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My first work with Paolo
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My first work with Paolo
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My first work with Paolo
Main problems faced: 

• calculation of virtual corrections very slow hard to compute 

reliable upper bounds 

• with very low generation efficiency 

Both problems solved by adding new features/options to the 
POWHEG BOX which are now largely standard 

… 
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My first work with Paolo
Sample results

• A work that set the ground to the implementation of more 
complicated process in the POWHEG BOX


• For myself: the beginning of a long lasting collaboration with Paolo 

Melia, Nason, Rontsch, GZ 1102.4846
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MiNNLOPS
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POWHEG
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POWHEG
POWHEG: hardest emission generator at NLO accuracy, 
events subsequently fed to parton shower for softer radiation 
to achieve NLO+PS accuracy  

POWHEG master formula: 

[Nason’04; Frixione, Nason, Oleari, ’07; Alioli, Nason, Oleari, Re’10] 
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SiNLO
SiNLO (Sudakov Improved NLO): suitable modification of the 
POWHEG B function such that the inclusive colour-singlet (F) + 
jet cross section remains finite when the jet pT vanishes    

[Hamilton, Nason, GZ ’12] 

Here: S(pT) Sudakov form factor obtained from transverse momentum resummation  

_
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SiNLO
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SiNLO
MiNLO (Multi scale Improved NLO): suitable modification of 
the POWHEG B function such that the inclusive colour-singlet 
(F) + jet cross section remains finite when the jet pT vanishes    

[Hamilton, Nason, GZ ’12] 

Here: S(pT) Sudakov form factor obtained from transverse momentum resummation  

_

MiNLO’: adjustment of the Sudakov form factor such that the 
inclusive cross-section is NLO accurate (requires B2 resummation 
coefficient and appropriate scale setting)    

[Hamilton, Nason, Oleari, GZ ’12] 
F+2j F+jet F

Fj-MiNLO LO NLO NLO
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NNLOPS

Thus, reweighing HJ-MiNLO events with this factor, and applying a 
parton shower to the events, one obtains NNLO+PS accuracy  

Since H+1jet-MiNLO (HJ-MiNLO) is NLO accurate, it follows that 
�

d�
dy

�
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d�
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For Higgs production, the Born kinematics is fully specifi


�
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NNLO
inclusive Higgs rapidity computed at NNLO

inclusive Higgs rapidity from H+1jet-MiNLO

Hamilton, Nason, Re, GZ 1309.0017
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Variants of the method
Variants of the method are possible. One splits the cross-section as  

with h a function between 1 and 0, e.g.  

And one can re-weight the HJ-MiNLO events with the factor 

The idea is to distribute the virtual correction only in the low-pt region 
(in the high pt region no improvement) and to preserve exactly the 
NNLO rapidity distribution 


d� = d�A + d�B d�A = d� · h(pT ) d�B = d� · (1� h(pT ))

h(pT ) =
(cmH)�

(cmH)� + p�
T
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Hamilton, Nason, Re, GZ 1309.0017
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NNLOPS results

• JetVHeto: NNLO+NNLL                                           [Banfi

• agreement at the level of 2-3% everywhere

Jet-veto effi
Hamilton, Nason, Re, GZ 1309.0017
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NNLOPS: other processes
Key ingredient of NNLOPS is the reweighing to the Born phase space


Dimension of [φB] Improvements

Higgs 1

Drell Yan 3 2 angles parametrised with 
8 Collins-Soper coeffs. 

HW/HZ 4 8 CS coeffs. + 2 variables

WW 9 64 CS coeffs + 4 variables

It is clear that the need for an a-posteriori reweighting, besides being 
impractical, becomes the limiting feature of the approach 




MiNNLOPS
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MiNNLOPS: further modification of MiNLO’ formula to obtain    

[Monni, Nason, Re, Wiesemann, GZ ’20; Monni, Re, Wiesemann,’20] 

F+2j F+jet F
Fj-MiNLO LO NLO NLO
MiNNLOPS LO NLO NNLO

<latexit sha1_base64="heeuLlvuf/C0LhE9ejLxyybTzt4="></latexit>

d�
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(0)
cc̄ ⇥ exp[�Sc(b)]⇥ [HC1C2]cc̄;a1a2 ⇥ fa1fa2

Starting point of MiNNLOPS is the transverse momentum 
resummation formula for colour singlet production, differential 
in the Born phase space     



MiNNLOPS
[Monni, Nason, Re, Wiesemann, GZ ’19; Monni, Re, Wiesemann,’20] 

F+2j F+jet F
Fj-MiNLO LO NLO NLO
MiNNLOPS LO NLO NNLO

Starting point of MiNNLOPS is the transverse momentum 
resummation formula for colour singlet production, differential 
in the Born phase space     

   : luminosity factor, computed up to NNLO (includes hard virtual matrix elements 
for F and convolution of collinear coefficient functions with PDFs)  
S: Sudakov form factor  

<latexit sha1_base64="XQswRSMmlkRIr7iHq4yVuT5tcFU=">AAAB73icdZDLSgMxFIYzXut4q7p0EyyCqyEjtrYLsejGhYsK9gLtUDJppg3NZMYkI5ShL+HGhSKCK5/EvRvxbcy0Cir6Q+Dn+88h5xw/5kxphN6tmdm5+YXF3JK9vLK6tp7f2GyoKJGE1knEI9nysaKcCVrXTHPaiiXFoc9p0x+eZnnzmkrFInGpRzH1QtwXLGAEa4NaaYdgDs/H3XwBOUXkVkoliByE3IOya0ylUjYQuoZkKhy/2Efx05td6+ZfO72IJCEVmnCsVNtFsfZSLDUjnI7tTqJojMkQ92nbWIFDqrx0Mu8Y7hrSg0EkzRMaTuj3jhSHSo1C31SGWA/U7yyDf2XtRAdlL2UiTjQVZPpRkHCoI5gtD3tMUqL5yBhMJDOzQjLAEhNtTmSbI3xtCv83jX3HLTrowi1UT8BUObANdsAecMEhqIIzUAN1QAAHN+AO3FtX1q31YD1OS2esz54t8EPW8wd8R5NF</latexit>
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MiNNLOPS: further modification of MiNLO’ formula to obtain    



MiNNLOPS
Match to fixed order, keeping the Sudakov factored out 

Nothing but the 
MiNLO formula

New terms required to preserve 
the NNLO accuracy 

Results in the MiNNLOPS formula for B
_

Fcorr: factor required to spread the “D”-terms in the full FJ phase space  

20



MiNNLOPS
Note that 

<latexit sha1_base64="MDJ5//TAVHp600q3SJxxVZfYMcI="></latexit>

(D �D(1)
�D(2)) = O(↵3

sL)

but these terms contribute at NNLO since 
<latexit sha1_base64="jcHm/aTdhoH/fN4Jfr6VM9YxxTg="></latexit>R
dL↵n

sL
me�↵sL

2

= ↵n�(m+1)/2
s

➾ Setting n = 3 and m=1 one obtains a NNLO contribution 

• all           terms required are those already present in a NNLO 
matched resummed calculation


• it is possible to either expand (1) and keep only terms of          or 
include all higher-order terms. The latter choice is preferred since 
it preserved the total derivative.
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Two remarks:

(1)



MiNNLOPS: 2 →1
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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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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.
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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.
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[Monni, Nason, Re, Wiesemann, GZ ’19; Monni, Re, Wiesemann,’20] 



MiNNLOPS: 2 →2
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Figure 8: Differential distributions in the fiducial-1-JV phase space.
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dσ/dpT,γ [fb/GeV] pp→Z→�+�-γ@LHC 13 TeV
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Figure 10: MiNNLOPS predictions (blue, solid) compared to ATLAS 13 TeV data (green
points with error bars). For pT,``� also NNLO+N3LL (green, double-dash-dotted) is shown.
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[Lombardi, MW, Zanderighi '21][Lombardi, MW, Zanderighi '20 '21] [Buonocore, Koole, Lombardi, 
Rottoli, MW, Zanderighi '21]

also  production [Gavardi, Oleari, Re '22]  and   with  in SM [Zanoli, Chiesa, Re, MW, Zanderighi ’21] and in SMEFT [Haisch, MW, Zanderighi, Zanoli’22]γγ VH H → bb̄



MiNNLOPS for tt
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[Catani, Grazzini, Torre ’14] 

The resummation for top-pair production is more complicated and involves ISR, 
FSR and interference (soft, large angle). Since there are 4 emitters, it involves 
matrices/vectors in colour space (denoted in bold):



MiNNLOPS for tt
The goal: 

write the previous equation as a total derivative, up to higher-order terms.  

Not trivial, but can be achieved with suitable rotations in colour space and 
expansions 


Note: the logarithmic accuracy beyond LL does not need to be preserved and only 
NNLO singular terms must be kept

25

[Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan ’19] 

Input required to obtain the correct (azimuthally averaged) NNLO result available 

 



MiNNLOPS for tt
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O(↵5
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VNLL encodes leading effects of Δ and “tilde” denotes a suitable modification of the 
given function. 

 

The above procedure leads to our master formula for top-pair production: 

The integral in pT of the above equation provides NNLO accurate description of top-
pair production, differential in the Born phase space, and provides the standard 
basis on how to modify the POWHEG B-function of the ttJ generator.   

_

26

all details in Mazzitelli, Monni, Nason, Re, Wiesemann, GZ 2012.14267, 2112.12135 

Extension to bb-production in progress 
Mazzitelli, Ratti, Wiesemann, GZ 22xx.xxxx



Numerical results 
Settings:
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the first integral neglecting subleading corrections (specifically into the B̃(2)
cc̄ coefficient),

namely

B̃(2)
cc̄ (KR, KQ) ⌘ B̃(2)

cc̄ (KR) � ⇡�0 ln K2
Q

⇣
A(1)

cc̄ ln K2
Q � 2B̃(1)

cc̄

⌘
, (4.8)

while the non-logarithmic terms are expanded out of the exponential and absorbed into
the Hcc̄ hard factor. Consistently, we then change the scales of the strong coupling and
parton densities in the hard factor H̃cc̄ and parton distribution functions in the luminosity
factor (3.31) as follows:

µR = KR pT ! µR =
KR

KQ
pT , µF = KF pT ! µF =

KF

KQ
pT . (4.9)

The above procedure results in the following scale dependence in the coefficients H̃(i)
cc̄ and

C̃ij

H(1)
cc̄ (KR, KQ) ⌘ H(1)

cc̄ (KR) +

 
�

A(1)
cc̄

2
ln K2

Q + B̃(1)
cc̄

!
ln K2

Q , (4.10)

H̃(2)
cc̄ (KR, KQ) ⌘ H̃(2)

cc̄ (KR) +
(A(1)

cc̄ )2

8
ln4 K2

Q �

 
A(1)

cc̄ B̃(1)
cc̄

2
+ ⇡�0

A(1)
cc̄

3

!
ln3 K2

Q

+

 
�

A(2)
cc̄ (KR)

2
+

(B̃(1)
cc̄ )2

2
+ ⇡�0B̃

(1)
cc̄ � nB⇡�0A

(1)
cc̄ ln

(µ(0)
R )2

m2
QQ̄

!
ln2 K2

Q

+

 
B̃(2)

cc̄ (KR) + 2nB⇡�0B̃
(1)
cc̄ ln

(µ(0)
R )2

m2
QQ̄

!
ln K2

Q

+

 
B̃(1)

cc̄ ln K2
Q �

A(1)
cc̄

2
ln2 K2

Q � 2⇡�0 ln K2
Q

!
H(1)

cc̄ , (4.11)

and

C(1)
ij (z, KF, KQ) ⌘ C(1)

ij (z, KF/KQ) , (4.12)

C̃(2)
ij (z, KF, KR, KQ) ⌘ C̃(2)

ij (z, KF/KQ, KR/KQ) . (4.13)

4.3 Profiled logarithms and scale setting at large pT

In order to actually turn off all resummation effects at pT ⇠ Q we introduce a (new version
of the) modified logarithm by means of the replacement

ln
Q

pT
! L (4.14)

with

L ⌘

8
>>><

>>>:

ln Q
pT

if pT 
Q
2 ,

ln

✓
a0 + a1

pT
Q + a2

⇣
pT
Q

⌘2◆
if Q

2 < pT  Q ,

0 if pT > Q ,

(4.15)
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• 13 TeV LHC collisions

• Scale setting: 

‣Overall scales in Born:             with   
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↵s(µ
0
R)

<latexit sha1_base64="8niHIPW8MyAbkgXooVpE4BKXpxc="></latexit>

µ
0
R = H

tt
T /4 =

1

4

⇣q
m

2
t + p

2
T,t +

q
m

2
t̄ + p

2
T,t̄

⌘

‣MiNNLOPS scales:               
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µ0
R = µ0

F = mtte
�L

‣We use a new form of modified logarithm                

‣Standard 7-point scale variation 

‣Shower done by Pythia 8 (Monash tune, dipole recoil) 

‣Comparison to data unfolded to inclusive tt and fiducial top-decay phase space 
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‣ Large pT,j1-cut to be insensitive to 
NNLO effects 


‣ Good agreement with MiNLO’ and 
MiNNLOPS (both NLO accurate) 


Distance in rapidity between 
jet and top-system

Mazzitelli, Monni, Nason, Re, Wiesemann, GZ, 2012.14267 
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Numerical results 
Total cross section
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● 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

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


‣ excellent agreement of 
MiNNLOPS with NNLO for  
rapidity


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

tt̄

′￼
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Figure 2. Comparison of MiNNLOPS (blue, solid), MiNLO0 (black, dashed), and NNLO QCD
(red, dashed) predictions with CMS data [53] (black points with errors) in setup-inclusive.

5.2 Comparison to data extrapolated to the inclusive tt̄ phase space

We start our presentation of phenomenological results by considering distributions in the
inclusive tt̄ phase space. In figure 2 we show MiNNLOPS (blue, solid), MiNLO

0 (black,
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Figure 2. Comparison of MiNNLOPS (blue, solid), MiNLO0 (black, dashed), and NNLO QCD
(red, dashed) predictions with CMS data [53] (black points with errors) in setup-inclusive.

5.2 Comparison to data extrapolated to the inclusive tt̄ phase space

We start our presentation of phenomenological results by considering distributions in the
inclusive tt̄ phase space. In figure 2 we show MiNNLOPS (blue, solid), MiNLO

0 (black,
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '21]

Data unfolded to inclusive  phase space from [CMS PRD 97 (2018) 112003]tt̄

excellent agreement of MiNNLOPS with NNLO at inclusive level

improved description of top transverse momenta w.r.t. NNLO
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Figure 3. Comparison of MiNNLOPS (blue, solid) and MiNLO0 (black, dashed) predictions with
ATLAS data [46] (black points with errors) in setup-leptonic, including decays of ⌧ leptons.
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Including top decays
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[Following the ttJ implementation in POWHEG of Alioli, Moch, Uwer  1110.5251]

Data unfolded to fiducial  phase space from [ATLAS EPJC 80 (2020) 528]ℓ+νℓ−ν̄bb̄

Top-decays included using ratio of tree-level decays and undecayed matrix elements 
(like Madspin with spin correlations)


J. Mazzitelli et al 2112.12135  



Top-decays included using ratio of tree-level decays and undecayed matrix 
elements (like Madspin with spin correlations)


[Following the ttJ implementation in POWHEG of Alioli, Moch, Uwer  1110.5251]
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Figure 4. Comparison of MiNNLOPS (blue, solid) and MiNLO0 (black, dashed) predictions with
CMS data [53] (black points with errors) in setup-semi-leptonic.

the top-quark decay products. Note, however, that there is still a slight difference in terms
of shape between the MiNNLOPS curve and the data points at low mtt̄ that is likely due
to the missing finite width effects in the applied on-shell approximation of the top quarks.
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Data unfolded to fiducial  phase space from [CMS PRD 97 (2018) 112003]ℓνqq̄′￼bb̄

Including top decays



Top-decays included using ratio of tree-level decays and undecayed matrix 
elements (like Madspin with spin correlations)


[Following the ttJ implementation in POWHEG of Alioli, Moch, Uwer  1110.5251]
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Including top decays

Data unfolded to fiducial  phase space from [ATLAS JHEP 01 (2021) 033]qq̄′￼q′￼′￼̄q′￼′￼′￼bb̄
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Figure 5. Comparison of MiNNLOPS (blue, solid) and MiNLO0 (black, dashed) predictions with
ATLAS data [48] (black points with errors) in setup-hadronic.

different shape compared to MiNNLOPS, leading to a worse agreement in the tail of the
Htt̄

T distribution.
The third observable shown in figure 5 is the cross section as a function of the ratio

(Rleading
W t ) of the transverse momentum of the W boson originating from the leading top

quark with respect to the transverse momentum of the leading top quark. As can be
seen, the cross section peaks around the value where the W boson takes 75% of the top-
quark transverse momentum, while it is rather unlikely that the W boson has a transverse
momentum which is larger than that of its parent (leading) top quark, or less than half of
it. Also here MiNNLOPS predictions are in good agreement with the data. It is reassuring
to see especially the shape to be extremely well described, given that the definition of this
ratio originates entirely from the hadronic top-quark decays that are included only at tree
level in our calculation. In fact, ref. [48] has defined and measured various such ratios and
we have found our MiNNLOPS predictions to be in excellent agreement with the data in
all cases, as can be seen from the additional observables provided in appendixC.4.

The last three observables in figure 5 concern the transverse momenta of the top quarks.
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Conclusions
• Presented MiNNLOPS methods, relying on MiNLO and POWHEG 


• Focused on results for top pair production

‣ First NNLO+PS generator for a coloured process


‣ Good agreement with ATLAS/CMS data


‣ Code implemented in POWHEG BOX V2 and public


‣ Results include top-decays with spin correlations


‣ Method allow the inclusion of decays at NNLO, once the relevant input becomes 
available  
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• A few concluding remarks  … 
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Since January 2019 … 
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Since January 2019 … 

Thank you Paolo! 


