
Marius Wiesemann
Max-Planck-Institut für Physik

LHC EW WG General Meeting
Virtual meeting, February 15-17, 2022

Progress on NNLO+PS matching



Marius Wiesemann    (MPP Munich) February 15th, 2022Progress on NNLO+PS matching 2

NNLO+PS:  What do we want to achieve?NNLO+PS: what do we want to achieve?

I NNLO accuracy for observables inclusive on radiation. [d�/dyF ]

I NLO(LO) accuracy for F + 1(2) jet observables (in the hard region). [d�/dpT,j1 ]
- appropriate scale choice for each kinematics regime

I resummation from the Parton Shower (PS) [�(pT,j < pT,veto)]
I preserve the PS accuracy (leading log - LL)
- possibly, no merging scale required.

I This talk: MiNNLOPS: NNLO+PS accuracy, starting from the MiNLO method
- focus on color-singlet production

I Next talk: MiNNLOPS for top-pair production

- other available methods: reweighted MiNLO’ (“NNLOPS”) [Hamilton,et al. ’12,’13,...],
UNNLOPS [Höche,Li,Prestel ’14,...], Geneva [Alioli,Bauer,et al. ’13,’15,’16,...]
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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
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not talking about recent progress in improving parton showers to (N)NLL
[Forshaw, Holguin, Plätzer '20] [Nagy, Soper ’19], [Dasgupta, et al. ’20; Hamilton, et al. ’20; Karlberg, et al. ’21] 
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✦  seminal approaches for NLO+PS many years ago (POWHEG, MC@NLO)

NNLO+PS methods

 there was also some recent progress on NNLO+PS for sector showers [Campbell, Höche, Li, Preuss, Slands '21]

MiNLO+reweighting Geneva

UNNLOPSMiNNLOPS

✦ no new unphysical scale (i.e. physically sound)
✦ numerically very intensive
✦ applied beyond 2→1 processes

✦ slicing cutoff (missing power corrections)
✦ numerical cancellations in slicing parameter
✦ applied beyond 2→1 processes

[Alioli, Bauer, Berggren, Tackmann, Walsh '15 + Zuberi '13]

[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

✦ no new unphysical scale (i.e. physically sound)
✦ numerically efficient
✦ applied beyond 2→1 and even beyond colour singlet

[Höche, Prestel '14 '15]

✦ extension of UNLOPS merging of event samples
✦ two-loop corrections entirely in 0-jet bin
✦ only applied to 2→1 processes

[Hamilton, Nason, Oleari, Zanderighi '12, + Re '13], [Karlberg, Re, Zanderighi '14]
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NNLO+PS timeline

20192018201720162015201420132012

MiNLO+reweight

Geneva

UNNLOPS

MiNNLOPS

H Z(ℓℓ)
W(ℓν)

WH(ℓνH)

Z(ℓℓ)

ZH(ℓℓH)

WW(ℓνℓν)

H Z(ℓℓ)
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MiNNLOPS: 2→1 colour-singlet processes
[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

The reference fNNLO results of Matrix have been obtained by setting the central scales to the
invariant mass of the produced color singlet, i.e.

µR = µF = Q, Q = M`+`� ,M`�⌫̄`
,M`+⌫`

,mH , (22)

while the MiNNLOPS simulations are obtained using the default setup discussed in Section 3.
Scale uncertainties are obtained by varying the renormalisation and factorisation scales by a factor
of two about their central value while keeping 1/2  µR/µF  2. All MiNNLOPS results are
showered with Pythia8 [13], switching o↵ hadronization and underlying event.4 In all of the
results that follow, the NNLO prediction of Matrix is represented by a red, dashed curve with a
red band, while the MiNNLOPS prediction is shown in blue, solid.

4.1 Neutral-current and charged-current Drell Yan production

Process NNLO (Matrix) MiNNLOPS Ratio

pp ! H 39.64(1)
+10.7%
�10.4% pb 39.1(5)

+10.2%
�9.0% pb 0.987

pp ! `
+
`
�

1919(1)
+0.8%
�1.1% pb 1917(1)

+1.4%
�1.1% pb 0.999

pp ! `
�
⌫̄` 8626(4)

+1.0%
�1.2% pb 8643(4)

+1.7%
�1.5% pb 1.002

pp ! `
+
⌫` 11677(5)

+0.9%
�1.3% pb 11693(5)

+1.5%
�1.6% pb 1.001

Table 1: Total cross sections of the Drell Yan production processes. The number in brackets
denotes the numerical uncertainty on the last digit.

We start by discussing the total production rates of the DY processes, reported in Table 1. We
observe an excellent agreement between the NNLO QCD prediction and the MiNNLOPS result,
which are consistent at the few-permille level. We stress again that the two calculations use
di↵erent scale settings and are therefore expected to di↵er by e↵ects beyond NNLO. As one can see
from Table 1, these di↵erences are small and the central prediction of each calculation lies within
the perturbative uncertainty of the other. Moreover, we observe that the MiNNLOPS calculation
features a slightly larger scale uncertainty. This is due to the more conservative uncertainty
prescription adopted in the MiNNLOPS case, which involves varying the renormalisation scale
µR also in the Sudakov form factor ˜S(pT), defined in Eq. (24). This choice better reflects the
perturbative uncertainty associated with the MiNNLOPS matching procedure.

We continue by considering the rapidity distribution of the leptonic system in Z/�⇤ and W
�

production, shown in Fig. 3. The considerations made above for the inclusive cross section hold
in this case as well, and we observe a very good agreement between the MiNNLOPS and the
fNNLO predictions across the entire spectrum, with moderately larger perturbative uncertainties
in the MiNNLOPS case. In comparison to the Z rapidity distribution presented in Ref. [4], we
observe that the shape of the new MiNNLOPS result is much closer to the fNNLO prediction in

4
In the codes released with this paper, the POWHEG matching is performed with the option doublefsr 1 [24].

This provides a symmetric treatment of the q ! qg and g ! qq̄ final-state splittings in the definition of the starting

scale of the shower. This ensures a proper treatment of observables sensitive to radiation o↵ such configurations.

We have checked explicitly that the observables considered within this paper are una↵ected by that option.

11
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[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

MiNNLOPS: 2→1 colour-singlet processes
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Figure 6: The rapidity distribution of the Higgs boson (left) and its transverse momentum (right).
The lower panel shows the ratio of the NNLO and the MiNNLOPS predictions to the latter.

4.2 Higgs boson production

Process NNLO (Matrix) MiNNLOPS ratio

pp ! H 39.64(1)
+10.7%
�10.4% pb 38.03(2)

+10.2%
�9.0% pb 0.960

Table 2: Total cross sections of Higgs-boson production. The number in brackets denotes the
numerical uncertainty on the last digit.

Table 2 gives the inclusive Higgs cross section at fNNLO computed with Matrix and the
one obtained with the MiNNLOPS generator. As in the case of DY production, we observe a
good agreement between the two predictions that are well compatible within the quoted scale
uncertainties, and they are closer than in the original setup of Ref. [4]. The moderate numerical
di↵erence between the two results is due to the di↵erent scale settings in the two calculations.

The rapidity distribution of the Higgs boson is shown in the left plot of Fig. 6. The MiNNLOPS

and NNLO predictions are in mutually good agreement within the perturbative uncertainties. The
right plot of Fig. 6 shows the Higgs transverse-momentum distribution. This observable displays the
e↵ect of the MiNNLOPS scale setting in Eq. (14) compared to the one in the Matrix computation
in Eq. (22). The two scales di↵er significantly at low and moderate transverse momenta, while they
become identical at large transverse momentum pT,H & mH , where the MiNNLOPS and Matrix
predictions are in full agreement. We recall that the scales of the di↵erential NLO cross section for
FJ production in Eq. (8) can also be set to the transverse momentum as in Eq. (19). This choice,
used in the original publication [4], is more appropriate in regimes where the Higgs boson (or the
accompanying QCD jets) are produced with large transverse momentum.

14

Figure 3: The rapidity distribution of the leptonic pair in neutral- (left plot) and charged-current
(right plot) Drell Yan production. The lower panel shows the ratio of the NNLO and theMiNNLOPS

predictions to the latter.
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Figure 4: Rapidity distribution (left) and transverse momentum (right) of the positively charged
lepton in neutral-current Drell Yan production. The lower panel shows the ratio to the MiNNLOPS

prediction.
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Figure 5: Rapidity distribution of the charged lepton (left) and missing transverse momentum
(right) in charged-current Drell Yan production. The lower panel shows the ratio to the MiNNLOPS

prediction.

choice of the shower recoil scheme) plays a role in this improvement, as discussed in the previous
section.

Finally, we show a sample of kinematic distribution of the final-state leptons. For neutral-current
DY production we compare MiNNLOPS to fNNLO predictions for the rapidity distribution and
the transverse-momentum distribution of the positively charged lepton in Fig. 4. Similarly, in
the case of W+ production we show the same comparison for the missing transverse-momentum
distribution and for the rapidity distribution of the charged lepton in Fig 5. We observe a
very good agreement between the two calculations for the rapidity distributions, and for the
region of the transverse-momentum spectrum insensitive to shower e↵ects. Conversely, the parton
shower provides an improved description for pT,`+ (pmiss

T ) . 5GeV and pT,`+ (pmiss
T ) & mV /2

where the cross section is sensitive to multi particle emissions and therefore receives relevant
corrections from the parton shower that resums integrable, but large logarithmic terms. The
perturbative instability at the threshold is a well known feature of fixed-order calculations [25].
It appears at pT,`+ (pmiss

T ) ⇠ mV /2, since at LO, where the leptons are back-to-back and can
share only the available partonic centre-of-mass energy

p
ŝ = Q, the distribution is kinematically

restricted to the region pT,`+ (pmiss
T )  Q/2 and on-shell configurations Q ⇠ mV provide by far the

dominant contribution. The region pT,`+ (pmiss
T ) & mV /2 is filled only upon inclusion of higher-order

corrections, and the NNLO predictions becomes e↵ectively only NLO accurate, as indicated by the
enlarged uncertainty bands.

13
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FIG. 4: Comparison between the NNLO results obtained with Matrix and the results obtained with
Geneva+RadISH. Upper panel: invariant mass (left) and rapidity (right) of the lepton pair. Lower panel: rapidity

(left) and transverse momentum (right) of the hardest lepton.

distribution at the O(↵3

S
/T0) level, i.e. beyond NNLL0 [3].

However, due to the vectorial nature of q?, one can not
readily apply the same argument in this case. In gen-
eral one expects that any emission of the shower could
alter the transverse momentum distribution of the colour-
singlet system, and ultimately the logarithmic accuracy
for the transverse momentum spectrum after the shower is
therefore dictated by the shower accuracy. Hence, in this
work we refrain from making any claims about the formal
accuracy of the predictions for the q? spectrum after the
showering. However, we will show below that it possi-
ble, with a suitable choice of the shower recoil scheme,
to obtain an excellent numerical agreement between the
analytic N3LL resummation and the Geneva showered
results. Lastly, one can get an excellent description of the
data at small q? by tuning the Pythia8 nonperturba-
tive parameters. However, in any calculation obtained by
matching higher-order calculations with parton shower
one has to carefully evaluate which parameters are truly
encoding nonperturbative e↵ects and should therefore be
tuned.

In order to discuss the details of the matching, let us start
by analysing the interface to the Pythia8 k?-ordered
parton shower, starting with the 0-jet event case. For
this set of events, the shower should simply restore the
emissions which were integrated over in the construction
of the 0-jet cross section. In our implementation we set
the starting scale to these event to the natural scale q

cut

? ;
to avoid double-counting with events above the cut we
require that after the shower the transverse momentum
of the boson does not exceed q

cut

? , though we allow for a
small spillover if the showered event has q? > 1.05⇥ q

cut

?
to avoid an hard cuto↵. Events which do not fulfill this
constraint are re-showered. In practice, this spillover has
a negligible e↵ect, since 0-jet events account for O(1%)
or less of the total cross section, and are therefore a very
small fraction of the total; moreover, since the starting
scale for the showering of these events is ⇠ 1GeV the
majority of them automatically satisfy the constraint.

The showering of 1- and 2-jet events is more delicate.
As discussed in Sec. 2A, the separation between 1- and
2-jet events is achieved by means of a Sudakov form

similarly for Geneva, e.g.:
[Alioli, Bauer, Broggio, Gavardi, Kallweit, Lim, Nagar, Napoletano, Rotolli '21]
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Z boson production: measured pT distribution JHEP 05 (2021) 205

JHEP 12 (2019) 061

- MG5_aMC ≤2j@NLO 
+NLO EW via 
arxiv.org:705.04664 

- FEWZ NNLO QCD 
- NNLOJET (Z+1j 

@NNLO)

- MATRIX+RadISH 
(NNLO+N3LL) 

- MiNNLO (NNLO+PS) 
- SCETlib (N3LL) (FO 

matching supported, 
but not included here)

- Z(vv) channel important at high mass 
- Confirms excellent performance of theoretical tools 

- NLO EW corrections evident 
- Rivet routine available: comparison to any prediction 

- Using current measurements to guide simulation for future  
precision measurements (weak mixing angle, W mass) and BSM (boosted H backgrounds)

Leptonic measurement

Comparison to high-precision Drell-Yan data
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Z boson production: multi-differential pT distribution
- Fully leptonic channels also used for multi-differential pT measurement over mℓℓ ∈ [50, 76, 106, 170, 

350, 1000] GeV + multi-differential with jets (SMP-21-003) 
- Background relevant off Z-peak, estimate from data (opposite sign)  
- Extensive study of modern MC predictions + Rivet routine to be released soon

SMP-20-003

SMP-21-003

- MG5_aMC@NLO ≤2j@NLO 
- ArTeMIDe: Parton branching with 

NNLO TMD PDFs+QED FSR 
correction from Pythia 

- CASCADE: parton branching with 
TMD PDF+Pythia6 

- Geneva: N3LL’+NNLO+Pythia8 
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Kenneth Long 8

Z boson production: measured pT distribution JHEP 05 (2021) 205

JHEP 12 (2019) 061

- MG5_aMC ≤2j@NLO 
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arxiv.org:705.04664 

- FEWZ NNLO QCD 
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- MATRIX+RadISH 
(NNLO+N3LL) 

- MiNNLO (NNLO+PS) 
- SCETlib (N3LL) (FO 

matching supported, 
but not included here)

- Z(vv) channel important at high mass 
- Confirms excellent performance of theoretical tools 

- NLO EW corrections evident 
- Rivet routine available: comparison to any prediction 

- Using current measurements to guide simulation for future  
precision measurements (weak mixing angle, W mass) and BSM (boosted H backgrounds)

Leptonic measurement

Comparison to high-precision Drell-Yan data
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substantial improvement using  instead 
of  as resolution variable in Geneva:

pT
τ0

[Alioli, Bauer, Broggio, Gavardi, Kallweit, Lim, Nagar, Napoletano, Rotolli '21]
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FIG. 13: Comparison between Geneva and the CMS data for di↵erent observables. Normalised distributions are
shown on the right, see text for details.

is linear up to 30 GeV and logarithmic for larger values.
The former are in very good agreement with the data in
the whole q? range. Below 30 GeV, the central prediction
is within a few percent of the data, and only in the first
two bins, where hadronisation and nonperturbative e↵ects
play a prominent role, do the scale uncertainty bands fail
to cover the experimental data. Our predictions are also
in good agreement with the �

⇤ measurements, matching

them within scale uncertainty bands down to values of
�
⇤
⇠ 0.01; at lower values the di↵erences reach the 20%

level in the first bin, and the perturbative uncertainty
does not cover the data. Here, the inclusion of shower and
nonperturbative uncertainties as well as the development
of a dedicated tuning could help ameliorate the agreement.
Finally, in Fig. 12 we can compare our predictions with
parton level results at N3LL+NNLO1 accuracy [97] for the
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Photon isolation requirement: 

✤ Experimentally needed to identify isolated photons  

✤ Theoretically delicate infrared-safe definition 

∑
had/part∈δ

Ehad/part
T ≤ Emax

T (δ) = Eref
T ⋅ ( 1 − cosδ

1 − cosδ0 )
n

, ∀δ ≤ δ0

δ

γ

q
δ0Frixione 

isolation

Isolated photon production at NNLO+PS

[Lombardi, MW, Zanderighi '20 '21]

[Cridge, Lim, Nagar '21]

[Alioli et al. '20]

✦ large cross section, clean process, well measured
✦ power corrections need to be controlled well
✦ important background to Higgs and BSM

✦ relatively large cross section, clean in Z→ℓℓ
✦ relevant BSM/DM background (especially Z→νν)
✦ inclusion of anomalous triple gauge couplings

✦ reasonably well measured
✦ important SM probe
✦ background to very specific BSM searches
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Geneva:  productionγγGENEVA for diphoton production

I NNLO comparison for 13 TeV LHC, pT,�h
> 25 GeV , pT,�s > 22 GeV, Frixione

isolation R=0.4
I Only qq̄-channel included in comparison, gg loop-induced can be added as

nonsingular contribution.
I Kinematical-effects at subleading power at order O(↵2

S
) can no longer be neglected.

Simone Alioli | GENEVA | MBI 24/9/2021 | page 9

[Alioli et al. '20]
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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.

55

from MATRIX [Grazzini, Kallweit, MW '17]

see also: [Ebert Tackmann '19], [Becher, Neumann, '20]

✦ photon processes feature large power corrections ✦ cutoff dependence of differential Geneva  resultsγγ
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Figure 14: Comparison between Geneva + Pythia8 and the 7 TeV data from AT-

LAS [6]. The theoretical predictions have been produced by applying the Rivet analysis

ATLAS 2012 I1199269 to the hadronised events. We show the invariant mass of the photon

pair (top left), the transverse momentum of the diphoton system (top right), the azimuthal-

angle separation between the two photons (bottom left) and the cosine of the polar angle

in the Collins–Soper frame of the diphoton system (bottom right).

– 33 –

Geneva:  productionγγDiphoton: comparison with data

I Requires inclusion of gg channel, treated as leading-order contribution and
showered by PYTHIA8.

Simone Alioli | GENEVA | MBI 24/9/2021 | page 12

Diphoton: comparison with data

I Requires inclusion of gg channel, treated as leading-order contribution and
showered by PYTHIA8.

Simone Alioli | GENEVA | MBI 24/9/2021 | page 12

[Alioli et al. '20]
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MiNNLOPS:  productionZγ (ℓℓγ)
[Lombardi, MW, Zanderighi '20]

dσ/dη��γ [fb] pp→�+�-γ@LHC 13 TeV
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MiNNLOPS:  productionZγ (ℓℓγ)
[Lombardi, MW, Zanderighi '20]

dσ/dm��γ [fb/GeV] pp→�+�-γ@LHC 13 TeV
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MiNNLOPS:  productionZγ (ννγ)
[Lombardi, MW, Zanderighi '21]

aTGC

dσ/dpT, miss [fb/GeV] pp→ννγ@LHC 13 TeV
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1 (qμ
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2 gμβ)+
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hV

2
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pα(p ⋅ q2 gμβ − qμ

2 pβ) − hV
3 εμαβνq2 ν −

hV
4

Λ2
εμβνσpα pνq2 σ)

presence of  isolated photon   theoretically challenging 

highly relevant as a probe for BSM (especially )

→

Z → νν̄
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Good agreement with experimental data from ATLAS 36.1fb-1 analysis!
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NLO LO PS
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Massive VV production at (n)NNLO+PS

SM 
coupling

[Lombardi, MW, Zanderighi '21]

gluon 
splitting

[Buonocore, Koole, Lombardi, Rottoli, MW, Zanderighi '21]

✦ smallest cross section of massive VV, but very clean
✦ relevant background for Higgs and BSM

Daniele Lombardi November 23rd, 2021NNLO matched to Parton Shower for diboson processes 50

ZZ Phenomenology at LHC
[Buonocore, Koole, Lombardi, Rottoli, Wiesemann, Zanderighi ’21]

q̄q

NNLO+PS using MiNNLOPS NLO+PS with POWHEG

pp → ℓ+ℓ−ℓ(′ )+ℓ(′ )−

nNNLO+PSIncoherent combination

gg

 

∼ α2
s ∼ α3

s

✦ largest cross section of massive VV processes
✦ no full event reconstruction due to neutrinos
✦ jet-veto requirement to                                             

suppress top backgrounds
• remove diagrams with external b's
• not finite for massless b's ➙ 4FS                                         

(top-free 5FS in good agreement)                                                     
[Grazzini, Kallweit, Pozzorini, Rathlev, MW '17]

✦ important Higgs background

✦ direct access at LO to anomalous                                 
triple gauge couplings

also in [Alioli, Ferrario Ravasio, Lindert, Röntsch ’21] also in [Alioli et al. ’21] 

Daniele Lombardi November 23rd, 2021NNLO matched to Parton Shower for diboson processes 50

ZZ Phenomenology at LHC
[Buonocore, Koole, Lombardi, Rottoli, Wiesemann, Zanderighi ’21]

q̄q

NNLO+PS using MiNNLOPS NLO+PS with POWHEG

pp → ℓ+ℓ−ℓ(′ )+ℓ(′ )−

nNNLO+PSIncoherent combination

gg

 

∼ α2
s ∼ α3

sNNLO NLO
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MiNNLOPS:  productionWW (ℓνℓ′ ν′ )
[Lombardi, MW, Zanderighi '21]

dσ/dpT,W+ [fb/GeV] pp→�+ν� �'−ν�'@LHC 13 TeV
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 productionZZ (ℓℓℓ′ ℓ′ )
Geneva: NNLO+PS MiNNLOPS: nNNLO+PS

Diboson: comparison with data

I After inclusion of gg-channel at LO we compared to ATLAS and CMS

Simone Alioli | GENEVA | MBI 24/9/2021 | page 14
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Figure 7: Comparison between the MiNNLOPS predictions and the CMS data of ref. [27]
based on a 137 fb�1 13 TeV analysis for various observables. The MiNNLOPS predictions
include hadronization and MPI effects, as well as QED effects as provided by the Pythia8
parton shower. See text for more details.

– 21 –
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MiNNLOPS: nNNLO+PS (x EW) for ZZ (ℓℓℓ′ ℓ′ )
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✓ nNNLO+PS predictions in good agreement with CMS results, based on the a137fb-1 13TeV analysis (                      )![arXiv:2009.01186] 

[Buonocore, Koole, Lombardi, Rottoli, MW, Zanderighi '21]
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MiNNLOPS: nNNLO+PS (x EW) for ZZ (ℓℓℓ′ ℓ′ )
[Buonocore, Koole, Lombardi, Rottoli, MW, Zanderighi '21]
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✓ nNNLO+PS predictions in good agreement with CMS results, based on the a137fb-1 13TeV analysis (                      )![arXiv:2009.01186] 

✓ inclusion of  EW corrections (through fixed order NLO K factor) to describe tails of  distributions
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MiNNLOPS: Higgsstrahlung with  decayH → bb̄
[Zanoli, Chiesa, Re, MW, Zanderighi '21]

NNLO+PS accuracy in both production and decay  

needed for precision measurement in the Higgs sector  
main production channel to observe  (largest branching fraction)H → bb̄

dσ/dpT, bb [fb/GeV] pp→W+H→e+ νebb@LHC 13 TeV
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advantageous. One should bear in mind, however, that such reshuffling is not completely
unambiguous and comes with some uncertainties on the bottom-quark kinematics. Thus,
ideally the bottom-quark kinematics should be described using massive bottom quarks at
amplitude level , i.e. a four-flavour scheme (4FS) calculation, but this is not always feasible
at high accuracy with current technology and also comes with other shortcomings [153].
Furthermore, it is important to be aware that in certain constellations a hard reconstructed
b-jet can come from a soft bottom quark and that the two selected b-jets may actually not
originate from the Higgs-boson decay. These occurrences are less likely when using the
flavour-kT algorithm.

4.5 Comparison to ATLAS data

σ[fb] pp→VH, V→leptons, H→bb@LHC 13 TeV
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Figure 7: Comparison of MiNNLOPS predictions to ATLAS data [130].

Figure 7 compares our MiNNLOPS predictions to recent ATLAS data [130]. The re-
spective cross sections are reported in table 4. The results correspond to W

±
H and ZH

production with all leptonic final states, i.e. `±⌫`bb̄, `+`�bb̄ and ⌫`⌫̄`bb̄ with ` 2 {e, µ, ⌧}.
It is clear that the measured V H cross sections are fully compatible with our predictions
within uncertainties. However, one must bear in mind that this measurement requires rel-
atively large lower cuts on the transverse momentum of the vector boson. Therefore, the
experimental error is quite large, being dominated mostly by the limited statistics. In fact,

– 23 –

see also [Alioli et al. ’19] see also [Alioli et al. ’20] 



MiNNLOPS generators public in POWHEG BOX

NEW

NEW

First implementation of  Z𝜸 generator (both  and  + 
aTGC @NNLO) [Lombardi, MW, Zanderighi ’20, ’21]

Z → ℓ+ℓ− Z → ν̄ν

New approach to the existing WW generator [Lombardi, MW, Zanderighi ’21]

NEW

More to come …

MiNNLOPS has been extended to  colour-singlet processes  
(built in POWHEG-BOX-RES). 

2 → 2

NEW
ZZ generator with incoherent combination of   and  channels [Buonocre, 
Koole, Lombardi, Rottoli, MW, Zanderighi ’21]

q̄q gg

NEW

VH generator interfaced with H→bb decay (t.b.a.) [Zanoli, Chiesa, Re, MW, 
Zanderighi ‘ongoing]

MiNNLOPS for  processes (H, Z, W) in POWHEG-BOX-V2 
 [Monni, Nason, Re, MW, Zanderighi ’19], [Monni, Re, MW ’20]

2 → 1

NEW
Top-quark pair generator now available [Mazzitelli, 
Monni, Nason, Re, MW, Zanderighi ’20]
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

✦ substantial complication due to final-state radiation and interferences 

 

✦ compare resummation formulas (very schematic):

colour singlet:         

heavy quark pair:     

dσF
res ∼

d
dpT

{e−S H (C ⊗ f ) (C ⊗ f )}

dσF
res ∼

d
dpT

{e−S Tr(HΔ) (C ⊗ f ) (C ⊗ f )}

: operator/matrix in 
colour space that 
encodes soft emissions 
of  and interferences 

Δ

tt̄

(accordingly for  initiated)qq̄

MiNNLOPS: heavy quark production

[Catani, Grazzini, Torre '14]



Marius Wiesemann    (MPP Munich) February 15th, 2022Progress on NNLO+PS matching 25

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

✦ total cross section:

MiNNLOPS and NNLO agree at permille level 
(note: different scale settings)

✦ excellent agreement of MiNNLOPS with NNLO 
for  rapidity

✦ substantial reduction of scale uncertainties w.r.t. 
MiNLO

tt̄

′ 

MiNNLOPS:  productiontt̄

  

● Rapidity and invariant mass of the tt system

● Full compatibility between MiNNLO and NNLO results in the whole range, excellent description of the shapes

● Large reduction of the scale uncertainties compared to MiNLO’

● Obs: small differences can be expected since scale settings are not equivalent
6

  

Numerical results

Scale setting:

● Overall Born coupling: αs(mtt)

● MiNNLO scale setting:  μR = μF = mtt e
-L, Q = mtt /2

● Scale uncertainties through 7-point variation

● No direct correspondence between MiNNLO scales and NNLO scales

● Upon integration over pT they are of the order of mtt

Comparison to NNLO (computed with MATRIX) with μ0 = mtt

Modified logarithm:

L =

log(Q/pT) for pT<Q/2

0 for pT>Q

Smooth interpolation in the middle

Showering:

We shower with Pythia8, keeping top quarks stable for comparison against FO

Total cross section:

● Excellent agreement between MiNNLO and NNLO, differences at the per-mille level

● Similar size of uncertainties between MiNNLO and NNLO results, large reduction w.r.t. MiNLO’
5
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '21]

MiNNLOPS:  production with decaytt̄

  

Preliminary results: including top decays using ratio of tree-level decayed and undecayed MEs
[As implemented in POWHEG ttbarj, Alioli, Moch, Uwer 1110.5251]

Azimuthal angle between electron and muon, data from ATLAS fully leptonic analysis [1910.08819]

PRELIMINARY

9

  

Pseudorapidity and pT of jets from hadronically decaying W, data from CMS semileptonic analysis [1803.08856]

PRELIMINARY

PRELIMINARY PRELIMINARY

PRELIMINARY

10

Preliminary results: including top decays using ratio of tree-level decayed and undecayed MEs
[As implemented in POWHEG ttbarj, Alioli, Moch, Uwer 1110.5251]



Summary

Outlook
★ NNLO+PS becoming available for "all" colour-singlet processes

★ SMEFT effects at NNLO+PS

★ Sophisticated treatment of top-quark decays at NNLO+PS (spin correllations, higher orders)

★ NNLO+PS for other process classes (heavy quarks + colour singlet, final-state jets, ...)

★ NNLO+PS for 2 ➙ 2 becoming available for colour singlets

★ Combination with other relevant corrections in ZZ (NLO gg, NLO EW)

★ First coloured process at NNLO+PS:  Top-quark pair production

★ MiNNLOPS generators publicly available in POWHEG BOX
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★ NNLO+PS becoming available for "all" colour-singlet processes

★ SMEFT effects at NNLO+PS

★ Sophisticated treatment of top-quark decays at NNLO+PS (spin correllations, higher orders)

★ NNLO+PS for other process classes (heavy quarks + colour singlet, final-state jets, ...)

★ NNLO+PS for 2 ➙ 2 becoming available for colour singlets

★ Combination with other relevant corrections in ZZ (NLO gg, NLO EW)

★ First coloured process at NNLO+PS:  Top-quark pair production

★ MiNNLOPS generators publicly available in POWHEG BOX

Stay tuned !
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MiNNLOPS for 2→1 colour singlets
[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

The reference fNNLO results of Matrix have been obtained by setting the central scales to the
invariant mass of the produced color singlet, i.e.

µR = µF = Q, Q = M`+`� ,M`�⌫̄`
,M`+⌫`

,mH , (22)

while the MiNNLOPS simulations are obtained using the default setup discussed in Section 3.
Scale uncertainties are obtained by varying the renormalisation and factorisation scales by a factor
of two about their central value while keeping 1/2  µR/µF  2. All MiNNLOPS results are
showered with Pythia8 [13], switching o↵ hadronization and underlying event.4 In all of the
results that follow, the NNLO prediction of Matrix is represented by a red, dashed curve with a
red band, while the MiNNLOPS prediction is shown in blue, solid.

4.1 Neutral-current and charged-current Drell Yan production

Process NNLO (Matrix) MiNNLOPS Ratio

pp ! H 39.64(1)
+10.7%
�10.4% pb 39.1(5)

+10.2%
�9.0% pb 0.987

pp ! `
+
`
�

1919(1)
+0.8%
�1.1% pb 1917(1)

+1.4%
�1.1% pb 0.999

pp ! `
�
⌫̄` 8626(4)

+1.0%
�1.2% pb 8643(4)

+1.7%
�1.5% pb 1.002

pp ! `
+
⌫` 11677(5)

+0.9%
�1.3% pb 11693(5)

+1.5%
�1.6% pb 1.001

Table 1: Total cross sections of the Drell Yan production processes. The number in brackets
denotes the numerical uncertainty on the last digit.

We start by discussing the total production rates of the DY processes, reported in Table 1. We
observe an excellent agreement between the NNLO QCD prediction and the MiNNLOPS result,
which are consistent at the few-permille level. We stress again that the two calculations use
di↵erent scale settings and are therefore expected to di↵er by e↵ects beyond NNLO. As one can see
from Table 1, these di↵erences are small and the central prediction of each calculation lies within
the perturbative uncertainty of the other. Moreover, we observe that the MiNNLOPS calculation
features a slightly larger scale uncertainty. This is due to the more conservative uncertainty
prescription adopted in the MiNNLOPS case, which involves varying the renormalisation scale
µR also in the Sudakov form factor ˜S(pT), defined in Eq. (24). This choice better reflects the
perturbative uncertainty associated with the MiNNLOPS matching procedure.

We continue by considering the rapidity distribution of the leptonic system in Z/�⇤ and W
�

production, shown in Fig. 3. The considerations made above for the inclusive cross section hold
in this case as well, and we observe a very good agreement between the MiNNLOPS and the
fNNLO predictions across the entire spectrum, with moderately larger perturbative uncertainties
in the MiNNLOPS case. In comparison to the Z rapidity distribution presented in Ref. [4], we
observe that the shape of the new MiNNLOPS result is much closer to the fNNLO prediction in

4
In the codes released with this paper, the POWHEG matching is performed with the option doublefsr 1 [24].

This provides a symmetric treatment of the q ! qg and g ! qq̄ final-state splittings in the definition of the starting

scale of the shower. This ensures a proper treatment of observables sensitive to radiation o↵ such configurations.

We have checked explicitly that the observables considered within this paper are una↵ected by that option.

11
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Figure 3: The rapidity distribution of the leptonic pair in neutral- (left plot) and charged-current
(right plot) Drell Yan production. The lower panel shows the ratio of the NNLO and theMiNNLOPS

predictions to the latter.
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Figure 4: Rapidity distribution (left) and transverse momentum (right) of the positively charged
lepton in neutral-current Drell Yan production. The lower panel shows the ratio to the MiNNLOPS

prediction.
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MiNNLOPS for 2→1 colour singlets
[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

dσ/bin [pb] pp→H@LHC 13 TeV
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Figure 6: The rapidity distribution of the Higgs boson (left) and its transverse momentum (right).
The lower panel shows the ratio of the NNLO and the MiNNLOPS predictions to the latter.

4.2 Higgs boson production

Process NNLO (Matrix) MiNNLOPS ratio

pp ! H 39.64(1)
+10.7%
�10.4% pb 38.03(2)

+10.2%
�9.0% pb 0.960

Table 2: Total cross sections of Higgs-boson production. The number in brackets denotes the
numerical uncertainty on the last digit.

Table 2 gives the inclusive Higgs cross section at fNNLO computed with Matrix and the
one obtained with the MiNNLOPS generator. As in the case of DY production, we observe a
good agreement between the two predictions that are well compatible within the quoted scale
uncertainties, and they are closer than in the original setup of Ref. [4]. The moderate numerical
di↵erence between the two results is due to the di↵erent scale settings in the two calculations.

The rapidity distribution of the Higgs boson is shown in the left plot of Fig. 6. The MiNNLOPS

and NNLO predictions are in mutually good agreement within the perturbative uncertainties. The
right plot of Fig. 6 shows the Higgs transverse-momentum distribution. This observable displays the
e↵ect of the MiNNLOPS scale setting in Eq. (14) compared to the one in the Matrix computation
in Eq. (22). The two scales di↵er significantly at low and moderate transverse momenta, while they
become identical at large transverse momentum pT,H & mH , where the MiNNLOPS and Matrix
predictions are in full agreement. We recall that the scales of the di↵erential NLO cross section for
FJ production in Eq. (8) can also be set to the transverse momentum as in Eq. (19). This choice,
used in the original publication [4], is more appropriate in regimes where the Higgs boson (or the
accompanying QCD jets) are produced with large transverse momentum.

14
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Figure 5: Rapidity distribution of the charged lepton (left) and missing transverse momentum
(right) in charged-current Drell Yan production. The lower panel shows the ratio to the MiNNLOPS

prediction.

choice of the shower recoil scheme) plays a role in this improvement, as discussed in the previous
section.

Finally, we show a sample of kinematic distribution of the final-state leptons. For neutral-current
DY production we compare MiNNLOPS to fNNLO predictions for the rapidity distribution and
the transverse-momentum distribution of the positively charged lepton in Fig. 4. Similarly, in
the case of W+ production we show the same comparison for the missing transverse-momentum
distribution and for the rapidity distribution of the charged lepton in Fig 5. We observe a
very good agreement between the two calculations for the rapidity distributions, and for the
region of the transverse-momentum spectrum insensitive to shower e↵ects. Conversely, the parton
shower provides an improved description for pT,`+ (pmiss

T ) . 5GeV and pT,`+ (pmiss
T ) & mV /2

where the cross section is sensitive to multi particle emissions and therefore receives relevant
corrections from the parton shower that resums integrable, but large logarithmic terms. The
perturbative instability at the threshold is a well known feature of fixed-order calculations [25].
It appears at pT,`+ (pmiss

T ) ⇠ mV /2, since at LO, where the leptons are back-to-back and can
share only the available partonic centre-of-mass energy

p
ŝ = Q, the distribution is kinematically

restricted to the region pT,`+ (pmiss
T )  Q/2 and on-shell configurations Q ⇠ mV provide by far the

dominant contribution. The region pT,`+ (pmiss
T ) & mV /2 is filled only upon inclusion of higher-order

corrections, and the NNLO predictions becomes e↵ectively only NLO accurate, as indicated by the
enlarged uncertainty bands.

13
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MiNNLOPS for 2→2 colour singlets
[Lombardi, MW, Zanderighi '20]
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MiNNLOPS for 2→2 colour singlets
[Lombardi, MW, Zanderighi '20]
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MiNNLOPS for 2→2 colour singlets
[Lombardi, MW, Zanderighi '20]
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MiNNLOPS for 2→2 colour singlets
[Lombardi, MW, Zanderighi '20]
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MiNNLOPS for 2→2 colour singlets
[Lombardi, MW, Zanderighi '20]
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MiNNLOPS for 2→2 colour singlets
[Lombardi, MW, Zanderighi '20]
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MiNNLOPS for 2→2 colour singlets

[arXiv:1702.04519] 

[arXiv:1905.04242]

[CMS-PAS-SMP-16-006]

[arXiv:2009.00119]

[arXiv:1805.09857] 

[Lombardi, MW, Zanderighi '21]
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MiNNLOPS for 2→2 colour singlets

[arXiv:1702.04519] 

[arXiv:1905.04242]

[CMS-PAS-SMP-16-006]

[arXiv:2009.00119]

[arXiv:1805.09857] 

10 % 10 % 10 %

• sizeable NNLO corrections + improved accuracy 

[Lombardi, MW, Zanderighi '21]
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MiNNLOPS for 2→2 colour singlets

[arXiv:1805.09857] 

[arXiv:1702.04519] 

[arXiv:1905.04242]

[CMS-PAS-SMP-16-006]

[arXiv:2009.00119]

• sizeable NNLO corrections + improved accuracy 
• good agreement among NNLO predictions (differences induced by scale settings)

1.3 %

1.7 %

0.1 %

1.2 %

[Lombardi, MW, Zanderighi '21]
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MiNNLOPS for 2→2 colour singlets
[Lombardi, MW, Zanderighi '21]

[arXiv:1805.09857] 

[arXiv:1702.04519] 

[arXiv:1905.04242]

[CMS-PAS-SMP-16-006]

[arXiv:2009.00119]

• sizeable NNLO corrections + improved accuracy 

•  agreement with data in all setups1-2 σ

• good agreement among NNLO predictions (differences induced by scale settings)
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MiNNLOPS for 2→2 colour singlets

dσ/dmWW [fb/GeV] pp→�+ν� �'−ν�'@LHC 13 TeV
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✓ At high  NNLO+PS and MiNLO' predictions agreepT,W+
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MiNNLOPS for 2→2 colour singlets
[Lombardi, MW, Zanderighi '21]
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MiNNLOPS:  productionWW (ℓνℓ′ ν′ )
[Lombardi, MW, Zanderighi '21]
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MiNNLOPS:  productionWW (ℓνℓ′ ν′ )
[Lombardi, MW, Zanderighi '21]

dσ/dmWW [fb/GeV] pp→�+ν� �'−ν�'@LHC 13 TeV
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MiNNLOPS:  productionWW (ℓνℓ′ ν′ )
[Lombardi, MW, Zanderighi '21]
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jet-veto cut

✓ Analytic resummation only partially cures 
perturbative instabilities

✓ NNLO+PS results provide a more physical 
description also above jet-veto threshold
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MiNNLOPS:  productionWW (ℓνℓ′ ν′ )
[Lombardi, MW, Zanderighi '21]
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included in the uncertainty bands)
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MiNNLOPS for 2→2 colour singlets
[Lombardi, MW, Zanderighi '21]
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MiNNLOPS for 2→2 colour singlets
[Lombardi, MW, Zanderighi '21]
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Geneva:  NNLO+PSZZ (ℓℓℓ′ ℓ′ )
[Alioli et al. '21]

Diboson: comparison with data

I After inclusion of gg-channel at LO we compared to ATLAS and CMS

Simone Alioli | GENEVA | MBI 24/9/2021 | page 14

Diboson: comparison with data

I After inclusion of gg-channel at LO we compared to ATLAS and CMS

Simone Alioli | GENEVA | MBI 24/9/2021 | page 14

Diboson production: ZZ ! `+`�`
0+`

0�

I Experimentally very clean signature.
I Precision needed for costraining

anomalous couplings and Higgs boson
width.

I Numerically challenging 2-loop
corrections taken from VVAMP

I Complex kinematics dependence,
validated against MATRIX

Simone Alioli | GENEVA | MBI 24/9/2021 | page 13
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MiNNLOPS: nNNLO+PS (x EW) for ZZ (ℓℓℓ′ ℓ′ )
[Lombardi, MW, Zanderighi '21]
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✓ nNNLO+PS predictions in good agreement with CMS results, based on the a137fb-1 13TeV analysis (                      )![arXiv:2009.01186] 
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Figure 7: Comparison between the MiNNLOPS predictions and the CMS data of ref. [27]
based on a 137 fb�1 13 TeV analysis for various observables. The MiNNLOPS predictions
include hadronization and MPI effects, as well as QED effects as provided by the Pythia8
parton shower. See text for more details.
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

✦ NLO accurate observable

✦ MiNNLOPS agrees well with MiNLO

✦ shows that the way NNLO corrections 
included does not alter 1-jet observables                                       
(especially not in terms of shape)

✦ note: relatively large jet  threshold                                       
(not to become sensitive to NNLO effects)

′ 

pT

0

5

10

15

20

25
dæ

/d
¢

y t
t̄,
j 1

[p
b]

pT,j1 > 120 GeV MiNNLOPS

MiNLO0

°4 °2 0 2 4
¢ytt̄,j1

0.8

1.0

1.2

ra
ti
o

to
M

iN
N

L
O

P
S

pp ! tt̄ @ 13 TeV

MiNNLOPS for  productiontt̄



Marius Wiesemann    (MPP Munich) February 15th, 2022Progress on NNLO+PS matching 53

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

✦ total cross section:

MiNNLOPS and NNLO agree at permille 
level (note: different scale settings)

✦ excellent agreement of MiNNLOPS with 
NNLO for  rapidity               (especially 
in terms of shape)

✦ upper MiNNLOPS band slightly larger                 
(reflects additional sources of scale variations)

✦ substantial reduction of scale uncertainties 
w.r.t. MiNLO

✦ perfect agreement with CMS data
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4

Higher logarithmic accuracy could in principle be main-
tained in Eq. (11). However, this higher accuracy would
be spoiled by the PS used here, which is limited to LL.
On the other hand, Eq. (11) also preserves the class of
NLL corrections associated with the coe�cient A(2) in
the Sudakov, that are traditionally included in PS algo-
rithms [91]. The formulation of a (N)NLO matching to
PS that preserves logarithmic accuracy beyond LL is still
an open problem.

In the phenomenological study presented below, we
consider LHC collisions with a center of mass energy of
13 TeV. The top-quark pole mass is set to 173.3 GeV and
we consider five massless quark flavours using the corre-
sponding NNLO set of the NNPDF31 [92] parton den-
sities with ↵s(mZ) = 0.118. The renormalization scale
for the two powers of the strong coupling constant enter-

ing the Born cross section is set to µ(0)
R = KR mtt̄/2. In

the rest of Eq. (11), we implement the renormalization
(µR = KR µ0) and factorization (µF = KF µ0) scale de-
pendence as described in Ref. [66], with the central scale
µ0 = mtt̄/2 e�L (hence replacing the scales set to pT in
Eq. (11)), where we defined L = ln Q/pT and Q = mtt̄/2.
The logarithm L is turned o↵ in the hard region of the pT
spectrum so that the total derivative in Eq. (11) smoothly
vanishes for pT & Q as in Refs. [74, 93–96]. The depen-
dence of Eq. (11) on µR, µF and Q is of order O(↵5

s). At
small pT the scale of the strong coupling and the parton
densities is smoothly frozen around Q0 = 2 GeV follow-
ing the procedure of Ref. [67] to avoid the Landau sin-
gularity. To estimate the scale uncertainties we vary KR

and KF by a factor of 2 around their central value, while
keeping 1/2  KR/KF  2. Results with a di↵erent
central scale choice are reported in Ref. [97].

For comparison, we consider results from the fixed-
order NNLO calculation of Ref. [11, 12] obtained with the
Matrix code [98] using µ0 = mtt̄/2. Furthermore, we
also show MiNLO0 results, obtained with the NLO+PS
generator for tt̄ plus zero and one jet, constructed by
turning o↵ the NNLO corrections in Eq. (11). The latter
constitutes a new calculation as well.

MiNLO0 NNLO MiNNLOPS

695.6(3)+22%
�17% pb 769.8(9)+5.0%

�6.5% pb 775.5(2)+9.8%
�7.2% pb

TABLE I. The total tt̄ cross section in di↵erent approxima-
tions. The quoted errors represent the scale uncertainty, while
the numbers in brackets are the numerical uncertainty on the
last digit.

Table I shows the total cross section for top-quark pair
production for MiNLO0, NNLO and MiNNLOPS. The
central MiNLO0 result is about 10.3% (9.6%) smaller
than the MiNNLOPS (NNLO) prediction and features
much larger scale scale uncertainties. The MiNNLOPS

result instead agrees with NNLO at the sub-percent level,
well within the perturbative uncertainties. Small numeri-
cal di↵erences are expected even for inclusive observables,

since the MiNNLOPS and NNLO calculations di↵er by
terms beyond accuracy.

In Fig. 1 we examine a set of di↵erential distributions.
To validate MiNNLOPS, we compare it to the NNLO
prediction without fiducial cuts, which could lead to sig-
nificant di↵erences due to the PS. Experimental data
from the CMS collaboration unfolded and extrapolated
to the inclusive phase space [99], and divided by the ap-
propriate branching fractions, are also shown. The top–
left plot shows the rapidity di↵erence between the tt̄ sys-
tem and the leading jet defined with pT, j1 � 120 GeV.
Both MiNLO0 and MiNNLOPS are formally NLO accu-
rate in this case, and the agreement between them indi-
cates that this accuracy is retained by the MiNNLOPS

procedure. The same conclusion holds for other observ-
ables that require at least one resolved hard jet.

The distributions in the average top-quark rapidity
(ytav) and transverse momentum (pT,tav) as well as in
the invariant mass (mtt̄) and rapidity (ytt̄) of the tt̄ pair
shown in Fig. 1 are inclusive over QCD radiation. For
such distributions MiNNLOPS is expected to be NNLO
accurate. Indeed, MiNNLOPS and NNLO yield consis-
tent results, with fully overlapping uncertainty bands.
The small di↵erences in the central value are once again
due to the di↵erent treatment of terms beyond NNLO ac-
curacy. The larger uncertainty bands of the MiNNLOPS

predictions are expected, since additional scale depen-
dent terms are included within the first term in the r.h.s.
of Eq. (11) that are not present in the fixed-order calcula-
tion. In comparison to the MiNLO0 results the inclusion
of NNLO corrections through MiNNLOPS has an im-
pact of about 10%–20% on the di↵erential distributions
and substantially reduces the perturbative uncertainties.
Also the agreement with data is quite remarkable. All
data points are within one standard deviation from the
MiNNLOPS prediction, with the exception of the very
first bin in the mtt̄ distribution that, on the other hand,
is strongly a↵ected by the finite width of the top, whose
e↵ects are not included here.

We finally discuss the transverse-momentum spectrum
of the tt̄ pair, denoted by pT, tt̄ in the bottom–right panel
of Fig. 1. At large transverse momenta, the three predic-
tions considered are e↵ectively NLO accurate. Indeed,
MiNLO0 and MiNNLOPS are essentially indistinguish-
able in that region, and at the same time consistent with
the spectrum at fixed order. The small di↵erences with
NNLO are due to the generation of further radiation by
the PS. At small transverse momenta, MiNNLOPS in-
duces O(10%) corrections with respect to MiNLO0 and
significantly reduces the large scale dependence. In this
region, it also di↵ers in shape from the NNLO calcu-
lation, which diverges and becomes unphysical for van-
ishing transverse momenta. Within the relatively large
experimental errors, MiNNLOPS slightly improves the
description of the data in terms of shape compared to
NNLO for this observable.

In this letter we have presented the matching of the
NNLO computation for top-quark pair production at
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✦ total cross section:

MiNNLOPS and NNLO agree at permille 
level (note: different scale settings)

✦ excellent agreement of MiNNLOPS with 
NNLO for  rapidity               (especially 
in terms of shape)

✦ upper MiNNLOPS band slightly larger                 
(reflects additional sources of scale variations)

✦ substantial reduction of scale uncertainties 
w.r.t. MiNLO

✦ perfect agreement with CMS data
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Higher logarithmic accuracy could in principle be main-
tained in Eq. (11). However, this higher accuracy would
be spoiled by the PS used here, which is limited to LL.
On the other hand, Eq. (11) also preserves the class of
NLL corrections associated with the coe�cient A(2) in
the Sudakov, that are traditionally included in PS algo-
rithms [91]. The formulation of a (N)NLO matching to
PS that preserves logarithmic accuracy beyond LL is still
an open problem.

In the phenomenological study presented below, we
consider LHC collisions with a center of mass energy of
13 TeV. The top-quark pole mass is set to 173.3 GeV and
we consider five massless quark flavours using the corre-
sponding NNLO set of the NNPDF31 [92] parton den-
sities with ↵s(mZ) = 0.118. The renormalization scale
for the two powers of the strong coupling constant enter-

ing the Born cross section is set to µ(0)
R = KR mtt̄/2. In

the rest of Eq. (11), we implement the renormalization
(µR = KR µ0) and factorization (µF = KF µ0) scale de-
pendence as described in Ref. [66], with the central scale
µ0 = mtt̄/2 e�L (hence replacing the scales set to pT in
Eq. (11)), where we defined L = ln Q/pT and Q = mtt̄/2.
The logarithm L is turned o↵ in the hard region of the pT
spectrum so that the total derivative in Eq. (11) smoothly
vanishes for pT & Q as in Refs. [74, 93–96]. The depen-
dence of Eq. (11) on µR, µF and Q is of order O(↵5

s). At
small pT the scale of the strong coupling and the parton
densities is smoothly frozen around Q0 = 2 GeV follow-
ing the procedure of Ref. [67] to avoid the Landau sin-
gularity. To estimate the scale uncertainties we vary KR

and KF by a factor of 2 around their central value, while
keeping 1/2  KR/KF  2. Results with a di↵erent
central scale choice are reported in Ref. [97].

For comparison, we consider results from the fixed-
order NNLO calculation of Ref. [11, 12] obtained with the
Matrix code [98] using µ0 = mtt̄/2. Furthermore, we
also show MiNLO0 results, obtained with the NLO+PS
generator for tt̄ plus zero and one jet, constructed by
turning o↵ the NNLO corrections in Eq. (11). The latter
constitutes a new calculation as well.

MiNLO0 NNLO MiNNLOPS

695.6(3)+22%
�17% pb 769.8(9)+5.0%

�6.5% pb 775.5(2)+9.8%
�7.2% pb

TABLE I. The total tt̄ cross section in di↵erent approxima-
tions. The quoted errors represent the scale uncertainty, while
the numbers in brackets are the numerical uncertainty on the
last digit.

Table I shows the total cross section for top-quark pair
production for MiNLO0, NNLO and MiNNLOPS. The
central MiNLO0 result is about 10.3% (9.6%) smaller
than the MiNNLOPS (NNLO) prediction and features
much larger scale scale uncertainties. The MiNNLOPS

result instead agrees with NNLO at the sub-percent level,
well within the perturbative uncertainties. Small numeri-
cal di↵erences are expected even for inclusive observables,

since the MiNNLOPS and NNLO calculations di↵er by
terms beyond accuracy.

In Fig. 1 we examine a set of di↵erential distributions.
To validate MiNNLOPS, we compare it to the NNLO
prediction without fiducial cuts, which could lead to sig-
nificant di↵erences due to the PS. Experimental data
from the CMS collaboration unfolded and extrapolated
to the inclusive phase space [99], and divided by the ap-
propriate branching fractions, are also shown. The top–
left plot shows the rapidity di↵erence between the tt̄ sys-
tem and the leading jet defined with pT, j1 � 120 GeV.
Both MiNLO0 and MiNNLOPS are formally NLO accu-
rate in this case, and the agreement between them indi-
cates that this accuracy is retained by the MiNNLOPS

procedure. The same conclusion holds for other observ-
ables that require at least one resolved hard jet.

The distributions in the average top-quark rapidity
(ytav) and transverse momentum (pT,tav) as well as in
the invariant mass (mtt̄) and rapidity (ytt̄) of the tt̄ pair
shown in Fig. 1 are inclusive over QCD radiation. For
such distributions MiNNLOPS is expected to be NNLO
accurate. Indeed, MiNNLOPS and NNLO yield consis-
tent results, with fully overlapping uncertainty bands.
The small di↵erences in the central value are once again
due to the di↵erent treatment of terms beyond NNLO ac-
curacy. The larger uncertainty bands of the MiNNLOPS

predictions are expected, since additional scale depen-
dent terms are included within the first term in the r.h.s.
of Eq. (11) that are not present in the fixed-order calcula-
tion. In comparison to the MiNLO0 results the inclusion
of NNLO corrections through MiNNLOPS has an im-
pact of about 10%–20% on the di↵erential distributions
and substantially reduces the perturbative uncertainties.
Also the agreement with data is quite remarkable. All
data points are within one standard deviation from the
MiNNLOPS prediction, with the exception of the very
first bin in the mtt̄ distribution that, on the other hand,
is strongly a↵ected by the finite width of the top, whose
e↵ects are not included here.

We finally discuss the transverse-momentum spectrum
of the tt̄ pair, denoted by pT, tt̄ in the bottom–right panel
of Fig. 1. At large transverse momenta, the three predic-
tions considered are e↵ectively NLO accurate. Indeed,
MiNLO0 and MiNNLOPS are essentially indistinguish-
able in that region, and at the same time consistent with
the spectrum at fixed order. The small di↵erences with
NNLO are due to the generation of further radiation by
the PS. At small transverse momenta, MiNNLOPS in-
duces O(10%) corrections with respect to MiNLO0 and
significantly reduces the large scale dependence. In this
region, it also di↵ers in shape from the NNLO calcu-
lation, which diverges and becomes unphysical for van-
ishing transverse momenta. Within the relatively large
experimental errors, MiNNLOPS slightly improves the
description of the data in terms of shape compared to
NNLO for this observable.

In this letter we have presented the matching of the
NNLO computation for top-quark pair production at

overall factor in Born: 

MiNNLOPS scales:

,     

α2
s (mtt̄)

μR = μF = mtt̄ e−L Q =
mtt̄

2

8

SUPPLEMENTAL MATERIAL

In this appendix we complement the results presented in the letter by comparing MiNNLOPS, MiNLO0, and NNLO

predictions with di↵erent scale settings. In particular, we set µ(0)
R = KR mtt̄ and µ0 = mtt̄ e�L for MiNNLOPS and

MiNLO0, and we use µ0 = mtt̄ for the NNLO fixed-order calculation. The other settings are as reported in the main
text. Table ?? reports the total cross sections, while Fig. ?? shows the same distributions as shown in the letter,
but with the updated scale setting. Despite the fact that higher-order di↵erences are expected for all observables, we
observe an excellent agreement between MiNNLOPS and NNLO predictions for this scale choice.

MiNLO0 NNLO MiNNLOPS

572.9(2)+21%
�17% pb 719.1(8)+7.0%

�7.6% pb 719.8(2)+7.6%
�7.4% pb

TABLE II. The total tt̄ cross section in di↵erent approximations. The quoted errors represent the scale uncertainty, while the
numbers in brackets are the numerical uncertainty on the last digit.

FIG. 2. Same as Fig. 1, albeit without data and with the scale setting µ(0)
R = KR mtt̄ and µ0 = mtt̄ e

�L for MiNNLOPS and
MiNLO0, and µ0 = mtt̄ for NNLO.
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✦ good description of measured  invariant-
mass spectrum  

✦ except for first bin at  threshold         
(finite width & non-relativistic effects)

✦ MiNNLOPS and NNLO compatible within 
uncertainties 

✦ slightly different shape                    
(different treatment of higher-order terms)

✦ slightly larger uncertainties in tail                 
(reflects additional sources of scale variations)
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✦ NLO accurate at large  and full 
agreement of MiNNLOPS with MiNLO

✦ also here: larger uncertainties in tail 
reflect additional sources of scale 
variations

✦ fixed-order unphysical at small 

✦ MiNNLOPS improves shape w.r.t. NNLO

✦ good description of data                
(especially in terms of shape!)
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