepton
flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�

production though.

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

S
):

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄(0) ! l+l0�⌫l⌫̄l0 q(00)q̄(000), and crossing-related pro-
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All required tree-level and one-loop amplitudes are obtained from the OpenLoops generator [?,54],
which implements a fast numerical recursion for the calculation of NLO scattering amplitudes
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ũũ+ET,miss at NNLO [Kallweit, MW '18]

channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

e+e�µ+µ� 8.188(1)+2.4%

�3.2%
11.30(0)+2.5%

�2.0%
12.92(1)+2.8%

�2.2%
12.4 +1.0

�1.0
(stat) +0.6

�0.5
(syst) +0.3

�0.2
(lumi)

e+e�e+e� 4.654(0)+2.3%

�3.1%
6.410(2)+2.5%

�2.0%
7.310(8)+2.7%

�2.1%
5.9 +0.8

�0.8
(stat) +0.4

�0.4
(syst)± 0.1(lumi)

µ+µ�µ+µ� 3.565(0)+2.6%

�3.5%
4.969(5)+2.5%

�2.0%
5.688(6)+2.9%

�2.2%
4.9 +0.6

�0.5
(stat) +0.3

�0.2
(syst)± 0.1(lumi)

e+e�⌫⌫ 5.558(0)+0.1%

�0.5%
4.806(1)+3.5%

�3.9%
5.083(8)+1.9%

�0.6%
5.0 +0.8

�0.7
(stat) +0.5

�0.4
(syst)± 0.1(lumi)

µ+µ�⌫⌫ 5.558(0)+0.1%

�0.5%
4.770(4)+3.6%

�4.0%
5.035(9)+1.8%

�0.5%
4.7 +0.7

�0.7
(stat) +0.5

�0.4
(syst)± 0.1(lumi)

total rate 4982(0)+1.9%

�2.7%
6754(2)+2.4%

�2.0%
7690(5)+2.7%

�2.1%
7300 +400

�400
(stat) +300

�300
(syst) +200

�100
(lumi)

Table 2: Predictions for fiducial and total rates compared to ATLAS 8 TeV data [9].

Zrec

a
= `+`� and Zrec

b
= `0+`0�, which we employ for the predicted cross sections in the total

phase space. The fiducial cuts involve standard requirements on the transverse momenta and
pseudo-rapidities of the leptons, a separation in �R =

p
�⌘2 +��2 between the leptons, and a

window in the invariant mass of reconstructed Z bosons around the Z-pole. In the SF channel
````, Z bosons are reconstructed by identifying the combination of opposite-sign same-flavour
(OSSF) lepton pairings (Za = `+

a
`�
a
and Zb = `+

b
`�
b
, or Za = `+

a
`�
b
and Zb = `+

b
`�
a
) that minimizes

|mZa �mZ | + |mZb
�mZ | with the reconstructed Z bosons Zrec

a
= Za and Zrec

b
= Zb. A rather

special feature in the fiducial phase spaces of the four-lepton channels is the fact that ATLAS
measures one of the electrons up to very large pseudo-rapidities (|⌘e| < 4.9). The measurement of
the ``+Emiss

T
signature applies two additional requirements, which force the two Z bosons closer

to back-to-back-like configurations to suppress backgrounds such as Z+jets: There is a lower cut
on the axial missing transverse momentum, Axial-pmiss

T
= �pmiss

T
· cos (��``,⌫⌫), where pmiss

T
⌘ pT,⌫⌫

and ��``,⌫⌫ is the azimuthal angle between the dilepton and the neutrino pair. Furthermore, the
two Z-boson momenta are balanced by putting an upper cut on pT -balance = |pmiss

T
� pT,``|/pT,``.

Finally, the ``+Emiss

T
signature requires a jet veto to suppress top-quark backgrounds. Note that

jets close to electrons (�Rej < 0.3) are not vetoed.

In Table 2 we report cross-section predictions and compare them against ATLAS 8TeV results [9].
Central predictions are stated with the numerical error on the last digit quoted in round brackets.
The relative uncertainties quoted in percent are estimated from scale variations as described above.
Results reported for e+e�µ+µ�, e+e�e+e�, µ+µ�µ+µ�, e+e�⌫⌫̄, and µ+µ�⌫⌫̄ production are cross
sections in the respective fiducial volumes defined in Table 1. The prediction in the last line of the
table is obtained from the computation of pp ! e+e�µ+µ� +X in the total phase space defined
in Table 1, by dividing out the branching ratio BR(Z ! ``) for each Z-boson decay. The main
conclusions that can be drawn from these results are the following:

• Radiative corrections are large and have a marked dependence on the event selection: They
range between +35% to +40% at NLO and +14% to +17% at NNLO in cases without a jet
veto, i.e. for all but the 2`2⌫ results. Roughly half (45%–55%) of the O(↵2

s
) terms are due to

the loop-induced gg component in these cases. For the 2`2⌫ processes the situation is quite
di↵erent: Due to the jet veto NLO corrections turn negative and yield about �14%. NNLO
corrections are roughly +6%. However, the positive e↵ect is entirely due to loop-induced gg
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Figure 4: Di↵erential distributions of the 2`2⌫ processes with fiducial cuts at LO (black, dotted),
NLO (red, dashed) and NNLO (blue, solid), compared to ATLAS 8TeV data [9] (green points
with error bars); for (a) pT,``, (b) mT,ZZ , and (c) ��``; the lower frame shows the ratio over NLO.

predictions is degraded by one order for each added jet. NNLO e↵ects on other distributions are
large, but primarily a↵ect the normalization and not the shapes.

We continue our discussion of di↵erential results with the ``+Emiss

T
signature in Figure 4, which

shows the distributions in the transverse momentum of the dilepton pair, pT,`` (panel a), the
transverse mass of the ZZ pair, defined as4

mT,ZZ =

s✓q
p2
T,``

+m2

Z
+
q
(pmiss

T
)2 +m2

Z

◆2

� (pT,`` + pmiss

T )2

(panel b), and the azimuthal angle between the two leptons, ��`` (panel c). The results correspond
to the sum of all channels including both SF (`` ⌫`⌫`) and DF (`` ⌫`0⌫`0) processes (` 2 {e, µ}, ⌫`0 2
{⌫e, ⌫µ, ⌫⌧}, ` 6= `0). We recall that SF contributions are computed by subtracting W+W� and
top-quark backgrounds as outlined before. For all three distributions in Figure 4 we find excellent
agreement between theory and data. At NNLO, di↵erences hardly exceed the 1� level. Although
NNLO corrections change the cross section in certain bins, the experimental uncertainties are still
too large for more distinct conclusions. Similar to our previous observations for fiducial rates, the
agreement found here at fixed order is a significant improvement over the comparison with the
Monte Carlo prediction shown in Ref. [9]. As pointed out before, we expect a poor modelling of
the jet veto by the Powheg generator to be the main source of these di↵erences, see also Ref. [80].

In the remainder of this paper we focus on the ``+Emiss

T
signature, with the same fiducial setup

as before. In Figure 5 we have picked three out of many observables where the importance of
NNLO corrections is evident. The NLO0+gg result in the ratio frame denotes the sum of the NLO
and the loop-induced gg cross section, both evaluated with NNLO PDFs, which was the best
prediction available in the past. Its di↵erence compared to the complete NNLO QCD result shows
the size of the genuine O(↵2

S
) corrections to the qq̄ channel, computed for the first time in this

4
Boldface is used to indicate the vectorial sum of the dilepton and missing transverse momentum.
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data within 1σ  
(better than comparison to MC [JHEP 1701 (2017) 099])

NEW:  ZZ/WW→ℓℓ+ET,miss
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Higher-order QCD corrections

γγ     -  inclusive and differential [Catani, Cieri, de Florian, Ferrera, Grazzini '12], 
                  [Campbell, Ellis, Li, Williams '16], [Grazzini, Kallweit, MW '17]

Zγ     -  inclusive/on-shell and differential/off-shell
              [Grazzini, Kallweit, Rathlev, Torre '13], [Grazzini, Kallweit, Rathlev '15]; see also: [Campbell et al. '17]

Wγ    -  inclusive/on-shell and differential/off-shell                 
                  [Grazzini, Kallweit, Rathlev, Torre '13], [Grazzini, Kallweit, Rathlev '15]

ZZ    -  inclusive/on-shell [Cascioli, Gehrmann, Grazzini, Kallweit, Maierhöfer, 
                  von Manteuffel, Pozzorini, Rathlev, Tancredi, Weihs '14];  see also: [Heinrich et al. ' 17]

         -  differential/off-shell [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

WW  -  inclusive/on-shell [Gehrmann, Grazzini, Kallweit, Maierhöfer, von Manteuffel, et al. '14]                     
         -  differential/off-shell [Grazzini, Kallweit, Pozzorini, Rathlev, MW '15]

WZ   -  inclusive/on-shell [Grazzini, Kallweit, Rathlev, MW '16]

         -  differential/off-shell [Grazzini, Kallweit, Rathlev, MW '17]

All VV processes known through NNLO QCD: 

    ➞ inclusive/on-shell Z,W & differential/off-shell Z,W (leptonic)



April 9th, 2019Marius Wiesemann    (MPI Munich) Precise predictions for diboson production at the LHC  18
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WW  -  inclusive/on-shell [Gehrmann, Grazzini, Kallweit, Maierhöfer, von Manteuffel, et al. '14]                     
         -  differential/off-shell [Grazzini, Kallweit, Pozzorini, Rathlev, MW '15]

WZ   -  inclusive/on-shell [Grazzini, Kallweit, Rathlev, MW '16]

         -  differential/off-shell [Grazzini, Kallweit, Rathlev, MW '17]

All VV processes known through NNLO QCD: 

    ➞ inclusive/on-shell Z,W & differential/off-shell Z,W (leptonic)

all publicly available within MATRIX



process status comment

pp→Z/γ*(→ℓℓ/νν) validated analytically + FEWZ

pp→W(→ℓν) validated with FEWZ, NNLOjet

pp→H validated analytically (by SusHi)

pp→γγ validated with 2γNNLO

pp→Zγ→ℓℓγ [Grazzini, Kallweit, Rathlev '15]

pp→Zγ→ννγ [Grazzini, Kallweit, Rathlev '15]

pp→Wγ→ℓνγ [Grazzini, Kallweit, Rathlev '15]

pp→ZZ [Cascioli et al. '14]

pp→ZZ→ℓℓℓℓ [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓℓ'ℓ' [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓν'ν' [Kallweit, MW '18]

pp→ZZ/WW→ℓℓνν [Kallweit, MW '18]

pp→WW [Gehrmann et al. '14]

pp→WW→ℓν ℓ'ν'

pp→WZ [Grazzini, Kallweit, Rathlev, MW '16]

pp→WZ→ℓνℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→WZ→ℓ'ν'ℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→HH (     ) not in public release

[Grazzini, Kallweit, Pozzorini, Rathlev, MW '16]

single boson 
processes

photon 
processes

massive 
diboson 
processes



The MATRIX framework

MUNICH
MUlti-chaNnel Integrator at Swiss (CH) precision

Amplitudes

OPENLOOPS
(COLLIER, CUTTOols, . . . )

Dedicated 2-loop codes
(VVAMP, GINAC, TDHPL, . . . )

qT subtraction , qT resummation

MATRIX
MUNICH Automates qT Subtraction

and Resummation to Integrate X-sections.

N
N
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N
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The MATRIX framework
[Grazzini,  Kallweit,  MW '17]          https://matrix.hepforge.org/
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gg→ZZ→4ℓ at NLO   [Grazzini, Kallweit, MW, Yook '18]
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

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

3 Results

Validation

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

3.1 Setup

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

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

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

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

1

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

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

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 2: Example of NNLO interference between quark annihilation and loop-induced gluon
fusion production mechanisms.
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Figure 3: Examples of N3LO contributions in the qg channel.

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

S
) together with the complete NLO corrections

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

S
). As such, besides providing the maximum

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

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

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

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

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

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

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

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

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

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

3 Results

Validation

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

3.1 Setup

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

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

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

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

1

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

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

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

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

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

3 Results

Validation

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

3.1 Setup

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

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

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

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

1

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

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

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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gg→ZZ→4ℓ at NLO

NLO gg correction large+not flat; 
moves nNNLO outside uncertainty 
band of NNLO

huge NLO gg K-factor (~2 & more);
impact of newly computed fermionic 
channels clearly visible
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Figure 7: Di↵erential distribution in pT,`1 at 8TeV (left) and 13TeV (right).

not specific to the loop-induced gluon fusion channel: We observe the same features also for the
NLO corrections to the quark annihilation channel.

Also for the transverse-momentum distributions of the Z bosons the importance of the qg channels
in the ggNLO result is evident: The pT,Z1 shape is clearly modified due to a negative qg contribution
at small pT,Z1 , and a positive qg contribution in the tail of the distribution. At large pT,Z2 the
contribution of the qg channels is as large as the one of the gg channel. However, they have
opposite signs such that they compensate each other and the ggNLO corrections almost vanish,
whereas, neglecting qg contributions, the ggNLOgg corrections show an increase of roughly 40%
wrt. ggLO instead. NNLO scale uncertainties at small pT,Z1 and pT,Z2 typically do not cover the
sizeable nNNLO corrections.

Another eye-catching feature we observe in Figure 8 is the significant drop of the transverse-
momentum distribution of both the leading and subleading Z boson above pT,Zi ⇠ 900 GeV
(i 2 {1, 2}). This is due to the interplay between the large transverse momentum of the parent
Z boson, which makes the corresponding lepton pair boosted, and the �R`` > �Rmin

``
cut in the

fiducial phase space (` 2 {e, µ}, �Rmin

``
= 0.2). Indeed, if the transverse momentum of the parent

Z boson fulfills the condition

pT,Zi ⇠
>

p
2mZp

1� cos�Rmin

``

⇠ 900 GeV , (2)

the lepton pair is forced to be produced o↵-shell, and as a consequence the cross section is strongly
suppressed. Note that this e↵ect is independent of the collider energy.
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  [Grazzini, Kallweit, MW, Yook '18]

p
s 8TeV 13TeV 8TeV 13TeV

� [fb] �/�NLO � 1

LO 8.1881(8)+2.4%

�3.2%
13.933(7)+5.5%

�6.4%
�27.5% �29.8%

NLO 11.2958(4)+2.5%

�2.0%
19.8454(7)+2.5%

�2.1%
0% 0%

qq̄NNLO 12.08(3)+1.1%

�1.1%
21.54(2)+1.1%

�1.2%
+6.9% +8.6%

� [fb] �/�ggLO � 1

ggLO 0.79354(8)+28.2%

�20.9%
2.0054(2)+23.5%

�17.9%
0% 0%

ggNLOgg 1.4810(9)+16.0%

�13.2%
3.627(3)+15.2%

�12.8%
+86.6% +80.9%

ggNLO 1.3901(9)+15.4%

�13.6%
3.423(3)+13.9%

�12.0%
+75.2% +70.7%

� [fb] �/�NLO � 1

NNLO 12.87(3)+2.8%

�2.1%
23.55(2)+3.0%

�2.6%
+13.9% +18.7%

nNNLO 13.47(3)+2.6%

�2.2%
24.97(2)+2.9%

�2.7%
+19.2% +25.8%

Table 3: Fiducial cross sections at di↵erent perturbative orders and relative impact on NLO and
ggLO predictions, respectively. The quoted uncertainties correspond to scale variations as described
in the text, and the numerical integration errors on the previous digit are stated in parentheses;
for all (n)NNLO results, the latter include the uncertainty due the rcut extrapolation [52].

We add a comment on the contribution of diagrams with a Higgs boson: The cuts we are applying
essentially select on-shell Z bosons, thereby forcing the Higgs boson to be o↵-shell. Nonetheless,
our calculation consistently includes also the Higgs diagrams. The signal–background interference
in the gg ! ZZ ! 4l channel is known to provide a non-negligible contribution [34]. Indeed, we
find that with our selection cuts the impact of the Higgs contribution is about �5% both in the
ggLO and ggNLO results.

We now turn to presenting kinematical distributions. Throughout this section, the plots are
organized according to the following pattern: There is an upper panel where absolute cross sections
at LO (black, dotted), NLO (red, dashed), NNLO (blue, dash-dotted) and nNNLO (magenta,
solid) are shown. In the central panel the nNNLO result with its scale uncertainty is normalised
to the central NNLO result. In the lower panel the NLO/LO K-factors of the loop-induced
gluon fusion contribution are shown, with (ggNLO; pink, solid) and without (ggNLOgg; brown,
dash-double-dotted) the qg contribution. The figures on the left show the 8TeV results, and the
ones on the right the 13TeV results.

We first consider the invariant-mass distribution of the four-lepton system in Figure 4. The
impact of the NLO corrections to the loop-induced gluon fusion contribution is largest at small
invariant masses: In the peak region they increase the NNLO cross section by about 5% (7%) at
p
s = 8 (13)TeV. As m4` increases, the impact of the ggNLO corrections decreases, and it is only

about +1% at m4` ⇠ 1TeV. This is not unexpected, since the gg contribution is largest when
gluons with smaller x are probed. On the contrary, the size of the ggNLO/ggLO K-factor in the

7

+5-6% effect due to NLO correction to gg 
compared to NNLO



Combination: NNLO QCD and NLO EW

why adding NLO EW?

➙ needed for percent-level precision (inclusive)

➙ distortion of line shapes (EW resonances)
due to photon FSR from leptons:  QED effect

➙ sizable negative correction in tails
due to large Sudakov logarithms:  genuine EW effect

[Grazzini, Kallweit, Lindert, Pozzorini, MW]

General remarks on EW corrections for VV production Dominant e↵ects from EW corrections

Dominant e↵ects from EW corrections/

Shape corrections in invariant-mass
distributions (EW resonances)

Negative corrections in high-energy
observables (EW Sudakov logarithms)
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Pure QED e↵ect: photon
bremsstrahlung o↵ decay leptons

,! Migration from peak to lower mass;
depends on recombination procedure.

Genuine EW e↵ect: enhancement due
to large universal Sudakov logarithms

,! Higher orders in ↵ and uncertainty
estimates might be required.
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Combination: NNLO QCD and NLO EW

all vector-boson pair production processes

combination?

[Grazzini, Kallweit, Lindert, Pozzorini, MW]

NLO EW corrections for vector-boson pair production Characteristics of NLO EW corrections

Basic remarks on EW calculations/

Dominant e↵ects of NLO EW corrections

Shape corrections in invariant-mass distributions (if resonances are involved)
due to photon bremsstrahlung (depends on photon-recombination procedure)

Negative corrections in high-energy observables due to Sudakov logarithms

Combination of (N)NLO QCD and NLO EW corrections

additive: d�(N)NLO

QCD+EW
= d�LO(1+ �QCD + �EW)

multiplicative: d�(N)NLO

QCD⇥EW
= d�LO(1+ �QCD)(1+ �EW)

,! Multiplicative combination can cover dominant (universal) e↵ects of mixed QCD–EW
corrections (uncertainty estimate needed: to which extent?).

Photon-induced processes

both as LO subprocesses (like �� ! W
+
W

�) and in NLO EW corrections

,! They can become sizable in high-energy observables.

NLO EW corrections are implemented in MUNICH + OPENLOOPS in a fully automated
way (and validated in great detail in LH17 proceedings [Andersen et al. (2018)] ).

,! They will be made available in a future release of MATRIX.
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Combination of NNLO QCD and NLO EW predictions in Matrix Di↵erential distributions for VV production

Distribution in invariant mass of vector-boson pair (inclusive setup)/
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Moderate K -factors at NLO QCD, slightly decreasing with mVV

,! mVV observable by construction disfavours topologies with hard jets.
,! moderate di↵erence between additive and multiplicative combination.

NLO EW corrections show the expected (negative) Sudakov behaviour.
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Combination: NNLO QCD and NLO EW

let's look in detail on one interesting aspect:  photon-induced + giant K-factor

[Grazzini, Kallweit, Lindert, Pozzorini, MW]
Combination of NNLO QCD and NLO EW predictions in Matrix Di↵erential distributions for VV production

Distribution in transverse momentum of leading V (inclusive setup)/
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Giant K -factors at NLO QCD, increasing with pT,Vlead (up to ⇠ 20 in WZ)
,! high-pT,Vlead region dominated by V+jet topologies (plus soft W/Z emission).

Large K -factors at NLO EW (WW/WZ), (over-)compensating Sudakov corrections
,! �-induced V+jet topologies should not be combined multiplicatively!
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General remarks on EW corrections for VV production Contributions from initial-state photons

Contributions from initial-state photons/
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➞ don't include γ in 
    multiplicative combination!

high pT dominated by V+jet

General remarks on EW corrections for VV production Contributions from initial-state photons
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Combination: NNLO QCD and NLO EW

let's look in detail on one interesting aspect:  photon-induced + giant K-factor

[Grazzini, Kallweit, Lindert, Pozzorini, MW]
Combination of NNLO QCD and NLO EW predictions in Matrix Di↵erential distributions for VV production

Distribution in transverse momentum of leading V (inclusive setup)/
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Giant K -factors at NLO QCD, increasing with pT,Vlead (up to ⇠ 20 in WZ)
,! high-pT,Vlead region dominated by V+jet topologies (plus soft W/Z emission).

Large K -factors at NLO EW (WW/WZ), (over-)compensating Sudakov corrections
,! �-induced V+jet topologies should not be combined multiplicatively!
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Combination of NNLO QCD and NLO EW predictions in Matrix Di↵erential distributions for VV production

Distribution in transverse momentum of leading V (jet-vetoed setup)/
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NLO QCD K -factors strongly reduced (by a factor of ⇠ 10)
,! di↵erence between additive and multiplicative combination strongly reduced.

Typical Sudakov suppression in high-pT,Vlead region restored by jet veto
,! treatment of �-induced channels only mildly a↵ects multiplicative combination.
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Born subprocesses �� ! VV at same perturbative order as LO qq̄ ! VV:
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,! can become sizable in tails of some high-energy observables (“giant K -factors”).
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➞ don't include γ in 
    multiplicative combination!

jet-veto (HT,jet< 0.2 HT,lep)

Sudakov suppression restored 

high pT dominated by V+jet
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NNLO for WW production from:
→ first fully differential NNLO computation for 

[Grazzini, Kallweit, Rathlev, MW '16]

→ publicly available within MATRIX [Grazzini, Kallweit, MW '17]

matched to parton showering within MiNLO
[Hamilton, Monni, Re, Zanderighi '12]

[Re, MW, Zanderighi '18]

First NNLOPS accurate computation for 2→4 process

Giulia Zanderighi, WW@NNLOPS

Current status 

12

I have not said anything new so far. The above has been done already for 

- Higgs: ΦB = {yH} ⇒1-dimensional 

- Drell-Yan: ΦB  = {yZ, mll, θl} ⇒3-dim. (removing azimuthal angle) 

- Associated HW/HZ production: ΦB ⇒ 6-dimensional  

Hamilton et al. 1212.4505

Karlberg et al. 1407.2940

Bizon et al. 1603.01620, 1804.08141

For WW production, including the decay to leptons 
ΦB is nine-dimensional, e.g. 

A reweighing in nine dimensions is however simply not feasible numerically             
(even with just 10 bins per variable this would involve 109 bins…) 
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Figure 1: Sample Born diagrams contributing to W+W� production both in the di↵erent-flavour
case (l 6= l0) and in the same-flavour case (l = l0).

q
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q
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Figure 2: Sample Born diagrams contributing to W+W� production only in the same-flavour case
(l = l0). In the di↵erent-flavour case, they describe ZZ production in the 2l2⌫ channel.

a Z ! ``⇤/⌫⌫⇤ ! `⌫(W !)`0⌫ 0 decay (type (c) diagrams) contribute here. In addition to such
channels, final states with equal lepton flavours, l = l0, involve further diagrams, as shown in
Figure ??: resonant ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays (type (d) diagrams), and
further Z ! 4 leptons topologies with a Z ! ll⇤/⌫⌫⇤ ! l�l+(Z !)⌫l⌫̄l/⌫l⌫̄l(Z !)l�l+ decay (type
(e) diagrams); in the latter case, the phase-space where both Z bosons are simultaeously close to
resonant is typically excluded by phase-space cuts. Note that the contributions from Figure ?? do
not allow for a fully inclusive phase-space integration due to the IR-divergent �⇤ ! l+l� splittings.
For l 6= l0 these diagrams describe genuine ZZ production in the 2l2⌫ channel, pp ! l+l�⌫l0 ⌫̄l0 +X.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell electroweak bosons and all relevant interferences. The
previous discussion of resonant phase-space regions is thus only for illustration, and should not
be misinterpreted as any kind of a resonance approximation. Our implementation can deal with
any combination of leptonic flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the
di↵erent-flavour channel pp ! µ+e�⌫µ⌫̄e. For the sake of brevity, we will often denote this process
as W+W� production though.

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

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄ ! l+l0�⌫l⌫̄l0 q0q̄0, and crossing-related processes;

• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;

4
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Figure 6. Comparison of MiNLO (black, dotted), NNLO (red, dashed) and NNLOPS (blue, solid)
predictions in the fiducial phase space as a function of pvetoT,j1

for (a) the cross section and (b) the
jet-veto e�ciency.

the jet-veto e�ciency predicted by MiNLO is about 4% below the NNLOPS one for typical

jet-veto cuts applied by the experiments (20GeV. pveto
T,j1

. 30GeV).

The agreement between NNLO and NNLOPS results is remarkable. Even down to

pveto
T,j1

= 15GeV their di↵erence is within ⇠ 2%. Similar results were found in Ref. [83]

with resummation e↵ects at high logarithmic accuracy of about ⇠ 2–3% beyond NNLO for

pveto
T,j1

= 30GeV. This shows that jet-veto logarithms at typical jet-veto cuts applied by the

experiments are not particularly large and still well described by a NNLO computation.

Clearly, below pveto
T,j1

= 15GeV NNLO loses all predictive power and even turns negative at

some point. The scale-uncertainty band completely underestimates the true uncertainty

of the NNLO prediction due to missing higher-order corrections in this region. It is nice

to see how matching to the parton shower cures the unphysical behaviour of the NNLO

result, so that NNLOPS yields accurate predictions in the entire range of jet-veto cuts.

Furthermore, the scale uncertainty band of the NNLOPS curve widens at small pveto
T,j1

,

reflecting the fact that higher-order logarithmic terms become important in this region

and degrade the accuracy of the perturbative prediction.

3.4 Di↵erential distributions in the fiducial phase space

We now turn to discussing di↵erential cross sections. The figures in this section have the

same layout as before. Additionally, we show the central NNLOPS result at LHE level,

i.e. before the shower is applied, in the ratio frame. We start by considering observables

which are sensitive to soft-gluon emissions. In phase-space regions where the cross section

– 22 –

cross section efficiency

→ NNLO provides adequate description of jet veto down to ~15 GeV, below NNLO is unphysical

Phenomenological results:
Jet veto (IR sensitive)
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(d) (e) (f)

Figure 10. Same as Fig. 7, but for various distributions in the fiducial phase space measured in the
8 TeV analysis by ATLAS [6]: (a) transverse momentum of the leading lepton pT,`1 (b) transverse
momentum pT,``, (c) invariant mass m`�`+ and (d) rapidity of the dilepton pair, (d) azimuthal
lepton separation ��``, and (e) |cos(✓?)| defined in Eq. (3.5).

The two distribution which require some additional discussion in Fig. 10 are pT,`` and

��``. We note at this point that in the fiducial phase space the LHE-level NNLOPS result

before shower, which is shown only in the ratio frame, has a di↵erent normalization (by

about�5%) than after shower. This is due to the jet-veto requirements and does not appear

in the inclusive nor the fiducial-noJV phase space. It can be understood by realizing that

the LHE-level results are unphysical in regions sensitive to soft-gluon radiation where large

logarithmic contributions are resummed by the shower. In other phase-space regions LHE-

level results coincide with the respective fixed-order result. Since among the fiducial cuts

only the jet-veto requirements are subject to e↵ects from soft gluons, large di↵erences

between LHE-level and showered results appear in the fiducial-JV setup primarily.

The pT,`` distribution in Fig. 10 (b) shows some interesting features: at 20GeV the

NNLO curve develops some perturbative instability. The integrable logarithmic singularity

[153] is caused by the fiducial pmiss

T
> 20 GeV cut, which at LO implies that the cross section

– 27 –

NNLOPS for WW

 29

[Re, MW, Zanderighi '18]

Phenomenological results:
pT of dilepton system

→ NNLOPS cures perturbative instabilities (sudakov shoulder; due to fiducial missing pT cut)
→ NNLOPS can induce additional shape effects due to recoil/migration

Many other distributions 
shown in

Re, MW, Zanderighi; 
arXiv:1805.09857



Summary
NNLO QCD for VV done!  ➙  publicly available within MATRIX 

ℓℓ+ET,miss signature studied at NNLO, mixes ZZ and WW resonances

loop-induced gg channel at NLO QCD included into MATRIX

combination of NNLO QCD and NLO EW corrections within MATRIX

first NNLOPS computation for a 2→4 process
NNLO agrees with NNLOPS for jet-veto down to 15 GeV at the 2% level

importance of NNLOPS: large corrections, physical results everywhere

Outlook
various state-of-the-art resummation approaches will be available in MATRIX

extend NNLOPS procedure to get rid of numerically heavy reweighting

other diboson processes at NNLOPS





Thank You !



Back Up
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gg→ZZ→4ℓ at NLO QCD

gg→ZZ contribution part of NNLO corrections to ZZ production

 BUT: significant impact ~50% of the (large) NNLO correction, due to gluon PDFs

NLO corrections to gg→ZZ are formally part of N3LO cross section

 BUT: still important due to large K-factor

computed without fermionic channels [Caola, Melnikov, Röntsch, Tancredi '15]

so far NNLO qq and NLO gg (uncertainty) combined as independent processes

 HOWEVER: their diagrams mix/interfere already at NNLO

q

q̄

`+

`�

`0�

`0+

Z/�
q

Z/�

q

q̄

`+

`�

`0�

`0+
Z/�

`�

Z/�

g

g

ℓ+

ℓ−

ℓ′+

ℓ′−

Z/γ
q

Z/γ

(a) (b) (c)

Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

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

3 Results

Validation

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

3.1 Setup

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

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

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

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

1

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

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

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

2

consistent impementation of both in single code desirable
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gg→ZZ→4ℓ at NLO

+5-6% effect due to NLO correction to gg compared to NNLO

included in the MATRIX framework
p
s 8TeV 13TeV 8TeV 13TeV

� [fb] �/�NLO � 1

LO 8.1881(8)+2.4%

�3.2%
13.933(7)+5.5%

�6.4%
�27.5% �29.8%

NLO 11.2958(4)+2.5%

�2.0%
19.8454(7)+2.5%

�2.1%
0% 0%

qq̄NNLO 12.08(3)+1.1%

�1.1%
21.54(2)+1.1%

�1.2%
+6.9% +8.6%

� [fb] �/�ggLO � 1

ggLO 0.79354(8)+28.2%

�20.9%
2.0054(2)+23.5%

�17.9%
0% 0%

ggNLOgg 1.4810(9)+16.0%

�13.2%
3.627(3)+15.2%

�12.8%
+86.6% +80.9%

ggNLO 1.3901(9)+15.4%

�13.6%
3.423(3)+13.9%

�12.0%
+75.2% +70.7%

� [fb] �/�NLO � 1

NNLO 12.87(3)+2.8%

�2.1%
23.55(2)+3.0%

�2.6%
+13.9% +18.7%

nNNLO 13.47(3)+2.6%

�2.2%
24.97(2)+2.9%

�2.7%
+19.2% +25.8%

Table 3: Fiducial cross sections at di↵erent perturbative orders and relative impact on NLO and
ggLO predictions, respectively. The quoted uncertainties correspond to scale variations as described
in the text, and the numerical integration errors on the previous digit are stated in parentheses;
for all (n)NNLO results, the latter include the uncertainty due the rcut extrapolation [52].

We add a comment on the contribution of diagrams with a Higgs boson: The cuts we are applying
essentially select on-shell Z bosons, thereby forcing the Higgs boson to be o↵-shell. Nonetheless,
our calculation consistently includes also the Higgs diagrams. The signal–background interference
in the gg ! ZZ ! 4l channel is known to provide a non-negligible contribution [34]. Indeed, we
find that with our selection cuts the impact of the Higgs contribution is about �5% both in the
ggLO and ggNLO results.

We now turn to presenting kinematical distributions. Throughout this section, the plots are
organized according to the following pattern: There is an upper panel where absolute cross sections
at LO (black, dotted), NLO (red, dashed), NNLO (blue, dash-dotted) and nNNLO (magenta,
solid) are shown. In the central panel the nNNLO result with its scale uncertainty is normalised
to the central NNLO result. In the lower panel the NLO/LO K-factors of the loop-induced
gluon fusion contribution are shown, with (ggNLO; pink, solid) and without (ggNLOgg; brown,
dash-double-dotted) the qg contribution. The figures on the left show the 8TeV results, and the
ones on the right the 13TeV results.

We first consider the invariant-mass distribution of the four-lepton system in Figure 4. The
impact of the NLO corrections to the loop-induced gluon fusion contribution is largest at small
invariant masses: In the peak region they increase the NNLO cross section by about 5% (7%) at
p
s = 8 (13)TeV. As m4` increases, the impact of the ggNLO corrections decreases, and it is only

about +1% at m4` ⇠ 1TeV. This is not unexpected, since the gg contribution is largest when
gluons with smaller x are probed. On the contrary, the size of the ggNLO/ggLO K-factor in the

7

  [Grazzini, Kallweit, MW, Yook '18]



gg→ZZ→4ℓ at NLO

1. inset:
NLO gg correction large+not flat; 
moves nNNLO outside 
uncertainty band of NNLO

2. inset:
huge NLO gg K-factor (~2 & more);
impact of newly computed 
fermionic channels clearly visible

dσ/dm4� [pb/GeV] ZZ → 2e2µ@LHC 13 TeV
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Figure 4: Di↵erential distribution in m4` at 8TeV (left) and 13TeV (right).

lower panel is relatively stable, with a moderate increase at small m4`. In both cases, comparing
the nNNLO/NNLO and ggNLO/ggLO ratios, the scale uncertainties do not fully cover the size of
higher-order corrections in the peak region of the distribution, which demonstrates the importance
of the NLO corrections to the loop-induced gluon fusion contribution. The impact of the qg
channels on the ggNLO/ggLO K-factor is about �10%, slightly increasing with the value of m4`.

In Figure 5 we show the invariant-mass distribution of the primary (upper plots) and secondary
OSSF lepton pair (lower plots), ordered by the distance of their invariant masses to the Z-boson
mass. Both distributions are limited by the Z-mass window cut in the fiducial phase space. The
distribution of the lepton pair which is less close to mZ is broader. More precisely, when the
invariant mass of the lepton pair is mZ ± 20 GeV, the cross section is suppressed by about four
and two orders of magnitude for the primary and secondary lepton pair, respectively. Nonetheless,
the impact of QCD corrections is uniform in both cases, and independent of the collider energy.
The NNLO uncertainty bands barely overlap with the ones of the nNNLO result.

Figure 6 depicts the distribution in the rapidity separation of the two Z bosons (�yZZ). The
region of small rapidity separations, |�yZZ |⇠

< 1, is driven by centrally produced Z bosons and thus
relatively small partonic momentum fractions, which implies that the relative impact of the gluon
fusion contribution is most important there. In this region the impact of the nNNLO corrections
is quite uniform and of the order of +5% (+7%) for

p
s = 8 (13)TeV, whereas it successively

decreases in the forward region. The ggNLO/ggLO K-factor is quite flat in �yZZ , while the
relative size of the qg contributions slightly increases in the forward region.

8

dσ/dpT, ℓ1
 [pb/GeV] ZZ → 2e2µ@LHC 13 TeV
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Figure 7: Di↵erential distribution in pT,`1 at 8TeV (left) and 13TeV (right).

not specific to the loop-induced gluon fusion channel: We observe the same features also for the
NLO corrections to the quark annihilation channel.

Also for the transverse-momentum distributions of the Z bosons the importance of the qg channels
in the ggNLO result is evident: The pT,Z1 shape is clearly modified due to a negative qg contribution
at small pT,Z1 , and a positive qg contribution in the tail of the distribution. At large pT,Z2 the
contribution of the qg channels is as large as the one of the gg channel. However, they have
opposite signs such that they compensate each other and the ggNLO corrections almost vanish,
whereas, neglecting qg contributions, the ggNLOgg corrections show an increase of roughly 40%
wrt. ggLO instead. NNLO scale uncertainties at small pT,Z1 and pT,Z2 typically do not cover the
sizeable nNNLO corrections.

Another eye-catching feature we observe in Figure 8 is the significant drop of the transverse-
momentum distribution of both the leading and subleading Z boson above pT,Zi ⇠ 900 GeV
(i 2 {1, 2}). This is due to the interplay between the large transverse momentum of the parent
Z boson, which makes the corresponding lepton pair boosted, and the �R`` > �Rmin

``
cut in the

fiducial phase space (` 2 {e, µ}, �Rmin

``
= 0.2). Indeed, if the transverse momentum of the parent

Z boson fulfills the condition

pT,Zi ⇠
>

p
2mZp

1� cos�Rmin

``

⇠ 900 GeV , (2)

the lepton pair is forced to be produced o↵-shell, and as a consequence the cross section is strongly
suppressed. Note that this e↵ect is independent of the collider energy.

11

  [Grazzini, Kallweit, MW, Yook '18]



gg→ZZ→4ℓ at NLO

Setup (8 TeV ATLAS ZZ measurement):

Top quark, and Higgs (interference) contribution:
full top-quark dependence everywhere, but in the 2-loop amplitudes        
(true for both NNLO qq and NLO gg)

2-loop NNLO qq: closed (massless) fermion loops small ➞ top neglected

2-loop NLO gg: top dependence approximated by rescaling massless 
                               2-loop amplitude with the full Born-level amplitude

Higgs (interference) contribution fully included following this approximation
 ➞ applicable to Higgs studies; validity of approximation around and beyond 
     top threshold is to be tested; in ZZ signal region, Higgs contribution about -5%

m4`/2. Residual uncertainties are estimated from customary 7-point scale variations by a factor of
two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration at 8TeV in Ref. [76], which
are summarized in Table 2.7 The fiducial cuts involve standard requirements on the transverse
momenta and pseudo-rapidities of the leptons, a pair-wise separation in �R =

p
�⌘2 +��2

between all possible leptons (independently of their flavours and charges), and a window in the
invariant mass of reconstructed Z bosons around the Z-pole.

definition of the fiducial volume for pp ! e+e�µ+µ� +X

pT,e/µ > 7GeV, one electron with |⌘e| < 4.9, the others |⌘e| < 2.5, |⌘µ| < 2.7

�Ree/µµ > 0.2, �Reµ > 0.2, 66GeV  me+e�/µ+µ�  116GeV,

Table 2: Phase-space definitions of the ZZ measurements by ATLAS at 8TeV [76].

4.2 Fiducial cross section and distributions

We briefly introduce the notation used throughout this section: The loop-induced gluon fusion
channel contributes at O(↵2

S
), and is denoted by ggLO in the following. The NNLO result for the

quark annihilation channel, i.e. without the loop-induced contribution, is referred to as qq̄NNLO.
The complete loop-induced contribution at NLO is labelled ggNLO, while its restriction to the
gg partonic channel is dubbed as ggNLOgg, i.e. the di↵erence between these two predictions
corresponds to the newly computed contribution from the qg channels. As discussed in the
Introduction, the NLO corrections to the loop-induced contribution are only a part of the complete
N3LO computation. However, these corrections are sizeable, and the loop-induced gluon fusion
production mechanism is known to be only poorly described at O(↵2

S
), namely at its e↵ective LO.

It is thus reasonable to construct an approximation of the complete N3LO cross section based on
the inclusion of only these O(↵3

S
) corrections. This approximation is denoted by nNNLO.

We present the fiducial cross sections for
p
s = 8 and 13TeV at the various perturbative orders in

Table 3. In the upper panel the QCD corrections to the quark annihilation channel are reported.
The NNLO corrections to this channel amount to about +7% (+9%) at

p
s = 8 (13)TeV. In

the central panel the loop-induced gluon fusion contribution is shown with its NLO corrections.
Comparing the results with NNLO PDFs used throughout, this contribution provides 57% (62%) of
the full NNLO corrections at

p
s = 8 (13)TeV. The NLO corrections increase the ggLO result by

about 75% (71%) at
p
s = 8 (13)TeV. The contribution of the qg channels is negative, such that the

cross section becomes about 7% (6%) larger wrt. ggNLO at
p
s = 8 (13)TeV if contributions from

qg partonic channels are neglected (ggNLOgg). In the lower panel, the NNLO and nNNLO results
are shown. The impact of the NLO corrections to the loop-induced contribution is to increase
the NNLO result by about 5% (6%) at

p
s = 8 (13)TeV. Corresponding to the above-mentioned

numbers, excluding the qg channels would increase the nNNLO prediction by about 1%. The
NNLO and nNNLO predictions are marginally compatible within scale uncertainties.

7For simplicity, we employ the same setup at 13TeV.

6

  [Grazzini, Kallweit, MW, Yook '18]
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Combination: NNLO QCD and NLO EW
[Grazzini, Kallweit, Lindert, Pozzorini, MW]

General remarks on EW corrections for VV production Combination of QCD and EW corrections

Combination of QCD and EW corrections and setup/

Combination of (N)NLO QCD and NLO EW corrections:

additive: d�(N)NLO

QCD+EW
= d�LO(1+ �(N)NLO

QCD
+ �EW) + d�ggLO

multiplicative: d�(N)NLO

QCD⇥EW
= d�LO(1 + �(N)NLO

QCD
)(1 + �EW) + d�ggLO

,! can cover (universal) dominant e↵ects of mixed QCD–EW corrections
(uncertainty estimate needed: to which extent?).

But: Only applicable if assumption of factorization is justified.

Setup of calculation (simplified selection, only for illustration purposes):

EW input and renormalization in Gµ scheme.

Uncertainties from 7-point scale variation around µR = µF = 1
2 (ET,V1 + ET,V2).

PDF set NNPDF31 nnlo as 0118 luxqed( nf 4) at each order.

Only very basic set of phase-space selections:

60GeV < m`` < 120GeV for each SFOS lepton pair,
pT,` > 25GeV for each lepton, pT,miss > 25GeV,
lepton–photon recombination for dR(�, `) < 0.1.

Two setups: inclusive and with jet-veto (HT,jet < 0.2HT,lep).

Stefan Kallweit (UNIMIB) Combination of NNLO QCD and NLO EW in VV March 28, 2019, Moriond LIV, La Thuile 9 / 17
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NNLOPS for VV production

 39

Use knowledge of fully differential NNLO cross section

Use MiNLO to consistently merge VV+0,1 jet at NLO
 [Hamilton, Nason, Zanderighi '12]

→ no merging scale

→ NLO accurate in the entire VV+0,1 phase space

Use reweighting to promote MiNLO samples to NNLOPS

yields fully exclusive (hadron-level) events 
with NNLO accuracy

(the same way as POWHEG/MC@NLO are NLO+PS accurate)
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NNLOPS procedure

 40

Giulia Zanderighi, WW@NNLOPS

Improvement: MiNLO’

10

For colour singlet production (X=W, Z, WH, ZH, WW, ZZ, …) the above 
procedure is general

X X+jet X+2jets X+nj (n>2)
XJ (NLO) — NLO LO —
XJ-MiNLO NLO NLO LO PS
X@NNLO NNLO NLO LO —

It is clear that XJ-MiNLO does almost the right job… 

MiNLO is general for colour singlets (X=H, V,  VH, VV, ...)
 [Hamilton, Nason, Zanderighi '12] (only B2 NNLL coefficient becomes 

          non-trivial starting from 2→2)

XJ-MiNLO already almost right accuracy, only 𝒪(αs) terms 
missing to obtain NNLO accuracy at Born level

2
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NNLOPS procedure

 41

Giulia Zanderighi, WW@NNLOPS

Reweighing: NNLOPS

11

Reweighing the weight of XJ-MiNLO events with 

Gives by construction NNLO accuracy for all inclusive observables and 
does not spoil the accuracy of XJ-MiNLO ⟹ X@NNLOPS  

X X+jet X+2jets X+nj (n>2)
XJ (NLO) — NLO LO —
XJ-MiNLO NLO NLO LO PS
X@NNLO NNLO NLO LO —

X@NNLOPS NNLO NLO LO PS

MiNLO is general for colour singlets (X=H, V,  VH, VV, ...)
 [Hamilton, Nason, Zanderighi '12] (only B2 NNLL coefficient becomes 

          non-trivial starting from 2→2)

Giulia Zanderighi, WW@NNLOPS

Reweighing: NNLOPS

11

Reweighing the weight of XJ-MiNLO events with 

Gives by construction NNLO accuracy for all inclusive observables and 
does not spoil the accuracy of XJ-MiNLO ⟹ X@NNLOPS  

X X+jet X+2jets X+nj (n>2)
XJ (NLO) — NLO LO —
XJ-MiNLO NLO NLO LO PS
X@NNLO NNLO NLO LO —

X@NNLOPS NNLO NLO LO PS

solution: reweighting MiNLO events in Born phase space 
    to correct for 𝒪(αs) terms by the following ratio:2



April 9th, 2019Marius Wiesemann    (MPI Munich) Precise predictions for diboson production at the LHC

NNLOPS procedure

 42

already used for processes with simpler Born kinematics:

Higgs (only rapitidy) → 1D reweighting
      [Hamilton, Nason, Re, Zanderighi '13], 
      [Hamilton, Nason, Zanderighi '15], 

Drell-Yan (dilepton system) → 3D reweighting
      [Karlberg, Hamilton, Zanderighi '14]

Higgsstrahlung (Hℓℓ/Hℓν system) → 6D reweighting
      [Astill, Bizoń, Re, Zanderigh '16 '18]
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NNLOPS for WW

 43

[Re, MW, Zanderighi '18]

in principle, requires 9D reweighting (numerically impossible)

drop invariant masses which are flat (in particular around the peak)

Collins-Soper angles [Collins, Soper '77] are used to describe both W decays  
in terms of spherical harmonics and parametrize angular dependence by

compute 81 3D distributions (numerically feasible)
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where the first expansion (with Ai) corresponds to the parametrization of the W� decay

in terms of two CS angles and the second one (with Bi) is the same, but for the W+ decay.

The functions fi(✓,�) are given by

f0(✓,�) =
�
1� 3 cos2 ✓

�
/2 ,

f3(✓,�) = sin ✓ cos� ,

f6(✓,�) = sin 2✓ sin� ,

f1(✓,�) = sin 2✓ cos� ,

f4(✓,�) = cos ✓ ,

f7(✓,�) = sin2 ✓ sin 2� ,

f2(✓,�) = (sin2 ✓ cos 2�)/2 ,

f5(✓,�) = sin ✓ sin� ,

f8(✓,�) = 1 + cos2 ✓ .
(2.10)

For i 2 {0, ..., 7} they have the property that their integral vanishes when integrating over

dcos ✓ d�. The coe�cients Ai and Bi are defined as moments of the di↵erential cross section

integrated over the respective CS angles:
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The functions gi(✓,�) are defined as

g0(✓,�) = 4� 10 cos2 ✓ ,

g3(✓,�) = 4 sin ✓ cos� ,

g6(✓,�) = sin 2✓ sin� ,

g1(✓,�) = sin 2✓ cos� ,

g4(✓,�) = 4 cos ✓ ,

g7(✓,�) = 5 sin2 ✓ sin 2� ,

g2(✓,�) = 10 sin2 ✓ cos 2� ,

g5(✓,�) = 4 sin ✓ sin�5 ,

g8(✓,�) = 1 .

(2.12)

Note that A8 and B8 are actually no moments, but correspond to the di↵erential cross

section itself integrated over the respective CS angles.

With the notation that we have introduced to write Eq. (2.9) in such a compact form,

it is straightforward to deduce the combined formula including both decays by inserting

the expression of Eq. (2.9) for the W� decay into the Bi coe�cient of the W+ decay in

Eq. (2.11), or vice versa. Hence, our generalization to the decay of both vector bosons for

the expansion of the cross section in all four CS angles can be cast into the following form:
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where the function h(pT) has the property that it is one at pT = 0 and vanishes at infinity.

This function is used in Eq. (2.3) to split the cross section into

d�A = d� · h(pT) , d�B = d� · (1� h(pT)) . (2.4)

Here we use the following smoothing function:

h(pT) =
(2MW )2

(2MW )2 + p 2

T

. (2.5)

It is trivial to see that the exact value of the NNLO di↵erential cross-section in the Born-

level phase space is preserved using this reweighting factor:

✓
d�

d�B

◆NNLOPS

=

✓
d�

d�B

◆NNLO

. (2.6)

We have not yet specified what pT exactly stands for. Between the two natural choices,

the transverse momentum of the colourless system or of the leading jet, we refrain from

using the former, and have chosen the transverse momentum of the leading jet instead.

This choice is motivated by the fact that only the latter is a direct indicator of whether

QCD radiation is present in a given event or not. This ensures that h(pT ) goes to one

only for Born-like configurations, while it tends to zero in the presence of hard radiation,

with W(�B, pT) going to one accordingly. To define jets in h(pT ) we employ the inclusive

kT -algorithm with R = 0.4 [129, 130] as implemented in FastJet [131].

2.3 Practical implementation

We now turn to discussing practical details on the implementation of the reweighting

procedure for W+W� production sketched in the previous section. First we have to find a

parametrization of the Born phase space. To this end, we select a set of nine independent

observables, with nine being the degrees of freedom of the 4-particle (e�⌫̄e µ+⌫µ) phase

space we have at LO, after removing an overall azimuthal angle. This defines our basis for

the multidimensional reweighting. We choose the variables � = {pT,W� , yWW , �yW+W� ,

cos ✓CS
W+ , �CS

W+ , cos ✓CSW� , �CS
W� ,mW+ ,mW�}, which correspond to the transverse momentum

of W� (that is equal and in the opposite direction to the one of W+ at LO), the rapidity

of the W+W� pair, the rapidity di↵erence between the two W bosons (�yW+W� = yW+ �

yW�), the Collins-Soper (CS) angles for W+ and W� as introduced in Ref. [96], and the

invariant masses of the two W bosons, respectively. The di↵erential cross section in the

Born phase space is then defined as

d�

d�B

=
d9�

dpT,W�dyWWd�yW+W�dcos ✓CS
W+d�CS

W+dcos ✓CSW�d�CS
W�dmW+dmW�

. (2.7)

Given the high complexity of both the NNLO and the MiNLO computation for W+W�

production the computation of a nine-dimensional cross section is virtually impossible with

current technology. However, we can make use of two facts: first of all, we can drop the

invariant W -boson masses by realizing that their di↵erential K factor is practically flat over
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Giulia Zanderighi, WW@NNLOPS

Born phase space  
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1.First, note that the NNLO/NLO K-factors are (as expected) completely 
flat in mW+ and mW-, hence drop these variables from the reweighing   
(validity of this approximation to be validated a posteriori)  

Final complexity: 81 triple-differential distributions at NNLO and WWJ-MiNLO. 
Numerically intensive but doable  

2.Parametrise both W-boson decays using Collins-Soper angles (9-
coefficients per decay rather than two continues variables) 
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[Re, MW, Zanderighi '18]

Giulia Zanderighi, WW@NNLOPS

Setup

14

The remaining three variables and their binning chosen to be

Cuts inspired by ATLAS 13 TeV study (1702.04519): NNLO uses the central scale

All uncertainty bands are the envelop 
of 7-scales. In the NNLOPS scales in 
MiNLO and NNLO are varied in a 
correlated way 

gg-channel not included in our study, as 
it can it is know at one-loop and can be 
added incoherently 

Setup:
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[Re, MW, Zanderighi '18]

Validation:

1. Total inclusive NNLO cross section reproduced by NNLOPS sample 

2. NNLO distributions for observables used for reweighting reproduced

3. NNLO distributions for CS angles reproduced

4. NNLO distributions for invariant masses of  W's reproduced

5. NNLO distributions for other Born-level observables reproduced 



April 9th, 2019Marius Wiesemann    (MPI Munich) Precise predictions for diboson production at the LHC

NNLOPS for WW

 46

[Re, MW, Zanderighi '18]

2. NNLO distributions for observables used for reweighting reproduced
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(a) (b) (c)

Figure 2. Comparison at LHE level of our NNLOPS results (solid, blue) with the nominal NNLO
predictions (red, dashed) for the three distributions used in the reweighting, with the binning of
Eq. (2.8): (a) pT,W� , (b) yWW and (c) �yW+W� ; MiNLO results at the LHE level (black, dotted)
are shown for reference; see text for details.

results.

We next consider the CS angles of the W+ decay. The corresponding results for the

W� decay are practically identical which is why we refrain from discussing them separately.

Fig. 3 shows that the distributions in ✓CS
W+ and �CS

W+ are in perfect agreement between

NNLOPS and NNLO, which demonstrates the validity of our procedure to describe the W

decays via CS angles. In fact, we have checked explicitly at NNLO level that Eq. (2.13)

reproduces the correct cross section when being di↵erential in any two of the four CS angles

at the same time.

Let us add at this point that we have also tried to only use the three-dimensional

reweighting in d�
W

+
⇤ W

�
⇤

without using the CS angles by replacing

d�

d�B

⌘
d�

d�
W

+
⇤ W

�
⇤

=
d3�

dpT,W�dyWWd�yW+W�
(2.16)

in Eq. (2.2). As expected, this reduces some statistical fluctuations. In fact, we found

that excluding the CS angles the NNLO distributions are still very well reproduced by the

NNLOPS sample. Of all one-dimensional distributions we considered, only ✓CS
W+ and ✓CS

W�

show a mildly di↵erent shape (at the few-percent level) in this case. We therefore provide

the reweighting without CS angles as an option in our code, while keeping the application

of the full expression in Eq. (2.13) the default in the code and throughout this paper. One

must bear in mind that as soon as double di↵erential distributions in angular observables

of the leptons are considered the validity of the application of the reweighting without CS

angles may be limited.

The only observables in our definition of the Born phase space, see Eq. (2.7), which

remain to be validated are the invariant masses of the two W bosons. We first recall

that for reasons of complexity we excluded them from the Born-level variables in the

– 13 –

Validation at LHE level:
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[Re, MW, Zanderighi '18]

3. NNLO distributions for CS angles reproduced
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(a) (b)

Figure 3. Same as Fig. 2, but for the CS angles of the W+ decay: (a) ✓CSW+ and (b) �CS
W+ .

(a) (b)

Figure 4. Same as Fig. 2, but for the invariant mass of the W+ boson mW+ in two di↵erent
regions: (a) around the W -mass peak, mW+ 2 [50, 100]GeV, and (b) including o↵-shell regions,
mW+ 2 [0, 1000]GeV.
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Validation at LHE level:
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[Re, MW, Zanderighi '18]

4. NNLO distributions for invariant masses of  W's reproduced

(a) (b)

Figure 3. Same as Fig. 2, but for the CS angles of the W+ decay: (a) ✓CSW+ and (b) �CS
W+ .
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(a) (b)

Figure 4. Same as Fig. 2, but for the invariant mass of the W+ boson mW+ in two di↵erent
regions: (a) around the W -mass peak, mW+ 2 [50, 100]GeV, and (b) including o↵-shell regions,
mW+ 2 [0, 1000]GeV.
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Validation at LHE level:
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5. NNLO distributions for other Born-level observables reproduced

[Re, MW, Zanderighi '18]

Validation at LHE level:
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(a) (b) (c)

(d) (e) (f)

Figure 5. Same as Fig. 2, but for observables which have not been used in Eq. (2.7) to define a
basis of the Born-level phase space: (a) invariant mass of the W+W� pair mWW , (b) transverse
momentum pT,W+ and (c) rapidity yW+ of W+, (d) transverse mass of the W+W� pair mT,WW

defined Eq. (2.17), (e) missing transverse momentum pmiss
T and (f) lepton separation ��``.

reweighting procedure by assuming them to feature flat higher-order corrections. Indeed,

Fig. 4 (a) confirms this to be an appropriate assumption in the peak-region of the spectrum,

where the bulk of events is situated and the agreement of the NNLO with the NNLOPS

distributions is close to perfect. Even in the phase-space areas where the two W bosons

become far o↵-shell the NNLOPS result deviates by less than 5% from the NNLO curve,

see Fig. 4 (b). This discrepancy is at the level of the statistical uncertainty in these regions.

We note that we only show the mW+ distribution in that figure, because the mW� results

are practically identical.

We conclude this section by studying distributions which have not been used in the

parametrization of our phase-space definition in Eq. (2.7). This is important in order to

convince oneself that, beyond the observables used for the reweighting, our procedure repro-

duces correctly the NNLO cross section for other distributions. Fig. 5 shows corresponding

plots for the invariant mass of the W+W� pair, the transverse momentum and the rapidity
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Figure 5. Same as Fig. 2, but for observables which have not been used in Eq. (2.7) to define a
basis of the Born-level phase space: (a) invariant mass of the W+W� pair mWW , (b) transverse
momentum pT,W+ and (c) rapidity yW+ of W+, (d) transverse mass of the W+W� pair mT,WW
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T and (f) lepton separation ��``.

reweighting procedure by assuming them to feature flat higher-order corrections. Indeed,

Fig. 4 (a) confirms this to be an appropriate assumption in the peak-region of the spectrum,

where the bulk of events is situated and the agreement of the NNLO with the NNLOPS

distributions is close to perfect. Even in the phase-space areas where the two W bosons

become far o↵-shell the NNLOPS result deviates by less than 5% from the NNLO curve,

see Fig. 4 (b). This discrepancy is at the level of the statistical uncertainty in these regions.

We note that we only show the mW+ distribution in that figure, because the mW� results

are practically identical.

We conclude this section by studying distributions which have not been used in the
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Phenomenological results:
Integrated cross sections

accurate predictions, and, at the same time, to consistently include lepton dressing through

photon FSR as obtained by a parton shower.

All fiducial results in this section have been obtained for the pp ! e�⌫̄e µ+⌫µ process,

while multiplying them with a factor of two to account for the charge-conjugated process

(pp ! e+⌫e µ�⌫̄µ).13 As pointed out in the introduction, contributions which stem from

the loop-induced gg channel and enter the NNLO corrections to W+W� production are

disregarded throughout this work. We employ this simplification to perform a clean study

of the newly computed NNLOPS e↵ects. For a fully consistent comparison to data all

contributions should be combined with correlated scale variations.

3.2 Inclusive and fiducial rates

qq̄ (no loop2 gg) �incl(pp ! W+W�) [pb] �fid(pp ! e⌥⌫e µ±⌫µ) [fb] A = �fid/�incl [%]

LO 70.66(1)+5.1%

�6.2%
440.5(0)+6.0%

�7.1%
0.623

NLO 99.96(3)+3.5%

�2.8%
411.8(1)+2.7%

�2.3%
0.412

NNLO 110.0(1)+1.6%

�1.6%
413.1(2)+1.0%

�0.7%
0.376

MiNLO 96.05(1)+7.1%

�4.9%
359.6(1)+5.4%

�8.3%
0.374

NNLOPS 110.2(2)+1.7%

�1.6%
413.0(2)+2.2%

�2.3%
0.375

ATLAS�gg [9] 124.7± 5 (stat)± 13 (syst)± 3 (lumi) 473± 20 (stat)± 50 (syst)± 11 (lumi) 0.379

CMS�gg [10] 108.5± 5.8 (stat) ±5.7(exp. syst)

±6.4(theo. syst)
± 3.6 (lumi) — —

Table 2. Cross sections for inclusive W+W� production and e⌥⌫e µ±⌫µ production with fiducial
cuts in various approximations compared to data. At NNLO, all corrections to qq̄-bar induced
W+W� production are taken into account up to O(↵2

s), while excluding the loop-induced gg con-
tribution. The central values of the experimental results have been corrected by subtracting the
O(↵3

s) theoretical prediction for the (non-resonant) gg component [55] as quoted in the ATLAS
analysis [9]. In contrast to CMS, ATLAS includes resonant Higgs bosons decaying to W+W� pairs
in their W+W� signal measurement. The theoretical predictions of this additional gg-initiated
contribution in the inclusive [136] and fiducial [136, 137] phase space as quoted in the ATLAS
analysis [9] have also been removed from the central ATLAS result.15

In Tab. 2, we report results for integrated cross sections, both fully inclusive and with

fiducial cuts. The inclusive W+W� results have been obtained from the full o↵-shell com-

putation of the leptonic process in Eq. (2.1) by simply dividing out the branching fraction

13We have explicitly checked that the minor asymmetry in the electron and muon cuts, which appears only

in the electron-jet separation of the jet-veto definition, has a completely negligible impact. Our procedure

can therefore be considered to provide the exact result for the sum of the two (charge-conjugated) processes.
15We note that the prediction used for the inclusive Higgs results includes the N3LO cross section in the

heavy-top limit of Refs. [138–140] and quark-mass e↵ects [93, 137, 141–148]. The fiducial acceptance for

the resonant Higgs contributions in Ref. [9] has been computed with the POWHEG implementation [137],

but equivalent tools using the MC@NLO approach [149], or even more sophisticated merging [150, 151]

and NNLOPS [92, 93, 152] predictions could have been used to determine the acceptance. Given the minor

impact (⇠ 2%) of resonant Higgs contributions in the fiducial phase space, which is due to the applied jet

veto, a more precise modelling of the Higgs contributions is not required.
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1. inclusive the NNLO cross section is reproduced within numerical accuracy 

Giulia Zanderighi, WW@NNLOPS

Validation 

16

• Radiative corrections are relative large (well known), corrections are smaller with 
fiducial cuts (because of interplay with jet-veto) 

+40%

+10% +0.3%

-6.5%

1. inclusive the NNLO cross section is reproduced within numerical accuracy 

Giulia Zanderighi, WW@NNLOPS

Validation 

16

• Radiative corrections are relative large (well known), corrections are smaller with 
fiducial cuts (because of interplay with jet-veto) 

+40%

+10% +0.3%

-6.5%

→ inclusive: large QCD corrections; fiducial: strongly reduced by the jet veto

→ MiNLO, NLO quite different in fiducial ← poor jet-veto modelling at NLO (acceptance too high)

→ NNLO, NNLOPS in excellent agreement (by construction for inclusive, but also in fiducial)

→ MiNLO, NNLO, NNLOPS yield very similar acceptances, in agreement with data
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[Re, MW, Zanderighi '18]

Phenomenological results:
pT,WW (IR sensitive) compared to NNLO+NNLL

→ Resummation (analytic or shower) crucial at low pT; NNLOPS in decent agreement with NNLL
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PRELIMINARY
not completely fair comparison yet: 
- on-shell WW for analytic resummation
- slightly different setups
→ full comparison will be done
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(a) (b)

Figure 9. Same as Fig. 7, but for the distribution in the azimuthal angle between the dilepton
system and the two neutrinos; (a) fiducial-noJV and (b) fiducial-JV phase space.

��``,⌫⌫ separations as they require the W+W� system to recoil against hard jet radiation.

The shower reshu✏es events such that more of such configurations are generated and

increases the cross section at small ��``,⌫⌫ . Being dominated by corrections from the

shower, also this observable may serve as a way to tune parton showers and as a probe of

non-perturbative models in the parton shower Monte Carlo.

To conclude our analysis of di↵erential observables in the fiducial phase, we consider a

set of distributions in Fig. 10 which have been unfolded in the 8 TeV measurement done by

ATLAS in Ref. [6]. They involve the leading lepton pT , the transverse momentum, invariant

mass and rapidity of the dilepton system, the separation in the azimuthal angle of the two

leptons as well as an observable sensitive to new physics searches which is defined through

the separation in ⌘ of the two leptons:

|cos(✓?)| = |tanh (�⌘``/2)| . (3.5)

It is nice to see that, on the one hand, the inclusion of NNLO corrections on top of the

MiNLO generator is crucial not only for the correct normalization, but in many cases also

to capture relevant shape e↵ects. On the other hand, the impact of the parton shower on

top of the NNLO predictions is moderate in many phase space regions, but absolutely vital

in cases where the perturbative prediction fails due to soft radiation e↵ects, as we have

already seen in Figs. 7�9. Moreover, even in some of the distributions where the NNLO

prediction is not challenged by large logarithms, the shower induces shape e↵ects at the

5% level, see Fig. 10 (a) and (c) for example.
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[Re, MW, Zanderighi '18]

Phenomenological results:
ΔΦℓℓ,νν (IR sensitive)

no jet veto applied with jet veto

→ NNLOPS corrects regions sensitive to soft-gluon effects
→ jet veto can turn observables sensitive soft-gluon emissions everywhere
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Phenomenological results:
Charge asymmetry

NNLOPS inclusive phase space fiducial phase space

AW

C
0.1263(1)+2.1%

�1.8%
0.0726(3)+2.0%

�2.6%

A`

C
�[0.0270(1)+5.0%

�6.4%
] �[0.0009(4)+72%

�87%
]

Table 3. NNLOPS predictions for the charge asymmetry for W -bosons and charged leptons in
W+W� production. The fiducial volume is defined in Tab. 1 (including the jet-veto requirement).

the positively and negatively charged W bosons as shown in Fig. 11 (a): W+ bosons are

generally more forward, while W� bosons are situated more at central rapidity. However,

since theW -boson momenta of theW+W� final state are not accessible in the measurement

due to the two neutrinos (not even under the assumption that they are on-shell), one may

wonder whether this asymmetry persists in the case of the leptons. Indeed, Fig. 11 (b)

shows a similar, but less pronounced behaviour for the leptons. In fact, the asymmetry is

reversed with respect to the charges in this case with the `+ being more central and the

`� more forward.

We can now use the previous observation to define a charge asymmetry in W+W�

production for the W bosons:

AW

C =
�(|yW+ | > |yW� |)� �(|yW+ | < |yW� |)

�(|yW+ | > |yW� |) + �(|yW+ | < |yW� |)
, (3.6)

as well as for the leptons:17

A`

C =
�(|y`+ | > |y`� |)� �(|y`+ | < |y`� |)

�(|y`+ | > |y`� |) + �(|y`+ | < |y`� |)
. (3.7)

This allows us to express the size of the asymmetry by a single number. It is zero if there

is no asymmetry, positive if the positively-charged particle is more forward, and negative

otherwise. Note that the denominator simply corresponds to the integrated cross section,

within the considered cuts.

Tab. 3 summarizes the NNLOPS predictions for AW

C
and A`

C
in the inclusive and in

the fiducial phase. The uncertainties are obtained by computing a 7-point variation in

the numerator and dividing by the central cross section in the denominator. This choice

is motivated by the fact that fully correlated uncertainties in the ratio lead to too small

uncertainties for AW

C
. The W -boson asymmetry in the inclusive phase space is pretty large

and positive, as one could expect from Fig. 11 (a). It is significantly reduced by the fiducial

cuts, but still clearly di↵erent from zero. Also the leptons yield a charge asymmetry at

inclusive level, which, however, is smaller than for W bosons and negative. Unfortunately,

once lepton cuts are applied in the fiducial volume A`

C
becomes almost compatible with

zero within both perturbative and numerical uncertainties. This again is due to the left-

handed nature of the W -boson interactions: in the case of the W+ decay, the neutrino

17Note that for the leptons, since they are massless, the rapidity entering the asymmetry and the pseudo-

rapidity used to define the fiducial cuts coincide (y` ⌘ ⌘`).
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inclusive level, which, however, is smaller than for W bosons and negative. Unfortunately,
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• W momentum cannot be 
reconstructed → use leptons

• lepton asymmetry smaller; 
almost vanishes in fiducial

• can be recovered by widening 
rapidity range of leptons or by 
considering boosted regime

• sensitive to W polarizations      
→ powerful probe of new physics
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(a) (b)

Figure 11. Comparison of rapidity distributions of negatively (magenta, solid) and positively
(green, dotted) charged particles at NNLOPS for (a) the two W bosons and (b) the two leptons.

may wonder whether this asymmetry persists in the case of the leptons. Indeed, Fig. 11 (b)

shows a similar, but less pronounced behaviour for the leptons. In fact, the asymmetry is

reversed with respect to the charges in this case with the `+ being more central and the

`� more forward.

We can now use the previous observation to define a charge asymmetry in W+W�

production for the W bosons:

AW

C =
�(|yW+ | > |yW� |)� �(|yW+ | < |yW� |)

�(|yW+ | > |yW� |) + �(|yW+ | < |yW� |)
, (3.6)

as well as for the leptons:17

A`

C =
�(|y`+ | > |y`� |)� �(|y`+ | < |y`� |)

�(|y`+ | > |y`� |) + �(|y`+ | < |y`� |)
. (3.7)

This allows us to express the size of the asymmetry by a single number. It is zero if there

is no asymmetry, positive if the positively-charged particle is more forward, and negative

otherwise. Note that the denominator simply corresponds to the integrated cross section,

within the considered cuts.

Tab. 3 summarizes the NNLOPS predictions for AW

C
and A`

C
in the inclusive and in

the fiducial phase. The uncertainties are obtained by computing a 7-point variation in

the numerator and dividing by the central cross section in the denominator. This choice
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d�NNLO =
h
d�F+1jet

NLO
� ⌃NNLO ⌦ d�LO

i
+HNNLO ⌦ d�LO

subtraction terms known from resummation:

d�F+1jet pT⌧Q����!
h
d�(res)

i

f.o.

⌘ ⌃(pT /Q)⌦ d�LO

NNLO accuracy consequence of unitarity:
�
ln(Q2b2/b20) ! ln(Q2b2/b20 + 1)

�Z
dp2T

d�(res)

dp2T dy dM d⌦
= H⌦ d�LO

[Catani, Grazzini '07]

M. Wiesemann (University of Zürich) pT resummation through NNLO+NNLL June 15, 2015 5 / 32

Hc

fi

Cic

P

i

c

fj

P

j

c̄

Cjc̄
Sc

d‡(res)

dp2
T dy dM d⌦ ≥

⁄
db b

2 J0(b pT ) S(b, A, B)HN1,N2 fN1 fN2

S(b, A, B) = exp
I

≠
⁄ m2

H

b2
0/b2

dq2

q2

C

A ln
A

m2
H

q2

B

+ B
DJ

I double Mellin moments: HN1,N2 = H CN1 CN2

I coe�cients A, B, C , H perturbative
I born initial state gg or qq̄
I A, B, C process independent
I H hard coe�cient: - process dependent

- LO kinematics (M, ⌦)

[Collins, Soper, Sterman '85], [Bozzi, Catani, de Florian, Grazzini '06]

Resummation formula:

qT subtraction
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subtraction not local

both terms in squared brackets separately divergent

introduce lower cut-off rcut on dimensionless quantity r = pT,WW/mWW

use very small rcut value and integrate both terms separately down to r ≥ rcut

assumption:  for r ≤ rcut terms cancel (true up to power-suppressed terms)

numerics forbids arbitrarily small rcut values:  use fit towards rcut ➝ 0 limit

MATRIX uses extrapolation rcut ➝ 0 to obtain the final prediction

practical implementation:

d�NNLO =
h
d�F+1jet

NLO
� ⌃NNLO ⌦ d�LO

i
+HNNLO ⌦ d�LO

[Catani, Grazzini '07]

qT subtraction
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use very small rcut value and integrate both terms separately down to r ≥ rcut

assumption:  for r ≤ rcut terms cancel (true up to power-suppressed terms)

numerics forbids arbitrarily small rcut values:  use fit towards rcut ➝ 0 limit

MATRIX uses extrapolation rcut ➝ 0 to obtain the final prediction

practical implementation:

d�NNLO =
h
d�F+1jet

NLO
� ⌃NNLO ⌦ d�LO

i
+HNNLO ⌦ d�LO

[Catani, Grazzini '07]

(r > rcut) (r > rcut)

qT subtraction
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Figure 3: Dependence of the pp ! µ+e�⌫µ⌫̄e cross sections at 8TeV on the qT -subtraction cut,
rcut, for both NLO (left plots) and NNLO (right plots) results in the inclusive phase space (upper
plots) and with Higgs cuts (lower plots). NLO results are normalized to the rcut-independent NLO
cross section computed with Catani–Seymour subtraction, and the NNLO results are normalized
to their values at rcut ! 0, with a conservative extrapolation-error indicated by the blue bands.

Based on the observation that no significant rcut dependence is found below rcut = 1%, the value
rcut = 0.25% was adopted for the calculation of the di↵erential observables presented in Section 3.
We have checked that the total rates for that value are fully consistent within numerical uncertainties
with our extrapolated results and that a smaller value rcut = 0.1% leads to distributions in full
statistical agreement, thus confirming the robustness of our results also at the di↵erential level.

3 Results

We present numerical results for the di↵erent-flavour process pp ! µ+e�⌫µ⌫̄e +X at
p
s = 8TeV

and 13TeV. Cross sections and distributions are studied both in the inclusive phase space and in
presence of typical selection cuts for W+W� and H ! W+W� analyses.

Di↵erent-flavour final states provide the highest sensitivity both in W+W� measurements and
Higgs studies. We note that, due to the charge asymmetry of W+W� production in proton–proton
collisions and the di↵erences in the muon and electron acceptance cuts (in particular regarding the

9

d�NNLO(rcut) =
h
d�F+jet

NLO
(r > rcut)� ⌃NNLO ⌦ d�LO(r > rcut)

i
+HNNLO ⌦ d�LO

rcut dependence at NLO
(example from WW)
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rcut→0 extrapolation in MATRIX

σqT

NNLO(r)
σexact(ZWPROD)
NNLO

σextrapolated
NNLO (rcut ≥ 0.15)

σ/σNNLO − 1[%] pp → Z @ 13 TeV
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automatically computed in every single MATRIX NNLO run

d�NNLO(rcut) =
h
d�F+jet

NLO
(r > rcut)� ⌃NNLO ⌦ d�LO(r > rcut)

i
+HNNLO ⌦ d�LO

[Grazzini,  Kallweit,  MW '17]
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rcut→0 extrapolation in MATRIX
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simple quadratic fit (A * rcut + B * rcut + C) to extrapolate to rcut=02

d�NNLO(rcut) =
h
d�F+jet

NLO
(r > rcut)� ⌃NNLO ⌦ d�LO(r > rcut)

i
+HNNLO ⌦ d�LO

[Grazzini,  Kallweit,  MW '17]
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rcut→0 extrapolation in MATRIX
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[Grazzini,  Kallweit,  MW '17]
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rcut→0 extrapolation in MATRIX

σqT
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d�NNLO(rcut) =
h
d�F+jet

NLO
(r > rcut)� ⌃NNLO ⌦ d�LO(r > rcut)

i
+HNNLO ⌦ d�LO

[Grazzini,  Kallweit,  MW '17]
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rcut→0 extrapolation in MATRIX
dileptons with certain cuts (and photon final states) are special
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[Grazzini,  Kallweit,  MW '17]
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rcut→0 extrapolation in MATRIX
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rcut→0 extrapolation in MATRIX
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rcut→0 extrapolation in MATRIX
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rcut→0 extrapolation in MATRIX
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rcut→0 extrapolation in MATRIX

σqT

NNLO(r)

σ/σNNLO − 1[%] pp → e−e+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

−0.50

−1.00

−1.50
σqT

NNLO(r)

σ/σNNLO − 1[%] pp → e−e+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

−0.50

−1.00

−1.50

σexact(FEWZ)
NNLO

σextrapolated
NNLO (rcut ≥ 0.05)

σextrapolated
NNLO (rcut ≥ 0.15)

σ/σNNLO − 1[%] pp → e−e+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

−0.50

−1.00

−1.50

σexact(FEWZ)
NNLO

σextrapolated
NNLO (rcut ≥ 0.05)

σextrapolated
NNLO (rcut ≥ 0.15)

σ/σNNLO − 1[%] pp → e−e+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

−0.50

−1.00

−1.50

[Grazzini,  Kallweit,  MW '17]



rcut→0 extrapolation in MATRIX
[Grazzini,  Kallweit,  MW '17]

�
qT

NNLO(r)
�
exact(SusHi)
NNLO

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! H @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.30

+0.20

+0.10

0

�0.10

�0.20

�0.30
�
qT

NNLO(r)
�
exact(SusHi)
NNLO

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! H @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.30

+0.20

+0.10

0

�0.10

�0.20

�0.30
�
qT

NNLO(r)
�
exact(ZWPROD)
NNLO

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! Z @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.30

+0.20

+0.10

0

�0.10

�0.20

�0.30
�
qT

NNLO(r)
�
exact(ZWPROD)
NNLO

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! Z @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.30

+0.20

+0.10

0

�0.10

�0.20

�0.30

�
qT

NNLO(r)
�
exact(FEWZ)
NNLO

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! e
+
⌫e @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.30

+0.20

+0.10

0

�0.10

�0.20

�0.30

�
qT

NNLO(r)
�
exact(FEWZ)
NNLO

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! e
+
⌫e @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.30

+0.20

+0.10

0

�0.10

�0.20

�0.30
�
qT

NNLO(r)

�/�NNLO � 1[%] pp ! e
�
e
+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

�0.50

�1.00

�1.50
�
qT

NNLO(r)

�/�NNLO � 1[%] pp ! e
�
e
+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

�0.50

�1.00

�1.50

�
exact(FEWZ)
NNLO

�
extrapolated
NNLO (rcut � 0.05)

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! e
�
e
+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

�0.50

�1.00

�1.50

�
exact(FEWZ)
NNLO

�
extrapolated
NNLO (rcut � 0.05)

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! e
�
e
+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

�0.50

�1.00

�1.50

�
qT
NNLO(r)

�
extrapolated
NNLO (rcut � 0.05)

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! �� @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+5.00

+4.00

+3.00

+2.00

+1.00

0

�1.00

�
qT
NNLO(r)

�
extrapolated
NNLO (rcut � 0.05)

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! �� @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+5.00

+4.00

+3.00

+2.00

+1.00

0

�1.00

�
qT
NNLO(r)

�
extrapolated
NNLO (rcut � 0.05)

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! ⌫e⌫̄e� @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+4.00

+3.00

+2.00

+1.00

0

�1.00

�
qT
NNLO(r)

�
extrapolated
NNLO (rcut � 0.05)

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! ⌫e⌫̄e� @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+4.00

+3.00

+2.00

+1.00

0

�1.00

�
qT
NNLO(r)

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! W
+
W

� @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.40

+0.30

+0.20

+0.10

0

�0.10

�0.20

�0.30

�0.40
�
qT
NNLO(r)

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! W
+
W

� @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.40

+0.30

+0.20

+0.10

0

�0.10

�0.20

�0.30

�0.40
�
qT
NNLO(r)

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! e
�
e
+
⌫µ⌫̄µ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.30

+0.20

+0.10

0

�0.10

�0.20

�0.30
�
qT
NNLO(r)

�
extrapolated
NNLO (rcut � 0.15)

�/�NNLO � 1[%] pp ! e
�
e
+
⌫µ⌫̄µ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.30

+0.20

+0.10

0

�0.10

�0.20

�0.30

Figure 2: Dependence of the NNLO cross sections on rcut for various processes. The NNLO
results at fixed values of rcut are normalized to the rcut ! 0 extrapolation obtained by using
rcut � 0.15%. The blue band represents the combined numerical and extrapolation uncertainty.
For processes with a large rcut dependence, the extrapolated result and uncertainty obtained by
using rcut � 0.05% is shown in red. Where available, rcut-independent reference results are black.
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Figure 2: Dependence of the NNLO cross sections on the qT -subtraction cut, rcut, for various
processes. The normalization is the result extrapolated to rcut = 0 by taking into account the
rcut dependence above rcut � 0.15 (default value). The blue bands is the combined numerical
and extrapolation uncertainty estimated by Matrix in every run.
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MATRIX features on one slide
Colourless 2→1 and 2→2 reactions (decays, off-shell effects, spin correlations; previous slide)

physics features:
NNLO accuracy based on qT subtraction

loop-induced gg component part of NNLO cross section (effectively LO accurate)

CKM for W-boson production

essential fiducial cuts, dynamical scales and distributions already pre-defined for each process

final-state particles directly accessible (for distributions, cuts, scales)

scale uncertainty estimated automatically estimated (7- or 9-point) with every run

NEW: automatic extrapolation of qT-subtraction cut-off to zero (with extrapolation uncertainty)

technical features:
Core: C++ code;  steered by Python interface (compilation/running/job submission/result collection)

only requirements: LHAPDF 5 or 6 pre-installed & Python 2.7 with numpy

Otherwise fully automatic! (download/compilation of external packages; inputs via interface etc.)

local and cluster support: LSF (lxplus), HT-Condor (lxplus), condor, SLURM, Torque/PBS, SGE

option to reduce workload (output) on slow file systems

all relevant references in CITATION.bib (provided with every run)

comprehensive manual shipped with the code

→ missing your favourite cluster? Let us know!
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DF (ℓℓ ν'ν'): double-resonant ZZ
(pp→ZZ/γ*Z→ℓℓ ν'ν')
and single-resonant DY-like
(pp→Z/γ*→ℓℓ Z→ℓℓ ν'ν')

DF (ℓν ℓ'ν'): double-resonant WW and single-resonant DY-like
                   (pp→WW→ℓν ℓ'ν')                 (pp→Z/γ*→ℓ ν W→ℓν ℓ'ν')

SF (ℓℓ νν): mixes all ZZ,  WW and DY-like contributions
    (pp→ZZ/γ*Z/WW→ℓℓ νν)             (pp→Z/γ*→ℓℓ Z/ℓ ν W→ℓℓ νν)
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Figure 1: Sample Born diagrams contributing to W+W� production both in the di↵erent-flavour
case (l 6= l0) and in the same-flavour case (l = l0).
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Figure 2: Sample Born diagrams contributing to W+W� production only in the same-flavour case
(l = l0). In the di↵erent-flavour case, they describe ZZ production in the 2l2⌫ channel.

a Z ! ``⇤/⌫⌫⇤ ! `⌫(W !)`0⌫ 0 decay (type (c) diagrams) contribute here. In addition to such
channels, final states with equal lepton flavours, l = l0, involve further diagrams, as shown in
Figure ??: resonant ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays (type (d) diagrams), and
further Z ! 4 leptons topologies with a Z ! ll⇤/⌫⌫⇤ ! l�l+(Z !)⌫l⌫̄l/⌫l⌫̄l(Z !)l�l+ decay (type
(e) diagrams); in the latter case, the phase-space where both Z bosons are simultaeously close to
resonant is typically excluded by phase-space cuts. Note that the contributions from Figure ?? do
not allow for a fully inclusive phase-space integration due to the IR-divergent �⇤ ! l+l� splittings.
For l 6= l0 these diagrams describe genuine ZZ production in the 2l2⌫ channel, pp ! l+l�⌫l0 ⌫̄l0 +X.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell electroweak bosons and all relevant interferences. The
previous discussion of resonant phase-space regions is thus only for illustration, and should not
be misinterpreted as any kind of a resonance approximation. Our implementation can deal with
any combination of leptonic flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the
di↵erent-flavour channel pp ! µ+e�⌫µ⌫̄e. For the sake of brevity, we will often denote this process
as W+W� production though.

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

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄ ! l+l0�⌫l⌫̄l0 q0q̄0, and crossing-related processes;

• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;
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Figure 2: Sample of Born diagrams contributing to W+W� production only in the same-flavour
case. In the di↵erent-flavour case, they would describe ZZ production in the 2l2⌫ 0 channel.

(d) via resonant t-channel ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays;

(e) via further Z ! 4 leptons topologies, Z/�⇤ ! llZ ! ll⌫l⌫l or Z ! ⌫l⌫lZ ! ll⌫l⌫l. Any
double-resonant configurations are kinematically suppressed or excluded by phase-space cuts.

Note that the appearance of infrared (IR) divergent �⇤ ! l+l� splittings in the case of equal lepton
flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�
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• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄(0) ! l+l0�⌫l⌫̄l0 q(00)q̄(000), and crossing-related pro-
cesses;

• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;

• two-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 .

All required tree-level and one-loop amplitudes are obtained from the OpenLoops generator [?,54],
which implements a fast numerical recursion for the calculation of NLO scattering amplitudes
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ū

l+

⌫l

l0�

⌫̄l0

W+
d

W�

q

q̄

l+

⌫l

l0�

⌫̄l0

W+

W�

Z/�

q

q̄

l+

⌫l

l0�

⌫̄l0
W�

l�

Z/�

(a) (b) (c)

Figure 1: Sample of Born diagrams contributing to W+W� production both in the di↵erent-flavour
case (l 6= l0) and in the same-flavour case (l = l0).

q

q̄

l+

l�

⌫l

⌫̄l

Z/�
q

Z

q

q̄

l+

l�

⌫l

⌫̄l
Z

l�

Z/�

(d) (e)

Figure 2: Sample of Born diagrams contributing to W+W� production only in the same-flavour
case. In the di↵erent-flavour case, they would describe ZZ production in the 2l2⌫ 0 channel.

(d) via resonant t-channel ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays;

(e) via further Z ! 4 leptons topologies, Z/�⇤ ! llZ ! ll⌫l⌫l or Z ! ⌫l⌫lZ ! ll⌫l⌫l. Any
double-resonant configurations are kinematically suppressed or excluded by phase-space cuts.

Note that the appearance of infrared (IR) divergent �⇤ ! l+l� splittings in the case of equal lepton
flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�

production though.

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

S
):

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄(0) ! l+l0�⌫l⌫̄l0 q(00)q̄(000), and crossing-related pro-
cesses;

• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;

• two-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 .

All required tree-level and one-loop amplitudes are obtained from the OpenLoops generator [?,54],
which implements a fast numerical recursion for the calculation of NLO scattering amplitudes

4

u

ū
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ū

l+

⌫l

l0�

⌫̄l0

W+
d

W�

q

q̄

l+

⌫l

l0�

⌫̄l0

W+

W�

Z/�

q

q̄

l+

⌫l

l0�

⌫̄l0
W�

l�

Z/�

(a) (b) (c)

Figure 1: Sample of Born diagrams contributing to W+W� production both in the di↵erent-flavour
case (l 6= l0) and in the same-flavour case (l = l0).

q

q̄

l+

l�

⌫l

⌫̄l

Z/�
q

Z

q

q̄

l+

l�

⌫l

⌫̄l
Z

l�

Z/�

(d) (e)

Figure 2: Sample of Born diagrams contributing to W+W� production only in the same-flavour
case. In the di↵erent-flavour case, they would describe ZZ production in the 2l2⌫ 0 channel.

(d) via resonant t-channel ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays;

(e) via further Z ! 4 leptons topologies, Z/�⇤ ! llZ ! ll⌫l⌫l or Z ! ⌫l⌫lZ ! ll⌫l⌫l. Any
double-resonant configurations are kinematically suppressed or excluded by phase-space cuts.

Note that the appearance of infrared (IR) divergent �⇤ ! l+l� splittings in the case of equal lepton
flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�

production though.

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

S
):

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄(0) ! l+l0�⌫l⌫̄l0 q(00)q̄(000), and crossing-related pro-
cesses;

• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;

• two-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 .

All required tree-level and one-loop amplitudes are obtained from the OpenLoops generator [?,54],
which implements a fast numerical recursion for the calculation of NLO scattering amplitudes

4

u

ū
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ū

l+

⌫l

l0�

⌫̄l0

W+
d

W�

q

q̄

l+

⌫l

l0�

⌫̄l0

W+

W�

Z/�

q

q̄

l+

⌫l

l0�

⌫̄l0
W�

l�

Z/�

(a) (b) (c)

Figure 1: Sample of Born diagrams contributing to W+W� production both in the di↵erent-flavour
case (l 6= l0) and in the same-flavour case (l = l0).

q

q̄

l+

l�

⌫l

⌫̄l

Z/�
q

Z

q

q̄

l+

l�

⌫l

⌫̄l
Z

l�

Z/�

(d) (e)

Figure 2: Sample of Born diagrams contributing to W+W� production only in the same-flavour
case. In the di↵erent-flavour case, they would describe ZZ production in the 2l2⌫ 0 channel.

(d) via resonant t-channel ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays;

(e) via further Z ! 4 leptons topologies, Z/�⇤ ! llZ ! ll⌫l⌫l or Z ! ⌫l⌫lZ ! ll⌫l⌫l. Any
double-resonant configurations are kinematically suppressed or excluded by phase-space cuts.

Note that the appearance of infrared (IR) divergent �⇤ ! l+l� splittings in the case of equal lepton
flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�

production though.

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

S
):

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄(0) ! l+l0�⌫l⌫̄l0 q(00)q̄(000), and crossing-related pro-
cesses;

• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;

• two-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 .

All required tree-level and one-loop amplitudes are obtained from the OpenLoops generator [?,54],
which implements a fast numerical recursion for the calculation of NLO scattering amplitudes

4

u

ū
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ℓℓ+ET,miss at NNLO
Comparison against ATLAS 8 TeV data [JHEP 1701 (2017) 099]

fiducial cuts:

subtract the DF process pp ! `+⌫` `0�⌫̄`0 . This removes W+W� and top-quark backgrounds from
our predictions, as desired, while their interference with ZZ production, which is not accounted for
in the background predictions and thus considered part of the ZZ signal, is kept. Its impact will be
studied in detail below. If W+W� or top-quark topologies yield much larger contributions than ZZ
to the SF process, sizeable cancellations in the subtraction could diminish the numerical accuracy
of our predictions. However, for typical ZZ signal cuts, as considered here, a Z-mass window
suppresses the W+W� contribution, and a jet veto the top-quark background. The presented
procedure applies in all flavour schemes, and we conveniently use the 5FS throughout.

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

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and ↵ =

p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [73] throughout. The EW inputs are set

to the PDG [74] values: GF = 1.16639 ⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [75] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

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

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

We start by comparing phenomenological predictions to the ATLAS 8TeV measurement of Ref. [9].
The corresponding phase-space cuts are summarized in Table 1 for both the four-lepton and the
``+Emiss

T
signatures. The total phase space is defined by a Z-mass window in the invariant mass

of each reconstructed Z boson. The reconstruction is unambiguous in the DF channel ```0`0,

definition of the total phase space for pp ! ZZ +X

66GeV  mZ
rec
a/b

 116GeV

definition of the fiducial volume for pp ! `+`�`0+`0� +X, `, `0 2 {e, µ}

pT,` > 7GeV, one electron with |⌘e| < 4.9, the others |⌘e| < 2.5, |⌘µ| < 2.7

�R`` > 0.2, �R``0 > 0.2, 66GeV  mZ
rec
a/b

 116GeV,

anti-kT jets with R = 0.4, pT,j > 25GeV, |⌘j| < 4.5

lepton identification in SF channel:

minimizing di↵erences of invariant-mass of OSSF lepton pairs and mZ

definition of the fiducial volume for pp ! `+`�⌫⌫̄ +X, ` 2 {e, µ} and ⌫ 2 {⌫e, ⌫µ, ⌫⌧}

pT,` > 25GeV, |⌘`| < 2.5, �R`` > 0.3, 76GeV  m`+`�  106GeV,

Axial-pmiss

T
> 90GeV, pT -balance < 0.4,

Njets = 0, anti-kT jets with R = 0.4, pT,j > 25GeV, |⌘j| < 4.5 and �Rej > 0.3

Table 1: Phase-space definitions of the ZZ measurements by ATLAS at 8TeV [9].
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jet veto

prefers Z bosons in back-
to-back like configurations
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µR = µF =
mZZ

2
(uncertainties: 7-point scale variation)

NNPDF 3.0 (set consistent at each perturbative order) with ↵s(mZ) = 0.118

5-flavour scheme

�! top-quark contamination included in SF (``⌫`⌫`) channel

BUT: suppressed by jet veto

AND: W+W� (`⌫``
0⌫`0) and top contributions subtracted as background

�! compute SF ``⌫`⌫` channel and subtact DF `⌫``
0⌫`0 (also in 5FS)

�! removes subtracted backgrounds, but keeps all interference contributions!

[Kallweit, MW '18]
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Figure 5: Same as Figure 4, but without data and for the distributions (a) ��``, (b) pT,`1 , and (c)
pmiss

T
; for reference, also the NLO0+gg result (green, dash-dotted) is shown in the ratio frame.

paper. For example, the ��`` distribution in Figure 5 (panel a) develops a sizable NNLO/NLO
K-factor up to 1.6 for large separations. From the considerable di↵erences between NNLO and
NLO0+gg curves, which also concern their shapes, it is clear that this e↵ect stems directly from
the newly computed O(↵2

S
) contributions. In this phase-space region (large ��``) the perturbative

accuracy is e↵ectively diminished by one order due to the phase-space cuts which force the two Z
bosons to be boosted and approximately back-to-back, so that the two decay leptons disfavour
large separations. This manifests itself also in a widening of the scale uncertainty bands. Also
the transverse-momentum spectrum of the hardest lepton, pT,`1 in Figure 5 (panel b) features a
significant shape distortion at NNLO, when compared to both NLO and NLO0+gg. The same is
true for the missing transverse momentum, pmiss

T
in Figure 5 (panel c). In all cases perturbative

uncertainties are clearly reduced upon inclusion of higher-order corrections.

We complete our discussion of phenomenological results by studying the size of ZZ, W+W�,
and interference contributions entering the SF process pp ! `+`� ⌫`⌫̄`. We recall that W+W�

contributions also involve resonant top-quark topologies. In contrast to our previous discussion,
W+W� and top-quark contributions are not subtracted from the SF process in the following.
We focus on the contamination of the ``+Emiss

T
signature through interference with W+W� and

top-quark diagrams. To this end, Figure 6 compares the NNLO cross section for the full process of
two OSSF leptons and two neutrinos, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) = �(`` ⌫`⌫`) + 2 · �(`` ⌫`0⌫`0) for ` 2 {e, µ}
and ` 6= `0 with the same NNLO cross section, where the SF channel is approximated by the
incoherent sum of the two DF processes, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) ⇡ 3 · �(`` ⌫`0⌫`0) + �(`⌫` `0⌫`0). The
di↵erence of the two is precisely the remaining interference contribution of ZZ with W+W� (and
top-quark) topologies which we want to study. For completeness, also the individual DF ZZ and
DF W+W� cross sections, 3 · �(`` ⌫`0⌫`0) and �(``0 ⌫`⌫`0), respectively, are shown, whose sum is the
approximated cross section.

It is instructive to consider the invariant mass of the charged leptons, m`+`� , in Figure 6 (panel
a), which nicely illustrates the nature of the di↵erent results: Only ZZ topologies feature a
resonance at m`+`� = mZ , while the DF W+W� prediction is almost flat in this range of m`+`� .
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Comparison against ATLAS 8 TeV data [JHEP 1701 (2017) 099]

our setup:
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fiducial cross section (POWHEG+gg+EW): [JHEP 1701 (2017) 099]

fiducial cross section (fixed order): [Kallweit, MW '18]

Measurement Prediction

�fid
ZZ!e�e+e�e+ = 5.9 ± 0.8 (stat) ± 0.4 (syst) ± 0.1 (lumi) fb 6.2 +0.6

�0.5 fb

�fid
ZZ!e�e+µ�µ+ = 12.4 ± 1.0 (stat) +0.6

�0.5 (syst) +0.3
�0.2 (lumi) fb 10.8 +1.1

�1.0 fb

�fid
ZZ!µ�µ+µ�µ+ = 4.9 +0.6

�0.5 (stat) +0.3
�0.2 (syst) ±0.1 (lumi) fb 4.9 +0.5

�0.4 fb

�fid
ZZ!e�e+⌫⌫̄ = 5.0 +0.8

�0.7 (stat) +0.5
�0.4 (syst) ± 0.1 (lumi) fb 3.7 ±0.3 fb

�fid
ZZ!µ�µ+⌫⌫̄ = 4.7 ± 0.7 (stat) +0.5

�0.4 (syst) ± 0.1 (lumi) fb 3.5 ±0.3 fb

�total
pp!ZZ = 7.3 ± 0.4 (stat) ± 0.3 (syst) +0.2

�0.1 (lumi) pb 6.6 +0.7
�0.6 pb

Table 9: The measured fiducial cross sections and the combined total cross section compared to the SM predictions.
For experimental results, the statistical, systematic, and luminosity uncertainties are shown. For the theoretical
predictions, the combined statistical and systematic uncertainty is shown.

theoryσ/dataσ
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Measurement
Tot. uncertainty
Stat. uncertainty
PowhegBox + gg2VV

σ 1±

σ 2±

4e
fidσ

µ2e2
fidσ

µ4
fidσ

ν2e2
fidσ

ν2µ2
fidσ

totalσ

ATLAS

 4l→ ZZ →pp 
ν 2l2→ ZZ →pp 

-1 = 8 TeV, 20.3 fbs

Total Combined Cross Section

Figure 5: The ratio of the measured ZZ cross sections in the fiducial phase space to the SM prediction from
PowhegBox and gg2VV in each of the five decay modes considered. The ratio between the total combined cross
section and the SM prediction is also shown. The inner grey error bars on the data points represent the statistical
uncertainties, while the outer black error bars represent the total uncertainties. The green and yellow bands represent
the 1� and 2� uncertainties, respectively, associated with the SM prediction.
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[Kallweit, MW '18]

channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

e+e�µ+µ� 8.188(1)+2.4%

�3.2%
11.30(0)+2.5%

�2.0%
12.92(1)+2.8%

�2.2%
12.4 +1.0

�1.0
(stat) +0.6

�0.5
(syst) +0.3

�0.2
(lumi)

e+e�e+e� 4.654(0)+2.3%

�3.1%
6.410(2)+2.5%

�2.0%
7.310(8)+2.7%

�2.1%
5.9 +0.8

�0.8
(stat) +0.4

�0.4
(syst)± 0.1(lumi)

µ+µ�µ+µ� 3.565(0)+2.6%

�3.5%
4.969(5)+2.5%

�2.0%
5.688(6)+2.9%

�2.2%
4.9 +0.6

�0.5
(stat) +0.3

�0.2
(syst)± 0.1(lumi)

e+e�⌫⌫ 5.558(0)+0.1%

�0.5%
4.806(1)+3.5%

�3.9%
5.083(8)+1.9%

�0.6%
5.0 +0.8

�0.7
(stat) +0.5

�0.4
(syst)± 0.1(lumi)

µ+µ�⌫⌫ 5.558(0)+0.1%

�0.5%
4.770(4)+3.6%

�4.0%
5.035(9)+1.8%

�0.5%
4.7 +0.7

�0.7
(stat) +0.5

�0.4
(syst)± 0.1(lumi)

total rate 4982(0)+1.9%

�2.7%
6754(2)+2.4%

�2.0%
7690(5)+2.7%

�2.1%
7300 +400

�400
(stat) +300

�300
(syst) +200

�100
(lumi)

Table 2: Predictions for fiducial and total rates compared to ATLAS 8 TeV data [9].

Zrec

a
= `+`� and Zrec

b
= `0+`0�, which we employ for the predicted cross sections in the total

phase space. The fiducial cuts involve standard requirements on the transverse momenta and
pseudo-rapidities of the leptons, a separation in �R =

p
�⌘2 +��2 between the leptons, and a

window in the invariant mass of reconstructed Z bosons around the Z-pole. In the SF channel
````, Z bosons are reconstructed by identifying the combination of opposite-sign same-flavour
(OSSF) lepton pairings (Za = `+

a
`�
a
and Zb = `+

b
`�
b
, or Za = `+

a
`�
b
and Zb = `+

b
`�
a
) that minimizes

|mZa �mZ | + |mZb
�mZ | with the reconstructed Z bosons Zrec

a
= Za and Zrec

b
= Zb. A rather

special feature in the fiducial phase spaces of the four-lepton channels is the fact that ATLAS
measures one of the electrons up to very large pseudo-rapidities (|⌘e| < 4.9). The measurement of
the ``+Emiss

T
signature applies two additional requirements, which force the two Z bosons closer

to back-to-back-like configurations to suppress backgrounds such as Z+jets: There is a lower cut
on the axial missing transverse momentum, Axial-pmiss

T
= �pmiss

T
· cos (��``,⌫⌫), where pmiss

T
⌘ pT,⌫⌫

and ��``,⌫⌫ is the azimuthal angle between the dilepton and the neutrino pair. Furthermore, the
two Z-boson momenta are balanced by putting an upper cut on pT -balance = |pmiss

T
� pT,``|/pT,``.

Finally, the ``+Emiss

T
signature requires a jet veto to suppress top-quark backgrounds. Note that

jets close to electrons (�Rej < 0.3) are not vetoed.

In Table 2 we report cross-section predictions and compare them against ATLAS 8TeV results [9].
Central predictions are stated with the numerical error on the last digit quoted in round brackets.
The relative uncertainties quoted in percent are estimated from scale variations as described above.
Results reported for e+e�µ+µ�, e+e�e+e�, µ+µ�µ+µ�, e+e�⌫⌫̄, and µ+µ�⌫⌫̄ production are cross
sections in the respective fiducial volumes defined in Table 1. The prediction in the last line of the
table is obtained from the computation of pp ! e+e�µ+µ� +X in the total phase space defined
in Table 1, by dividing out the branching ratio BR(Z ! ``) for each Z-boson decay. The main
conclusions that can be drawn from these results are the following:

• Radiative corrections are large and have a marked dependence on the event selection: They
range between +35% to +40% at NLO and +14% to +17% at NNLO in cases without a jet
veto, i.e. for all but the 2`2⌫ results. Roughly half (45%–55%) of the O(↵2

s
) terms are due to

the loop-induced gg component in these cases. For the 2`2⌫ processes the situation is quite
di↵erent: Due to the jet veto NLO corrections turn negative and yield about �14%. NNLO
corrections are roughly +6%. However, the positive e↵ect is entirely due to loop-induced gg

5
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the loop-induced gg component in these cases. For the 2`2⌫ processes the situation is quite
di↵erent: Due to the jet veto NLO corrections turn negative and yield about �14%. NNLO
corrections are roughly +6%. However, the positive e↵ect is entirely due to loop-induced gg
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ℓℓ+ET,miss at NNLO
Comparison against ATLAS 8 TeV data

fiducial cross section (POWHEG+gg+EW): [JHEP 1701 (2017) 099]

fiducial cross section (fixed order): [Kallweit, MW '18]

Measurement Prediction
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Table 9: The measured fiducial cross sections and the combined total cross section compared to the SM predictions.
For experimental results, the statistical, systematic, and luminosity uncertainties are shown. For the theoretical
predictions, the combined statistical and systematic uncertainty is shown.
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Figure 5: The ratio of the measured ZZ cross sections in the fiducial phase space to the SM prediction from
PowhegBox and gg2VV in each of the five decay modes considered. The ratio between the total combined cross
section and the SM prediction is also shown. The inner grey error bars on the data points represent the statistical
uncertainties, while the outer black error bars represent the total uncertainties. The green and yellow bands represent
the 1� and 2� uncertainties, respectively, associated with the SM prediction.
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[Kallweit, MW '18]

channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

e+e�µ+µ� 8.188(1)+2.4%

�3.2%
11.30(0)+2.5%

�2.0%
12.92(1)+2.8%

�2.2%
12.4 +1.0

�1.0
(stat) +0.6

�0.5
(syst) +0.3

�0.2
(lumi)

e+e�e+e� 4.654(0)+2.3%

�3.1%
6.410(2)+2.5%

�2.0%
7.310(8)+2.7%

�2.1%
5.9 +0.8

�0.8
(stat) +0.4

�0.4
(syst)± 0.1(lumi)

µ+µ�µ+µ� 3.565(0)+2.6%

�3.5%
4.969(5)+2.5%

�2.0%
5.688(6)+2.9%

�2.2%
4.9 +0.6

�0.5
(stat) +0.3

�0.2
(syst)± 0.1(lumi)

e+e�⌫⌫ 5.558(0)+0.1%

�0.5%
4.806(1)+3.5%

�3.9%
5.083(8)+1.9%

�0.6%
5.0 +0.8

�0.7
(stat) +0.5

�0.4
(syst)± 0.1(lumi)

µ+µ�⌫⌫ 5.558(0)+0.1%

�0.5%
4.770(4)+3.6%

�4.0%
5.035(9)+1.8%

�0.5%
4.7 +0.7

�0.7
(stat) +0.5

�0.4
(syst)± 0.1(lumi)

total rate 4982(0)+1.9%

�2.7%
6754(2)+2.4%

�2.0%
7690(5)+2.7%

�2.1%
7300 +400

�400
(stat) +300

�300
(syst) +200

�100
(lumi)

Table 2: Predictions for fiducial and total rates compared to ATLAS 8 TeV data [9].

Zrec

a
= `+`� and Zrec

b
= `0+`0�, which we employ for the predicted cross sections in the total

phase space. The fiducial cuts involve standard requirements on the transverse momenta and
pseudo-rapidities of the leptons, a separation in �R =

p
�⌘2 +��2 between the leptons, and a

window in the invariant mass of reconstructed Z bosons around the Z-pole. In the SF channel
````, Z bosons are reconstructed by identifying the combination of opposite-sign same-flavour
(OSSF) lepton pairings (Za = `+

a
`�
a
and Zb = `+

b
`�
b
, or Za = `+

a
`�
b
and Zb = `+

b
`�
a
) that minimizes

|mZa �mZ | + |mZb
�mZ | with the reconstructed Z bosons Zrec

a
= Za and Zrec

b
= Zb. A rather

special feature in the fiducial phase spaces of the four-lepton channels is the fact that ATLAS
measures one of the electrons up to very large pseudo-rapidities (|⌘e| < 4.9). The measurement of
the ``+Emiss

T
signature applies two additional requirements, which force the two Z bosons closer

to back-to-back-like configurations to suppress backgrounds such as Z+jets: There is a lower cut
on the axial missing transverse momentum, Axial-pmiss

T
= �pmiss

T
· cos (��``,⌫⌫), where pmiss

T
⌘ pT,⌫⌫

and ��``,⌫⌫ is the azimuthal angle between the dilepton and the neutrino pair. Furthermore, the
two Z-boson momenta are balanced by putting an upper cut on pT -balance = |pmiss

T
� pT,``|/pT,``.

Finally, the ``+Emiss

T
signature requires a jet veto to suppress top-quark backgrounds. Note that

jets close to electrons (�Rej < 0.3) are not vetoed.

In Table 2 we report cross-section predictions and compare them against ATLAS 8TeV results [9].
Central predictions are stated with the numerical error on the last digit quoted in round brackets.
The relative uncertainties quoted in percent are estimated from scale variations as described above.
Results reported for e+e�µ+µ�, e+e�e+e�, µ+µ�µ+µ�, e+e�⌫⌫̄, and µ+µ�⌫⌫̄ production are cross
sections in the respective fiducial volumes defined in Table 1. The prediction in the last line of the
table is obtained from the computation of pp ! e+e�µ+µ� +X in the total phase space defined
in Table 1, by dividing out the branching ratio BR(Z ! ``) for each Z-boson decay. The main
conclusions that can be drawn from these results are the following:

• Radiative corrections are large and have a marked dependence on the event selection: They
range between +35% to +40% at NLO and +14% to +17% at NNLO in cases without a jet
veto, i.e. for all but the 2`2⌫ results. Roughly half (45%–55%) of the O(↵2

s
) terms are due to

the loop-induced gg component in these cases. For the 2`2⌫ processes the situation is quite
di↵erent: Due to the jet veto NLO corrections turn negative and yield about �14%. NNLO
corrections are roughly +6%. However, the positive e↵ect is entirely due to loop-induced gg
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fiducial distributions (fixed order): [Kallweit, MW '18]

 [f
b/

G
eV

]
Z T

/d
p

σd

0

0.05

0.1

0.15

0.2

0.25

0.3
ATLAS

=8 TeVs

-1 L dt = 20.3 fb∫
νν+l- l→ZZ 

Data

Stat. Uncertainty

Total Uncertainty

PowhegBox + gg2VV

 [GeV]Z
T

p
60-100 100-150 150-1500

D
at

a/
M

C

0.5
1

1.5
2

(a)

) [
fb

/ra
d]

-
, l+ (lφ

∆
/d

σd

0
2

4

6

8

10
12

14

16

18

20
22 ATLAS

=8 TeVs

-1 L dt = 20.3 fb∫
νν+l- l→ZZ 

Data

Stat. Uncertainty

Total Uncertainty

PowhegBox + gg2VV

) [rad]-, l+ (lφ∆
0-0.8 0.8-1.2 1.2-1.6 1.6-3.14

D
at

a/
M

C

0
0.5

1
1.5

2

(b)

 [f
b/

G
eV

]
ZZ T

/d
m

σd

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16  ATLAS

=8 TeVs

-1 L dt = 20.3 fb∫
νν+l- l→ZZ 

Data

Stat. Uncertainty

Total Uncertainty

PowhegBox + gg2VV

 [GeV]ZZ
Tm

220-280 280-330 330-400 400-1500

D
at

a/
M

C

0.5
1

1.5
2

(c)

Figure 7: The measured di↵erential cross-section distributions (black points) normalized to the bin width for (a) pZ
T ,

(b) ��(`+, `�) and (c) mZZ
T in the ZZ ! `�`+⌫⌫̄ channel, unfolded within the fiducial phase space, compared to the

theory predictions of PowhegBox and gg2VV (red line). The vertical error bars show the respective statistical un-
certainties, while the light blue error bands express the statistical and systematic uncertainties of the measurements
added in quadrature.
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Figure 4: Di↵erential distributions of the 2`2⌫ processes with fiducial cuts at LO (black, dotted),
NLO (red, dashed) and NNLO (blue, solid), compared to ATLAS 8TeV data [9] (green points
with error bars); for (a) pT,``, (b) mT,ZZ , and (c) ��``; the lower frame shows the ratio over NLO.

predictions is degraded by one order for each added jet. NNLO e↵ects on other distributions are
large, but primarily a↵ect the normalization and not the shapes.

We continue our discussion of di↵erential results with the ``+Emiss

T
signature in Figure 4, which

shows the distributions in the transverse momentum of the dilepton pair, pT,`` (panel a), the
transverse mass of the ZZ pair, defined as4

mT,ZZ =

s✓q
p2
T,``

+m2

Z
+
q
(pmiss

T
)2 +m2

Z

◆2

� (pT,`` + pmiss

T )2

(panel b), and the azimuthal angle between the two leptons, ��`` (panel c). The results correspond
to the sum of all channels including both SF (`` ⌫`⌫`) and DF (`` ⌫`0⌫`0) processes (` 2 {e, µ}, ⌫`0 2
{⌫e, ⌫µ, ⌫⌧}, ` 6= `0). We recall that SF contributions are computed by subtracting W+W� and
top-quark backgrounds as outlined before. For all three distributions in Figure 4 we find excellent
agreement between theory and data. At NNLO, di↵erences hardly exceed the 1� level. Although
NNLO corrections change the cross section in certain bins, the experimental uncertainties are still
too large for more distinct conclusions. Similar to our previous observations for fiducial rates, the
agreement found here at fixed order is a significant improvement over the comparison with the
Monte Carlo prediction shown in Ref. [9]. As pointed out before, we expect a poor modelling of
the jet veto by the Powheg generator to be the main source of these di↵erences, see also Ref. [80].

In the remainder of this paper we focus on the ``+Emiss

T
signature, with the same fiducial setup

as before. In Figure 5 we have picked three out of many observables where the importance of
NNLO corrections is evident. The NLO0+gg result in the ratio frame denotes the sum of the NLO
and the loop-induced gg cross section, both evaluated with NNLO PDFs, which was the best
prediction available in the past. Its di↵erence compared to the complete NNLO QCD result shows
the size of the genuine O(↵2

S
) corrections to the qq̄ channel, computed for the first time in this
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predictions is degraded by one order for each added jet. NNLO e↵ects on other distributions are
large, but primarily a↵ect the normalization and not the shapes.

We continue our discussion of di↵erential results with the ``+Emiss

T
signature in Figure 4, which

shows the distributions in the transverse momentum of the dilepton pair, pT,`` (panel a), the
transverse mass of the ZZ pair, defined as4
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� (pT,`` + pmiss
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(panel b), and the azimuthal angle between the two leptons, ��`` (panel c). The results correspond
to the sum of all channels including both SF (`` ⌫`⌫`) and DF (`` ⌫`0⌫`0) processes (` 2 {e, µ}, ⌫`0 2
{⌫e, ⌫µ, ⌫⌧}, ` 6= `0). We recall that SF contributions are computed by subtracting W+W� and
top-quark backgrounds as outlined before. For all three distributions in Figure 4 we find excellent
agreement between theory and data. At NNLO, di↵erences hardly exceed the 1� level. Although
NNLO corrections change the cross section in certain bins, the experimental uncertainties are still
too large for more distinct conclusions. Similar to our previous observations for fiducial rates, the
agreement found here at fixed order is a significant improvement over the comparison with the
Monte Carlo prediction shown in Ref. [9]. As pointed out before, we expect a poor modelling of
the jet veto by the Powheg generator to be the main source of these di↵erences, see also Ref. [80].

In the remainder of this paper we focus on the ``+Emiss

T
signature, with the same fiducial setup

as before. In Figure 5 we have picked three out of many observables where the importance of
NNLO corrections is evident. The NLO0+gg result in the ratio frame denotes the sum of the NLO
and the loop-induced gg cross section, both evaluated with NNLO PDFs, which was the best
prediction available in the past. Its di↵erence compared to the complete NNLO QCD result shows
the size of the genuine O(↵2

S
) corrections to the qq̄ channel, computed for the first time in this
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fiducial distributions (POWHEG+gg+EW): [JHEP 1701 (2017) 099]

fiducial distributions (fixed order): [Kallweit, MW '18]
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Figure 4: Di↵erential distributions of the 2`2⌫ processes with fiducial cuts at LO (black, dotted),
NLO (red, dashed) and NNLO (blue, solid), compared to ATLAS 8TeV data [9] (green points
with error bars); for (a) pT,``, (b) mT,ZZ , and (c) ��``; the lower frame shows the ratio over NLO.

predictions is degraded by one order for each added jet. NNLO e↵ects on other distributions are
large, but primarily a↵ect the normalization and not the shapes.

We continue our discussion of di↵erential results with the ``+Emiss

T
signature in Figure 4, which

shows the distributions in the transverse momentum of the dilepton pair, pT,`` (panel a), the
transverse mass of the ZZ pair, defined as4

mT,ZZ =

s✓q
p2
T,``

+m2

Z
+
q
(pmiss

T
)2 +m2

Z

◆2

� (pT,`` + pmiss

T )2

(panel b), and the azimuthal angle between the two leptons, ��`` (panel c). The results correspond
to the sum of all channels including both SF (`` ⌫`⌫`) and DF (`` ⌫`0⌫`0) processes (` 2 {e, µ}, ⌫`0 2
{⌫e, ⌫µ, ⌫⌧}, ` 6= `0). We recall that SF contributions are computed by subtracting W+W� and
top-quark backgrounds as outlined before. For all three distributions in Figure 4 we find excellent
agreement between theory and data. At NNLO, di↵erences hardly exceed the 1� level. Although
NNLO corrections change the cross section in certain bins, the experimental uncertainties are still
too large for more distinct conclusions. Similar to our previous observations for fiducial rates, the
agreement found here at fixed order is a significant improvement over the comparison with the
Monte Carlo prediction shown in Ref. [9]. As pointed out before, we expect a poor modelling of
the jet veto by the Powheg generator to be the main source of these di↵erences, see also Ref. [80].

In the remainder of this paper we focus on the ``+Emiss

T
signature, with the same fiducial setup

as before. In Figure 5 we have picked three out of many observables where the importance of
NNLO corrections is evident. The NLO0+gg result in the ratio frame denotes the sum of the NLO
and the loop-induced gg cross section, both evaluated with NNLO PDFs, which was the best
prediction available in the past. Its di↵erence compared to the complete NNLO QCD result shows
the size of the genuine O(↵2

S
) corrections to the qq̄ channel, computed for the first time in this

4
Boldface is used to indicate the vectorial sum of the dilepton and missing transverse momentum.
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ℓℓ+ET,miss at NNLO
 Impact of NNLO on fiducial distributions (same cuts as before)

[Kallweit, MW '18]
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Figure 5: Same as Figure 4, but without data and for the distributions (a) ��``, (b) pT,`1 , and (c)
pmiss

T
; for reference, also the NLO0+gg result (green, dash-dotted) is shown in the ratio frame.

paper. For example, the ��`` distribution in Figure 5 (panel a) develops a sizable NNLO/NLO
K-factor up to 1.6 for large separations. From the considerable di↵erences between NNLO and
NLO0+gg curves, which also concern their shapes, it is clear that this e↵ect stems directly from
the newly computed O(↵2

S
) contributions. In this phase-space region (large ��``) the perturbative

accuracy is e↵ectively diminished by one order due to the phase-space cuts which force the two Z
bosons to be boosted and approximately back-to-back, so that the two decay leptons disfavour
large separations. This manifests itself also in a widening of the scale uncertainty bands. Also
the transverse-momentum spectrum of the hardest lepton, pT,`1 in Figure 5 (panel b) features a
significant shape distortion at NNLO, when compared to both NLO and NLO0+gg. The same is
true for the missing transverse momentum, pmiss

T
in Figure 5 (panel c). In all cases perturbative

uncertainties are clearly reduced upon inclusion of higher-order corrections.

We complete our discussion of phenomenological results by studying the size of ZZ, W+W�,
and interference contributions entering the SF process pp ! `+`� ⌫`⌫̄`. We recall that W+W�

contributions also involve resonant top-quark topologies. In contrast to our previous discussion,
W+W� and top-quark contributions are not subtracted from the SF process in the following.
We focus on the contamination of the ``+Emiss

T
signature through interference with W+W� and

top-quark diagrams. To this end, Figure 6 compares the NNLO cross section for the full process of
two OSSF leptons and two neutrinos, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) = �(`` ⌫`⌫`) + 2 · �(`` ⌫`0⌫`0) for ` 2 {e, µ}
and ` 6= `0 with the same NNLO cross section, where the SF channel is approximated by the
incoherent sum of the two DF processes, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) ⇡ 3 · �(`` ⌫`0⌫`0) + �(`⌫` `0⌫`0). The
di↵erence of the two is precisely the remaining interference contribution of ZZ with W+W� (and
top-quark) topologies which we want to study. For completeness, also the individual DF ZZ and
DF W+W� cross sections, 3 · �(`` ⌫`0⌫`0) and �(``0 ⌫`⌫`0), respectively, are shown, whose sum is the
approximated cross section.

It is instructive to consider the invariant mass of the charged leptons, m`+`� , in Figure 6 (panel
a), which nicely illustrates the nature of the di↵erent results: Only ZZ topologies feature a
resonance at m`+`� = mZ , while the DF W+W� prediction is almost flat in this range of m`+`� .

9
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ℓℓ+ET,miss at NNLO
Relative size of ZZ and WW contributions (same cuts as before)

[Kallweit, MW '18]
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Figure 6: Comparison of NNLO cross sections for the full process �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) (blue, solid),
the individual ZZ contributions 3 · �(`` ⌫`0⌫`0) with ` 6= ` (orange, dash-dotted), the individual
W+W� contributions �(`⌫` `0⌫`0) with ` 6= ` (black, dotted), and the approximation of the full
result by the incoherent sum of ZZ and W+W� contributions 3 · �(`` ⌫`0⌫`0) + �(``0 ⌫`⌫`0) (red,
dashed); for (a) m`+`� , (b) pT,`�⌫`

, and (c) pT,`1 ; the lower frames show the ratio to the full result.

It is clear from the first ratio frame that almost the entire cross section around the peak stems
from ZZ contributions. Only away from the peak W+W� production becomes larger than ZZ
production. It is also clear that it is the m`+`� cut in the fiducial definition which significantly
enhances ZZ contributions and suppresses the W+W� process. The relative di↵erence between
the approximated and the full result, which is enlarged in the second ratio frame, is very small,
in particular in the peak region. This demonstrates that interference e↵ects of ZZ with W+W�

(and top-quark) topologies are negligible, and that an incoherent sum of the two DF channels is an
excellent approximation of the SF process. This also implies that in our previous definition of the
``+Emiss

T
signature the remaining interference e↵ects after subtraction of W+W� and top-quark

backgrounds are small. In fact, we hardly found any distribution with larger interference e↵ects.
The most pronounced example is the “pseudo”-observable in Figure 6 (panel b) that shows the
transverse-momentum spectrum of a W� boson reconstructed as `�⌫`, and even in this case the
di↵erences do not exceed a few percent, although the shape is slightly deformed. With interference
e↵ects being generally small, it is interesting to analyse the di↵erent behaviour of ZZ and W+W�

topologies. In the pT,`1 distribution in Figure 6 (panel c), for example, the relative W+W�

contribution increases around pT,`1 = 90GeV. This feature is already present at LO, and it is
caused by purely kinematic e↵ects that allow the two W bosons to become resonant simultaneously
only in this part of phase space. The region below pT,`1 = 45GeV is populated only beyond LO.

We have presented NNLO QCD corrections to ZZ production for all leptonic processes. The
``+Emiss

T
signature has been studied for the first time at this level of accuracy, and we have
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ũũ+ET,miss at NNLO
Relative size of ZZ and WW contributions (same cuts as before)

[Kallweit, MW '18]
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Figure 5: Same as Figure 4, but without data and for the distributions (a) ��``, (b) pT,`1 , and (c)
pmiss

T
; for reference, also the NLO0+gg result (green, dash-dotted) is shown in the ratio frame.

paper. For example, the ��`` distribution in Figure 5 (panel a) develops a sizable NNLO/NLO
K-factor up to 1.6 for large separations. From the considerable di↵erences between NNLO and
NLO0+gg curves, which also concern their shapes, it is clear that this e↵ect stems directly from
the newly computed O(↵2

S
) contributions. In this phase-space region (large ��``) the perturbative

accuracy is e↵ectively diminished by one order due to the phase-space cuts which force the two Z
bosons to be boosted and approximately back-to-back, so that the two decay leptons disfavour
large separations. This manifests itself also in a widening of the scale uncertainty bands. Also
the transverse-momentum spectrum of the hardest lepton, pT,`1 in Figure 5 (panel b) features a
significant shape distortion at NNLO, when compared to both NLO and NLO0+gg. The same is
true for the missing transverse momentum, pmiss

T
in Figure 5 (panel c). In all cases perturbative

uncertainties are clearly reduced upon inclusion of higher-order corrections.

We complete our discussion of phenomenological results by studying the size of ZZ, W+W�,
and interference contributions entering the SF process pp ! `+`� ⌫`⌫̄`. We recall that W+W�

contributions also involve resonant top-quark topologies. In contrast to our previous discussion,
W+W� and top-quark contributions are not subtracted from the SF process in the following.
We focus on the contamination of the ``+Emiss

T
signature through interference with W+W� and

top-quark diagrams. To this end, Figure 6 compares the NNLO cross section for the full process of
two OSSF leptons and two neutrinos, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) = �(`` ⌫`⌫`) + 2 · �(`` ⌫`0⌫`0) for ` 2 {e, µ}
and ` 6= `0 with the same NNLO cross section, where the SF channel is approximated by the
incoherent sum of the two DF processes, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) ⇡ 3 · �(`` ⌫`0⌫`0) + �(`⌫` `0⌫`0). The
di↵erence of the two is precisely the remaining interference contribution of ZZ with W+W� (and
top-quark) topologies which we want to study. For completeness, also the individual DF ZZ and
DF W+W� cross sections, 3 · �(`` ⌫`0⌫`0) and �(``0 ⌫`⌫`0), respectively, are shown, whose sum is the
approximated cross section.

It is instructive to consider the invariant mass of the charged leptons, m`+`� , in Figure 6 (panel
a), which nicely illustrates the nature of the di↵erent results: Only ZZ topologies feature a
resonance at m`+`� = mZ , while the DF W+W� prediction is almost flat in this range of m`+`� .
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Figure 2: Sample Born diagrams contributing to W+W� production only in the same-flavour case
(l = l0). In the di↵erent-flavour case, they describe ZZ production in the 2l2⌫ channel.

a Z ! ``⇤/⌫⌫⇤ ! `⌫(W !)`0⌫ 0 decay (type (c) diagrams) contribute here. In addition to such
channels, final states with equal lepton flavours, l = l0, involve further diagrams, as shown in
Figure ??: resonant ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays (type (d) diagrams), and
further Z ! 4 leptons topologies with a Z ! ll⇤/⌫⌫⇤ ! l�l+(Z !)⌫l⌫̄l/⌫l⌫̄l(Z !)l�l+ decay (type
(e) diagrams); in the latter case, the phase-space where both Z bosons are simultaeously close to
resonant is typically excluded by phase-space cuts. Note that the contributions from Figure ?? do
not allow for a fully inclusive phase-space integration due to the IR-divergent �⇤ ! l+l� splittings.
For l 6= l0 these diagrams describe genuine ZZ production in the 2l2⌫ channel, pp ! l+l�⌫l0 ⌫̄l0 +X.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell electroweak bosons and all relevant interferences. The
previous discussion of resonant phase-space regions is thus only for illustration, and should not
be misinterpreted as any kind of a resonance approximation. Our implementation can deal with
any combination of leptonic flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the
di↵erent-flavour channel pp ! µ+e�⌫µ⌫̄e. For the sake of brevity, we will often denote this process
as W+W� production though.

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

• tree amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 gg, qq̄ ! l+l0�⌫l⌫̄l0 q0q̄0, and crossing-related processes;

• one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 g, and crossing-related processes;

• squared one-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 and gg ! l+l0�⌫l⌫̄l0 ;
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(d) via resonant t-channel ZZ production with Z ! l+l� and Z ! ⌫l⌫̄l decays;

(e) via further Z ! 4 leptons topologies, Z/�⇤ ! llZ ! ll⌫l⌫l or Z ! ⌫l⌫lZ ! ll⌫l⌫l. Any
double-resonant configurations are kinematically suppressed or excluded by phase-space cuts.

Note that the appearance of infrared (IR) divergent �⇤ ! l+l� splittings in the case of equal lepton
flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�
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• two-loop amplitudes for qq̄ ! l+l0�⌫l⌫̄l0 .

All required tree-level and one-loop amplitudes are obtained from the OpenLoops generator [?,54],
which implements a fast numerical recursion for the calculation of NLO scattering amplitudes
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Figure 5: Same as Figure 4, but without data and for the distributions (a) ��``, (b) pT,`1 , and (c)
pmiss

T
; for reference, also the NLO0+gg result (green, dash-dotted) is shown in the ratio frame.

paper. For example, the ��`` distribution in Figure 5 (panel a) develops a sizable NNLO/NLO
K-factor up to 1.6 for large separations. From the considerable di↵erences between NNLO and
NLO0+gg curves, which also concern their shapes, it is clear that this e↵ect stems directly from
the newly computed O(↵2

S
) contributions. In this phase-space region (large ��``) the perturbative

accuracy is e↵ectively diminished by one order due to the phase-space cuts which force the two Z
bosons to be boosted and approximately back-to-back, so that the two decay leptons disfavour
large separations. This manifests itself also in a widening of the scale uncertainty bands. Also
the transverse-momentum spectrum of the hardest lepton, pT,`1 in Figure 5 (panel b) features a
significant shape distortion at NNLO, when compared to both NLO and NLO0+gg. The same is
true for the missing transverse momentum, pmiss

T
in Figure 5 (panel c). In all cases perturbative

uncertainties are clearly reduced upon inclusion of higher-order corrections.

We complete our discussion of phenomenological results by studying the size of ZZ, W+W�,
and interference contributions entering the SF process pp ! `+`� ⌫`⌫̄`. We recall that W+W�

contributions also involve resonant top-quark topologies. In contrast to our previous discussion,
W+W� and top-quark contributions are not subtracted from the SF process in the following.
We focus on the contamination of the ``+Emiss

T
signature through interference with W+W� and

top-quark diagrams. To this end, Figure 6 compares the NNLO cross section for the full process of
two OSSF leptons and two neutrinos, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) = �(`` ⌫`⌫`) + 2 · �(`` ⌫`0⌫`0) for ` 2 {e, µ}
and ` 6= `0 with the same NNLO cross section, where the SF channel is approximated by the
incoherent sum of the two DF processes, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) ⇡ 3 · �(`` ⌫`0⌫`0) + �(`⌫` `0⌫`0). The
di↵erence of the two is precisely the remaining interference contribution of ZZ with W+W� (and
top-quark) topologies which we want to study. For completeness, also the individual DF ZZ and
DF W+W� cross sections, 3 · �(`` ⌫`0⌫`0) and �(``0 ⌫`⌫`0), respectively, are shown, whose sum is the
approximated cross section.

It is instructive to consider the invariant mass of the charged leptons, m`+`� , in Figure 6 (panel
a), which nicely illustrates the nature of the di↵erent results: Only ZZ topologies feature a
resonance at m`+`� = mZ , while the DF W+W� prediction is almost flat in this range of m`+`� .
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accuracy is e↵ectively diminished by one order due to the phase-space cuts which force the two Z
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significant shape distortion at NNLO, when compared to both NLO and NLO0+gg. The same is
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contributions also involve resonant top-quark topologies. In contrast to our previous discussion,
W+W� and top-quark contributions are not subtracted from the SF process in the following.
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It is instructive to consider the invariant mass of the charged leptons, m`+`� , in Figure 6 (panel
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ℓℓ+ET,miss at NNLO
 Impact of NNLO on fiducial distributions (same cuts as before)

[Kallweit, MW '18]
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Figure 5: Same as Figure 4, but without data and for the distributions (a) ��``, (b) pT,`1 , and (c)
pmiss
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; for reference, also the NLO0+gg result (green, dash-dotted) is shown in the ratio frame.

paper. For example, the ��`` distribution in Figure 5 (panel a) develops a sizable NNLO/NLO
K-factor up to 1.6 for large separations. From the considerable di↵erences between NNLO and
NLO0+gg curves, which also concern their shapes, it is clear that this e↵ect stems directly from
the newly computed O(↵2

S
) contributions. In this phase-space region (large ��``) the perturbative

accuracy is e↵ectively diminished by one order due to the phase-space cuts which force the two Z
bosons to be boosted and approximately back-to-back, so that the two decay leptons disfavour
large separations. This manifests itself also in a widening of the scale uncertainty bands. Also
the transverse-momentum spectrum of the hardest lepton, pT,`1 in Figure 5 (panel b) features a
significant shape distortion at NNLO, when compared to both NLO and NLO0+gg. The same is
true for the missing transverse momentum, pmiss

T
in Figure 5 (panel c). In all cases perturbative

uncertainties are clearly reduced upon inclusion of higher-order corrections.

We complete our discussion of phenomenological results by studying the size of ZZ, W+W�,
and interference contributions entering the SF process pp ! `+`� ⌫`⌫̄`. We recall that W+W�

contributions also involve resonant top-quark topologies. In contrast to our previous discussion,
W+W� and top-quark contributions are not subtracted from the SF process in the following.
We focus on the contamination of the ``+Emiss

T
signature through interference with W+W� and

top-quark diagrams. To this end, Figure 6 compares the NNLO cross section for the full process of
two OSSF leptons and two neutrinos, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) = �(`` ⌫`⌫`) + 2 · �(`` ⌫`0⌫`0) for ` 2 {e, µ}
and ` 6= `0 with the same NNLO cross section, where the SF channel is approximated by the
incoherent sum of the two DF processes, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) ⇡ 3 · �(`` ⌫`0⌫`0) + �(`⌫` `0⌫`0). The
di↵erence of the two is precisely the remaining interference contribution of ZZ with W+W� (and
top-quark) topologies which we want to study. For completeness, also the individual DF ZZ and
DF W+W� cross sections, 3 · �(`` ⌫`0⌫`0) and �(``0 ⌫`⌫`0), respectively, are shown, whose sum is the
approximated cross section.

It is instructive to consider the invariant mass of the charged leptons, m`+`� , in Figure 6 (panel
a), which nicely illustrates the nature of the di↵erent results: Only ZZ topologies feature a
resonance at m`+`� = mZ , while the DF W+W� prediction is almost flat in this range of m`+`� .
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paper. For example, the ��`` distribution in Figure 5 (panel a) develops a sizable NNLO/NLO
K-factor up to 1.6 for large separations. From the considerable di↵erences between NNLO and
NLO0+gg curves, which also concern their shapes, it is clear that this e↵ect stems directly from
the newly computed O(↵2

S
) contributions. In this phase-space region (large ��``) the perturbative

accuracy is e↵ectively diminished by one order due to the phase-space cuts which force the two Z
bosons to be boosted and approximately back-to-back, so that the two decay leptons disfavour
large separations. This manifests itself also in a widening of the scale uncertainty bands. Also
the transverse-momentum spectrum of the hardest lepton, pT,`1 in Figure 5 (panel b) features a
significant shape distortion at NNLO, when compared to both NLO and NLO0+gg. The same is
true for the missing transverse momentum, pmiss

T
in Figure 5 (panel c). In all cases perturbative

uncertainties are clearly reduced upon inclusion of higher-order corrections.

We complete our discussion of phenomenological results by studying the size of ZZ, W+W�,
and interference contributions entering the SF process pp ! `+`� ⌫`⌫̄`. We recall that W+W�

contributions also involve resonant top-quark topologies. In contrast to our previous discussion,
W+W� and top-quark contributions are not subtracted from the SF process in the following.
We focus on the contamination of the ``+Emiss

T
signature through interference with W+W� and

top-quark diagrams. To this end, Figure 6 compares the NNLO cross section for the full process of
two OSSF leptons and two neutrinos, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) = �(`` ⌫`⌫`) + 2 · �(`` ⌫`0⌫`0) for ` 2 {e, µ}
and ` 6= `0 with the same NNLO cross section, where the SF channel is approximated by the
incoherent sum of the two DF processes, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) ⇡ 3 · �(`` ⌫`0⌫`0) + �(`⌫` `0⌫`0). The
di↵erence of the two is precisely the remaining interference contribution of ZZ with W+W� (and
top-quark) topologies which we want to study. For completeness, also the individual DF ZZ and
DF W+W� cross sections, 3 · �(`` ⌫`0⌫`0) and �(``0 ⌫`⌫`0), respectively, are shown, whose sum is the
approximated cross section.

It is instructive to consider the invariant mass of the charged leptons, m`+`� , in Figure 6 (panel
a), which nicely illustrates the nature of the di↵erent results: Only ZZ topologies feature a
resonance at m`+`� = mZ , while the DF W+W� prediction is almost flat in this range of m`+`� .
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ℓℓ+ET,miss at NNLO
Relative size of ZZ and WW contributions (same cuts as before)

[Kallweit, MW '18]

(a) (b) (c)

Figure 5: Same as Figure 4, but without data and for the distributions (a) ��``, (b) pT,`1 , and (c)
pmiss

T
; for reference, also the NLO0+gg result (green, dash-dotted) is shown in the ratio frame.

paper. For example, the ��`` distribution in Figure 5 (panel a) develops a sizable NNLO/NLO
K-factor up to 1.6 for large separations. From the considerable di↵erences between NNLO and
NLO0+gg curves, which also concern their shapes, it is clear that this e↵ect stems directly from
the newly computed O(↵2

S
) contributions. In this phase-space region (large ��``) the perturbative
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bosons to be boosted and approximately back-to-back, so that the two decay leptons disfavour
large separations. This manifests itself also in a widening of the scale uncertainty bands. Also
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significant shape distortion at NNLO, when compared to both NLO and NLO0+gg. The same is
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uncertainties are clearly reduced upon inclusion of higher-order corrections.
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Our calculation is performed in the complex-mass scheme [51], and besides resonances, it
includes also contributions from o↵-shell electroweak bosons and all relevant interferences. The
previous discussion of resonant phase-space regions is thus only for illustration, and should not
be misinterpreted as any kind of a resonance approximation. Our implementation can deal with
any combination of leptonic flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the
di↵erent-flavour channel pp ! µ+e�⌫µ⌫̄e. For the sake of brevity, we will often denote this process
as W+W� production though.
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S):
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includes also contributions from o↵-shell EW bosons and all relevant interferences; no reso-
nance approximation is applied. Our implementation can deal with any combination of leptonic
flavours, l, l0 2 {e, µ, ⌧}. However, in this paper we will focus on the di↵erent-flavour chan-
nel pp ! µ+e�⌫µ⌫̄e +X. For the sake of brevity, we will often denote this process as W+W�

production though.
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Figure 5: Same as Figure 4, but without data and for the distributions (a) ��``, (b) pT,`1 , and (c)
pmiss

T
; for reference, also the NLO0+gg result (green, dash-dotted) is shown in the ratio frame.

paper. For example, the ��`` distribution in Figure 5 (panel a) develops a sizable NNLO/NLO
K-factor up to 1.6 for large separations. From the considerable di↵erences between NNLO and
NLO0+gg curves, which also concern their shapes, it is clear that this e↵ect stems directly from
the newly computed O(↵2

S
) contributions. In this phase-space region (large ��``) the perturbative

accuracy is e↵ectively diminished by one order due to the phase-space cuts which force the two Z
bosons to be boosted and approximately back-to-back, so that the two decay leptons disfavour
large separations. This manifests itself also in a widening of the scale uncertainty bands. Also
the transverse-momentum spectrum of the hardest lepton, pT,`1 in Figure 5 (panel b) features a
significant shape distortion at NNLO, when compared to both NLO and NLO0+gg. The same is
true for the missing transverse momentum, pmiss

T
in Figure 5 (panel c). In all cases perturbative

uncertainties are clearly reduced upon inclusion of higher-order corrections.

We complete our discussion of phenomenological results by studying the size of ZZ, W+W�,
and interference contributions entering the SF process pp ! `+`� ⌫`⌫̄`. We recall that W+W�

contributions also involve resonant top-quark topologies. In contrast to our previous discussion,
W+W� and top-quark contributions are not subtracted from the SF process in the following.
We focus on the contamination of the ``+Emiss

T
signature through interference with W+W� and

top-quark diagrams. To this end, Figure 6 compares the NNLO cross section for the full process of
two OSSF leptons and two neutrinos, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) = �(`` ⌫`⌫`) + 2 · �(`` ⌫`0⌫`0) for ` 2 {e, µ}
and ` 6= `0 with the same NNLO cross section, where the SF channel is approximated by the
incoherent sum of the two DF processes, �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) ⇡ 3 · �(`` ⌫`0⌫`0) + �(`⌫` `0⌫`0). The
di↵erence of the two is precisely the remaining interference contribution of ZZ with W+W� (and
top-quark) topologies which we want to study. For completeness, also the individual DF ZZ and
DF W+W� cross sections, 3 · �(`` ⌫`0⌫`0) and �(``0 ⌫`⌫`0), respectively, are shown, whose sum is the
approximated cross section.

It is instructive to consider the invariant mass of the charged leptons, m`+`� , in Figure 6 (panel
a), which nicely illustrates the nature of the di↵erent results: Only ZZ topologies feature a
resonance at m`+`� = mZ , while the DF W+W� prediction is almost flat in this range of m`+`� .
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Figure 6: Comparison of NNLO cross sections for the full process �(`` ⌫e/µ/⌧⌫e/µ/⌧ ) (blue, solid),
the individual ZZ contributions 3 · �(`` ⌫`0⌫`0) with ` 6= ` (orange, dash-dotted), the individual
W+W� contributions �(`⌫` `0⌫`0) with ` 6= ` (black, dotted), and the approximation of the full
result by the incoherent sum of ZZ and W+W� contributions 3 · �(`` ⌫`0⌫`0) + �(``0 ⌫`⌫`0) (red,
dashed); for (a) m`+`� , (b) pT,`�⌫`

, and (c) pT,`1 ; the lower frames show the ratio to the full result.

It is clear from the first ratio frame that almost the entire cross section around the peak stems
from ZZ contributions. Only away from the peak W+W� production becomes larger than ZZ
production. It is also clear that it is the m`+`� cut in the fiducial definition which significantly
enhances ZZ contributions and suppresses the W+W� process. The relative di↵erence between
the approximated and the full result, which is enlarged in the second ratio frame, is very small,
in particular in the peak region. This demonstrates that interference e↵ects of ZZ with W+W�

(and top-quark) topologies are negligible, and that an incoherent sum of the two DF channels is an
excellent approximation of the SF process. This also implies that in our previous definition of the
``+Emiss

T
signature the remaining interference e↵ects after subtraction of W+W� and top-quark

backgrounds are small. In fact, we hardly found any distribution with larger interference e↵ects.
The most pronounced example is the “pseudo”-observable in Figure 6 (panel b) that shows the
transverse-momentum spectrum of a W� boson reconstructed as `�⌫`, and even in this case the
di↵erences do not exceed a few percent, although the shape is slightly deformed. With interference
e↵ects being generally small, it is interesting to analyse the di↵erent behaviour of ZZ and W+W�

topologies. In the pT,`1 distribution in Figure 6 (panel c), for example, the relative W+W�

contribution increases around pT,`1 = 90GeV. This feature is already present at LO, and it is
caused by purely kinematic e↵ects that allow the two W bosons to become resonant simultaneously
only in this part of phase space. The region below pT,`1 = 45GeV is populated only beyond LO.

We have presented NNLO QCD corrections to ZZ production for all leptonic processes. The
``+Emiss

T
signature has been studied for the first time at this level of accuracy, and we have
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