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Description of highest multiplicity events in e.g. NNLO
gg ➞ Higgs, is

H

NNLOPS Motivation: for %-level predns should worry about everything
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Meanwhile back in ATLAS ...
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H

NNLOPS takes fixed order NNLO as input ...

NNLOPS Motivation: for %-level predns should worry about everything
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hadrons

No need for extrapolations, acceptance corrns, effy corrns, shower 
corrns, non-perturbative corrns, MPI, QED ...
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NNLOPS outputs NNLO+[N]LL resummed, hadronized, fully exclusive, 
particle-level, unweighted events, with MPI, with QED ...
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NNLOPS

NNLOPS:

NNLO 0-jet obs
NLO 1-jet obs
LO  2-jet obs
PS  everything else

Achieved by NNLO/NLO rwgting the NLO x NLO version of HJ-MiNLO

HJ NLO:

Unphysical 0-jet obs
NLO 1-jet obs
LO  2-jet obs
0   everything else

HJ-MiNLO′ [NLO x NLO]:
NLO 0-jet obs
NLO 1-jet obs
LO  2-jet obs
0   everything else

HJ-MiNLO′ + PS for q<q0:
NLO 0-jet obs
NLO 1-jet obs
LO  2-jet obs
PS  everything else
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Since                 at NLO              W(yH) = 1+O(αS2)dσMiNLO′
dyH

dσNNLO
dyH = 

so W(yH) factor only affects dσMiNLO by NNLO terms

vanilla Higgs NNLOPS

HNNLO is fixed order NNLO code of Catani, Grazzini, Sargsyan 2007/2013 PRL 98/JHEP 1309]

In its most basic form:

dσNNLOPS = dσMiNLO′ x W(yH)   with    

dσNNLO
dyH
dσMiNLO′
dyH

W(yH) = 

So multiplying dσMiNLO′ by the W(yH) factor for NNLO accuracy 

doesn’t spoil NLO accuracy already in dσMiNLO′ for ≥ 1 jet obs! 

Two bottlenecks: i) someone needs to do the NNLO calcn for us;  
ii) we need to figure out how to make the NLO x NLO MiNLO′ calcn

If                at NLO W(yH) spoils NLO of dσMiNLO′ for ≥ 1 jet obsdσMiNLO′
dyH

dσNNLO
dyH ≠ 
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HNNLO: state-of-the-art fixed order Higgs production calculation 

 

HNNLOPS: as above but with resummed, parton showered, fully 
exclusive, realistic, hadron level, final-states

Higgs rapidity: HNNLOPS vs NNLOtwo calculations are in full agreement, both for their central values and scale uncertainty
envelopes; the latter being approximately ±10% in size.
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Figure 1. Comparison of the Nnlops and Hnnlo results for the Higgs fully inclusive rapidity
distribution. The Hnnlo central scale is µF = µR = mH/2, and its error band is the 7-point scale
variation envelope. On the left (right) plot only the Nnlops (Hnnlo) uncertainty is displayed. The
lower left (right) panel shows the ratio with respect to the Nnlops (Hnnlo) prediction obtained
with its central scale choice.

4.2 Higgs boson transverse momentum

Here, to begin with, we wish to discuss the evolution of the Nnlops program’s prediction,
at each of the main stages of the simulation process, as part of its validation and in order to
provide relevant background, before comparing it to state-of-the-art resummed calculations.
In figure 2 we show how the Higgs boson transverse momentum spectrum is affected at the

Figure 2. Predictions for the Higgs boson transverse momentum spectrum: the conventional NLO
QCD prediction from Hnnlo with µR = µF = mH (black), the Hj-Minlo enhanced fixed order
prediction (red), the Hj-Minlo result at the Les Houches event level (blue), and the Hj-Minlo
result after showering (green). The lower panel shows the ratio relative to the latter.
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Jet veto efficiency: HNNLOPS vs NNLO+NNLL
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Figure 7. The jet veto efficiency, " (pT,veto), is defined as the cross section for Higgs boson pro-
duction events containing no jets with transverse momentum greater than pT,veto, divided by the
respective total inclusive cross section. In both plots shown above we display the jet veto efficiency
as a function of the cut pT,veto. In the green shaded area, one can see the scale uncertainty band
obtained from the Nnlops simulation (see Sect. 3 for details regarding this uncertainty estimate),
with the NNLL+NNLO uncertainty band from the JetVHeto program [57, 58] superimposed in
red. The lower pane displays the same quantities as a ratio with respect to the central Nnlops
prediction. The Nnlops predictions here were obtained with the default profile function (� = 1

2 )
used in determining the NNLO reweighting W (y, pT).

1.0. In the left-hand column, in the red shaded area, we show the scale uncertainty band
predicted by the Nnlops simulation, with the central NNLL+NNLO resummed prediction
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as a function of the cut pT,veto. In the green shaded area, one can see the scale uncertainty band
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with the NNLL+NNLO uncertainty band from the JetVHeto program [57, 58] superimposed in
red. The lower pane displays the same quantities as a ratio with respect to the central Nnlops
prediction. The Nnlops predictions here were obtained with the default profile function (� = 1

2 )
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0-jet xsec efficiency: ε(pT,veto) = σ(pT,veto) / σtot
JETVHETO: NNLO+NNLL 0-jet xsec effy 

HNNLOPS: agreement at level of ≤ 3% everywhere

[Banfi, Monni, Salam, Zanderighi 2012 PRL 109]
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Jet pT : HNNLOPS vs ATLAS data

Left ATLAS & Nason, Re, Zanderighi, k.h. JHEP 1310  Right: Caola, Melnikov, Schulze arXiv:1508.02684
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FIG. 6. Di↵erential cross sections (left) and shapes (right) of the Higgs boson transverse momentum (top), absolute rapidity
(middle) and leading jet transverse momentum (bottom) of inclusive Higgs boson production at

p
s = 8 TeV measured in the

H ! �� and H ! ZZ⇤ ! 4` final states using 20.3 fb�1 of pp collisions. Both the combined measurements as well as the
individual channels are shown.
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FIG. 6. Di↵erential cross sections (left) and shapes (right) of the Higgs boson transverse momentum (top), absolute rapidity
(middle) and leading jet transverse momentum (bottom) of inclusive Higgs boson production at

p
s = 8 TeV measured in the

H ! �� and H ! ZZ⇤ ! 4` final states using 20.3 fb�1 of pp collisions. Both the combined measurements as well as the
individual channels are shown.

[ H→!! ]

Figure 6: Distribution of the photon decay angle in the Collins-Soper frame at the 8 TeV LHC.

The inset shows ratios of di↵erential cross sections at di↵erent orders in perturbation theory for

the factorization and the renormalization scales set to the mass of the Higgs boson.
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Figure 7: Left pane: comparison of exclusive jet cross sections in pp ! H + j ! ��+ j computed

in this paper and measured by the ATLAS collaboration. Right pane: comparison of the leading

jet transverse momentum distribution. The selection criteria are described in the text.

predictions in all p?-bins except one where the experimental error is the largest. It is also

clear that the shapes of theoretical and experimental distributions are di↵erent. It follows

from the plots in Fig. 7 that, currently, the ATLAS data is not precise enough to allow for a

meaningful comparison with available theoretical predictions. This will undoubtedly change

once enough luminosity at the 13 TeV LHC is collected.

B. H ! W+W� ! e+µ�⌫⌫̄

In this subsection, we present the results for the process pp ! H+j ! W+W�+j at the

13 TeV LHC. The selection criteria are described in Section II. In principle, many kinematic

12

NNLO H+1 jet

Left : NNLOPS vs 20.3 fb-1 ATLAS PRL 2015, H → !!   , H → ZZ   , H → ZZ ⊕ !! 

Right : NNLO H+1 jet vs 20.3 fb-1 ATLAS JHEP 1409 H → !!

HNNLOPS [ = NLO+resummation for this qty ] & state-of-the-art NNLO H+1 jet 
calcn agree well

ATLAS PRL 2015
Caola, Melnikov, Schulze

ATLAS JHEP 1409
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Jet veto efficiency: DYNNLOPS vs NNLO+NNLL

Karlberg, Re, Zanderighi 2014 JHEP 1409

0-jet xsec efficiency: ε(pT,veto) = σ(pT,veto) / σtot
JETVHETO: state-of-the-art NNLO+NNLL 0-jet xsec effy 

DYNNLOPS: agreement at level of ≤ 3% everywhere [as for HNNLOPS]
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Figure 8. Comparison of NNLOPS (red) prediction and NNLO+NNLL resummation (green) for the
jet-veto efficiency for Z production at 8TeV LHC for three different values of the jet-radius. The
NNLOPS prediction is shown at parton level with parton showering performed with Pythia8.
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Figure 8. Comparison of NNLOPS (red) prediction and NNLO+NNLL resummation (green) for the
jet-veto efficiency for Z production at 8TeV LHC for three different values of the jet-radius. The
NNLOPS prediction is shown at parton level with parton showering performed with Pythia8.
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Z rapidity: DYNNLOPS on ATLAS data

ATLAS late 2011 incl. Z analysis PRD 85

Left: DYNNLOPS v data. Right: FEWZ with various PDFs v data ...

Good agreement for central region, less so at high |yZ|

DYNNLOPS v.compatible with independent fixed order FEWZ NNLO
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Figure 9. Comparison of NNLOPS prediction obtained with Pythia8 (left) and Pythia6 (right) to
data (black) from ref. [46] for the Z boson rapidity distribution at 7 TeV LHC.

Figure 10. Comparison to data from ref. [47] for the Z boson transverse distribution at 7TeV LHC.
Normalised data compared to NNLOPS showered with Pythia8 (left plot, red) and Pythia6 (right
plot, blue). Uncertainty bands for the theoretical predictions are obtained by first normalising all
scale choices, as described in section 3.1 and then taking the associated envelope of these normalised
distributions.

POWHEG, such differences will go away. Figure 11 shows again pT,Z, based now on 4.7 fb−1

of data from ATLAS [49]. Due to the thinner binning, it is now possible to appreciate

clearly the differences between Pythia6 and Pythia8: the NNLOPS result obtained with

Pythia6 shows a remarkable agreement with data across all the pT,Z range, whereas with

Pythia8 we can observe differences of up to 10% for 5 ! pT,Z ! 100GeV. What we observe

from these plots is consistent with figure 10, the difference being that here the improved

precision in data allows to conclude that, for the setups and tunes we are using, the best

description is obtained when using Pythia6.
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are compared in Figs. 12 and 13 with the calculated
NNLO predictions using the JR09, ABKM09, HERA-
PDF1.5 and MSTW08 NNLO PDF sets. The uncertain-
ties of the bin-wise predictions are a convolution of the
PDF uncertainties, considered by the authors of the vari-
ous PDF sets 2 to correspond to 68% C.L., and a residual
numerical uncertainty of below 0.5%. One observes that
the measured y

Z

and ⌘

`

dependencies are broadly de-
scribed by the predictions of the PDF sets considered.
Some deviations, however, are visible, for example the
lower Z cross section at central rapidities in the case of
the JR09 PDF set, or the tendency of the ABKM09 pre-
diction to overshoot the Z and the W cross sections at
larger y

Z

and ⌘

`

, respectively. It thus can be expected
that the di↵erential cross sections presented here will re-
duce the uncertainties of PDF determinations and also
influence the central values.

The combined electron and muon data allow for an
update of the measurement of the W charge asymmetry
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FIG. 12. Di↵erential d�/d|y
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| cross section measurement for
Z ! `` compared to NNLO theory predictions using vari-
ous PDF sets. The kinematic requirements are 66 < m
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<
116 GeV and p

T,`

> 20 GeV. The ratio of theoretical predic-
tions to data is also shown. Theoretical points are displaced
for clarity within each bin.

2 The HERAPDF analysis considers explicitly uncertainties due to
parameterisation and fit parameter choices. This leads to some-
what enlarged and asymmetric errors as compared to the genuine
experimental uncertainties, which in the HERAPDF analysis cor-
respond to a change of �2 by one unit.

on initial muon measurements alone. The asymmetry
values, obtained in the W fiducial region of this analy-
sis, and their uncertainties are listed in Tab. XXVI. The
measurement accuracy ranges between 4 and 8%. The
previous and the new measurements are consistent. Since
the present measurement is more precise and relies on the
same data taking period, it supersedes the previous re-
sult.

Figure 14 shows the measured W charge asymmetry
together with the NNLO predictions obtained from the
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FIG. 13. Di↵erential d�/d|⌘
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+

| (top) and d�/d|⌘
`

� | (bot-
tom) cross section measurements for W ! `⌫ compared to
the NNLO theory predictions using various PDF sets. The
kinematic requirements are p

T,`

> 20 GeV, p
T,⌫

> 25 GeV
and m

T

> 40 GeV. The ratio of theoretical predictions to
data is also shown. Theoretical points are displaced for clar-
ity within each bin.Karlberg, Re, Zanderighi 2014 JHEP 1409  ATLAS 2011 PRD 85
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Recent 8 TeV ATLAS 2017 kT jet rates [R=1.0, not normalised]

DYNNLOPS+PYTHIA8 blue, SHERPA MEPS@NLO red 

DYNNLOPS+PYTHIA8 high for √d0 ≳ 150 GeV and √d1 ≳ 30 GeV ...

ATLAS collaboration 2017 arXiv:1704.01530

kT splittings scales: DYNNLOPS on 8 TeV ATLAS data

Submitted to JHEP
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Older 7 TeV W+jets ATLAS 2013 kT jet rates [R=0.6, normalised]

DYNNLOPS+PYTHIA8 looking fine here, no sign of 8 TeV issues

Not like-4-like: Z/W, 7/8 TeV, unnormalised/normalised, R=1/R=0.6

Now investigating why W+jets 7 TeV comp. OK, but not Z+jets 8 TeV

kT splittings scales: DYNNLOPS on 7 TeV ATLAS data

where

diB = p2T,i ,

dij = min(p2T,i, p
2
T,j)

(�Rij)
2

R2
, (4.2)

are the usual distances used in the kT-algorithm. Among other reasons, these observables
are interesting because they can be used as a probe of the details of matching and merg-
ing schemes. Due to the underlying Zj-MiNLO simulation, our NNLOPS prediction is NLO
accurate for large values of pT,j1

, and it is at least LL accurate in describing the 1 ! 0

jet transition, which is measured in the d0 distribution. The second jet spectrum and the
2 ! 1 jet transition (which is encapsulated in d1) are instead described at LO+LL, due to
the underlying POWHEG simulation. Since the definition of d1 contains d12, this observable is
a measure of the internal structure of the first jet, and not only of the second jet transverse
momentum.

In Figs. 14 and 15 we show our NNLOPS predictions against ATLAS data, using as
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Figure 14. Comparison of NNLOPS prediction (red) to 7 TeV LHC data (black) from ref. [52] for
the W boson kT splitting scale

p
d0 as defined in the text using Pythia8 (left) and Pythia6 (right).

jet radius R = 0.6. We find good agreement, especially when
p
di > 10 GeV. Below this

value, we are still compatible with the experimental uncertainty bands, although we are
systematically lower than data. Once more, one should consider that the region below
5 � 10 GeV will be affected also by non-perturbative effects. For large values of di we are
instead sensitive to the level of accuracy that we reach in describing hard emissions. In this
respect, it is no surprise that we have a better agreement with data than the POWHEG results
shown in ref. [52], where d1 is poorly described since the second emission is only described
in the shower approximation. NLO corrections to the W + 1 jet region are included in the
NNLOPS simulation, and are very likely the reason why we have a description of d0 that is
better than what was observed in ref. [52].

Finally in Fig. 16 we show the distribution for the ratio d1/d0, for events with
p
d0 >

20 GeV. Due to the ratio nature of this quantity, a simultaneous over- or underestimation
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Figure 15. Comparison to 7 TeV LHC data from ref. [52] for the W boson kT splitting scale
p
d1

as defined in eq. (4.1) using Pythia8 (left) and Pythia6 (right).

Figure 16. Comparison to 7 TeV LHC data from ref. [52] for the W boson ratio of the kT splitting
scales

p
d0 and

p
d1 using Pythia8 (left) and Pythia6 (right).

in predicting d1 and d0 should be partially compensated when plotting d1/d0. It is therefore
no surprise that the agreement with data is better than in Figs. 14 and 15.

4.3 W and Z polarization

Recently both ATLAS [53] and CMS [54] have published results on the polarization of the
W boson at 7 TeV confirming the Standard Model prediction, that W bosons are mostly
left-handed in pp collisions at large transverse momenta [55]. Knowledge about the W

boson polarization is important, as it provides a discriminant in searches for new physics.
We first very briefly review how to measure the polarization in terms of angular coeffi-

cients but refer the reader to the literature for a complete description of the topic [55–62].
Here we will follow the derivation of [55]. We then continue to compare ATLAS data [53]
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PROSPECTS: VVNNLOPS

WWJ-MiNLO′ code produced last year

Process dependent Drell-Yan/Higgs B2 Sudakov coeffs are just 
numbers while for VV it’s a function of VV Born kinematics

Formalism extended from 2 ➞ 1 colourless to 2 ➞ 2 colourless: 

Tom Melia, Pier Monni, Emanuele Re, Giulia Zanderighi, k.h. 2016 JHEP 09(2016)057
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Figure 3. Rapidity of the W+W− system as predicted by the WW (red) and WWj-Minlo (dark
green) generators.

gives a more reliable estimate of the size of higher-order corrections which are not accounted
for in our prediction. Remarkably similar trends to those shown here can be seen in the
comparisons of the Powheg W and Z codes to Wj-Minlo and Zj-Minlo respectively, for
the W and Z pT spectra, in ref. [57].

In figure 3 we show the rapidity of the W+W− pair. As in the case of the W+ mass
distribution (figure 1), the WW central prediction lies within the uncertainty of the WWj-
Minlo generator. On the other hand, at high rapidities the WWj-Minlo predictions are
lower than the WW ones. Here again, the pattern of differences is quantitatively similar
to that found in comparing Z and Zj-Minlo predictions, for the Z rapidity spectrum
in the Minlo′ implementations of ref. [57]. We add that the high-rapidity regions here,
proportionally, contain more low pT,W+W− events than the central domain. Thus, we suggest
that the deviations seen at high rapidities, between the WW and WWj-Minlo predictions,
are strongly correlated with the comparable deviations in the pT,W+W− spectrum of figure 2.
Similar behaviour is found for the rapidity distributions of the individual W± bosons, as
well as their decay products.

The missing transverse momentum (pT,miss) distribution is shown in figure 4. Not
surprisingly, this observable shows a pattern qualitatively similar to the one observed in
figure 2 for the transverse momentum of the W+W− system. Although the W+W− trans-
verse momentum is shared between leptons and neutrinos, one expects that the large pT,miss

tail is mostly populated by events where the W+W− system had a large boost, hence the
WWj-Minlo result displays a cross section larger than the WW one. The large differ-
ences observed at small values of pT,W+W− get instead partly diluted when looking at pT,miss.
This can be understood by considering the underlying weak decay W+W− → l+l−νν̄: even
when the W+W− system is almost at rest, the transverse momentum of each neutrino is
of order mW/2 or more (depending on how boosted the W boson is off which it is emit-
ted). This consideration, together with the fact that the missing energy is the absolute
value of a vectorial sum of two transverse momenta, justifies why differences that at the
peak of the pT,W+W− distribution reached a factor 1.16 become averaged out in the pT,miss

spectrum, which, at low values, only exhibits 10% differences at most between the WW
and WWj-Minlo simulations.
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proportionally, contain more low pT,W+W− events than the central domain. Thus, we suggest
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are strongly correlated with the comparable deviations in the pT,W+W− spectrum of figure 2.
Similar behaviour is found for the rapidity distributions of the individual W± bosons, as
well as their decay products.

The missing transverse momentum (pT,miss) distribution is shown in figure 4. Not
surprisingly, this observable shows a pattern qualitatively similar to the one observed in
figure 2 for the transverse momentum of the W+W− system. Although the W+W− trans-
verse momentum is shared between leptons and neutrinos, one expects that the large pT,miss

tail is mostly populated by events where the W+W− system had a large boost, hence the
WWj-Minlo result displays a cross section larger than the WW one. The large differ-
ences observed at small values of pT,W+W− get instead partly diluted when looking at pT,miss.
This can be understood by considering the underlying weak decay W+W− → l+l−νν̄: even
when the W+W− system is almost at rest, the transverse momentum of each neutrino is
of order mW/2 or more (depending on how boosted the W boson is off which it is emit-
ted). This consideration, together with the fact that the missing energy is the absolute
value of a vectorial sum of two transverse momenta, justifies why differences that at the
peak of the pT,W+W− distribution reached a factor 1.16 become averaged out in the pT,miss

spectrum, which, at low values, only exhibits 10% differences at most between the WW
and WWj-Minlo simulations.
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Figure 7. Leading jet transverse momentum as predicted by the WW (red) and WWj-Minlo
(dark green) generators.

Figure 8. Second jet transverse momentum as predicted by the WW (red) and WWj-Minlo
(dark green) generators.

via parton showering: when large pT,j2
regions are probed, the WW code is bound to

predict an unreliable cross section (too small in this case). The WWj-Minlo prediction is
instead more accurate, since the matrix elements describing the production of two separated
outgoing partons are included exactly, although only at LO. The LO nature of this result
is reflected in the relatively large uncertainty band.

After having shown how the WWj-Minlo generator compares against the WW one for
jet observables, we find it useful to compare, for the same observables, WWj-Minlo against
a NLO computation (without any Minlo improvement) for the process pp → W+W−j.13

These comparisons are shown in figure 9. In the left panel we observe that the WWj-Minlo
prediction for the hardest jet pT spectrum agrees very well with the fixed-order result for
the transverse momentum spectrum of the hardest jet. The moderate differences close to
the threshold to produce one jet are likely due to the use of different scales as well as to the
presence of theMinlo Sudakov. At larger values of pT,j1

the two predictions are compatible,
although the NLO result exhibits a slightly harder spectrum. This is easily explained by

13This result was obtained running at fixed-order the WWj-Minlo code, switching off theMinlomachin-
ery but including a 10GeV generation cut for the hardest parton transverse momentum. Renormalization
and factorization scales have been set equal to 2mW .
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a NLO computation (without any Minlo improvement) for the process pp → W+W−j.13

These comparisons are shown in figure 9. In the left panel we observe that the WWj-Minlo
prediction for the hardest jet pT spectrum agrees very well with the fixed-order result for
the transverse momentum spectrum of the hardest jet. The moderate differences close to
the threshold to produce one jet are likely due to the use of different scales as well as to the
presence of theMinlo Sudakov. At larger values of pT,j1

the two predictions are compatible,
although the NLO result exhibits a slightly harder spectrum. This is easily explained by
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WWJ-MiNLO′ simultaneously NLO for WW and WWJ w.o. any merging scale

If there is demand VVNNLOPS can follow by rwgting VV kinematics 
of VVJ-MiNLO′ with analogous NNLO predictns of the Zurich group.
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PROSPECTS: NNLOPS shortcomings & improvements

Not easy to run: need separate [long] run of HNNLO/DYNNLO/
MATRIX/... followed by feeding-in of that output to rwgt MiNLO’

Embed specialised reweightings in MiNLO’ codes:          
select these perturbative “tunes” in input file 

Reweighting code is crude: bins not optimised, selection      
of Born variables not optimised, no interpolation

Use Neural Net techniques for reweighting

Resummation only guaranteed to be NLLσ despite sometimes 
extremely nice accidental agreement with NNLL codes 

Rwgt to differential NNLO+NNLL               
e.g. MiNLO+MRT, [MiNLO+               ??]

Massimiliano Grazzini, Stefan Kallweit, Stefano Pozzorini, Dirk Rathlev, Marius Wiesemann
Pier Monni, Emanuele Re, Paolo Torrielli
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NNLOPS relies on having related MiNLO′ simulation

MiNLO′ means NLO for Born AND NLO for the ‘Born-of-the-Born’

Achieved by precise analytic knowledge of needed MiNLO Sudakov FF’s

Only known for very limited no. of procs and clustering variables

Proposal: use well-known NLO for ‘Born-of-the-Born’ to fit       
very well-unknown Sudakov factors

Tried out to make HJJ-MiNLO into HJJ-MiNLO′

Good results despite quick & dirty implementation

PROSPECTS: Extending the MiNLO method

Rikkert Frederix, k.h. JHEP 1605 (2016) 042
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Higgs rapidity

MiNLO′ H+2-jets: red, formally NNLO

HNNLOPS: green, formally NNLO

MiNLO H+2-jets: blue, formally not quite LO

We do not claim that variation of ⇢, together with the renormalization and factorization scales,
gives a realistic estimate of theoretical uncertainties in regions where large Sudakov logarithms
occur. We content ourselves to say that ⇢ is an unphysical technical parameter introduced in our
procedure, with systematics associated to it. We believe our variation of ⇢, as described above, is
a conservative estimate of these systematics, and we find them to be very much negligible.

Finally, statistical uncertainties are shown as vertical lines, however, for the most part these
are negligible to the point of being invisible.

Inclusive quantities

In figure 1 we plot the rapidity of the Higgs boson; no cuts have been applied to the final state. The
Hjj? and Nnlops central predictions agree with one another to within 2%, with their uncertainty
bands exhibiting a similar level of agreement. This indicates that the method and its implementation
are performing as expected (eqs. 2.40-3.1). The uncorrected Hjj-Minlo prediction in blue is 10%
away from the central Nnlops results, but this is fortuitous given that the scale uncertainty on
the former is ⇠ 30%. Moreover, given our theoretical analysis in the preceding sections of this
paper, neglecting the sub-leading NLL

�

�S
1

terms, we expect the Hjj-Minlo prediction here is
only LO accurate, so the ⇠ 30% uncertainty assigned to it is arguably too small. The uncertainty
band associated to varying the ⇢ parameter as described at the beginning of this subsection 4.2 is
so small that it is concealed within thickness of the black reference line in the upper right plot;
indeed since this quantity is fully inclusive in L

12

, by construction of the procedure (sect. 2.6), the
only way any such uncertainty could manifest here is as a result of technical problems and/or some
statistical issues.
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Figure 1. Rapidity of the Higgs boson as predicted by the Hjj-Minlo (Hjj, blue), Nnlops (dark green)
and improved Hjj-Minlo (Hjj?, red) generators.

In figure 2 we plot the Higgs boson transverse momentum spectrum. As with the Higgs boson
rapidity distribution no cuts have been applied to the final state. Exceptionally, in this figure we
compare Hjj? and Hjj to the NNLL+NNLO predictions of the Hqt program [66–70], instead
of Nnlops. Comparing Nnlops (not shown) and Hjj? we find the two generators agree with
one another to within 3% throughout the spectrum, except for the region pT . 5GeV, where the
difference rises up to 15% in the pT < 2GeV region. The latter differences owe to the finite size of the
bins in our interpolation grids, coupled with the fact that the distribution is changing very rapidly for
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MiNLO′ H+2-jets: red, formally NLO

HNNLOPS: green, formally NLO

MiNLO H+2-jets: blue, formally not quite LO 
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Figure 5. Leading jet transverse momentum spectrum, for anti-kt-jets with radius parameter R = 0.4.

predictions agree very well throughout the spectrum, with the procedure correcting well for sub-
stantial (±15%) shape differences between the unimproved Hjj-Minlo result and the more accurate
Nnlops prediction. Regarding differences between the Nnlops and Hjj? results in the pT . 5GeV

region, the explanation here is the same as for the case of the Higgs boson pT spectrum, namely, that
the granularity in our discretized implementation of the �BJ phase space is not sufficiently fine to
cope with the rapidly changing distribution for pT . 5GeV. We reiterate that this region is under
limited theoretical control anyway. Indeed, rather than seek improved agreement of Nnlops and
Hjj? in the latter murky region, we might prefer to lessen the 3-5% deviation in the neighbourhood
60  pT  80 GeV. This region, where the Hjj-Minlo and Nnlops lines intersect, appears to
be where the pT derivative of the difference between the two predictions is changing most rapidly,
i.e. the numerator of � (�BJ) in eq. 2.35/3.11. It should therefore be possible to improve agreement
between the Nnlops and Hjj? results in this region by, for example, making use of (irregular)
optimized grids and interpolation methods which can work on them. Overall, notwithstanding our
unsophisticated implementation, agreement between the Nnlops and Hjj? predictions is very sat-
isfactory, providing significant improvement across the whole pT spectrum relative to the original
Hjj-Minlo generator.

In fig. 6 we plot Hjj, Hjj? and NNLL+NNLO JetVHeto [37, 47] predictions for the jet
veto efficiency, "(pT,veto), defined as the cross section for Higgs boson production events containing
no jets with transverse momentum greater than pT,veto, divided by the respective total inclusive
cross section. In the left-hand column, in the red shaded area, we show the scale uncertainty
band predicted by the Hjj? simulation, with the central NNLL+NNLO resummed prediction of
JetVHeto superimposed in green (matching scheme-(a), µR = µF = µQ = mH, µQ being the
resummation scale). The lower panel shows the ratio with respect to the Hjj? prediction obtained
with its central scale choice. On the right we have made the same plots as on the left but with
the JetVHeto predictions replacing those of the Hjj? and vice-versa. The uncertainty band in
the JetVHeto results is the envelope of a seven point variation of µR and µF by a factor of two.
This is in contrast to the band associated with it in ref. [37], where additionally resummation scale
and matching scheme variations were included in the envelope. Thus the JetVHeto error band
here is considerably smaller than that shown in ref. [37]. We restricted the JetVHeto uncertainty
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MiNLO′ H+2-jets: red, formally NLO

HNNLOPS: green, formally LO

MiNLO H+2-jets: blue, formally NLO

Additionally, for the case of jet rapidity distributions, in figures 12 and 13, the jets are required to
pass a transverse momentum threshold of 25 GeV.
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Figure 10. Transverse momentum spectrum of the second jet.

The transverse momentum spectrum of the second hardest jet is plotted in fig. 10. In all
simulations, before (not shown) and after showering, the distribution peaks in the bin at 3GeV 
pJ2

T  6GeV. Moving upwards from the first bin at pJ2
T = 0 GeV the Hjj? (red) and Hjj-Minlo

(blue) predictions start off with a 20% difference, which smoothly and monotonically diminishes,
with the two distributions coalescing at pJ2

T ⇡ 20 GeV. For higher transverse momenta, the Hjj?

and Hjj-Minlo histograms become indistinguishable from one another. Meanwhile, in the same
region, the Nnlops result starts off with a 15% discrepancy between it and the latter simulations,
which rises with the transverse momentum. Nevertheless, the Nnlops prediction is within the
margins set by all renormalization and factorization scale uncertainty bands.

The behaviour of the Hjj? and Hjj-Minlo predictions relative to one another is as intended.
In general, the Hjj-Minlo prediction is NLO accurate in the description of pJ2

T , and so it is of
course desirable that the Hjj? tends to that result in regions where Sudakov logarithms at higher
orders are not large, i.e. away from the Sudakov peak.18 In the vicinity of the peak, large logarithms
enter at every order in perturbation theory. In this feasibility study we claim to control these large
logarithms nominally at just LL/NLL

�

accuracy. The improved Hjj? prediction works so as to
implement unitarity for the 0- and 1-jet inclusive cross sections by ascribing the mismatch there to
missing NNLL

�

Sudakov logarithms beyond NLO. The increasing difference of Hjj? with respect
to Hjj-Minlo in the region pJ2

T  20 GeV, up onto the Sudakov peak, roughly reflects this NNLL

�

‘profiling’ of the ⇠10-12% excess in the Nnlops total inclusive cross section over that of Hjj-Minlo
(see e.g. figs. 1-3).

In figure 11 we plot the transverse momentum of the third jet. In this case there is, coinci-
dentally, good agreement of all predictions in the moderate to high pT domain. This is somewhat
fortuitous in the context of the Nnlops simulation, since the third jet in that simulation is gen-
erated exclusively in the parton shower approximation, whereas in Hjj? and Hjj-Minlo it has a
matched matrix element-parton shower description. With a view to validating our ideas, what is
more relevant is the observation of the relative behaviour of Hjj? and Hjj-Minlo. Here we see,

18In such regions where it is meaningful to quantify accuracy in the context of just fixed order perturbation theory,
we remind that the Nnlops prediction for p

J2
T is, by contrast, only LO accurate.
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Going from MiNLO′ H+2-jets to NNLOPS H+1-jet should be a 
matter of reweighting to NNLO H+1-jet Born kinematics
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Rikkert Frederix, k.h. JHEP 1605 (2016) 042

NNLOPS W/Z+jet is just the same but numerics will prove HARD 
due to SMALL NNLO uncertainties & higher dimensional ph.space

Will do after the general improvements to NNLOPS infrastructure
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Left ATLAS collaboration 2017 arXiv:1704.01530

Right ATL-PHYS-PUB-2017-006

By default NNLOPS rwgting is constructed to leave pT,J1 ≳ mZ 
description of ZJ-MiNLO′ phase space totally unchanged  

ATLAS collaboration 2017 arXiv:1704.01530

kT splittings scales: DYNNLOPS on 8 TeV ATLAS data
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