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Objectives

•   Summarise and compare state-of-the-art predictions for 
multiboson production:  7 representative signatures

•   Compare against nominal Monte Carlo samples in ATLAS / CMS.
•   Compare fixed-order (NNLO QCD and NLO EW) predictions 

with (N)NLOPS predictions (QCD and QED shower modelling). 
•   Compare different NLOPS matching/merging schemes. However, 

not a tuned technical comparison, i.e. individual scale settings.
•   Compare shower Monte Carlo programs with pT / jet-veto 

resummation.
•   Based on modified Rivet routines of prior analyses (available in 

EWWG git).

Note: ongoing!



 
Signatures

 
 

VV

VVV

VBF-V

VBS →VBSCan 
see 1803.07943



 
VV

Considered predictions: 
1) fixed order:  NNLO QCD + NLO EW  

                   
 
 

2) (N)NLOPS (0,1j merged) at particle-level 
 
 

3) NLOPS for loop-induced gg (ZZ,WW) 

MG5_aMC@NLO 
POWHEG-BOX+MiNLO 
Sherpa 
HW7 
.

MATRIX

MG5_aMC@NLO 
Sherpa+Recola/OpenLoops  

POWHEG BOX+ggvvamp  
.

All sqrt(S)=13 TeV -> not necessarily compared against data



 
Objectives I: NNLO QCD vs. multi-jet merged
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Figure 7: The measured (points with error bars) and predicted di↵erential cross sections as a function of E�T for the
pp ! `+`�� process in the inclusive Njets � 0 (left) and exclusive Njets = 0 (right) extended fiducial regions. The
error bars on the data points show the statistical and systematic uncertainties added in quadrature. The MCFM and
NNLO predictions are shown with shaded bands that indicate the theoretical uncertainties described in Section 7.1.
The Sherpa predictions are shown with shaded bands indicating the statistical uncertainties from the size of the MC
samples. The lower plots show the ratios of the predictions to data (shaded bands). The error bars on the points
show the relative uncertainties of the data measurements themselves. The bin size varies from 5 GeV to 800 GeV.

quarks) and radiative Z-boson decay in the case of charged-lepton final states, and from fragmentation of
final-state quarks and gluons into photons, leading to the production channels pp ! `+`��(�) + X and
pp! ⌫⌫̄�(�) + X. In the Sherpa and MCFM generators, contributions from quark/gluon fragmentation
into isolated photons are also included. The CT10 PDF set [18] is used for the Sherpa and MCFM
generation, and the MMHT2014 PDF set [59] is used for the NNLO predictions. The renormalization
and factorization scales are set equal to mZ� (mZ��) for the MCFM NLO generation of Z� (Z��) events

and to
q

m2
Z + (E�T)2 for the NNLO Z� predictions. The other electroweak parameters used are the default

values [60] from the authors of the generators.

The events generated with Sherpa as described in Section 3.1 are also compared to the measurements
at particle level. For the NLO and NNLO parton-level predictions, parton-to-particle correction factors
C⇤(parton ! particle) must be applied in order to obtain the particle level cross sections. These cor-
rection factors are computed as the ratios of the pp ! Z�(�) cross sections predicted by Sherpa with
hadronization and the underlying event disabled to the cross sections with them enabled. The sys-
tematic uncertainties in the correction factors are evaluated by using an alternative parton-showering
method [61] within Sherpa, and are found to be negligible compared to the statistical uncertainties. The
particle level cross sections are obtained by dividing the NLO and NNLO parton-level predictions by the
C⇤(parton ! particle) correction factors summarized in Table 9. The corrections are a few percent for
the inclusive cross sections and reach about 10% for some exclusive channels. The correction factors in
Table 9 apply to the predictions made for the Z� and Z�� cross sections in the extended fiducial region
described in Table 5.
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Figure 10: Measured unfolded di↵erential cross sections of WW production in the eµ final state for the transverse
momentum of the leading lepton, plead

T , the invariant mass, m``, and the transverse momentum of the dilepton
system, pT(``), as well as the di↵erence in azimuthal angle between the decay leptons, ��``, their combined rapidity,
|y`` |, and the observable |cos (✓⇤)|. The measured cross-section values are shown as markers with error bars giving
the statistical uncertainty and blue bands indicating the size of the total uncertainty. Three di↵erent MC predictions
are compared to the measurement. The solid red line shows the nominal prediction, whilst the dashed red line shows
the prediction in case the qq̄ ! W+W� contribution is replaced by the Powheg+Pythia prediction reweighted to
the resummed calculation of Ref. [5]. The blue line depicts a prediction obtained using MC@NLO+Herwig+Jimmy
for the qq̄ ! W+W� contribution. All three predictions are normalised to the NNLO theoretical prediction for the
total cross section. For the top three histograms, double red lines indicate changes in the x-axis scale.
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Objectives II: matching systematics

 
 



 
Objectives III: VBF/VBS modelling
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Figure 13. Unfolded 1
� · d�

dmjj
distribution in (a) the high-pT and (b) control regions. The data

and theoretical predictions are presented in the same way as in figure 6.
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Figure 16. Unfolded p
balance
T cut e�ciency versus (a) mjj and (b) |�y| in the high-pT region. The

data and theoretical predictions are presented in the same way as in figure 6.
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•Recommendations for treatment of central jet veto

 
 



 
Objectives IV: NNLOPS QCD

 
 

 
•for WW production an NNLOPS generator has been presented 
recently: Re, Wiesemann, Zanderighi, 1805.09857

•based on POWHEG+MiNLO reweighed to NNLO from MATRIX  
 

 
➡compare against nominal ATLAS/CMS predictions 
 

Marius Wiesemann    (CERN) June 13th, 2018NNLOPS for WW production

NNLOPS for WW
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[Re, MW, Zanderighi '18]
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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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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).

dip appears in the ratio to the showered NNLOPS prediction. The reason for this dip is

the following: emissions from the parton shower can modify pT,`` because of recoil e↵ects.

Accordingly events can migrate to a di↵erent bin. The largest impact of this migration

will be right after the point of inflection, which for pT,`` is at around 100 GeV.

Also for the ��`` distribution in Fig. 10 (e) the parton shower induces some prominent

shape di↵erences in the NNLOPS result. The NNLO and NNLOPS result at LHE level are

very similar shape-wise: their curves relative to the NNLOPS one increase slightly with

��`` up to ��`` ⇠ 2.5, after which they drop o↵ significantly towards configurations where

the two leptons are back-to-back. This behaviour is caused by the fiducial lepton cuts and

is absent in the fully inclusive case. In particular the cut on pmiss

T
> 20 GeV suppresses

the region where the two leptons are back to back in the azimuthal plane. Accordingly, the

cross section drops sharply just before ��`` = ⇡. Because the cross section drops very fast,

a small change in ��`` due to the parton shower will have a large e↵ect in the ratio plot.
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Objectives V: QED modelling

 
 

off-shell vector-boson pair production at NLO QCD+EW

�40

Naive NLO EW+PS matching in Sherpa+OpenLoops

Virtual EW corrections + QED parton shower

CSS dipole shower (not resonaonce aware) ) significant mismodelling

YFS resummation (resonaonce aware) ) better approximation

) applicable at particle level
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Naive NLO EW+PS matching in Sherpa+OpenLoops (applicable at particle level) 
•CSS dipole shower (not resonaonce aware) ⇒ significant mismodelling 

•YFS resummation (resonaonce aware) ⇒ valid approximation 

[Kallweit, JML, Pozzorini, Schönherr; ’17]
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Figure 6: Invariant-mass distribution of the four-lepton system (upper panels), corresponding
EW corrections (2nd panels from above), γγ and qγ contributions (third panels from above)
for the unequal-flavour [2µ2e] and the equal-flavour [4µ] final states in the inclusive setup. The
panels at the bottom show the ratio of the [2µ2e] and [4µ] final states.

single Z resonance, we observe that the relative EW corrections of the mixed-flavour final
state and the equal-flavour final state are equal over the whole invariant-mass spectrum. This
confirms at the level of differential distributions that the interference effect is mainly a LO
effect, in accordance with what we have already seen for the integrated cross section.

The four-lepton invariant mass in the inclusive setup is well suited to study the relative size of
the interferences, as this observable does not depend on the lepton pairing. We show in the low-
est panels of Fig. 6 and the following figures the ratio (dσ(N)LO[2µ2e]/dO)/(2dσ(N)LO[4µ]/dO),
where O denotes the considered observable, e.g. M4ℓ in Fig. 6. The LO and NLO curves are,
as expected, almost equal. The size of the interference effect varies in the region where no
lepton pair is resonant from −7% at M4ℓ = MZ to +6% at M4ℓ = MZ + 2pT,min. Thus, the
unequal-flavour matrix elements cannot describe the equal-flavour final state there. In the re-
gion MZ + 2pT,min ! M4ℓ ! 2MZ, where only one lepton pair can be resonant, the interference
effect amounts to 2%. Above the ZZ threshold, the ratio is equal to one up to fractions of a
percent, since in this region of phase space the doubly-resonant contribution dominates over
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[Biedermann, Denner, Dittmaier, Hofer, Jager, ’17]
[Kallweit, JML, Pozzorini, Schönherr; ’17]

ZZ WW

• complicated resonance structures distorted by QED radiation 
• compare NLO EW vs. QED parton-shower / YFS … 
• in particular relevant for VV as background, e.g. H→VV



 
Objectives VI: QCD-EW combination

 
 

 
• Goal: try to formulate recommendations
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Given QCD and EW corrections are sizeable, also 
mixed QCD-EW uncertainties of relative             
have to be considered.

Additive combination 

Multiplicative combination 

(try to capture some             contributions,  
e.g. EW Sudakov logs × soft QCD) 

Here j1 denotes the first jet, while the total transverse energy H
tot
T is defined in terms of the jet

and W -boson transverse momenta12 as

H
tot
T = pT,W +

X

k

pT,jk , (6.3)

where all jets that satisfy (6.1) are included.
Our default NLO results are obtained by combining QCD and EW predictions,
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) will be discussed

in Section 6.4. In order to identify potentially large effects due to the interplay of EW and QCD
corrections beyond NLO, we will also consider the following factorised combination of EW and
QCD corrections,
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If this approach can be justified by a clear separation of scales—such as in situations where QCD
corrections are dominated by soft interactions well below the EW scale—the factorised formula
(6.6) can be regarded as an improved prediction. Otherwise, the difference between (6.5) and (6.6)
should be considered as an estimate of unknown higher-order corrections.

In the following sections, we will present QCD+EW and QCD⇥EW NLO corrections relative
to �
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QCD, which corresponds to the ratios
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Note that the QCD⇥EW ratio (6.8) corresponds to the usual NLO EW correction relative to LO,
which is free from NLO QCD effects, while the QCD+EW ratio (6.7) depends on �

NLO
QCD. In particu-

lar, for observables that receive large NLO QCD corrections, the relative QCD+EW correction can
be drastically suppressed as compared to the QCD⇥EW one. This feature is typically encountered
in observables that receive huge QCD corrections of real-emission type. In such situations, NLO
QCD+EW predictions for pp ! W +n jets are dominated by tree-level contributions with one extra
jet, and the inclusion of NLO QCD+EW corrections for pp ! W +(n+1) jets becomes mandatory.

6.1 W+
+ 1 jet

Among the various W+(multi)jet production processes, the inclusive production of a W boson
in association with (at least) one jet is the one that features the strongest sensitivity to NLO
QCD radiation. This is clearly illustrated by the results shown in Figures 13–14 and Table 2. In
particular, large NLO QCD effects arise in the tails of the inclusive distributions in the W -boson and

12Note that at variance with the definition (5.3) of ĤT, here we use transverse momenta and not transverse energies.
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O(↵↵s)

Difference between these two approaches 
indicates size of missing mixed EW-QCD 
corrections. Here: 10-20% in the tail. Significantly 
larger e.g. for WZ (large QCD corrections).

[Kallweit, JML, Pozzorini, Schönherr; ’17]
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Outlook

 
 

• ongoing study on MC issues in multiboson processes
• stay tuned! First result soon available…
• Comment welcome!


