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[ATLAS EPJC (2019) 290]

✦ SM precision measurements
 e.g. top mass (or ) extractionαs

✦ probe of new physics (top sector: rich BSM/SMEFT sensitivity)
e.g. [Brivio, Bruggisser, Maltoni, Moutafis, Plehn, Vryonidou, Westhoff, Zhang ’19]

✦ PDF fits
(gluon PDF at large x)

e.g. [Czakon, Mangano, Mitov. Rojo '13]

Importance of  at LHCtt̄
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Data/Theory differences in  at LHCtt̄

Di↵erential tt̄ cross sections in e/µ+jets events: resolved

p-valPOW+P8 = 0.18 Parton level p-valPOW+P8 = 0.49
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p-valPOW+P8 = 0.20 Particle level p-valPOW+P8 = 0.86
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– softer pT(t) compared to Powheg/MG5(FxFx)+Pythia8 and Sherpa at parton and particle
levels
– reduced modelling uncertainties in particle-level measurement
ATLAS p-values exclude uncertainties in prediction
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✦  at NNLO QCD

✦ NNLO+PS for colour singlets

tt̄
[Bärnreuther, Czakon, Mitov '12], 

[Czakon, Mitov '12], 

[Czakon, Fiedler, Mitov '13], 

[Czakon, Fiedler, Heymes, Mitov '15 '16],

... and many more applications/advancements ...

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

[Catani, Devoto, Grazzini, Kallweit, Mazzitell '19]

❖  MiNLO+reweight [Hamilton, Nason, Zanderighi '12]

❖  Geneva [Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi '13]

❖  UNNLOPS [Höche, Prestel '14]

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

[Behring, Czakon, Mitov, Papanastasiou, Poncelet '19]

Theory predictions 
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known for almost 10 years !
➙ yet  NNLO+PS only nowtt̄

Theory predictions 
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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,...]

2 / 13
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This talk:

★ NNLO+PS for colour singlets
❖ MiNNLOPS formalism

❖ some examples

★ NNLO+PS for heavy quarks
❖ complications & formalism

❖ results
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✦  seminal approaches for NLO+PS many years ago (POWHEG, MC@NLO)

✦  first NNLO+PS for simple 2→1 processes
❖  MiNLO+reweighting [Hamilton, Nason, Zanderighi '12, + Re '13], 

                                [Karlberg, Hamilton, Zanderighi '14]

❖  Geneva [Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi '13], 

   [Alioli, Bauer, Berggren, Tackmann, Walsh '15]

❖  UNNLOPS [Höche, Prestel '14]

✦  MiNNLOPS:  new approach with enormous potential
[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20] 

❖  physically sound (no new unphysical scale)

❖  applicable beyond 2→1 processes (even beyond colour-singlet)
❖  numerically efficient

NNLO+PS
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✦ starting equation:

ℒ ∼ H (C ⊗ f ) (C ⊗ f )
(symbolically)

≡ D

✦ combine with  fixed order  :F + jet dσFJ

MiNNLOPS for colour singlets
[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

dσres
F

dpT dΦB
=

d
dpT

{e−Sℒ} = e−S {S′�ℒ + ℒ′�}

dσF = dσres
F + [dσFJ]f.o. − [dσres

F ]f.o. = e−S{D +
[dσFJ]f.o.

[e−S]f.o.
1−S(1)⋯

−
[dσres

F ]f.o.

[e−S]f.o.

−D(1)−D(2)⋯

}
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✦ starting equation:

ℒ ∼ H (C ⊗ f ) (C ⊗ f )
(symbolically)

≡ D

✦ combine with  fixed order  :

✦ expanded up to  we have:    (resummation scheme:  )

F + jet dσFJ

α3
s (pT) μR = μF ∼ pT

MiNNLOPS for colour singlets
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dσres
F

dpT dΦB
=

d
dpT

{e−Sℒ} = e−S {S′�ℒ + ℒ′�}

dσF = dσres
F + [dσFJ]f.o. − [dσres

F ]f.o. = e−S{D +
[dσFJ]f.o.

[e−S]f.o.
1−S(1)⋯

−
[dσres

F ]f.o.

[e−S]f.o.

−D(1)−D(2)⋯

}

dσMiNNLO
F ∼ e−S {dσ(1)

FJ(1

∼αs(pT)

+ S(1)) + dσ(2)
FJ

∼α2
s (pT)

+ (D − D(1) − D(2))
∼α3

s (pT)

+ regular}
D(3) + 𝒪(α4

s )

(very symbolic/simplified)
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=
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dσres
F

dpT dΦB
=

d
dpT

{e−Sℒ} = e−S {S′�ℒ + ℒ′�}

MiNLO NNLO correction

beyond accuracy

dσF = dσres
F + [dσFJ]f.o. − [dσres

F ]f.o. = e−S{D +
[dσFJ]f.o.

[e−S]f.o.
1−S(1)⋯

−
[dσres

F ]f.o.

[e−S]f.o.

−D(1)−D(2)⋯
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MiNNLOPS for colour singlets
[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

dσMiNNLO
F ∼ e−S {dσ(1)

FJ(1 + S(1)) + dσ(2)
FJ

+ (D − D(1) − D(2)) + regular}
✦ Why singular  terms needed for NNLO in  (after  integration) ?α3

s (pT) αs(Q) pT

∫
Q

ΛQCD

dpT e−S αn
s (pT)

1
pT

logm Q
pT

∼ 𝒪 (αn− m + 1
2

s (Q))➙ power counting:
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MiNNLOPS for colour singlets
[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

dσMiNNLO
F ∼ e−S {dσ(1)

FJ(1 + S(1)) + dσ(2)
FJ

+ (D − D(1) − D(2)) + regular}

✦ NNLO+PS by constructing POWHEG weight (  function) using MiNNLO:B̄

dσMiNNLOPS
F = B̄ MiNNLOPS × {Δpwg(Λpwg) + ∫ dΦradΔpwg(pT,rad)

RFJ

BFJ }
B̄ MiNNLOPS ∼ e−S {dσ(1)

FJ(1 + S(1)) + dσ(2)
FJ

+ (D − D(1) − D(2)) × Fcorr}
➙ spreads NNLO corrections 
    in the  phase spaceF + jet

✦ Why singular  terms needed for NNLO in  (after  integration) ?α3
s (pT) αs(Q) pT

∫
Q

ΛQCD

dpT e−S αn
s (pT)

1
pT

logm Q
pT

∼ 𝒪 (αn− m + 1
2

s (Q))➙ power counting:
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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.

12

15

MiNNLOPS for 2→1 colour singlets
[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]
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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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Figure 8: Differential distributions in the fiducial-1-JV phase space.
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[Lombardi, MW, Zanderighi '21][Lombardi, MW, Zanderighi '20]
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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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ATLAS data

MiNNLOPS for 2→2 colour singlets

[Re, MW, Zanderighi '18]
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MiNNLOPS for 2→2 colour singlets

[Re, MW, Zanderighi '18]

➙ more to come!
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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 for heavy quarks

[Catani, Grazzini, Torre '14]
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

dσF
res ∼

d
dpT

{e−S Tr(HΔ) (C ⊗ f ) (C ⊗ f )}

Tr(HΔ) = ⟨M |Δ |M⟩, Δ = V† D V, V = exp −∫
dq2

q2 [ αs(q)
2π

Γ(1)
t +

α2
s (q)

(2π)2
Γ(2)

t ]

S = − ∫
dq2

q2 [ αs(q)
2π (A(1) log(M/q) + B(1)) +

α2
s (q)

(2π)2 (A(2) log(M/q) + B(2)) + …]

matrix in colour space

' -type' correction to SudakovB

MiNNLOPS for heavy quarks
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

✦ approximations keeping NNLO and (N)LL

❖ azimuthal average with  ➙ modifies   and   at 

❖

❖ expand 

[D]ϕ
= 1 H → H (C ⊗ f ) → (C ⊗ f ) α2

s

⟨M |Δ |M⟩ ≈ ⟨M |M⟩

=H

⟨M(0) |Δ |M(0)⟩
⟨M(0) |M(0)⟩

V = exp {−∫
dq2

q2

αs(q)
2π

Γ(1)
t }

≡VNLL

× (1 − ∫
dq2

q2

α2
s (q)

(2π)2
Γ(2)

t ) + 𝒪(N3LL)

dσF
res ∼

d
dpT

{e−S Tr(HΔ) (C ⊗ f ) (C ⊗ f )}

Tr(HΔ) = ⟨M |Δ |M⟩, Δ = V† D V, V = exp −∫
dq2

q2 [ αs(q)
2π

Γ(1)
t +

α2
s (q)

(2π)2
Γ(2)

t ]

S = − ∫
dq2

q2 [ αs(q)
2π (A(1) log(M/q) + B(1)) +

α2
s (q)

(2π)2 (A(2) log(M/q) + B(2)) + …]

re-absorb in  coefficient B(2)

re-absorb mistake at NNLO in B(2)

MiNNLOPS for heavy quarks

see [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan '19]
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

✦ approximations keeping NNLO and (N)LL

❖ azimuthal average with  ➙ modifies   and   at 

❖

❖ expand 

[D]ϕ
= 1 H → H (C ⊗ f ) → (C ⊗ f ) α2

s

⟨M |Δ |M⟩ ≈ ⟨M |M⟩

=H

⟨M(0) |Δ |M(0)⟩
⟨M(0) |M(0)⟩

V = exp {−∫
dq2

q2

αs(q)
2π

Γ(1)
t }

≡VNLL

× (1 − ∫
dq2

q2

α2
s (q)

(2π)2
Γ(2)

t ) + 𝒪(N3LL)

dσF
res ∼

d
dpT

{e−S Tr(HΔ) (C ⊗ f ) (C ⊗ f )}

Tr(HΔ) = ⟨M |Δ |M⟩, Δ = V† D V, V = exp −∫
dq2

q2 [ αs(q)
2π

Γ(1)
t +

α2
s (q)

(2π)2
Γ(2)

t ]

S = − ∫
dq2

q2 [ αs(q)
2π (A(1) log(M/q) + B(1)) +

α2
s (q)

(2π)2 (A(2) log(M/q) + B(2)) + …]

re-absorb in  coefficient B(2)

re-absorb mistake at NNLO in B(2)

✦ using those approximations (exact up to NNLO & (N)LL) we have:

 and    

 

B̃(2) = B(2) +
⟨M(0) |Γ(2)† + Γ(2) |M(0)⟩

⟨M(0) |M(0)⟩
+

2 Re {⟨M(1) |Γ(1)† + Γ(1) |M(0)⟩}
⟨M(0) |M(0)⟩

−
2 ⟨M(0) |Γ(1)† + Γ(1) |M(0)⟩ Re {⟨M(1) |M(0)⟩}

⟨M(0) |M(0)⟩2

e−S ⟨M |Δ |M⟩ = e−S̃ ⟨M(0) |V†
NLLVNLL |M(0)⟩

⟨M(0) |M(0)⟩
H + 𝒪(α5

s )

reminder:  VNLL ≡ exp {−∫
dq2

q2

αs(q)
2π

Γ(1)
t }

= ∑
i∈colours

ci e−S̃+Si

⏟≡ eSi

MiNNLOPS for heavy quarks
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

✦ approximations keeping NNLO and (N)LL

❖ azimuthal average with  ➙ modifies   and   at 

❖

❖ expand 

[D]ϕ
= 1 H → H (C ⊗ f ) → (C ⊗ f ) α2

s

⟨M |Δ |M⟩ ≈ ⟨M |M⟩

=H

⟨M(0) |Δ |M(0)⟩
⟨M(0) |M(0)⟩

V = exp {−∫
dq2

q2

αs(q)
2π

Γ(1)
t }

≡VNLL

× (1 − ∫
dq2

q2

α2
s (q)

(2π)2
Γ(2)

t ) + 𝒪(N3LL)

dσF
res ∼

d
dpT

{e−S Tr(HΔ) (C ⊗ f ) (C ⊗ f )}

Tr(HΔ) = ⟨M |Δ |M⟩, Δ = V† D V, V = exp −∫
dq2

q2 [ αs(q)
2π

Γ(1)
t +

α2
s (q)

(2π)2
Γ(2)

t ]

S = − ∫
dq2

q2 [ αs(q)
2π (A(1) log(M/q) + B(1)) +

α2
s (q)

(2π)2 (A(2) log(M/q) + B(2)) + …]

re-absorb in  coefficient B(2)

re-absorb mistake at NNLO in B(2)

✦ using those approximations (exact up to NNLO & (N)LL) we have:

 and    

 

B̃(2) = B(2) +
⟨M(0) |Γ(2)† + Γ(2) |M(0)⟩

⟨M(0) |M(0)⟩
+

2 Re {⟨M(1) |Γ(1)† + Γ(1) |M(0)⟩}
⟨M(0) |M(0)⟩

−
2 ⟨M(0) |Γ(1)† + Γ(1) |M(0)⟩ Re {⟨M(1) |M(0)⟩}

⟨M(0) |M(0)⟩2

e−S ⟨M |Δ |M⟩ = e−S̃ ⟨M(0) |V†
NLLVNLL |M(0)⟩

⟨M(0) |M(0)⟩
H + 𝒪(α5

s )

reminder:  VNLL ≡ exp {−∫
dq2

q2

αs(q)
2π

Γ(1)
t }

= ∑
i∈colours

ci e−S̃+Si

⏟≡ eSi

use basis  where  diagonal|M(0)⟩ Γ(1)

eigenvalues of 
 exponentV†

NLLVNLL

MiNNLOPS for heavy quarks
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

✦ approximations keeping NNLO and (N)LL

❖ azimuthal average with  ➙ modifies   and   at 

❖

❖ expand 

[D]ϕ
= 1 H → H (C ⊗ f ) → (C ⊗ f ) α2

s

⟨M |Δ |M⟩ ≈ ⟨M |M⟩

=H

⟨M(0) |Δ |M(0)⟩
⟨M(0) |M(0)⟩

V = exp {−∫
dq2

q2

αs(q)
2π

Γ(1)
t }

≡VNLL

× (1 − ∫
dq2

q2

α2
s (q)

(2π)2
Γ(2)

t ) + 𝒪(N3LL)

dσF
res ∼

d
dpT

{e−S Tr(HΔ) (C ⊗ f ) (C ⊗ f )}

Tr(HΔ) = ⟨M |Δ |M⟩, Δ = V† D V, V = exp −∫
dq2

q2 [ αs(q)
2π

Γ(1)
t +

α2
s (q)

(2π)2
Γ(2)

t ]

S = − ∫
dq2

q2 [ αs(q)
2π (A(1) log(M/q) + B(1)) +

α2
s (q)

(2π)2 (A(2) log(M/q) + B(2)) + …]

re-absorb in  coefficient B(2)

re-absorb mistake at NNLO in B(2)

✦ using those approximations (exact up to NNLO & (N)LL) we have:

 and    

B̃(2) = B(2) +
⟨M(0) |Γ(2)† + Γ(2) |M(0)⟩

⟨M(0) |M(0)⟩
+

2 Re {⟨M(1) |Γ(1)† + Γ(1) |M(0)⟩}
⟨M(0) |M(0)⟩

−
2 ⟨M(0) |Γ(1)† + Γ(1) |M(0)⟩ Re {⟨M(1) |M(0)⟩}

⟨M(0) |M(0)⟩2

e−S ⟨M |Δ |M⟩ = e−S̃ ⟨M(0) |V†
NLLVNLL |M(0)⟩

⟨M(0) |M(0)⟩
H + 𝒪(α5

s )

= ∑
i∈colours

ci e−S̃+Si

⏟

≡ ℒi

≡ eSi

⇒ dσF
res ∼

d
dpT { ∑

i∈colours

e−Si ci H (C ⊗ f ) (C ⊗ f )} + terms beyond NNLO & (N)LL

simplified to sum of terms with 
same structure as starting formula 
for colour singlet case

Marius Wiesemann    (MPP Munich) NNLO+PS for  productiont t̄ March 30th, 2021 7

✦ starting equation:

ℒ ∼H (C ⊗ f ) (C ⊗ f )
(symbolically)

≡D

✦ combine with  fixed order  :F + jet dσFJ

MiNNLOPS for colour singlets
[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

dσres
F

dpT dΦB
= d

dpT
{e−Sℒ} = e−S {S′�ℒ + ℒ′�}

dσF = dσres
F + [dσFJ]f.o. − [dσres

F ]f.o. = e−S{D + [dσFJ]f.o.
[e−S]f.o.
1+ S (1)⋯

−[dσres
F ]f.o.

[e−S]f.o.

−D(1)−D(2)⋯

}

MiNNLOPS for heavy quarks
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

✦ scale setting:
❖ overall factor in Born:  

❖ MiNNLOPS scales:   ,                                               

(no direct correspondence to fixed-order ➙ differences within uncertainties expected)

❖ 7-point scale variation                                                                            
(including scales in Sudakov ➙ slightly more conservative than in NNLO)

✦ new modified logarithm:    

✦ showered with Pythia8, keeping top quarks stable

✦ comparison to data unfolded to inclusive phase space [CMS PRD 97 (2018) 112003]

α2
s (mtt̄ /2)

μR = μF =
mtt̄

2
e−L Q =

mtt̄

2

L =
log ( Q

pT ) for pT ≤ Q/2

0 for pT ≥ Q

Setup for  MiNNLOPStt̄
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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)
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

✦ total cross section:

MiNNLOPS about 0.4% above NNLO 
(expected due to different scale settings)

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

✦ similar size of scale uncertainties 
between MiNNLOPS and NNLO

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

✦ perfect agreement with CMS data

tt̄

′�

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 par-
ton densities is smoothly frozen around Q0 = 2 GeV
following the procedure of Ref. [67] to avoid the Landau
singularity. 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.

For comparison, we consider results from the fixed-
order NNLO calculation of Ref. [11, 12] obtained with the
Matrix code [97] using µ0 = mtt̄/2. Furthermore, we
also show MiNLO

0 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.

MiNLO
0 NNLO MiNNLOPS

695.6(3)+22%
�17% pb 769.8(9)+5.0%

�6.5% pb 772.8(3)+7.2%
�5.9% 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 MiNLO

0, NNLO and MiNNLOPS.
The central MiNLO

0 result is about 6.3% (9.6%) smaller
than the MiNNLOPS (NNLO) prediction and features
much larger scale scale uncertainties. The MiNNLOPS

result instead agrees with NNLO at the level of 3.5%,
well within the perturbative uncertainties. Such small
numerical di↵erences are expected even for inclusive ob-
servables, 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 [98], 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 MiNLO

0 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
accuracy. The slightly larger uncertainty bands of the
MiNNLOPS predictions are expected, since additional
scale dependent terms are included within the first term
in the r.h.s. of Eq. (11) that are not present in the fixed-
order calculation. In comparison to the MiNLO

0 results
the inclusion of NNLO corrections through MiNNLOPS

has an impact of about 10%–20% on the di↵erential dis-
tributions and substantially reduces the perturbative un-
certainties. Also the agreement with data is quite re-
markable. All data points are within one standard devia-
tion 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,
MiNLO

0 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 MiNLO

0 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
hadron colliders with parton showers. This result has
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[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

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

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

★ First NNLO+PS for coloured final states

★ Top-quark pair production (most awaited application) now available! 
(NNLO+PS  code within POWHEG-BOX-V2)

★ opens up new avenues in
❖ studying top quarks
❖ lifting (small) tension in current measurements

❖ considering other processes at NNLO+PS:  , , ...

★ consider top decays
❖ through shower (limited perturbative accuracy) + "MadSpin" (fix spin correlations)

❖ more sophisticated:  exact NLO+PS & NWA at NNLO (substantial work)

tt̄

bb̄ F + QQ̄

Summary & Outlook
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Di↵erential tt̄ cross sections in e/µ+jets events: resolved

p-valPOW+P8 = 0.18 Parton level p-valPOW+P8 = 0.49
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– softer pT(t) compared to Powheg/MG5(FxFx)+Pythia8 and Sherpa at parton and particle
levels
– reduced modelling uncertainties in particle-level measurement
ATLAS p-values exclude uncertainties in prediction

Otto Hindrichs (UR) top cross sections 14.09.2020 10 / 22

36 fb�1, 13TeV, CMS: PRD 97 (2018) 112003, ATLAS: EPJC 79 (2019) 1028

Di↵erential cross sections of e/µ in dilepton events
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lepton observables: advantage
of reduced uncertainties from
parton shower modelling

deviation also observed in
lepton pT

similar trend toward lower
masses also bserved in m(tt̄)

�eµ: decent agreement in bins
of meµ
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Di↵erential tt̄ cross sections in e/µ+jets events: resolved

p-valPOW+P8 = 0.18 Parton level p-valPOW+P8 = 0.49
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– softer pT(t) compared to Powheg/MG5(FxFx)+Pythia8 and Sherpa at parton and particle
levels
– reduced modelling uncertainties in particle-level measurement
ATLAS p-values exclude uncertainties in prediction
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see also: [ATLAS EPJC 80 (2020) 528]

[CMS PRD 97 (2018) 112003]
[ATLAS EPJC 79 (2019) 1028]

Data/Theory differences in  at LHCtt̄
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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)
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